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"We don’t read and write poetry because it’s cute. We read and write
poetry because we are members of the human race. And the human race
is filled with passion. And medicine, law, business, engineering, these are
noble pursuits and necessary to sustain life. But poetry, beauty, romance,

love, these are what we stay alive for."

Dead poets society

"Climb the mountain not to plant your flag, but to embrace the chal-
lenge, enjoy the air, and behold the view. Climb it so you can see the

world, not so the world can see you ."

David McCullough Jr.
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Summary

This thesis focuses on the auroral signatures of plasma injections in Jupiter’s
ultraviolet emissions. We are mainly interested in low latitude auroral struc-
tures sharing the same characteristics as the particular Jovian auroral feature
that Mauk et al. (2002) interpreted, for the first time, as the signature of an

injection of hot plasma in the magnetosphere.

In a first study, the characteristics of ultraviolet auroral structures located in
the outer emissions were studied using data from the Hubble Space Tele-
scope. On average, one structure is observed each day, although several au-
roral structures are sometimes observed simultaneously over a wide range
of local times. The characteristics of these structures, such as their size
in the ionosphere, their position in the magnetosphere, their emitted power
and their lifetime, are analysed. The positions of these auroral structures
were projected in the equatorial plane along magnetic field lines, allowing
their observed characteristics to be compared with those of the magneto-
spheric injections detected by the Galileo spacecraft. The auroral struc-
tures are present at all System III longitudes, and Io’s orbit appears to be
the lower limit of radial detection. In addition, a comparison was made
between the magnetic flux associated with these structures and estimates of

the outgoing flux linked to the radial transport of plasma in the magneto-
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Summary

sphere. The magnetic flux associated with the structures could account for
at least one third of this flux. This comparative study shows that the auroral

structures are most probably related to magnetospheric injections.

In a second study, the motion of the auroral signatures of plasma injections,
present in the Hubble Space Telescope data, was examined. The results sug-
gest that the injected plasma moves planetward and lags behind corotation.
The characteristics of the structures were then compared with simulations
of auroral precipitation based on pitch angle scattering. The lifetime of the
auroral structures is between a half and a full rotation of Jupiter. Ultravi-
olet spectrally resolved images acquired with the Hubble Space Telescope
were used to highlight the energy-dependent drift of the electrons in auro-
ral injection signatures. A comparison between the observations and the
simulations suggests that the structures are around 3 hours old. Finally, the
analysis was extended to larger, less structured outer emissions possibly as-
sociated with younger plasma injections. The motion and evolution of these
structures are similar to those of the small and compact ones considered in
the first part of this second study.

Finally, the last study is based on data collected by Juno-UVS during the
first 18 perijoves. The relation between the ultraviolet auroral structures
and the auroral signatures of plasma injections was established on the basis
of the shift between the brightness peak and the colour ratio peak present
in these structures. This shift was automatically detected in the outer emis-
sions. A statistical analysis of their position, in the ionosphere and in the
equatorial plane, was carried out. These auroral structures appear in each
perijove. The detection rate of the young structures appears to be corre-
lated to the magnetic field strength. On the other hand, such a behavior is
not consistent with expectation from pitch angle scattering, the efficiency
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Summary

of which is inversely proportional to the magnetic field strength. We there-
fore suggest that these detections are more compatible with the acceleration
process due to Alfvén waves, a process that is more effective when the field
is stronger in the acceleration zone. In the magnetosphere, the structures
are observed at all System III equatorial longitudes, which is in agreement
with previous studies obtained with the Galileo spacecraft and the Hubble
Space Telescope. Looking at the positions in local time, mature structures
are present at all local times. On the other hand, young structures are more
present on the dawn region, suggesting that some of the structures are asso-
ciated with dawn storms. This observation led us to propose two possible
processes to explain the injection phenomenon, the first associated with
the dawn storm phenomenon, the second with a local-time-homogeneous
plasma interchange process. Finally, structures were detected up to 30 Ry,
with a detection peak for young structures found at a greater radial distance
(~12 Ry) than the one of more mature structures (9 R;); this behaviour
probably reflects the inward radial motion of the injected plasma in the
equatorial plane

These three studies thus shed light on the magnetospheric and ionospheric
processes that may be involved in plasma injections and their auroral sig-

natures in Jupiter’s magnetosphere.






Résumé

Cette these se concentre sur les signatures aurorales d’injections de plasma
dans les émissions ultraviolettes de Jupiter. Nous nous intéressons prin-
cipalement aux structures aurorales a basse latitude partageant les mémes
caractéristiques que la signature aurorale jovienne que Mauk et al. (2002)
ont interprétée, pour la premicre fois, comme la signature d’une injection

de plasma chaud dans la magnétosphere.

Dans une premiere étude, les caractéristiques des structures aurorales ul-
traviolettes situées a I’extérieure de 1’émission principale ont été étudiées
grice a des données du Télescope Spatial Hubble. En moyenne, une struc-
ture est observée chaque jour, cependant il arrive que plusieurs structures
aurorales soient observées simultanément sur une large gamme de temps lo-
caux. Les propriétés de ces structures, telles que leur taille dans I’ionosphere,
leur position dans la magnétosphere, leur puissance émise et leur durée de
vie ont été analysées. Les positions de ces structures aurorales ont été pro-
jetées dans le plan équatorial le long des lignes de champ magnétique, ce
qui a permis de comparer leurs propriétés observées avec celles des injec-
tions magnétosphériques détectées par la sonde Galileo. Les structures au-
rorales étudiées sont présentes a toutes les longitudes Systeme III et I’ orbite

d’Io semble étre la limite inférieure de détection radiale. De plus, une com-
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Résumé

paraison entre le flux magnétique associé a ces structures dans 1’aurore et
les estimations du flux sortant lié au transport radial du plasma dans la
magnétosphere a été réalisée. Le flux magnétique associé aux structures
pourrait représenter au moins un tier du flux sortant. Cette étude compar-
ative montre que les structures aurorales étudiées sont trés probablement

lies a des injections magnétosphériques.

Dans une deuxieme étude, les mouvement des signatures aurorales des in-
jections de plasma présentes dans les données du Télescope Spatial Hubble
ont été examinés. Les résultats obtenus suggerent que le plasma injecté
se déplace vers la planete et présente un retard par rapport a la corotation.
Ensuite les caractéristiques des structures ont été comparées avec des sim-
ulations de précipitations aurorales liées a la diffusion en angles d’attaque.
La durée de vie des structures aurorales se situe entre une demi-rotation et
une rotation complete de Jupiter. Des images spectralement résolues dans
I’ultraviolet, acquises avec le Télescope Spatial Hubble, ont été utilisées
pour mettre en évidence la dérive des particules en fonction de leur énergie
dans ces structures. La comparaison entre les observations et les simula-
tions suggere que les structures étudiées sont 4gées d’environ 3 heures. En-
fin, ’analyse a été étendue aux émissions extérieures plus grandes et moins
structurées, qui pourraient &tre associées a des injections de plasma plus
récentes. Le mouvement et I’évolution de ces structures sont similaires a
ceux des émissions compactes et de petite taille étudiées dans la premiere

partie de cette deuxieme étude.

Enfin la derniére étude est basée sur les données recueillies par Juno-UVS
au cours des 18 premiers périjoves. Le lien entre les structures aurorales
ultraviolettes et les signatures aurorales d’injections de plasma a été établi

en se basant sur le décalage entre le pic de brillance et le pic de rapport
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Résumé

de couleur présents dans ces structures. Ce décalage a été détecté de facon
automatique dans les émissions externes. Une analyse statistique de leur
position, dans I’ionosphere et dans le plan équatorial, a été réalisée. Ces
structures aurorales apparaissent dans chaque périjove. Le taux de détec-
tion des jeunes structures semble &tre corrélé a I’intensité du champ mag-
nétique. D’autre part, ce comportement n’est pas cohérent avec les attentes
de la diffusion en angles d’attaque, dont I’efficacité est inversement pro-
portionnelle a I’intensité du champ magnétique. Nous suggérons donc que
ces détections sont plus compatibles avec le processus d’accélération dii
aux ondes d’ Alfvén, un processus qui est plus efficace lorsque le champ est
plus fort dans la zone d’accélération. Dans la magnétosphere, les structures
étudiées sont observées a toutes les longitudes équatoriales Systeme III, ce
qui est en accord avec les études précédentes obtenues avec la sonde Galileo
et le Télescope Spatial Hubble. En examinant les positions en temps local,
les structures matures sont présentes a tous les temps locaux. Par contre,
les jeunes structures sont davantage présentes du c6té de I’aube, ce qui sug-
gere qu’une partie des structures semble associée aux “dawn storms”. Cette
observation nous a conduit a proposer deux processus possibles pour expli-
quer le phénomene d’injection, le premier associé au phénomene de “dawn
storm”, le second associé a un processus d’échange de plasma homogene
en temps local. Enfin, des structures ont été détectées jusqu’a 30 Ry, les
structures jeunes présentent un pic de détection (~12 R;) a une plus grande
distance radiale que le pic de détection pour les structures matures (9 R;);
ce comportement reflete probablement le mouvement radial vers I’intérieur

du plasma injecté dans le plan équatorial.

Ces trois études mettent ainsi en lumiere les processus magnétosphériques
et ionosphériques pouvant étre impliqués dans les injections de plasma et

leurs signatures aurorales dans la magnétosphere de Jupiter.



Résumé




1 Jupiter and its auroral emissions

This introductory chapter briefly reviews our current knowledge of the
Jovian system, the structure and dynamics of the Jovian magnetosphere as
well as the auroral emissions, more specifically the ultraviolet (UV) emis-

sions.

1.1 The planet Jupiter

The fifth planet from the Sun, Jupiter was born 4.5 billion years ago
from the solar nebula that gave rise to our planetary system. Known to as-
tronomers since antiquity, Jupiter is a gas giant planet (like Saturn), which
implies a hydrogen-helium planet (more than 87 % of the total mass (Guil-
lot et al. 2004))! and no solid surface, unlike the telluric planets (i.e. Mer-
cury, Venus, Earth and Mars). By convention, the surface of Jupiter is
defined where the pressure reaches 1 bar, roughly corresponding to the vis-
ible ammonia clouds top. Jupiter orbits the Sun at a mean distance of 778
million km (~ 5.2 Astronomical Unit (AU), 1 AU is the average Earth-Sun
distance : 1 AU = 149,597,870.7 km (https://www.iau.org/) and its sidereal

'Other chemical compounds are also present in small quantities : methane, ammonia,
hydrogen sulfide, water, etc. (Atreya et al. 2003).


https://www.iau.org/static/resolutions/IAU2015_English.pdf

1 Jupiter and its auroral emissions

orbit period is 11.862 years.

As an emblematic feature of this planet, Jupiter shelters a storm that has
been raging for more than 400 years: the Great Red Spot. The Great Red
Spot is a huge and swirling cloud ensemble with wind speeds of up to 640
km/h (Figure 1.1). Jupiter’s atmosphere consists mainly of hydrogen and
helium. The outermost clouds are most likely made of ammonia ice, the
middle layer is probably made of ammonium hydrosulphide crystals, and
finally the innermost layer is probably made of water ice and water vapour
(https://solarsystem.nasa.gov/). It is a striped canvas with many storms
moving across the giant planet, their colours varying in shades of white,

yellow, brown and red, all due to the composition of each zone.

In the solar system, Jupiter is the record holder, to mention only the most
outstanding. First of all, it is the largest planet in the solar system with an
equatorial radius of 71,492 km + 4 km (https://lasp.colorado.edu/), which
by definition corresponds to 1 Jovian radius (Ry). Its equatorial radius is
almost 11 times that of the Earth. Second, Jupiter has the fastest rotation of
all the planets in the solar system. It has a spin period of 9h 55m 29.711s
= 9.92492 hours (or angular velocity of 1.76 x 10~ rad/s = 870.536°/day),
which results in a large equatorial bulge (its polar radius, which is smaller
than its equatorial radius, is 66,854 km). Third, it is the most massive
planet in the solar system with a mass (1.8982 10?7 kg) being more than
twice the combined mass of all the other planets in the solar system com-
bined. Fourth, Jupiter has the largest lunar ensemble for a planet in the so-
lar system. As of 22 February 2023, Jupiter has 95 moons with confirmed
orbits (https://ssd.jpl.nasa.gov/, https://www.minorplanetcenter.net/). The
four largest moons were discovered by Galileo in 1610 and are commonly
known as the Galilean satellites. Io (the most volcanically active object in

10


https://solarsystem.nasa.gov/planets/jupiter/in-depth
https://lasp.colorado.edu/mop/files/2015/02/CoOrd_systems10.pdf
https://ssd.jpl.nasa.gov/sats/discovery.html
https://www.minorplanetcenter.net/mpec/K23/K23D46.html

1.1 The planet Jupiter

Figure 1.1 — Jupiter and its great red spot and turbulent southern hemisphere were captured
by NASA’s Juno spacecraft. Credits: Kevin M. Gill/NASA/JPL-Caltech.
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1 Jupiter and its auroral emissions

the solar system), Europa, Ganymede (the largest moon in the solar system,
larger than the planet Mercury) and Callisto. The last three may contain
oceans of liquid water beneath their icy crusts. Jupiter possesses a large
collection of moons thanks to the planet’s massive size and gravitational
pull, which is the strongest of any planet in the Solar System. Finally,
Jupiter is unique, not only because of its size, fast rotation, mass or number
of satellites, but also because it has the strongest intrinsic planetary mag-
netic field in the solar system with a surface magnetic flux density ranging
from 2 Gauss?, near the equator, to 20 Gauss, near the north pole (Conner-
ney et al. 2018). This corresponds to a magnetic moment of 2.83 x 10?0 T
m?, about 20,000 times larger than that of the Earth.

1.2 First observations of aurora on Jupiter

Jupiter is a remarkable planet for many reasons, but the one that led me
to carry out this thesis is that Jupiter exhibits very intense, incessant auroral
emissions. More specifically, its emitted UV auroral power is about 10!
W, which is 100 times more intense than on Earth (Grodent 2015).

For more than 40 years, planetary astronomers have been studying Jupiter’s
aurorae. Actually, the first observation of Jupiter’s UV aurorae was made in
1979 by the Voyager 1 spacecraft (Broadfoot et al. 1979). This spacecraft
was launched by NASA in September 1977 to explore the outer solar sys-
tem and interstellar space beyond the Sun’s heliosphere. During its flyby of
Jupiter, Voyager 1 highlighted a thin ring of light on Jupiter’s nightside that

looked like an stretched-out version of the aurorae on Earth, and the auroral

2] Gauss = 107 Tesla & 1G = 10T

12



1.3 The magnetosphere of Jupiter

emissions of H, and H were clearly identified (Broadfoot et al. 1979).

In the spring of the same year, the first fully imaging X-ray telescope was
launched by NASA: the Einstein X-Ray Observatory. It detected the first
X-ray emissions from Jupiter’s aurorae (Metzger et al. 1983). X-ray ob-
servations revealed auroral bands and curtains larger than the Earth itself.
From the late 1980s, infrared (IR) auroral emissions were identified by
Earth-based telescopes (at Mauna Kea, Hawaii): the NASA Infrared Tele-
scope Facility and the Canada-France-Hawaii Observatory. These auroral
emissions were associated with CHy4, C,H; and H; (Caldwell et al. 1988,
Kostiuk et al. 1993, Drossart et al. 1989).

It was not until the 1990s that new observations of Jupiter’s UV aurorae
were obtained (Dols et al. 1992). These observations were made by the
Hubble Space Telescope (HST). Over the past three decades, the study of
these aurorae observed by HST became one of the fields of expertise of the
Laboratory for Planetary and Atmospheric Physics (LPAP) at the Univer-
sity of Liege, where I carried out this thesis. During my research, I focused
on the auroral emissions of Jupiter in the UV range. Before going on with
the explanation of the aurorae, I will briefly describe the main magneto-
spheric regions of Jupiter and their dynamics, and then develop the auroral
processes and the morphology of the UV aurorae.

1.3 The magnetosphere of Jupiter

The study of Jupiter’s plasma sources as well as the understanding of
the configuration and dynamics of the Jovian magnetosphere are essential

to the understanding of the plasma injection phenomenon, which is at the

13



1 Jupiter and its auroral emissions

heart of this thesis.

Jupiter’s magnetosphere has been studied for more than 40 years and has
been visited by 9 spacecrafts (https://solarsystem.nasa.gov/). Seven space-
craft have flown over the planet and two orbited it for several years. Pioneer
10 (1973) and Pioneer 11 (1974) revealed the extent of Jupiter’s magneto-
sphere and measured energetic ions and electrons in situ; Voyager 1 (1979)
revealed lo’s amazing volcanic activity; subsequent crossings of Jupiter’s
magnetosphere by Voyager 2 (1980), Ulysses (1992), Cassini (2000) and
New Horizons (2007) provided additional data. The first orbiter was the
Galileo probe, which orbited Jupiter 33 times between 1995 and 2003,
mapping the structures of the equatorial magnetosphere and observing their
temporal variability. The latest is Juno, which was inserted into polar orbit
around Jupiter in 2016, and is still providing unprecedented auroral data
that I am using in this thesis (Chapter 8). In the near future, the next probes
will be Europa-Clipper and the JUICE spacecrafts, the latter was success-
fully launched on 14 April 2023 and is set to be inserted in orbit around
Jupiter in July 2031. Measurements/observations from these missions, as
well as from ground-based and Earth-orbiting telescopes, have been used
to derive internal magnetic field models (e.g. Hess et al. 2011, Connerney
et al. 2022) and current disk models (e.g. Pensionerov et al. 2019, Conner-
ney et al. 2020).

