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Abstract

The present thesis investigates the electromagnetic interaction
between the Galilean moons and Jupiter, which is usually called
satellite-ionosphere coupling. This interaction can occur in planetary
systems with a magnetosphere that is large enough to include the
orbit of the moon(s). The magnetic field of the Jupiter is rooted
in the ionosphere and entangles the plasma (that is: a gas made by
ions and electrons) of the whole magnetosphere: as a consequence, a
system of plasma waves and currents transfers the Jovian rotation to
magnetosphere, which tends to rigidly corotate with Jupiter. This
plasma is ultimately supplied by the constant volcanic activity on Io,
the innermost of the Galilean moons. Indeed, the Ionian surface is
coated by frozen SO» originating from Io’s volcanoes: this sublimates
due to the solar radiation and contributes, together with the gases
ejected by the volcanoes, to Io’s atmosphere, which is subsequently
lost into the Jovian magnetosphere and ionized by collisions with the
magnetospheric particles. A dense plasma cloud, called lo Plasma
Torus, is thus produced around lo’s orbit, and the plasma diffuses
from here towards the rest of the magnetosphere. Due to the fast
rotation of Jupiter (one sidereal Jovian day lasts about 10 hours), the
Galilean moons are thus constantly overtaken by the magnetospheric
plasma, and hence they represent an obstacle to the plasma flow.
This produces a local perturbation around the satellites, whose details
depends on the plasma environment, the local magnetic field and the
characteristic of the moons. At Jupiter, the typical conditions near
Io, Europa and Ganymede - the three innermost Galilean moons -
allow the propagation of field-aligned plasma modes known as Alfvén
waves. These modes transmit the perturbation from the satellites
to the planetary ionosphere, which takes between a few minutes to
half an hour, depending on the considered moon and its longitude
in Jupiter’s frame. Near the Jovian ionosphere, the Alfvén waves
partially transfer their energy to the electrons, which are accelerated
into the Jovian ionosphere. Here, the electron precipitation trigger

a chain of reactions with the atmospheric particles and generates



an auroral emission, which, in the case of the satellite-ionosphere
coupling, is called satellite auroral footprint (or just footprint).

Since 2016, the Juno mission has been flying around Jupiter in
highly eccentric, polar orbits. Thanks to the spacecraft orbit geometry,
the high spatial resolution of its Jovian InfraRed Auroral Mapper
(JIRAM) has been delivering images of the polar regions of Jupiter
with an unprecedented level of spatial detail. Among its observations,
JIRAM reports several detection of the footprint of Io, Europa and
Ganymede. The observations performed by JIRAM have revealed
new details in the structure of the footprint emissions: a chain of
regularly-spaced patches of emission is consistently found along the
track of the footprint of Io, Europa and Ganymede. The features
of this new structure - named sub-dots - can not be fully explained
by current models of the satellite-ionosphere coupling. Instead, we
suggest that the high intensity of the electron precipitation associated
with the footprint can trigger an ionospheric feedback, which can
shape the morphology of the auroral emission. This feedback process
has only been applied to the terrestrial magnetosphere so far, but
the order of magnitude adaptation from Earth to Jupiter shown in
Chapter 5 agrees with JIRAM observations.

In the last chapter of this thesis, the position of the Io footprint
is used to determine the state of the Io Plasma Torus. Indeed, the
Alfvén waves speed - and hence their travel time - depends on both
the magnetic field magnitude and the plasma density. Therefore,
the position of the footprint can be compared with the position
predicted by a model of Jupiter’s magnetic field and of the Io Plasma
Torus, to determine the plasma content of the latter. This represents
a new method to constrain the conditions of the Io torus, whose
monitoring is fundamental to understand the interplay between Io’s
atmosphere, the torus and the Jovian magnetosphere. We shows that
the position of the Io footprint can indeed be used to quantitatively
detect episodes of variability in the lo torus. As Juno-JIRAM has been

gathering observation for about 6 years, this represents a unique source

of information on the plasma source of the Jovian magnetosphere.

Therefore, we derived the torus conditions using all the available
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observations of JIRAM. To further improve the quality of the results,
the torus states derived from JIRAM are used to simulate the radio
occultations of the o torus performed by Juno during each spacecraft
closest approach to Jupiter. We conclude that the Io Plasma Torus
was in a denser and hotter state compared to Voyager 1, on average.
Nevertheless, large density and temperature fluctuations have often
been observed to occur over a few week or months. Similar variations
have already been documented in literature, but not satisfactorily
explained yet. It is even still debated if such variability is caused
either by variations in the plasma supply from lo, or by external
factors. At present, no theoretical model is available to compare with
the variability reported in this thesis. The Juno dataset obtained
by combining the Io footprint position and the radio occultations
represents an important survey of the plasma conditions around Io,
hence it can be used to constrain future models of the Io Plasma

Torus.









Preface

This work is the summary of the last three years of my professional life.
Although at times it felt as a chore - I bet many researchers and student
can relate to this perception - I wanted a meaningful thesis, something
a little beyond a collection of my publications and works. Indeed, the
electromagnetic interaction between planets and moons is a subject that is
rarely mentioned at any level of the university curriculum, and people are
often astonished by the discovery of this interaction and its manifestation
as aurorae on the surface of the planet. The main driver of this thesis is
represented by the Juno mission around Jupiter and one of its instruments,
the Jovian Infrared Auroral Mapper (JIRAM): it has been providing us the
most detailed images of the polar region of Jupiter, where its continuous,
powerful aurora can be observed. For this reasons, I wanted this manuscript
to fulfil two tasks: being a comprehensive reference where newcomers can
start their travel into the planet-satellite electromagnetic interaction and
showing the most updated results I have been able to obtain by looking at
the auroral emission associated with the Galilean moons at Jupiter. I hope
the reader will find this work useful as I intended to be. At least, a little bit.
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CHAPTER

Introduction

Jupiter holds some physical records among the planet of the Solar System,
namely it is the biggest - with a radius R; = 71492km - and its rotation
period is the shortest - 9.925 hr. Its magnetic field is about four orders
of magnitude stronger than the terrestrial one, which makes the Jovian
magnetosphere the biggest object in the whole System (besides the Solar
magnetosphere). Four main moons orbit the magnetosphere of Jupiter (from
inside out: o, Europa, Ganymede and Callisto, also called Galilean moons),
and they also hold records, like Ganymede, which is the only moon with its
own intrinsic magnetic field, and o, which is the most volcanically active
body in the Solar System. The large amount of gaseous material supplied by
the volcanism on Io - mainly sulfur dioxide SO, - is dispersed around its orbit,
dissociated and ionized by charge-exchange reactions and electron impacts
with magnetospheric particles (Bagenal and Dols, 2020). The Iogenic charged
particles are accelerated towards rigid corotation with Jupiter by the fast-
rotating planetary magnetic field, and form a torus-shaped cloud called lo
Plasma Torus (IPT). Under the influence of the centrifugal force, the plasma

! slowly diffuses from Io’s orbit away from Jupiter, forming a plasmadisk

IFor the purpose of this thesis, a plasma can be intuitively defined as a gaseous
ensemble of charged particles - ions and electrons - that is globally neutral. The most
noticeable difference between a neutral gas and a plasma is that particles in neutral
gases interact with each other by "cue ball"-like pairwise collisions, while in plasmas each
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that rotates around Jupiter. The magnetic field of Jupiter is dominated
by a dipole moment titled by about 10° with respect to the spin axis, but
higher orders are to be considered near the planetary surface?. At distances
greater than Io’s orbit (5.9 R ;) along the equator, the electric currents in
the plasmadisk generate an induced magnetic field that is comparable with
the internal one. The result is the stretching of the magnetic field lines
near the equator and the overall inflation of the Jovian magnetosphere. In
Fig. 1.1 we show a sketch of the Jovian magnetosphere. The magnetic
field is rooted into the planetary ionosphere, therefore the logenic plasma
and the Jovian ionosphere are ultimately magnetically connected. This
Magnetosphere-lonosphere (M-1) coupling is carried by a current system that
transfers angular momentum from the planet and accelerates the plasma,
whose centrifugal force ultimately inflates the geometry and size of the whole
magnetosphere. A consequence of the powerful electromagnetic environment
of the Jovian magnetosphere is the constant precipitation of electrons into
the atmosphere and the resulting presence of auroral emissions coming from

around the polar regions of the planet.

The morphology of Jupiter’s aurorae is rather complex, but it can be
roughly divided into four regions. An example of how the Jovian aurora
looks like in the Ultraviolet (UV) and Infrared (IR) is shown in Fig. 1.2. The
UV image of the northern hemisphere was acquired from the Space Telescope
Imaging Spectrograph (STIS) onboard the Hubble Space Telescope (HST)
in November 1998, while the IR image comes from the 22" passage of the
Juno spacecraft over the southern pole in September 2019. Both images
show the same features, and different small-scale details can be ascribed to
the different resolutions and vantage points between the two instruments.
The main emission encompasses the magnetic pole of Jupiter like a bright

ribbon a few thousand kilometers wide. The main emission is always

particle is affected by the electromagnetic field generated by all the other particles. This
substantial difference gives raise to a large variety of waves that can be excited and are
specific to plasmas, as can be found in any textbook of plasma physics (e.g: Krall and
Trivelpiece (1973)).

2Being gaseous, Jupiter does not have a solid surface to refer to. Instead, the 1 bar
pressure level is usually referred to as the surface.



active, but its location, intensity and shape can change over time. The
main emission is magnetically mapped to an equatorial region at about
30 Ry from Jupiter, but it can change as a result from the compression
and expansion of the magnetosphere under the action of the Solar Wind.
Inside the main emission, there is the polar emission, which appears patchy
and highly variable. This region is mapped to the outer magnetosphere
and the magnetotail, where the variability of the Solar Wind highly affects
the dynamics of the magnetosphere. Between the main emission and the
magnetic shell connected to Io’s orbit it is possible to observe the diffuse
emission, which is usually associated with the radial motion of plasma driven
by the centrifugal force between Io’s orbit and 30 R;. Lastly, the orbital
motion of the Galilean moon is associated with their auroral Footprint (FP),
which can be identified as a bright spot moving in Jupiter’s frame and
followed by a fading Footprint Tail (FPT). The footprints are the final
result of the so-called Satellite-lonosphere (S-1) coupling. Indeed, lo, Europa,
Ganymede and Callisto orbit around Jupiter at about 18, 14, 11 and 8 km/s,
while the plasma flows at ~74, 98, 150, and 200 km /s at their respective orbit.
Therefore, the moons act as obstacles against the plasma that constantly
overtakes them (the plasma flow is faster than the orbital velocity of the
Galilean satellties), and they constantly perturb the flow around them.
This local perturbation generates plasma and magnetic field oscillations
that propagate away from the moon. In particular, the Alfvén waves are
transverse oscillations that travel along the magnetic field and that can
accelerate electrons into the atmosphere along their way: this ultimately
produce auroral emission, although the details of the physical processes
that drives the auroral precipitation is still investigated. The emission
associated with the footprints of Io, Europa and Ganymede will be the
main source of data of this work. As for Callisto, only one observation,
performed by the HST, is currently available (Bhattacharyya et al., 2018).
The Callisto footprint is expected to be very close to (if not overlapping)
the main emission and its perturbation weaker than the other three moons
(Saur et al., 2013), therefore its detection is much more challenging, even

from in situ observations. In this thesis, Callisto will not be analyzed, as
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Magnetosheath

lo Plasma Torus )
ind

-— Radiation Belt

Magnetotail

FIGURE 1.1: Sketch of the Jovian magnetosphere. The green and light blue
lines are the Solar and Jovian magnetic field lines, respectively. The orange area
near the equator is dominated by the logenic plasma diffusing from Io’s orbit
outwards and forming the plasmadisk and the magnetotail current sheet. The
inner purple area is the Jovian magnetosphere, while black area on the right is the
interplanetary medium dominated by the solar wind. The Solar wind is slowed
down from supersonic to subsonic flow in the bow shock and "coats" the Jovian
magnetosphere with a region of turbulent flow called magnetosheath. The inner
purple line is the magnetopause, that is: the imaginary boundary that separates the
region connected to the planetary magnetic field from the Solar wind, connected
with the stellar magnetic field. The planetary magnetic field is inflated near the
magnetic equator because of the centrifugal force of the plasmadisk. The contour
levels close to Jupiter represent the radiation belt. Retrieved and adapted from
commons.wikimedia.org. Credits to NASA /JPL, Public domain, via Wikimedia
Commons.

we do not have additional record of the Callisto footprint.

Jupiter is also nowadays the most explored Outer Planets, with two
dedicated orbiter missions (Galileo from 1995 to 2003 and Juno since 2016)
and two more in the next future (Juice, launched in 2023, and Europa

Clipper, expected to launch in 2024), in addition to the flybys performed by
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FIGURE 1.2: (a) Observation of the northern aurora in the UV band by the
HST-STIS instrument on November 26" 1998. The image shows the auroral
footprints of lo, Europa and Ganymede, as well as the principal features of all the
aurora. (b) Observation of the southern aurora in the IR band by Juno-JIRAM on
September 12" 2019, showing the same features of panel (a). The different level
of details is due to the different resolution of the images. The FOV of JIRAM is
too narrow to observe the whole polar region at a single time, thus the IR image is
obtained from the tesselation of a one-hour long acquisition of several shots. The
image of the UV aurora and Jupiter are retrieved from commons.wikimedia.org.
Credits to NASA /JPL, Public domain, via Wikimedia Commons.
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Pioneer 10 and 11, Voyager 1 and 2, Cassini, Ulysses and New Horizons. The
large wealth of data provided by these missions, together with Earth-based
observations, has gradually been improving our understanding of the Jovian
System since the 1970s. The Juno mission (Bolton et al., 2017) is currently
orbiting Jupiter in highly eccentric polar orbits, and at the time of writing it
is about halfway its Extended Phase (about 50 revolutions around Jupiter).
Among its scientific goals, Juno investigates the interior structure of Jupiter
(Iess et al., 2018), its atmosphere, its magnetosphere (Bagenal et al., 2017)
and - especially in the Extended Phase - the Galilean moons. By looking
at the temporal position of Juno in the Jupiter exploration timeline, its
observations are fundamental to compare and complement the past ones,
but they are also fundamental in lying the ground for the future missions.
The payload and orbit of Juno are designed to thoroughly investigate the
magnetosphere of Jupiter. Thanks to the high eccentricity of the orbit,
Juno is as far as ~100 R; from Jupiter during the Apojove (AJ), while it
gets as close as ~0.07 Ry (~5000 km) from the planet surface during the
Perijove (PJ), thus it explores different magnetospheric regions at various
distances. Besides, the spacecraft crosses the magnetic shells connected to
the orbits of the Galilean satellites at least twice each orbit, thus it can
directly probe the region of the magnetosphere involved in the S-I coupling.
The payload includes particle detectors for ions and electrons (the Jupiter
FEnergetic particle Detector Instruments (JEDI) (Mauk et al., 2017) and the
Jovian Auroral Distributions Experiment (JADE) (McComas et al., 2017)),
an infrared imager and spectrometer (the Jovian InfraRed Auroral Mapper
(JJRAM) Adriani et al. (2017)) and an UltraViolet Spectrograph (UVS)
(Gladstone et al., 2017) to observe the aurora, a MAgnetic Field investigation
(MAG) (Connerney et al., 2017) and antennas for the investigation of plasma
waves (Waves; Kurth et al. (2017)). All these instruments are able to measure
directly or indirectly the quantities involved in the S-I coupling, such as
magnetic and electric field fluctuations, electron and ion energy distributions
and densities, as well as the intensity and location of the auroral emissions.

In this thesis, the S-I coupling will be examined from the observations of

the satellite footprints of Io, Europa and Ganymede. The main bulk of the



data comes from the infrared observations of the JIRAM instrument onboard
Juno, thanks to the work performed with the JIRAM team at the Insititute
of Space Astrophysics and Planetology (IAPS), a department of the National
Intitute for Astrophysics (INAF) in Italy. Furthermore, ultraviolet imaging
from HST and Juno-UVS represents additional source of data - mostly used
as comparison - thanks to the collaboration with the UVS team and the
Laboratory for Planetary and Atmospheric Physics (LPAP, under the STAR
institute in Belgium). Lastly, the radio-occultations obtained from the radio
tracking signal of the spacecraft are also used (thanks to the Radio Science
and Planetary Exploration Laboratory of the University of Bologna), as they
are sensitive to the plasma and can then be used to monitor the Io Plasma
Torus. The leading role of JIRAM in the next chapters is mainly motivated
by its high spatial resolution. Indeed, the JIRAM imager recorded new
undocumented details of the structure of the footprint. Furthermore, the
precise determination of the footprint position can be used as a calibration
tool for ground based observations or a constraint for other observations.
Lastly, the periodic monitoring of the footprints, together with JIRAM
high resolution, is used to infer the plasma conditions at the moons and its
variations, as the local perturbation that ultimately produces the emission
depends on the plasma parameters around the moons. In the next chapters,
it will be shown the role of JIRAM in improving our current understanding
of the S-I coupling and the monitoring of the Jovian magnetosphere. Indeed,
on one side, the high resolution of the instrument has led to the discovery
of a new, unexplained auroral feature, which shed light onto the role of
the ionosphere in the S-I coupling; on the other, the ability of monitoring
the conditions of the IPT - which is the major plasma source of the whole
magnetosphere - is fundamental to constrain models and confirm or challenge
previous observations of the Io torus and its variability. This latter topic is
particularly thorny, as it involves the interplay among the material supply
from Io to the IPT, and from the IPT to the Jovian magnetosphere. To
further complicate the issue, the role of external factor such as the solar wind
are still debated and poorly modelled. In summary, this thesis summarize

the recent results in two areas of the Jovian magnetosphere: improving
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the understanding of the S-I coupling with JIRAM new discoveries, and
help monitoring the conditions of the IPT, as major plasma source of the
magnetosphere.

Chapter 2 introduces the general structure of the Jovian magnetosphere,
with more in-depth details on the region from Io’s orbit to Ganymede’s. A
brief description of the M-I coupling can also be found at the end of the
same chapter. Chapter 3 describes the theory of the S-I coupling, with
an introduction on low-frequency waves in magnetized plasmas. Chapter
4 introduces the Juno mission and its payload, with focus on JIRAM and
the radio instrumentation, whose data are used to complement the infrared
observations from JIRAM in the last chapter. Chapter 5 shows one of the
new discoveries on the footprints of o, Europa and Ganymede from JIRAM,;
indeed, a small-scale structure with typical size of 200-300 km has been
detected near the footprints. This structure is hardly explained by the
current understanding of the S-1 coupling, thus we suggest new candidate
processes to explain JIRAM observations. Chapter 6 shows how the position
of the Io footprint can be used to constrain the plasma distribution near the
satellite and what information we have retrieved so far from the footprint

position on the conditions of the Io torus during the Juno mission.



CHAPTER

The Jovian Magnetosphere

This chapter introduces the general structure of the Jovian magnetosphere,
with additional details on the region from Io’s orbit to Ganymede’s, which
1s fundamental to understanding the processes underlying the Satellite-
Ionosphere (S-1) coupling. The S-1 coupling itself can be interpreted as
a specific case of Magnetosphere-Ionosphere (M-1) coupling, that is: the
ensemble of electromagnetic processes that transfers energy and angular mo-
mentum between a planet and its magnetosphere. Therefore, the M-I coupling
will be briefly and qualitatively introduced as well, so that the understanding

of the S-1 coupling will naturally follow in the next chapter.

The Jovian magnetosphere is the region of space around Jupiter where
the motion of charged particles is affected by the planetary magnetic field.
The magnetosphere does not extend indefinitely, because, at some point, the
role of the Solar magnetic field becomes dominant (see Fig. 1.1); hence, the
magnetosphere represents a limited space, with quite well physically defined
boundaries. Indeed, the supersonic flow of the Solar wind is abruptly slowed
down near the Jovian magnetosphere, forming a structure called bow shock.
Downstream of the bow shock, the Solar wind forms the magnetosheath,
which encases the magnetosphere and where the plasma and the magnetic

field are highly turbulent. The boundary between the region permeated by

9
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the Solar magnetic field and the planetary one is called magnetopause, which
marks the limits of the magnetosphere. Historically, the magnetosphere
of Jupiter is subdivided into three main regions, according to the physical
processes that determines the dynamics of the particles and the geometry of

the magnetic field (Dessler, 1983):

e the inner magnetosphere extends from the Jovian surface up to Io’s
orbit at about 6 R;. The geometry of the magnetic field is determined
by the internal source, which is believed to be a system of electrical
currents flowing in the deep atmosphere of Jupiter (Russell, 1993).
The internal magnetic field is dominated by the dipole moment, which
is tilted by about 10° toward ~200° West longitude, and beyond 1-2
R; from the surface the field can be approximated by a pure dipole
for most purposes. Nevertheless, by looking at the surface magnetic
field (e.g: Connerney et al. (2018, 2022)), it is clear that higher order
moments are also present, which must be taken into account between
the planetary surface and 1-2 R; above it. At the time of writing, the
most updated model for the internal field is the Juno Reference Model
through Perijove 33 (JRM33), which is based on the magnetometer
data acquired during Juno’s prime mission up to orbit 33 (Connerney
et al., 2022). According to JRM33, the internal magnetic field is
described by a 30-degree spherical harmonic expansion, although the
coefficients are currently determined up to order 18 (or 13, if stricter
confidence is needed). The magnetospheric material is supplied by
Io and diffuses mostly from its orbit outwards, therefore the plasma
density in the inner magnetosphere is quite low. At 2-3 R, the
magnetosphere is dominated by high energy particles, trapped by the
magnetic field and forming a radiation environment similar to the
terrestrial Van Allen belt (Bolton et al., 2002).

e the middle magnetosphere lies between ~6 R; and 30-50 R, where
the Togenic plasma flows almost azimuthally near the equator and
carries currents, generating an external magnetic field superimposed

to the one generated by the internal source. The external field has a
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droplet-like geometry, with the tip toward Jupiter (Connerney et al.,
1981, 2020; Nichols et al., 2015), therefore the total field is radially
stretched near the equator (see Fig. 1.1). This is the region where Io,
Europa and Ganymede orbit, hence the origin of the S-I coupling lies
there. As the details of the coupling is strongly affected by the plasma
properties (as explained in chapter 3), more in-depth details will be

presented in sections 2.1 and 2.2.

e the outer magnetosphere extends from 30-50 R; up to the magne-
topause. The changes in the Solar wind pressure strongly affect the
spatial and temporal variability of this region, which does not exhibit
the same approximate axi-symmetry of the middle and inner magneto-
sphere. Moreover, the outer magnetosphere traditionally includes the
magnetotail, which extends for thousands of R; in the anti-sunward

direction.

In the present thesis, only the part of the magnetosphere from inside Io’s
orbit to Ganymede’s are thoroughly described (i.e: from ~4-5 R, to ~15
R;) in order to introduce the particle and magnetic environment at the
orbit of the Galilean moon used in this study. Therefore, the next sections
are dedicated to the description of the plasma environment near Io, Europa

and Ganymede.

2.1 The Io Plasma Torus

As anticipated in Chapter 1, the main source of material in the Jovian
magnetosphere is lo, the most active volcanic body in the Solar System. The
origin of the volcanism on Io is in the tidal stress and heating caused by the
orbital resonance with the other moons (Peale et al., 1979). Io hosts different
type of volcanic activity, like plumes, lava flows, eruptions and calderae (see
Lopes and Williams (2015); Lopes et al. (2023) and reference therein), and
each of them provide different proportions of gas, dust and heat. Moreover,

each type of activity exhibits variability, potentially associated with the
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tidal resonance with the other satellites (de Kleer et al., 2019). The details
of the material supply from Io to the magnetosphere are still highly debated
(Bagenal and Dols, 2020; Roth et al., 2020) and different types of compounds
are injected into the Jovian magnetosphere by different chains of processes.
Nevertheless, the supply of material from Io can be roughly divided into two
main steps, that is: the mass loading of Io’s atmosphere and the dispersion
of atmospheric material into the Jovian magnetosphere.

Sulfur dioxide (SOg) is the main constituent of Io’s atmosphere! and it
is mainly provided by sublimation from the surface, where it is deposited by
the volcanic activity. It appears that only a small fraction of the atmospheric
SO, is provided by direct outgassing. Instead, sodium chloride (NaCl) is
mainly injected into the atmosphere directly by volcanic outgassing (Roth
et al., 2020). The different atmospheric loading of these two compounds
- sublimation vs outgassing - leads to important observational differences.
Indeed, sodium - derived from dissociation of NaCl - is a better indicator
of volcanic activity than SOs (e.g.: Yoneda et al. (2010)). Sulfur dioxide
is quite steadily produced by sublimation, which is caused by the solar
radiation: as a result, this compound is distributed nearly uniformly in Io’s
atmosphere, while NaCl appears more patchy (Roth et al., 2020). In both
cases, the possibility of injecting material directly into the magnetosphere
is very unlikely. McDoniel et al. (2019), using a Monte Carlo simulation,
showed that a large plume is able to form an extended cloud above the
plume, which can be an important source of plasma. Nevertheless, this
event does not directly produce plasma, but only neutrals; moreover, the
location of the plume on Io’s surface strongly impacts the interaction with
the magnetospheric environment and, thus, the effective production of such
a cloud. Lastly, strong volcanic outbursts are expected to be rare: about
one every ~ a few years, although we currently lack sufficient monitoring of

[o’s volcanic activity to properly determine the occurrence of these events.

IThe discovery of Io’s atmosphere dates back to 1973 with the Pioneer 10 flyby, and
another milestone of its exploration happened in 1979 with the Voyager 1 flyby, which
revealed the presence of volcanism, an SO, atmosphere and the presence of hot, gaseous
sulfur dioxide above the volcanic region of Loki Patera. More details about the discovery
of the atmosphere of the Galilean moons can be found in McGrath et al. (2004).
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The losses from Io’s atmosphere into the Jovian magnetosphere can occur

following three channels (Bagenal and Dols, 2020):

e Mass Loading The collisions with the magnetospheric electrons ionize
and dissociate the atmospheric compounds, thus producing sulfur
and oxygen ions, and, proportionally to their abundance, also sodium
and chlorine ions. Additionally, photoionization contributes to about
10-15% of the total ionization rate. Because this channel produces
new ions, it can be referred to as mass loading. The ions are nearly
at rest in Io’s frame, therefore they are "picked up" by the planetary
magnetic field. The ions are then accelerated to the bulk plasma flow

and start the gyromotion typical of charged particles in a magnetic

field.

o Momentum Loading Charge-exchange reactions due to ion-neutral col-

lisions do not change the total number of ions around lo. Indeed,
this reaction moves electrons from the neutrals to the ions (hence the
name charge-exchange): this ionizes the neutrals, and neutralize the
ions, thus no net charge is added or subtracted to the system. There
are two important consequences to this process. The first is that the
"new" ion is picked up by the magnetic field and accelerated, in the
same way as an ion produced by electron impact. The second is that
the "old" neutralized ion is not "tied" to the magnetic field anymore.
Therefore, the centrifugal force generated by the pickup acceleration is
not offset by the magnetic tension, and the neutralized ion is launched
away from Jupiter. Due to the momentum transfer with no net ion

production, this channel can be referred to as momentum loading.

o Atmospheric Sputtering Collisions with ions and electrons can transfer

momentum between the magnetospheric plasma and Io’s atmosphere
without ionization, nor charge-exchange reaction. After enough col-
lisions, the neutral particle can escape the atmosphere: this can be

called atmospheric sputtering.



14 CHAPTER 2. THE JOVIAN MAGNETOSPHERE

The final result of the atmospheric loss from Io is the formation of a
neutral banana-shaped cloud near Io ? and a toroidal plasma cloud called
the lo Plasma Torus (IPT), whose major radius can be considered the orbit
of To (Fig. 2.1). The structure of the IPT is determined by the physical
processes occurring within it, namely: ion pickup, centrifugal confinement
and diffusive equilibrium, radial transport, and physical chemistry (Bagenal
and Dols, 2020), here briefly described:

e Jon Pickup The collisions between the neutral cloud and the magneto-
spheric electrons produce new ions that, right after being produced,
move at nearly the same speed of the cloud, i.e: at Keplerian speed.
Around Io’s orbit, this speed is far lower than the rigid corotation at
the angular speed of Jupiter. Therefore, the new ion experiences an
electric field due to its motion relative to the magnetic field, and it
is "picked up" (i.e: accelerated). This produces an ion gyro-motion
(Warnecke et al., 1997), which heats the newly produced plasma. In
addition, the electric field produces a drift®, so that in the end the

bulk speed of the new ions is the speed of the magnetospheric plasma.

o (Centrifugal Confinement and Diffusive Equilibrium Plasmas tend to

be confined by magnetic fields, so that any motion perpendicular to
the field is strongly inhibited. Instead, the plasma is free to move
along the field lines, therefore the dynamics of a magnetized plasma
can be assimilated to an ensemble of beads sliding along wires (that
is: the magnetic field lines). In a fast rotating magnetosphere, where
the plasma experiences a strong centrifugal acceleration, the plasma

is thus confined near the farthest point from the rotation axis along

2Sometimes, it is also referred to as neutral torus: this should be used to refer to
the neutrals along Io’s orbit, and not to the high concentration of neutrals surrounding
Io. Moreover, the sodium environment in the outer magnetosphere is sometimes also
referred to as "neutral cloud", although it should be more appropriate to call it neutral
nebula; the literature also uses Mendillodisk to refer to that environment, after Mendillo
et al. (1990). In the context of the present thesis, where the outer magnetosphere is not
investigated, I will refer to the dense neutral environment near Io as neutral cloud, while
the distribution of neutrals along Io’s orbit will be called neutral torus.

3The so-called ExB drift; e.g: Krall and Trivelpiece (1973).
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the magnetic field lines (Hill et al., 1974). The plane passing through
these points is called centrifugal equator (Fig. 2.2), and, in a tilted
dipolar-like magnetic field, it can be estimated as two-third between
the spin equator and the magnetic equator °. The centrifugal equator
is also the region where the plasma density is usually the highest
(Bagenal and Sullivan, 1981). The plasma pressure opposes the cen-
trifugal confinement, hence the plasma content gradually decreases
away from the centrifugal equator. As the pressure is proportional to
the temperature, the vertical (i.e: field-aligned) structure of the IPT
is an indication of the plasma temperature. The precise determination
of the plasma distribution along field lines requires also to take into
account the mirror force - which is relevant only for particles whose
velocity satisfies v, # v)°® - and the ambipolar potential - which arise
from the charge separation between the ions and the electrons, the for-
mer being heavier, and hence more strongly affected by the centrifugal
force (Bagenal and Sullivan, 1981; Mei et al., 1995).

e Radial Transport logenic material is detected throughout the whole

Jovian magnetosphere, which implies some form of radial transport.
This is believed to occur via centrifugally-driven flux tube interchange
(Hill et al., 1981), which is similar to the Rayleigh-Taylor instability
that occurs between two fluids of different density in a gravity field.
Indeed, the flux tubes at Io’s orbit are heavier than the outer flux
tubes, hence the effective gravity - dominated by the centrifugal force
and pointing outwards - replaces lightly-loaded flux tubes outside Io’s
orbit with the heavily-loaded tubes of the IPT. At present, this model

predicts typical timescales for radial transport that are much shorter

4If the plasma is particularly hot, or if there is a large scatter in the particle pitch
angle (i.e: the angle between the velocity of the particle and the magnetic field), then the
magnetic mirror force competes with the centrifugal force: this moves the confinement
toward the magnetic equator (Hill et al., 1974).

5For clarity, the magnetic equator crosses the magnetic field lines at their farthest
point from the center of Jupiter. This should not be confused with the definition of
centrifugal equator, which crosses the magnetic field lines at their farthest point from the
spin axis of Jupiter

5The perpendicular and parallel directions are referred to the local magnetic field.
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than the ~20-80 days derived from observations (e.g: Tsuchiya et al.
(2018)), and therefore it is not consistent with the large mass retained
in the IPT. Moreover, a fraction of the plasma supplied at Io’s orbit
diffuses inward (see Fig. 2.3) at a rate about 50 times slower than
the outward diffusion: the mechanism underlying this inward diffusion
is still unknown. At present, the radial transport is an active area
of research that is being addressed by both observations (Bagenal
and Kivelson, 2019; Bagenal et al., 2018) and modeling efforts (Hiraki
et al., 2012).

e Physical Chemistry Due to the high density of the IPT, collisions are

not negligible, and they cause the reactions that ultimately affect the
source and loss of particles and energy. The modeling of the physical
chemistry in the IPT presents several challenges. First, the cross
section of excitation, ionization, dissociation and charge exchange reac-
tions are not agreed upon or even determined, in some cases. Second,
the physical chemistry has to be determined self-consistently with
the diffusive transport to account for spatial and temporal variations.
Over the last three decades, physical chemistry models improved con-
sistently, with better database for the chemical reactions, as well as
the inclusion of radial, azimuthal and temporal variation of the torus
(Copper et al., 2016; Delamere et al., 2004, 2005; Nerney et al., 2017;
Steffl et al., 2008; Tsuchiya et al., 2019; Yoshioka et al., 2018).

Voyager 1, being the first spacecraft to fly inside the IPT, perhaps
represents one of the most important milestones in the exploration of the
torus. Indeed, its trajectory was near the centrifugal equator and brought
the spacecraft as close as less than 5 R; from Jupiter’s center: the radial
structure of the torus was probed for the first time. Since then, the IPT
has been divided into three radially distinct regions by their composition,
density and temperature (Fig. 2.3): the outer warm torus, the ribbon and
the inner cold disk.

e The Warm Torus The outer region of the IPT contains about 90%
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FIGURE 2.1: Graphical representation of the Jovian inner and middle magneto-
sphere. The light blue lines are the magnetic field lines, the yellow lines the orbit
of To, Europa, Ganymede and Callisto (from inside out). The intensity of the red
color represents the plasma density, while the yellow glow around Io is the neutral
cloud. The yellow tube connecting lo with Jupiter represents the current tube,
at the feet of which auroral emission are observed. Retrieved and adapted from
commons.wikimedia.org, credits to John Spencer.
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FIGURE 2.2: Top: contour plot representing the distance of the centrifugal
equator from the rotational equator in Jupiter’s rotating frame, in units of Jovian
radii. The red spot in the center represents Jupiter. Bottom: sketch comparing
the position of the rotational, magnetic and centrifugal equators (continuous,
dash-dotted and dashed line, respectively). The position of the centrifugal equator
in the inner magnetosphere is approximately 2/3 the angle between the magnetic
and centrifugal equators (Hill et al., 1974). The angle between the magnetic dipole
moment of Jupiter and the spin axis is ~10° (Connerney et al., 2022), hence the
centrifugal equator is tilted by ~7°.
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FIGURE 2.3: Electron density profile of the Io Plasma Torus, modeled using
the diffusive equilibrium model by Bagenal and Sullivan (1981) (see section 6.1.1
for more details). z = 0 is the rotational equator; the vertical dashed line is
the radial distance of Io’s orbit. The three regions are characterized by different
compositions, density and temperature. This latter parameter determines the
vertical extension of each region: the higher the temperature, the thicker the
region. The radial extension is determined by the plasma diffusion transversal to
the magnetic field. The convex shape of the torus is due to the geometry of the
magnetic field, which constrains the plasma distribution.
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of the torus mass. The ion temperature is 60-100 eV, while elec-
trons are at ~ 5 eV. The warm torus scale height is about 1-1.5 R,
along the magnetic field lines, while is extends radially from 6 R -
where the electron density at the centrifugal equator n.y is 2000-2500
particles/cm? - to 8-9 Ry - where n. ~ 100 particles/cm?® 7. About
90% of the ions are oxygen (O and O*T) and sulfur (ST, S*™ and
S3%) supplied by To, O* and S*>T being the most abundant. Protons
are <10%, and they likely originate from the Jovian ionosphere. The
neutral clouds around Io also provides a few percent of sodium and
chlorine ions (Na® and C1*, Kiippers and Schneider (2000)). Traces
of carbon (C?*) are also detected (Feldman et al., 2004). As plasma
diffuse from Io’s orbit to Europa’s, it expands, but instead of cooling
down, the plasma heats up to a few hundreds of eV at Europa’s orbit
(9.4 Ry). The underlying process is still unknown, but it might be
associated with a radially-increasing presence of hot electrons at a
temperature of 50-100 eV. This hot electron population affects the
relative abundances of the ions, which have higher ionization states
as the plasma diffuse outwards. The hot electrons usually represent
about 0.2-0.3% of the total electron contents, and they increase to a
few percent at 9 R ;; moreover, the occurrence of a strong mass loading
event can increase the hot electron fraction (Yoshioka et al., 2018).

Unfortunately, the origin of these hot electrons is still undetermined.

e The Ribbon Just inside Io’s orbit, between 5.6 and 5.9 R; there is a
narrow, high density region, with a vertical thickness similar to the
warm torus. This region, called ribbon, potentially represents the inner
boundary of the warm torus; nevertheless, it is usually described aside
due to several differences with the outer region. Indeed, the ribbon
exhibits a temperature similar to the warm torus, but with a more
pronounced non-Maxwellian tail in the energy particle distribution .