Before describing Jupiter’s magnetosphere, it is important to recall that the
planets of our Solar System do not orbit in a vacuum, but are immersed
in the interplanetary medium traversed by the solar wind, which constantly
escapes from the Sun’s corona. The solar wind consists of a supersonic,
low density plasma, mainly composed of protons and electrons, with traces
of helium and heavier ions. The solar wind plasma carries the solar mag-

14
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1.3 The magnetosphere of Jupiter

Figure 1.2 — Artist’s rendering of the configuration of the current sheet of the heliosphere
interplanetary space. Mercury, Venus, Earth, Mars and Jupiter (far right) are visible. Credit:
Werner Heil, NASA artists, developed by Prof. John Wilcox.

netic field giving rise to the interplanetary magnetic field (IMF). Due to
the rotation of the Sun, the magnetic field streamlines take a spiral shape
known as the Parker spiral (as illustrated in Figure 1.2) with the synodic
period of the Carrington rotation averaging to 27.2753 days (Parker 1958).

The fluctuations of the solar wind will move in the IMF.

The planetary magnetic field acts as an obstacle to the solar wind flow. In
a very general approach, the magnetosphere of a planet is the region sur-
rounding it in which the forces associated with the planetary magnetic field
prevail over all other forces. The magnetic field of the planet deflects the
solar wind generating a boundary between the magnetosphere and the in-
terplanetary medium dominated by the solar wind. This boundary is called

magnetopause and it corresponds to a thin layer in which strong surface

15



1 Jupiter and its auroral emissions

currents flow to isolate the magnetospheric plasma from the IMF. The mag-
netosphere has a "day side" (facing the Sun) where the pressure exerted
by the solar wind compresses the planetary magnetic field lines, while the
"night side" has an elongated tail extending very far away from the planet
because the interaction with the moving IMF stretches the magnetosphere
into a very long cylindrical magnetic tail, extending more than 1000 plan-
etary radii downstream of the planet. In addition, the dynamic solar wind
pressure (SWP) can be approximated by Pgy = pv? (where p is the density
and v is the velocity of the solar wind, which varies over time (Feldman
et al. 2005)) and the density decreases as r~2, where r is the distance from
the Sun. The SWP varies with time, causing a modification of the size of
the magnetopause. We can use a power law to relate the distances from
the magnetopause (Rysp) to the SWP : Ryp PE%V, in Jupiter’s magneto-
sphere, the a parameter varies between 1/3.8 and 1/5.5 (Huddleston et al.
1998).Thus the magnetopause moves closer to the planet if SWP increases
giving rise to a compressed magnetosphere, and conversely, moves away
from it if the pressure exerted by the solar wind decreases leading to an
expanded magnetosphere (e.g. Vogt et al. 2015). Since the velocity of
the solar wind is supersonic, its collision with an obstacle, like a planetary
magnetic field, forms a permanent bow shock upstream of the obstacle. Be-
yond this shock, the solar wind plasma is rapidly decelerated to subsonic
velocities, heated and deviated to bypass the planet, while partially pen-
etrating the magnetosphere. It heats the solar wind plasma, forces it to
bypass the planet, while partially penetrating the magnetosphere. For the
Earth, the cusps are the regions above the magnetic poles where the solar
wind plasma has direct access to the ionosphere. In the case of Jupiter, the
situation is slightly different. Zhang et al. (2021) suggest that Jupiter may
not have a completely open polar cap because the rate of large-scale re-
connection does not appear to be fast enough to produce it (Desroche et al.

16



1.3 The magnetosphere of Jupiter

2012, Masters 2017). In addition, Delamere and Bagenal (2010, 2013) have

argued that there are very few polar field lines interconnected with the IMF.

Following the discovery of the magnetic field of Jupiter, the hypothesis of
the existence of a magnetosphere has been proposed as the result of the
interaction between the planetary magnetic field and the solar wind. The
magnetosphere of Jupiter is characterised by the following three elements
(Khurana et al. 2004):

1. Jupiter has the strongest intrinsic planetary magnetic field in the solar
system, strong enough to balance the dynamic pressure exerted by the

stellar wind.

2. Its principal internal plasma source populating the magnetosphere

originates from the volcanism of Io.

3. Jupiter has a rotationally-driven magnetosphere and most of the en-

ergy comes from the rapid rotation of the planet.

1.3.1 Jupiter’s magnetic field and magnetic field models

Jupiter’s magnetic field was revealed in 1955, when a very intense radio
radiation emitted by Jupiter at 22.2 MHz (1 = 13.5 m) was detected (Burke
and Franklin 1955). The presence of this radiation revealed the existence of
the magnetic field but also the order of magnitude of its surface intensity.
The frequency peak of these radiations characterizes a maximum field of
~ 14 Gauss at the surface of the planet (i.e., about 20 times the maximum
value of the Earth surface filed). In 1958, a radio emission superimposed on
the thermal emission of the planet was detected from observations at higher
frequency (4 = 3, 4, 10.3, 21 and 68 cm). This radiation was interpreted

as a synchrotron emission of extremely energetic electrons (ranging from a
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1 Jupiter and its auroral emissions

few MeV to several tens of MeV) trapped in radiation belts, similar to the
van Allen belts on Earth (Drake and Hvatum 1959, Field 1959). This de-
duction was obtained from the spatial distribution of this radiation around

the planet and its wavelength range.

In situ measurements provided by the magnetometers of the Pioneer 10
(July 1973) and 11 (December 1974) and Voyager 1 (March 1979) and 2
(July 1979) probes have revealed more precise data on the magnetic field
and its asymmetries. This magnetic field has, first of all, been described
by a magnetic dipole with its axis tilted, towards the Jovian longitude of
201°, by around 10.8° with respect to the rotation spin axis of the planet.
Moreover, the dipole center is located at about one tenth of Jovian radius
from the center of the planet. This asymmetry explains the different val-
ues of the maximum magnetic flux density along the lo footpath in the last
magnetic field model (JRM33, briefly described below): 20 Gauss in the
north and 12 Gauss in the south (Connerney et al. 2022). Unlike the Earth,
the magnetic north is located in the northern hemisphere. The first internal
magnetic field model was built by adjusting the magnetic measurements
from Pioneers magnetometers data (Smith et al. 1976) to the fourth degree,
with only the dipolar part considered as significant and giving rise to the
"D4 model" (Divine and Garrett 1983). Subsequently, other models with

higher terms were proposed, based on magnetospheric and auroral data.

For a good understanding of the plasma injection phenomenon through the
auroral emissions, the knowledge of the magnetic field configuration is es-
sential. The magnetic field models enable us to relate auroral events to
their location in the equatorial plane of the magnetosphere, by following
magnetic field lines. During this thesis, two magnetic field models have
been used: Voyager Io Pioneer Anomaly Longitude (VIPAL) (Hess et al.
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1.3 The magnetosphere of Jupiter

2011) and Juno Reference Model through Perijove 9 (JRM09) (Connerney
et al. 2018). In order to describe these models, it seems useful to tell the
chronology of the evolution of internal magnetic field models, which led to

the development of these two models :

e VIP4 3 is a model of Jupiter’s internal magnetic field developed in
1998 (Connerney et al. 1998). This model uses magnetic observa-
tions from four spacecrafts and the location of Io’s footprints (see
Section 1.4.3.3) as constraints. Subsequent observations with better
resolution revealed that the locations of the satellite footprints (lo,
Europa and Ganymede) predicted by this model do not correspond

precisely to the observations.

e Grodent et al. (2003b) has highlighted an internal magnetic field
anomaly that locally distorts the surface magnetic field, specifically
in the region of the auroral kink (Figure 1.8 in Section 1.4.3) between
80° and 150° System III (SIII) in the north. In the anomaly region, the
surface magnetic field is weaker and the dipole inclination is higher
relative to the rotation axis. The Grodent anomaly model (GAM)
is the magnetic field model proposed by Grodent et al. (2008). This
model aims at increasing the agreement between the VIP4 model and
the observed satellite footprints by including the previously discov-
ered magnetic anomaly. It consists of adding to a fourth degree order
spherical harmonic model a small dipole located under the surface
in order to reproduce the localized magnetic anomaly. Indeed, the
model shows a good agreement with the auroral footpaths of Io, Eu-
ropa and Ganymede in the northern hemisphere. As the model has

only been constrained by measurements in the northern hemisphere,

3VIP4 is the abbreviation for Voyager, Io, Pionner observations and a spherical harmonic
expansion of order and degree 4
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20

this model is only suitable for this hemisphere. In what follows, the
term "anomaly" refers to this specific depletion of the magnetic field

in the northern polar region.

The VIPAL magnetic field model (Hess et al. 2011) is a fifth-degree
and fifth-order spherical harmonic decomposition of the Jovian mag-
netic field model. This model is similar to the VIP4 internal mag-
netic field model, in the sense that it a multipolar development of the
magnetic field constrained by Pionners and Voyagers magnetic field
measurements and remote sensing measurements of the o footprint.
It however differs from VIP4 because it uses more accurate HST UV
measurements and it is constrained by the actual Io footprint posi-
tion (longitude + latitude) rather than its mean contour. Contrary to
GAM, it did not use the footprints of Europa and Ganymede. Its
higher accuracy allows for a better fit of magnetic anomaly without
the addition of a low surface dipole. This model is applicable to both
hemispheres. I choose the VIPAL model for the analysis of HST data
because it was the most accurate internal magnetic field model at the
time. It was the model that best predicted the satellite footprints, lo-
cated in the zone closest to the previously established zone of the
injection signatures (Mauk et al. 1999) discussed in this thesis. Even
if some structures could be detected beyond the orbit of Ganymede,

we kept the same magnetic field model for the sake of consistency.

The JRM09 model based on observations of the magnetic field made
by the magnetometer (MAG) on board the Juno spacecraft is a spheri-
cal harmonic model of degree 10 for the internal magnetic field (Con-
nerney et al. 2018). It is described as a provisional model, since it is
based on Juno’s first nine polar orbits. However, the first fully global

coverage of Jupiter’s magnetic field was acquired after the first eight
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orbits. This model takes hemispheric asymmetry into account, as
well as anomalies such as the one at high northern latitudes, for ex-

ample.

e The JRM33 model is based on data acquired by Juno spacecraft up
to mid-April 2021 (i.e. up to and including PJ33). During the acqui-
sition of these data, the equatorial crossings were separated by ~11°
in longitude. The magnetic field was modelled with a spherical har-
monic of degree 18. This model provides a very detailed view of
a planetary dynamo (with a dynamo core radius of 0.81 Rj), the first
time a model has provided such an accurate view of Jupiter’s dynamo
(Connerney et al. 2022). However, JRM33 was not used in my analy-
sis of the Juno data (Chapter 8) because this model was not available

yet when this analysis was performed.

1.3.2 Magnetospheric configuration, dynamics and plasma sources

In general, the Jovian magnetosphere can be divided into three distinct

regions: the inner, middle and outer magnetosphere.

The inner magnetosphere is located below 10 R, where the magnetic field
is almost dipolar. This region of the magnetosphere shelters the satellite Io
(orbiting at 5.9 R;) and its plasma torus, consisting of heavy ions and elec-
trons, which is approximately corotating with the planet’s magnetic field
and is located between 5 and 8 R;. This torus contains several million
tons of cold plasma, whose energy is less than 100 eV for the core of the
ion distribution. Around a ton of material is injected every second into the
magnetosphere by the active volcanism of Io (mainly SO;, as well as atoms
and dust of Na). From this neutral material, charged particles are produced
as a result of partial ionization by the Sun’s extreme ultraviolet (EUV) ra-
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Figure 1.3 — Basic configuration of the Jovian magnetosphere and typical electromagnetic
emissions and particle fluxes observed remotely from Earth orbit observatories and/or from
in situ spacecraft. (Krupp 2014).

diation and collisions with surrounding energetic particles (S*, O*, etc.,
and as many electrons). The pick-up phenomenon takes place as soon as
the ions are formed: they are instantly captured by the magnetic field and
carried away by the rotation (Bolton et al. 2015). logenic plasma is the
main source of plasma in Jupiter’s magnetosphere (Figure 1.3). However,
it should be pointed out that this is not the only source of plasma in the
magnetosphere, atomic oxygen is produced by energetic magnetospheric
particles bombarding the icy surface of Europa (Bagenal et al. 1992). Eu-
ropa’s contribution to the magnetospheric plasma is much smaller than that
of Io. The contributions from Ganymede and Callisto are even smaller. The

total amount of plasma estimated for these three satellites is less than 20
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i ~Afa€"etfc
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Figure 1.4 — The centrifugal equator is drawn here in a meridian plane containing the axis
of the magnetic moment M of a centred dipole, inclined by an angle « to the planetary
rotation axis of vector §. The centrifugal equator is defined as the location of the points
furthest from the axis of rotation on each field line. The angle ¥ formed by the magnetic
equator and the centrifugal equator reaches its maximum in this plane ((_i, M) and is ~ /3
for a small angle « (Hill et al. 1974) (for Jupiter, ¥ ~ 3.2°). A point P in the magnetosphere
is easily identified from the magnetic field by the "equatorial (or dipolar) magnetic radius"
L of the field line to which it belongs, and in relation to a corotating plasma (torus) by its
centrifugal latitude (angle to the local centrifugal equator), adapted from Moncuquet (1997)

kg/s (Cooper et al. 2001). There are also light ions coming from Jupiter’s
ionosphere (H*, H and HJ , ~ 20 kg/s) (Hamilton et al. 1981), but also
from an external source : the solar wind (mainly H" and He**), at a rate of

a few tens of kilograms per second (Delamere and Bagenal 2003).

Because of the centrifugal force, the iogenic plasma slowly diffuses radially
outward, forming the plasma disk. We note that the effects of the plasma on
the magnetic field are minimal due to the strong internal magnetic field and

the low temperature of the plasma torus. The plasma parameter 5, which is
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the ratio between the kinetic pressure (P) and the magnetic pressure (BZ/,uo)

inside the plasma, is expressed as follows :
B= Z];—BT (1.1)

/Ho
where n is the number density, kg is the Boltzmann constant, T is the tem-
perature, B is the magnetic field* and p is the permeability of the vacuum.
Thus, in the inner magnetosphere, 8 values are less than unity (Mauk et al.
2004). The effects of the magnetic field dominate over the kinetic pres-
sure of the plasma. On the other hand, the effect of the magnetic field
on the distribution and the energy of the plasma is important. Indeed, the
charged particles moving in the magnetic field are subject to the Lorentz
force. This implies that the spatial distribution of the particles is governed
by the magnetic field and thus that the plasma torus is confined to the cen-
trifugal equator. The centrifugal equator corresponds to the surface defined
by the set of field line points located the farthest from the axis of rotation
of Jupiter (Figure 1.4). In addition, Tsuchiya et al. (2015) and Yoshioka
et al. (2017) showed that the plasma torus can be described using radial
and longitudinal profiles of electron density, temperature, and relative ion

abundance, and that these parameters vary with the solar wind.

The dynamics of the magnetosphere are mainly driven by the internal plasma
source and rapid rotation (Vasylitinas cycle, Figure 1.5), while the external
source (the Sun) plays only a secondary role (Hill et al. 1974, Vasylitinas
1983, Kivelson and Southwood 2005). Such as the magnetospheric plasma
is collision less and extremely conductive, the magnetic Reynolds number

(R,;,) is much greater than one and the "Frozen-in" approximation can be

“The magnetic flux density (B in [T]) is a function of magnetic field intensity (H in
[A/m]) : B = uo.u,-.H, where g, = 1 in vacuum
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apply. This approximation implies that the only electric field present (75))

arises from plasma motion and is expressed as a function of the magnetic
— . - s =

field (B) and the velocity vector (7 ): E = —(v X B ) As a result, the

— —
magnetic field lines are equipotential (E.B = 0). In such an approxima-
tion, the magnetic field lines are frozen in the plasma, so they are pulled
towards the corotation and ultimately lead to the corotation of the magne-

tospheric plasma.

When the plasma outflows, the angular momentum is transferred from the
ionosphere to the plasma disk by a current system. This current system con-
sists of a radial current in the plasma disc directed outwards from the mag-
netosphere, a Pedersen current in the ionosphere equatorward and currents
aligned with the magnetic field, closing the loop, connecting the plasma
disc to the ionosphere and the ionosphere to the plasma disc. As the io-
genic plasma flows radially into the plasma disc, the fx B force accelerates
the magnetospheric plasma to maintain the plasma’s corotation with the

magnetic field.

The middle magnetosphere extends from about 10 to 40 R; (Figure 1.3).
Above ~15 Ry, in contrast to the inner magnetosphere, the 8 parameter
is greater than one (Mauk et al. 2004) because the kinetic pressure in the
plasma is greater than the magnetic pressure.In order to simplify the de-
scription of this region, we can distinguish two current systems : the current
disk and a meridian currents system. The first one is related to the differ-
ential drift of electrons and ions, the associated azimuthal currents induce a
radial deformation (stretching) of the field lines (Bagenal et al. 2017). The
second one is related to the transmission of the angular momentum from the

ionosphere to the magnetosphere (i.e. Cowley and Bunce 2001, Hill 2001).
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At the outer edge of the middle magnetosphere, the currents become too
small to maintain a significant degree of corotation and the azimuthal ve-
locity in the plasma sheet starts to drop significantly, a phenomenon named
corotation breakdown. The radial current in the equatorial plane induces
a magnetic field oriented in the azimuthal direction, above and below the

plasma sheet, resulting in a bend-back of the magnetic field lines.

The outer magnetosphere extends beyond 40 R (Figure 1.3). We can more
specifically focus on two remarkable regions of the outer magnetosphere.
First, the dayside outer magnetosphere, whose outer boundary is not fixed
in time, as the magnetopause stand-off distance varies between ~ 60 and ~
90 R; (Joy et al. 2002), depending on the pressure exerted by the solar wind
(Section 1.3). In the antisolar direction, the magnetic tail (or magnetotail)
has a cross section diameter of 300 to 400 R; and an estimated length ex-
tending beyond 2,5000 Ry, up to the orbit of Saturn (Khurana et al. 2004,
McNutt et al. 2007).