Furthermore, while the plasma flow in the warm torus is very close

"To simplify the notation, particle density will be just written as cm ™3 hereafter.
8This is considered a signature for pickup processes, described earlier in this section.
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to corotation, the flow in the ribbon lags by ~5% behind. Lastly, the
electron density of the ribbon can be higher than 3000 cm ™2, while
the composition is dominated by OF, ST and, to a lesser extent, S**.
These characteristics suggest that the ribbon might be the region
where plasma is mainly produced from Io’s neutral cloud and then
diffused outward and inward into the warm torus and the cold disk,

respectively.

The Cold Disk Inward of the ribbon, the temperature of ions and

electrons steeply drops to ~1 eV; consequently, the plasma is more
tightly confined and forms a ~0.2 R j-thick disk, with a typical electron
density of 1000-1500 cm™ (Herbert et al., 2008). The cold disk is
located between 4.7 and 5.6 R;. The details of the inward diffusion
of material from Io’s orbit are still poorly understood. Modeling
efforts (Cowee et al., 2005) showed that the molecular ion SO may
be involved in the supply of mass and energy in the cold disk, but the
spatial and temporal distribution of molecular ions in the IPT is still

poorly constrained.

To conclude the description of the IPT, both spatial and temporal

variations have to be introduced. The relevance of this last topic is related

to two long-lasting question on the Jovian magnetosphere, that is: (a) how
the IPT variability is related to the Iogenic source (e.g Roth et al. (2020))

and (b) how the whole Jovian magnetosphere is affected by changes in the

torus (e.g: Bonfond et al. (2013)). A proper answer to this question requires

to continuously monitor the IPT, the neutral cloud and lo; the auroral

emissions on Jupiter are another fundamental tool, as they reflect processes

occurring in the magnetosphere. The variability of the IPT can be classified

into four category, namely: System III variations, System IV variations,

local time asymmetry and temporal variability.

o System III Variations These are longitudinal variations associated

with the asymmetry of the Jovian magnetic field (Chenette et al.,

1974). The name derives from the System III frame of reference, in
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which the planetary magnetic field is static. This frame of reference
rotates around Jupiter’s spin axis with a period of 9 hours, 55 minutes
and 30 seconds and it is considered the main Jupiter frame nowadays®.
The electron density and temperature of the IPT exhibit a ~5% and
~10% longitudinal variation respectively (Stefll et al., 2006), which are
explained by heating due to plasma waves and longitudinal variations
of the mirror ratio of the magnetic field (i.e: the ratio of the equatorial
magnetic field to the field at the surface) (Hess et al., 2011a).

System IV Variations These are longitudinal changes of the relative
abundances of O, ST, S?* and S3*; such modulation drifts at a
speed 1-5% slower than System III (Kaiser and Desch, 1980; Steffl
et al., 2006). The System IV periodicity seems to be related to the
presence of hot electrons in the IPT (Hess et al., 2011b; Steffl et al.,
2008) and to plasma sub-corotation near 6R; (Copper et al., 2016).

Furthermore, the period of System IV varies over time and it seems
to shorten towards System III periodicity during and following strong

mass loading events (Tsuchiya et al., 2019).

Local Time Asymmetry The geometric barycenter of the IPT appears

displaced towards the dawn side of Jupiter by about 0.2 R; from
Jupiter’s center (Morgan, 1985; Schneider and Trauger, 1995); more-
over, the torus is brighter at its dawn sector than at dusk. A candidate
explanation is the presence of a dawn-dusk electric field, which origi-
nates in the plasma flow along the magnetotail (Barbosa and Kivelson,
1983). Based on the near-Earth observations performed by the Hisaki
telescope, it was suggested that the local time asymmetry can be
affected by the variable supply of material from the IPT to the magne-
tosphere (Brown and Bouchez, 1997), as well as to the compression of
the whole magnetosphere caused by the variable solar wind pressure
(Murakami et al., 2016).

9For sake of completeness, System I and II are based on the motion of the clouds

near the equator and the poles, respectively, and they correspond to a period of 9h 50m
30s and 9h 55m 40s. Indeed, because Jupiter is a gaseous planet, its atmosphere has a
differential rotation, which is slower at the poles than the equator (Dessler, 1983).
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Temporal Variability This last type of variability is associated with

the variable supply of material from Io and the neutral cloud to the
IPT. In principle, the plasma variations can originate either within
or outside the torus. The former case is usually associated with the
volcanic activity on o, and in particular with strong eruptions and
plumes. For example, both the Cassini and Galileo spacecraft detected
a dust and plasma enhancement in 2000 (Delamere et al., 2004; Kriiger
et al., 2003; Steffl, 2004), which overlapped the increased activity of the
Tvashtar volcano (Milazzo et al., 2005). In 2015, Hisaki continuously
monitored the IPT conditions after another major mass loading event,
potentially associated with the eruption of Kurdalagon Patera (de Pater
et al., 2017). The understanding of the volcanically-driven temporal
variability is a challenging endeavor that is still incomplete today.
Indeed, strong events such as the above-mentioned ones are quite
rare - once every ~10 years - and unpredictable. Moreover, a full
understanding of their effects on the IPT requires monitoring both the
plasma, the neutral cloud and Io itself over several weeks or months:
at present day, a similar dataset of simultaneous observations is still
limited. Changes in the IPT content might also be ascribed to external
causes. Indeed, global reconfiguration of the magnetosphere can drive
injection of electrons from the outer part of the magnetosphere (Louarn
et al., 2014); this, in turn, might affect the density and temperature
of the torus, and hence the interaction with the neutral cloud and Io’s
atmosphere (Morgenthaler et al., 2022a). Unfortunately, no in-depth

studies or clear evidence of these processes are available at present.

The overall variability of the IPT is given by the interplay between the

above-mentioned types of variability. For example, the System III and

System IV variations create a beat modulation of the IPT composition
with a period of ~29 days (Steffl et al., 2008). Moreover, the local time

asymmetry appears to increase during periods of intense mass loading of the

[PT (Brown and Bouchez, 1997), with the dawn ansa of the torus moving

dawnwards. Observations performed by Hisaki suggest that the solar wind
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compression of the magnetosphere can increase the dawn-dusk electric field,

and therefore the local time asymmetry as well (Murakami et al., 2016).

2.2 The Magnetosphere from Europa to
Ganymede

The IPT extends up to 8-9 R, from Jupiter, that is: just inside Europa’s
orbit at 9.4 R;. Therefore, the torus described in the previous section is the
plasma environment between the first two Galilean moons (from inside out),
while the magnetospheric features from Europa to Ganymede are described
in this section.

The material in the plasmadisk from Europa’s orbit outwards mainly
comes from the IPT and, to a far lesser extent, from the interaction of the
plasmadisk with Europa’s neutral cloud (Bagenal and Dols, 2020), which
is composed mainly by oxygen (Burger et al., 2010; Plainaki et al., 2018).
Additionally, Europa shows the presence of water plumes (Roth et al.,
2014), which is an additional source of oxygen and hydrogen. At about 8
R; and outwards, the plasma density drops considerably with respect to

Io’s orbit, where the typical electron density is a few thousand cm™3:

at
Europa, the electron density is about 150 cm™2, while at Ganymede is <10
cm ™ (Dougherty et al., 2017). In the same regions, the radial transport
speed increases from 0.5-2 km/s to 3-10km/s at Europa and Ganymede,
respectively (Bagenal and Delamere, 2011). For comparison, at lo, the radial
flow speed is only ~0.1 km/s. The results of the decreasing density - which
implies lower collisional rates between the particles - and the increasing
radial transport speed is an effective "freezing" of the plasma composition®®.
Furthermore, the proton mixing ratio, which is less than 10% in the IPT, is

usually 10-15% between 9 and 15 R; (Bodisch et al., 2017).

10T here is a radially-increasing fraction of hot electrons with typical temperature of a
few hundreds electronvolts: this slightly favors the presence of O?T and S3* at the cost
of O, St and S?*. Nevertheless, this radial variation of the ion composition is far less
extreme than the one observed in the three regions of the IPT.
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A puzzling behavior of the plasma is its heating as it is transported out-
wards. Indeed, assuming a dipolar magnetic field, the volume of a flux tube
increases with the radial distance from the center of the planet as L3, where
L is the Mcllwain L-parameter (e.g: Bagenal and Delamere (2011)). More-
over, if the plasma expands adiabatically as it diffuses outwards, the quantity
PV ~ PL3 should be conserved (P is the plasma pressure, V the flux tube

volume and = the ratio specific heats). The temperature 7" in an adiabatic
=1
vy

transformation is related to the pressure by 7' = C'P (C'is a constant): if
v > 1 - as is the case for a monatomic gas, for which y=>5/3 - then the temper-
ature increases/decreases as the pressure increases/decreases. By combining
the above-mentioned adiabatic relations, one can expect the temperature to
decrease with increasing radial distance as T ~ V=7 ~ L30-7 = =2 for a
monatomic gas. Instead, the plasma temperature increases from 20-90 eV in
the warm torus (Bagenal and Dols, 2020; Dougherty et al., 2017) to ~180 eV
at Europa’s orbit and to ~400 eV at Ganymede’s (Bagenal and Delamere,
2011; Dougherty et al., 2017). Theoretical studies proposed that the heating
is caused by magnetohydrodynamics (MHD) turbulence, which essentially
heats the plasma by wave-particle interaction (Ng et al., 2018; Saur, 2004b).
It was suggested (Bagenal and Delamere, 2011) that the underlying energy
source for the heat might reside either in the planetary rotation - which
is the main source of energy for most of the magnetospheric processes at
Jupiter - or in the solar wind.

The magnetic field in the middle magnetosphere is due to the currents
inside Jupiter - the internal field - and to the currents flowing in the plas-
madisk around the planet - the external field. The internal field is introduced
at the beginning of section 2 and, from Io’s orbit to Ganymede’s, can be
approximated by a dipole field. In the middle magnetosphere, the plas-
madisk current that produces the external field flows mostly azimuthally,
with a small radial component. The two current components - azimuthal and
radial - distort the dipolar magnetic field lines. The azimuthal component
introduces a radial magnetic field above and below the plasmadisk according
to Ampeére’s law Eq.A.13 (see Fig. 1.1 and 2.4), and the magnetosphere

appears inflated with respect to a magnetosphere without a centrifugally-
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confined, dense plasmadisk. Similarly, the radial component bends the
magnetic field lines counterclockwise, as seen from the North pole. The
precise determination of the magnetic field is fundamental to constrain the
source of auroral phenomena and, in general, to map the various magneto-
spheric regions to the Jovian surface (or the other way around). Indeed, as
it will be explained in section 2.3, the magnetospheric plasma is coupled
with the planetary ionosphere by a system of currents flowing along the
magnetic field. The electrons associated with these currents precipitate onto
the atmosphere, where they can trigger reactions whose emission (i.e: the
aurora) can be detected, for example, in the IR and UV bands with imaging
and spectroscopic techniques (Broadfoot et al., 1979; Drossart et al., 1989).
Therefore, it is possible to determine the location of various magnetospheric
processes by looking at the aurora on the surface of Jupiter and, in general,
of a planet, and using a magnetic field model to trace the location of the
emission to the magnetosphere. Alternatively, if the position of the source
is known - such as a moon - it is possible to predict the position of the
associated emission, if there is any, and to test the validity of magnetospheric
models.

The internal magnetic field of Jupiter appears quite stable over time.
There are secular variations of this field detected by comparing nearly 50
years of observations, from Pioneer 10 in 1973 to Juno, although they are
more prominent around the equator than in the polar regions (Moore et al.,
2019). Moreover, by comparing Juno data with Voyager 1 (1979) and Ulysses
(1992), it has been suggested that the dipole moment exhibits a precession of
~0.1° /yr (Connerney et al., 2023). Although these variations are important
for comparing datasets from different epochs and for long-term orbiter
missions, they occur on a much longer timescale than the variations of the
external field. Indeed, the azimuthal component of the plasmadisk current
can vary by about 10% over a few weeks, and the radial component even by
a factor 2 over the same period (Connerney et al., 2020): this affects the
bending and stretching of the magnetic field in the middle magnetosphere,
and hence the magnetosphere-ionosphere mapping. In the present thesis,

the bulk of the data presented comes from the Juno epoch, which spans
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internal+external field lines

/

internal field lines

FIGURE 2.4: Sketch of the effect of the external field on the magnetic field
geometry. The continuous lines represent the field due to the internal source only,
the dotted lines the field the lines resulting from the superposition of the external
field generated by the current in the plasmadisk (represented by the orange area).
The lines on the left show the azimuthal bending A¢, while the lines on the
right the radial stretching AR. The radial contribution of the external field is
represented by the dashed lines. The image of Jupiter is retrieved from Wikimedia
Commons (credits to NASA /JPL, Public domain, via Wikimedia Commons).

about 7 years of observations. Thus, the variations of the external field
are expected to be more important than the ~0.7° of cumulative drift!! of
the internal magnetic field, which will be considered constant (in Jupiter’s
frame) in the rest of this work.

The models of the external magnetic field can be divided into two cat-
egories: empirical and physical. Empirical models derive the field from

a parametric current annular disk characterized by its shape (inner and

"This is the drift since the arrival of Juno at Jupiter and, hence, it is an upper limit
that applies when comparing the oldest Juno data from August 2016 with the most recent
ones. If one compares observations acquired closer in time, then the dipole drift will be
proportionally smaller.
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outer radii, and thickness), orientation and current density. The parame-
ters are then tuned so that the resulting field matches the magnetic field
measurements. Examples of this approach are the Voyager 1- and 2-based
CANS8I1 model (Connerney et al., 1981) and the Juno-based Con2020 model
(Connerney et al., 2020). These models are quite straightforward to code.
Connerney et al. (1981) and Edwards et al. (2001) suggested an analytical
approximation to derive the magnetic field in the current-free region above
and below the plasmadisk, as well as in the inner magnetosphere: this makes
the computation of the field very fast. Near and inside the plasmadisk,
instead, it is necessary to perform a numerical integration'?. The drawback
of empirical models is that they adjust the plasmadisk current to fit the
observations, disregarding the physical processes that drive the current in
the first place. An additional conceptual step is then needed to derive a
physical understanding of the dynamics of the plasmadisk. On the contrary,
physical models derive the current distribution in the magnetosphere by
solving a system that involves all the forces acting on the magnetospheric
plasma (e.g: Caudal (1986); Nichols (2011); Nichols et al. (2015)). Indeed,
by looking at Eq.A.7, the J x B force in the momentum equation balances
the divergence of the pressure tensor (V - P) and the plasma inertia forces
(nd,U + n(U - V)U = ndU/dt). In plasma physics the pressure is often
considered a tensor represented by a 3x3 matrix instead as a scalar quan-
tity, which is the case in fluid dynamics. Indeed, the pressure of a plasma
represents its energy density, which is the macroscopic average of the kinetic
energy of the particles. In a magnetized plasma, the particles are forced
to gyrate perpendicularly to the magnetic field by the Lorentz force, but
they are unimpeded along the filed lines. Thus, the speed of the particles
along the field can be different from the speed of their gyrating motion (i.e:
v # v1) and, hence, the pressure force exerted by the plasma in the two
direction can be different (i.e: p; # pi). Therefore, the pressure has to

be represented by a matrix, which, in a frame with the z axis along the

12A toolbox for computing both the internal and external magnetic field at
Jupiter has been recently published (Wilson et al., 2023) and it is available at:
https://lasp.colorado.edu/mop/missions/juno/community-code/.
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magnetic field, takes the form

p. 0 O
P = 0 PL 0 (2.1)
0 0 pH

The plasmadisk current can be obtained by projecting the momentum
conservation equation Eq.A.7 perpendicularly to the magnetic field (Nichols
et al., 2015):

_ dU A

JJ_ZEX pmﬁ—i—VpL—i-(p”—pL)(bV)b (22)

where b is the unit vector along the magnetic field, p,, the mass density of
the plasma and (b- V)b is the curvature of the magnetic field. The three
terms in Eq.2.2 are the plasma inertia - which is due to the centrifugal
motion - the pressure gradient and the pressure anisotropy current. Eq. 2.2
is coupled with the Ampére law Eq. A.13, so that it is possible to obtain
the magnetic field from a differential equation. To solve this equation it
is necessary to input the plasma pressure (p; and p, ), density (p,,) and
velocity ([j ). The major advantage of physical models is that they allow us
to understand which contribution in Eq. 2.2 is more relevant in determining
the plasmadisk current: for example, Nichols et al. (2015) reported that
inside ~20 R; the dominant contribution is the Vp, term, between 20 and
50 R is the pressure anisotropy (p| — pL)(l; . V)B, and outside 50 R is
the centrifugal force. On the other side, the main drawback is that the
magnetic field resulting from a physical model is as reliable as the plasma
parameters of pressure, density and velocity plugged in Eq. 2.2, which may
introduce deviations with the measurement of the magnetic field. In this
thesis, it is necessary to have the most reliable magnetic field model, in
order to have a precise mapping between the position of the moons and the
Jovian surface where auroral emission is observed. On the other hand, the
physical investigation of the origin of the plasmadisk currents is not a goal
of the present study. For this reason, the analysis and results presented here

will mostly use the magnetic field derived from an empirical approach; more
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specifically, the most commonly used models will be Juno-based JRM33
(internal field) and Con2020 (external field) (Connerney et al., 2020, 2022;
Wilson et al., 2023).

2.3 Magnetosphere-Ionosphere Coupling

In a planetary magnetosphere, the motion of the charged particles is affected
by the magnetic field of the planet itself. If no magnetic field is present,
the plasma motion is governed by Kepler’s laws, hence it orbits around the
planet with the Keplerian angular speed wg = \/GTP/T?’, M, being the
mass of the planet and r the distance from its center. On the other side,
the presence of a planetary magnetic field considerably affects the motion of
the charged particles. Indeed, a fundamental principle of plasma physics
is the so-called Alfvén theorem or frozen-in-flur theorem (Alfvén, 1942,
1943), which states that, under ideal conditions * | the flux of magnetic

t14

field through any given surface in a plasma is constan . In other, more

intuitive words, the magnetic field can be considered as a "mesh" that

"entangles" the plasma: any motion of the plasma correspond to a motion

15

of the magnetic "mesh" and vice versa In a planetary system, the

BAn ideal plasma is defined according to the ideal Ohm’s law, Eq. A.9, which is
an approximation of the generalized Ohm’s law, Eq. A.8. The applicability of the
approximated version depends on the time-scales and length-scales involved, as well as on
the relative contribution between the plasma pressure and the magnetic pressure B? /8,
but in space plasmas it holds very well in most of the cases.

4 Another description is that the magnetic field is advected by the plasma, which can
be obtained by plugging the ideal Ohm’s law Eq. A.9 into Faraday’s equation Eq. A.12.
Alternatively, one can consider that two volumes of plasma crossed by the same magnetic
field line at a given time ¢y remain on the same line under ideal conditions for ¢ > t;.

15 Although this metaphor likely helps one’s imagination, it can be misleading and, in
general, proper care should be used when deriving deductions based on this conceptu-
alization. Indeed, the idea of "mesh" derives from the idea of magnetic field lines and
therefore the magnetic field is often believed to "move" under the motion of the plasma
as a result of the frozen-into-flux theorem. Counter-examples to that description are
symmetric systems such as a uniform or an axially-symmetric system, for which the idea
of moving field lines is ill posed. More properly, the motion of plasma perpendicularly
to a background magnetic field induces electrical currents, which in turn generate an
induced magnetic field (Ferraro, 1937). The sum of the background and the induced
fields give the "illusion" that the magnetic field lines are advected with the flow.
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magnetic field "entangles" the plasma in the magnetosphere, but also at the
ionosphere, therefore the two environments are ultimately connected by the
magnetic field. The ionosphere, in turn, is coupled with the atmosphere by
ion-neutral and electron-neutral collisions, which exerts a drag force that
makes the ionosphere corotate with the planet at an angular speed Q2p. The
atmosphere is thus coupled with the magnetosphere: energy and angular
momentum are transferred between the planet and its magnetosphere, so
that the plasma is accelerated towards rigid corotation with the planet
itself. This is provided by the electric currents flowing between the two
environments. Indeed, consider a dipolar magnetic field aligned with the
planetary spin axis and a magnetospheric plasma that is sub-corotating
at wy < Qp (Fig. 2.5), so that there is a velocity shear between the
magnetosphere and the ionosphere. Thanks to the frozen-in-flux theorem,
this velocity shear bends the magnetic field and introduces a magnetic shear
stress between the magnetosphere and the ionosphere ¢ . This makes the
ionosphere slow down to an angular velocity w; between wy; and €2p, which
results from the magnetic stress on the upper ionosphere and the collisional
atmospheric drag at its bottom. At the ionosphere, the plasma-neutral
relative motion and the collisions drive a system of ionospheric currents -
perpendicular to the magnetic field - as electron and ions collide with the

t 17 . In the upper

neutrals at different rates, thus they generate a curren
layers of the ionosphere, the collisions become less and less important, hence
the currents can flow only along the magnetic field ® . These field aligned
currents (FACs) are closed in the magnetosphere, where the bending of the
magnetic field can generate a current perpendicular to the magnetic field,
according to Ampére’s law. Thanks to this current, there is a J x B force
in Eq. A.7 that accelerates the magnetospheric plasma. The current keeps

flowing until there is no relative motion between the ionosphere and the

16See the Maxwell stress tensor in Eq. A.7 for its mathematical expression.

"Indeed, the last term in Eq. A.2 is now non-zero, which results in a net current.

18By looking at Eq.A.14, it is clear that, if the collision frequencies v;, v, — 0, then
o — oo and op,og — 0, hence J= 0|‘E‘|. Therefore, a fully magnetized, collisionless
plasma can be considered a perfect conductor along the magnetic field, and a dielectric
in the perpendicular direction.
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FIGURE 2.5: Sketch of the Magnetosphere-Ionosphere coupling in cylindrical
projection. This is obtained by mapping a magnetic shell (that is: the magnetic
field lines whose farthest point from Jupiter’s center is at a given distance from
the planet itself) on a plane. Hence, the top and bottom sides correspond to
Jovian surface at the northern and southern hemispheres, respectively. The
magnetosphere is sub-corotating at angular speed wy; < Qp. The ionosphere is
expected to move with angular velocity wy, which is determined by the neutral
drag acting on its bottom and by the magnetic stress acting on its top. The black
dotted lines represent the magnetic field. The black arrows represent the flow of
the field aligned currents, which are closed by the ionospheric current J, ; and
the magnetospheric current J ;.

neutral atmosphere, that is: until the magnetospheric corotation is restored.

To summarize, the presence of the magnetic field changes qualitatively
the orbital motion of plasma around the planet. Indeed, if no magnetic field

is present, the angular speed decreases as r~%/2, according to Kepler laws.
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On the other side, with a magnetic field, the angular speed is constant and
equal to the planetary angular speed. This requires a transfer of energy
and angular momentum between the planet and its magnetosphere, which
is carried by currents. In order for the M-I coupling to be efficient, three
conditions must be satisfied (Dessler, 1983):

1. the atmosphere must have an efficient vertical transport of momentum

for transferring it to the ionosphere (planet-atmosphere coupling).
2. high ionospheric conductivity (atmosphere-ionosphere coupling).

3. theideal Ohm’s law Eq. A.9 must be applicable (ionosphere-magnetosphere
coupling).
% (see Eq.A.7) in the mag-

netosphere must be strong enough to counterbalance the centrifugal force

Additionally, the magnetic tension F); =

F. = pQ%r of the corotating plasma (p being the plasma mass density).
This condition can be satisfied in the inner region of a magnetosphere (the
so-called plasmasphere), where the magnetic field is strong enough, but it
cannot extend indefinitely towards the outer regions. Indeed, for a dipole
R, is the curvature radius of the magnetic field and b = B/|B|. At the

equator, B ~ r=3 and R, =r/3 lead to Fy; ~ r~'. Thus, beyond a certain

field, the magnetic tension can be re-written Fj, = %i(i) . V)l; = where

distance, the magnetic tension is not strong enough to confine the plasma,
which drifts outwards. This triggers a positive feedback: as the drifting
plasma moves to higher distances, it conserves its angular momentum and
loses angular velocity, hence it is sub-corotating. Currents are set up to
accelerate the plasma toward corotation: they increase the centrifugal force,
which in turn enhances the radial drift of the plasma. Because the magnetic
field magnitude decreases with the distance from the planet as =3, the
magnetospheric currents must increase in order for the J x B force in Eq.
A.7 to effectively accelerate the plasma. This is not possible indefinitely, as

there is finite conductivity in the ionosphere, thus limiting the maximum
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t ¥ . As a result, the outer region of the magnetosphere does not

curren
corotate rigidly with the planet, and the magnetic field is advected in a

spiral-like pattern (Khurana et al., 2004).

19This further highlight the importance of the second conditions for the M-I coupling:
the higher the conductivity, the farther from the planet the corotation can be supported.



CHAPTER

Satellite-Ionosphere Coupling

This chapter describes the physics involved in the S-1 coupling, that is: the
chain of physical processes that transmit the perturbation in the plasma
flow around the moons up to the planetary ionosphere. As the perturba-
tion is propagated by waves that are typical of magnetized plasmas, a brief

introduction on the low-frequency plasma modes is provided in section 3.1.

Now that the M-I is introduced as the ensemble of processes that transfer
energy and angular momentum between a planet and its magnetospheric
plasma by electric currents, it is easier to understand how the S-I coupling
can be considered as a specific case of M-I coupling. Indeed, natural satellites
orbit around planets at Keplerian angular speed wg, which, in general, is
different than the corotation speed at the angular speed (2p of the planet.
More precisely, most of the moons in the Solar System orbit beyond the
corotation radius, that is: the distance where wx = Qp ! . Hence, the
moons represent a local source of sub-corotation, which the magnetosphere

counteracts by arranging a current system between the natural satellite

1For example, the terrestrial Moon orbits at about 60 Rg (1 Rgp = 6371 km is the
Terrestrial radius), while the corotation radius is ~6.5 Rg; at Saturn and Jupiter, the
innermost major satellites Mimas and Io orbits at 3.2 Rs (1 Rs = 58232 km is the
Saturnian radius) and 5.9 Rj, respectively, and the corotation radius is ~2 planetary
radii for both planets.

35
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and its proximity, and the planetary ionosphere. In the following, it is
assumed that the orbital speed of the moon is smaller than the corotation
speed of the plasma at the orbits of the satellites. Furthermore, consider a
satellite that orbits completely within a planetary magnetosphere and that
the plasma flow is mainly azimuthal at the satellite. At the Earth, the Moon
is connected to the planetary magnetic field only when it orbits through
the magnetotail, where the flow is predominantly radial, while the major
moons of Jupiter and Saturn are always well within the magnetosphere.
Hence, the theory of the present section strictly applies to cases like Jupiter
and Saturn, and not like Earth. Moreover, in the remainder of the present
chapter, the Io-Jupiter coupling will be used to introduce and explain the
physics of the S-I coupling, as it is the most investigated from both the
theoretical and observational points of view. The fundamentals of the To-
Jupiter electromagnetic interaction can be quite straightforwardly applied
to Europa and Ganymede. At Callisto the local interaction with the Jovian
magnetosphere may occasionally be different from the other three Galilean
moons, due to the radial variations of plasma parameters: this is expected
to decrease the Poynting flux (i.e: the energy transfer) between Jupiter
and Callisto (Saur et al., 2013). At Saturn, it is suggested that the local
interaction of Enceladus, Dione and Rhea may be strong enough to generate
a significant Poynting flux, possibly through a process similar to the one
that is found at Jupiter (Saur et al., 2013).

Early? models of the S-I coupling at Jupiter did not consider the presence
of the high density IPT, nor of Io’s atmosphere, neither of which had been
detected. Therefore, assuming that the density of the Jovian magnetosphere
is very low and that Io is an atmosphere-less, conducting satellite, Piddington
and Drake (1968) and Goldreich and Lynden-Bell (1969) proposed the so-
called "unipolar inductor" model. According to this model, To, the Jovian
magnetic field, and the planetary ionosphere can be considered as the
components of a resistive circuit. Indeed, Io behaves like a conducting

body moving in a magnetic field, therefore it can be considered as a DC

2That is, before the Voyager 1 fly-by of Jupiter in 1979.
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electric potential generator; the low density magnetospheric plasma is a
perfect conductor along and a dielectric across the magnetic field, hence
it can be viewed as a resistance-free transmission line along the field; near
Jupiter’s surface, the high density of the ionosphere and the presence of
neutral particles introduce a finite conductivity, hence it can be considered
the resistive load of the circuit. Later, Io’s ionosphere was introduced in
the model as well, and it can be considered as an additional resistance
in parallel to the Jovian ionosphere (Saur et al., 2004). According to the
unipolar inductor model, the currents are field-aligned and thus no force
is exerted on the plasma by the J x B force in Eq. A.7. Therefore, the
energy is transferred between Jupiter and lo, with no contribution to the
magnetospheric plasma. Moreover, the lo-Jupiter current system reacts
almost immediately to changes in the conductivity of the ionosphere: the
electromagnetic field propagate at the speed of light, and thus the lo-Jupiter
current system takes only a couple seconds to reach a new steady state.
As it will be clear by the end of this chapter, the discovery of the dense
IPT by Voyager 1 in 1979 has radically changed the picture of the S-I
coupling at Jupiter. Indeed, the inclusion of a dense plasma environment
around lo implies that the current is no more field-aligned, thus a force is
exerted on the plasma. Moreover, the relative speed between lo and the
IPT continuously generates a plasma flow perturbation around the moon,
similarly to a river passing around a pier of a bridge. This triggers a specific
plasma mode, called Alfvén wave (Alfvén, 1942), which carries the currents
that mediate the Io-Jupiter coupling. The speed of these waves decreases
with the plasma density and, in general, is lower than the speed of light.
Consequently, current variations due to conductivity changes take several
minutes to propagate between lo and Jupiter: during such a time interval,
Io continues along its orbit, and the "updated" current cannot close at
the satellite: the result is that the S-I electromagnetic coupling cannot
be considered a static state, but rather a "snapshot" of various physical
processes that transmits the local sub-corotation near Io up to the Jovian
ionosphere (e.g: Delamere et al. (2003)).

Before explaining the details of the current understanding of the S-I
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coupling at Jupiter, the reader might find the brief recap on the propagation
of long-wavelength, low frequency modes in magnetized plasmas given in the
next section useful. This is fundamental to the electromagnetic S-I coupling,
as one of these modes - the already-mentioned Alfvén waves - carries the
currents between Jupiter and lo, and thus it mediates the S-I coupling.
After that, the next three sections are dedicated to the details of the local
interaction, the far-field propagation and the auroral emission of the S-I

coupling, respectively, assuming lo as an example.

3.1 Low-Frequency Plasma Modes in

Magnetized Plasmas

The following section is an introduction to low-frequency waves in magnetized
plasmas, part of which can be found in many textbooks (e.g: Chandrasekhar
(1961); Krall and Trivelpiece (1973); Pucelle and Segre (2014)). These waves
fulfill a key role in the S-I coupling, and in the M-I coupling in general,
therefore it is fundamental to understand which modes are excited by the
Jovian satellites and how they mediate the planet-moon interaction.
Consider a uniform plasma permeated by a uniform magnetic field. The
response of the plasma to any form of perturbation can be derived from
the MHD equations Eq. A.53, A.7 and A.12. These three equations do not
form a closed system, and an equation for the energy balance is needed. A
simple yet general choice to include the plasma response to heat transfer is

a polytropic law
Pn™ = constant (3.1)

where n is the plasma density. The value of the polytropic index N de-
termines the type of thermodynamic process occurring to the plasma (e.g:
N = 0 corresponds to a isobaric process, N = 1 to an isothermal one). In
the following, it will be assumed N = v, where v is the heat capacity ratio,

corresponding to an adiabatic process. In Eq.3.1 it is assumed that the

3Here, it is assumed that there is no source or sink of particles, i.e: S = L = 0.
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pressure is isotropic, i.e: p; = p; in Eq. 2.1. If the pressure anisotropy
cannot be neglected, it is possible to derive two polytropic equations from
Eq. 2.1 and 3.1, one for p, and one for p; (Chew et al., 1997). Nevertheless,
without loss of generality and for sake of simplicity, it will be here assumed
that the pressure is isotropic.

To show the small-amplitude plasma modes that can be excited, Eq. A.5,
A7, A.12 and 3.1 are linearized, which is obtained by substituting

B —  By+B

n — no + ny (3.2)
P — P+ P

vV = VotV

where the subscript "0" refer to the static equilibrium fields, and "1" to the
perturbed quantities. It is assumed that ()1 << Qo for each quantity in Eq.
3.2, so that each term of the order Q? or higher can be neglected; moreover,
it is also assumed that the plasma is initially at rest, hence Vo = 0. To solve
the system of equations, a wave-like solution of the form ~ expli(k - 7 — wt)]
can be found. By substituting this solution into the system and rearranging,
another system of equations can be obtained for the three components of

the velocity:

(k-Bo)*15
Py B:1- (k-By)*=1,- = k- Bo) (V- By) -
:{[u+ o}k_(k' 0) BO}(k,BO)_(k 0)(V1 - Bo) ;
po  4mpo 47 po 47 po

where py = ngm, m being the average ion mass. If the z axis is parallel to
the equilibrium magnetic field EO, and k is in the z — 2 plane and forms
an angle 6 with By, than the equation above corresponds to the following

eigenvalue problem:
w? — k2V2E — k*C?sin*0 0 —k2C?%sinfcost | |V,

0 w? — k*VZcos*0 0 V,| =03.4)
—k:ZCfsinﬁcosH 0 w? — k20300526’ V.,
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where
BQ
Vy = 0 3.5
A Trpn (3.5)
P,
C, = Jto
Po

are the Alfvén speed and the sound speed, respectively. Eq. 3.4 can be solved

if the determinant is zero, that is:
(w? — k*V3cos®0)[w* — Wk (V3 + C2) + k*'V3iC2c0s*0) = 0 (3.6)

The dispersion relation Eq. 3.6 has three independent solutions, which
correspond to three different plasma waves.
The first solution of Eq.3.6 is

w = kVacosb (3.7)

whose eigenvector is [0V}, 0]. This mode corresponds to a so-called shear
Alfvén wave propagating at an angle # from the background magnetic field.
This mode is characterized by k-Vi=DBy-V, = 0, and by p; =0 and P, =0,
which means that Alfvén waves are transversal oscillation of the magnetic
field with no density, nor pressure perturbation. Furthermore, the Alfvén
waves cannot propagate perpendicularly to the magnetic field.

The other two solutions are given by

w = kvf,s (38)
|
Vi = {i[vj +C2 (V22— AV3C2eos20)

where V; and V; < V; are the fast and slow magnetosonic modes, whose
eigenvectors have the form [V, 0 V,]. To understand the nature of these

two waves, consider a cold plasma, i.e: Cs << V4*: in this case, V; = Vy4, and

4The ratio (Cs/Va)? is also known as plasma (3 parameter, which also corresponds to
the thermal-to-magnetic pressure ratio
Cs - 87TPO

TR

(3.9)

As the pressure is reasonably expected to be proportional to the temperature, the cold
plasma approximation corresponds to 8 << 1.
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the wave propagates perpendicularly to the magnetic field (6 = 0) - contrary
to an Alfvén wave - as a compressional wave. The slow mode, instead,
propagates at V; = (s along the magnetic field, and V, = 0 perpendicularly
to it, therefore it corresponds to a sound wave traveling along the magnetic
field.

In the S-I interaction, the Alfvén waves have the primary role to carry
the currents of the coupling. The role of the fast and slow modes in the
S-T coupling is expected to be secondary or even negligible (Jacobsen et al.,
2007), although more modeling and observational effort would be needed to
properly determine their effect. In the following, some generalization to the
dispersion relation of the Alfvén waves Eq. 3.7 will be presented, as they
are expected to play a significant role in the S-I coupling at Jupiter, while

the other two modes will not be covered.

Relativistic correction The dispersion relation for the relativistic Alfvén

speed is obtained from the continuity and mass equations A.1, A.2, Faraday’s
equation A.12, and Ampére’s equation A.13. In the latter, the displacement
current proportional to OF /Ot must be retained. Assuming a plasma made
by electrons e and an ion species 4, the linearization Eq.3.2 leads to the

generalization of the dielectric matrix Eq.3.4 (Krall and Trivelpiece, 1973)

€1 +7:€2 0
€= | —igq €1 0 (310)
0 0 £3
where ) )
o wpe wpi
a=lt g Gt g (3.11)
Qe W;Q)e Q'L W;Q)i
= S 3.12
°2 w2 —w? WO —w? (3.12)
wi o w2
_ pe p?
£z = 1— o2 - F (313)

2c; and wp.; are the cyclotron and plasma frequencies for electrons and ions

respectively:
B
Q,; = LeiZ (3.14)

’ My ;iC
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(3.15)

One of the solutions obtained by approximating the dispersion relation
derived by the dielectric Eq.3.10 to low-frequency modes® is the relativistic

generalization of the shear Alfvén waves dispersion relation Eq. 3.7:

W= k‘LcosQ (3.16)

J1+4
In the Jovian case, the relativistic correction must be considered for
Alfvén waves propagating between the planetary ionosphere and the IPT
and the plasmadisk, as the strong magnetic field and low plasma density
both increase the Alfvén speed up to a considerable fraction (>95-99%) of
the speed of light.