1.3.3 Particles Motion
1.3.3.1 Single Particle Motion

In order to explain the phenomena giving rise to the auroral emissions,
it seems essential to describe first the motion of a particle under the influ-
ence of an electromagnetic field. When a charged particle is placed in a
uniform magnetic field, the motion of a particle along a field line is de-
scribed by the force F:

-

F=g?xB (1.2)

where q is the charge of the particle, ¥ is the velocity and Bis the magnetic
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EQUATORIAL PLANE MERIDIAN SURFACE
MAGNETIC X-LINE

......

MAGNETIC

f!/lﬁ /O-LINE —

Figure 1.5 — Diagram showing the loading and unloading of the mass. The equatorial plane
is shown on the left, and the meridian sections on the right (with the Sun on the left in both
views). Illustration from Bolton et al. (2015), adapted from Vasylitinas (1983).

field.

The definition of this force allows to characterize the motion of the particle
in the magnetic field. Indeed, the cross product of the velocity and the
magnetic field imposes on the particle a helical motion along the field line,
as long as the particle remains trapped on its field line. Moreover the cross
product also imposes that the motion of the particle is perpendicular to the
velocity and the magnetic field. If the magnetic field is uniform along the z
direction (§ : (0; 0; B;), the components of the force (ﬁ i (Fx; Fy; Fy)) can

be written as follows:
F, =qvyB;; Fy = —qvB;; F,=0 1.3)

If we derive these expressions as a function of time, we obtain the compo-
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nents along x and y, the description of a simple harmonic oscillator. Hence,
we define the gyroscopic frequency as the angular frequency of this har-
monic oscillator :
B
o, - 4B (1.4)
m
From here, we can characterize the gyration motion of the particle thanks
to the radius of the helix. This radius is called gyroradius (R,) or Larmor
radius and is defined as follows:
vV, v,.m

R, = -= = (1.5)
£ 0. gIB

where v, is the particle velocity component perpendicular to the magnetic
field. Therefore, the helical motion of the charged particle can be decom-
posed into the "circular" motion of the particle along the field line, char-
acterized by the Larmor radius, around the guiding center (xg, o), and the
displacement along the z-axis with constant velocity. Note that the sign of
the charge as well as the mass of the particle have an impact on its motion.
Indeed, electrons have a mass much lower than that of ions so they move
with a smaller radius. Their charge is negative so they move in the opposite

direction of the positive ions.

We can also define the "pitch angle", @, which is the angle between the

velocity vector of the particle and the magnetic field vector:
a = arctan (v—l) (1.6)

i

where v is the velocity parallel to the magnetic field line.

28



1.3 The magnetosphere of Jupiter

The presence of an electric field (E) perpendicular to the magnetic field
(B), results in a drift velocity of the particle perpendicular to the two com-
ponents of the cross product: E x B. The electric drift velocity (vz) is such
that : L

7= E ;B

The definition of the electric drift velocity, shows that it is not dependent on

(1.7)

the charge of the particle, so electrons and ions drift in the same direction

and no net current is associated with drift.

In many cases, the motion of the particle in an electromagnetic field can be
decomposed into three motions: (1) a gyration around the field line, (2) a
bounce along the field line and (3) an azimuthal drift (Figure 1.6). (1) has
been explained already, (2) and (3) will be explained latter. Throughout this
global motion, the central point around which the particle rotates, called the
gyrocenter or guiding center, remains attached to the same magnetic field
line. Thus, under these conditions, the"Frozen-in" approximation applies,
i.e. the particle remains attached to its field line.

So far, we assumed that the background magnetic field was uniform. How-
ever, this approximation does not always hold and one needs to take into the
spatial variations of the magnetic field. This is particularly true for a plan-
etary magnetosphere for which the magnetic field rapidly changes close to
the planet. The magnetic field is more intense near the planet, which im-
plies the existence of a gradient in magnetic field intensity. This gradient
induces a drift, which can be expressed as follows (Baumjohann and et al.
2012):
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Figure 1.6 — Illustration of the classical motion of a particle trapped along the magnetic
field lines around Jupiter, with evidence of the drift in the opposite direction for particles
of opposite charge: electrons and positively charged ions. Breakdown of motion into its 3
components: (1) a gyration around the field line, (2) a bounce along the field line and (3) an
azimuthal drift. Adapted from Rymer et al. (2007).

—  mv| BxVB

Vyg = g B (18)

We deduce from this expression that the drift is perpendicular to the mag-
netic field and its gradient. The drift is therefore in the azimuthal direction
around a planet. Given the dependence of the charge in the expression,
electrons and positive ions drift in opposite directions, which leads to a net
current.

Finally, the particles undergo a curvature drift induced by the curvature

of the magnetic field lines. This curvature drift also acts in the azimuthal

direction and in opposite directions depending on the particle’s positive or
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negative charge, therefore producing a net current :

2
my,

7= 1 (E’,x?) (1.9)
qB’R?

where R, is the local radius of curvature.

The gradient and the curvature drifts are proportional to the energy of the
particle (perpendicular to the field for the gradient drift and parallel to the
field for the curvature drift), so the larger the speed of the particle, the larger
the drift (Kivelson and Russell 1995, Baumjohann and et al. 2012).

It is also known that, in a magnetised plasma, certain physical quantities
may be conserved along the trajectory of a charged particle: these are the
adiabatic invariants (Baumjohann and et al. 2012). The first invariant is the

magnetic moment (i) of the particle in gyromotion :

2 P
mv,  mv-sin“(a)
— — 1.10
=B 2B (1.10)

where « is the pitch angle.

Since the magnetic moment of a particle is considered constant over time,
the perpendicular velocity must increase when the value of the magnetic
field increases. According to the principle of total energy conservation, and
if we place ourselves in the case where the energy of the particle is only
kinetic, then a perpendicular velocity increase implies a parallel velocity
decrease, since :

[

1 2, .2
Emv = Em (v” + vl) = constant (1.11)
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o= vﬁ + vi = constant (1.12)

As the magnetic field increases, the parallel velocity decreases, at the ben-
efit of the perpendicular velocity, until it becomes zero. If this point is high
enough above the atmosphere, then the particle can no longer continue its
motion along the field line in this direction, so the particle bounces back in
the opposite direction towards region where the magnetic field is decreas-
ing. This point of reversal is called mirror point. Mirror points in each
hemisphere constitute the extremities of the bouncing motion of the parti-

cle along the field line.

Since by definition at the mirror point, the parallel velocity is zero (v =
v cos(a)), the pitch angle (a,,) is 90° at this point. From the definition of
the first adiabatic invariant, if By, is the magnetic flux density at the mirror
point, it is expressed as a function of the magnetic flux density (B;) and the
pitch angle (@;) at any point along the particle’s path:

B mv2sin®(90°) B mv2sin®(«;)
B 2B, B 2B;

(1.13)

& By, = %(’ai) (1.14)
The mirror point can be located in the atmosphere. In this case, the par-
ticles are lost in the atmosphere, and we can determine the critical pitch
angle beyond which this happens. From then on, we speak of a loss cone.
This critical pitch angle defines the loss cone and can be determined in the

equatorial plane:
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B
Qloss cone = arcsin( Lﬂlor] (1.15)

ionosphere

In the case of a dipole, we can define the distance (r) between the centre of
the planet and a given latitude (1) such that r = L cos*(1), as well as the
intensity of the magnetic field at a specific location (Baumjohann and et al.
2012):

_ Mo MJ .2 \1/2
B= ﬂr—3(1+3sm 1) (1.16)

where the magnetic dipole moment of Jupiter is M is = 1.59 x 10?> A m?.

When the surface magnetic field is weaker, the altitude of the mirror point
is lower. In this case, the number of particles which have a mirror point
located in the atmosphere increases. These particles will collide with the
neutral atmosphere, eventually leading to brighter aurorae if their energy is

sufficient.

1.3.3.2 Motion of trapped particles in Jupiter’s magnetosphere

During this thesis I was led to test the hypothesis that the auroral pro-
cess of plasma injections is associated with pitch angle diffusion and elec-
tron scattering by whistler mode waves. For this purpose, I used a simu-
lation based on the Radioti et al. (2013) model, which I transposed from
Saturn to Jupiter. Before discussing the results obtained in Chapter 5, I
describe the motion of particles trapped in Jupiter’s magnetosphere, the
motion on which the simulations are based. Most of the following expres-
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sions are extracted and/or adapted from Roederer (1970) and Thomsen and
Van Allen (1980), although some coefficients have been revised with the
help of Dr Elias Roussos and Dr Christopher Paranicas. Unless otherwise
noted, all basic formulas are in CGS> Gaussian units and all numerical for-
mulas give angular velocities in radian per second, distances in centimeters,

and periods in seconds and the kinetic energy E is expressed in MeV.

The simulation describes the motion of a charged particle, specifically an
electron, in a Jovian dipole magnetic field. These formulas are expressed
as a function of the kinetic energy (E), the Mcllwain L-parameter (L)® and
the equatorial pitch angle (a.,) for a simplified dipolar model of the mag-
netic field of Jupiter. As we have seen in the case of single particle motion
(Section 1.3.3.1), when a charged particle is trapped in a magnetic field,
the motion of the particle is a combination of three different motions: (1)
gyration around a magnetic field line, (2) latitudinal bounce along the field

line, and (3) longitudinal drift perpendicular to the magnetic field line.

Before detailing these motions, two expressions are essential to describe a

dipole at a certain magnetic latitude (A):

o the relation between the local and the equatorial pitch angle, respec-

tively a; and @,y :

V4 — 3cos?A

1.17
cos®A ( )

sinz(oq) = sinz(aeq)

o the relation between the magnetic flux density at a given magnetic

3CGS : Centimeter - Gram - Second
5The L-shell or L-value is a parameter describing a set of magnetic field lines which
cross the Jupiter’s magnetic equator at a number of Jupiter-radii equal to the L-value.
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latitude and at the equator, respectively B(1) and B, :

V1 + 3sin2A

Bl = Bey cos®A

(1.18)
Following the definition of the first adiabatic invariant, a mirror point is a
point where a charged particle trapped in a magnetic field reverses its di-
rection along the magnetic field line. From the equation (1.17), we can
determine the mirror points (£4,,) by solving numerically the equation be-
low :

6
/ln
Sin2(@eq) = ——o (1.19)

V4 — 3cos?A,

It should be noted that the latitude of a mirror point depends only on the
equatorial pitch angle but not on the equatorial distance of the magnetic
field line.

Gyration motion

The relativistically corrected angular gyrofrequency of a charged particle,
in the equatorial plane where B = B,L 3, is given by

gBc gB,c 3.852 107
Wg = 5 = 53 = N (1.20)
E + mc (E + mc*)L (E + mc?)L
The equatorial gyroperiod is defined as follow :
2n -7 2y73
T, = o= 1.631 107 (E + mc”)L (1.21)
s

Ultimately, we may compute the equatorial gyroradius (radius of the cylin-
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drical surface on which the particle’s helical radius lies) :

csin(a
re = pesin(aey) = 778.816 VE(E + 2mc?)L> (1.22)

Wg

Bounce motion

The bounce period, T}, is the time (expressed in seconds) required for a
particle to make a round trip between the two mirror points. The bounce
period and the latitude of the mirror points, 4,,, are the most important pa-

rameters to describe the latitudinal bounce motion.

As described before, A,, can be estimated by solving the equation (1.19). As
for the bounce period (7), it is estimated by solving the following integral
along the field line of length s for a complete bounce between the mirror

points :

=L (1.23)
Vil

Approximating the Jovian magnetic field by a dipole, this integral can be
reduced to

L(E 2
Ty = 0954—L4MD _ pia) (1.24)

VE(E + 2mc?)

where mc? is the rest energy of the particle, the value is 0.511 Mev for elec-
trons and c is the speed of light, equals to 2.99 10'° cm s~! and Lenchek
et al. (1961) approximated the parameter H(a,,) by the following expres-

sion :

H(aeg) = 138 — 0.32(sin(ereg) + +/sin(eq)) (1.25)
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Table 1.1 — Typical bounce period (7) values for electrons at Jupiter

E=1Mev E=05Mev E=0.1Mev

L-shell ~ Mirror latitude (deg) T (sec) T, (sec) T, (sec)
5 20 4.323 4716 7.423
45 5.678 6.194 9.750
70 6.672 7.277 11.455
10 20 8.647 9.431 14.846
45 11.357 12.387 19.500
70 13.343 14.554 22.910
15 20 12.970 14.147 22.269
45 17.035 18.581 29.250
70 20.015 21.831 34.365
20 20 17.293 18.862 29.692
45 22.714 24.774 38.999
70 26.687 29.108 45.820

As an indication, the values of the bounce periods (Tj), expressed in sec-
onds, are given in Table 1.1. These values have been taken for electrons
with energies between 0.1 and 1 Mev, for mirror latitudes between 20° and
70° and finally for L-shell between 5 and 20.

Longitudinal drift

Finally the last component of the motion of the electrons, studied by Lew
(1961), is the longitudinal drifts in dipole fields. The bounce averaged an-
gular velocity of the guiding center of a particle is expressed as :

_ 3mcBPyLF(Ay)

Woe = (1.26)
T 2gBoR2G ()
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where

_ (1=sin*)  2-(B(1)/B(w))
F(n) = (1+3sin22)3/2 \/1—(3(1)/3(1,,,))60”1 da

_ V(1+3sin22)
G(Ap) = 9§ stﬂ dAa

By developing these integrals, F'(4,,) and G(4,,), over a complete latitudinal
bounce period, we obtain the parameter (g) and we can rewrite the equa-
tion (1.26), for which we take the convention that the longitudinal velocity
is positive for eastward drifts (in the corotating direction) and negative for
westward drifts. This implies that the negative sign corresponds to elec-

trons. We obtain for Jupiter the following equation :

_ —1.4998 10" LE(E + 2mc?) ( F )

= 1.27
Wee BoR? G (1.27)

-1
The parameter (g) can be approximated as follow:

F -1 .
Z) = (1.04675 + 0.45333s5in*A,, — 0.04675¢6:34368sin’ny (] 2g8)
G

1.4 The Jovian aurorae

In general, auroral emissions are generated by the excitation of atoms
and molecules in the upper atmosphere by energetic electrons and ions pre-
cipitating towards the planet along the magnetic field lines. In the case of
Jupiter, the upper atmosphere is mainly composed of atomic and molecu-

lar hydrogen. Aurorae are the observed signatures of the electromagnetic
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coupling (in very broad sense) between the magnetosphere and the iono-
sphere of the planet. Auroral emissions can be produced in a wide range
of wavelengths. Jupiter’s aurorae are observed in the UV, radio, IR, vis-
ible, and X-ray (e.g. Grodent 2015). By observing and modeling auroral
emissions at different wavelengths, we learn more about the characteristics
of the auroral atmosphere, and the different mechanisms that are transport-
ing and transforming the energy in the magnetosphere-ionosphere system.
Indeed, the auroral emissions provide a global and instantaneous image of
the whole magnetosphere, thus allowing the study of magnetospheric phe-
nomena through the observations of these emissions. During this thesis,
I worked on the UV aurorae observed in the polar regions of Jupiter with
HST and the Juno spacecraft. In the following sections, I describe the atmo-
sphere, the auroral processes and the morphology of UV auroral emissions.

1.4.1 Atmosphere of Jupiter

Jupiter’s atmosphere is a gaseous envelope mainly consisting of Hj
(86%) and He (~14%). It also contains traces of methane, water vapour,
ammonia, and small quantities of carbon, nitrogen, oxygen and sulfur (Tay-
lor et al. 2007). Jupiter’s atmosphere can be divided into several layers
(Figure 1.7):

e The troposphere, which is the layer just above the 1-bar pressure level
and contains the clouds. It is heated by an energy source internal to

the planet.

o The stratosphere, where the temperature increases with altitude, thanks
to the absorption of near infrared (NIR) radiation by methane (Moses
et al. 2004).
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e The thermosphere, where temperatures are high but densities low.
This last layer absorbs EUV solar radiation as well as charged mag-
netospheric particles near the magnetic poles, causing the dissocia-
tion and ionisation of thermospheric molecules and thus the appear-
ance of the ionosphere. The ionosphere is the region of the upper
atmosphere, mostly overlapping the thermosphere, which contains a

significant proportion of ions and free electrons.

o The exosphere is the ultimate layer of the atmosphere. Its upper limit
is undefined as this region gradually blends with the interplanetary
medium. In this region, collisions between atmospheric particles
become so rare that they can be neglected and particles can follow
parabolic, elliptic or hyperbolic paths in the gravity field. This re-
gion is also the warmest part of the atmosphere and is characterized
by a constant temperature profile driven by heat conduction which,
for Jupiter, reaches 900 K at mid latitudes and more in the auroral
regions (Grodent et al. 2001).

A notable feature of Jupiter’s thermosphere is its relatively pure chemical
composition, with molecular diffusion isolating most species at low alti-
tudes. Its main constituents, in order of abundance, are H,, which is light,
and He, which is inert and plays a very limited role in atmospheric chem-
istry. This makes the chemistry of this atmospheric layer fairly straightfor-
ward. At low altitudes H, is the most abundant constituent, but it dissoci-
ates at high altitudes (i.e. in the thermosphere) under the effect of UV ra-
diation, and atomic hydrogen H then becomes dominant (Yelle and Miller
2007). However UV radiations and the precipitation of auroral particles
contribute to largely complexifying the chemistry, including minor con-
stituents such as hydrocarbons, in the upper stratosphere and lower thermo-
sphere (Menager et al. 2010, Yelle and Miller 2007).
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Figure 1.7 — Vertical distributions of main constituents of the upper atmosphere of Jupiter
according to the model from Grodent et al. (2001), as well as the related thermal profile,
which is an analytical fit to the equatorial temperature profile determined from the Galileo
probe data.

Jupiter’s UV auroral emissions show the signature of the H Lyman-a line
at 121.567 nm and the Hy Lyman and Werner bands between 90 and 170
nm. Jovian far ultraviolet (FUV) auroral images include emission from the
Lyman H; band as well as the series of Werner bands, plus the Lyman-a H
line. During this thesis, we considered both images including or rejecting

the H Lyman line emission (Chapter 3).
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1.4.2 Auroral processes

There are several mechanisms by which electrons and ions can pre-
cipitate from the magnetosphere into the atmosphere. In this section we
present three of them: (1) pitch angle scattering at low latitudes in the
magnetosphere; (2) particle acceleration by quasi-static electric potentials
(inverted-V) along magnetic field lines and (3) acceleration of particles by
plasma waves (Alfvén waves, whistler waves, ...). Once the electrons im-
pact the atmosphere, they can induce excitation, ionisation or dissociation
of the neutrals. Jupiter’s UV aurora results from the deexcitation of molec-
ular and atomic hydrogen, which relaxes after impact with primary or sec-

ondary energetic electrons (Bhardwaj and Gladstone 2000).

The auroral brightness is expressed in kilo-Rayleighs (1 kR = 10° pho-
tons per second from a 1 cm~2 column of atmosphere radiated isotropically
into 4 steradian). Auroral brightness is obtained from the number of pho-
ton counts detected by the detectors. Conversion factors for instrument
counts to brightness and auroral power (in mW/m?) have been determined
by Gustin et al. (2012). Jupiter’s FUV (120 - 180 nm) auroral emissions are
dominated by H Lyman-alpha (H Ly-«), and the Lyman and Werner bands
of Hy (Gustin et al. 2012). Jupiter’s atmosphere (Section 1.4.1) contains
a layer of hydrocarbons, dominated by methane, which attenuate auroral
emissions. The more energetic the particles, the deeper they precipitate and
the most energetic ones may deposit most of their energy below the methane
homopause. Methane is responsible for the absorption of the auroral emis-
sion at wavelengths shorter than 140 nm. Absorption can be estimated from
a color ratio (CR). Yung et al. (1982) defined the CR as the ratio between
H; emission intensity at wavelengths without absorption, between 155 and
162 nm (denoted /(155—162)) and emission intensity in a wavelength range
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where absorption occurs, between 123 and 130 nm (denoted /(123 — 130)):

_ I(155-162)
~ 1(123 - 130)

This CR (other wavelength ranges may be considered) is used to determine

CR (1.29)

the characteristic energy of auroral precipitation and to reveal spatial varia-
tions in the amount of methane absorption for different components of the
aurora (Gérard et al. 2014).

1.4.2.1 Particle precipitation due to pitch angle scattering

Some wave-particle interactions in the equatorial plane may randomly
change the orientation of a particle velocity vector without necessarily chang-
ing its total kinetic energy. For example, the parallel velocity may increase
at the expense of the perpendicular one, and the particle’s pitch angle would
fall into the loss cone. As we have seen in Section 1.3.3.1, in that case it
means that its mirror point is located into the atmosphere, and thus that
the particles will lose its kinetic energy through elastic and inelastic colli-
sions with atmospheric particles. Part of this absorbed energy may then be
radiated away by the atmosphere in the form of auroral radiations. It was
suggested that wave-particle interactions reinforce the phenomenon of pitch
angle scattering, in particular in the diffuse aurora of Jupiter. For example,
the whistler mode waves are transverse plasma waves that propagate along
the magnetic field and their presence in Jupiter’s magnetosphere may also
play a role in these pitch angle scattering processes (Kennel et al. 1970). In-
deed, the waves disturb the movement of electrons present on the field lines
and eventually accelerate them towards the loss cone. However, the quan-
titative contribution of whistler waves to the generation of the aurora was

not clear before Juno. Thanks to the joint observations of three instruments
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onboard Juno (Jovian Auroral Distribution Experiment (JADE), Jovian En-
ergetic Particle Detector Instrument (JEDI) and Ultraviolet Spectrograph
(UVS)), new quantitative evidence has been provided by Li et al. (2017)
and Li et al. (2021), who show that whistler mode waves are probably the
main driver of precipitation by pitch angle scattering effectively generating
the diffuse aurorae. In addition, Allegrini et al. (2017) also identified loss
cone pitch angle distributions in the JADE data that are likely the origin of
diffusive aurorae (Mauk et al. 2017).

1.4.2.2 Quasi-static field-aligned potentials

Before Juno, electrons acceleration by quasi-static field-aligned poten-
tial was expected to be the main driver for the auroral emissions of Jupiter
(e.g. Knight 1973, Ray et al. 2010, Bagenal et al. 2017). In particular,
downward electron acceleration by such potentials at the foot of the upward
current branch of the current system associated with corotation enforce-
ment was supposed to give rise to the main auroral emission at Jupiter (e.g.
Cowley and Bunce 2001, Hill 2001). The typical signature of such quasi-
static potentials in charged particle energy spectrograms takes the form of
an inverted-V. However, the number of detected inverted-Vs is much lower
than expected and the associated energy flux is smaller then the energy flux
associated with broad-band energy distribution (Mauk et al. 2018, Mauk
et al. 2020, Salveter et al. 2022, Sulaiman et al. 2022, Lorch et al. 2022).
Among the different hypothesis to explain the auroral emission associated
to inward moving plasma flow, one was involving a current loop related to
the inward motion of the injected plasma. In this scenario, the auroral elec-
tron are accelerated by a quasi-static potiential in upward (anti-planetward)
branch of the current system (Radioti et al. 2010).
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1.4.2.3 Acceleration of electrons via wave-particle interaction

Electrons can be accelerated via wave-particle interactions. Among the
most studied ones at Jupiter are whistler mode waves and Alfvén waves.
For example, Elliott et al. (2018) have discussed the acceleration of elec-
tron beams away from the planet by whistler waves in the polar region. On
the other hand, Alfvén waves are known to be heavily involved in the gen-
eration of the satellite auroral footprints (Bonfond et al. 2009, Hess et al.
2010, Szalay et al. 2018, Sulaiman et al. 2023). These waves appear to be
ubiquitous in the Jovian magnetosphere (Mauk and Saur 2007, Lorch et al.
2022) and may be involved in the generation of other components of the
Jovian aurora (Saur et al. 2018, Damiano et al. 2019). The magnetometer
onboard Juno showed that these Alfvén waves are particularly present on
field lines mapping to the inner magnetosphere (Gershman et al. 2019).

1.4.3 Auroral morphology

A large set of observations of Jupiter’s UV aurora have been collected
by HST since the 1990s as well as by the NASA-Juno mission since 2016.
These observations allowed to obtain a lot of information on the UV auro-
ral emissions. The Jovian aurorae are extremely powerful (the UV power
emitted is about 10'> W, i.e. 100 times more powerful than on Earth and
10 times more powerful than on Saturn). Their morphology is complex,
and they vary rapidly, with time scales ranging from seconds to a Jovian
rotation (~ 10 h) (Grodent 2015, Grodent et al. 2018).

Jupiter’s aurorae are generally divided into four regions: main emission,
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Figure 1.8 — Image taken by HST showing UV auroral emissions at Jupiter’s north pole,
highlighting some auroral features: the main and secondary ovals, Io’s footprint, polar emis-
sions and the "kink" region (the distorted part of the main oval). The outer emissions, like
the "Secondary oval", are located beyond the main emission towards the equator (Grodent
et al. 2003b).

equatorward emissions, satellite footprints, and polar auroral emissions.

The following section describes these four regions.

1.4.3.1 Main emission

Jupiter’s main emission is the brightest (one third of the total au-
roral UV power emitted) and the most stable feature in Jupiter’s auroral
emissions. It appears as a discontinuous band approximately centered on
the magnetic poles. Due to the magnetic anomaly in the northern hemi-
sphere (in the kink region), the emission is distorted in a "bean" shape.
According to our current knowledge on this emission, its auroral mech-
anism is associated with the Field-aligned currents (FAC)s (Cowley and
Bunce 2001, Mauk et al. 2018, Kotsiaros et al. 2019, Sulaiman et al. 2022).
It was originally suggested to be mainly due to internal processes tak-

ing place in the middle magnetosphere approximately between 20-60 R,
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(Clarke et al. 2004, Vogt et al. 2011). It was commonly accepted that the
magnetosphere-ionosphere coupling system associated with this emission
is related to the breakdown of plasma corotation (Cowley and Bunce 2001,
Hill 2001, Southwood and Kivelson 2001). However, Bonfond et al. (2020)
highlighted a series of recent observations contradicting the predictive the-
ory of breakdown corotation as a complete explanation for the observed

auroral phenomena.

There are observable temporal variations within the main emission as well
as variations in Local Time (LT). First, a discontinuity lies between 08 and
13 LT, with variable extent, associated with the compression of the plasma
by the solar wind leading to a reduction or inversion of the FACs (Radioti
et al. 2008, Chané et al. 2013). Then a small transient patch is observed fre-
quently around 14 LT and associated with intermittent inward plasma flow
near 12 LT in the equatorial plane (Palmaerts et al. 2014). Finally, the so-
called dawn storms are formed at night, and give rise to a thickening and a
significant increase in the brightness of the dawn arc of the main emission.
They are relatively frequent, in the observations made by Juno, and seem to
last at least 1 to 2 hours (Bonfond et al. 2021). This phenomenon seems to
be independent of solar wind fluctuations but is associated with signatures
of reconnection, dipolarization and particle acceleration (Yao et al. 2020,
Swithenbank-Harris et al. 2021).

1.4.3.2 Polar auroral emissions

Among all the components of the auroral emissions of Jupiter, the po-
lar emissions are the most variable. In the global view of Jupiter’s aurora,

these emissions are found poleward of the main emission, implying that
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these emissions are associated with phenomena occurring beyond 60 R;.
These emissions are subdivided into three different morphological regions:
the "swirl region", the "active region" and the "dark region" (Grodent et al.
2008) (Figure 1.9).

At 06 LT, poleward of the main emission lies the dark region. It is a
crescent-shaped region devoid of emission (Swithenbank-Harris et al. 2021).
Around the magnetic pole, the swirl region consists of many compact and
transient structures whose brightness varies strongly from 0 to 200 kR
(Grodent et al. 2003b). From 22 LT to 07 LT, they are weak or absent
(Greathouse et al. 2021). Finally, in the noon-afternoon sector poleward
of the main emission, there is the active region (Pallier and Prange 2001).
Some remarkable components are present in the active region. Some of
these emissions have been linked to night-side processes such as magneto-
tail reconnection, in particular polar spots (Radioti et al. 2008, Haewsantati
et al. 2021), or quasi-periodic flashes in the noon-to-dusk sector (Bonfond
et al. 2016, Nichols et al. 2017).

1.4.3.3 Satellite footprints

Jupiter has four Galilean moons, in ascending distance from the planet,
Io, Europa, Ganymede and Callisto. The first three satellites are associated
with auroral footprints (Figure 1.8). These footprints are connected to the
satellites by magnetic flux tubes (Clarke et al. 2002). The footprints of these
three satellites have tails (Bonfond et al. 2012, 2017) and Io and Ganymede
have several spots (Bonfond et al. 2008, Bonfond et al. 2009, 2012, Bon-
fond et al. 2013a). Thanks to observations in IR made by the Juno space-
craft, Mura et al. (2018) have revealed that the tail of the Io footprint is split
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Equatorward emissions
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Figure 1.9 — Polar projection of the northern hemisphere of Jupiter’s aurorae observed by
HST (with a Central Meridian Longitude (CML) of 160°) showing the delineation of the
3 morphologically different regions of the polar emissions: "swirl region" (red), "active
region" (green) and "dark region" (yellow). The direction of the Sun(12 LT) is indicated by
the white arrow (Vogt et al. 2011), adapted from Grodent et al. (2003b).

into substructures, suggesting that the electromagnetic interaction between
Jupiter and its moon is probably more complex than previously anticipated.
In the Jovian magnetosphere at a given time, the positions of each satel-
lite are known. Since the instantaneous location of the Galilean moons
is known with great accuracy and provided that we have a reliable inter-
pretation of the mechanisms producing their auroral footprints, the precise
observation of these simultaneous footprints may be used to constrain mod-

els of the magnetic field connecting the moons to Jupiter. This method has
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been used in the past to build magnetic field models of Jupiter like VIP4
(Connerney et al. 1998), VIPAL (Hess et al. 2011) or GAM (Vogt et al.
2011) and discussed in Section 1.3.1.

The UV brightness of the Io footprint is around ten times larger than Ganymede’s
footprint, which is itself around ten times larger than the one of Europa (few

kR) (Bonfond et al. 2017). Note also that the brightness of these UV foot-
prints varies with the position of the satellite in the magnetosphere (Gérard

et al. 20006).

In 2018, Bhattacharyya et al. 2018 reported a tentative detection of the Cal-
listo footprint, which is particularly difficult due to the proximity of the

main emissions.

1.4.3.4 Equatorward emissions

These emissions are located equatorward of the main emission. They
are associated with processes occurring in the inner and middle magne-
tosphere. They consist of diffuse emissions, secondary oval and plasma

injection signatures.

The diffuse emissions are broadly distributed in (magnetic) latitude and
have a low brightness, as shown in Figure 1.10 (Radioti et al. 2009b). The
secondary oval feature is discrete arcs of varying length, and tends to be
less bright than the equatorial diffuse emission region (Tomas et al. 2004,
Grodent et al. 2003b, Gray et al. 2017). Finally the plasma injection auroral
signatures are compact auroral structures. These signatures are the focus of

this thesis and are described in detail in the next chapter.
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North 20/09/1997 South 20/09/1997
15:00 UT 13:30 UT

Figure 1.10 — Polar projection of the northern (left) and southern (right) auroral emissions
observed by HST (with 12 LT at the bottom and 18 LT at the right). We observe: the
main emission (MO), the Io footprint (IFP), the polar emissions (PE) and the region of
Equatorward Diffuse Emissions (EDE) (Radioti et al. 2009b).
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2 Plasma injections and their auroral

signatures

This chapter reviews the current understanding on plasma injections in
the Jovian magnetosphere. Before defining a plasma injection in Jupiter’s
magnetosphere, it should be recalled that plasma injection events were
first reported in Earth’s magnetosphere in 1971 by DeForest and Mcllwain
(1971), then in the Jovian magnetosphere in 1997 by Mauk et al. (1997),
and finally in the Kronian magnetosphere in 2005 (Burch et al. 2005, Hill
et al. 2005, Mauk et al. 2005). Furthermore, the term "plasma injection"
used in the case of Jupiter and Saturn refers to plasma injections observed
on Earth, which are similar in appearance. For Jupiter and Saturn, although
it is commonly used in the literature, there is no agreement on its exact

meaning. To clarify the situation, in this thesis, we assume that :

An injection event is an intensification of high-energy particles that
drift azimuthally around the planet under the influence of magnetic
gradient and curvature according to their electric charge, mass and
energy within a colder background plasma.
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2.1 Plasma injection in Earth’s magnetosphere

In Earth’s magnetosphere, the phenomenon of geomagnetic substorm
is a brief (1-3 hours) and powerful process driven by the Sun, involving a
transfer of energy from the solar wind to the magnetosphere and leading
to disturbances in the magnetosphere, ionosphere and upper atmosphere
(Akasofu 1964). In a simplified way, when the IMF turns southward, the
interplanetary and terrestrial magnetic field lines can merge at the day-side
magnetopause, giving rise to a so called magnetic reconnection. This first
reconnection of the magnetopause "opens" the magnetosphere. The recon-
nected field lines on the day side are transported to the magnetotail, where a
new reconnection of the magnetosphere on the night side takes place. This
second reconnection "closes" the magnetosphere and creates a circulation
in the form of two convection cells, one moving towards the interior of the
magnetosphere and the other out into interplanetary space. This circulation
is driven by the Dungey cycle (Dungey 1961). It involves the transfer of
mass, energy and momentum from the solar wind to the magnetosphere.
Typically, a substorm can be divided into three phases (McPherron et al.

1973): growth phase, expansion phase and recovery phase (Figure 2.1 panel
a).

If the reconnection rate on the day side is higher than that on the night side,
then energy supplied on the day side is greater than the energy released on
the night side. As a result, magnetic and plasma energies accumulate in the
tail lobe and plasma sheet, forming the growth phase of the substorm. This
phase is accompanied by a growing sheet current that stretches the mag-
netic field lines. About an hour later, the substorm expansion phase begins
when the energy accumulation becomes too big and the tail becomes unsta-

ble. As aresult, the stored energy is released into the near-Earth region and
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(a) (b)

Plasma Sheet
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Plasmoid
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= Recovery Phase

Figure 2.1 — (a) Sketch of the evolution of the plasma sheet during a substorm, adapted
from Baumjohann and Treumann (1996). (b) Three auroral images associated with the
three substorm phases obtained with the IMAGE WIC instrument on board NASA’s IMAGE
mission. The Sun is to the left for panel (a) and the right for panel (b). (Image courtesy of
Southwest Research Institute website)

energetic particles are injected into the regions around the geostationary
orbit. This high energy plasma undergoes magnetic and curvature drifts.
When the field lines relax from their stretched state, they move planetward
into a more dipolar configuration leading to a dipolarisation of the field. As
a result of the planetward motion, there is an energisation of the charged
particles in the plasma sheet. This phase lasts between 30 and 60 min-
utes. Finally, the substorm recovery phase is characterised by the return
to the quiet state of the magnetosphere and persists about 1-2 hours. Dur-
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2 Plasma injections and their auroral signatures

ing a substorm, the auroral morphology and emission intensity change as
the substorm phase evolves as shown in Figure 2.1 panel b. The energetic
plasma injection on Earth is associated with the substorm expansion phase
(DeForest and Mcllwain 1971, Mcllwain 1974, Birn et al. 1997, Pollock
et al. 2003). The auroral signature associated with a substorm is the sud-
den brightening of the aurora on the night side (Ebihara 2019). This is a
common phenomenon in the Earth’s magnetosphere, occurring at a distance
between 5 and 10 Earth radii. The ions and electrons involved in the injec-
tion have energies of up to a few hundred keV (Mauk et al. 1997, Yao et al.
2017).