Dispersive correction: inertial and kinetic effects The derivation of the

dispersion relations of the Alfvén waves is limited to the validity regime of
the MHD equations, that is: the timescale involved must be longer than

the plasma and cyclotron frequencies and the length-scale longer than the

1 T.T;
dmnoq? Te+T; *

properly determine the plasma behavior at small scales, it is necessary to
resort to a kinetic approach®(Lysak and Lotko, 1996; Lysak and Song, 2003).

Consider again a uniform plasma in a uniform magnetic field, as at the

In order to

particle gyroradius and the Debye length A\p =

beginning of this section, but instead of assuming that the perturbation
satisfies the MHD criteria of long timescales and length-scales, assume that

(1) the magnetic pressure dominates the plasma pressure (cold plasma or

SWaves with frequency w < ;; for a general ion 4, ; < ..

6A proper introduction to kinetic theory of plasmas would probably detract attention
from the main points, and it is not reported (nor necessary) in the present work. In
brief, the MHD approach considers a plasma as a continuous medium, subject to both
the fluid and Maxwell’s equations, while the kinetic approach considers the plasma as an
ensemble of particles subject to mutual electromagnetic interaction. With this approach,
the thermodynamic quantities (e.g: density and temperature) and the dielectric properties
of the plasma are statistically derived from its particle distribution function. Although
the kinetic approach could be considered more "physically sound", the MHD equations
can be derived from the kinetic theory, thus the two methods are broadly consistent.
Furthermore, the computation complexity needed by the kinetic approach is usually
higher than in MHD, which implies that it can be applied only to simpler systems.
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low-3 approximation), (2) V4 << ¢’ and (3) that wavelength is smaller than
the Debye length. In this case the dielectric assume the form (Lysak and
Lotko, 1996; Lysak and Song, 2003)

A i w w?
g = 2 (317)
Ky ko c? Co(pe c
s T (14-€2(9) - (&)

where p.; = kJ_IOez (Pesi = Me Vet /qei B is the electron/ion gyroradius),
£ = w/kjvewm (Ve = \/m is the electron thermal velocity), I'y the
modified Bessel function and Z the plasma dispersion function (Fried and
Conte, 1961). The || and L symbols refer to the parallel and perpendicular
direction with respect to the magnetic field. The dispersion relation obtained

in two different regimes is particularly illustrative of the physics involved:

e Hot electrons The thermal speed on the electrons is larger than the
phase speed of the wave, that is: vey, >> w/k — § << 1in Eq. 3.17.

In this case the dispersion relation is
w? = k{VE(1 + ki p? + k3 p?) (3.18)

where p, = T,m;/q*B?. The waves associated with Eq. 3.18 are
called Kinetic Alfvén Waves (KAW), and the relevant parameters for
the wave propagation are the electron pressure and the ion cyclotron

radius.

e (Cold electrons The thermal speed on the electrons is smaller than the
phase speed of the wave, that is: vey, << w/k — £ >>11in Eq. 3.17.

In this case the dispersion relation is

]' + kJ_pz

2
“ :kVA1+k2/\2

(3.19)

where A\, = ¢/wy, is the electron skin depth. The waves associated
with Eq. 3.19 are called Inertial Alfvén Waves (IAW), and the relevant

parameter for the wave propagation is the electron inertia.

"Actually, the inclusion of the relativistic correction is straightforward, as it consists
. 1 .
in a factor [1 + (V3 /c?)]" 2, with V4 from Eq.3.5.
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The main difference in the kinetic approach is that Eq. 3.18 and 3.19 are
the dispersion relation of dispersive waves, that is dw/0k # 0, and the
speed of the wave depends on its wavelength. In other words, the different
wavelengths excited by a perturbation propagate at different speed, when
kinetic and/or inertial effect are important. For this reason, it is possible to
generally refer to the full dispersion relation derived from the dielectric Eq.
3.17 as the Dispersive Alfvén Waves (DAW) relation.

At the orbits of the Galilean satellites, the plasma density is higher by a
factor ~ 102 and the magnetic field intensity lower by a factor ~ 103 than
above the Jovian ionosphere. Therefore the ion cyclotron radius of the ions
p; ~ B~1 is expected to be large near the satellites, while the the electron
skin depth A, ~ n_! small. On the other side, above the ionosphere, the
electron inertia dominates over the kinetic effects (Jones and Su, 2008; Su
et al., 2006). The main interest on the DAW for the S-I coupling at Jupiter
is not mainly related to the determination of the dispersion relation, but
rather to the field-aligned electric field associated with the waves, which
may play a key role in accelerating the auroral electrons (Damiano et al.,
2019; Hess et al., 2010a) (see section 3.3).

3.2 Local Magnetosphere-Ionosphere

Interaction

Early models of the lo-magnetosphere local interaction are introduced at the
beginning of Chapter 3. The problem was tackled by Piddington and Drake
(1968) and Goldreich and Lynden-Bell (1969) considering Io as a conductor
moving in a magnetic field: the Hall effect produces a charge separation on
the sides of the moon, thus it can be regarded as a voltage generator - hence
the name "unipolar inductor". A fundamental hypothesis of the unipolar
inductor model is the presence of low density plasma between Io and Jupiter
to carry the S-I coupling currents: in this case, any change in the currents
propagates at the speed of light and the satellite-magnetosphere-ionosphere

can be considered as a quasi-stationary electric circuit made by a generator
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and a resistive load.

The discovery of the IPT by Voyager 1 considerably affected - and
complicated - the subsequent modeling efforts of the S-I coupling. Indeed,
(1) the mass and momentum loading between lo and the IPT (section
2.1) must be considered to determine the currents generated at Io, and
(2) the electric field that drives the S-I-mediating currents propagates at
approximately the Alfvén speed Eq.3.5, which in the IPT is much smaller
than the speed of light (v4 <1073¢ (Kivelson et al., 2004)). Hence, any
perturbation in the currents near o takes several minutes to reach Jupiter
and back; over that time window, Io moves by about ~ 5 Io radii (1 Ry,
= 1822 km). Therefore, the currents cannot form a closed loop at Io, and
the satellite and Jupiter’s ionosphere are not coupled - not in the same
sense as in the unipolar inductor model. Rather, Io acts as a perturbation
in the plasma flow of the IPT, and the amplitude is determined by the
details of the local interaction. The perturbation then propagates according
to the properties of the magnetospheric plasma until it reaches Jupiter,
where ionospheric currents are finally driven to counterbalance the plasma
velocity perturbation (see sections 3.3 and for more details on the far-field
propagation). Until the perturbation reaches Jupiter, the conductivity of
the planet is not relevant, which is a major difference with the unipolar
inductor model, where the Jovian conductivity is the limiting factor of the
current. An exception can occur when Io is farthest from the centrifugal
equator, where the plasma density is low: in this case V4 — ¢, thus it is
possible for the perturbation to propagate fast enough to form a loop closed
at the moon itself, and the unipolar inductor model can be used.

The currents at Io are generated by several phenomena. There is a

pick-up current associated with the generation of new ions, given by (Goertz,

1980)
T . 2 E
where n; is the ion-electron creation rate, which is determined by the

physical chemistry associated to the mass loading of the IPT (section 2.1).
Additionally, there are the Pedersen and Hall currents (Eq. A.15) of Io’s
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ionosphere. Indeed, these are driven by the electric field seen in Io’s frame
E;, = —0,q X Br, (Eq. A.9), where ¢ = O x 7, — Uro, T1o and Uy, are Io’s
position and velocity, respectively. This current is mostly directed away from
Jupiter. Lastly, the ionospheric current leads to a charge accumulation on
Io’s sides: this drives a polarization current, which takes the form (Goertz,
1980): B

- 2 dE

P AnV2dt

These currents are mostly perpendicular to the magnetic field, and they

(3.21)

cannot extend indefinitely away from lo. For example, the currents associated
with the Pedersen and Hall conductivities need the presence of the collisions
in the Ionian ionosphere, thus far away from Io the currents can only flow
along the magnetic field. The current given by the sum of Eq. 3.20, 3.21
and A.15 must satisfy the current continuity Eq. A.6, and thus FACs has
to be introduced, which are given by (Goertz, 1980; Neubauer, 1980; Saur
et al., 2004)

—

> - B
JA:EAV-EE (3.22)
where X4 = (uoVa) ™', po is the magnetic permeability.
The currents and conductivities near Io determine the electric field, which
in turn affects the plasma flow in proximity of the satellite. In particular,
the degree of influence of the local interaction on the plasma flow can be

quantified by the factor

E, 25,
_bE__ 2ha 323
T E TS, o, (3.23)

where Y p is the height-integrated Pedersen conductivity of Io’s ionosphere,
Eo = EIO = —Upey X é[o and El is the electric field associated with Io’s
currents (Saur et al., 2013). This factor represents the strength of the local
satellite-magnetosphere interaction, and it determines both the amount of
plasma entering Io’s atmosphere and the flow perturbation (Saur et al., 2004).
The case @ = 1 corresponds to an insulating moon, therefore the plasma
flows unperturbed and impinges directly onto the surface/atmosphere. On

the contrary, the case a = 0 corresponds to a perfectly conducting moon,
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with the plasma flow fully diverted along the sides of the satellite. According
to the estimate performed by Saur et al. (2013), the interaction strength at To
is expected between 0.04 and 0.37, depending on the local plasma conditions,
which are a function of the magnetic latitude of Io. Indeed, the pickup
current Eq. 3.20 depends on the local production of ion-electron pairs due to
the physical chemistry, while the polarization current Eq. 3.21 and the FACs
Eq. 3.22 depend on the Alfvén speed, which in turn is determined by the
magnetic field and plasma density. For comparison, the strength at Europa,
Ganymede and Callisto is 0.15-0.94, 0.21-0.91 and 0.0-0.98, respectively.
Such a large interval for « is due the three outer moons periodically crossing
the plasmadisk, thus greatly increasing their interaction strength in those
occasions.

As a last remark on the local interaction, it’s worth noticing that the
strength of the local interaction may have a qualitative effect on the prop-
agation of the Alfvén waves far from lo. Jacobsen et al. (2007) simulated
the S-I coupling in the case of weak and strong local interaction at lo, and
concluded that the strong interaction leads to non-linear evolution of the
Alfvén waves. This in turn affects both the morphology and intensity of the
coupling currents, hence it might also determine the details of the auroral

emission associated with the S-1 coupling at Jupiter.

3.3 Far-Field Propagation

The perturbation generated by the local interaction generates plasma modes
such as the Alfvén waves Eq. 3.7 and the magnetosonic modes Eq. 3.8
that propagates away from lo. Additionally, the ionospheric currents driven
at Io by the relative motion with the plasma of the IPT (section 3.2)
has to be closed, thus they feed a system of FACs. In this section the
chain of physical processes that transfers the perturbation up to the Jovian
ionosphere is introduced. To this end, several topic has to be covered: (1)
how the plasma modes propagates in the Jovian magnetosphere and how

they can carry currents; (2) which frequencies/wavelengths can propagate
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and how the inhomogeneity of the magnetic field and plasma affects the
reflection /transmission of waves; (3) how the S-I coupling can accelerate
electrons into the planetary atmosphere with high enough energy to explain
the associated auroral emission.

A powerful tool to investigate the propagation of disturbances in a fluid
medium is the method of characteristics, which are surfaces (or lines, in
2D problems) along which a perturbation travels (Landau and Lifschitz,
1987). The characteristics are obtained by casting the MHD equations
in Appendix A in a new coordinate frame given by the so-called Elsésser
variables (Elsasser, 1950; Magyar et al., 2019)

=TtV (3.24)

where v, is the plasma velocity in Io’s frame. Although the characteristics
are usually employed to investigate supersonic flows and shock formation,
their validity is more general (Landau and Lifschitz, 1987). Indeed, they
represent the region of space that can be affected by a perturbation, thus
they express a cause-effect relation that can be also applied to subsonic
flows.

At To, the satellite-plasma relative speed v,¢ is ~57 km/s, the Alfvén
speed is ~200 km/s and the sound speed is ~30 km/s. Therefore, the
problem in question is the one of sub-Alfvénic, supersonic plasma flow past
an object, which corresponds to a plasma [ parameter < 1 in Eq. 3.9.
Under such conditions, the fast magnetosonic mode Eq. 3.8 propagates
faster than the plasma flow speed in Io’s frame, hence its amplitude is
expected to decrease as r~2 from Io, and its contribution to the far-field
propagation is negligible. The slow magnetosonic waves, which can be seen
as sound waves propagating along the magnetic field, propagate slower than
the Alfvén waves, and in the limit § — 0 = C; — 0, hence they disappear.
Moreover, the magnetosonic modes do not carry currents along the magnetic
field, but rather perpendicular to it (Jacobsen et al., 2007; Siscoe, 1983).
Therefore, only the Alfvén waves can effectively mediate the S-I coupling;

indeed, assuming again that the wavevector k has components (k,, 0, k,) as
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in section 3.1, the current can be written (Siscoe, 1983)

- ZB N A~ A~
J = ﬁ[/ﬁ(uu) 50+ k() a(=kad + Ey2)] (3.25)

where (vi,)fs and (viy)a are the velocity perturbations associated with
the magnetosonic and Alfvénic modes, respectively; the imaginary factor ¢
implies that the current is out-of-phase by 90° with respect to the magnetic

field and velocity perturbation. It is easy to see that

le = RkQ(vly)Asingcosé’ = —ﬁk(Bm)Asme (3.26)

where the above equation shows the parallel current in terms of the velocity
or magnetic field perturbation. Hence, the propagation of FACs requires
and oblique propagation, that is: 6 # 0 (recall that for # = 90° the Alfvén
waves do not propagate).

The characteristics of the Alfvén waves are given by Eq.3.24 (Magyar
et al., 2019; Saur et al., 2004), hence their wavefront forms an angle with
the magnetic field - which can be called Mach-Alfvén angle

ana = tan (Ve /Va) (3.27)

The currents carried by the Alfvén waves are parallel to the characteristics:
this is another major difference with the unipolar inductor model, which
expects the currents to be field aligned. In Fig. 3.1, a sketch of the Alfvén
and slow magnetosonic characteristics is shown. The currents are fed by
FACs above Io’s ionosphere, which arise to close the currents at lo, as
explained in the previous section. The Alfvén characteristics in the context
of the S-I coupling are usually refer to as Alfvén wings (Drell et al., 1965)8,

and form a tubular surface over which the currents flow.

8A small historical note here. The theory of the Alfvén wings, which was originally
developed by Drell et al. (1965), dates back to before the discovery of the IPT in the *70s
by Kupo et al. (1976). At those times, it was intended to estimate the dissipation of
kinetic energy of an artificial satellite flying in the terrestrial magnetosphere due to the
generation of Alfvén waves. Drell et al. (1965) also suggested that the resulting currents
can be "sent back" to the satellite in order to supply the propulsion. At present, the
author is not aware of any development of such technology. The idea was adapted to
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FIGURE 3.1: Sketch of the Alfvén characteristics (j,— and j,+, dashed red
lines) and the slow magnetosonic characteristics (z¢s— and zcosy, dotted green
lines). The path of the currents is tilted with respect to the magnetic field by
an angle a4 = tan "1 (v.;/Va), where v, is the Io-plasma relative speed. The
magnetosonic characteristics are more tilted than the Alfvénic ones because the
speed of sound is lower than the Alfvén speed. The blue halo represents Io’s
ionosphere. The image of Io is retrieved from Wikimedia Commons (credits to
NASA/JPL, Public domain, via Wikimedia Commons).
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So far, the variation of magnetic field and density in the Jovian magneto-
sphere have not been taken into account. In section 2.1 it is shown that the
plasma density at Io’s orbit is one-two orders of magnitude higher than the
density above the Jovian ionosphere, while the magnetic field magnitude is
weaker by three orders of magnitude. This requires the relativistic correction
Eq. 3.16 in the high-latitude magnetosphere, where the Alfvén speed is
nearly the speed of light. As V4 =~ ¢ >> v, the angle a4 in Eq.3.27 be-
comes small, and the currents are nearly field aligned. It’s worth mentioning
that the decrease of the Mach-Alfvén angle implies a reduction of the field-
aligned component of the current Eq.3.26, which can be counterbalanced by
a decrease of the wavelength (i.e: an increase of k) and/or by an increase
of the wave amplitude. Another consequence of the non-uniformity of the
magnetosphere is the formation of gradients in the Alfvén speed profile. A
model electron density, magnetic field magnitude and Alfvén speed profile
are depicted in Fig. 3.2. While the magnetic field magnitude is not expected
to have sharp variations (middle panel), the plasma density exhibits strong
gradients around the IPT and near the Jovian ionosphere, whose electron
density is expected to peak at about 10° cm™ and have a typical scale
height of ~ 10® km (e.g: Mendillo et al. (2022)). These density variations
are mirrored in the Alfvén speed profile (bottom panel). It’s worth noticing
that the inclusion of inertial effects Eq. 3.19, which are relevant near Jupiter,
can form additional sharp gradients (for example, see Su et al. (2006)).

The transmission and reflection coefficients of waves at any Alfvén speed
gradient depend on the relative size between the parallel wavelength of the
wave A and the size of the gradient L. In general, the energy of the reflected
wave is given by (Hess et al., 2010a)

din(n)

R- (de)Q (3.28)

the To case to explain the observed radio emission (Marshall and Libby, 1967), and also

mentioned as an alternative to the unipolar inductor model by Goldreich and Lynden-Bell
(1969), if the diffusion of the magnetic field across Io is faster that the Alfvén waves in

reaching the Jovian ionosphere and back. Only in the Eighties, after the discovery of the
dense IPT, Neubauer (1980) developed a full non-linear theory of the Alfvén wings for
the To-Jupiter coupling.
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where n = ¢/Vy is the refractive index. For long wavelengths L << )\, the
transition between the IPT and the high-latitude magnetosphere can be
considered as a discontinuity, hence the reflection coefficient is given by the

Fresnel’s equation for a normally-incident wave

Rp = (w)2 (3.29)
nrpr + NHL

where nypr >> 1 and ngr ~ 1 are the refractive index in the IPT and

in the high-latitude magnetosphere, respectively. For long wavelengths,

Rp ~ 1 and the waves are almost completely trapped within the torus. In

the opposite case, L >> )\ and the WKBJ approximation (Brillouin, 1926;

Jeffreys, 1925; Kramers, 1926; Wentzel, 1926) leads to

L rdin(n) . \2dx
RWKBJ—/O <W(59€> 5z (3.30)

which gives Ry ks — 0 for dx — 0, hence short wavelengths can escape the
IPT and their reflection is negligible. From Eq. 3.29 and 3.30 it is clear that
long and short wavelengths are expected to exhibit a completely opposite
behavior at the density gradient of the IPT.

The precise details of the wavelengths excited by the S-I coupling along
the To flux tube are still unknown, but it can be assumed that Io injects a
wave packet centered at a | ;n; = 2R,. The initial wave packet spectrum
then spreads into shorter wavelengths by a turbulent cascade - a process
called filamentation. Therefore, the spectrum extends between the injection
wavelength A ;,; and the dissipation wavelength, which is given by the
ion skin depth \; = ¢/w,;. Additionally, the compressional modes can also
lead to filamentation, and the resulting waves corresponds to a wave packet
centered at \;. The results by Hess et al. (2010a) show that only <20% of
the energy of the injected wave packet can escape the torus, while the power
transmitted outside the IPT by turbulent and compressional filamentations
is 50% and 90% respectively, which matches the prediction based on Eq.
3.29 and 3.30 pretty well.

The reflection of Alfvén waves also occurs at the Jovian ionosphere,
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FIGURE 3.2: Electron density (top), magnetic field magnitude (middle) and
relativistic Alfvén speed (bottom) along a magnetic field line. The IPT is centered
at zero, while the high density at +10 represents the northern and southern Jovian
ionosphere, respectively. The sharp density gradients at ~ +1 and above the
ionosphere introduce gradients in the Alfvén speed, which can lead to partial wave
reflection.
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where the reflection coefficient is expected to be (Gurnett and Goertz, 1981)

M) (3.31)

Yp+2a

where Y4 is the same as in Eq. 3.22 and Y p is the Pedersen conductivity op

Riono = (

(Eq. A.14) integrated over the vertical extension of the ionosphere. Assuming
the Alfvén speed V4 ~ ¢, the ion density at the ionosphere n; ~ 10% cm—3,
the surface magnetic field magnitude B ~ 1073 T and that the ionosphere is
a ~1000 km-thick uniform layer, then ¥4 ~ 3-1073 S and Xp ~ 16 S (Smith,
2006). Therefore, R;pn, ~ 1 and the Alfvén waves are almost completely
reflected.

The presence of density gradients at the IPT and the ionosphere leads
to a complex pattern of wave reflection and transmission. A sketch of the
Alfvén wings that includes their reflection and transmission at each gradient
is shown in Fig. 3.3. Alfvén waves are launched at Io (blue lines), whose
wavefront, in Io’s frame, form a Mach-Alfvén angle that is larger in the IPT
than in the high-latitude magnetosphere due to the low Alfvén speed: this
explains the different tilt of the blue line in the IPT region compared to the
high-latitude one. The Alfvén wing between Io and the ionosphere is usually
referred to as Main Alfvén wing (MAW). The wave is partially reflected at
the density gradient: the reflected wave (green dashed line) travels within
the torus up to the gradient towards the opposite hemisphere, where, again,
it is partially reflected. The transmitted wave travels at nearly the speed of
light towards the Jovian ionosphere, where it bounces back (continuous green
line). When the reflected wave reaches the density gradient of the torus
from the ionosphere, it is also partially reflected (purple line). The Alfvén
wing originating from a reflection is called the Reflected Alfvén wing (RAW).
Thus, there is an exponentially complex pattern of Alfvén waves bouncing
back and forth between the gradients. As it will be illustrated in section 3.4,
the auroral emission associated with the S-I coupling mirrors the pattern of
the Alfvén wings.

The pattern depicted in Fig. 3.3, although useful to understand the
shape of the characteristics, is only consistent with the ideal case of a weak

perturbation (Saur et al., 2004). This corresponds to a weak local interaction,
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FIGURE 3.3: Diagram of the Alfvén wings in cylindrical projection. The blue
lines represent the Alfvén wings coming directly from lo, called main Alfvén wings.
The green and purple lines represent the characteristics of the reflected Alfvén
wings. The red lines represent the trajectory of field-aligned electron beams (called
Trans-hemispheric Electron Beam) that are excited above the ionosphere (at the
red stars) by the Alfvén waves. The background projection of Jupiter and Io were
retrieved from commons.wikimedia.org (credits to NASA /JPL, Public domain,
via Wikimedia Commons).
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that is @ =~ 1 in Eq.3.23, which in turn implies that the Alfvén conductance
is much greater than the Pedersen conductance at Io. In this case, the
characteristics Eq. 3.24 can be computed by the equilibrium fields of Eq.
3.2, because the perturbations are small. On the other side, the strong local
interaction case o &~ 0 (that is: ¥4 << ¥p) requires the characteristics to
be evaluated using the full perturbed fields. As explained in section 3.2, the
interaction strength at lo is expected to range from a quite high strength,
when Io is farthest from the centrifugal equator (a=0.04, Xp >> ¥,), to
an intermediate situation, when Io is at the centrifugal equator (a=0.37,
Yp 2 X4). The strength of the local interaction also determines if the
RAW returns back at Io or rather more downstream. This is crucial: in
the former case, the local interaction is affected by the reflection at the
torus or ionospheric density gradient, and the non-linear interaction between
the MAW and the RAW must be considered, while in the latter there is
no influence from the RAW and the interaction is strictly local. A sketch
showing the shape of the wings in the two cases is shown in Fig. 3.4. To
understand the relation between the interaction strength and the closure of
the characteristics at Io, one has to compare the travel time ¢4 required for
an Alfvén wave to travel from Io to the Jovian ionosphere and back, and the
time t, required by the magnetic field to cross the interaction region around
Io. These two times are given by

dl
tA::l;VZGS (3.32)

ds
Q:LERE (3.33)

* is an Alfvén characteristic, S a streamline crossing the interaction

where 2
region, [ and s are the coordinates along the characteristic and the streamline,
respectively. Depending on the centrifugal latitude of Io, t4 ranges between
~400 s and ~1000 s (Hinton et al., 2019; Moirano et al., 2023). Assuming
weak interaction, Eq. 3.33 can be approximated by t. = Ly /vre, and
the flow is little affected by the local interaction, thus v,=57 km/s is
given by the relative motion between the IPT and lo. L, is the size of

the interaction region along the streamline .S, which can be approximated
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weak interaction strong interaction ionosphere

FIGURE 3.4: Diagram of the Alfvén wings in cylindrical projection, showing
the qualitative comparison between the weak and strong local interaction. In the
weak interaction case, the characteristics are computed with the equilibrium fields
in Eq.3.2 and the two-way Alfvén travel time (Eq. 3.32) between Io and Jupiter is
longer than the time required by the magnetic field to cross the local interaction
region (Eq. 3.33). On the other side, in the strong interaction case, the perturbed
field has to be taken into account. Furthermore, the crossing time likely increases
due to the slowing down of the flow near o, therefore the reflected characteristic
close at To. For a more detailed view, see the simulations in Fig. 2 of Jacobsen
et al. (2007). The background projection of Jupiter and Io were retrieved from
commons.wikimedia.org (credits to NASA/JPL, Public domain, via Wikimedia
Commons).

by Lin =~ 4Ry, (Saur et al., 2004). This leads to t. ~130 s < t4, and
the RAW cannot close at lo. Increasing the interaction strength slows the
plasma flow near Io, therefore v, (v = 1) > v, (v < 1), which implies that
te(a =1) < to(a < 1). The slower plasma speed near o and the inclusion
of realistic model for the local interaction (Saur, 2004a; Saur et al., 2002),
together with the use of the perturbed field to compute the Alfvén wings,
leads to a longer crossing time, which is expected to be of the order of a few
thousands seconds. Therefore, it is expected that the shape of the Alfvén
wings is determined by a condition that is intermediate between the strong
and weak interaction cases.

At this point, it should be further clear that, in general, the S-I coupling
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cannot be simply reduced to a quasi-static electrical circuit. Although the
unipolar inductor model is a good approximation when the coupling reacts
quickly, the S-I interaction should be considered a quasi-steady structure
made by "snapshots" of the local perturbation while it propagates in the
magnetosphere. As an example of this viewpoint, Delamere et al. (2003)
developed a model of the Io-Jupiter coupling based on momentum-transfer,
and it separate the coupling into three phases: (1) decrease of plasma
momentum due to the collisions with Io’s atmosphere and to the generation
of new ions, (2) momentum transfer within the torus and (3) weak coupling
with Jupiter. These three phases can be considered as three temporal steps
for the propagation of the initial perturbation, or as three regimes that
are present at the same time at different locations. During phase 1 and 2
there is no coupling with the planet, which occurs only in phase 3, when (or
where) currents and electron precipitation into the ionosphere are driven.
Delamere et al. (2003) called the above-mentioned phase 3 'weak cou-
pling’, because of the mechanism driving the electrons and currents into the
Jovian ionosphere. Indeed, they assumed that the low density of the high-
latitude plasma leads to the formation of quasi-static field-aligned electric
potentials, but the lack of current carriers forbids an efficient coupling, thus
the wording 'weak’. An alternative explanation for the coupling with the
planet is mentioned at the end of section 3.1: the inclusion of kinetic-inertial
effect in the propagation of the Alfvén waves generates magnetic-field-aligned
electric field that can drive the electron precipitation. The "parallel po-
tentials" model such as the one suggested by Delamere et al. (2003) and
the "dispersive Alfvén" model are radically different. Indeed, the precip-
itating electrons are accelerated from a few eV up to several tens of keV.
If this acceleration is driven by a static field-aligned potential, then the
precipitating electron will all exhibit nearly the same energy. On the other
side, if the acceleration is driven by wave-particle interaction, then the
acceleration is determined by the time the electric field of the wave interacts
with the electrons, which depends on the power spectrum of the wave. For
a broadband wave spectrum, this implies that the acceleration is variable

for each electron, and the resulting electron energy spectrum is broadband
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as well. Regarding the Jovian aurora - not only the emission due to the
S-1 coupling - both models are required in different regions. Indeed, the
particle measurements performed onboard Juno revealed the presence of
precipitation due to both mono-energetic electrons (signature of the parallel
potentials) and broadband spectra (signature of the Alfvénic activity) (Mauk
et al., 2020). In the specific case of the S-I coupling, the acceleration appears
to be almost always Alfvénic (Sulaiman et al., 2020). Therefore, in the
last part of this section, the electron acceleration driven by Alfvén waves
will be introduced in more detail, while the parallel potential model is not

discussed®.

The ongoing quest for the physical mechanism underlying the electron
acceleration into the ionosphere is mainly motivated by observational con-
straints. Indeed, the Galileo spacecraft recorded beams of high-energy
electrons near Io (Frank and Paterson, 1999); the Juno spacecraft have also
been reporting electron energy distributions along the Io magnetic shell with
a significant contribution up to ~a few keV (Mauk et al., 2020; Szalay et al.,
2020b). Radio emissions near the electron cyclotron frequency are detected
above the Jovian ionosphere: these are most likely caused by the so-called
Cyclotron Maser Instability (CMI)(Wu, 1985), which requires field-aligned
electrons accelerated up to a few keV. Lastly, the auroral emission associated
with the satellites (see section 3.4) also needs kiloelectronvolts of energy
to trigger the ionospheric reactions and to explain the observed brightness.
For comparison, the bulk of the electrons in the IPT have a temperature of
~5 eV, and the hot electrons (see section 2.1) of 50-100 eV, therefore they
cannot be responsible for the above-mentioned observations. Furthermore,
although the temperature seems to increase at higher latitudes (Thomas
and Lichtenberg, 1997), it does not reach the above-mentioned order of mag-
nitude of a few keV. This suggests that there is an accelerating mechanism,
which is expected to occur above the Jovian ionosphere between 1 and 2 R,

from the surface.

9The interested reader can check the following works and references therein on the
parallel potential models: Delamere et al. (2003); Ergun et al. (2009); Hill and Vasyliunas
(2002).
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A candidate explanation for the broadband acceleration due to the
Alfvén wave-particle interaction relies on retaining the dispersive correction
introduced at the end of section 3.1. Jones and Su (2008) simulated the
Alfvén wave propagation generated by Io considering both the kinetic and
inertial regimes Eq. 3.18 and 3.19, as both can have an associated field-
aligned electric field. The two regimes each dominate in different regions:
the kinetic correction is more important in the IPT, while the inertial regime
dominates at high latitudes. Furthermore, it is suggested that the kinetic
correction is not sufficient to sustain the electron acceleration, while the
inertial correction at high latitude is compatible with the energy budget of
the coupling. Therefore, in the following, only the inertial regime Eq. 3.19
will be considered. The field-aligned electric field can be deduced from the
polarization of the field itself, which can be obtained by (Lysak and Song,
2003) & - E = 0, where ¢ is given in Eq.3.17:

Bl Rk

Bl 14k (3.34)

where || and L are referred to the magnetic field and ). is the electron
inertial length. Using the Faraday equation Eq.A.12, the polarization can
be written in term of the magnetic field (Lysak, 1998):

E

§£:m¢a+@ﬁmﬁwp@ (3.35)
i

where p; is the ion gyroradius. Notice that k,||E, L B,. These two

equations can be combined into an equation for the field-aligned electric

field:

(1 + k% p7)

E =k kVa\?
= RIEARA 1 k2 02)

By (3.36)

In Eq.3.36, it can be noticed that a parallel electric field can arise from
perpendicular fluctuations of the magnetic field, which are a feature of the
Alfvén waves. Furthermore, the wave vector requires an oblique propagation,
that is k| # 0 and k; # 0. This is conceptually similar to Eq. 3.26, although

that equation is not derived with the dispersive corrections.



3.3. FAR-FIELD PROPAGATION 61

According to models (Hess et al., 2010a; Jones and Su, 2008), the electric
field Eq. 3.36 between 0.5 and 1.5 R; from the Jovian surface is expected
to be two order of magnitude higher than in the IPT. The efficiency of
the energy transfer to the particles depends on the wavelength. Hess et al.
(2010a) suggests that long wavelengths (A =2 Ry,) have very low efficiency
(0.05%). A wave packet described by a broadband spectrum of wavelengths
between the \| ~2 Ry, and A; - the inertial length of the ions - have instead
an efficiency up to 10%, and the short wavelength (A = ;) reach up to
100%. This estimate agrees with the energy deposition derived from the
auroral emission (Gérard et al., 2006) and with in-situ measures of the
Poynting flux (Sulaiman et al., 2023). The oscillating nature of Eq.3.36
implies that there must be an interaction that transfers energy from the
wave to the particles. Such interaction cannot be resonant (e.g: Landau
damping), as the phase speed of the waves is nearly the speed of light, while
the speed of the particles is lower. Hess et al. (2007) suggests that long
wavelengths act as large potential wells that accelerate the electrons, which
acquire enough field-aligned speed - thanks to the width of the potential - to
escape the acceleration region before the wave changes phase. An interesting
consequence of this interpretation is that, with respect to the ionosphere, the
electrons can be accelerated by both the outward- and inward-propagating
waves, and that the acceleration can occur in both directions, depending on
the wave phase seen by the electrons (Hess et al., 2010a). The presence of
high-energy field-aligned electron beams traveling from above the ionosphere
at one hemisphere towards the opposite have already been observed (Frank
and Paterson, 1999) and invoked to explain structures in the auroral emission
of the satellite (Bonfond et al., 2008). In Fig. 3.3, the acceleration region
- which is expected to be formed wherever the Alfvén waves propagate at
high-latitudes - is marked with red stars, and the path of the field-aligned
Trans-hemispheric Electron Beams (TEBs) is represented by red arrows. As
it will be further illustrated in section 3.4 and chapter 6, the auroral emission
associated with the TEB, alongside with the MAW and RAW emissions, is

fundamental to interpret and derive information on the S-I coupling.
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3.4 Auroral Emission: the Footprints

The precipitation of high energy electrons into the upper layers of the Jovian
atmosphere generates a variety of phenomena that represent the last step of
the S-I coupling. These can be observed over a large interval of wavelengths,

from radio to X-ray, each of which involves different physical processes'®.

Radio emissions from Jupiter were discovered in 1955 (Burke and Franklin,
1955), and Bigg (1964) discovered the correlation between the modulation
of these radio emissions and Io’s orbital phase, well before the Voyager
1 era'’. Radio waves are emitted by the gyrating high-energy electrons
precipitating into the planet, thus they can be considered cyclotron radiation.
The mechanism responsible for this emission is called Cyclotron Maser
Instability (CMI) (Louis et al., 2019; Wu, 1985), which requires (a) electrons
with ~keV of energy, (b) that the electron population increases as a function
of the perpendicular speed, and (c) that the electron plasma frequency
Eq.3.15 is lower than their cyclotron frequency Eq. 3.14 (Louis et al., 2019).
This last condition can be approximately expressed as \/W ~
\/W << 1 at high latitudes. This process can be view as a wave-
particle interaction that is able to amplify the radio waves near the cyclotron
frequency (Sprangle et al., 1977): the radio waves are seen by the electrons as
an oscillating electric field, which groups the electrons together in a portion
of their gyro-orbit. If the frequency of the waves is slightly higher than the
electron gyrofrequency, then the phase slippage between the electrons and
the radio waves requires the electron energy to decrease, and thus, for energy
conservation, the wave energy to increase. Radio emission are beamed, that
is: they are emitted in a cone centered along the magnetic field. This is a
strong observational constraint, as these waves can be detected only when
the source is pointing towards the receiver. Furthermore, because the source

location is not easily determined by radio observations, there is a degeneracy

0For a detailed review of the Jovian aurorae at various wavelengths, see Badman et al.
(2015) and Bhardwaj and Gladstone (2000).

HTnterestingly, the decametric radio emission from Jupiter is the only one in the Solar
System with a frequency that exceeds the terrestrial ionospheric cutoff, so that it can be
observed from ground (Badman et al., 2015).
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with the opening of the beaming cone (Hue et al., 2023).