2.2 Plasma injection in the Jovian magnetosphere

Measurements from the Energetic Particles Detector (EPD) on board
the Galileo spacecraft provided evidence for the ubiquitous occurrence of
plasma injections in the Jovian magnetosphere (Mauk et al. 1997). Figure
2.2 shows three electronic intensifications near 1600, 1730 and 1920 UT,
and two ionic intensifications (which are not as well ordered as the elec-
tron data) near 1500 and 1620 UT detected by Galileo on 18 December
1996, which are interpreted as injection signatures. More recently, thanks
to the JEDI instrument on board the Juno spacecraft, Haggerty et al. (2019)
observed plasma injection signatures in the Jovian magnetosphere. How-
ever, these new observations were made at higher latitudes than the previous
ones demonstrating that hot particles injected near the equatorial plane are
travelling along magnetic field lines and may reach the atmosphere where
they are likely producing auroral signatures. Haggerty et al. (2019) also
highlighted that there is no difference between the frequency of proton in-

jections and that of electron injections meaning that both types of particles
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contribute to the injection process.

Two years after the discovery of the Jovian injections, Mauk et al. (1999)
performed a statistical analysis of these energy-time dispersed intensifica-
tions in the energetic ions and electrons, based on Galileo EPD data. They
found that energetic particle injections are commonly observed in the Jo-
vian magnetosphere from 9 to 27 R, at all SIII longitudes and all LTs. Two
different processes are likely to inject hot particles in a magnetosphere. The
first one is related to the interchange instability process, described in Sec-
tion 2.2.1. The second one involves particle acceleration events related to
planetward plasma transport and heating following magnetic reconnection
(Krupp et al. 1998), detailed in Section 2.2.2. Moreover, radio emissions
and EPD measurements made by Galileo highlight the connection between
hot tail inflows at 80-120 R; and injections in the inner magnetosphere
(10-25 Ry (Louarn et al. 2014)). More recently, using HST and Hisaki UV
data, Gray et al. (2016) related injections in the inner magnetosphere of
Jupiter with hot inflows from magnetotail reconnection. Mauk et al. (1999)
proposed a schematic description of the injection phenomenon in Jupiter’s
magnetosphere (Figure 2.3) in which the cold and dense iogenic plasma
moves radially outward as a result of pressure gradients and centrifugal
forces and, by virtue of conservation of magnetic flux, are replaced by in-

ward moving flux tubes filled with sparse but energetic plasma.

2.2.1 Interchange instability process

In the Jovian magnetosphere, which is dominated by centrifugal forces,
injections are inherent in the radial transport of hot and cold plasma. They

are probably the result of centrifugally driven interchange events (Siscoe
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5.28
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Time (HH:MM:8S of 96-353) 18 Dec. 1996

Figure 2.2 — A 12-hour energy-time spectrogram taken on 18 December 1996 in Jupiter’s
inner magnetosphere by the EPD on board Galileo of energetic ions (regardless of their
mass) (top) and energetic electrons (bottom). The colour is coded according to the logj
(cm?.s.srkeV)™! of the particle intensity. Note that the energy scale for electrons is in-
verted (Mauk et al. 1997). Three electronic intensifications associated with plasma injec-
tions clearly appear near 1600, 1730 and 1920 UT.

and Summers 1981). As iogenic plasma rotates around the planet, it is
driven centrifugally from the planet. Centrifugal instability therefore leads
to spontaneous movement of the flux tubes. This is because the configura-
tion, in which the mass content of the flux tube is higher near the planet than
further away, is unstable. As a result, the iogenic plasma moves outwards
into the stretched magnetotail under the influence of centrifugal forces and
pressure anisotropies (Paranicas et al. 1991). In summary, during an in-
terchange event, distant magnetic flux tubes containing hot and tenuous

plasma flow inwards to compensate for the outflowing flux tubes contain-
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Figure 2.3 — Schematic of injection generation in Jupiter’s magnetosphere, where plasma
injection (red) occurs. Dispersive drifts then occur due to rotation and the magnetic field
gradient causes energy dispersion (Mauk et al. 2002).

ing cold and dense plasma (Ma et al. 2016).

2.2.2 Plasma heating process

As discussed in the previous section, the accumulation of plasma in
the torus of lo cannot be maintained indefinitely. This iogneic plasma dif-
fuses radially away from the torus and supplies the magnetodisc with cold
and dense plasma. The magnetodisc rotates around Jupiter and consists of
plasma confined to the equator, carrying currents that distort the magnetic
field into a disc-shaped structure (Kivelson 2015, Delamere et al. 2015).
As the magnetic field stretches, Delamere et al. (2015) suggest that radial
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transport in the middle and outer magnetosphere is governed by magne-

todisc reconnection.

Bagenal and Delamere (2011) have highlighted that the temperature of the
ions increases with radial distance, in complete contradiction to the expec-
tation that the plasma cools as it expands to a larger volume. This im-
plies that the expansion is not adiabatic and that energy must be added to
the system. There are a number of papers in the literature that investigate
the possibility of turbulent heating of Jupiter’s magnetodisc using a diffu-
sive transport model (e.g. Saur 2004) or a model based on advective flow,
commonly used for solar wind heating (e.g. Ng et al. 2018). Ng et al.
(2018) suggest that the advective flow approach is appropriate beyond 10
RJ, where transport becomes rapid and dominated by large-scale motions.
In fact, the advective model is more consistent with the observational data

obtained by Galileo.

2.2.3 Auroral signatures of plasma injections

Mauk et al. (2002) were the first to associate isolated, patchy auroral
UV emission equatorward of the main emission with injections of ener-
getic particles moving in the same flux tube. However, this association was
based on a single series of simultaneous observations between the HST and
Galileo. They proposed two possible mechanisms for this auroral signa-
ture: (1) electron scattering in the loss cone (Section 1.4.2.1), or (2) elec-
tron precipitation due to field-aligned currents flowing along the flanks of

the injected hot plasma parcel (Section 1.4.2.2).

A number of papers have subsequently been published on plasma injec-
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tions, but most of them are based on auroral observations before the in-
jection of Juno in orbit around Jupiter and its wealth of unprecedented in
situ data. Before the Juno era, using observations from HST and Galileo,
Radioti et al. (2009b) studied auroral equatorward diffuse emissions. Their
analysis suggests that some of the diffuse emission components could be
related to injection events, indicating that the auroral signatures associated
with plasma injections are a common phenomenon. These features, pos-
sibly attributed to plasma injection signatures, are observed in both hemi-
spheres (Gérard et al. 2013). Moreover, the association between injections
and auroral signatures is further confirmed by the observation and statistics
of their location when mapped onto the magnetic equatorial plane (Dumont
et al. 2014). The UV auroral signatures of plasma injections are almost
fully corotating bright spots with slightly variable size and shape. Most
of the time, several such isolated spots may be observed simultaneously,
forming groups, but occasionally one single spot may be detected between
the main emission and the magnetic footpath of Io. They are so common
that in their characterisation of Jupiter’s aurorae, Grodent et al. (2018) de-
fined two specific families of auroral morphologies with these "injection"

and "strong injection” features.

Nichols et al. (2009) reported an increase in the emitted power in the auroral
zones with "patchy emissions". These emissions appear to exhibit the auro-
ral characteristics of injections, i.e. they are at lower latitudes than the main
emission and take the form of isolated patches. It should be noted, however,
that auroral signatures of plasma injections observed almost simultaneously
in both hemisphere have generally not the same power (Gérard et al. 2013).
The measurements suggest that the power of these structures decreases with
the value of the magnetic field. However, the power is neither proportional
to B nor to B~! (Gérard et al. 2013). As for Gray et al. (2017), they propose
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that plasma injections act as a source of temperature anisotropy and par-
ticle to enhance electron scattering in the aurora and the brightness of the
second oval feature (Section 1.4.3.4). Changes in the magnetic field topol-
ogy around an injection can also generate shear Alfvén waves, accelerating

electrons along magnetic field lines and leading to precipitation.

It is assumed that a plasma injection occurs as follows: a flux tube filled
with hot plasma is suddenly injected towards the planet, the particles of
different energies undergo a differential drift due to the gradients and cur-
vatures of the magnetic field. As shown by in situ measurements of ener-
getic electrons, plasma injection show an increase in the flux of low-energy
electrons before the increase in the flux of high-energy electrons (Mauk
et al. 2002). Bonfond et al. (2017) were the first to highlight that certain
localised auroral features show signs of differential drift with energy. The
observed shift is thought to be the auroral counterpart of the differential
drift typical of plasma injections into the middle magnetosphere. In other
words, the shifts observed between precipitated electrons of different ener-
gies, in line with the differential drift expected in plasma injections, indicate
that at least some of these outer emissions are caused by injected particles
that are assumed to be part of the large-scale plasma transport. Thanks to
joint observations by HST and the Hisaki telescope, Kimura et al. (2015)
suggested that these emissions are linked to a rapid input of energy into
the polar region by the internal plasma circulation ((Vasylitinas cycle, Va-
sylitinas (1983)). Bonfond et al. (2017) also state that if the reported events
are correctly interpreted, a reconnection in the magnetospheric tail could
succeed to the injections.This implies that in the magnetosphere, ~80 R,
separate the radial distance of the injections (10 R;) from the radial dis-
tance of the reconnection X-line (90 R;). On the basis of observations from
Juno (Bonfond et al. 2017) the radial propagation speeds should be of the
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order of 200 km/s. This speed corresponds to the highest value of radial
transport speed estimated by Bagenal and Delamere (2011) at these dis-
tances (60-200 km/s). This value is also quite close to the Alfvén velocity
estimates between Europa and the magnetic tail lobes, respectively, ~160
km/s (Kivelson et al. 2004) and ~350 km/s (Cowley et al. 2015). Bonfond
et al. (2017) therefore propose two scenarios. However, they are rather
speculative and require new observations to confirm them. The first pro-
poses that, due to the instability of large-scale interchanges, a quantity of
cold plasma suddenly migrates outwards in the magnetosphere, and that
this cold plasma orbits Jupiter for three quarters of a complete rotation. It
would then be released into the tail of the magnetosphere in the form of a
plasmoid after reconnection. The second proposes that, in the middle mag-
netosphere, large-scale plasma injections generate significant perturbations
in the magnetic field as they propagate at speeds close to the Alfvén speed

towards the outer magnetosphere, then triggering reconnection in the tail.

During HST observations in the spring of 2007, Bonfond et al. (2012) noted
an increase in the occurrence of features associated with plasma injections
in UV and IR emissions. Bonfond et al. (2012) and Yoshikawa et al. (2017)
have suggested that there is an indirect link between lo’s volcanic activity
and the occurrence rate of injections. Increased volcanic activity would be
associated with an increase in the amount of plasma in the middle magne-
tosphere, which would favour the interchange of flux tubes and increase the
rate of plasma injections, into the inner and middle magnetosphere. Bon-
fond et al. (2012) also report a rather rare phenomenon: on 7 June 2007, a
large emission feature (15,000 by 6,000 km) was observed as far away as
the predicted location of Io’s footprint. When the Io footprint crossed this
structure, it became so dim that it was no longer observable. In addition
to the link between lo’s volcanic activity and the rate at which injections
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occur. During the quiet period of Io’s volcanism, Kimura et al. (2015) ob-
served a quasi-periodic (5-day) increase in auroral brightness. This 5-day
period corresponds to the frequency of particle injection events detected by
the Galileo satellite (Louarn et al. 2014). During the period of high Io activ-
ity, Yoshioka et al. (2018) observed that the brightness of auroral emission
became more intense ~20 days after the onset of the increase in S* bright-
ness in the plasma torus. They estimated that the aurora was twice as bright
(or even more) than during quiet periods, and therefore estimated that it
took about 10 days for the iogenic plasma moving outwards in the magne-
tosphere to affect the reconnection rate of the magnetosphere (Kimura et al.
2015). The increase in the brightness of S* in the iogenic plasma torus, fol-
lowed by the increase in the brightness of the low-latitude emissions, could
give us the global timescale for radial transport in Jupiter’s magnetosphere
(Louarn et al. 2014, Gray et al. 2016).

If Io’s volcanic activity plays a role in the injection process, it is natu-
ral also to assess the potential role of the solar wind in this phenomenon.
Mauk et al. (1999) suggested that clustered injections of energetic parti-
cles could be associated with rarefactions of the solar wind. Kimura et al.
(2018) conducted a detailed analysis of auroral and solar wind data during
the 2015 volcanic event. They concluded that these auroral brightenings

were mainly caused by the increase in Io’s mass loading rate.

Finally, Kimura et al. (2017) suggest from auroral observations with Hisaki
and HST that auroral injection events and dawn storms may be linked.
Thanks to joint observations by HST and Juno, Yao et al. (2020) report
that dawn storms and signatures of plasma injections are often observed
simultaneously. In addition, Bonfond et al. (2021) observed in UV au-

roral emissions that dawn storms give rise to plasma injection signatures,
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establishing a direct link between dawn storms and auroral signatures of
plasma injections. This link is confirmed by Ebert et al. (2021), who con-
ducted a Juno multi-instrument study of dawn storms. They emphasise
that the dawn storm emissions were created by processes that mapped to
Jupiter’s nightside and then migrated in the direction of planetary rotation.
The high-latitude energetic electron and ion populations detected simulta-
neously with depleted lower energies are similar to particle observations in
the equatorial magnetosphere associated with dynamical processes driven
by interchange events, plasma injections and/or tail reconnection. More
specifically, Yao et al. (2020) propose that reconnection in the magneto-
sphere are associated with dawn auroral storms. This is followed by one
or more magnetic dipolarisations that corotate with the planet within a few
hours, leading to plasma injections into the inner magnetosphere. These
injections can produce multiple auroral signatures at all LT, as observed by
HST (Haggerty et al. 2019, Yao et al. 2020). Following the reconnection
process that produces the dawn storm, magnetic dipolarisation is triggered,
which corotates with the planet and produces plasma injections into the in-
ner region of the magnetosphere, leading to auroral injection signatures in
the wide range of local time sectors. The reconnection can produce mul-
tiple dipolarisation events within a few hours, resulting in multiple auroral

injection signatures (Yao et al. 2020).

2.3 Plasma injections in the Kronian magnetosphere

Plasma injections are also present in Saturn’s magnetosphere (Mauk
et al. 2005, Hill et al. 2005, Burch et al. 2005), and we can draw some use-
ful conclusions from the similarities between Saturn and Jupiter. Internal

sources of neutrals are important in Saturn’s magnetosphere, and many of
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these neutrals are ionised in the inner magnetosphere. While the volcanic
moon Jo is the main source of plasma in Jupiter’s magnetosphere, the icy
moon Enceladus plays a similar role in the Kronian magnetosphere. Many
authors have studied the radial motion of injections into Saturn’s magne-
tosphere (e.g. Burch et al. 2005, Hill et al. 2005, Paranicas et al. 2016).
The aim of these studies was to quantify the plasma circulation process.
The plasma permanently fed by Enceladus is evacuated outwards by the
planet’s rotation. As a result of this evacuation of plasma from the Kronian
satellite, the hottest plasma moves inwards due to the conservation of mag-
netic flux. The inward motion of the hot plasma is faster than the outward
plasma flow (Chen et al. 2010). Two-dimensional simulations based on
the Rice convection model (e.g. Liu et al. 2010) show narrow longitudinal
hot plasma fingers surrounded by narrow longitudinal cold plasma fingers
moving outwards. At this stage, we cannot say whether these are plasma

fingers or confined structures like plasma bubbles (Blanc et al. 2015).

The study of plasma injections into Saturn’s magnetosphere has revealed
the existence of two different types of injection. The first type of injection
is associated with centrifugal instabilities, which are mainly observed at
low energies. These plasma injections are limited in size (< 1 Saturnian
radius (Rg)) and survive less than one rotation of Saturn (Hill et al. 2005).
According to Azari et al. (2018), most events last 15 minutes or less. These
injection events occur mainly between 6 and 9 Ry (Chen et al. 2010, Ken-
nelly et al. 2013, Azari et al. 2018) and in the afternoon LT sector (Chen
and Hill 2008). However, Kennelly et al. (2013) claim that the interchange
movement preferentially occurs in the afternoon and midnight sectors. This
difference could be due to an inaccuracy in the azimuthal plasma velocity
profile used by Chen and Hill (2008).
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The second type of injections are mainly associated with high energy elec-
trons (>100 keV). They are larger in size (>1 Rg) and persist for one or
more rotations of Saturn (Mauk et al. 2005, Paranicas et al. 2007, 2010).
Their energy-time signatures are similar to the previous ones, but are more
scattered due to their longer lifetime. These injections preferentially occur
between 15 and 20 Ry (Mitchell et al. 2005, 2009) and in the night and
morning sectors (Miiller et al. 2010). It is widely assumed that these injec-
tions are produced by the dipolarisation of the magnetic field lines and the
formation of plasmoids in the magnetic tail (Bunce et al. 2005, Hill et al.
2008, Mitchell et al. 2009).

As with Jupiter, the plasma injections present in Saturn’s magnetosphere
can be associated with auroral signatures. These signatures are produced
by scattering processes (Radioti et al. 2013) or by pressure-induced electric
currents flowing along the boundaries of the plasma injection cloud (Kivel-
son and Russell 1995, Radioti et al. 2013, Guo et al. 2018).
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3 Instrumentation and data

This chapter discusses the relevant instrumentation and data obtained
with the HST’s Advanced Camera for Surveys (ACS) and Space Telescope
Imaging Spectrograph (STIS), as well as the UVS on board the Juno space-
craft. It is partially based on the studies published by M. Dumont, D. Gro-
dent, A. Radioti, B. Bonfond and J.-C. Gérard in the Journal of Geophysical
Research: Space Physics in 2014 (Dumont et al. 2014) and by M. Dumont,
D. Grodent, A. Radioti, B. Bonfond, E. Roussos, and C. Paranicas in the
Journal of Geophysical Research: Space Physics in 2018 (Dumont et al.
2018).

3.1 Hubble Space Telescope

HST orbits the Earth at around 540 km, which gives it the great advan-
tage of being very little altered by the atmosphere, in particular by the ab-
sorption of UV radiation. In addition, HST provides higher resolution than
those from ground-based telescopes, in a large wavelength range spanning
the UV and visible parts of the spectrum as well as a small portion of the IR
spectrum. The first part of this work was carried out using data from HST,
and more specifically from ACS and STIS. Mauk et al. (2002) reported that
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auroral signatures of injection phenomena were observable on UV images
of Jupiter from the HST. This first potential association of the detection of
the signature of a magnetospheric injection, based on Galileo in situ parti-
cle instruments, with the quasi-simultaneous observation of its auroral UV
counterpart, with HST, opened a new era in the study of the injection pro-

cess in Jupiter’s magnetosphere.

3.1.1 Hubble Space Telescope instrumentation
3.1.1.1 Advanced Camera for Surveys

The ACS instrument is composed of three cameras (Table 3.1) and each
has specific functions (Ford et al. 1996) (https://hst-docs.stsci.edu/):

1. a wide-field charge coupled device (CCD) camera, with a spectral
range of 350-1,100 nm, allows a broad study of the Universe. It is
used, for example, to study the nature and distribution of galaxies,

which characterise the evolution of the universe.

2. a high-resolution CCD camera capable of capturing detailed images
of the sky over a spectral range of 170-1,100 nm. This makes it possi-
ble to explore the inner regions of galaxies and search for exoplanets,

for example.

3. asolar blind channels (SBC) detector (with a Multi Anode Microchan-
nel Array (MAMA) detector) working in the FUV spectral range
(115-170 nm). It was primarily designed to observe hot stars or plan-
ets radiating in the UV. The SBC detector was used to acquire the
ACS images used in this thesis.
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3.1.1.2 Space Telescope Imaging Spectrograph

Covering wavelengths from NIR to FUV, STIS is a general-purpose
imaging spectrograph (Woodgate et al. 1998)(https://hst-docs.stsci.
edu/). This instrument is made up of three detectors (Table 3.1): a CCD
camera and two MAMA detectors, one operating in near ultraviolet (NUV)
and the other in FUV.

The key characteristics of ACS/SBC and STIS FUV MAMA detectors are
listed in the table 3.1. Note that Jupiter’s apparent diameter is 50 arcsec, so
the planet is not fully visible in the field of view of these instruments. They
capture about a quarter of the Jovian disk. In the HST observations used,
the polar region of interest (on the order of 10 x 10 arcsec?) is placed in one
part of the detector, leaving most of Jupiter’s disc outside the detector. This
is because sunlight (>170 nm) is backscattered by Jupiter’s atmosphere and
saturates the ACS and STIS detectors. The polar regions are peculiar in that
they contain a hydrocarbon layer that absorbs this UV solar emission and
also increases the contrast of the auroral emissions relative to the atmo-
spheric background. In order to project the images, the centre of the planet
must be known. To determine this, a limb-fitting procedure is used, which
consists of fitting the Jovian limb to a model planetary disk. Using this pro-
cedure, each pixel in the initial image is assigned a planetocentric latitude
and longitude in SIIT (Grodent et al. 2003b).

3.1.2 Hubble Space Telescope data

The HST UV database used in this thesis consists of a set of 1874 high-
resolution UV images obtained from 1999 to 2007 with ACS and STIS on
board HST (Table 3.2: GO 8171, GO 8657, GO 9657, GO 10140, GO
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Table 3.1 — ACS/SBC and STIS FUV MAMA detector characteristics

ACS/SBC FUV MAMA
Spectral Response [nm] 115-170 115-170
Image Size [pixels] 1024 x 1024 1024 x 1024
Plate Scale [arcsecz/pixel] ~0.034 x 0.030 0.0246 x 0.0247
Field of View [arcsec? | 34.6 x 30.5 252 %253

10507 and GO 10862). HST GO (General Observer) observing time is
counted in orbits. Each orbit lasts 96 minutes and includes a useful pe-
riod of time during which Jupiter can be observed: the orbital visibility
period, about 45 minutes. The length and timing of the visibility period
vary according to the declination of the target and the possible presence of
scheduling constraints (https://hst-docs.stsci.edu/hom). Approx-
imately 75% of the data set was obtained during a large HST campaign
(GO 10862) that lasted for a few months in 2007 (Clarke et al. 2009). Dur-
ing this campaign, images were captured every day during single orbit or
across consecutive multiple orbits. The regularity of the observations dur-
ing this campaign means that the temporal variation of the elements in-
vestigated in this thesis can be analysed more accurately than during the
previous campaigns used. We consider images obtained using the Long
Pass MgF, (F115LP) and the Long Pass CaF, (F125LP) filters on ACS
and the CLEAR and Strontium Fluoride (SrF2) filters on STIS (Table 3.3).
They transmit the UV emissions of H, and H in the FUV domain. For each
detector, two different filters were used: one allowing H ly-a to pass, i.e.
ACS/SBC.F115LP and STIS/FUV.CLEAR, and the other not, i.e.
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Table 3.2 — HST programs used

Type ID Principal Investigator (PI Institution) Configs Allocated  Start - End
orbits of campaign
GO 8171 John Clarke (Boston University) STIS/CCD 14 Aug 8, 1999 - Nov 14, 2000
STIS/FUV-MAMA
GO 8657 John Clarke (Boston University) STIS/FUV-MAMA 35 Dec 14, 2000 - Jan 21, 2001
GO 9657 Ronald Elsner (NASA Marshall Space STIS/FUV-MAMA 5 Feb 24, 2003 - Feb 26, 2003
Flight Center)
GO 10140  Denis Grodent (Université de Liege) ACS/SBC 6 Jan 25, 2005 - Mar 12, 2005
GO 10507  Denis Grodent (Université de Liege) ACS/SBC 4 Feb 7, 2006 - Apr 14, 2006
GO 10862  John Clarke (Boston University) ACS/SBC 69 Feb 20, 2007 - Jun 11, 2007
GO 11649  Jean-Claude Gérard (Université de Liege)  STIS/FUV-MAMA 3 Aug 31, 2009 - Sep 11, 2009
GO 12883  Denis Grodent (Université de Liege) STIS/FUV-MAMA 9 Nov 14, 2012 - Jan 24, 2014
GO 13035  Sarah Badman (Lancaster University) STIS/FUV-MAMA 20 Jan 1, 2014 - Jan 16, 2014
GO 13402  Jean-Claude Gérard (Université de Liege) = STIS/FUV-MAMA 3 Jan 8, 2014 - Jan 14, 2014
GO 14105  Jonathan Nichols (University of Leicester)  STIS/FUV-MAMA 47 May 16, 2016 - Jul 18, 2016
GO 14634  Denis Grodent (Université de Liege) STIS/FUV-MAMA 151 Nov 30, 2016 - Sep 7, 2018
STIS/CCD
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ACS/SBC.F155LP and STIS/FUV.SrF2 (Table 3.3). The conversion from
counts per second to brightness or power units is described in Bonfond et al.
(2016) and based on the coefficients derived by Gustin et al. (2012).

The study of auroral emissions is facilitated when images of the emissions
are projected onto a plane over the geographic pole. SIII coordinates can be
associated with this polar projection. The center position of the planet is de-
termined by the limb fitting procedure described by Bonfond et al. (2009).
In addition, the luminous contribution of the planet’s disc is removed to
leave only the auroral emission (Bonfond et al. 2011). It allows to project
the images on a polar map fixed in SIII, where structures corotating with
the planet may be easily distinguished from those lagging corotation. The
accuracy of the projection decreases toward the limb, where the pixels are
stretched for geometrical reasons. Accordingly, we excluded from our anal-

yses the features located less than 10° away from the limb plane.

The projections are made at an altitude of 400 km, in agreement with Bon-
fond et al. (2015), who measured the altitude of the main emissions and
found a maximum value of 400 km. They then project at 400 km, as this is
a compromise between the satellite footprints at 900 km and the main emis-
sions, which are probably closer to 250 km. We can therefore assume that
all the auroral emission is produced in an infinitely thin layer at an altitude
of 400 km above the surface (pressure level of 1 bar). However, the vertical
extension of the aurora is not taken into account, which leads to uncertainty
about the position of the emission in terms of latitude and longitude. In the
case of the observations of auroral regions made with Juno described in the
following section, the majority of observations are made at closer to nadir,
so the conversion of the instantaneous position of the pixels into latitude
and longitude is considered to be reliable and relatively independent of the
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Table 3.3 — Mean, minimum and maximum wavelengths for filters: ACS/SBC.F115LP,
ACS/SBC.F125LP, STIS/FUV.SrF2 and STIS/FUV.CLEAR (Rodrigo and Solano 2020).

Filter ID /lmean (nm) /lmin (nm) /lmax (nrn)
ACS/SBC.F115LP 141915 115 198.067
ACS/SBC.F125LP  144.921 121.745 198.195
STIS/FUV.SrF2 146.93 124.524 189.818
STIS/FUV.CLEAR  139.178 115 188.842

altitude.

For Earth-based observations of Jupiter’s aurora, the viewing geometry of
the southern Jovian aurora is less favorable than in the north. In the south-
ern hemisphere, the magnetic pole is relatively close to the jovigraphic pole
and a limited amount of the most equatorward emission can be observed,
whatever the CML. In the northern hemisphere, the magnetic dipole axis
is tilted significantly relative to the spin axis, and when the dipole axis is
pointing towards the observer, only a small part of the auroral emission is
hidden beyond the limb. The counterpart is that only a very small part of
the aurora is visible when the dipole is pointing away. This leads to a strong
bias in the CML. The database used contains a limited range of CMLs that
optimise the display geometry. The bias was accounted, by normalizing the
data (more details in Section 4.3), for in the present analysis which relies
on a large set of 1123 images of the northern hemisphere and 751 images

of the southern hemisphere.
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3.1.3 HST-STIS spectral observations

As we saw in Section 1.4.2, auroral emissions are associated with en-
ergetic particles penetrating the planet’s upper atmosphere, exciting H and
H;, which then release emissions in the Lyman series of H (in particular
Ly-a), as well as in the Lyman and Werner band systems of H, (Hue et al.
2019). These two wavelength ranges are used to determine the H, CR de-
fined by Yung et al. (1982). As the Lyman and Werner band systems of
H; are located at wavelengths below 140 nm, this implies that this band
is located in the methane absorption region. The CR can be used to de-
termine the characteristic energy of auroral precipitation from the spatial
variations in methane absorption for the different components of the au-
rora. The spatial distribution of CR within the auroral signatures of plasma
injections gives us information about the energy distribution of the particles
that make them up (Gustin et al. 2016). The higher the CR, the higher the
energy of the particles. Spectra of the FUV Jovian auroral emissions are ob-
tained with the STIS FUV-MAMA imaging spectrograph. The processing
of these observations has been described by Gérard et al. (2014). Briefly,
the spectral images are reconstructed from the time-tag data accumulated
during slit scans across the polar regions. Time-tag mode records the po-
sitions and arrival times of incoming photons. The G140L grating mode'
provides a spectral resolution of 1.2 nm. For each HST visit (GO 13402),
two images are created, one for short wavelengths, between 123 and 130

nm, and one for long wavelengths, between 155 and 162 nm.

'"The G140L grating mode is suitable for observations with efficient, spatially resolved
spectroscopy offering broad spectral coverage in the UV but where high spectral resolution
is not required. A spectral range of 115 to 170 nm is covered in this mode.
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3.2 Juno Spacecraft

The last part of my thesis is based on observations from the Juno space-
craft. The Juno spacecraft has been in orbit around Jupiter since 4 July
2016. Juno’s prime mission lasted just over 5 years and included 35 science
orbits, labelled perijove (PJ) (Figure 3.1). In July 2016, the Juno spacecraft
was placed in a highly elliptical polar orbit (e = 0.98) around Jupiter with
a period of 53 days. The perijove, the point in the orbit where Juno is clos-
est to Jupiter, is ~ 1.05 R; and the apojove, the point in the orbit where
the spacecraft is farthest from Jupiter, is ~ 113 R; (Connerney et al. 2018).
Typically eight hours near-perijove, it is the most important for Juno’s UVS
instrument. The oblateness of Jupiter leads to a precession of Juno’s orbit,
causing the tilt of the semi-major axis with respect to the equatorial plane
to move gradually southwards from -4.6° to -33.5° (Figure 3.1 panel (b))
(Bagenal et al. 2017). Initially, the aurora is observed in each hemisphere
for four hours during the PJ. However, due to the evolution of the orbits, the
spatial coverage of the aurora in the northern hemisphere decreases as the
orbits evolve. Finally, the spacecraft’s orbit evolved at the end of the prime
mission to begin Juno’s transition to exploring the Jovian system, with addi-
tional flybys of Europa and lo, as well as fly through of Europa’s torus and
Io. The mission will end in September 2025 (https://www.nasa.gov).

Juno is spin-stabilized with a rate of 2 rotations per minute (i.e. 30 sec-
onds spin periods) and carries ten science instruments, three of which study
Jupiter’s aurora in three different wavelength ranges: UV, IR and Radio,
respectively the UVS the Jupiter InfraRed Auroral Mapping (JIRAM) and
the Waves instruments (Gladstone et al. 2017, Mura et al. 2017, Kurth et al.
2017). The use of Juno to study the aurora is extremely useful, as observa-

tions at high latitudes in the polar regions gives us access to high resolution
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Figure 3.1 — Panel (a) shows Juno’s orbits, including its two long and stretched capture
orbits. On the left is the spacecraft’s position on 31 July. Image credit: NASA / JPL-
Caltech. Panel (b) shows the evolution of Juno’s orbit over time: PJ3 (December 2016),
PJ17 (December 2018) and PJ31 (December 2020). (adapted from Bagenal et al. (2017)).
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auroral observations, but also to regions that were previously impossible to
observe with an Earth-orbiting satellite, in particular the night-side sector of
the polar regions. These observations allow us to complete our knowledge
of the auroral signatures of plasma injection in Jupiter’s aurorae. Although
a lot of unprecedented information on the auroral emissions may be derived

from these three instruments.

In this thesis, we focused on the FUV auroral emissions observed with the
UVS instrument, using the data from the first 18 PJ, from PJ1 to PJ19 (no
scientific data were acquired during PJ2) (Table 3.4).

3.2.1 Juno instrumentation : Ultraviolet Spectrograph

Juno-UVS is a photon-counting imaging spectrograph with a spectral
bandpass of 68—210 nm. The spectrograph entrance slit has three contigu-
ous segments with fields of view of 0.2°%2.5°, 0.025°%2°, and 0.2°%2.5°,
forming a “dog bone” shaped slit (Gladstone et al. 2017). This instru-
ment was specifically designed to study the Jovian aurora in the UV. Juno-
UVS operates in scan mode, scanning Jupiter’s auroral regions once per
30-second due to the rotation of spacecraft. A flat scanning mirror is lo-
cated at the front of the instrument, which allows to observe in directions
+30° perpendicular to the Juno’s spin plane. This makes it possible to target
different parts of the aurora when Juno is very close to Jupiter and the inte-
grated field of view of UVS is much smaller than the auroral region. This
allows different regions of the aurora to be targeted by its controlled posi-
tion. Successive bands acquired near perijove are then projected onto polar
maps and combined to produce near perijove a complete high-resolution re-

constructed image of the aurora, as described below (Bonfond et al. 2017).
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Table 3.4 — Characteristics of reconstructed FUV spectral image used

PJ N/S  Date Start time  Stop time  SIII longitude  SIII longitude  Juno altitude
of Io (deg) of the Sun Ry)
(deg)
PJ1 N 27 Aug. 2016 09:51:49 11:21:24  293-335 75-129 3.75-1.84
S 13:51:39 14:30:36 44 -62 220 - 244 1.17-2.08
PI3 N 11 Dec. 2016 14:43:50 15:22:16  215-233 1-24 295-2.11
N 17:37:33 18:41:42  295-325 106 - 144 0.53-2.03
PJ4 N 02 Feb. 2017 11:31:54 12:12:30 200 - 218 299 - 324 1.74 -0.78
S 13:38:07 14:20:15 258 - 277 15-41 0.69 - 1.69
PJ5 N 27 Mar. 2017 03:55:17 07:07:10  62-151 77-193 5.89-2.19
S 09:27:46 10:30:27 216 - 245 278 - 316 0.57 - 2.05
PJ6 N 19 May 2017 01:01:35 04:10:50  55-142 27-141 5.94-231
S 06:23:17 07:37:29 204 -238 221 - 266 0.28 - 2.01
PJ7 N 10-11 Jul. 2017 22:42:46 00:21:00  64-110 357-57 4.01-1.94
S 02:30:12 03:24:34 169 - 194 135 - 168 0.56 - 1.84
PJ8 N 01 Sep. 2017 20:12:04 20:32:10  68-77 321-333 2.01-1.54
S 22:24:34 23:18:21 129 - 154 41-73 0.56 - 1.84
PJ9 N 24 Oct. 2017 16:25:13 16:56:26 36 -51 238 - 257 1.56 - 0.81
S 18:29:10 18:57:23 94 - 107 313 -330 0.82-1.49
PJI0 N 16 Dec. 2017 16:35:59 17:08:08 115-129 299 - 318 1.64 - 0.88
S 18:38:23 19:33:04 171 - 196 13 - 46 0.70 - 1.99
PJ11 N 07 Feb. 2018 12:52:38 13:40:11 85-107 218 - 247 1.12-0.11
S 14:39:47 15:40:22 134 -162 283 -319 0.86 - 2.28
PJ12 N 01 Apr. 2018 06:28:11 08:03:20  340-24 40-98 4.12-2.14
S 10:18:11 11:30:17 87-120 179 - 223 0.49-2.18
PJ13 N 24 May 2018 03:46:08 04:55:09  339-11 356 - 39 2.39-0.75
S 06:20:12 07:11:26  50-74 90 - 121 0.67 - 1.89
PJ14 N 16 Jul. 2018 02:53:56 04:52:37 28-83 19-91 3.03-0.33
S 06:03:07 06:58:14 115 - 141 134 - 167 0.80-2.10
PJ15 N 06-07 Sep. 2018 23:44:18 00:50:24 14 -44 319 - 359 1.80-0.26
S 01:52:25 02:38:26  73-94 36 - 64 0.68 - 1.78
PJ16 N 29 Oct. 2018 20:08:41 20:49:16  347-6 243 -267 1.08-0.18
S 21:55:49 22:46:00  37-60 308 - 338 0.89 -2.08
PJ17 N 21 Dec. 2018 16:17:39 16:54:35 314 - 331 157 - 180 0.72 - 0.07
S 18:06:14 18:30:01 4-15 223 -237 1.29-1.85
PJ18 N 12 Feb. 2019 16:43:02 17:19:10  39-56 227 - 249 0.94-0.16
S 18:15:06 18:56:14 81-100 283 -308 0.67 - 1.66
PJII9 N 06 Apr. 2019 11:08:41 11:40:21 318 - 332 79 - 98 1.28 - 0.53
S 12:58:57 13:55:05 9-35 146 - 180 0.77 - 2.09
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3.2.2 Juno Ultraviolet Spectrograph data