The precipitation of electrons into the ionosphere has a remarkable
effect on the atmospheric chemistry, as it is able to produce ionization
and excitation of the atmospheric H and Hy,. When an electron with a
few keV of energy enter the atmosphere, the ionization cross section of the
hydrogen is larger than the excitation cross section (Grodent, 2015): this
produces a large amount of secondary electrons that are responsible for
further ionization and, when their energy decreases to a couple hundreds of
eV thanks to the inelastic collisions, to excitation. The effect of the electron
precipitation can be observed from the IR to the UV wavelengths. Molecular
hydrogen ions can be produced by four reactions (Tao et al., 2011):

Hyte™* — Hi+2e (3.37)
Hy+hy — Hf +e (3.38)
CHy+hv — Hf +e +products (3.39)
Hy+H" — Hf+H (3.40)

Among these reactions, only Eq. 3.37 and 3.40 are significant for the
auroral emission, as the energy input of the precipitating electron greatly
exceeds the solar photoionization, at least locally. The H molecule reacts
very efficiently with the Hy, almost at every collision (Miller et al., 2020);
the reaction produces 1.74 €V of extra energy, which is largely retained by

the resulting HJ as internal energy:
Hf +H, — Hf+H (3.41)

The internal energy of the Hi* is radiated in the infrared. The first evidence
of IR auroral emission associated with the orbital motion of Io was recorded
by the ProtoCAM of NASA’s Infrared Telescope Facility (Connerney et al.,
1993), and it was ascribed to the formation of H3* after the electron precip-
itation due to the S-I coupling of Jupiter with Io. A few years later, Clarke
et al. (1996) and Prangé et al. (1996) reported the first observations by HST

of the Io-related emission in the UV, while the detection of the emission
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associated with Europa and Ganymede had been discovered later (Clarke
et al., 2002). The emission spectrum of the H3* does not show electronic
line transitions; the pure rotational spectrum is also not observed, nor in
space, nor in laboratory. This leaves the changes in the vibrational and
roto-vibrational states of the molecule as the only possible path to radiate
the internal energy 2, which occurs in the IR wavelengths. The Hj is lost

by two main types of reaction (Badman et al., 2015; Tao et al., 2011):

Hf +e — Hy+H (3.42)
- H+H+H
Hf + CxHy — CxH{ , + H, (3.43)
—  CxHy | +2H,

(3.44)

where C'x Hy can be any hydrocarbon, such as methane (C'Hy), acetylene
(CyHy) and ethylene (CyHy). At Jupiter, the hydrocarbons dominate below
the homopause, which is located at an altitude of about 500 km in the
auroral regions (Sinclair et al., 2020), therefore no emission is expected
to be observed below that. Above 500 km, the main loss of Hj is due
to dissociative recombination with electrons. The rate of destruction of
the Hy is crucial to properly interpret the auroral observations. Indeed,
the roto-vibrational states are continuously excited by collisions with the
ionospheric hydrogen (Tao et al., 2011), thus the Hj keeps emitting until it
is destroyed. As a rough estimate, the Hf concentration can be computed
by

d[Hy]

dt

= —r[H][e] (3.45)

12The H:J{ ion is quite peculiar and determining its characteristics has been proving
challenging. For example, the triangular symmetry of the molecule forbids a permanent
molecular dipole, hence there should be no IR transition. Nevertheless, vibrations can
introduce a transient vibrationally-induced dipole, which leads to rotationally-driven
emission and can explain the detection of forbidden IR lines. Furthermore, the lifetime
of the H;{ can vary by orders of magnitude depending on the plasma conditions, from
minutes or hours for planetary atmospheres, to years for the interstellar medium. For a
thorough review on the HJ in astronomy, see Miller et al. (2020).
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where 7 is the recombination rate (e.g: Sundstrom et al. (1994)). According
to Eq. 3.37 and 3.41, each HJ ion produce one electron, thus [e~] = [HJ | =
X and the equation can be solved to obtain

Xo

X() =15 (3.46)

where Xj is the initial concentration of Hj and 7 = (Xyr)~! can be con-
sidered as a characteristic time. Eq.3.46 has two important consequences.
First, assuming that the intensity of the auroral emission is proportional
to the concentration, it is possible to estimate 7, which is a degenerate
measure of the recombination rate and the concentration, from auroral
observations. Secondly, a high Hj density decreases faster than a low one,
as the characteristic time 7 depends on the initial concentration. At the feet
of the Alfvén wings generated by the S-1 coupling, the electron precipitation
is intense, hence the characteristic time is short and the emission is strong
where - and only where - the electron precipitation is significant. Therefore,
from the observational point of view, the morphology of the auroral emission
is not smeared as the footprint moves relative to Jupiter, and it can be used
to track the energy and particle deposition into the ionosphere (Tao et al.,
2011).

The visible and UV auroral emission are expected to come from similar
phenomena, that is: the photon emission from hydrogen excited by the
collisions with the precipitating electrons. While the Jovian aurora is
probably mostly observed in the UV than in any other wavelength, there
are only a handful of observations in the visible range. The reason for this
discrepancy might be two-fold. Indeed, due to observational constraints,
the planetary albedo makes the day-side observations challenging, while the
night-side can be investigated only by deep space missions. On the other side,
the solar UV radiation is absorbed by the hydrocarbons, thus the day-side
contrast is better in this latter range. Moreover, the physical process behind
the visible aurora is the same as in the UV, therefore the same (or very
similar) physical understanding is expected. The precipitating electrons

excite both Hy and H, which emit mainly in the Lyman and Werner bands,
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and in the Lyman « bands, respectively (Badman et al., 2015). Continuum
emission is also expected to contribute to the total emission (Grodent, 2015).
The observations in the visible wavelengths are suggested to originate from
the Balmer lines of the hydrogen (Bhardwaj and Gladstone, 2000; Gladstone
et al., 2007).

The atmospheric composition and the mechanism that accelerates the
electrons into the ionosphere determine the vertical extension of the auroral
emission - sometimes called auroral curtain. Qualitatively speaking for both
the IR and UV bands, the higher the precipitating electron energy, the more
it penetrates into the atmosphere and the more secondaries it produces,
which leads to a deeper and brighter emission'® (Tao et al., 2011). Therefore,
it is possible to infer the energy spectrum of the precipitating electrons from
the shape and size of the auroral curtain by comparing the observations with
the curtain predicted by an atmospheric model and different energy spectra
(Bonfond et al., 2009). The X-ray emission from Jupiter is known since the
early "80s, but the physical investigation of its origin and its association with
the aurora started only in the mid 90s (Badman et al., 2015), and involved
the presence of highly ionized oxygen ions precipitating into the atmosphere,
potentially of Iogenic origin. Moreover, electron bremsstrahlung spectra are

observed at Jupiter, which can be an additional source of X-rays.

The last part of this section introduces the morphology of the auroral
footprint of the satellites as seen in the IR, but the same features are also
observed in the UV, In section 3.3 it is explained that the currents of the
S-1 coupling flows along the Alfvén wings - whose shape is determined by the

plasma and magnetic field properties - that the Alfvén wings are reflected

13For the IR emission, there is actually a balance between the increasing electron
energy and the increasing depth of penetration (Watanabe et al., 2018). Indeed, if
the electron is too fast, it gets lost below the methane homopause, where the HJ is
immediately destroyed, with little time to produce ionization and dissociation - and thus
there is no IR emission.

14 As mentioned earlier, the observations in the visible are quite few, especially compared
with the IR and UV. Nevertheless, as the origin of the UV and visible emission is similar
- hydrogen de-excitation after electron precipitation - their morphology is also expected
to be similar.
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at density gradients, and that auroral electrons are accelerated above the
ionosphere. As the electrons are accelerated along the magnetic field and the
travel time between the acceleration region and the ionosphere is negligible
with respect to the propagation time from the satellites, the position of the
auroral footprints depends essentially on the shape of the Alfvén wings and
its reflections. At Jupiter, the ~10° tilt between the rotational axis and
magnetic dipole defines a centrifugal equator tilted by about ~7° around
which the plasma is confined, hence the satellites wiggle up and down in
the high density plasma around the centrifugal equator'®. The result is the
longitudinal variation of the Alfvén wings as the satellites orbit the planet.
Examples of the To footprint at various longitudes are reported in Fig. 3.5.
The main feature is the emission associated with the foot of the MAW, which
is usually called the Main Alfvén wing (MAW) spot. Similarly, the emission
coming from the reflections is called the Reflected Alfvén wing (RAW) spot.
It is worth noticing that the brightness of the RAW appears quite faint, thus
even the detection of one reflection can be challenging. A leading feature
can be observed upstream of the MAW spot, which is suggested to be caused
by field-aligned electrons accelerated from the opposite hemisphere, thus it
is called the Trans-hemispheric Electron Beam (TEB) spot. This last spot
can be observed upstream or downstream of the MAW spot, depending on
the longitude of the satellite. Indeed, consider the situation in Fig. 3.5,
panel (a) - To is north of the centrifugal equator. In this configuration,
the northern Alfvén wing is shorter than the southern one, thus the local
perturbation reaches Jupiter first in the North than in the South. As the
electrons of the TEB take only a few seconds from North to South (Hess
et al., 2010b), the associated emission occurs upstream of the MAW spot.
The spatial separation between these three spots can be estimated from the
simple geometry of Fig. 3.5, assuming a uniform magnetic field and plasma

velocity v,.¢. If ty and tg are the northward and southward Alfvén travel

15See section 2.1 and Fig. 2.2 for the definition of centrifugal equator. A brief
explanation is also reported in the Glossary section B.
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time respectively, then:

Dﬁ’; = (tN,S - tS,N)Urel (347)
DYJ\“/}?S - (tN,S + tS,N)UTel (348)
Dy = 2ts N Upal (3.49)

The above equations imply that (1) the MAW and TEB spots overlap when
ty =tg, that is: when Io is at the centrifugal equator; (2) the MAW-RAW
distance is at a minimum when the Alfvén travel time towards the opposite
hemisphere is at a minimum as well; (3) the TEB-RAW distance is quite
stable, as ty and tg are nearly out of phase as function of the satellite’s
longitude, and it exhibits one minimum and one maximum (Hinton et al.,
2019). Despite the similar morphology between the case on top of panel (a)
of Fig. 3.5 and the one in panel (b), it is possible to use Io’s longitude to
determine the correspondence with the configuration of the Alfvén wings: in
the case of lo, the moon is expected to be near the center of the centrifugal
equator at ~20° and ~200° System III longitude, while it is farthest from it
at ~110° and ~290°.

Two other features have to be introduced: the Footprint Tail (FPT) and
the sub-dots. The FPT is referred to the fading emission that is observed
trailing from the MAW spot, and thus it is magnetically mapped downstream
of Io. By looking at panel (b) of Fig. 1.2, the reader can see a long arc
of emission trailing from the Io footprint and extending for nearly 360° in
longitude. The physical processes that can explain this morphology are
still debated. One explanation (e.g: Hill and Vasyliunas (2002)) suggests
that the sub-corotating plasma in lo’s wake drives a current system in order
to return to corotation, much like the classical M-I coupling introduced in
section 2.3. Alternatively, it is suggested (e.g: Hess et al. (2010b); Jacobsen
et al. (2007)) that the complex pattern of reflection of Alfvén waves in
the magnetospheric cavity and in the IPT can explain the lo Footprint
Tail (IFPT) length. Bonfond et al. (2017b) showed that, under rather
crude approximations, the two models similarly depend on the same set
of parameters, thus a comparison with the observations cannot settle the

investigation. Furthermore, both models predicts an e-fold decay of the tail
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SUB-DOTS MAW TEB

FIGURE 3.5: Scheme of the Alfvén wings, simplified with respect to Fig. 3.3. The
blue, green and red arrows are the Main Alfvén wing (MAW), Reflected Alfvén
wing (RAW) and Trans-hemispheric Electron Beam (TEB), respectively. At
the foot of each reflection, a spot is usually observed. The red stars represent the
acceleration regions. The images of the Io footprint are acquired by Juno-JIRAM
in the IR band. Dy, Drr and Djsr are the spatial separation between the
three features (see text for details). Panel (c) shows the details of the small-scale
sub-dots observed by JIRAM. The background projection of Jupiter and Io were
retrieved from commons.wikimedia.org (credits to NASA /JPL, Public domain,
via Wikimedia Commons).
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of about 20-40°, while both IR and UV observations reported much longer
extensions (Bonfond et al., 2017b; Mura et al., 2018). In contrast, both
Europa and Ganymede exhibit a much shorter tail, which appears in good
agreement with the above-mentioned models. It is possible that the presence
of the IPT, with its dynamics and chemistry, creates a specific environment
to support the tail emission, although the details are still being investigated.

The sub-dots, which are shown in panel (c) of Fig. 3.5, are the only
satellite-related auroral feature that has been observed only in the IR so
far (Mura et al., 2018), due to the small scale of this feature. Indeed, they
extends for ~200-300 km and they are spaced by ~300 km, and, at present,
only the Juno-JIRAM infrared imager has been able to capture this level of
spatial detail. It is reasonable to believe that a similar morphology could be
observed in UV, as the electron precipitation triggers both the UV and IR
emissions, but this has not been observed yet. The sub-dots represent the
latest observational discovery on the satellite-induced auroral emission at
Jupiter, hence their origin can be currently considered under investigation.
As part of the author’s PhD work has been performed on this topic, the full
details of the analysis and the candidate physical explanations are given in

section 5.



CHAPTER

The Juno Era

This chapter is dedicated to the general introduction of the Juno mission,
with particular focus on the IR instrument JIRAM and its observations,
which are the backbone of the work presented in this thesis. Additionally, the
specifications of the radio instruments used by the gravity experiment will
be briefly described as well, the latter being used for the radio occultations
of the Io Plasma Torus (IPT): these represent an additional source of data
used in the last part of this thesis (chapter 6).

The Juno spacecraft (Bolton et al., 2017) has been launched in 2011 and
it reached Jupiter in August 2016. The mission carries 8 science instruments,
plus the radio antenna that is used for both navigation and science: this
payload is designed to investigate the interior, the atmosphere and the
magnetospheric environment of Jupiter (see panel a of Fig. 4.1). The
polar orbit of the spacecraft is highly eccentric, with a perijove every ~53
days. This geometry has several advantages. Firstly, and perhaps most
importantly, the orbital geometry allows the spacecraft to largely avoid
the radiation belts, whose intensity peaks at ~1-2 R; from the surface
(see panel (¢) of Fig. 4.1). Therefore, Juno is able to approach Jupiter
up to a few thousands km from the cloud top by squeezing between the

planet and the radiation belts near the perijoves, without its instrumentation
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being damaged. The high eccentricity of the orbit allows to observe the
magnetosphere from the Jovian surface up to - or close to - the magnetopause.
The polar geometry represents a unique vantage point to observe the poles,
which are a challenging target from Earth. The polar regions are extremely
fascinating from the atmospheric and magnetospheric point of views. Indeed,
as the Jupiter is a gaseous, fast-spinning planet, swirling phenomena and
vortices are expected to determine the atmospheric structure around the
poles (e.g: the polar hexagon observed at Saturn (Godfrey, 1988)). Juno
discovered the presence of the so-called polar cyclones (Adriani et al., 2018),
which form a stable structure made by a central cyclone surrounded by

1. Moreover, the magnetic field lines of the

several equally-sized vortices
magnetosphere are closed near the magnetic poles, which are displaced from
the rotational poles by about 10°: here intense auroral emission can be
detected (even from Earth), and its location is determined by the region of
the magnetosphere where the M-I-coupling - or S-I-coupling, for the satellite
footprints - currents originate. As the spin axis of Jupiter form an angle of
nearly 90° with its orbital plane, the Jovian aurorae can be only observed
at a slanted angle; furthermore, as the magnetic dipole is tilted with respect
to the spin axis, the aurorae cannot be observed when they are on the night
side of Jupiter. The southward apsidal precession of Juno’s trajectory in Fig.
4.1 is designed to make the spacecraft crossing the plasmadisk at a gradually
closer distance from Jupiter. The precession has been continuing during the
extended mission of Juno, which has allowed the flybyes of Ganymede and
Europa so far, as well as the probing of the plasmadisk up to the outermost
part of the IPT. Lastly, Juno’s orbit also precedes from dusk to dawn (see
panel b of Fig. 4.1): this allows to observe the Jupiter system at different
local times; moreover, the syncronism between the dusk-dawn precession and
the 53-day period of the orbit makes the spacecraft to perform observations
at equally-spaced longitudes.

At the time of writing, six instruments onboard Juno out of eight have

recorded measurements associated to the S-1 coupling. Indeed, Juno crosses

!The number of cyclones is usually 6 in the South pole and 9 in the North pole,
although an additional circumpolar vortex is sometimes observed.
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FIGURE 4.1: (a) Juno’s scientific payload, made by 8 instruments and the radio
antenna, used for both navigation and the measurements of the gravity field.
JunoCam and UVS are hidden by the antenna, while JIRAM is not visible, as
it is on the other side of the spacecraft. See the list of acronyms for the full
name of each instrument. (b) Polar projection of Juno’s trajectory showing the
dusk-dawn precession of the orbit. Retrieved from Bolton et al. (2017). (c¢)
Meridional projection of Juno’s trajectory, showing the apsidal precession that
moves the apojove more and more southwards as the mission goes on. The grey
lines between the inbound/PJ 1 orbit and PJ 34 correspond to the the Prime
Mission, the coloured orbits to the Extended Mission, during which Juno has been
performing close flybyes of Ganymede, Europa and lo. Notice that Juno’s orbit is
designed to avoid the radiation belts as much as possible, while passing very close
to the planet during the perijoves. The images were retrieved and adapted from
commons.wikimedia.org (credits to NASA /JPL, Public domain, via Wikimedia
Commons).
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the magnetic shell of each of the Galilean moons at least twice per orbit?,
therefore the particle detectors (JADE and JEDI) and the field instruments
(MAG and Waves) can measure currents and plasma waves caused by the S-1
coupling. Due to the local nature of those measurements (i.e: particles and
fields can be detected only at the location of the spacecraft), acquiring data
directly from the MAW is quite challenging. Indeed, Juno must intercept
the Alfvén wings, which has a cross section of a few Ry, at Io’s orbit -
corresponding to a few thousands km - and of only a couple hundreds of
km near the Jovian ionosphere. Moreover, the shape of the Alfvén wings
depends on the plasma distribution along the magnetic shell connected to
the orbit of each moon, the magnetic field geometry and magnitude, and
the local interaction strength. The uncertainty in these quantities makes
the MAW crossing challenging to plan in advance, and only a small handful
of such crossings has been observed so far (Sulaiman et al., 2020; Szalay

et al., 2020Db).

The other two instrument that have detected evidence of the S-I coupling
so far are JIRAM and UVS, which are able to observe the IR and UV
auroral emission - including the footprints - when the spacecraft passes
over the poles. JIRAM is an imager and a spectrometer, and UVS is an
imaging spectrograph?®, therefore the two instruments are not limited by the
position of the spacecraft like JEDI, JADE, MAG and Waves, but rather
by its pointing. Indeed, Juno is a spin-stabilized spacecraft that rotates at
2 rpm, with JIRAM and UVS pointing radially. Therefore, the spacecraft
aims these two instruments approximately at the same location every 30 s.
UVS is equipped with a flat scan mirror that allows for the pointing to move

up and down from the spin plane by up to 30°, therefore the instrument

At least" because the wiggling of the magnetic field caused by the tilt of the dipole
with respect to the spin axis can lead to multiple shell crossings during either the inbound
or outbound leg of each orbit.

3Notice that there is a substantial difference between the two types of instruments.
JIRAM is an imager and a spectrometer: the imager uses a band-pass filter, thus the
images display the brightness integrated over the wavelengths of the filter. UVS, instead,
is an imaging spectrograph that record the wavelength of each measured photon, therefore
it is possible to obtain a spatial image of the aurora at a given UV wavelength, or
integrated over a selected range of wavelengths.
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does not have to always aim directly at the source. On the contrary,
JIRAM is not equipped with such device. Both instrument are equipped
with a de-spinning mirror, which allow to target-lock the instrument and
increase the exposure time without smearing the image. JIRAM and UVS
can thus acquire multiple images of the footprints over an extended time
during each PJ. Moreover, as the footprints are quite bright even when
compared with the main emission, their detection is quite straightforward.
The Io Footprint (IFP) has been observed at nearly each orbit, thanks to
the absence of other emission near the foot of Io’s magnetic shell. The
Europa Footprint (EFP) and Ganymede Footprint (GFP), although they
are consistently observed, sometimes they can be outshined by the main
emission and the diffuse emission, thus making their detection impossible.
The two instrument have complementary capabilities, besides the different
wavelengths. Indeed, JIRAM lacks the flat scan mirror and thus has tight
observational constrains, but it has a high angular resolution of ~ 0.01°,
which corresponds up to a few kilometers at the Jovian surface. On the
other hand, the higher pointing freedom of UVS compared to JIRAM allows
a more spatially and temporally extended monitoring of the footprint and

the aurora.

The backbone of the present work is the dataset of the JIRAM obser-
vations of the Io, Europa and Ganymede footprints. The unprecedentedly
high spatial resolution of the instrument has revealed new details of the
morphology of the footprint which needs to be explained. Moreover, in order
to support data analysis in the Extended Mission phase of Juno - especially
the crossing of the IPT and the Io flyby - the position of the IFP is used to
constrain the plasma properties at the orbit of the moon. This represents a
new technique that allows to quantitatively infer the state of the Io torus®.
The UVS data are used as a comparison to the results obtained from JIRAM,

when possible, or to broaden the IR dataset, when needed. In this thesis,

4Other methods to investigate the IPT use spectroscopic observations - especially in
the UV and visible wavelengths - radio occultations and particle detectors. The former
is usually the most employed, as long observational campaigns can be performed from
Earth, while the latter two require an in-situ probe.
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UVS data are not personally processed by the author, but they are either
retrieved from the literature or processed by the UVS team. Additionally,
the radio occultations of the IPT are used as an independent source of data
to constrain the state of the torus. Therefore, the specifications of JIRAM
and the gravity instruments are described in section 4.1 and 4.2, respectively.
The two following sections are intended as an overview of the instruments
and to report the most important specifications of these tools for the type of
analysis presented in this thesis, while the new results obtained in the past

three years on the S-I coupling at Jupiter are reported in chapter 5 and 6.

4.1 The Jovian Infrared Auroral Mapper

JIRAM (Adriani et al., 2017) is a modified Schmidt telescope, which allows
for a compact solution to be mounted on Juno. The instrument was built
by Selex ES (now Leonardo) under an Italian Space Agency (ASI) contract
and the scientific responsibility of INAF-TAPS, and it is composed by an
imager and a spectrometer (see panel (c¢) in Fig. 4.2). The imager detector
is made by 270x438 pixels, and it is covered by two band-pass filters: the
M filter, which operates between 4.300 and 5260 pm, and can be used to
observe the thermal emission from the deep atmosphere, and the L filter,
which operates in the range 3.165-3.745 pum, where the auroral H3 emission
lines have an optimal contrast against the sunlit atmosphere of Jupiter. The
images obtained in each band have 128 x438 pixels, which leaves 14 opaque
pixels between the two filter. Although in principle JIRAM can acquire
data with both filters simultaneously, the exposure time required for an
optimal Signal-to-Noise Ratio (SNR) by the M filter for the atmosphere is
much shorter than the exposure needed for auroral observations (~10 ms
versus 1 s), hence in practice it is not possible to perform both observations
at the same time. Due to fast angular speed of Juno of ~12° s7!, the
presence of the de-spinning mirror to compensate the spacecraft spin is
mandatory for the observations with the L filter. Notice that the JIRAM

mirror can lock onto a specific target for up to 1.1 s, therefore the auroral
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observation are performed close to the specification limits of the instrument®.
The spectrometer slit is co-located with the M filter, and it is made by
256 spatial pixels, each of which has 336 channels that can record the IR
spectrum between 2 and 5 ym, with a gap between 3.7 and 3.8 ym. The
spectral sampling is ~9 nm/channel. JIRAM has a beam splitter that sends
about 70% of the incoming light into the spectrometer, and the remainder
30% into the imager. In the works reported in chapter 5 and 6, only the
images acquired with the L band filter will be used: these show the IR
emission of the Hy ion (see section 3.4) caused by electron precipitation
from the magnetosphere. As the electron precipitation is ultimately driven
by magnetospheric processes, the observation of the aurorae can be used to
constrain the physical understanding of such processes.

Since the first images captured by JIRAM, it has been clear the presence
of an unexpected interference, whose intensity is higher than the Hy auroral
emission (see the example in Fig. 4.3). This effect seems to be caused by
stray light coming from the junction between the M and L filters, and it is
significant only when Jupiter is in the field of view (FOV) of the M filter.
The interference does not uniformly affect the image, but gradually decrease
from the junction. In order to remove the signal of the interference, a simple

method has been developed (Mura et al., 2017): the noise is modelled as

N(z,y) = A(w)exp( - %) e, (4.1)

where z and y are the columns and rows of the detector, respectively. The
value of A and C' can be determined by fitting the raw data of each image,

while B appears rather constant over the dataset. This technique, despite its

SUnfortunately, at the time of writing, the de-spinning mirror has not been working
properly since PJ 43: this severely hinders the possibility of further auroral observations.
As the mirror is fundamental for the spectrometer, the team decided to suspend the
auroral observations and preserve the instrument as much as possible for the Io flyby.
Although this sounds like bad news, it is worth noticing that JIRAM was supposed to
work for the first 8-10 orbits. Indeed, the instrument was added to the Juno mission at a
late stage of the proposal, thus its electronics is not protected by the anti-radiation vault
like other instruments. Therefore, in the end, JIRAM actually has been going beyond
its expected lifetime, and the atmospheric observations with the M filter, which is less
affected by the missing mirror, are still performed nowadays.
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FIGURE 4.2: JIRAM and the three types of measurements it is able to perform.
(a) Example of the polar cyclones at the South pole, observed with the M-band
imager. (b) Example of the southern aurora, observed with the L-band imager
(the image is the same as in Fig. 1.2). The black circle points out the region
where the polar cyclones are found. (¢) JIRAM (left) and the layout of the filters
and the spectrometer slit position (right). (d) Example of the spectra observed
by JIRAM (retrieved from Dinelli et al. (2017)).



4.2. THE RADIO INSTRUMENTS 79

simplicity, allows to recover the morphology of the auroral emission without
greatly affecting the brightness, except near the filter junction, where the
interference is too strong and the correction suppresses any signal. For this
reason, the first 35 rows from the M filter are usually removed. The work
reported in the present thesis uses the position and the morphology of the
footprints to draw scientific conclusions, therefore the uncertainty on the

brightness due to the correction is not relevant.

Besides the stray light, JIRAM data must be processed to remove the
dead pixels and the so-called odd-even difference, which is a different average
brightness of the odd columns of the detectors with respect to the even ones.
This can be seen in the top image of Fig. 4.3 as vertical stripes, which are

due to the detector acquiring odd and even columns asynchronously.

4.2 The Radio Instruments

Juno’s high-gain antenna (HGA) is used for both communication with the
spacecraft and scientific objectives, such as measuring the gravity field of
Jupiter (e.g: Iess et al. (2018)) and performing radio occultations of the
IPT (e.g: Moirano et al. (2021a); Phipps et al. (2021)). In chapter 6, we
are interested in determining the plasma content of the IPT, hence we
use the data of the radio occultations of the IPT, as they are sensitive
to the electron content of the torus. The details of the processing from
the radio data to the IPT electron distribution is given in section 6.3.1, to
support the data analysis of the final chapter, while this section presents
only the specifications of the instrument. The instrumentation includes two
subsystems - the Small Deep Space Transponder (SDST) and the Ka-band
Translator System (KaTS) - which are used to establish the two-way dual
link between the stations of the Deep Space Network (DSN) on Earth and
Juno (see Fig. 4.4). Indeed, the gravity measurements are obtained near the
perijoves by tracking the spacecraft motion, which is affected by the gravity
field of Jupiter. To this end, it is necessary to measure the Doppler shift

in the radio communications due by the relative motion between Juno and



80 CHAPTER 4. THE JUNO ERA

FIGURE 4.3: Image of the IFP acquired at the southern hemisphere by JIRAM
during PJ 13. The top image shows the raw data, which is affected by several
noises, most notably the bright interference near the junction with the M filter
(around row 120). The processed image is reported in the bottom image: notice
that the correction of the interference greatly suppress the signal near at the
bottom of the image. Therefore, the footprint tail was not particularly short in
that occasion, but rather it is not visible in the image due to the correction. The
colorbar reports photon counts. To properly compare the two images, the same
colorbar is applied, which results in the interference and the MAW spot being
saturated.

the tracking Deep Space Station (DSS) on Earth. In realty, the frequency
of the radio link is shifted by both dispersive (i.e: frequency-dependent,
such as the crossing of plasma) and non-dispersive effects (like the Doppler
shift), therefore a multi-frequency link is required to separate the two types
of contributions (Bertotti et al., 1993; Mariotti and Tortora, 2013). In the
case of Juno, the two main frequencies are in the X and Ka bands (hence
the naming dual link). The details on the relation between the frequency
shift and the plasma content of the IPT are presented in section 6.3.1. The

tracking of the spacecraft is performed using a two-way link, which consists
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of a signal sent from the DSS to Juno and then back to Earth, as shown in
Fig. 4.4. This allows to improve the precision - as there is practically no
power, nor technological complexity constrains - and to avoid offsets and
drifts that usually affect the ultrastable oscillators mounted on spacecraft
designed to support one-way links.

The usual procedure used for the radio tracking involves two uplink radio
signals from the ground station in the X (7.153 GHz) and Ka bands (34.367
GHz), respectively (Asmar et al., 2017). The two signals are processed
onboard Juno by the SDST and KaTS, respectively, which slightly shift
the incoming frequencies to avoid interference between the uplink and the
downlink®: the downlink frequencies are thus 8.404 GHz and 32.085 GHz in
the X and Ka bands, respectively. It’s worth noticing that the only station
with the Ka uplink capability is the DSS 25 at Goldstone, California: when
that station is not in view of the spacecraft, two X band uplink signals
are used, one of which is converted into the Ka band by the SDST for the
downlink, at a frequency of 32.088 GHz.

5The conversion is obtained by a multiplying factor called turnaround ratio or
transponder ratio.
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FIGURE 4.4: Sketch of the Juno 2-way radio occultations. The radio signal
with frequency f; is sent from the ground station at time #; and received with
frequency fr; by the spacecraft at time to. The frequency shift fr; — f; is caused
by the dispersive property of the plasma. The frequency of the received signal is
converted to fr; by the KaTS/SDST systems according to the turnaround ratio
aj; in order to avoid interference between the uplink and downlink signals. Then,
the signal is sent back to Earth. At time ¢3, the signal f;; is received by the
ground station, with another frequency shift f;; — fr;.



CHAPTER

Small-Scale Structure of the
Satellite Footprints: the Sub-dots

This chapter describes a newly-discovered small-scale structure observed in
the footprint tail of Io, Europa and Ganymede by JIRAM. These observations
have been made possible thanks to the unprecedented spatial resolution of
the JIRAM L-band tmager. This structure - called sub-dots - appears
inconsistent with the pattern of reflection of the Alfvén wings illustrated in
section 3.3. Instead, we suggest that the sub-dots are caused by a tonospheric
feedback that drives field aligned currents/Alfvén waves from the Jovian

tonosphere towards the magnetosphere.

1 As mentioned at the end of section 3.4, the advent of JIRAM at Jupiter
brought new discoveries on the auroral emission associated with the Galilean
moon since the first orbit (Mura et al., 2018). One of these is the presence
of a small-scale periodic structure observed downstream of the MAW spot
associated with the footprint of lo, Europa and Ganymede (see Fig. 3.5 and
5.1). This structure is named sub-dots, in order to avoid confusion with the
MAW, RAW and TEB spots and for their smaller size compared to these
latter. The sub-dots are consistently observed in the IFPT and Ganymede

LChapter 5 reports the results published in Moirano et al. (2021b).
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FIGURE 5.1: Top: examples of the Io, Europa and Ganymede footprints (from left
to right) observed by JIRAM and showing the sub-dots substructure, highlighted
by the orange arrows. Adapted from Fig. 1 of Moirano et al. (2021b). Bottom:
example of the smooth tail of the Europa footprint, not showing the sub-dots
structure.

Footprint Tail (GFPT), while sometimes the Furopa Footprint Tail (EFPT)
appears as a smooth, nearly uniform auroral arc. For this reason, there
are more than double the observations of the GFPT showing the sub-dots
than the EFPT, despite the fact that the former occurs closer to the main
emission of Jupiter and thus it is more difficult to observe than the latter.
The reason for the double appearance of the EFPT might lie in the weaker
local interaction at Europa compared with Io and Ganymede, as it will be

explained in section 5.2.

The dataset used to investigate the sub-dots includes images gathered
between PJ 1 and 30; the number of orbits with available data for each
footprint at both hemispheres is shown in Table 5.1. The larger number of
observations obtained at the southern hemisphere compared to the northern

one is due to Juno’s orbit. Indeed, as illustrated in Fig. 4.1, the semimajor
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axis of the trajectory has a southward precession, hence the PJ of the
spacecraft comes close and closer to the North pole of Jupiter as the mission
goes on. As the speed of the spacecraft is at maximum near the perijove,
this means that Juno flies faster over the North pole than on the opposite
hemisphere. Moreover, the spacecraft is also closer to Jupiter when it is
over the North pole, which implies that JIRAM can observe a narrower
portion of the Jovian surface. The two factors make the pointing of JIRAM
more difficult in the North hemisphere than in the southern one, hence the
reduced number of observations. The spatial resolution of the images is
between 15 and 55 km pixel ™! in the Northern hemisphere and between 40
and 110 km pixel™! in the southern one: at least two pixels are required to
resolve a feature, thus JIRAM is able to identify structures with a typical
size between 30 and 110 km in the North and between 80 and 220 km in
the South.

Table 5.1: Number of PJs showing the sub-dots structure, from PJ 1 to 30.
North  South

Io 6 16
Europa 1 3
Ganymede 2 9

The next parts of this section shows the morphological and dynamical
characteristics of the sub-dots (section 5.1) and gives a potential physical

explanation of the sub-dots generation (section 5.2).

5.1 Characteristics of the Sub-dots

The characterization of the sub-dots is given by their morphology and their
dynamics. In order to quantitatively determine any potential variability of
the sub-dots, we select an image of each footprint for each polar overflight
by Juno, when available. Then the position of the sub-dots is retrieved in
each image as (X,Y,Z) triplets and the Euclidean distance d between pairs

of consecutive sub-dots is calculated. It’s worth noticing that the difference
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between the Euclidean distance d and the spherical distance D = AyR 2
- where At is the angular separation - is ~0.2 m for d ~300 km, which is
the typical distance between the sub-dots. The difference is far smaller than
the JIRAM resolution, therefore the Euclidean distance is an acceptable
approximation. The average distance < d > between the sub-dots is then
calculated with its associated standard deviation o4; this uncertainty reflects
the variability of the sub-dots distance, not the uncertainty due to the
instrumental resolution. The longitudinal distribution of the inter-sub-
dots distance is reported in Fig. 5.2, where each point correspond to the
average < d > obtained from a single orbit. Lastly, for each hemisphere, we
computed the typical mean distance Ajeni, obtained as the average of all
the average distances < d >. At the North, < d > is between ~130 and
560 km, with a mean A\y=224493 km. The shortest distance is observed
when lo, Europa and Ganymede are around 250°: this might suggest a
potential longitudinal modulation, although the scarcity of observation at
the northern hemisphere forbids a robust statistical analysis. At the South,
the distance ranges from ~200 to 500 km, with a mean Ag=323+89 km.
Contrary to the distance between the MAW, RAW and TEB spots, whose
relative distance is a function of the longitude of the satellite (Bonfond et al.,
2017a), the distance between the sub-dots is not dependent on the position
of the satellites. Indeed, the data in Fig. 5.2 were fitted with a simple
sinusoidal function (not shown), but the residuals did not improved with
respect to a constant function. Furthermore, the relative distance between
the MAW, RAW and TEB spots is a function of the Alfvén travel time (see
Eq. 3.47, 3.48 and 3.49), which is different among o (4-14 minutes), Europa
(4-20 minutes) and Ganymede (9-35 minutes) (Hue et al., 2023; Moirano
et al., 2023). Hence, the distance between the spots associated with the

2As Jupiter is an oblate spheroid, its polar radius (R, = 66854 km) is shorter than its
equatorial radius (R; = 71492 km). Therefore, to estimate the spherical distance from
this formula, it is necessary to compute the radius corresponding to the latitude 6 where

the footprint is observed:
R2 _ R2
R= J R4 —L T (5.1)

R?
1+ tan20
RZ an
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FIGURE 5.2: Average distance between the sub-dots of the footprint of Io,
Europa and Ganymede at the northern and southern hemisphere (left and right
plot, respectively). The dashed line is the weighted average of the displayed points
whose value is reported above each plane, the grey area is the associated standard
deviation. Retrieved from Moirano et al. (2021b).

reflection of the Alfvén wings is different among the three moons. Instead,
the distance between the sub-dots appears independent of the satellite.
Therefore, the uniformity of the sub-dots distance seems to suggests that
they do not originate from the same process as the MAW, RAW and TEB

spots.

Another characteristic of the sub-dots is their different dynamics com-
pared to the MAW, RAW and TEB spots. JIRAM was able to capture a
continuous sequence of image of the IFP at the southern hemisphere during
PJ 13 on May 24", from UTC 07:10:57 to 07:18:33. The images are acquired
30 apart and they are shown in Fig. 5.3 (an animation can be found among
the supporting material of the work by Moirano et al. (2021b)). In the
sequence, the MAW spot moves by about 3° westwards from 67° to 70° in
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about 7.5 minutes, with no displacement in latitude. The white arrow in
Fig. 5.3 highlight a specific sub-dot that appears to be in a stable position
near 65°. In principle, the sampling frequency of the images can make the
substructure of the tail appear static if, coincidentally, the sub-dots moves
over the neighboring brightness trough in 30 s, which is the period between
two consecutive images. The high resolution of the images allows us to
observe and identify each separate sub-dot in different images. For example,
the pair of sub-dots highlighted by the blue arrows looks blended together
and more extended, while the others between these two and the MAW spot
are narrower and well separated from each other. This set of sub-dots was
observed from 07:10:57 to 07:16:01 and it remained fixed slightly before
65°. Moreover, if the sub-dots moved to the location of it predecessor (i.e:
the next sub-dot towards the MAW spot) in 30 seconds, then its speed in
Jupiter’s frame would be given by Ag/30 s ~10 km s~!: this is higher than
the speed of the MAW spot in the same frame, which is between 2.5 and 4

1. We are thus confident that the sub-dots in the tails are actually

km s~
standing still in Jupiter’s frame and that this is not a result of the timing

between images.