The instrumental data is an inventory of photon detection events char-
acterised by the X and Y position of the count on the detector. They repre-
sent the spectral dimension (i.e. wavelength) and the spatial dimension (i.e.
position) along the slit, respectively, forming a 2048x256 (spectral X spa-
tial) pixel matrix. UVS captures swaths of auroral emission every 30 sec-
onds. Their size varies according to the distance between Juno and Jupiter.
The images of the aurora are made up of the bands as they are acquired, as-
sembled and projected onto polar maps to obtain a high-resolution image of
the aurora as the field of view moves across the planet (Figure 3.2). When
the images were generated, the projection altitude was set to 400 km above
the planetary surface (Bonfond et al. 2015). To obtain information about
the brightness of the aurora, the number of counts is converted into kilo-
Rayleighs and linked to the effective surface area determined during the
Juno cruise to Jupiter. There is an uncertainty associated with the temporal
variability of the effective area which is attempted to be minimised by a cal-
ibration factor. By definition, the brightness used in this thesis is the total
EUYV plus FUV brightness emitted by H,. However, to scale the entire UV
spectrum of the Lyman and Werner bands of H;, the brightness measured
in the 155-162 nm region was multiplied by 8.1, based on an unattenuated
H; spectrum at 300 K without self-absorption (Bonfond et al. 2017). UVS
cannot observe the entire aurora during a single spin in the PJ, so all auroral
images are assembled by performing a weighted sum of successive spins,
with the most recent spin having a higher weight. Each weighting factor is
equal to one tenth of the previous factor. To produce the final brightness

map, the weighted sum of the counts is divided by the weighted sum of the
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3 Instrumentation and data

time exposure maps. Gaps in the swaths are observed, either because the
buffer memory was saturated (i.e. when particularly intense elements were
produced), or because of high radiation levels (i.e. when a count threshold
is exceeded, the instrument can be forced to reduce its voltage) (Bonfond
et al. 2017, Bonfond et al. 2021).

Finally, it should be pointed out that there are sources of uncertainty af-
fecting estimates of the total auroral emitted power. There are three main

sources of uncertainty:

1. systematic calibration uncertainties, associated with the conversion
of the measured count rate into luminosity and energy flux of the

precipitated electrons , estimated at 16% (Gérard et al. 2019),

2. depending on the number of auroral counts in the region of interest,
the uncertainty of the shot noise is less than about 5% for small spots

and about 1% for the largest features such as dawn storms,

3. the selection uncertainty, which is a function of the definition of the

region of interest and can be up to 15%.

Combination of these three sources of uncertainty amounts to a reasonable
estimate of the emitted power uncertainty on the order of 25% (Bonfond
et al. 2021).
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Figure 3.2 — Polar projection of Jupiter’s northern aurora observed by Juno-UVS on 27
March 2017 (PJS). A polar grid (dotted lines) is overlaid with 10° spaced SIII meridians
and parallels. The statistical position of the main emissions (Bonfond et al. 2012) is rep-
resented by two dotted contours: compressed magnetosphere (innermost) and expanded
magnetosphere (outermost). The footpaths of Io and Ganymede are shown as dashed lines.
Panel (a) shows an image corresponding a single spin, taken at 08:09:15 Universal Time
(UT). The image in panel (b) combines two spins taken at 08:09:15 UT and 08:09:45 UT.
And panel (c) shows a complete view of Jupiter’s northern aurora, made by combining spins
data taken between 08:09:15 UT and 08:26:47 UT. The subsolar longitudes at the beginning
and end of the combined data are indicated by the yellow lines. The orange line represents
the Juno magnetic footprint according to the JRM09 model (Haewsantati 2022).
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4 Jupiter’s equatorward auroral features:
possible signatures of magnetospheric

injections

This chapter is based on the paper written by M. Dumont, D. Grodent,
A. Radioti, B. Bonfond and J.-C. Gérard and published in the Journal of
Geophysical Research: Space Physics in 2014 (Dumont et al. 2014).

4.1 Introduction

In this chapter, I focus on isolated equatorward auroral features show-
ing the same appearance as the auroral signature of plasma injection previ-
ously observed by Mauk et al. (2002). All auroral features analyzed in this
chapter were selected, from the HST UV database obtained from 1999 and
2007 with the ACS and the STIS on board of HST (Table 3.2: GO 8171,
GO 8657, GO 9657, GO 10140, GO 10507 and GO 10862) and described
in Section 3.1.2 . These auroral features satisfy some specific criteria: they
are (1) equatorward of the main emission, (2) detached from the main emis-
sion (isolated), (3) compact structures (longitudinal mean extent < 6° and
latitudinal mean extent < 3°) that are not secondary arcs or diffuse emis-

sions, (4) they must evolve regardless of the rest of the auroral emission’s
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behavior, and (5) they are not satellite footprints. In this study, I excluded
the features located less than 10° away from the limb plane, as mentioned
in Chapter 3, because the accuracy of the projection decreases towards the
limb, where the pixels are stretched for geometric reasons. This means that
about 10% of the structures were rejected on this criterion. Application of
these criteria resulted in the identification of 130 individual UV auroral fea-
tures. Figure 4.1 shows the polar projection in SIII coordinates of an image
of the northern UV aurora obtained with STIS on 18 December 2000. In
this example, the main emission (e.g. Grodent et al. 2003a), the polar emis-
sions (e.g. Grodent et al. 2003c), Ganymede’s footprint (e.g. Grodent et al.
2009) are indicated and the region of equatorward emissions (e.g. Radioti
et al. 2009b) is the region equatorward of the main emission. In the lat-
ter region an isolated patchy auroral structure is highlighted with a yellow

square, this equatorward auroral feature fulfils the selection criteria.

More specifically, in this chapter, I statistically investigate the properties
of the isolated equatorward auroral features and establish their possible as-
sociation with magnetospheric plasma injections. To carry out this study,
I analyze observations of Jupiter’s auroral regions and compare them with
statistical results obtained with in situ instruments. I analyze their location,
emitted power, lifetime and I compare their observed properties with those
of magnetospheric injections detected by the Galileo spacecraft. Moreover,
I compare the amount of magnetic flux moving towards and away from the
planet in the Jovian magnetosphere, using a combination of remote and in
situ observations, to study the importance of plasma transport associated

with injection signatures in the Jovian magnetosphere.
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18 December 2000
14:09 (UT)
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Figure 4.1 — Polar projection of an HST/ STIS image in a reference frame fixed in SIII. The
image shows the northern Jovian aurora on 18 December 2000 at 14:09 UT. The central
meridian longitude (red line) is 167° SIIL In this particular case, noon (12 LT) is towards
the bottom and dusk (18 LT) to the right. The main auroral features are indicated: the main
emission, Ganymede footprint, polar emissions and equatorward auroral feature. In this
case, the equatorward auroral feature has a latitudinal extent of ~2,083 km and a longitudi-
nal extent of ~ 3,578 km in the ionosphere.
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4.2 Analysis of equatorward isolated auroral struc-

tures

As mentioned above, 130 auroral features have been identified in the
dataset of images acquired between 1999 and 2007 by HST. The complete
list of events are available in the Supporting Information of Dumont et al.
(2014). These auroral emissions were observed during 52 different days in
the northern hemisphere and 33 different days in the southern hemisphere,
corresponding to an average number of ~ 1.5 auroral features per day. Fig-
ure 4.2 displays a histogram giving the percentage of days during which
a certain number of auroral features were visible in the northern (red) and
in the southern (blue) hemispheres. The median value is 1 auroral feature
per day. In ~ 60% of the cases in the north and ~ 50% of the cases in
the south, at least one auroral feature is present. These emissions are rela-
tively frequent since they are observed on average at least every other day.
Specifically, days during which only one auroral feature is observed repre-
sent 30% of the cases in the north and 20% in the south. Occasionally, up
to 8 simultaneous equatorward isolated auroral features are observed both

in the northern and southern hemispheres.

Some of the morphological characteristics of the equatorward auroral struc-
tures are displayed in Figure 4.3. Panels a and b of Figure 4.3 show the
ionospheric azimuthal and latitudinal extent of the auroral features in km.
I determine the ionospheric longitudinal and latitudinal extent of the auro-
ral features from the coordinates of the four extreme points of the auroral
structure in the northern (red) and in the southern (blue) hemispheres. Both
longitudinal and latitudinal dimensions range between 640 km and 15,300
km. The largest auroral structure measures 11,700 km latitudinally and

14,400 km longitudinally. The latitudinal and azimuthal extents of the au-
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4.2 Analysis of equatorward isolated auroral structures
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Figure 4.2 — Histogram of isolated transient auroral structures observed in the north (red)
and in the south (blue). The percentage of Earth days during which a certain number of
isolated auroral features, between 0 and 8, were observed in the database that we considered.
On average, more than half of all observations present one or more signatures of isolated
equatorward auroral features.

roral features have the same order of magnitude as the auroral structure’s
extents associated with the auroral signature of an injection (6,000 km by
15,000 km) observed at Jupiter by Bonfond et al. (2012). This latter struc-
ture is included in the present data base and represents one of the largest se-
lected structure. Panel c of Figure 4.3 shows the power emitted in the EUV
and FUV Lyman and Werner bands by these auroral features inferred from
the conversion coeflicients given by Gustin et al. (2012). The power ranges
from 2 1072 GW to 113 GW, with the majority of the features characterized
by an emitted power between 5 and 10 GW. Significant temporal variations
of the power (around 50% between minimum and maximum) are systemat-
ically observed in the whole dataset. The uncertainty on the count rate and
on the background removal was negligible compared to the inaccuracy of
the boundary selection procedure of the auroral features. To estimate this
uncertainty, each manually selected pixel forming the contour of the fea-
ture is replaced with a random direct neighbour and we estimate the power

inside this new contour. For each feature of the dataset, we repeat this op-
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4.2 Analysis of equatorward isolated auroral structures
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Figure 4.3 — Histograms displaying the distribution of the auroral features characteristics:
(a) azimuthal extent, (b) latitudinal ionospheric extent, both inferred from the auroral UV
morphology and (c) power emitted in the EUV+FUV Lyman and Werner bands by the
auroral features selected in the north (red) and in the south (blue). Both azimuthal and
latitudinal dimensions range between 640 and 15,300 km. The most probable emitted power
of the features is between 5 GW and 10 GW.

eration 100 times and we compute the standard deviation of the emitted
power, which typically lies around 10% of the initial value. The observed
fluctuations are larger than the standard deviation. Thus these variations
provide strong evidence that the equatorward auroral features are highly
variable. The average time between two consecutive maxima of the emitted
power is 8 + 3 minutes. Such timescale should be compared with the typical
periodicity of 18 minutes highlighted by Louarn et al. (2001) for the ener-
getic events they associate with the injection signatures. Using observations
from several instruments on board Galileo, Louarn et al. (2001) analysed a
strong magnetospheric disturbance characterised by multiple injections of
energetic particles into the inner magnetosphere, producing magnetic oscil-

lations correlated with injections of energetic electrons with a periodicity
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of 18 minutes, between 10 and 13 R;. This typical periodicity is thus on
the same order of magnitude as the average time between two consecutive
maxima of the auroral emitted power. These measurements were not con-

current, which could explain the factor of 2 between the two values.

The observed lifetime of each selected auroral UV feature in the northern
and in the southern hemispheres is defined as the time range during which
each feature is bright enough to be observed with HST STIS or ACS (with
a sensitivity threshold of a few kR, depending on the background level of
the planetary disk). The observed lifetime of the auroral features varies
between 5 and 213 minutes. 71% of the observed lifetime of the auroral
features are between 30 and 50 min corresponding to one orbit time obser-
vation (approximately 45 min). If some auroral features have an apparent
lifetime shorter than the duration of one HST orbit, this is because they
move out of the field of view of the camera before the end of the orbit. In
the present data set, we were not able to capture the full life cycle of an
equatorward auroral feature in a single orbit. In the very few cases dur-
ing which several consecutive HST orbits were obtained, auroral signatures
persisted throughout the sequence. We performed a brightness (emitted
power) analysis similar to that of Radioti et al. (2009a). Unfortunately, the
results of the analysis are not totally conclusive since, contrary to the Saturn
cases presented by Radioti et al. (2009a), the lifetime of the auroral struc-
tures is longer than the observation. As a result, it is not possible to derive
Maxwellian full-width-at-half-maximum lifetimes that could have been di-
rectly compared with those obtained by Radioti et al. (2009a). Still, this
analysis shows that the phenomenon associated with the auroral structures
is taking place for long periods of time, presumably on the order of several

hours.
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4.3 Comparison of auroral emissions with in situ Galileo

observations

The aim of this section is to highlight the common properties between
the mapped auroral structures and the plasma injections present in the equa-
torial plane of Jupiter. To make this comparison, we magnetically map the
center position of the auroral signatures from the ionosphere to the equato-
rial plane using the VIPAL magnetic field model (Hess et al. 2011) (more
details in Section 1.3.1). VIPAL was the most suitable magnetic field model
available, for auroral features appearing between the auroral footpaths of o
and Ganymede, which is the region where most injections studied by Mauk
et al. (1999) are located. Panels a and c of Figure 4.4 show the mapped
position and radial distance of the auroral features in SIII longitude nor-
malized for all SIII longitudes in the northern (red) and in the southern
(blue) hemispheres. This normalization accounts for an observational bias
in the selected database resulting from the limited range of CML which was
adopted to optimize the viewing geometry. To achieve this, the equatorial
plane is divided into 8 sectors of equal size (45°) with the origin of the first
sector set to 0°of SIII longitude. The normalization takes into account for
the number of times the sectors have been observed in the entire database.
In each sector, the number of auroral features is divided by this number.
All these values are then normalized so that the total number of observed
auroral features is 130. We estimate the probability of the presence of auro-
ral features assuming a binomial distribution and the error bars in panels a
and c of Figure 4.4 correspond to the standard deviation of the distribution.
The magnetospheric source regions of the selected auroral features appear
to be mapped at all longitudes and at radial distances between 7 and 62
R;. The most probable radial position of the mapped auroral features lies

between 10 and 13 Ry, and their most probable equatorial longitude lies
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between 45°and 135°, for the northern features, and between 45°and 90°of
equatorial longitude for the southern ones. Only 15% of the cases magnet-
ically map beyond 40 R,. The latter population should be considered with
caution since the VIPAL model becomes increasingly inaccurate beyond
Ganymede’s orbit (15 Ry). Panels b and d of Figure 4.4 show the spatial
distribution of energetic particle injections identified by Mauk et al. (1999)
in Galileo EPD measurements. They are present at all SIII longitudes, i.e.
at no preferential longitude, and at radial distances between ~ 9 R; and ~
27 Ry. These two distances are the minimum and maximum radial posi-
tions sampled by Galileo during the time periods considered in the in situ
study of Mauk et al. (1999), for which, the most probable radial distances
were found between 10 and 12 R;.

Even though HST and Galileo spacecraft observations are not contempo-
rary, the spatial distribution of the events may be compared. When mag-
netically mapped back in the equatorial plane, the auroral features appear
at all SIII longitudes and only beyond Io’s orbit. These results are consis-
tent with the finding of Mauk et al. (1999) concerning injections observed
in situ. The main difference between the spatial distribution of events in-
ferred from HST and Galileo stems from their different sampling methods.
Indeed, HST observations map to a large portion of the dayside magne-
tosphere but most of the nightside magnetosphere is out of reach of the
telescope. On the other hand, the Galileo spacecraft was obviously not
able to sample all LTs and all local distances simultaneously. Despite these
observation biases, we find that the distributions of the detected features
are in good agreement between HST and Galileo observations (Figure 4.4),
we suggest that the equatorward auroral features that we considered for
this study are possibly associated with energetic particle injections in the
Jovian magnetosphere. If the auroral structures studied are connected to
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auroral signatures of injections, the present analysis complement the study
of Mauk et al. (2002) which was based on one unique case of simultane-
ous HST and Galileo observations. Assuming that these isolated auroral
features are related to plasma injection, this is the first time that injection

signatures are observed beyond 27 R;.