JIRAM acquired two additional sequences in the southern hemisphere
(PJ 14 and 26) which show the same dynamics of the sub-dots, even though
the time windows covered were shorter (about 120 and 150 s, respectively).
Hence, we believe that the stationary nature of the sub-dots observed during

PJ 13 may be a consistent feature of the tail.

A brightness envelope can be observed overlapping the sub-dots structure
around 2000 km from the MAW spot along the tail (highlighted by the
dotted ellipse in Fig. 5.3). This modulation appears to move alongside the
MAW spot, and it is likely caused by the electron precipitation associated
with the TEB. This conclusion is also supported by the position of Io
within the IPT: at the time of the observations, o was below the centrifugal
equator, hence the TEB spot is expected to occur downstream from the
MAWSspot (see also Fig. 3.3 and 3.5).
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FIGURE 5.3: Sequence of images taken at the southern hemisphere by JIRAM
during PJ 13 from UTC 07:10:57 to 07:18:33. The red arrows point out the
initial and final positions of the MAW spot of o, while the white and light blue
arrows point out sample sub-dots that stayed near ~65°. The white dotted ellipses
highlight a bright group of several sub-dots following the IFP by about 2000 km,
which is likely associated with the TEB. Retrieved from Moirano et al. (2021b).
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5.2 A Candidate Driving Mechanism: The
Ionospheric Feedback

The sub-dots are hardly explained by the propagation and reflection of
Alfvén wave in the Jovian magnetosphere, which create the pattern of the
Alfvén wings depicted in Fig. 3.3. Indeed, the Alfvén wings are tied to lo’s
frame, thus the associated spots move with the satellite, while the sub-dots
appears static in Jupiter’s frame. Moreover, the typical distance between
the MAW, RAW and TEB spots is about 1000-1500 km for Io and up to
3000 km for Europa and Ganymede, while the typical distance between
the sub-dots is between 200 and 350 km. Lastly, the shape of the Alfvén
wings is determined by the tilt of the centrifugal equator with respect to
the rotational equator: this introduces a periodic longitudinal variation of
the pattern of wave reflection, which is not observed in the morphology of
the sub-dots structure.

In the case of the Io footprint, it was suggested that the sub-dots might
originate in the local interaction between the moons and the magnetospheric
plasma (Mura et al., 2018). Indeed, in principle, the plasma flow around Io
might generate a vortex street resembling the von Karman vortex shedding
in hydrodynamics (von Karman, 1911). Alternatively, the radial velocity
shear in the IPT or between Io’s ionosphere and the torus might favour
the development the Kelvin-Helmholtz instability (KHI) (Chandrasekhar,
1961), which also leads to vortex formation. The idea of this hypotheses is
that the sub-dots are then a reflection of the morphology of these vortices.
Nevertheless, the formation of vortices represents a theoretical challenge,
as the conditions for their formation are unlikely met. In the following, we
summarize the potential inconsistencies between the vortices formation and

the plasma conditions at Io’s orbit.

¢ In magnetized plasmas, the KHI requires strong velocity shear and
low magnetic field along the plasma flow. Assuming a total velocity
difference of ~57 km s~! over ~ 200 km - corresponding to the velocity

difference between lo and the IPT and the altitude of Io’s ionosphere
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(McElroy and Yung, 1975) - then the growth rate of the instability
is v ~ 0.01-0.03 s7! (Miura and Pritchett, 1982), which implies the
formation of fully developed vortices in 150-200 s (Miura, 1997). This
is not compatible with the detection of sub-dots immediately after the
MAW spot, which would require a faster growth rate (at least half
of the one here estimated). Moreover, the KHI vortices can undergo
nonlinear processes such as pairing and disruption (Miura, 1997), which

ultimately should be reflected in the morphology of the subdots.

e The IPT is not expected to develop the KHI, as the radial velocity
shear dU/dr = §); and the decreasing density are conditions that
cannot develop into the instability at Io’s orbit (see §103 of Chan-
drasekhar (1961)). Simulations of the stability of the IPT shows that
the plasma can be unstable to azimuthal perturbations, which evolve
into the interchange instability (the analogous of the Rayleigh-Taylor
instability for centrifugally-dominated systems) Hiraki et al. (2012).
Such instability can lead to the formation of vortices with typical
size of ~20 R;,. By mapping the sub-dots to Io’s orbit, they should
correspond to vortices with a size of 2-4 Ry,, hence it appears unlikely

that the two phenomena are related.

e The development of a von Karmén vortex street in Io’s wake occurs
only if the Reynolds number? is in a certain range (Grenier, 2005).
Space plasmas usually have very little to negligible viscosity, hence
the Reynolds number is very high: in this regime a turbulent wake is

expected instead of a structured trail of vortices.

e The structure and dynamics of the vortices depend on the environ-
mental parameters of each moon, as they determine the size of the
shear layer, which in turn affects the most unstable mode. Each of
the Galilean moons can interact electromagnetically with its surround-
ing plasma differently one from another (Saur et al., 2013) and their

magnetic fields are different: these two elements potentially affect

3That is: the ratio between inertia and viscosity of the plasma.
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the size of the shear layer, which is unlikely to be the same for all
three moons. So if the KHI triggers, the resulting vortices are likely
to exhibit different morphologies, which is not consistent with the
observations made by JIRAM.

Although vortices in the low latitude magnetosphere near the orbits of the
Galilean moons are unlikely to develop or to exhibit features compatible
with our observations (if they form), it is not possible to completely rule
out the presence of vortices: further studies are needed to properly assess
if vortices can develop as a result of the interaction of the moons with the

magnetospheric plasma and what is their precise dynamics.

We suggest that the origin of the sub-dots lies in a ionospheric process
known as ionospheric feedback (IF): according to such model, the variations
in the ionospheric properties caused by the particle precipitation trigger a
local perturbation that launches plasma waves from the ionosphere towards
the magnetosphere*. This process is suggested to ripple the auroral arc on
Earth, producing small-scale periodic structures (Hiraki, 2015; Watanabe,
2010) that can explain the formation of the sub-dots at Jupiter. No previous
application of the IF to Jupiter have been performed before the present study.
Here, a compatibility study between the IF model and JIRAM observations
is carried by performing an order-of-magnitude application of the IF theory
to Jupiter.

The IF requires two conditions: (a) the presence of currents in the
ionosphere and (b) a local variation of the ionospheric electric conductivity
(Atkinson, 1970; Sato, 1978). The process can be break down into five steps,

as shown in Fig. 5.4

4Tt’s interesting to notice that the IF is conceptually different to the usual approach
to auroral studies. Indeed, the auroral emission observed on a planet are often considered
a signature of magnetospheric processes, hence the ionosphere is considered as a "photo-
graphic plate" which is "exposed" to the phenomena occurring in the magnetosphere.
Therefore, as a photo does not affect the subject, the ionosphere is usually considered
to not affect the magnetosphere. In contrast, the IF states that ionospheric variations,
driven by magnetospheric processes, can in turn produce perturbations that propagate
into the magnetosphere, thus the term feedback.
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1. Electrons are accelerated into the ionosphere by the wave-particle

interaction associated with the S-1 coupling.

2. The electron precipitation driven by the S-I coupling locally alters the
conductivity of the ionosphere at the foot of the MAW.

3. The modified conductivity creates a local polarization, which drives

secondary ionospheric currents.

4. The secondary currents are closed by FACs that are carried by Alfvén

waves propagating from the ionosphere to the magnetosphere.

5. The waves are reflected at gradients of the Alvén speed such as near
the IPT of the ionosphere at the opposite hemisphere. As these waves
return near their original source at the ionosphere, they produce

additional particle precipitation, thus re-starting the loop.

This process can continue as far as the magnetosphere can supply precipi-
tating material. Watanabe (2010) and Hiraki et al. (2012) shows that the
IF process at Earth can evolve into an instability® that forms ripples and
Kelvin-Helmholtz-like vortices during the nonlinear phase of the process.
Although in reality dissipating effects such as light emission and the iono-
spheric chemistry may limit the growth of the instability, the structuring
of the ionospheric currents could still happen, thus forming the sub-dots.
Other studies (e.g: Jia and Streltsov (2014); Lysak and Song (2002); Miura
and Sato (1980); Streltsov and Mishin (2018)) on the IF at Earth support
the ability of this process to structure the auroral arcs into small scale
structures.

In order to trigger the IF at Jupiter, the conductivity enhancement

can be caused by the electron precipitation associated with the footprints

5They refer to the process as ionospheric feedback instability. Indeed, the process
described here starts with particle precipitation and lead to more particle precipitation,
which trigger a positive feedback. Nevertheless, the studies by Watanabe (2010) and
Hiraki (2015) do not include any dissipation, such as the ionospheric chemistry and light
emission, that can damp the instability. Moreover, the fading nature of the footprint tails
seems to be in contrast with the idea of instability, therefore we believe that the term
instability in the present context may be misleading.
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(3)

FIGURE 5.4: Sketch of the ionospheric feedback (IF). The process can trigger
under electron precipitation into the ionosphere (1), which leads to a variation
in the ionospheric conductivity (2). The local change in conductivity produces
polarization that affects the ionospheric currents (3): this requires additional field
aligned currents that propagate from the ionosphere to the magnetosphere as
Alfvén waves (4). The waves can be partially reflected at gradients in the Alfvén
speed, such as at near the IPT or the ionosphere at the opposite hemisphere (5).
The reflected waves then return near their source (the red area in the sketch),
where they can further accelerate particles into the ionosphere by wave-particle
interaction, closing the loop.
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and confirmed by Juno measurements (Allegrini et al., 2020; Szalay et al.,
2020a,b). On the other hand, multiple factors can contribute to the iono-
spheric currents. Generally, such currents can be associated with the electric
field provided by the subcorotation in the plasmadisk: this electric field,
mapped along the magnetic field into the jovian ionosphere, might provide
the background electric field required for the IF. Voyager 1 and Galileo
plasma observations are used to determine the azimuthal flow through the
plasmasheet, although sometimes with quite large uncertainties. Bagenal
et al. (2016) analyze Galileo PLS observations in the plasmasheet between 5
and 30 R; and they conclude that the plasma flow begins to deviate from
corotation near 9 R; (close to Europa’s orbit) and it is between 80% and
100% of corotation out to 25 R;. Dougherty et al. (2017) re-analyze the
Voyager plasma science data and they point out that the azimuthal flow
starts to sub-corotate close to Europa, it dips down to 20% below corotation
with a localized return to corotation at 17-20 R; and reaches an asymptotic
value of about 225 km s~ further out. The overall increase in the corotation
lag with the radial distance from Jupiter is a consequence of the finite con-
ductivity of Jupiter, which limits the currents that mediate the M-I coupling,
as introduced in section 2.3. Beyond these general subcorotation trends,
significant plasma slowing is also observed near the orbit of Io (Bagenal
et al., 1985; Brown, 1983; Thomas et al., 2001). The plasma transport at
Io is too small to cause the corotation lag, hence Pontius and Hill (1982)
attribute this subcorotation to the ionization of neutral clouds of sulfur and
oxygen that extend along Io’s orbit (Brown, 1981; Durrance et al., 1983)
by electron impact and charge exchange (Delamere and Bagenal, 2003).
Ultimately, the ionospheric Pedersen conductance limits the ability of the
current to restore the full corotation speed. In addition, dissipation in the
magnetosphere-ionosphere coupling currents system may play an important
role in the subcorotation near Io’s orbit (Coffin et al., 2020). Moreover, at
the moons, the magnetospheric plasma is slowed in the wake of the moons by
the pickup of newly ionized atmospheric neutrals - at Io and Europa - or by
the interaction of the plasma with the intrinsic magnetic field of Ganymede.

As a consequence, the magnetic field is stretched in the azimuthal direction
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and drives a radial current given by Ampére’s Law Eq. A.13 (Ergun et al.,
2009). Corotation is then restored by the J x B force over time, so the
electric field due to the wake is more important near the footprints than
far down the tail. Using numerical simulations of the plasma atmosphere
interaction at Io and Europa, Saur et al. (1998) estimates that the flow
is slowed by 95% at o and 80% at Europa (see also Saur et al. (2013)),
thus the electric field in the wake may depend on the strength of the local
interaction between each moon and its environment.

In the last part of the present section, we report three order-of-magnitude

arguments in favour of the IF to explain the sub-dots.

1. The shear Alfvén waves carry currents whose perpendicular components
are aligned with the perpendicular wavevector 6. At the ionosphere,
these currents can affect the Hall and Pedersen currents, hence the
evolution of the IF ultimately depends on the relative direction between
the ionospheric electric field E 1 and the perpendicular wavevector k 1
of the incident Alfvén wave. Most of the theoretical studies of the IF
focused on a 2D geometry in which &, ||E: in this case, the feedback
process could lead to the formation of parallel arcs at different latitudes
(see for example the theoretical results by Atkinson (1970); Miura and
Sato (1980); Pokhotelov (2003) and the measurements reported by
Lynch et al. (2015); Tulegenov and Streltsov (2017)), reminiscent of
the Io tail splitting reported in Mura et al. (2018) far down the tail.
In order to include an arbitrary direction of k. a full 3D geometry
have to be considered. Numerical simulations of terrestrial auroral
arcs showed that the direction of the most unstable &, depends on
the Hall and Pedersen background currents and that oblique k| can
produce ripples along the arc, which resemble the sub-dot structure
addressed in this work (Hiraki, 2015; Watanabe, 2010). At Jupiter,
the conductivity gradient associated with the IFP is structured in
both longitude and latitude, hence modes along the direction of the

footprint could be excited and driven unstable. In the nonlinear phase

Shere "perpendicular" implies "perpendicular to the magnetic field".
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of the IF, these ripples form an alternating pattern of upward and
downward currents, which may explain the small scale morphology

JIRAM is observing in the footprint tails of the Galilean moons.

2. Earth-based simulations of the feedback instability show that the typi-
cal distance between spots depends on the most unstable wavevector
kL = 27w AT (Hiraki, 2015), whose wavelength A, is related to ;| by
AL = 5'% . In deriving this equation critical balance was assumed
from the magnetohydrodynamics turbulence theory (Saur et al., 2018).
The spectrum of the magnetic field measured by MAG and Waves
instruments onboard Juno at ~0.4 R; from the surface revealed that
the parallel wavelength of the fluctuations ranges from ~20 to ~1073
R, (Sulaiman et al., 2020). In order to perform an order of magnitude
estimate, we assume that this spectrum is the same (or at least very
similar) at the altitude where the auroral emission occurs. Taking
into account the long-wavelength end of the spectrum (that is, the
wavelenghts near A ~20 R;), its amplitude (~200 nT; Gershman et al.
(2019); Sulaiman et al. (2020)) and the magnetic field at Jupiter’s
surface ( B ~10° nT; Connerney et al. (2022)), the perpendicular
wavelength is ~280km, which is similar to the value of Ay and Ag
reported in Fig. 5.2. The dispersion of the Alfvén waves due to inertial
effects and mode trapping in the ionospheric cavity may need to be
considered in order to better estimate A, but the result from this

approximate estimate alone is encouraging.

3. The periodic pattern in the nonlinear phase of the instability moves at
a speed given by E; x By drift, where the subscript I refers the fiels
at the ionoshere (Atkinson, 1970; Hiraki, 2015; Watanabe, 2010). The
electric field in the magnetosphere associated with the sub-corotation
velocity A4 is given by Ey = Aiix B v, where Bj; is the magnetic
field in the equatorial plane. In order to give a quantitative estimate,
At is taken from the corotation lag observed from ~10 R; outward
for Europa and Ganymede (Dougherty et al., 2017), while for To we

considered the departure from corotation observed near 5.9 R (Brown,
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1983). Therefore, for Io, Europa and Ganymede the corotation lag
is about 5%, 10% and 20% of the corotation velocity, respectively.
As a first approximation, the relationship between ionospheric and
magnetospheric field is given by E; = fE v if there is no potential
drop along magnetic field lines (Ergun et al., 2009). The electric field
and the consequent drift can be up to 50% lower if parallel potentials
are generated along field lines, depending on the ionospheric and
field-aligned conductances (Ergun et al., 2009). The mapping factor £
stems from the conservation of magnetic flux between the moons and
the ionosphere of Jupiter assuming that field lines are equipotentials.
Considering a flux tube of radius R,; at the ecliptic and R; at the
ionosphere, the potential drop AV across the flux tube must be the
same along the tube itself, therefore AV ~ E);Ry ~ ErR; and thus
¢ =~ Ry /Ry Taking typical values € =~ 30 and B ~ 10° nT, then E; ~
0.1-0.2 V/m and vgip = 0.1 - 0.2 km s™! in Jupiter’s frame, which
is much slower than the speed of the footprints (usually between 2.5
and 4 km s7!). Consequently, the structure of the whole tail would
move by about 3-6 km in between consecutive JIRAM images and
by 45-90 km during the whole sequence in Fig. 5.3. The resolution
of the images was between 70 and 80 km pixel™' at the times in Fig.
5.3, so the sub-dots would move the length of one pixel at maximum
because of the drift. Therefore, this velocity is consistent with the

apparent stationary nature of the sub-dots in Jupiter’s frame observed
by JIRAM.

The three above-mentioned arguments suggests that the application of the IF
process to Jupiter may explain the formation of the sub-dots. Nevertheless,

a few points have to be investigated further:

e As shown in Fig. 5.1, the EFPT often shows a continuous arc instead
of a trail of sub-dots. This might be caused by the fact that the
conditions for the IF to develop the sub-dots are not always met for
the Europa case, meaning that the increase of ionospheric conductivity

is too low or that the ionospheric electric field is too weak. The electro-
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dynamical interaction at Europa with its surroundings is weaker than
at lo and Ganymede (Saur et al., 2013). Indeed, the volcanic activity
of Io generates an ionosphere that interacts with the surrounding dense
plasma of the IPT, while the intrinsic magnetic field of Ganymede
diverts impinging plasma and makes this moon a bigger obstacle than
its solid cross section suggests. Thus the weak interaction at Europa
can affect the ionospheric electric field at Jupiter and perhaps the
conductivity as a consequence of electron precipitation so that the
IF cannot be triggered. Nevertheless, JIRAM occasionally observed
a trail of sub-dots in the EFPT. This may occur when Europa is
in particular environmental conditions such as plasma sheet cross-
ing, water outgassing (Paganini et al., 2020; Roth et al., 2014), or
plasma injections (Mauk et al., 1997) so that the interaction becomes

temporarily strong enough to trigger the IFI.

e The feedback itself structures the field-aligned currents/Alfvén waves
so that they develop the parallel electric field that can accelerate the
electrons (Damiano et al., 2019; Hess et al., 2010a; Lysak and Song,
2003). Since this mechanism depends on the ionospheric parameters
and not on the moons themselves, this might be the reason that
the spot spacing is similar for all three moons. Nevertheless, the
relation between the ionospheric current system generated by the IF
and the electric field in the acceleration region needs to be addressed

quantitatively to estimate the intensity of the auroral emission (Hiraki,
2015).

e Earth-based simulations reveal that the growth rate and the most
unstable mode of the IF instability depend on the Pedersen and
Hall conductances in the ionosphere (Watanabe, 2010) and on the
magnitude of the background electric field (Hiraki, 2015). These
two pieces of information are fundamental to carry out a proper
quantitative comparison between the observations made by JIRAM
and the feedback model, and it will require further analysis to properly

determine.
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e The role of the ionospheric Alfvén resonator (IAR), a resonant cavity
caused by the sharp gradient in the Alfvén speed above the ionosphere,
can affect the development of the IF. Indeed, the IF can be triggered
by eigenmodes of field line resonances extending from one ionosphere
to the other (e.g.: Rankin et al. (2005)), as well as by eigenmodes
of the TAR (Lysak, 1991; Lysak and Song, 2002; Pokhotelov et al.,
2001): the former drives a slow IF with periods of a few minutes
while the latter drives a fast IF with periods of a few seconds. There
have been no published reports of the application of this feedback
mechanism in the Jovian magnetosphere. However, at Jupiter, there is
also the possibility of feedback in the cavity formed in the high Alfvén
speed region between the ionosphere and the IPT. The interplay of
these various cavities may affect the morphology and brightness of the

footprint tails due to the different time scales of these cavities.

e Regarding the energy budget of the feedback process, Earth-based
simulations reveal that the energy of the Alfvén waves leaving the
ionosphere is correlated to the decrease of Joule heating, which results
from the increased ionospheric conductivity (Lysak and Song, 2002).
In addition, the infrared H auroral emission on Jupiter is mostly due
to chemical reactions (see section 3.4), which may strongly damp the
formation of ripples by the IF (Lysak and Song, 2002). Therefore, the
relationship between the energetics of the IF and the intensity of the

IR emission is not straightforward and requires further investigation.



CHAPTER

Constraining the Io Plasma Torus

and Determining its Variability

This chapter illustrates that the position of the Io Footprint (IFP) can be used
to quantitatively constrain the state of the Io Plasma Torus (IPT). Although
variations of the footprint position and morphology have been qualitatively
associated with variations in the plasma conditions at the moon’s orbits, the
work presented here is the first attempt to derive quantitative information
on the IPT by using the position of the IFP. The chapter is divided into
three main sections: section 6.1 shows how to derive information of the
IPT by using the data from the JIRAM L-band imager; section 6.2 reports
the full database of JIRAM observations of the footprints, which is used to
wnvestigate the IPT over the course of the Juno mission; section 6.3 shows
the determination of the state of the IPT obtained by using both the IFP

position and the radio occultations of the torus.

One of the hottest topics of the Jovian magnetosphere physics - and
perhaps of the whole Jupiter system - is the effect of the plasma source
on the variability of the magnetosphere. As introduced in Chapter 2,
the main plasma source near Jupiter is the volcanic activity on lo, which

supplies the IPT; then the plasma diffuses from Io’s orbit and fills the whole

101
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magnetosphere. Moreover, the M-I coupling mechanism that transfers energy
and angular momentum between Jupiter and the Iogenic plasma accelerates
the magnetospheric plasma in the azimuthal direction: the fast rotation of
the planet is then transmitted to the IPT and the plasmadisk, which are
then subject to a strong centrifugal force. As the magnetic field is advected
with the plasma, the presence of the centrifugally-accelerated, high-density
plasma inflates the Jovian magnetosphere to a size that is almost the double
with respect to the size expected by the internal magnetic field of Jupiter:
this shows the fundamental relevance of Io’s volcanic activity on the system.
Moreover, monitoring the volcanic activity on Io and the state of the IPT
is fundamental to understand the dynamics of the Jovian magnetosphere
and to predict its variations. The variability of the IPT is a long-lasting
topic of research (Brown, 1995), with two major questions: (a) how the IPT
changes depending on the logenic source (e.g., Roth et al. (2020)) and (b)
how the Jovian magnetosphere responds to the variability of the torus (e.g.:
Bonfond et al. (2013)). To properly address these issues, it is essential to

simultaneously and continuously monitor lo, the IPT and the aurorae.

At present day, four major observables are used to inspect the IPT:
spectrometry, imaging, particle detections and occultations!. The latter two
requires a probe inside the Jovian magnetosphere, potentially inside the IPT
itself, or behind the IPT as seen from Earth, respectively. Hence, a deep
space mission is required to perform those types of observations. On the
contrary, spectrometry and imaging can be performed from ground and near
Earth, thus it currently represents the most reliable way to continuously
monitor the torus - except during solar conjunction. Nevertheless, spec-
trometry is not without shortcomings of practical nature. The intensity of

the spectral lines depends on both the line-of-sight integrated density (also

In the context of the exploration of the Io torus, occultations are usually performed
by measuring the frequency shift in the radio signal coming from a spacecraft behind the
torus and crossing the torus. For this reason, this type of observation is usually referred
to as radio occultation. Notice that the occultation technique of the IPT is different
from the one usually used for atmospheric radio occultations: in that case, the relevant
parameter is the index of refraction of the atmosphere, which bends the path of the radio
signal.
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called column density) and the temperature of the torus plasma, therefore
the two quantities are coupled. By inspecting several lines it is possible, in
principle, to disentangle the temperature and column density, but the limited
wavelength range of real instruments may forbid breaking the degeneracy.
Moreover, if multiple lines overlaps or are very close to each other, it may be
difficult to separate multiple species. Lastly, compromises have to be made
between spatial and spectral resolution. As a rule of thumb, ground-based
observations have very high spectral resolution, but lack of spatial resolution.
This translate in the difficulty to observe small and faraway structures and
in obtaining spectra that contains spectral information from different re-
gions. On the other side, in-situ spectrometry performed onboard deep space
spacecraft has worse spectral resolution than ground-based measurements,
because of the engineering constrains on the spacecraft payload, but make
up for this limitation with a better spatial resolution. Therefore, having
new methods to monitor the IPT is crucial to complement spectroscopy,
as well as particle measurements and radio occultations, especially if they
can be performed from Earth. As it will be (hopefully) clear by the end of
this thesis, the position of the footprint of the Galilean moon represents a
new observable that can be acquired from in-situ missions and Earth-based
campaigns, although these latter usually at a lower spatial resolution than

the former.

The remainder of this thesis will illustrate how the footprint of Io can be
used as an additional observable to constrain the state of the IPT, provided
that sufficient spatial resolution is achieved. Moreover, the position of the
footprint is used alongside the radio occultations of the torus performed
by Juno to form a multi-instrumental dataset of nearly-simultaneous obser-
vations: this helps to determine the properties of the IPT over the Juno
mission, which, in turn, supports ground based observations and in-situ
measurements in reconstructing the evolution of the IPT and its interplay

with Io and the Jovian magnetosphere.
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6.1 Determination of the Io Plasma Torus

from the Io Footprint Position

2 As introduced in sec 2.1, the variability of the IPT can be classified into
four categories: System III and System IV variations, local time asymmetry
and temporal variability. In principle, any variation of the plasma content
of the torus affects the speed of the Alfvén waves Eq. 3.5 and its corrections
Eq. 3.16, 3.18 and 3.19. In turn, such variations change the Alfvén travel
time Eq. 3.32 and the shape of the Alfvén wings Eq. 3.24, thus leading
to potential variations in the position of the auroral footprint. A sketch
showing the qualitative effect of the IPT variability on the Alfvén wings is
presented in Fig. 6.1. System III variations due to lo oscillating up and
down within the IPT will not be covered in this section, as they are already
broadly documented in the literature (e.g.: Bonfond et al. (2008, 2017a).
Instead, the aim is at finding evidence of System IV variations, local time
asymmetries and temporal variability. For this purpose, the data acquired
over the first 42 orbits of Juno are surveyed, with focus on the images of
the IFP showing the MAW and TEB spots, because (a) they can be easily
identified, especially when the TEB is located upstream of the MAW and
(b) they are less affected by the complex pattern of the reflected Alfvén
waves that develops along the footprint tail. Moreover, the JIRAM images

must meet three criteria to be selected for the present analysis:

1. the footprint has to be observed during two or more orbits with Io
in nearly the same System III longitude: this requirement rules out
variability due to System III variations, allowing the detection of the

other types of variability.

2. JIRAM performs multiple sequences of images during every flight over
the poles and the images are taken 30 s apart. The IFP moves at
~2.5-6 km s7! relative to Jupiter in the North and ~3-4.5 km s~ in
the South, which implies that it moves by about 100-150 km between

2Section 6.1 reports the results published in Moirano et al. (2023).
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two subsequent images. Hence, it is essential to restrict the analysis to
single images or - if not possible - to tessellations of 2-3 consecutive
images in order to limit the effect of the movement of the emission.
Therefore, both the MAW and the TEB spots should be identifiable in
the same sequence or, better, in the same image, so that their relative

distance can be used to highlight any potential variability.

3. Images showing the TEB leading the MAW are better suited for the
retrieval of the position of these spots than observations with the TEB
downstream. Indeed, as illustrated in section 5.1 and Fig. 5.3, the
brightness of the sub-dots can interfere with the morphology of the
TEB, making more difficult the determination of the precise location
of TEB spot when it is downstream. The sub-dots show a typical
spacing of ~300 km, which should be taken into account to estimate
the position of the TEB.

The meeting of the above-mentioned criteria produces two pairs of observa-
tions where it is possible to observe a change in the IFP position: PJ 10-31
(December 16" 2017 at UTC 19:51 and December 30" 2020 at UTC 23:21,
respectively) and PJ 11-32 (February 7" 2018 at UTC 15:55 and February
215 2021 at UTC 19:28, respectively). The difference in Io’s longitude
between the images in each of these pairs is less than 1.5°.

The altitude of the emission needs to be taken into account in order to
accurately determine the coordinates of the emissions. Based on auroral
emission models, the peak altitude of the IR emission is expected to occur
between 500 and 1000 km for electron energies between 0.1 and 100 keV (Tao
et al., 2011). Juno-JADE-E electron measurements reported a broadband
electron energy distribution associated with the IFP, with a peak energy
between 0.1 and 1 keV (Sulaiman et al., 2020; Szalay et al., 2020b), which
implies that the IR emission should peak near 900-1000 km. JIRAM
observed the IFP during both PJ 4 and 7 in the northern hemisphere when
its longitude was between ~90° and 120° at two different emission angles.
This allows to retrieve the altitude of the footprint by stereoscopy, and it

is estimated to peak at 600£100 km. Potentially, this discrepancy stems
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MAW TEB ionosphere MAW ionosphere

high latitude
magnetosphere
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magnetosphere

FIGURE 6.1: Sketches of the Alfvén wings in Io’s rest frame when the moon is
above the centrifugal equator (black dotted line) under different plasma conditions.
The plasma in the IPT (green area) flows from left to right. The density of the
torus is assumed uniform in both panels. The magnetic field is also uniform and
points southwards (black arrow). The light blue areas are the Jovian ionospheres
where auroral emissions occur. (a): Alfvén wings for two different sizes of the
IPT with the same density. The torus thickness is represented by H; (dark green)
and Hy >H; (light green). The blue solid arrows represent the path of the Alfvén
waves when the thickness of the IPT is Hq, while the blue dashed ones the path
when the thickness is Ho. The red arrows point out the path of the field-aligned
TEB in the two conditions. (b): Alfvén wings for two values of the density (p; and
p2 > p1), while the size of the torus is the same. The reflected Alfvén wings are
not drawn for sake of clarity. (c¢): examples of three more realistic electron density
distributions, computed using the diffusive equilibrium model described in by Eq.
6.2, 6.3 and 6.4 (Bagenal and Sullivan, 1981). The vertical axis is the distance
along the magnetic field line crossing the orbit of Io at 0° longitude, measured
from the northern hemisphere. The blue and red dashed lines correspond to the
case in panel (a), and the blue and orange dotted lines to panel (b). Retrieved
from Moirano et al. (2023).
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from the assumption of a Maxwellian distribution for the electrons in the
model by Tao et al. (2011), while JADE-E measurements reported a kappa
distribution. The difference between the two distributions is stronger at
higher energy: the Maxwellian one underestimates the contribution of high-
energy electrons, which penetrate deeper into the atmosphere and cause the

emission to occur at lower altitudes.

6.1.1 Modelling the Io Plasma Torus: Diffusive
Equilibrium

As explained in chapter 3, the position of the IPT depends on the Alfvén
speed profile (Eq. 3.5) along the magnetic shell connected to Io’s orbit. In
order to predict the position of the footprint, it is therefore necessary to
model the magnetic field and the plasma distribution. Due to the strong
magnetic field of Jupiter, the relativistic correction Eq. 3.16 has to be
included. On the contrary, the inertial corrections Eq. 3.19 can be neglected
in this study. Indeed, above the ionosphere, the Alfvén speed is nearly
the speed of light, thus the Mach-Alfvén angle Eq. 3.27 is very small,
and the Alfvén wings are basically aligned with the magnetic field. The
inertial effects accelerate the electrons along the magnetic field, therefore
their inclusion in the modelling does not affect the predicted position of the
auroral footprint. The kinetic correction Eq. 3.18 can also be neglected, as
it is less than 1% near the IPT, where it is expected to be most relevant
(Jones and Su, 2008). The Alfvén speed can be integrated according to
Eq. 3.32: this gives the time needed by the local perturbation to travel
from Io to the Jovian ionosphere. During the same time, Io continues its
orbital motion, hence it is possible to build a map that relates Io’s position
with the MAW spot at any given time. Additionally, the position of the
TEB spot can be computed by mapping the position of the MAW spot
in the opposite hemisphere along the magnetic field (Bonfond et al., 2008;
Jacobsen et al., 2010), as its energetic electrons quickly travel along the
magnetic field lines between the two hemispheres in less than 30 s (Hess

et al., 2013). For comparison, the Alfvén travel time associated with the
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MAW spot is between 2 and 12 minutes, depending on the distance of Io
from the centrifugal equator (Hinton et al. (2019) and Fig. 6.2).

The Juno Reference Model through Perijove 33 (JRM33), built from
the first 33 Juno orbits (Connerney et al., 2022) is used to compute the
internal magnetic field. For consistency with the footprints provided in the
supporting information of Connerney et al. (2022), the spherical harmonic
expansion of the field is limited at degree 18. We also take into account
the magnetic contribution of the current in the plasmadisk by including the
magnetodisk formulation of Connerney et al. (2020).

The plasma density in the IPT is computed using a diffusive equilibrium
model (Bagenal and Sullivan, 1981; Mei et al., 1995; Thomas, 1992), which
takes into account the electron and ion pressures, the centrifugal and gravi-
tational forces, the magnetic mirror force and the ambipolar electric field
due to charge separation driven by the centrifugal motion of the plasma.
Assuming that the temperature of the ions and electrons is constant along
the field lines, the density distribution of the species v along each field line
is given by
maQ2(p? — p? Mea 1 1

QLl]{:S;Ta ) T ;- T_()) 6D

Tol B Ao(s
(1= m)l”(a)) B Zaekgi(“a) }

where m,, is the particle mass, €2; the angular rotation of Jupiter, kg is

Na(s) = naoemp[

the Boltzmann constant, T, and T, are the parallel and perpendicular
temperatures respectively, G the gravitational constant, M; the Jovian
mass,  and p the distance from the planet center and spin axis respectively,
B the magnetic field magnitude, Z, the atomic number (7, = —1 for
the electrons) , A¢ = ¢(s) — ¢o the potential drop associated with the
ambipolar electric field, s the distance from the centrifugal equator along
the field line. The quantities denoted with "0" refer to the centrifugal
equator. For the electrons, the centrifugal and gravitational terms (the
first two on the rhs of Eq.6.1) can be neglected because of their small
mass compared to the mass of the ions. Besides, for species with isotropic

temperatures (7, = 7\, ) the mirror force (i.e: the third term on the rhs of
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Eq.6.1) can be omitted. The temperature anisotropy of the thermal ions
is expected to be 1 < T, /T, < 2, while the hot ions can exhibit higher
values (3 < T, /T, < 10, see Crary et al. (1996, 1998)). Assuming that
the electrons have isotropic temperatures, the density of each species can be

derived by solving the following system:

Ag(s)
pr— -2
Ne(8) = negexp [e Full ] (6.2)
m;Q%(p? — p2)  my 11
() — m. s - '
n;(s) nzoexp[ 2Ty + k‘BTuGMJ(T T‘0> + (6.3)

+ (1 — Aa)ln(go) — Zieij;f)}

ne(s) = Z Zing(s) (6.4)

where the subscripts e and 7 stands for electrons and ions respectively and
Aq =T,1 /T, Eq.6.4 is the condition of charge neutrality, which couples
Eq.6.2 and 6.3.

The plasma composition used as reference in the present work is based
on the re-analysis of the Voyager 1 data by (Dougherty et al., 2017). The
reference value for the electron density n.g at the intersection of the centrifu-
gal equator with the magnetic shell of To is 2500 cm™3. Eight ion species are
included in the model and their densities are computed from the electron
density and the ion mixing ratios at 6 Ry;: HT (1%), O (24%), O**(3%),
ST(7%), S**(22%), S**(3%), Na™(3%) and O; .(6%). The electron and ion
temperatures are also taken at 6 R; (5 eV for electrons, 94 eV for protons, 80
eV for OF, O?*, ST, S** S*F and Na*, 362 €V for O} ). To study different
plasma distributions, we compute several electron density distributions de-
rived from equatorial values n.y between 2000 and 3000 cm ™3 with steps of
250 cm~3. This interval is consistent with previous observations of the IPT
(Bagenal and Dols, 2020; Delamere and Bagenal, 2003; Moirano et al., 2021a;
Phipps et al., 2021; Thomas et al., 2004), although occasional more extreme
cases were detected. The ion density distributions are computed from the

above-mentioned mixing ratios, estimated from Voyager 1 (Dougherty et al.,
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2017). Past observations of the IPT constrained the ion temperature within
a factor 2 (Thomas, 1995); moreover, mass loading events are followed by a
temperature increase up to a factor 3 (Delamere et al., 2004). Therefore,
we explore different ion temperatures by scaling the Voyager 1 observations
at lo’s orbit by a factor St ranging from 0.50 to 1.50 with 0.25 steps. The
thermal ion and electron temperatures are assumed isotropic (Crary et al.,
1998), while for the hot oxygen Ao;tot = 6.5 (that is: the average of the
values reported by Crary et al. (1996)). A summary of the above-mentioned

parameters is presented in Table 6.1 (case 1, 2 and 3).

6.1.2 Sensitivity of the Io Footprint Position on the

Torus Parameters

The plasma distribution in the Io plasma torus depends on many parameters,
according to Eq. 6.2 and 6.3. To properly address the variability of the IFP
position, we first need to determine which of these parameters is the most
influential. Therefore, in the current section we investigate the sensitivity
of the model output to the following parameters: peak electron density
Neo, lon temperatures T, proton mixing ratio, proton temperature Ty,
temperature anisotropy of the thermal ions, inclusion of the hot oxygen
population, temperature anisotropy of the hot oxygen and different mixing
ratios of OF, O?*, S*, S2*, S3* and Na*. Additionally, as Io can potentially
enter the ribbon region of the IPT when it is near the dawn sector, we test
a ribbon-like plasma distribution. The parameters used for the sensitivity
test are summarized in Table 6.1 (case 2-11).

In the top panel of Fig. 6.2 we report the one way Alfvén travel time,
that is: the time the Alfvén waves take to travel from Io to the North
or South hemisphere. The one-way travel time predicted by our reference
model (that is: case 1 in Table 6.1) is between 4 and 14 minutes, 1.5 minutes
longer than the model of Hinton et al. (2019). This difference may stem
from the different magnetic model used in the present work as well as from a
different choice for the ion mixing ratios and temperatures. Indeed, the ion

temperature shows a sharp drop from 6 R; inwards: if we use S7=0.75 in
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Table 6.1: Summary of the parameter space investigated with the model
described in section 6.1.1. Empty spaces should be referred to case 1.

case Sépa) n((il())) H+© Tﬁl AEZ) OZ(C) AS)+ O+ §H2+3+(  Nat 02+
1 1.00 2500 1 94 1 6 6.5h 24,7,22,3 3,3
(reference)

2a 0.50 - - - - - - - -

b 0.75 - - - - - - - -

c 1.25 - - - - - - - -

d 1.50 - - - - - - - -
3a - 2000 - - - - - - -

b - 2250 - - - - - - -

c - 2750 - - - - - - -

d - 3000 - - - - - - -
4a - - 0 - - - - 25,-,- - -

b - - 10 - - - - 21,-,20,- 1,-
ba - - - 50 - - - - -

b - - - 150 - - - - -
6a - - 10 50 - - - 21,-,20,- 1-
b - - 10 150 - - 21,-,20,- 1,-
7 - - - - 2 - - - -

8 - - - - - 0 - 30,-,-,- -
9a - - - - - - 1 - -

b - - - - - - 3 - -

c - - - - - - 10 - -
10a - - - - - - - 23,9,23,2 -

b - - - - - - - 20,11,25,1 -

c - - - - - - - 25,5,214 -

d - - - - - - - 28,3,19,5 -
11 0.50 3000 O / - 0 / 42,26,16,0 0,0

® The ion temperatures are reported in term of the scaling factor Sy (see section 6.1.1).
b Electron density in cm™3.

¢ The abundance of the ions are in mixing ratio percentage Te-100.
4 Temperature, in eV. ‘

¢ Anisotropy A, = Tp1 /T,y Ay is for the thermal ions, Ao,j for the hot oxygen.
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our model, this improves the agreement with the results from Hinton et al.
(2019), the difference between the two models being 0.7 minutes.

The percent difference of the Alfvén travel time obtained from cases 2-10
with respect to the reference Case 1 is reported in the bottom panel of Fig.
6.2. To compute the percentage, we first compute the travel time ¢,.¢, with
Io at 290° longitude (i.e., approximately in the centrifugal equator) for the
reference model, and the travel time ¢, obtained by changing one parameter
at a time. Then the percentage is obtained from (¢,.; —t)/t,.s. Hence a

positive/ negative percentage represents a faster/slower travel time.

Case 2 Ion Temperature Scaling. We scale the ion temperature by a factor Sy

between 0.50 and 1.50, which changes the Alfvén travel time between
+20% and -15%. Indeed, changes in the temperature affect the size of
the Io plasma torus, therefore by increasing/decreasing the temperature
at a constant peak density n.g, the total plasma content along the
magnetic field lines increases/decreases as well. Consequently, the

Alfvén travel time is reduced /increased.

Case 3 Peak Electron Density. The electron density at the centrifugal equator

Neo is varied between 2000 and 3000 cm—3, which correspond to a time
travel variation between +10% and -10%. This is not surprising, as
the Alfvén speed depends on the reciprocal of the square root of the
ion mass density, which is proportional to the electron density and the
ion mixing ratios. Therefore lower /higher density implies faster/slower

Alfvén waves.

To understand why changes in S7 and n.y produce a similar effect
on the Alfvén travel time ¢4, we can estimate t, from the simple
geometry of Fig. 6.1. Assuming uniform magnetic field By, mass
density py = constant > 0% in the IPT and py = 0 outside, the travel

time is given by

L /Siono @ _ /Siono /ﬂop(é’) ds N /'U’O’OOAL (6 5)
4 STo VA S0 B(S) BO .

~

3Not to be confused with the cylindrical radius in Eq. 6.3.
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FIGURE 6.2: Top: One way Alfvén travel time predicted by the Voyager 1-based
case 1 of Table 6.1 from Io to the North (orange crosses) and South hemisphere
(purple pluses), respectively. The blue and red lines are the travel times reported
by Hinton et al. (2019). Bottom: sensitivity of the one way Alfvén travel time
calculated when Io is close to the centrifugal equator in the warm torus at System
IIT longitude 290°. The numbering from 1 to 10 points to the cases in Table
6.1 and the labels on the x axis briefly specify the values used for the test. The
percentage represents how much faster the Alfvén wave travels compared to the
reference, therefore a positive/ negative value implies a shorter/longer travel time.
Retrieved from Moirano et al. (2023).
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where AL is the distance traveled by the Alfvén wave in the region
where py > 0, s;, and S;,,, are the positions of Io and the planetary
ionosphere along a magnetic field line respectively. AL can be ex-
pressed in terms of the thickness of the IPT (H in Fig. 6.1), which
in turn depends roughly on the square root of the ion temperature
(Bagenal and Sullivan, 1981), hence: AL ~ H ~ +/T;. Therefore we

obtain
ta < v/ pol; (6.6)

which explains why the travel time increases or decreases with both
density and temperature. Because the position of the footprint is
determined by t4, there is a degeneracy between n.y and Sp. This
can be seen by looking at the parameter space derived for PJ 10-31
and PJ 11-32 in Fig. 6.3, where we report the values of n.,y and St
that predict the MAW spot position within 250 km from the JIRAM
observations (this value is approximately half the longitudinal size of
the MAW spot). The regions of the parameter space compatible with
the observations have an hyperbolic shape, which agrees with Eq. 6.6.

Proton Mixing Ratio. Due to the light mass of the protons compared to

the sulfur and oxygen masses, protons are not expected to considerably
affect the Alfvén speed within the IPT. Nevertheless, at high latitude,
where heavy ions are almost absent, protons dominate the plasma
density. The proton abundance in the torus is 1%-10% (Bodisch et al.,
2017; Delamere et al., 2005; Nerney and Bagenal, 2020), hence we
increase their mixing ratio to 10% (case 4b). In order to preserve
charge neutrality, we have to decrease the mixing ratios of OF, S+
and Na't (see Table 6.1 and the labels in Fig. 6.2 for the quantitative
details). Besides, we also completely remove the protons to investigate
the role of their presence (case 4a), although there is no observational
evidence of a complete hydrogen depletion in the IPT. By removing
the protons from the ion species, t4 decrease by less than 1%, while by
increasing their mixing ratio to 10%, t4 increases by about 4%. This

changes are not due to the variations of the proton mixing ratio itself,
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Case 5 and 6

Case 7

Case 8 and 9

but rather to the adjustment made to the other mixing ratios. Indeed,
the Alfvén speed in the high latitude magnetosphere is still a large
fraction of the speed of light even for a 10% proton mixing ratio and
the Alfvén waves spend a few tens of seconds in the low density region

between the IPT and the Jovian ionosphere.

Proton Temperature. To determine the role of the spatial distribution

of H*, we test a proton temperature of 50 and 150 eV, which approx-
imately corresponds to the scaling of the reference value 94 ¢V by
S1=0.5 and 1.50, respectively. The resulting ¢4 is the same as the one
obtained with the reference temperature of 94 ¢V within 107°%. In
order to amplify any possible effect on ¢4, we also tested the same
temperatures with a 10% proton mixing ratio: the travel time changes
by only ~0.05% with respect to the case with the same mixing ratio
at Ty+= 94 eV. Indeed, protons are loosely confined by the centrifugal
force because of their light mass and thus they spread quite uniformly
along the magnetic field lines. Therefore, changes in their temperature

affect very little their distributions.

Temperature Anisotropy of the Thermal Ions. We set A;= 2 in Eq.

6.1, according to the results reported in Crary et al. (1996), to deter-
mine the effect of the magnetic mirror force confinement on the thermal
ions. This value reduces t, by about 9%. Indeed, the confinement
reduces the size of the IPT, hence the total plasma content along the

field lines decreases as well, reducing the Alfvén travel time.

Presence of Hot Ot and its Temperature Anisotropy. In situ measure-

ment of the IPT revealed the presence of O ions with a temperature
of ~400 eV Dougherty et al. (2017). To probe the effect of such popu-
lation on the position of the IFP, we compared the reference model
against a model with only thermal oxygen (Case 8). This increases
ta by less than 2%. Indeed, the distributions of the hot and thermal
oxygen populations have a typical thickness of ~2 R; and they peak

at about 0.3 R; from each other along the magnetic field lines, as they
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are confined near the magnetic and centrifugal equator, respectively.
Therefore, they largely overlap and the case with no hot oxygen has
a similar mass distribution as the reference model. To assess the
importance of the magnetic mirror force confinement, we test the
case AOZM: 1 (isotropy, case 9a), AO}TM: 3 (low anisotropy, case 9b)
and Ao?fot: 10 (high anisotropy, case 9c). The first case is used to
determine the effect of the inclusion of anisotropy in Eq. 6.1, while the
other two test the lower and upper limit on the anisotropy reported
by Voyager 1 (Crary et al., 1996). The changes of t4 are -8%, -2%
and +0.5%, respectively. In the case of isotropic temperature, the hot
oxygen distribution is broadly distributed along the field lines, and it
is the dominant species by density at high latitude. Thus, the Alfvén
waves are slower at high latitude with respect to the reference case
and the travel time is longer. The cases with low and high anisotropy
are quite close to the reference, which suggest that the position of the
IFP is little sensitive on the precise value of AOL{ Nevertheless, the
inclusion of the temperature anisotropy of the hot oxygen is relevant

for proper modeling (i.e., AOL > 1in Eq. 6.3).

Mizing Ratios of O, S*, 8?2t and $**. The azimuthal distribution
of O" and S?T in the IPT fluctuates by 2%-5%, depending on the
relative phase between System III and System IV (Hess et al., 2011b;
Steffl et al., 2008), while for ST and S** the fluctuations are 5%-25%
(Steffl et al., 2006). Besides, the mixing ratio of S* is correlated with
the mixing ratio of S?*, while it is anti-correlated with Ot and S3*.
We test two different set of the OT, S*, S?* and St mixing ratios

that are roughly compatible with the amplitude variations associated

with System IV (Case 10a and 10c). Besides, we test two arbitrarily
large variations of O correlated with S3* and anticorrelated with S*
and S?*(Case 10b and 10d). These are not supported by observational
or modeling evidences and they are included for the sole purpose of
the sensitivity test. In all the above-mentioned cases the variation

of tta is smaller than 2%. The most abundant sulfur ion (i.e., S**)
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Case 11

has the same charge-to-mass ratio as the most abundant oxygen ion
(i.e., OT), hence, for the same electron density, the total mass in the
IPT changes mostly due to the variation in the S* and S3* Therefore,
the change of t4 caused by the increase/decrease of the O™ and S3*
mixing ratios is compensated by the decrease/increase of the ST and

S** mixing ratios.

Ribbon. The ribbon exhibits higher electron density and a slightly lower
temperature than the warm torus, as well as considerably different
mixing ratios. To test the potential effect of the ribbon on the MAW
spot position, which might occur when Io is near the dawn sector, we
set neo= 3000 cm ™3 and Sp= 0.5 (Bagenal and Dols, 2020), while for
the mixing ratios of the major ions O, ST and S** we used 42%, 26%
and 16%, respectively (Bagenal, 1994). The travel time in this case
is 5% longer than the reference case (not shown in Fig. 6.2). This
suggest that a longer t4 from the IFP observations near the dawn
sector could be explained by the ribbon occurring near Io’s orbit. In
the present study, we do not aim at deriving the plasma parameters
at the ribbon, which has its own parameter space to be tested and
investigated. Nevertheless, a relatively high density derived near the
dawn sector in the present study might be interpreted as the ribbon

approaching Io’s orbit.

6.1.3 Data-Model Comparison

Following the results of the sensitivity test, the results of the model of
section 6.1.1 are compared with the position of the IFP observed by JIRAM.

The focus will be on the peak electron density n.y and the ion temperature

through the scaling factor Sr, as they are the most sensitive parameters.

The temperature anisotropy is also a relevant parameter for both the thermal

and hot ion populations. Nevertheless, its value is poorly determined from

the literature. Besides, the diffusive equilibrium model give by Eq. 6.2-6.4 is

based on the assumption of constant temperature along the field line, while
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FIGURE 6.3: Parameter space obtained from the JIRAM observations of the IFP
during PJ 11 and 32 (left side) and PJ 10 and 31 (right side). The colored areas
represent the parameter spaces in agreemen with the MAW spot position within
250 km for each observation. Retrieved from Moirano et al. (2023).

it likely increases at high latitude (Thomas and Lichtenberg, 1997). Thus,
the temperature anisotropy may also change along the magnetic field lines.
Lastly, including an anisotropy Aoifot > 1 in Eq. 6.3 is more important than
a precise value for Aoi)t. For these reasons, we decided to postpone an in-
depth analysis of the anisotropy effect on the IFP position to a future work,
which potentially can include the latitudinal variation of the temperature.
Here, we assume that the temperature of the thermal ions is isotropic, while
for the hot oxygen AO}TM: 6.5. Each image of the footprint is compared
to the location of the footprint calculated from n.— 2500 cm™2 and Sp—
1.00, which serves as the Voyager 1-based reference, and we test different
values for the density and for the temperature, as explained at the end of
section 6.1.1. In Fig. 6.3 we show the parameter spaces compatible with
the observed positions of the MAW spot within 250 km (i.e., the distance
between the observed and predicted position of the spot is less than 250
km). In the case of PJ 11-32, the parameter spaces are not compatible, PJ
11 preferring lower temperatures and densities than PJ 32. The parameter

space of PJ 10 covers slightly higher temperatures and densities than PJ 31,
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but the two spaces are marginally compatible.

Fig. 6.4 shows the JIRAM observations performed during PJ 10-31
(panel a) and 11-32 (panel b), when the TEB spot was upstream of the
MAW spot. We superimpose colored pluses and crosses that represent the
modeled positions of these two auroral features to the images, according
to different values of the electron density and the ion temperature. To
highlight the respective role of the density and the temperature, we show
the predicted position of the MAW spot by varying only one parameter at
a time from the reference case. The position of the MAW and TEB spots
predicted by the Voyager 1 values are represented by asterisks. In panel a
Io was at the same longitude ¢;,= 205.2°, but the images show that the
MAW spot of PJ 31 was at a higher longitude by ~1° than PJ 10. This
displacement corresponds to about 300 km on the surface of Jupiter. The
emission angle was ~10° in both cases, therefore the error associated with
the emission altitude of 60044100 km translates to an uncertainty on the
position of the MAW of less than 20 km along the track of the IFP. Hence,
it is unlikely that the displacement between the images results from the
uncertainty of the altitude of the emission. By comparing the modeled
position of the MAW spot in the left column of panel (a) in Fig. 6.4 (colored
pluses), we conclude that the best match corresponds to the ion distribution
obtained from an electron density of about 2500-27550 cm ™2 for PJ 10 and
2000-2250 cm ™3 for PJ 31, while the best match temperature (right column)
is determined by Sy= 1.00-1.25 and 0.75 respectively. During the PJ 11
and 32 observations shown in panel (b) of Fig. 6.4, Io was at 169.4° and
170.8° longitude, respectively. The position of the MAW spot differs by less
than 100 km in the two images; besides, it is clear that the distance between
the tip of the TEB and the MAW in each image is remarkably different in
the two orbits (~1000 km and ~1700 km, respectively). The emission angle
for PJ 11 was ~20°, which translates to an uncertainty of less than 40 km
on the IFP position, while for PJ 32 the angle was ~5°, corresponding to an
uncertainty smaller than 10 km. This noticeable morphological difference is
reflected in the model prediction: the electron density of PJ 11 was likely
smaller than 2000 cm~2, while for PJ 32 it is significantly different at n. ~
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Table 6.2: Summary of the best-match electron density and ion temperature
for PJ 10, 11, 31 and 32.

PJ  ¢rr(deg) Tolocal time (hh:imm) ng% (cm™3) Sy

10 205.2 02:07 2500-2750  1.00-1.25
31 205.2 08:17 2000-2250 0.75
11 169.4 22:37 <2000 0.50
32 170.8 04:47 2750 1.25

%The ion densities assume St = 1.00.
> The ion temperatures scaling factor assume n.y = 2500 cm ~3.

2750 cm 3. The best fit scaling factor for the temperature during these two
orbits is Sy= 0.50 and 1.25 for PJ 11 and 32, respectively. In Table 6.2 we

summarize the results of the present section for PJ 10-31 and 11-32.

6.1.4 Comparison with Previous Missions

The density and temperature of the IPT were previously constrained mainly
by spectroscopy from both Earth-based facilities (e.g.: Schmidt et al. (2018))
and in-situ missions (e.g.: Steffl et al. (2008)). Additional sources of ob-
servations are radioccultations (e.g.:Bird et al. (1993)) and direct particle
measurements (e.g.: Bagenal and Sullivan (1981)). In the following, we show
how the results obtained from the IFP position compare with those from

other measurements.

e Voyager 1. The ion plasma composition of the inner magnetosphere of
Jupiter measured by the Voyager 1 Plasma Science instrument (PLS)
re-analyzed by Dougherty et al. (2017) is the reference point of the
present analysis, therefore it is a straightforward comparison with
the Juno-JIRAM measurements. The electron density we report in
Table 6.2 differs by about £250 cm ™2 with respect to the Voyager 1
value of 2450 ecm™3 at 6 R, except during PJ 11, when the best fit
density was smaller than 2000 cm 3. The temperature measured by
Voyager 1 steeply increases from 2-3 eV to ~80 eV between 5 and 6
R ;. The temperature used in the reference model is the one measured

by Voyager at 6 R, which might overestimate the value at 5.9 R; by
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FIGURE 6.4: Comparison between JIRAM data and the model of section 6.1.1
for PJ 10-31 (panel a) and PJ 11-32 (panel b). The pluses and the crosses
represent the predicted position of the MAW and TEB, respectively. The position
of the MAW and TEB for the reference model (neo= 2500 cm™3 and Sp= 1.00) is
represented by asterisks. The yellow line is aligned with the MAW-Sun direction.
The left column shows the predicted position of the MAW and TEB spots for
neo between 2000 and 3000 cm 3 for constant Sp=1.00, while the right column
the prediction for St between 0.50 and 1.50 for neo= 2500 cm™3. UTC time is
reported in the titles in the left column, while Io System III longitude and local
time of both Io and the IFP are reported in each figure. Retrieved from Moirano
et al. (2023).
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~10 eV. The best fit temperature in the present analysis corresponds
to a temperature scaling factor S; between 0.75 and 1.25, except for
PJ 11, whose best match is Sp= 0.50. Therefore, the IPT density
variations inferred from the IFP position in JIRAM data is about 10%
the density measured by Voyager 1, while the temperature changes by
about 25%.

Voyager 1, Voyager 2 and Cassini. Delamere and Bagenal (2003) in-

vestigated the variability of the IPT using a chemistry model that
depends on the radial transport time, the source of neutral particles,
the oxygen-to-sulfur ratio and the fraction and temperature of the
hot electrons. Their results were then compared with observations
of the IPT performed by Voyager 1, Voyager 2 and Cassini. They
found remarkable differences in the torus properties between those
missions: the electron density was 1800-2200 cm~2 for Voyager 1,
2600-3400 cm 3 for Voyager 2 and 1700-2000 cm 2 for Cassini. The
density we derived from PJ 10, 11, 31 and 32 are compatible with
these values for the different epochs. The density of PJ 10 and 32 is
compatible with the density observed during Voyager 2, the density
of PJ 31 with the observations of Voyager 1 and the density of PJ
11 with the measurements of Cassini. It is interesting that the IPT
might have lost 25%, and potentially more, of its electron density from
PJ 10 to PJ 11 in only ~50 days. Nerney and Bagenal (2020) used
a chemistry model to investigate the plasma properties of the IPT
and compared the expected spectral emission with the observations
made by Cassini-UVIS. The electron density in that work is ~1900
cm ™3, while the ion temperature is 60-70 ¢V for S, S3*, O and O?*
(corresponding to St ~0.75 in the present model), ~100 eV for ST
(corresponding to Sy ~1.25) and ~90 eV for the protons. Therefore,
the electron density and temperature we obtained for PJ 11 and 31
suggest that the IPT was in a state similar to that observed during
the Cassini epoch rather than during the Voyager 1 and Voyager 2

epochs.
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e Juno. The Juno spacecraft performed several radio occultations of
the IPT and thus it has been able to probe directly the total electron
content (TEC) between the spacecraft and the ground station (see
section 6.3 for more details on the radio occultations), thus they can
be used to determine the electron content of the IPT. By analyzing
the radio occultations from PJ 1 to 15, Phipps et al. (2021) reported
that the maximum TEC of the warm torus is 24 hexem on average
(1 hexem = 10 electrons m~?) and varies between 17 and 29 hexem.
Moirano et al. (2021a) analyzed the radio occultations from PJ 1 to
25, assuming that the radial density distribution of the warm torus
outside 5.5 RJ can be modeled by a Gaussian profile NV exp[ — (TV_VIE)Q} ,
with R = 5.7 R; and W=1.5 R, while N is a free parameter for the

peak electron density. The electron density reported in that analysis
3

is ~2500 cm™ on average, with variations between 1400 cm™3 and
3400 cm~3. These large variations in electron density based on Juno
radio occultations are roughly compatible with the different torus
conditions observed during Voyager 1 (~2000-2500 cm~—3), Voyager 2
(~2600-3400 cm—3) and Cassini (~1700-2000 cm~3) (Delamere and
Bagenal, 2003). The electron density reported in the present study
is between less than 2000 cm™ and 2750 cm ™3, in agreement with
the results from the radio occultations. More specifically, the radio
occultation during PJ 11 showed a remarkably low electron density
compared to other orbits, while the torus appeared slightly thicker
(Moirano et al., 2021a; Phipps et al., 2021). This suggests that the
position of the IFP of PJ 11 in panel (b) of Fig. 6.4 may be explained
by a density depletion rather than a temperature drop. PJ 11 showed
evidence of strong magnetospheric activity, which was detected by
the Juno magnetometer as a high number of reconnection events
associated with plasmoid ejection in the magnetotail (Vogt et al.,
2020). At the same time, both Juno and HST reported a dawn storm
(Bonfond et al., 2021; Nichols et al., 2020), which are usually associated
with large scale magnetotail reconfigurations, but not the global main

auroral brightening typically associated with a solar wind compression
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(Yao et al., 2022). On the other side, Huscher et al. (2021) reported
particularly low density in the middle magnetosphere during PJ 12,
but not during PJ 11, for which they do not record any remarkable
feature. A comprehensive analysis of the above-mentioned datasets
to determine the timeline of events of PJ 11 is not tackled in this
thesis, but the position of the IFP can be used as an additional piece

of evidence to pursue that goal.

Hisaki and Cassini. The IPT response to strong mass loading events

was studied using the Cassini fly by during the period October 2000
- March 2001 (Delamere et al., 2004) and Hisaki monitoring from
2013 to 2015 (Yoshioka et al., 2018). By using the Cassini-UVIS
measurements, Delamere et al. (2004) concluded that the electron
density initially decreased from 2500 cm™ to 2200 cm™ in about 25
days, and it increased up to 2700 cm~3 in the next ~75 days. At the
same time, the ion temperature increased from ~50 eV to ~110-140
eV in about 30 days and then it fell back to the pre-event value in
the following 30 days. Yoshioka et al. (2018) compared the Hisaki-
EXCEED spectroscopic observations during a low-mass loading period
(November 2013) with the measurements of a period of high loading
(February 2015). The evolution of the brightness of the torus detected
by Hisaki was similar to the one observed by Cassini, so they suggested
that there was a similar trigger (that is: a major volcanic outburst) in
2000 and 2015. The electron density estimated during the February
2015 event is 28604260 cm ™3, to be compared with the density of the
quiet period in November 2013 of 23504340 cm 3. The brightness
enhancement in 2015 lasted for about 3 months, and then it came back
to the quiet period level. The density increases observed by Cassini
and Hisaki are similar to the electron density found for PJ 32 and
marginally for PJ 10. Major volcanic outbursts such as the ones in
2000 and in 2015 are expected to be quite rare, approximately one
every ~bH-10 years, even though our knowledge of the frequency of

such events is affected by the impossibility of continuous monitoring
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of Io and the torus. Besides, there are no report of such events since
the arrival of Juno at Jupiter. Therefore, it appears unlikely that the

density reported for PJ 10 and 32 was caused by one of these events.

6.1.5 Source of Variability

As discussed in section 2.1, the IPT exhibits different types of variability,
that is, System III and System IV variations, temporal variations and local
time variability (Bagenal and Dols, 2020). This classification is rooted in
the underlying physical processes that drive each type of variability, but
there is a mutual influence. For example, mass loading into the IPT can
cause a radial displacement of the torus barycenter (Brown and Bouchez,
1997) - thus increasing the dawn-dusk asymmetry - as well as a change in
the System IV periodicity (Tsuchiya et al., 2019). System IIT and System IV
modulations create a beat that can be detected in the UV brightness (Steffl
et al., 2006). In this section, we discuss each type of variability separately for
sake of clarity - bearing in mind the above-mentioned interplay - to explain
how the torus variability can affect the IFP and what types of variations are
compatible (or detectable) using footprint position. For the cases presented
in Fig. 6.4, System III variability can be ruled out, as the observations were

performed within a few degrees longitude.

o System IV Variability. System IV variability is difficult to infer from

the present data set. In the sensitivity test of section 6.1.2 we tested
different ion compositions of the IPT that are correlated with System
IV periodicity. The increase of O and S** at the expense of S*
and S%* causes a slight decrease of the Alfvén travel time, while ¢4
increases in the opposite case. Nonetheless, these changes affect the
Alfvén travel time by less than 2%, which implies that the position of
the IFP in these cases differs by ~30 km with respect to the position
predicted by the reference model. This difference is smaller that the
difference in the IFP position observed by JIRAM during PJ 10-31
and 11-32 in Fig. 6.4. Therefore, we suggest that System IV variability
has a negligible effect on the position of the IFP.
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Local Time Asymmetry. The ribbon region of the torus is located at a
radial distance from the spin axis of the planet of 5.564+0.07 R; on the
dusk side and 5.834+0.06 R; on the dawn side (Schmidt et al., 2018;
Schneider and Trauger, 1995; Smyth et al., 2011). The uncertainty

represents the System III modulation of the dawn-dusk asymmetry.

The ribbon is ~0.2 R; wide and has a similar vertical extension as the
warm torus, but its density is as high as ~3000 cm ™ and it consists
mainly of OF, S* and S** Bagenal and Dols (2020). As explained
in section 2.1, the torus dawn-dusk displacement is usually explained
by the presence of a dawn-dusk electric field, which depends on the
magnetic field as well as the plasma flow in the magnetotail (Barbosa
and Kivelson, 1983) and it might be affected by their dynamics and
variability (e.g.: Kennel and Coroniti (1977); Murakami et al. (2016)).
Therefore, the dawn-dusk asymmetry could be increased or reduced by
changes of the plasma flow in the magnetotail. Moreover, the direction
of the electric field appears to be tilted with respect to the dawn-dusk
direction by 15-20° (Sandel and Broadfoot, 1982; Smyth et al., 2011),
which corresponds to 7-7:20 and 19-19:20 hr in local time, instead
of at 6 and 18. For each set of observations in Table 6.2 and Fig.
6.4, one image was acquired near the dawn sector between 04:47 and
08:17 local time (i.e.: PJ 31 and 32). Nevertheless, those observations
do not always correspond to a density increase with respect to the
corresponding images taken at the same longitude, which might suggest
that Io did not entered the ribbon. Indeed, during PJ 31 (08:17 local
time) the best fit density was lower compared to PJ 10 (02:07 local
time). On the other hand, PJ 32 (04:47 local time) showed a remarkable
density increase compared to PJ 11, which occurred at 22:37 local time.
Another interpretation of this results might lie in the variability of
the ribbon itself. For example, the Plasma Wave Subsystem onboard
Galileo reported no signs of the presence of the ribbon along the JO
flyby in December 1995 (Bagenal et al., 1997); instead, the electron
density in the same region was only a few hundreds cm™3 at the

typical location of the ribbon, while the electron density at Io orbit
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was surprisingly large (~4000 cm™3). The hypotheses proposed at
that time was that either the ribbon was not present or that Io was
located in the ribbon at the time of the JO flyby. The n.y obtained
from PJ 10 and 31 suggests that the ribbon was not present at the
time of the PJ 10 observations and that Io was in a transition region
between the warm and cold torus. Additionally, the supply of material
from the torus to the magnetosphere can affect the plasma flow in the
magnetotail and, hence, the dawn-dusk electric field. It was observed
that the dawn sector of the IPT shifts dawnward by ~0.3 R; during
periods of increased IPT mass (Brown and Bouchez, 1997), but the
dusk sector remains in place. This effect might have displaced the
dawn sector more dawnward during PJ 32 than PJ 31, so that Io was
orbiting within the ribbon at that time; nevertheless simultaneous
observations of the IPT are needed to confirm any mass loading events.
Furthermore, based on brightness observations of the IPT by Hisaki,
it was suggested that a solar wind-driven compression of the Jovian
magnetosphere can increase the dawn-dusk field, hence shifting the
IPT dawnward by ~0.2 R; (Murakami et al., 2016), although this shift
could not be measured simultaneously by Hisaki itself. The reliability
of solar wind propagation models based on near-Earth measurements
decreases near solar conjuction (Zieger and Hansen, 2008) and, at
the time of the JIRAM observations reported here, the Jupiter-Sun-
FEarth (JSE) angle was -155°, -100°, 145° and 180° for PJ 10, 11, 31 and
32 respectively. Besides, the uncertainty on the timing of compression
events from these propagation model is ~15 hr during opposition, and
rapidly increases with the JSE angle. This, with the limited data
set used in this work, prevents a statistical analysis to potentially
correlate the solar wind variations with the IPT. Lastly, the density
does not increase monotonically from the warm torus to the ribbon.
For example, in Fig. 6 of Dougherty et al. (2017), the data shows a
small dip of a few hundreds cm ™2 between the two regions (called "the
gap" (Herbert et al., 2008)), which could be consistent with the results
in Table 6.2.



128

CHAPTER 6. CONSTRAINING THE 10 PLASMA TORUS AND
DETERMINING ITS VARIABILITY

Temporal Variability. If the other types of variability can be quite

confidently excluded - such as System III and IV in the previous part
of this section - or less confidently - such as local time asymmetries -
the only other source of variability may lay in the temporal variability
of the IPT and its mass loading. Indeed, in principle any variation
in the supply of material into the IPT can affect its density and tem-
perature (e.g.: Delamere et al. (2004); Yoshioka et al. (2018)), which
in turn affect ¢4 in Eq. 3.32 and thus the position the MAW spot.
The loading can be caused by internal or external sources. "Internal
sources" means that the plasma comes from the local interaction be-
tween lo, the neutral cloud along its orbit and the magnetospheric
environment, while a driving mechanism that lies outside the plasma
torus can be referred to as an "external source". The volcanic activity
on lo is the ultimate internal source. The various types of hot spots
(Lopes and Williams, 2015) on Io’s surface eject material (such as
Na, NaCl, SO,, SO and K) that likely do not directly contribute to
plasma loading and scatters in Io atmosphere. SO, is the dominant
species in the atmosphere of the satellite, and it is sustained by either
sublimation from the surface or by direct volcanic input (Roth et al.,
2020). Both the atmosphere and the ionosphere interact with the
plasma environment, providing S and O atomic neutrals - mainly
by impact dissociation - and ions - mainly by electron impacts and
by charge-exchange reactions (Bagenal and Dols, 2020). Due to the
challenge of a continuous and simultaneous observation of the IPT,
the neutral cloud and To (both its atmosphere and its hot spots), there
are still no definitive evidence on the mechanism driving the interplay
between the variable volcanic activity observed on Io (e.g.: de Kleer
et al. (2019); de Pater et al. (2017)), its atmosphere and the mass
loading into the magnetosphere (Roth et al., 2020). More evidence
are expected in the future, thanks to Earth-based monitoring (Mor-
genthaler et al., 2022b) and from Juno dust observations (Jgrgensen
et al., 2020). As an external source, it was suggested that a global

reconfiguration of the Jovian magnetosphere might drive injections of
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electrons from the middle and outer magnetosphere toward the inner
magnetosphere (Louarn et al., 2014). These injections might affect the
temperature and density of the IPT, and thus the local interaction
at To, ultimately determining the neutral supply and eventually the
torus plasma loading—at least partially (Morgenthaler et al., 2022a).
Unfortunately, no clear evidence or in-depth studies of this process
are currently available. Given the complexity and the uncertainty on
the above-mentioned processes, relying only on the footprint positions
reported in this work to determine mass loading events appears overly
ambitious. Nevertheless, the images shown in Fig. 6.4 show evidence
of variability in the plasma environment around Io. Therefore the
auroral imaging of the IFP can help to reconstruct the timeline of the

mass loading (or depletion) events that can occur in the IPT.

6.1.6 Conclusions

The present section represents the first attempt to constrain the plasma
distribution along magnetic field lines crossing the Io Plasma Torus (IPT)
and its variability by analyzing the auroral footprints of lo in the Jovian
ionosphere. This is possible thanks to the unique vantage point offered by
Juno’s polar orbit, together with the high spatial resolution of the JIRAM
instrument onboard the spacecraft. Deriving quantitative information on
the plasma torus and its variability from the Io footprint position can help
complement Earth-based and in-situ observations that aim at understanding
the complex interplay between lo, the IPT and the Jovian magnetosphere,
especially regarding the changes in plasma supply within the torus. The
variations of the properties of the IPT can be classified into four main types,
namely: System III and System IV variations, local time asymmetry and
temporal variations. In the present work, System III variations are not
addressed by choosing images with similar longitudinal position of Io. In
order to study the other types of variability, we determine the location of the
auroral footprint by calculating the travel time for an alfvénic pertubation

produced at o to reach the Jovian ionospheres. The path traveled by the
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alfvénic perturbations and the position of the Io footprint depend on both
the geometry and strength of the magnetic field and the plasma distribution
along the field lines. Hence, we adopted a reverse approach: using the
observed position of the Io footprint to determine the state of the IPT at
different epochs. The Alfvén travel time is computed using the recent JRM33
magnetic field model based on Juno’s observations (Connerney et al., 2022)
and a prescribed plasma density distribution along the field lines (Dougherty
et al., 2017). After the sensitivity tests in section 6.1.2, we describe the
plasma distribution along the field lines with two main parameters, that is:
the ion average temperature and the equatorial electron density. Although
density and temperature are degenerate parameters in the present analysis
(see Eq. 6.5), the parameter spaces that best match the JIRAM observations
shown in Fig. 6.4 do not overlap (see Fig. 6.3): this suggests the plasma
environment around Io changes independent of the System III longitude.
We tested different mixing ratio of O, S*, S** and S3* to investigate the
sensitivity of the model, and we found that variations of the these mixing
ratios correlated with System IV variability have little effect on the position
of the footprint. Therefore, it is unlikely that the variability detected in
the JIRAM images was caused by the System IV periodicity. Moreover, we
are not able to unequivocally determine if the variations of the Io footprint
position are caused either by a local time asymmetry or by the temporal
variability of the Io torus. Nevertheless, we can constrain the parameter
space of the IPT by fitting the position of the Io footprint: this technique
can thus be used to support the investigation on the interplay between Io,

its torus and the magnetosphere.

6.2 The Tracks of the Io, Europa and
Ganymede Footprints

The method explained in section 6.1 is validated by a limited number of
JIRAM images, as shown in Fig. 6.4 and Table 6.2. Indeed, the dataset

used for the analysis presented in section 6.1 has been selected according to
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three criteria (as explained in that section), the most restrictive one being
taking the observations with Io at nearly the same System III longitude
over different orbits. Therefore, the System III variability of the IFP
was ruled out, and the IFP position was used to investigate other, less
known variabilities. This approach has proved both the possibility to detect
variations in the IFP position with Juno-JIRAM and to derive quantitative
results from those data. The next step is gathering the full database of
the IFP observations to be used to derive a global monitoring of the IPT
during the Juno mission. JIRAM has been able to observe the auroral
footprint of Europa and Ganymede as well, which in principle can be used
to perform a similar analysis the one presented in section 6.1, hence their
position have also been collected. The analysis of the plasma environment
at Europa and Ganymede from their footprints has not been performed yet;
nevertheless, they are reported in the present section, as the inspection of
the database made by the footprint position of the three moons is used for
secondary - but fundamental - analyses. Moreover, the present section uses
the same analysis method for the three footprints, hence gathering only
the IFP data would have represented a probable waste. The availability
of the dataset presented in this section is also relevant for complementing
the in-situ particle an field measurements that Juno has been performing
during the flybys of the satellites, and all the observations that can be used
to derive information about the environment of the moons are crucial to
support future missions, such as Juice and Europa Clipper, which will focus
on the Jovian moons. Moreover, the results here presented will help to test
the reliability of magnetic field models by comparing JIRAM observations
with the foot of the magnetic shell of Io, Europa and Ganymede predicted
by such models. Lastly, the MAW spot can be a reference for calibrating
Earth-based observations: this will help to better determine the position of
the aurorae observed from near Earth, hence improving the quality of the
analysis based on those data.

It’s worth mentioning that, despite the six years of data gathered by
JIRAM and the multple detection of the Io, Europa and Ganymede foot-

prints, there has been no clear evidence of the Callisto footprint so far. This
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is not surprising, as the electron precipitation associated with Callisto is
expected to be far weaker than the precipitation due to the other three
Galilean moons (Saur et al., 2013); moreover, Callisto footprint would be
observed very close or overlapping the main emission, whose brightness
likely outshine the auroral emission due to Callisto. For this two reasons,
the detection of the Callisto footprint is much more challenging than the
other three moons, even with an high-resolution in-situ imager like JIRAM,

and at present day we report no observations from the Juno mission.

6.2.1 The JIRAM Database and Fitting Procedure

We survey the observations performed since PJ 1 on August 27 2016 until
PJ 42 on May 23" 2022, and we used a 2D peak-finder routine (Natan,
2021) to determine the position of the emissions. For the MAW spots, we
gathered 259 images for To (130 north, 129 south), 127 for Europa (54 north,
73 south) and 234 for Ganymede (95 north, 139 south). This initial dataset
was then reduced to account for batches of images that show the same MAW
spot in the same sequence. Indeed, thanks to the high resolution of JIRAM,
these batches do not significantly improve the determination of the footprint
position with respect to a single image, but they statistically affect the result
of the fitting procedure. Hence, the data points from a single sequence were
binned in 500-km-wide bins, and the final dataset includes 115 data points
for To (56 north, 59 south), 55 for Europa (17 north, 38 south) and 83 for
Ganymede (32 north, 51 south). Additionally, we survey the position of
the Footprint Tail (FPT) downstream of the MAW spot to be compared
with the MAW spot position. To obtain the position of the footprint tail,
we used sequences - that is, tessellations of several consecutive images -
instead of single images. The lo Footprint Tail (IFPT) was observed in 170
sequences (57 north, 113 south), and the Furopa Footprint Tail (EFPT) and
Ganymede Footprint Tail (GFPT) in 58 (13 north, 45 south) and 65 (18
north, 47 south), respectively. The numbers of JIRAM observations used in

this section is reported in Table 6.3.
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Table 6.3: Summary of the dataset used in this work, the footprint charac-
teristics (size and lead angle) and the performance of the reference footprint
track obtained from JIRAM dataset. The manuscript reference sections are
reported in the first column. For the lead angle: the uncertainty represents
the variation due to the wiggling of the moon in the centrifugal frame, while
the parentheses contain the accuracy.

Io Europa Ganymede
dataset
(sec. 6.2.1)

MAW - North® 130(56) 54(17) 95(32)
MAW - South® 129(59) 73(38) 139(51)
Tail - North® o7 13 18
Tail - South® 113 45 A7

MAW spot size (km)
(sec. 6.2.1)
Longitudinal 438+156 538+206 958+120
Transversal 154£16 202424 200442
Vertical 38276 502360 (400)°
Fit residuals (km)
(sec. 6.2.2)
MAW - North 198 65 110
MAW - South 109 85 293
Tail - North 231 62 190
Tail - South 252 150 301
JRM33 residuals (km)
(sec. 6.2.2.1)
ord. 13t 512(424) 449(549) 600(881)
ord. 18t 484(451) 320(325) 441(600)
Lead angle (deg)
(sec. 6.2.2.2)
North 4242.4(0.1) 6.242.5(0.6)  1346(1)
South 4.14£2.0(0.1) 5.74£3.0(0.4) 11.9+3.5(0.4)

@ Number of single images. The parentheses contain the number of
images used in the fit.

® Number of sequences.

¢ Estimated.

Similarly to the analysis of section 6.1, the altitude of the peak emission

is estimated to occur at 600+£100 km above the 1 bar level of Jupiter’s
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atmosphere. Then, the position of the MAW and the footprint tails are
fitted by a Fourier expansion to determine their reference tracks. The fit
is performed for each feature (MAW spot or tail) of each moon at both
hemispheres separately. For each fit, the best value for the Fourier degree
is estimated by computing the mean weighted sum of squared residuals
(MWSSR) as function of the Fourier degree, that is:

Zi WiD?

MWSSR(N) = TGN +D

(6.7)
where D; is the i-th residual (i.e: the distance between the i-th data point
and the fitted curve), W; its normalized weight, L the number of observations
and N the degree of the Fourier expansion. The weights in Eq. 6.7 are

obtained from

1
Wi A2y A2 4 A2 (68)
and their normalization
W, = (6.9)

> Wi
The denominator of Eq. 6.8 represents the uncertainty on the position of
the MAW and footprint position, which includes three contributions: 1) the
uncertainty on the altitude of the emission, 2) the physical size of the MAW
spot and 3) the resolution of the image. The uncertainty A (k being an
zyz coordinate) on the position of the MAW spots is then computed as

T A% (6.10)

size

Ap = A2 + A2

where the three term on the rhs are the above-mentioned source of uncer-
tainty. The uncertainty Ay is computed by using the instrument pointing
provided by the Navigation and Ancillary Information Facility (NAIF) (Ac-
ton et al., 2018; Acton, 1996)) and by referencing the images at surfaces
at the different altitudes of 600£100 km. The longitudinal and transversal
size of the MAW spots (Agi.e) is estimated from images captured at an
emission angles <15°, while we selected images at emission angles >70° for
the vertical extension. Unluckily, no images of the GFP at high emission

angle are available. Nevertheless, the energy distribution of the precipitating
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electrons associated with the GFP is similar to the distribution of the EFP
and IFP, thus we can assume that the vertical extension of the GFP is also
similar to the other two. The longitudinal-transversal-vertical size of the
footprints is reported in Table 6.3. The higher longitudinal size of the GFP
is due to the presence of two lobes in the MAW spot, which are potentially
caused by the geometry of the intrinsic magnetic field of Ganymede. The
uncertainty A,;.. of the footprint tail in takes into account its transversal

and vertical extension.

6.2.2 Results and Discussion

In panel a and b of Fig. 6.5, we report the position of the MAW spots and
the footprint-tail positions respectively, alongside the results of the fitting
procedure of the previous section. Each point is color-coded according to its
local time and two palettes were used to highlight any potential indication
of local time variations. The best value for the Fourier-expansion degree N
was determined to be 9 in the north and 5 in the south. In the this work,
relative distances on the Jovian surface - such as potential model-observation
discrepancies or the distance between two features - are usually reported in
kilometers. These can be approximately converted into angular distances

with the following formula:
Ar = R(0)A0 (6.11)

where Ar is the distance given in kilometers, Af the angular distance
corresponding to Ar, and R(#) is given by Eq. 5.1.

In panel (a) of Fig. 6.5, in the north, only about half of each track is
sampled by the JIRAM observations. JIRAM was able to observe IFP and
GFP at 60°-120° and around 140° longitude respectively, while there are
only a few observations for Europa around 120°. In this region, we observe
deviations between the fit and JRM33+Con2020 up to ~1000 km. Poleward
deviations of about 1000 km between the GFP track and the model can
also be noticed at 240°-280° longitude. In the southern hemisphere the

coverage is almost complete, the largest gap being in the GFP between 0°
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and 40° longitude. Between 210° and 320°, the fit to the IFP, EFP and
GFP are poleward of JRM33+Con2020 by up to ~600, ~400 and ~200 km,
respectively. Between 60° and 120° longitude, the GFP appears displaced
poleward when it is observed in the dusk sector, while it is equatorward
in the dawn sector. For each fit, we computed the root mean square (rms)
of the residuals Ry = \/m, which are 198, 65 and 110 km for Io,
Europa and Ganymede in the north respectively, and 109, 85 and 293 km in
the south.

In panel (b), we report the same plots as in panel (a) showing the position
of the footprint tails. The data coverage of the IFPT is almost complete
and the only gap is around 150°-160°. This improvement is due to the long
extension of the IFPT (Bonfond et al., 2017b; Mura et al., 2017, 2018). All
the differences between the MAW spot position and JRM33+Con2020 are
also observed in the plots of panel (), as well as the transversal variability
of the GFPT between 60° and 120° longitude. The rms of the residuals Ry
obtained from the footprint tails are 231, 62 and 190 km for Io, Europa and
Ganymede in the north, respectively, and 252, 150 and 301 km in the south.
The rms of the residuals is also reported in Table 6.3.

The fitted footprint tracks of panel (a) and (b) of Fig. 6.5 are compared
Fig. 6.6 and they are largely compatible within the rms of the residuals.
Therefore, we suggest that both the MAW spots and the footprint tails can
be used interchangeably to determine the reference ovals of the footprint
tracks.

To highlight the variability of the position of the footprints, we computed
the lead angle (Hess et al., 2010b; Hue et al., 2023), which is computed by
first tracing the MAW spot position along the magnetic field to the equatorial
plane and then computing the angular separation with the corresponding
moon at the same epoch. This quantity depends on the Alfvén travel time
between the satellites and the Jovian ionosphere, so it contains information
about the magnetic field and plasma mass distribution in the magnetosphere.
In Fig. 6.7, we report the lead angles relative to the observations of Fig. 6.5.
The lead angle is fitted with a periodic function Ly + ALcos(\ — ¢), where
Lo, AL and ¢ are free parameters and A is the longitude of the satellites.
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FIGURE 6.5: (a) Position of the MAW spot of lo, Europa and Ganymede in
the north and south (left and right columns, respectively). The data are color-
coded according to the local time of the footprint. The grey continuous line is
the fit to the data, the grey dashed line is the footprint track predicted by the
JRM33+Con2020 magnetic field model. (b) The same as in panel (a), but for the
position of the footprint tails.
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Fit vs Model

Bonfond+2017 (HST)
Hue+2023 (UVS)

MAW fit (JIRAM)

tail fit (JIRAM)
JRM33+Con2020 (ord 18)
JRM33+Con2020 (ord 13)

FIGURE 6.6: Comparison among the fits obtained from the MAW spots (grey
line) and the footprint tails (black line), the JRM33+Con2020 model expanded
up to order 13" and 18" (blue dotted and blue dashed lines, respectively) and
the observations performed by HST (green points, from Bonfond et al. (2017b))
and Juno-UVS (red points, from Hue et al. (2023)). The grey and black lines are
surrounded by thin dotted lines of the same colors: they represent the confidence
of the two fits, respectively. The background contours are the magnetic field
magnitude at the surface according to JRM33+Con2020 to order 18"

The results of these fits are presented alongside the plots of Fig. 6.7 and

summarized in Table 6.3.

6.2.2.1 Validation of JRM33+Con2020 Magnetic Field Model

We computed two predictions by expanding the spherical harmonics of
JRM33 up to order 13" and 18", which are the recommendations in the
original work by Connerney et al. (2022), depending on the level of confidence
of the magnetic field coefficients. In Fig. 6.6, the two expansions show
differences in the longitude sector between 270° and 170° in the northern
hemisphere. Thus, we compare the rms R;3 and R;g of the distance between
JIRAM data and the two JRM33+Con2020 predictions in the northern
hemisphere (the two expansions lead to very similar footprint tracks in the
southern hemisphere). For o, we obtain Ry3 = 512 km and Ryg = 484 km
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FIGURE 6.7: Left: Lead angles of the Io, Europa and Ganymede MAW spots
in the northern hemisphere. The data are color-coded according the local time.
The black line is the fit with a first-order Fourier expansion, the grey shaded
area the associated 95% confidence interval. The red dotted line and the red
shaded area are the fit to the lead angle derived from Juno-UVS observations
(Hue et al., 2023). In each plot, we report the parameters obtained by fitting
Lo+ ALcos(A — ¢) to JIRAM data. Right: the same as panel on the left, but for
the southern hemisphere. The boxes labelled a, b and ¢ highlight cases of high
variability (see also Fig. 6.9).

from the MAW spot position and Rj3 = 424 km and R;g = 451 km from the
tail position. Indeed, in the longitude sectors 300°-330° and 100°-130°, the
order 18" better matches the JIRAM data, while the order 13" is better
between 30° and 100°. Instead, for Europa and Ganymede, R;g is smaller
than Ri3 for both the MAW spot position and the tail positions. For Europa
we obtain Ri3 = 449 and 549 km for the two features respectively, and Rig
= 320 and 325 km, while for Ganymede R;3 = 609 and 881 km, and Rz =
441 and 600 km. The rms of the difference between the fit based on JIRAM
data and the predictions based on JRM33+Con2020 is summarized in Table
6.3.

According to the residual analysis presented here, we thus suggest ex-

panding the JRM33 spherical harmonics up to order 18 for mapping the
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magnetospheric region from around Europa to Ganymede to the northern
hemisphere of Jupiter. For Io, both expansions of JRM33 appear overall
equally valid, although the expansion up to order 18" should be preferred
in the longitude sectors 300°-330° and 100°-130°. For mapping towards the
southern hemisphere, there is no preferred choice of the order expansion, as
both order 13" and 18" lead to the same prediction within JIRAM spatial

resolution.

6.2.2.2 Variability of the Footprint: Transversal Shift and Lead
Angle

As explained in chapter 3, the position of the MAW spots depends on the
shape of the Alfvén wings, which, in turn, are determined by the magnetic
field and by the plasma distribution in the magnetosphere. Therefore,
in principle, any variation in the position of the MAW spots should be
attributed to changes in either the plasma environment and/or the magnetic
field. Here, the variability of the footprint positions is deduced by inspecting
cases of transversal shift (with respect to the direction of the footprint) and
the lead angle associated with each MAW spot.

In Fig. 6.5, the GFP exhibits transversal displacements, which is also
reported in Figure 6.8 for a better view. JIRAM was able to observe the GFP
in both hemispheres during PJ 1, PJ 4 and PJ 7; among these, Ganymede
orbited in the same longitude sector during both PJ 1 and PJ 4. These two
orbits allowed to sample the GFP track at 140° longitude and 60°-70° latitude
north, where no clear evidence of latitudinal displacement is observed. Local
Time (LT) of the northern MAW spot during PJ 1 and PJ 4 was 4-5 hr
and 7-9 hr respectively, thus both observations were in the dawn sector. In
the southern hemisphere, the GFP was observed at ~-66° latitude, between
70° and 80° longitude during both orbits, showing an latitudinal offset of
0.75£0.19°, which corresponds to a transversal displacement of 880+220
km. The LT of those observations was 11-12 hr for PJ 1 (dawn sector,
with the footprint equatorward displaced) and 15 hr for PJ 4 (dusk sector,
with the footprint poleward displaced). This suggests that the variability of
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the GFP position reported here might be due to a local-time asymmetry.
Further evidences can be observed in the GFP and the GFPT position in

the southern hemisphere at:

e ~165° longitude, where the MAW emission during PJ 25 (LT = 14
hr) was equatorward with respect to PJ 21 (LT = 2 hr) and 32 (LT =
5 hr) by 0.340.1°, or 370+140 km;

e ~310° longitude, where the tail during PJ 10 (LT = 19) was poleward
with respect to PJ 19 (LT = 4) and PJ 33 (LT = 12 hr) by about
0.610.3°, or 660+330 km.

We also looked for a potential day-night correlation (not shown), but the
transversal shift shows no systematic dependency with this criterion. The
transversal displacement of the GFP has already been observed by HST
(Grodent et al., 2008) and it have been explained by variations in the plas-
madisk mass and/or radial transport (Promfu et al., 2022). Although the
observations performed during PJ 1 and PJ 4 suggest local-time variabil-
ity, we cannot completely rule out a global variation of the plasmadisk.
Nevertheless, this change should have occurred over less than 10 hours in
order to explain the different north-south displacement observed by JIRAM.
Unfortunately, JIRAM did not record the GFP crossing from the dawn
to the dusk sector (or vice-versa), which might have represented stronger
evidence of its local-time variability.

The lead angle in Fig. 6.7 helps to detect evidence of longitudinal
variability between different orbits. In the north, we report a single case
for Io at ~290° between PJ 20 and PJ 34, and one for Ganymede between
90° and 135°, where the lead angle of PJ 1 was larger than the one of PJ
4,9, 32 and 37. In the south, we identified several cases: for Io there is
PJ 11-32 at 170° longitude; for Europa PJ 18-32 at 120°, PJ 8-40 at 135°,
PJ 14-29 at 160°, PJ 7-37 at 255° and PJ 7-26 at 265°; for Ganymede PJ
1-4 between 90° and 120°, PJ 4-7 at 160° and PJ 30-33 and PJ 10-19, both
around 300°. For each satellite, we select one example pair of observations,

labelled a, b and ¢ in Fig. 6.7, and reported in Fig. 6.9. Case a shows
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FIGURE 6.8: Longitude-latitude plot of the position of the MAW spot (top) and
tail (bottom) of the Ganymede footprint. The warm colors represent observations
on the dusk sector (points below the fit dotted line), the cold colors observations
on the dawn sector (point above the fit line). The black line is the prediction
based on the JRM33+Con2020 model.
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the IFP during PJ 11 and PJ 32, with lead angles 4.7£0.2° and 6.040.3°,
respectively. This pair of observations was analyzed in Moirano et al. (2023)
(see section 6.1), where the difference was attributed either to changes in the
state of the IPT (Bagenal and Dols, 2020) between the two orbits or to the
local-time asymmetry of the plasma torus. Case b shows the longitudinal
displacement of the EFP by comparing PJ 7 and PJ 37, when the lead
angle was 4.3+0.8° and 7.540.5° respectively, while Europa was at the same
longitude within less than 1°. In case ¢, the GFP exhibits both transversal
and longitudinal displacement by comparing PJ 10 and PJ 19 (lead angle
7.540.5° and 13.8+0.5°, respectively). The transversal displacement in case
¢ can be ascribed to a local time asymmetry as discussed in the previous
paragraph, but we found no clear local-time dependency of the lead angle.
A summary of the best-fit values of the lead angle is given in Table 6.3.
The longitudinal and the transversal displacements of the footprints can
be explained by two different processes. The former can be caused by a
change in the Alfvén travel time - which corresponds to a variation in the
plasma environment - or to a change in the radial current of the plasmadisk
- which causes an azimuthal stretch of the magnetic field lines. On the
other hand, a transversal displacement can be explained by the satellites
connecting to different magnetic shells, which can be due to variations in
the azimuthal component of the magnetodisk current that radially stretches
the magnetic field. See also section 2.2 and Fig. 2.4 for a description of the
relation between the magnetic field geometry and the plasmadisk currents.
In either case, the variation of the footprint position is due to a different
mapping between the satellite position and its associated auroral emission.
We estimated the longitudinal and transversal displacement by changing
the radial current of the Con2020 model poIr/2m between 7.7 and 35.2 MA,
and the azimuthal current oIy p/2 between 124.2 and 156.1 nT, according
to the Juno magnetometer data (Connerney et al., 2020). The predicted
longitudinal shift is approximately 70, 200 and 450 km for Io, Europa and
Ganymede respectively, while the transversal shift is about 100, 250 and
650 km. For Io and Europa, these values are similar to or smaller than

the footprint size; hence it appears unlikely that the variability observed at
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FIGURE 6.9: Examples of variation in the MAW spot position for Io (left),
Europa (center) and Ganymede (right). The orange dashed line is the satellite
footprint track according to JRM33+4Con2020, the cross is the magnetic footprint
of each moon at the time of the acquisition of the image. The System III longitude
of the satellites is reported above each image. The white arrows point to the MAW
spot in each image. The lo case is thoroughly analyzed in section 6.1. Notice how
the MAW spot appears at different positions between the two rows despite the
similar satellite longitude of each column. To highlight the difference, the white
bar in each of the top images has the same size as in the bottom images, and it is
aligned with the magnetic footprint. We suggest that the difference between the
top and the bottom observations is due to different magnetospheric conditions
that affect the propagation of the Alfvén waves. More details are discussed in
section 6.2.2.2.
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those moons is caused by changes in the plasmadisk currents. Furthermore,
both the IFP and EFP exhibited lead angle variations, but no transversal
variation, which suggests variations in the plasma environment around the
two satellites. On the other hand, the GFP displacement in Fig. 6.5 and 6.8
may be compatible with magnetodisk variations such as the ones detected
by the Juno magnetometer. Thus, we suggest that the variations in the
GFP position can be caused either by local time asymmetry and temporal
variations of the magnetodisk currents or changes in the plasmadisk mass
content.

In summary, the GFP position can exhibit latitudinal shifts, which are
suggested to be due to a local-time asymmetry of the magnetosphere. This
is supported by the observations at the southern hemisphere, where the
GFP has been detected at different latitudes by 0.75+0.19° while being in
different dawn-dusk hemisphere. The same shift was not observed during the
same PJs at the northern hemisphere. Moreover, the lead angle associated
with o, Europa and Ganymede shows variability by comparing observation
with the satellites at the same System III longitude at different epochs.
This implies a variation in the Alfvén travel time, which determines the
mapping between the moons and their emission (e.g: Hinton et al. (2019);
Moirano et al. (2023)). This might be caused by either a change in the
plasma conditions or a transient longitudinal stretching (or contraction)
of the magnetic field, which in turn can be due to variations in the radial
plasmadisk currents. Only the GFP position shows latitudinal variations,
which may be ascribed to the radial stretching of the magnetic field, caused
by changes in the azimuthal plasmadisk currents. The JIRAM observations
are in agreement with the magnetodisk currents estimated by the Juno-MAG

instrument (Connerney et al., 2020).

6.2.2.3 Comparison with Juno-UVS and Hubble Space Telescope

In Fig. 6.6, we compare the fit obtained from the MAW spot and tail
positions against the ultraviolet observations performed by HST Bonfond
et al. (2017b) and Juno-UVS Hue et al. (2023). For the IFP in the north,
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the HST observations are systematically equatorward with respect to both
the JIRAM-based fits and UVS data. In the south, the HST observations
usually lie equatorward with respect to the Juno measurements roughly
between 30° and 120° longitude, while at the other longitudes the data
from the two spacecraft agree within the HST uncertainty. The HST data
of the GFP between 40° and 60° longitude seems to suggest a transversal
shift of the GFP of about 2400 km between September 2009 (poleward) and
December 2000, January 2001 and May 2007 (equatorward). We inspected
the local-time distribution of these observations, but we found no clear
evidence of local-time dependency as in the JIRAM data. Lastly, the lack
of observations in the northern hemisphere during September 2009 prevents
a north-south comparison of this shift.

The referencing of the HST images onto the Jovian surface is radically
different from the one used for Juno. For HST, the inferred position of the
footprints relies on the localization of the planetary center, which in turn
is determined by fitting the planetary limb in the HST images themselves
(Bonfond et al., 2009). On the other hand, Juno-based observations are
localized using the spacecraft ephemeris and the instrument pointing, which
are provided by the Navigation and Ancillary Information Facility (NAIF)
(Acton et al., 2018; Acton, 1996). Therefore, the different referencing
procedures for HST and Juno might be the root cause of the discrepancy
among the observations performed by the two spacecraft. Now, thanks to the
fits in Fig. 6.5, it becomes possible to automatically compute the location
of Jupiter’s center relative to the IFP MAW spot for any HST image in
which the Io footprint is visible and use this spot to improve significantly
the referencing accuracy. This new method assumes that the location of
the MAW spot is stable through time at resolution of HST: both the data
shown in Fig. 6.5 and the lo lead angle in Fig. 6.7 suggest that the [FP
position varies only occasionally, thus we suggest that its MAW spot is a
reliable reference.

The Juno-UVS data in Fig. 6.5 are very consistent with the JIRAM
fits. In the north, the UVS observation of the IFP between 60° and 120°
longitude performed during PJ 8, PJ 12, PJ 15 and PJ 18 matches very
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well the fits in the same region, which was observed by JIRAM during PJ 4,
PJ 7, PJ 15 and PJ 18. The UV and IR measurements also agree between
250° and 290° longitude of the GFP, where they both show a poleward
displacement with respect to JRM33+Con2020. In the south, UVS data
shows the transversal displacement in the GFP at ~75°-90° longitude, where
the GFP was displaced poleward during PJ 7 (LT = 18 hr) with respect
to PJ 27 (LT = 8). Unfortunately, no measurements are reported in the
northern hemisphere during those PJss for comparison. In Fig. 6.7, the
lead angle derived from JIRAM data is compared with the one from UVS
data. For lo, the sinusoidal fit to the lead angle appears almost symmetric
between the two hemispheres, apart from a phase difference of 187+8°, and
it matches the result obtained by UVS. The lead angle phases are consistent
with the tilt of the centrifugal equator towards ~200° longitude (Moirano
et al., 2021a; Phipps et al., 2020) and the wiggling up and down of lo within
the Io Plasma Torus. The Europa lead angle is also consistent between the
two hemisphere, the phase difference being ~179422°. The Europa lead
angle is also compatible with the position of the centrifugal equator, showing
a maximum at 294+14° in the north and 208+£8° in the south. The UVS
results shows a larger lead angle than JIRAM, and the phase difference
between JIRAM and UVS is about 20° in the south. At Ganymede, the
amplitude of the lead angle in the northern hemisphere is larger than the
amplitude in the south (AL = 6£1° and 3.5£0.4°, respectively), and the two
fits are out of phase by 172+29°. Unlike the Io and Europa lead angles, the
Ganymede lead angle peaks at 63+£21° in the north and 23548° in the south,
while UVS data reported ~30° and ~220°, respectively. The differences
between the JIRAM and UVS lead angles at Europa and Ganymede might
be due to the different coverage between the two instrument, combined with
the intrinsic variability of these footprints.

To summarize, the Earth-based observations of the footprints from HST
do not always agree with the reference footprint track derived in the present
study. The most probable cause for such discrepancy is the limb-fitting
method used to determine Jupiter’s location in HST images Bonfond et al.

(2009), which is less accurate than using the instrument pointing from an
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in-situ spacecraft such as Juno. On the other hand, the footprint positions
from Juno-UVS images (Hue et al., 2023) agrees well with the reference
track obtained from JIRAM dataset. As the processing of JIRAM and UVS
data are performed independently, their mutual agreement supports the
validity of the reference track shown in Fig. 6.5. Nevertheless, the JIRAM
and UVS images shows differences in the footprint lead angle of Europa
and Ganymede. This difference between the two datasets might be caused
by either the intrinsic variability of the footprint positions or the different
coverage of the two instrument. A dedicated analysis would be necessary to

further address this question.

6.2.3 Conclusions

This section reported the full database of JIRAM observations of the foot-
print of Io, Europa and Ganymede, from August 2016 to May 2022. The
detection of the Callisto footprint is much more challenging than the other
three moons, due to the expected weaker precipitation and its overlap with
the main emission. Therefore, at the present day, we have not been able
to report any observation of the Callisto footprint. The main goal of this
section is to provide the reference tracks for the three footprints, which serve

a variety of purposes, here summarized:

e The footprint position can be used to test the reliability of magnetic
field models. By comparison with the Juno-based magnetic field model
JRM33+Con2020 (Connerney et al., 2020, 2022; Wilson et al., 2023),
we conclude that the model precisely predict the footprint tracks,
although variations up to ~1000 km are reported in the northern
hemisphere, as well as deviations up to ~600km in the south. We
recommend the expansion of the harmonics of the JRM33 internal
field up to order 18 for the Europa and Ganymede position. For
the Io footprint, the expansion up to order 18" works better in the
longitude sectors 300°-330° and 100°-130°, while we suggest the order
13" between 30° and 100°.
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e The positions of the MAW spots in JIRAM data agree very well with
the Juno-UVS observations, while the positions derived from HST
campaigns are occasionally systematically displaced (such as the IFP
north). Therefore, we suggest using the reference track reported in
the present manuscript to calibrate the localization of Earth-based
observations, when the MAW spot of the footprint can be identified.
Due to the variability of the Ganymede footprint (and of the Europa
footprint, to a lesser extent), we recommend using the Io footprint

whenever possible.

e The footprint position can be used to investigate the plasma envi-
ronment near the moons Moirano et al. (2023) by studying the lead
angle associated with the footprints themselves Hue et al. (2023). For
this reason, the footprints represent (a) a source of information that
complements the particle measurements carried by Juno during the
satellite flybys in its extended mission, and (b) a supporting dataset
for the next missions Juice and Europa Clipper, which are dedicated

to the Jovian major moons.

e We report the transversal shift of the Ganymede footprint by ~900
km (corresponding to ~0.8° in latitude, see Fig. 6.8), which appear to
be local-time dependent and it might be explained by variations in the
external magnetic field due to the plasmadisk current, that radially

stretches the magnetic field.

6.3 The Io Plasma Torus from JIRAM/UVS

Observations and Juno Radio Occultations

In this last section, the determination of the IPT conditions from the
footprint position described in section 6.1 is complemented by the radio
occultations performed by Juno. The goal is to extend the method of section
6.1 to the whole JIRAM dataset presented in section 6.2 and to determine the

plasma properties of the IPT over a long period of time (such the duration
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of the Juno mission), which is fundamental for both navigation and scientific
purposes. For example, the main driver of the Jovian magnetosphere is the
fast rotation of the planet and its magnetic field, which permeates the dense
Iogenic plasma, while the variability of the solar wind is relevant mostly
in the outer magnetosphere, and its effects decrease in the inner regions.
Both the plasma source and the solar wind are variable, and the dynamics
of the Jovian magnetosphere reflect the same variability, which is usually
detected by inspecting the auroral emission (see for example Promfu et al.
(2022); Vogt et al. (2019, 2022)). As there are no in-situ measurement of the
solar wind conditions at Jupiter?, the possibility of monitoring the internal
plasma source - the IPT - can help to determine if the variability of the
Jovian aurorae is related to the variability of the torus or to other, external
factor (e.g: the interaction with the variable solar wind, plasma injections
from the outer magnetosphere). Moreover, the plasma diffuses from Io’s
orbit to the whole magnetosphere, therefore, future missions to the Jovian

system might take advantage of the knowledge about its plasma variations.

According to the sensitivity test of section 6.1.2, the position of the IFP
is mostly sensitive to the the plasma temperature and density. The footprint
position depends on the Alfvén travel time, which can be estimated according
to Eq. 6.6, therefore density and temperature are degenerate parameters.
To break this degeneracy, the parameter space obtained from the JIRAM
observations is used to simulate several radio occultations of the IPT by Juno,
which are compared with the measurement acquired by the radio science
experiment. Indeed, the frequency of the radio communications between the
spacecraft and the DSN ground station is affected by the presence of plasma
between the transmitter and the receiver. The frequency shift due to the
plasma is proportional to the time derivative of the optical path of the radio

signal, which in turn is proportional to the total electron content (TEC)

4As mentioned in section 6.1.3, there are solar wind models that propagate its
conditions measured at Earth up to Jupiter. Nevertheless, the uncertainty on the timing
of the events is about 15 hours at best - that is: during opposition - and increases with
the JSE angle. As Jupiter and Earth are relatively close to opposition only for a short
period of the year, this uncertainty is a lower limit, which restricts the time scales of the
variability of the Jovian magnetosphere that can be ascribed to solar wind variations.
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along the line of sight between Juno and the ground station (more details are
presented in section 6.3.1). Thanks to the geometry of the spacecraft orbit,
the TEC recorded by Juno have a typical bell shape, whose peak is given
by the maximum TEC and the width is due to the vertical extension of the
IPT, in the centrifugal frame (see Fig. 6.10, and Moirano et al. (2021a) and
Phipps et al. (2021)). The vertical scale of the torus depends on the plasma
temperature (see Eq. 6.3), therefore, the ambiguity between plasma density
and temperature is solved when using the radio occultations. This section
is dedicated to exploring the potential of such analysis.

From PJ 1 to 43, JIRAM has been able to detect the IFP during 31 orbits
(13 of which at both hemispheres), while the available radio occultations are
26. At the moment, radio occultations that does not clearly show the IPT
signature are not considered. The number of orbits covered by both a radio
occultation and the detection of the IFP is 17 (9, if considering the detection
at both hemispheres). In order to have a more extended dataset of the IFP
position, the Juno-UVS data (Hue et al., 2023) are used to complement the
JIRAM ones. There are 9 radio occultations that cannot be compared with
JIRAM observations due to the lack of data: these can then be compared
with data from UVS, which reports at least one observation for the missing

orbits.

6.3.1 Multi-frequency Radio Occultations

A signal sent at a frequency fy across a medium and recorded at a later
time with a frequency f experiences a fractional frequency y that depends

on the optical path Al according to

f—fo  1dAl
N fo _C dt

Yy (6.12)
where d/dt is the time derivative. This shift is caused by both dispersive
effects - such as the presence of the plasma in the Jovian magnetosphere, the
solar wind and the Earth’s ionosphere - and non-dispersive effects - Doppler

and the tropospheric delay. In general, the optical path is related to the
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FIGURE 6.10: Top: sketch of the meridional projection of Juno trajectory near
perijove in the centrifugal frame. The dashed lines that cross the IPT are the
path of the radio communications. The dotted horizontal line represents the
centrifugal equator. Bottom: example of the IPT signature in the path delay (i.e:
the optical path difference between two bands of Juno’s radio communications)
observed during PJ 21. The path delay is proportional to the TEC, with a sign
change, and the signature around 04:50 is due to the presence of the IPT. The
red area represents the uncertainty due to the Earth’s ionosphere and solar wind
scintillation. The dashed vertical line is the time of the spacecraft closest approach
to Jupiter. The title on top reports the longitude and local time of the location
of the torus at 5.9 R; that intersect the radio link at the time of the closest
approach. The Sun-Earth-Probe (SEP) angle is also reported. The three colored
lines represent simulations obtained with three IPT conditions. The green one
corresponds to a torus whose ion temperature is 1.5 times the temperature of the
red line, but with the same peak electron density. On the other hand, the blue line
is obtained from the same ion temperature, but 1.5 times higher electron density.



6.3. THE IO PLASMA TORUS FROM JIRAM/UVS OBSERVATIONS
AND JUNO RADIO OCCULTATIONS 153

index of refraction n, of the medium:

Al=c / [, (y(7), 7) — 1)dr (6.13)

to

where the integration is carried from the transmission time ¢y and the
receiving time t along the line of sight v (Bertotti et al., 1993). If the
medium is a plasma, the index of refraction can be approximated as

, gene

N1 2 (6.14)
e 8m2f2 2mme f3 '

which holds for frequencies higher than the plasma frequency. For the uplink
frequency of Juno in the X band (~7.3 GHz), this approximation is satisfied
by electron density below ~ 6.5-10° cm™3. Substituting Eq. 6.14 into Eq.
6.13 the optical path can be related to the TEC between the transmitter
and the receiver:

2

B R

E— I{'/—
27Tm6f(? to fO2

Al =

(6.15)

where k = % is a constant factor. The TEC is usually measured is TECU
(TEC units) or hezems, which are both equivalent to 10'® electrons m=2. As
the optical path and the frequency shift are related by Eq. 6.12, it is possible
to derive a time series of the TEC by measuring the fractional frequency of
the two-way link between Juno and the DSN.

As mentioned in section 4.2, the radio instrumentation is capable of
supporting three types of link: X /X, Ka/Ka and X/Ka, where each of the
two bands is the uplink and downlink frequency, respectively. Among these,
two of them are used for each occultation. Indeed, while the present work
takes advantage of the dispersive frequency shift due to the plasma, the
gravity measurements aim at isolating the non-dispersive contribution of the
Doppler shift caused by the gravity field of Jupiter (e.g: less et al. (2018)).
To that end, a dual-frequency link is needed (more details are presented in
Mariotti and Tortora (2013)). Moreover, only the DSS 25 is capable of a
Ka uplink among the DSN stations, thus the need for a X/Ka link. To our

ends, it is instead necessary to extract the dispersive contribution from the
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radio link. To determine the total fractional frequency of the full two-way
link, consider first the two legs (uplink and downlink) separately (see Fig.
4.4 and Moirano et al. (2021a)):

yfzﬁ?ﬁ} (6.16)
g2 = fijJ;ij _ fij;?:fl%i (6.17)

where the apices U and D stands for uplink and downlink, f; and f;; are
the frequencies transmitted (in the i-band) and received (in the j band)
by the DSN station, fr; and fr; = «;fr; are the frequency received and
transmitted by the spacecraft (again, in the ¢ and j band) and c; is the
turnaround ratio, which ensures that there is no interference between the
uplink and the downlink. These two equations can be combined to remove
fri, which leads to

ai [yl +u + v +1) = fi (6.18)

Assuming that the fractional frequency is smaller than one, the term yY yg

can be neglected, thus it is possible to define a total fractional frequency
fig

Y., =
Y aijfi

ol 4ol = LA + AL + (AR, + AR (619)
where ND points out the non-dispersive contributions and Di (Dj) the
dispersive ones, which takes the form of Eq. 6.15. By having two links,
it is possible to compute the difference between the respective fractional
frequency: this removes the non-dispersive contribution in Eq. 6.19. Juno
performs two types of dual-link: X/X-Ka/Ka and X/X-X/Ka, therefore by
taking the quantities Yy x — Yraora and Yxx — Yx g, is is possible to estimate
the path delay (that is: the difference in the optical path between the two
links, which is the quantity shown in Fig. 6.10) and thus the TEC between
the spacecraft and the ground station. There are three major contributions
to the TEC: the IPT, the solar wind and the Earth’s ionosphere. The
TEC of the Io torus can be considered the same between the uplink and

the downlink, as the radio signal takes about 1 s between the inbound and
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outbound crossing of the IPT. On the contrary, the uplink and downlink
contributions of the solar wind and the ionosphere must be considered
separately, as the one-way light time between Juno and Earth is about 40
minutes. Therefore, the path delay of the Yxx — Ykarq link can be estimated

from

Yxx — Ykaka =

li[ .U 1 1 . D 1 1
= -2 [TECGy (5 — ) + TECqw ( - +
c W )2( fIQ(a W a2XXf)2( a%(aKafIQ(a
.U 1 1 - D 1 1
+ TEOz'ono<_ - _> TECiono( - ) +
f)2( fIZ(a a2XXf§( a%(aKafIQ(a
. 1 a3 1 1 o? 1
+ TECpr( 77 =% to_ Okaka )l (6.20)
fx oxx fia  kaka

while the Yxx — Yxx, link leads to

K, . D . D 1 o?
Yxx — YXK@L - _(TECSW—Hono—}_TECIPT)ﬁ(]' - QXX ) (621)
¢ Oy xfxx XX Ka
Indeed, the uplink contributions cancel out in the latter case, as the fractional

frequencies of the two links are both referred to the X band.

The path delay obtained by integrating either Eq. 6.20 or 6.21 contains
contributions of the Earth’s ionosphere and the solar wind that should
be calibrated and their uncertainties taken into account. The terrestrial
ionosphere is calibrated by using GPS data (Thornton and Border, 2000),
and its uncertainty is obtained from the archive of the National Centers for
Environmental Information of the National Oceanic and Atmospheric Ad-
ministration (https://www.ngdc.noaa.gov/stp/iono/ustec/products/). The
processing of the solar wind contribution is quite challenging, as its high
variability (Ebert et al., 2014; Matthaeus et al., 1991) makes the deter-
mination of its impact on the path delay difficult. By assuming that the
solar wind density is a decreasing function of the distance from the Sun
(Kohnlein, 1996), the corresponding delay can be approximated by a linear
trend caused by the relative motion between the ground station and Juno.
Depending of the Sun-Farth-Probe (SEP) angle, the contribution of the
solar wind ranges between 1 mm (e.g: PJ 35, SEP = 148°) and 80 mm
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(e.g: PJ 17, SEP = 20°). This linear trend is not compatible with the path
delay measured by Juno far from the signature of the IPT: indeed, large
fluctuations that are not correlated with the static density model of the
solar wind are usually detected. An example of such an effect can be seen
in the path delay shown in Fig. 6.11. To remove these fluctuations, we first
use the model to determine the time windows that are expected to have
no contributions from the IPT electrons, within 5% of the minimum path
delay (i.e: the peak of the IPT signature). Then, the modeled path delay
in those time windows is subtracted to the measured delay. The resulting
delay, which should only be caused by the solar wind, is than fitted by a
9" degree polynomial (Phipps et al., 2018) and summed to modeled path
delay. The final result can then be compared with the measured path delay.
The uncertainty due to scintillation of the solar wind is given by numerical
integration of the uncertainty in the Doppler shift in the X-band and it is a
function of the SEP angle (Iess et al., 2014).

The estimate of the solar wind path delay is affected by the vertical
extension of the IPT, its tilt and rapid rotation, and the geometry of Juno’s
trajectory. Indeed, during the inbound leg of each PJ, the radio signal can
potentially cross the IPT at a high latitude, if the timing with the wiggling
motion of the torus is favorable. Consequently, the path delay measured
before the occultation is mainly due to the solar wind, but it may also
contain a contribution from the IPT. This poses a strong conceptual limit,
as it is not possible to decouple the solar wind from the torus at those times,
hence the impossibility of retrieving the solar wind calibration. In order to
make use of the radio data, we calibrate for the solar wind from the path
delay where the IPT model predicts a delay smaller than 5% the minimum
value. Therefore, we can select the path delay which is minimally caused by
the IPT, while retaining a meaningful time window to compute the solar

wind delay.
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FIGURE 6.11: Path delay derived during PJ 10 (gray line) and example of the
solar wind removal. The fluctuations before 17:30 and after 19:30 cannot be
physically modeled. The red dashed line represents the empirical background
caused by the solar wind and it is obtained from a 9" degree polynomial fit to the
measured path delay at the times when the modeled path delay is less than 5%
than the absolute minimum value (i.e: the peak of the modeled signature). The
red line is the sum of the empirical solar wind background and the modeled path
delay. The gray dashed line is the contribution expected from a static model of
the solar wind density. The vertical dash line is the time of the spacecraft closest
approach to Jupiter. The longitude and local time reported over the path delay
plot are the same as in Fig. 6.10.

6.3.2 Determination of the Io Torus State from the

Footprint Position and the Radio Occultations

The model used in section 6.1 to predict the position of the IFP needs to
compute the plasma density along the magnetic shell connected to Io’s orbit.
On the contrary, the simulations of the radio occultations require a full
3D models of the IPT that includes its radial structure. To this end, we
assume the Voyager 1 ion mixing ratios and plasma temperature of the IPT
reported by Bagenal (1994) and Dougherty et al. (2017) (see Fig. 6.12);
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the data presented in those works are then smoothed between 5 and 10 R
and used as the reference radial profile of the torus. The electron density
at the centrifugal equator is also estimated from Voyager 1 data, but it is

analytically modeled in four regions, according to the equation:

Neo(r) = Nlexp[ — (r ;/;Rly} + (6.22)

5]+

-
+ Ngexp[ <r _ R3> }fwmm(r) +
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+ Noexp

+ Naeap[ - 2T o
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i) = 5 ton("2%) o

1
)= 1 (5 o (552))

The value of r in Eq. 6.23 is in unit of Ry, and the values of N;, R; and W;
in Eq. 6.22 corresponding to each IPT region are reported in Table 6.4.

Table 6.4: Parameters of the radial electron density at the centrifugal equator
used in Eq. 6.22 to derive the profile in Fig. 6.12.

IPT region  N; (em™3) R; (Ry) W; (Ry)

cold disk (1) 1800 5.2 0.3
ribbon (2) 3000 5.7 0.1
warm torus (3) 2000 5.9 1.8
disk trns. (4) 100 8.5 2

The cold disk and the ribbon are hence modeled as Gaussian functions,
the warm torus as a half-Gaussian function (to simulate the D-shape of
the torus), and the transition into the plasmadisk - that is: the region
between 10 and 15 R; - as a decreasing exponential. The model of this
latter region agrees with the plasma density measured at Europa’s and

3

Ganymede’s orbit (~150 cm™3 and ~10 cm™3, respectively). Outside 10

R, the plasma temperature is assumed to increase exponentially, in order
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to match the observed values of ~180 eV and ~400 eV at Europa’s and
Ganymede’s orbit, respectively. In the same region, the plasma composition
is assumed to be frozen, which is consistent with the Voyager 1 observations
and with the low collisional rate. Inside about 4.9 R, there are little plasma
measurements, thus we also assume that the plasma properties are constant.
This region contributes little (~ 1 mm) to the path delay, thus its details are
not fundamental. The radial profiles are modulated according to the System
IIT longitudinal variation detected by Cassini (Stefll et al., 2006), which
consider a ~5% variation in electron density and ~10% in temperature. The
radial profiles shown in Fig. 6.12 are used as boundary conditions to solve
the diffusive equilibrium Eqgs. 6.2-6.4: this generates the density distribution
of the IPT, whose cross section is similar to the one shown in Fig. 2.3 and
6.10.

According to the sensitivity test of section 6.1.2, the most sensitive
parameters of the model for determining the satellite footprint position
are the plasma peak density and temperature. As shown in Fig. 6.10, the
signature of the path delay is also affected by the same parameters. But,
while the footprint position exhibits a negligible dependence on the proton
distribution, the presence of hydrogen in the model affects the path delay on
the sides of the occultation signature of the IPT. A comparison between the
path delay obtained with and without the protons in the density model is
shown in Fig. 6.13. It is clear that the presence of hydrogen is negligible near
the peak of the signature, while it greatly increases outside of it. This is not
unexpected. Indeed, contrary to the centrifugally confined heavy ions, the
protons are more widely spread along the magnetic field. Because of their
minor role in determining the total plasma mass of the IPT compared to the
oxygen and sulfur, they do not greatly affect the position of the footprint.
Nevertheless, they are likely the dominant species at high latitudes, and,
because of the charge-neutrality tendency of plasmas, they determine the
presence of electrons, which affects the path delay. In order to avoid further
complications besides the solar wind calibration mentioned at the end of
section 6.3.1, in the present work we use an IPT model without hydrogen.

In order to compare JIRAM and the radio data, we compute the IPT
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FIGURE 6.12: Radial profile of the IPT used to simulate both the auroral
footprint position and the path delay measured by the radio occultations. The
continuous lines are the mixing ratios of the major species of the torus, the dot-
dashed lines the particles temperatures. The black dashed line is the electron
density at the centrifugal equator. The curves are derived by smoothing the data
reported by Bagenal (1994) and Dougherty et al. (2017). The composition is
assumed frozen outside ~ 10 R; and inside 4.9 R, the latter because of the lack
of data. The ion temperature from ~ 10 Ry outwards is assumed to increase
exponentially with an e-fold scale-length of 5 R, while the density decreases
exponentially over a scale-length of 2 R;. The radial profiles of density and
temperature between 10 and 15 R are estimated in agreement with the plasma
values at Europa’s and Ganymede’s orbit.

density distribution according to two scaling factor, S, for the density and
St for the temperature, respectively. These two factors are used to multiply
the electron density and particle temperature profiles shown in Fig. 6.12,
while the ion densities are obtained from the electron density and the ion
mixing ratios. Therefore, several states of the IPT are computed according
to the diffusive equilibrium model Eqgs. 6.2-6.4 by changing these two scaling
factors. In this section, we explore the range of Sy and S between 0.5 and
2, with steps of 0.25, which yields to a total of 49 IPT states. These values

are approximately the same parameter space covered in section 6.1.
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FIGURE 6.13: Comparison of the modeled path delay for PJ 21, with and without
the protons (blue and red dashed lines respectively). The dotted line is the relative
difference between the two models, while the dot-dashed line is five times the
absolute difference.

To determine the conditions of the IPT, we use the footprint position
observed by JIRAM to determine the density-temperature parameter space
compatible with the observations. To this end, for each combination of Sy
and S, we compute the distance between the predicted and the observed
positions, which gives a contour plot like the one shown in Fig. 6.14. For
each value of Sr, we then determine the best-matching value of S; and
simulate the corresponding path delay, which are the plots in Fig. 6.14.
Among those plots, we used the widest IPT signature® to determine the
time windows when the torus contribution to the path delay is less than 5%:
these data are used to fit the solar wind path delay, which is then subtracted
to the observed path delay and compared with the model.

The peak electron density and the radial extension of the torus are

degenerate parameters of the Juno occultations. As shown by Phipps and

5That is: the signature corresponding to the largest time window where the IPT
contribution to the delay is higher than 5% the minimum of the path delay.
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FIGURE 6.14: (a): Observed (grey line) and modeled path delay (coloured lines).
The modeled lines are obtained according to the values of S; and St reported in
the legend. The dashed lines represents the empirical background caused by the
solar wind and they are obtained from a 9" degree polynomial fit to the path
delay. The vertical dash line is the time of the closest approach of the spacecraft.
The longitude and local time reported over the path delay plot are the same as in
Fig. 6.10. (b): contour plot showing the distance between the footprint observed
by JIRAM and the one predicted by the IPT model, as a function of the scaling
factors Sg and St. For each value of S, we compute the path delay corresponding
to the IPT that minimize the difference between the JIRAM observation and the
model. These cases are highlighted by coloured circles, and they correspond to
the path delay plots. The longitude and local time reported above the contour
plot are relative to Io. (¢): ratio between the observed and modeled path delay
over the IPT signature. The factor F in the legend corresponds to the sum of the
squared residuals between the ratios and their respective average, and it is used
to measure the "flatness" of these curves.
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Withers (2017) and Moirano et al. (2021a), the path delay signature of the

IPT can be approximately fitted by a sum of Gaussian functions of the form

delay(t) <« TEC(t) = Z NZ-VViexp[ - <%:Zl>2} (6.24)

where the summation is over the regions of the IPT, N;, W;, Z; and H;
are the peak electron density, radial extension, offset from the centrifugal
equator and vertical scale-height of each region of the torus, and z(t) is the
cylindrical z-coordinate of Juno in the centrifugal frame®. The torus TEC
seen by Juno is roughly equivalent to the radial electron column density of
the IPT, as the line of sight to the DSN ground station stretches almost
radially, as depicted in Fig. 6.10. Therefore, the peak electron density cannot
be directly determined from Juno radio occultations, without assuming the
radial structure of the IPT.

According to Eq. 6.24, it is clear how the TEC content of the IPT
is a parameter decoupled from its temperature, when using Juno radio
occultations. Indeed, the peak TEC N;W; is determined by the depth of the
path delay signature, while the H; by its width. In turn, the scale height H;
depends approximately on the plasma temperature (see the sensitivity test
in section 6.1.2 and Bagenal and Sullivan (1981)). As the radial size of the
torus is not a sensitive parameter for the auroral footprint, it has not been
included as a free parameter. Therefore, it is possible that the path delay
simulated with the present model either over- or under-estimates the observed
delay, due to variations in the radial extension of the IPT. To compare
the simulations of the path delay with the observations, we calculated the
ratio between the two curves for each model over the time window excluded
from the solar wind calibration. Indeed, due to the degeneracy of N; and
W, - that is: the peak density and the radial structure of the IPT - we
expect the best-fit model curve to agree with the data, apart for a constant
factor. The plots showing the ratio between data and model are shown in

panel ¢ of Fig. 6.14. For each curve, we compute the residuals with respect

SEq. 6.24 is obtained by integrating an approximate density profile of the IPT along
the radial direction. See Moirano et al. (2021a) for the details of this approximation and
for an analytical improvement to Eq. 6.24.
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to their respective average, and in the legend we report the value of the
"flatness" F' of each curve, which is the square root of the sum of the squared
residuals, divided by the number of data-points. As the model and the data
are expected to agree within a constant multiplicative factor, the flatter
the curve, the better the match. For example, for PJ 21 in Fig. 6.14, the
flattest curve is the one given by S; = 1.75 and Sp = 1.00: this means that
the width of the path delay obtained with these values is the best match to
the width of the observed signature. The uncertainty can be estimated from
the next two best matches, which implies that the torus conditions during
PJ 21 are described by Sg = 1.757025 and Sy = 1.0040.25.

The signature of the S; = 1.75 case (blue line in Fig. 6.14) does not match
the path delay, which is better estimated from the depth of the signature
with S; = 1.25 (light blue line). By chance, both the radio occultations and
Io where located at close System III longitudes and local times during PJ 21,
which likely rules out any density variations in the IPT content (see section
2.1) between the two observations. We suggest three possibilities to account
for different values of Sy: (1) the radial electron distribution of Fig. 6.12
overestimate the width of the warm torus, (2) the presence of the transition
region into the plasmadisk, (3) the density of the ribbon was much lower
than the one expected from Voyager 1. We tested these three hypotheses by
(1) reducing the width of the Gaussian that models the warm torus electron
density from 1.8 R, to 1.44 R, (i.e: 80% decrease of W3 in Eq. 6.22), (2)
removing the transition region (i.e: Ny = 0 in Eq. 6.22) or (3) reducing the
peak density of the ribbon N, from 3000 cm ™3 to 1000 cm™3. The reduction
in the warm torus size produces the best agreement with the path delay
depth, although a combined result of all three sources is possible. In Fig.
6.15, the model with S; = 2.00 and St = 0.75 of Fig. 6.14 is compared with
the same model, but with the the three above-mentioned modification to the
radial profile. The combination of both JIRAM and the radio occultations
therefore suggests that, during PJ 21, the IPT peak electron density of
the warm torus was ~ 4000 cm ™3, while the ion temperature was ~ 40 eV,
by converting the radial profiles in Fig. 6.12 with S; = 2 for the electron
density and Sp = 0.75 for the ion temperature. The ribbon might have been
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FIGURE 6.15: Comparison of the path delay obtained with S; = 2 and Sp
= 0.75 (red line) and the path delay obtained with the same model but with
a reduced radial extension of the warm torus, a highly depleted ribbon and no
plasma between 10 and 15 R (green line). The details of the model with the
modified radial structure are given in the text.

highly depleted, although the high density retrieved from JIRAM data may
suggests that the ribbon actually entered the warm torus, leaving its usual
location depleted. This is similar to what observed by Galileo (Bagenal
et al., 1997). Moreover, the ion temperature here derived agrees with the

lower temperature measured by Galileo with respect to Voyager 1 (Crary
et al., 1998).

6.3.3 Results

The method explained in section 6.3.2 is here applied to the whole dataset
obtained from the JIRAM+UVS observations and Juno radio occultations.
PJ 13, 14, 25, 36 and 37 have not been included yet, either because of the lack
of a sufficiently wide time window to determine the solar wind contribution

to the path delay, or because of the IPT signature being cut by the time
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window of the observation. These orbits require additional processing before
representing a reliable source of information. Fig. 6.16 shows the electron
density and ion temperature for each PJ, alongside the average derived
from the present dataset. Several remarks should be observed. First, The
average Sy ~ 1.3 and S ~ 1.4 suggest an overall higher plasma content and
temperature compared to the Voyager 1 era. Both quantities show large
variations from one PJ to the other: this has already been reported in other
Juno-based works (Hue et al., 2023; Moirano et al., 2021a, 2023; Phipps
et al., 2021). Furthermore, the density derived by comparing the path delay
with the IFP observations at the northern hemisphere are not always the
same as the ones derived from the southern pole. In particular, the densities
derived from PJ 6, 8, 15, 33 and 35 are only marginally compatible between
the two hemispheres. On the contrary, the temperature shown in the bottom
plot of Fig. 6.16 is consistent between the two hemispheres. The reason for
such north-south discrepancy is still not clear. Lastly, the electron density
and ion temperature are anti-correlated, with a correlation factor -0.5+0.2.
This is not unexpected if the IPT can be considered a plasma whose density
and temperature are related by a polytropic N ~ T—!, which relies on the
assumption that density and temperature variations take place at constant
pressure. Nevertheless, the anticorrelation shouldn’t be taken too strictly.
Indeed, the variability of the IPT and its plasma source might produce
transient states of the torus, during which the anticorrelation between
density and temperature is not necessarily satisfied. The anticorrelation
should instead hold more strictly when the supply of plasma is steady and
the ion composition does not change appreciably.

The density and temperature are reported in Fig. 6.17 as functions
of To longitude and local time at the time of JIRAM observations. The
Juno mission has been allowing an overall good coverage of longitudes and
local times, although noticeable gaps are present in the dusk sector (LT
= 15-21) between 0° and 180°, as well as in the dawn sector (LT = 3-9)
between 90° and 270°. The noon sector (LT = 9-15) is the most densely
measured; the plots of the plasma properties in this sector are reported in

Fig. 6.18. Moreover, we filtered out the results obtained from images of
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FIGURE 6.16: Plot of the electron density and ion temperature of the IPT
derived for each PJ, in terms of the scaling factors S; and Sp. The blue diamonds
are obtained from observations of the the IFP in the northern hemisphere, the
red crosses in the southern one. The dashed line is the average value. The black
circles are the electron density and scale height of the IPT (axes on the right)
derived from Juno radio occultations only (Moirano et al., 2021a).

the northern IFP when Io was between 155° and 245°, and of the southern
IFP when Io was between 335° and 65°. Indeed, in those conditions, Io was
orbiting at high centrifugal latitudes, hence one of the two Alfvén wings
is less sensitive to the presence of the IPT, compared to observations with
the satellite at other longitudes. Those observations are thus removed from
the dataset, as they are deemed less reliable to determine the IPT state
than the remaining. The value of S; seems to be 0.75 between ~0° and
~180°, with the exception of the data point at ~140°. Instead, the density
seems to increase between ~220° and 320°. The temperature shows a similar
variability, anticorrelated with the electron density. Hence, both density and
temperature seem to exhibit a longitudinal variation that is not accounted
for in the model. A similar result is obtained by plotting the IPT parameters
at all local times as functions of the longitude (not shown), although the

presence of a longitudinal variation is less clear.
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FIGURE 6.17: Scatter plots of the IPT electron density and temperature as
functions of the longitude and local time. Each data point is color-coded according
to the corresponding value of S; or Sp. The diamonds are determined from
observations of the IFP in the northern hemisphere, the circles in the southern
one.

Due to gaps in the plots of Fig. 6.17, we cannot single out a specific
longitudinal sector and inspect the local time variations at that longitude.
In Fig. 6.19, instead, density and temperature are shown as a function
of local time for all longitudes. While the electron density appears to be
uncorrelated with local time, the ion temperature suggests the presence of
two peaks in the dawn and dusk sectors. According to the data in Fig. 6.17,
it is not possible to determine if this is due to a combined effect of local

time and longitude variations.

6.3.4 Discussion and Further Developments

The state of the IPT obtained by combining the JIRAM and UVS observa-
tions of the IFP with the radio occultations of the IPT performed by Juno
appears different with respect to the IPT observed during the Voyager 1

mission, which is used as a reference state in the present work. In particular,
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FIGURE 6.18: Plot of the electron density and ion temperature of the IPT as
function of Io’s longitude at the time of JIRAM observations, in terms of the
scaling factors Sy and S7. The data are acquired in the noon sector, between LT
= 9 and 15. The blue diamonds are obtained from observations of the the IFP in
the northern hemisphere, the red crosses in the southern one. The black line is
the fit obtained with a first-order Fourier series.

both the plasma density and temperature are, on average, ~30% higher. The
peak electron density and scale-height of the IPT derived from Juno radio
occultations alone (Moirano et al., 2021a) are shown in Fig. 6.16, alongside
the results of the present analysis. The results of the two studies show a
good qualitative agreement, which supports their robustness. The average
peak electron density derived from the radio occultations is ~2500 cm—3,
which agrees with S; ~ 1.3. Nevertheless, large deviations from the average
are reported, both in the present work and in previous analyses of Juno radio
occultations (see also Phipps et al. (2019, 2021)). These fluctuations are
larger than the System III modulation of electron density and temperature
of ~5% and ~10%, respectively, although the Cassini observations that led
to that estimate shows fluctuations of about 30%. The fluctuations shown

in Fig. 6.16 are also more frequent than the occurrence of strong volcanic
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FIGURE 6.19: Plot of the electron density and ion temperature of the IPT as
function of Io’s local time at the time of JIRAM observations, in terms of the
scaling factors Sy and S7. The blue diamonds are obtained from observations of
the IFP in the northern hemisphere, the red crosses in the southern one. The
black line is the fit obtained with a second-order Fourier series.

outburst, which are expected to occur every ~5-10 years. Moirano et al.
(2021a) suggests a potential correlation of the electron content of the torus
with the periodicity of volcanic activity from September 2013 to June 2018.
Nevertheless, the response of the IPT to the time-variable volcanic activity

of Io is not straightforward, hence any conclusion should be carefully drawn.

Thomas (1993) classified the variability of the IPT based on their typical
time-scale, ranging from tens of minutes to a few years. Among those,
the IPT shows typical variations between a few tens of days and several
months. For example, the brightness of the ST in the ribbon region during
March 1991 was much stronger than in December 1989. During the two
observations, the ribbon was observed at the same local time and System
I1I longitude, which rules out any longitudinal effect. Similarly, the density
reported by Voyager 2 was ~50% higher than the one recorded by Voyager
1 (Delamere and Bagenal, 2003): the two spacecraft performed their flyby
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in March and July 1979, respectively, hence this variation occurred over a
few months. Earth-based observations of ST have been performed regularly
since the '80s (see Fig. 8 of Thomas (1993)), and they show that the IPT
brightness varies by a factor 3 over a couple of years, although the time
coverage of those observations does not allow to determine a lower limit
on the temporal scale for such variations. Observations of the ST, S?*
and O emission lines from ground also revealed density and temperature
variations over a few months (Morgan, 1985). As Juno takes about 50 days
between two perijoves, we suggest that the variability shown here in Fig.
6.16 and 6.17 may belong to the same type of variability that drove the
above-mentioned, direct observations of the torus. At present, the physical
mechanism underlying these variations is still not clear. The driver of the
IPT variability can lie either in the plasma source - that is: Io and the
neutral cloud - or in external factors. In the former case, the dynamics of
the torus is determined by the variability of the plasma supply, hence the
observed variations might be ascribed to variations in the plasma supply
from Io or the plasma cloud. Observations of Io’s atmosphere and its hot
spots activity have not led to a clear and unambiguous understanding of
the response of the IPT to the volcanic activity (e.g: Roth et al. (2020)).
Therefore, it is not possible to determine if the variations derived in this
work are compatible with changes in the interaction between Io, the torus
and the neutral cloud. It is suggested that external factors, such as the
solar wind or electron injections from the outer magnetosphere, might be
the root cause of the IPT variability (Louarn et al., 2014; Moirano et al.,
2023; Morgenthaler et al., 2022a; Roth et al., 2020). Nevertheless, there are
no available models to quantitatively compare with the Juno observations
presented here. It is difficult to interpret the variability retrieved in the
analysis of this last section, as it fit the temporal variability of the IPT over a
typical time-scale of a few tens of days, but its underlying driving mechanism
is hardly explained by either the current understanding of changes in the
plasma source or of any potential external drivers.

Future development of the present study may improve the quality of the

data presented in this section:
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e The IPT model used in this section and in section 6.1 is computed

according to the diffusive equilibrium model Eqs. 6.2-6.4. In turn,
those equations are obtained by integrating the momentum equation for
each plasma species, assuming constant temperature along the magnetic
field lines. Measurements of the ion perpendicular temperature shows
that the temperature can increase by about 50% outside the IPT
(Thomas and Lichtenberg, 1997). This does not necessarily imply
a variation in the parallel temperature, but a sensitivity test that
explores the effect of the field-aligned distribution of temperature is

recommended to properly determine the vertical size of the IPT.

The discrepancy in the parameter space derived from the observations
of the footprint position between the northern and southern hemi-
sphere needs to be further investigated. To this end, the simultaneous
observations from both JIRAM and UVS can be compared, which may
help to shed light onto the nature of this north-south asymmetry.

Several radio occultations have not been used in the present study.
The occultations performed during PJ 13, 14, 25, 36 and 37 have been
excluded because of the additional processing required to correctly
estimate the solar wind contribution to the path delay. Other occulta-
tions (PJ 31, 32, 39, 40 and 41) have been discarded because the IPT
signature was more difficult to identify, due to the high fluctuations in
the background delay. Therefore, there are ten more radio occultations
that have not been included and that can potentially fill the gaps in
the plots of Fig. 6.17.

The analysis performed in this thesis relies on in-situ, high resolution
data, which is fundamental to precisely determine the position of the
satellite footprint. In order to apply the same method to Earth-based
observations, the instrument must be able to detect variation in the
footprint position within a few hundreds kilometres. The application
of the method shown in chapter 6 to near-Earth data (such as HST

observations) is hoped for a next work.
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e Earth-based facilities and spacecraft have been sparsely, but periodi-
cally monitoring lo, the IPT and the Jovian aurorae for the last few
decades (Thomas, 1993). Recently, the IPT is being investigated as
continuously as possible” to understand its interaction with Io and
the Jovian magnetosphere, as well as to shed light on its variability.
The results shown in this last chapter will be hopefully enriched by
spectrometry and imaging performed from Earth, in order to carry a

proper multi-instrument monitoring of the IPT out.

In conclusion, the IPT shows a remarkable variability, which is still not
properly modeled from a theoretical point of view. The torus is located
between the middle and inner Jovian magnetosphere, where the role of
the solar wind is expected to be negligible, especially compared to the
strong centrifugal confinement caused by the strong magnetic field and
the fast planetary rotation. The volcanic activity of lo is the ultimate
source of plasma in the whole magnetosphere, and its variability has been
suggested to be the origin of the variations of the IPT, which in turn can
affect the outer regions of the magnetosphere. Although episodes of Togenic
volcanic activity have been associated to noticeable changes in the IPT
(e.g: Delamere et al. (2004); Tsuchiya et al. (2018)), variations of the IPT
state have also been recorded during periods of low mass loading (Delamere
and Bagenal, 2003; Thomas, 1993). This might suggest that the IPT can
be affected by external factors, like electron injections, but the physical
processes are poorly understood. Both the present work and spectroscopic
observations revealed a high variability over a few months, with Juno that
have been taking measurements of the IPT every ~ 50 days for about 6
years. Nevertheless, these variations still remain unexplained: we hope that
more theoretical models will be developed in the future to compare with the
IPT observations and to better understand the interplay between lo, the

IPT and the Jovian magnetosphere.

"For example, by the Hisaki mission and the Planetary Science Institute’s Io In-
put/Output observatory (IoIO) (Morgenthaler et al., 2022a).






APPENDIX

Equations

In this appendix all the formulae typically used in magnetohydrodynamics
are reported. These equations holds only if the typical timescale of the
system is longer than the inverse of the plasma and cyclotron frequencies,
and length-scale is larger that the Debye length and the electron and ion
skin depth (e.g: Krall and Trivelpiece (1973)).

In the following, an operation AB = C represents the outer product
between A and g, that is: Cy; = A;B;.

A.1 Multiple-Fluids Equations

The equations below must to be applied to each species s in the plasma.

The physical quantities are defined as follow:
ns : number density of particles.
s : bulk speed of the species s.
Ss,Ls : source and loss of particles of the species s, respectively.
mg : particle mass.
qs : particle charge.
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E,E . electric and magnetic field, respectively.
P, : pressure tensor.
vsy o collision frequency between the spiecies s and ¢.
Q, : heat flux tensor.

¢ : speed of light.

Mass continuity:

ong

T + V- (ngtls) = Ss — Ly (A.1)

Momentum conservation:

Ol . . L @, xB
nsmsi + ngmg(ts - V)i = ngqs <E + Us X ) +V- P, — (A.2)

ot c
- Z nsms(ﬁs - Ut)ys,t
t

where the last term represents the collisions between the s and ¢ species.

Energy conservation:

aalzs +P(V-i)+ V- Q.+ (P V)i = n‘jc P.xB]  (A3)
where

(P 9)al,,, = Pugs + Py,

and
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A.2 Single-Fluids Equations

These equations are obtained from the set of equations in section A.1 with

the trasformations

n=3 Tl (A4)

Mass continuity:

?9_7; V-(nU)=S5-1L (A.5)
Charge continuity:
%’Z‘: 4V T = (A.6)
Momentum conservation:
n%—f (0 - V)T = —VW'MP + jgf (A7)

The last term on the rhs can be re-written as .J x B = =(V x é) x B =
ﬁ[é .V)B — VB =LV. (BB — 1B?T), where I is the identity matrix.

The quantity (BE — %BQI) is known as Mazwell magnetic stress tensor.

Generalized Ohm'’s law

UxB 41 0J

ClE + (y——— p + w—zea = (AS)
T x B
= Gy . ——v (P——P)
4 — = —— C — =]
v [c4enUU + (0T + J0) = 227 ]]
w2, en
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(the coefficients C1-Cy are detailed in Cerri (2012)).

Ideal Ohm’s law

. UxB
E+ 2220

C

A.3 Maxwell’s Equations

V-E= 4dmp,
V-B=0
Faraday’s Law
- 10B
\V4 - 7
% c Ot

Ampeére’s Law

VX§:%<4ﬁj+aa—§>

EQUATIONS

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)

In MHD, the displacement current O,F is usually neglected for non-relativistic
processes. Indeed, from Eq. A.12 and the estimates 0; ~ 1/7 and V ~ 1/L
(7 being the typical timescales and L the typical length scale), one obtains

E/B ~ U/c, where U is the typical speed of the system and c¢ the speed

of light. By comparing the displacement current with V x B , one obtains
HE/V x B ~ (E/B)(U/c) ~ U?/c* < 1 in the non-relativistic case.

A.4 Conductivity in a Magnetized Plasma

In a magnetized plasma, the conductivity is not isotropic, as the presence

of magnetic and electric fields breaks the symmetry. Here there are the
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definition of "parallel", Pedersen and Hall conductivities:

1 Qz Qe
nz‘CJ( Qv Qeve )
Oop = —Q7
PR\ 0?2402
niq 02 02

on = |§|(Q§+VE_Q§+V§>

where €2, . = Zi’eB are the ion and electron gyrofrequency, respectively, while

i,eC

v; . are the ion-neutral and electron-neutral frequencies. The ionospheric

currents are determined by

B . . E, x B
J:U”EH +oplE| + oy L_, (A.15)

| B

where || and L (parallel and perpendicular, respectively) are referred to the

local direction of the magnetic field.
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Short Glossary

e Centrifugal equator Plasmas tend to be confined by magnetic fields,
so that any motion perpendicular to the field is strongly inhibited.
Instead, the plasma is free to move along the field lines, therefore the
dynamics of a magnetized plasma can be assimilated to an ensemble
of beads sliding along wires (that is: the magnetic field lines). In a
fast rotating magnetosphere, where the plasma experiences a strong
centrifugal acceleration, the plasma is thus confined near the farthest
point from the rotation axis along the magnetic field lines (Hill et al.,
1974). The plane passing through these points is called centrifugal
equator (Fig. 2.2), and, in a tilted dipolar-like magnetic field, it can
be estimated as two-third between the spin equator and the magnetic

equator.

e Dispersion relation: an equation that describe the relation between
the wavelength A and frequency v of a wave in a medium. The quantity
w/k is known as phase velocity, where w = 27v and k = 27\, while
Ow/ 0k is the group velocity. A wave packet is considered non-dispersive
when its group velocity is zero, which means that the speed of the

waves is not dependent on their frequency.

e Emission Angle: angle between the normal to a body surface at
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a given point and the line of sight from an instrument/observed to
the same point. Hence, an emission angle near 0° corresponds to
nadir observations, while an angle of close to 90° is used for limb

observations.

Homopause: it describes the transition region between the atmo-
sphere whose composition is homogeneous, as it is determined by
vertical mixing, and the one that is stratified and whose structure is

mainly determined by gravitational settling.

Jupiter’s surface: being a gaseous planet, Jupiter does not have a
defined surface like rocky planets. Nevertheless, the 1-bar pressure
level is conventionally assumed as the Jovian surface. It can be
approximated by an ellipsoid with equatorial radius R; = 71492 km
and polar radius R, = 66854 km.

Mcllwain L-parameter, L-shell, L-value: it is the parameter used
to refer to a specific set of magnetic field lines. For a dipole magnetic
field, it represents all the field lines that cross the magnetic equator
at a distance given by L times the planetary radius. For example,
L = 5 represents all the field lines that cross the magnetic equator at

5 planetary radii.

Mixing ratio: the ratio of the number density n, of a given particle

of species s over the electron number density n..

Mirror ratio: the ratio of the magnitude of the magnetic field at
two different points along the same field line. The importance of such
parameter can be understand by considering the confining property
of a magnetic field. Indeed, a charged particle in a magnetic field
orbits in a gyromotion, which results in a current and thus in a
magnetic moment. If the magnetic field changes slower than the
gyroperiod of the charged particle, than the magnetic moment of
the particle is an adiabatic invariant, i.e: it is constant. When the

particle moves toward a region where the magnetic field increases, than
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the conservation of both the particle magnetic moment and energy
implies that the field-aligned component of the velocity must decrease,
while the perpendicular component must increase. It is possible for
the magnetic field to completely confine the particle (i.e: there is no
field-aligned component of the velocity), if the field become strong
enough. The mirror ratio therefore allows to estimate the degree of

confinement of a plasma.

Poynting vector, flux: mathematically, the Poynting vector is

defined as o
ExB
Ho

S =

(B.1)

where g is the magnetic permeability, E and B are the electric and
magnetic field, respectively. The flux of the Poynting vector represents
the electromagnetic energy streaming across a given surface, while the

vector itself represent the direction of such flow.
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