The observations made with interplanetary probes such as Galileo, provide
only local properties of the magnetosphere. By contrast, the auroral emis-
sions provide a global picture of the magnetosphere and allow us to perform
a more complete statistical study. Importantly in this study, we show, for
the first time, that several auroral signatures of injections may be observed
simultaneously at different LT sectors, indicating that simultaneous injec-
tions may occur at the same time from different locations in the magneto-
sphere rather than from a unique and localized region in Jupiter’s aurora.
It should be noted that Radioti et al. (2013) reported more than one auro-
ral signature of injection observed simultaneously in Saturn’s aurora. In
addition, multifluid MHD simulations of Saturn’s magnetospheric plasma
flows by Kidder et al. (2009) are showing several simultaneous events. The
presence of simultaneous auroral signatures of injections could be the con-
sequence of the interchange instability; since ideal magnetohydrodynamic
numerical simulations, such as those of Yang et al. (1994), suggest that the
Io torus breaks up into several long fingers implying several injections at
different LTs in the equatorial plane. Alternatively, simultaneous injections
may result from the long lifetime of some events. Indeed, injections are not
necessarily created simultaneously. For example, injections successively
generated at the same LT sector will rotate with Jupiter and thus appear at
different LTs on HST images.
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Figure 4.4 — (a) Histogram of the magnetically mapped SIII longitude of the auroral fea-
tures. (c) Histogram of the radial position of the auroral features. Values in the north and
in the south are indicated in red and blue, respectively. The error bars are drawn assuming
a binomial law for each bin and they correspond to the standard deviation of the distribu-
tion. The most probable radial position of the mapped auroral features is between 10 and
13 R,;. The most probable longitudinal position lies between 45°and 135°in the northern
hemisphere and between 45°and 90°in the southern hemisphere. (b) Histogram of the SIII
longitude of the energetic particle injections detected by Galileo (adapted from Mauk et al.
(1999)). (d) Histogram of the radial position of the energetic particle injections detected by
Galileo (adapted from Mauk et al. (2002)). Figures 4b and 4d show that the most probable
radial position of the injection events considered by Mauk et al. (1999) is between 10 and
12 R; and they display no preferential longitude. 97
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4.4 Plasma transport, magnetospheric structures stud-

ied and injections

The location of the equatorial source region of the auroral signatures
studied is reported in Figure 4.5. Figure 4.5 summarizes the results dis-
played in Figures 4.2 and 4.4 with the location of mapped structures ob-
served in the north (red diamonds) and in the south (blue squares). These
auroral features magnetically map between 7 R; and 62 R;. For 71% of the
cases in the north and 64% of the south ones, the signatures map between
the orbits of Io and Ganymede. Only 12% of the cases in the north and 22%
in the south are mapping beyond 40 R;. The auroral features studied here
are never observed inward of the Io footprint. Therefore, the orbit of Io
appears as a natural inner boundary for the phenomenon at the origin of the
auroral signatures. The phenomenon studied may be related to centrifugal
driven interchange events, such as the inward moving interchange driven
flux tubes balance the outward flux. In this case, the studied events move in
as far as the mass loading does such as the Io’s torus is the inner boundary
of the phenomenon. From the data set of Mauk et al. (1999), this observa-
tion could not be made for injections because the minimal radial position

sampled by Galileo in Mauk et al.’s study is 9 R;.

The azimuthal distribution of the magnetospheric counterpart of the studied
auroral structures spans a large LT sector from 06 LT to 20 LT. However, it
should be noted that a large LT region is not accessible to HST, owing to
Earth-based observing geometry constraints (dashed region in 4.5). We ob-
serve 65% of events in the sector between noon and dusk, which represents
an average of 11% of events per LT hour. This is significantly more than in
the two other sectors (dawn to noon; dusk to midnight) where we observe

on average 4.5% of events per LT hour between dawn and noon and 3%
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Figure 4.5 — Magnetically mapped LT location (i.e. longitude and radial distance) of the
auroral UV features under study in the equatorial plane. Red diamonds and blue squares
show the mapped position of the northern and southern auroral features, respectively. The
different circles indicate the radial distance, from the orbit of Io to 40 R;. A wide LT region
(dashed region) is not covered by HST images, owing to Earth-based observing geometry.
These auroral features magnetically map between 7 R, and 62 R;. The LT of the auroral
structures covers all values in the sector accessible to HST 06 LT to 20 LT. Red filled
diamonds indicate the location of eight distinct features observed simultaneous on 14 April
2006 in the northern hemisphere. Blue filled squares indicate the location of four distinct
features observed simultaneous on 5 June 2007 in the southern hemisphere.
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of events per local hour between dusk and midnight. We observe a similar

behavior in both hemispheres.

For approximately 30% of the dataset, we observe more than one auroral
feature on the same HST orbit. Two particular cases are highlighted with
filled diamonds and squares in Figure 4.5. The first case corresponds to
observations made on 14 April 2006 in the northern hemisphere, where 8
events are observed simultaneously. The second case corresponds to obser-
vations obtained on 5 June 2007 in the southern hemisphere during which
4 events were simultaneously observed. We observe that the structures are
present simultaneously at different LTs and at different radial distances.
The distribution of longitudes in LT for the whole data set was normalized
with the same method as that used in Figure 4.5, and shown in Figure 4.6.
We observe a relatively uniform distribution of structures mapping to the
southern hemisphere. For the northern hemisphere, the most probable lon-
gitudes of structures, when mapped in the equatorial plane, lies between 12
LT and 18 LT. However, we note that, due to the biased CML distribution
in the northern hemisphere, this sector usually corresponds to the same SIII
longitude range located in the magnetic anomaly of the northern pole at
Jupiter. We therefore suggest that the overpopulation in this sector, seen in
the northern hemisphere only, may be linked to an observational bias asso-
ciated with the presence of the northern magnetically anomaly, which could
make it it easier to discriminate auroral feature detaching from the rest of

the emission.

In situ signatures of recently reconnected and inward-moving flux tubes
were found at radial distances ranging from 33 to 155 R; in the tail be-
tween 19 and 06 LT (e.g. Vogt et al. 2010, Kronberg et al. 2005). Such flux

tubes would map within the main auroral oval and their auroral counterparts
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Figure 4.6 — Magnetically mapped LT of the auroral features under study. Observations
in the north and south are indicated in red and blue, respectively. The distribution of the
mapped structures in the southern hemisphere is relatively uniform in sectors where these
structures are visible. The most probable LT sector in the equatorial plane ranges from
12:00 to 18:00 in the north.

are thought to be the polar dawn spots (Radioti et al. 2008, 2010). These
structure appear to dissipate within a few (<4) hours as no polar dawn spot
has ever been found beyond noon. Alternatively, the low-latitude features
discussed in this chapter are seen at all observable LTs, which leave us with
only two possible explanations. Either the phenomenon causing them, the
interchange instability being the most likely one, can take place at any LT.
Or they could still originate from a privileged LT sector. One possible sce-
nario would be that the interchange instability might be enhanced in a spe-
cific LT sector, as a result of some topological reconfiguration subsequent
to tail reconnection. But then, the lifetime of the heated plasma bubble has
to be significantly longer than 4 hours, for their auroral signatures to remain

equally observable whatever the LT accessible to HST.

Finally in order to determine the typical radial and azimuthal extent of mag-
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Figure 4.7 — Histogram of the inward magnetic flux associated with auroral features. Con-
tribution from the northerm (southern) auroral features is displayed in red (blue).The ma-
jority of the auroral features is associated with a magnetic flux between 0.002 GWb and 1
GWb.

netospheric signatures studied in the equatorial plane, we mapped the coor-
dinates of the four extreme points of each auroral structure in the equatorial
plane. The radial extent of the events under consideration ranges between
1 and 10 R; with the majority (~ 60%) between 1 R; and 4 R;. Their typ-
ical azimuthal size is between 0.1 R; and 7 R; with the majority (~ 80%)
between 0.1 Ry and 3 R;.

4.4.1 Magnetic flux

During an injection, a parcel of sparse and hot plasma is transported
into a region of dense and cold plasma. As heavy plasma moves outward,

sparse plasma must be injected inward in the magnetosphere in order to
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4.4 Plasma transport, magnetospheric structures studied and injections

conserve magnetic flux in this region. In the following, we compare the
amount of inward-moving magnetic flux associated with the auroral signa-
tures of magnetospheric structures considered in this study with estimations

of the outward-moving flux.

The inward flux associated with each event is estimated by multiplying the
surface magnetic field at the center position of the auroral feature by the
area subtended by this auroral emission. Figure 4.7 shows the magnetic
flux associated with each event in the northern (red) and in the southern
(blue) hemispheres. The resulting magnetic flux ranges from 1.9 x 1073
GWhb to 10 GWb with the majority (~ 80%) between 1.9 x 103 GWb and
1 GWb. In one case only, the flux reaches a value as high as 10 GWb. The
magnetic flux associated with auroral features observed in the south is gen-
erally higher than in the north. The median number of injection per day is
1 (see Section 4.2) so that the mean magnetic flux is approximately 0.65
GWbD per event. In our dataset, there is generally only one HST orbit per
day and the auroral features are usually visible for the whole orbit. How-
ever, there are 16 cases of two or more consecutive HST orbits. For each of
those cases, the auroral features under study are seen at the same SIII longi-
tudes all along the sequence. Accordingly, we assume that the typical event
duration is at least equal to the maximum observed lifetime (~ 3.5 hours).
With such a typical duration, the mean magnetic flux is ~ 3 GWb and the
maximum magnetic flux is ~ 46.5 GWb within these three and a half hours.
As far as the outward magnetic flux is concerned, a typical value resulting
from the transport of iogenic plasma by flux tube interchange may be cal-
culated using the magnetospheric plasma radial transport velocity and the

magnetic field magnitude in the equatorial plane.
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bour = S ()B(R) 4.1
S(#) = n(R + [VA(R) = 1])* — nR* (4.2)

, where S (7) is the area covered by the radially moving plasma in the equa-
torial plane in t seconds, B(R) is the value of the magnetic field at radial

distance R, and V, is the radial plasma outflow speed.

According to Bagenal and Delamere (2011), at 20 Ry, V, is between 6 km/s
and 40 km/s and B ~ 15 nT. Following equations 4.1 and 4.2 the estimated
outward-moving magnetic flux lies between 82.8 and 273.3 GWb/day. This
is one and two orders of magnitude larger, respectively, than the inward
magnetic flux inferred from the present auroral analysis. This difference in
magnitude may be explained as follows. In the present chapter, we only
considered the auroral features strictly matching our selection criteria for
calculating the inward moving flux. However, every magnetospheric event
might not lead to an auroral signature bright enough to be detected, this
detection threshold could explain part of the discrepancy. Moreover, only
40% of the auroral region is seen by HST at once, implying that we do not
have the ability to observe all auroral features that would have appeared
simultaneously. Finally, only ~ 45 minutes of an HST orbit may be used
to observe Jupiter (the time during which HST is in the shadow casted by
the Earth). Assuming that the duration of the auroral signatures is ~ 3.5
hours (maximum observed lifetime of auroral features in the few sequences
of consecutive HST orbits), this implies that HST could have missed 3 of
the signatures that appeared on this particular day. As the observed auro-
ral emissions correspond to 40% of all LT, and if it is hypothesized that
the events take place at no preferential longitude, it is reasonable to further
multiply the number of observed signatures by 2.5 to obtain the actual total
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number of magnetospheric structures present at all longitudes. All in all,
we estimate a multiplication factor on the order of 8. With such a correc-
tion factor, the mean daily magnetic flux becomes ~ 25 GWb. We note that
this flux remains on the low side of the estimated outward flux, meaning
that events may account for only 30% of the inward flux. The outward flux
must balance the inward flux; and large scale plasma injections are expected
to largely contribute to the latter (Krupp et al. 2004). If the selected auroral
features are associated with plasma injections in the magnetosphere, then
one would expect the related magnetic flux to at least partly balance the
outward flux. Indeed, the values that we derive are on the same order of
magnitude, even if our injection-related inward flux is three times lower
than the outward flux. The underestimation of the inward flux may be -at
least in part- related to our five selection criteria of auroral signatures, listed
in Section 4.1, which may be too restrictive. Moreover, we cannot exclude

that we missed features too faint to be detected.

4.5 Summary and conclusions

In the present analysis, we report the first statistical study of Jovian
auroral features possibly associated with signatures of magnetospheric in-
jections, based on HST auroral data from 1999 to 2007. Using the VIPAL
magnetic field model, we magnetically map the auroral structures in the
equatorial plane and we investigate their characteristics. We examine the
possibility that the selected UV auroral features are related to injection
events in the Jovian magnetosphere. We show that these equatorward auro-
ral features are common as they appear in more than half of the data sam-
ple. Most observations displayed only one unquestionable auroral feature

per day. We occasionally observe several auroral structures on the same
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image, pointing out to multiple regions of generation of magnetospheric
events instead of a localized source region. Generally, the auroral features
are visible during the whole observation orbit, and when several consec-
utive HST orbits were available, the auroral features were systematically
observed during the whole sequence. Accordingly, this strongly suggests
that their lifetime is greater than 45 minutes. Our analysis shows that the
auroral features are seen at all SIII longitude and preferentially map to dis-
tances between 7 R; and 40 R;. We compare these HST observations with
in situ injections signatures obtained from Galileo energetic particle data
and we demonstrate that the auroral and in situ measurements are present at
the same location in the magnetosphere, indicating that the auroral features
under study are most probably signatures of injections. We also note that
the lifetime of these auroral structures are consistent with the lifetime of
the injections. Moreover, the temporal variations of the emitted power have
the same typical timescale (~8 minutes) as those of the injections observed
in radio domain (18 minutes) (Louarn et al. 2001). Finally, we estimate the
inward moving magnetic flux associated with these auroral signatures and
compare it with the outward moving magnetic flux. We estimate that the
daily inward moving flux associated with events can account for at least
30% of the outward flux. If the selected structures are signatures of plasma
injections in the equatorial plane, then this discrepancy might be the result
of too restrictive selection criteria of the auroral features or the underesti-

mation of their lifetime or a problem of detection threshold.
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5 Evolution and simulation of the auroral

signature of an injection

This chapter is based on the first part of the study by M. Dumont, D. Gro-
dent, A. Radioti, B. Bonfond, E. Roussos, and C. Paranicas that was pub-
lished in the Journal of Geophysical Research: Space Physics in 2018 (Du-
mont et al. 2018).

5.1 Introduction

Using HST auroral data from 1999 to 2007, I showed in the Chapter
4 that energetic particle injections in the equatorial plane of Jupiter are as-
sociated with isolated equatorward patchy auroral UV emissions. Based
on this finding, I was able to report the first statistical study of these au-
roral structures. However, we are still lacking a global understanding of
the mechanism triggering the localized injections, their auroral counterpart,

and their association with global scale injection events.

Jupiter’s auroral activity is mainly driven by internal processes (Clarke et al.
2009). Io’s volcanism is a permanent internal source of plasma that plays a

key role in the circulation of charged particles in the Jovian magnetosphere.
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The iogenic plasma moves radially outwards and, due to the conservation
of magnetic flux, flux tubes filled with sparse but energetic plasma move
inwards. In some cases, some large injection events cause sudden and tran-
sient brightenings in the auroral emission. Kimura et al. (2015) suggested
that these emissions are related to a rapid energy input in the polar region
by the internal plasma circulation. According to Bonfond et al. (2012),
the increased occurrence of large patches of UV emissions, associated with
magnetospheric injection signatures could be explained by the enhance-
ment of volcanic activity on lo. But a number of questions remain. How do
the auroral signatures of plasma injections evolve over time? What is the
auroral process that produce these auroral signatures? How does the elec-
tron energy distribution within these structures evolve? How long can these
structures be observed in the auroral emission? How old are these auroral
features when they are observed? The aim of this chapter is to address this

chain of events by answering these questions.

5.2 Temporal longitudinal and latitudinal evolution

of auroral signatures of injections

In this section, I examine sequences of images of Jupiter’s aurora ob-
served with HST. A sequence is an observation of Jupiter often made up
of several individual images during a HST orbit. The database that we
considered consists of a collection of 1874 images of FUV (115-170 nm)
Jovian auroral emission taken in 1999 and 2007 with ACS and STIS on
the HST, it is described in Section 3.1.2. The sequences used contain au-
roral structures that fulfil six specific criteria: (1) equatorward of the main

emission; (2) well separated from the main emission; (3) compact struc-
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tures (mean longitudinal extent <6 ° and mean latitudinal extent <3°) that
do not form secondary arcs (Gray et al. 2017) or diffuse emissions (Radioti
et al. 2009b); (4) their brightness, size, and level of corotation evolve in-
dependently from the rest of the auroral emission, (5) they are not satellite
footprints; and (6) the observations display only one auroral feature during
an HST orbit. These specific criteria allow us to select a set of cases for
which it is possible to characterize the evolution of size and brightness of

the auroral feature.

Thirteen sequences meet the criteria defined above, representing almost
10% of the database. Eight sequences show the northern hemisphere and
five display the southern hemisphere (Table 5.1). Each sequence contains
only one auroral signature of injection that is clearly separated from the
rest of the auroral emissions. The auroral injection boundaries are objec-
tively defined with a gradient vector flow active contour algorithm, as de-
scribed by Xu and Prince (1998). This algorithm identifies the boundaries
of the auroral signature of injection based on a fixed percentage (between
5% and 15%) of the maximum brightness in the sequence. This threshold
remains fixed within each sequence, but it had to be set manually because
the brightness of the features and the brightness of the background outer

diffuse emissions differ from one case to another.

The first step of this study consists in determining the temporal evolution of
the center position of the auroral signatures of injections during the selected
HST sequences. To perform this analysis, we define, for each sequence, an
ionospheric reference contour magnetically mapping to a fixed radial dis-
tance in the equatorial plane using the VIPAL magnetic field model (Hess
et al. 2011). The fixed radial distance is defined such that the ionospheric
reference contour passes through the auroral signature of an injection at the
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beginning of the observing sequence. As illustrated in the typical exam-
ple shown in Figure 5.1, we then measure the perpendicular and parallel
distances from the reference contour to the center position of the auroral
signature of injection on each image of the sequence. This approach shows
the spacing of the structures center against the reference contour over time.
Indeed, the magnetic field of Jupiter is tilted roughly 10° of its rotation axis,
and in the northern hemisphere, it presents relatively small-scale irregular-
ities (e.g., Connerney et al. 2018). Because of these irregularities (e.g. the
kink region), it is deceptive and thus inappropriate to measure the spacing
of the structures over time in longitude and latitude by using a dipole, even
an inclined one. We therefore use the real distances in the auroral emissions
compared to a reference contour. Consequently, working with parallel and
perpendicular distances relative to such a reference contour allows us to
account for the magnetic field asymmetries in the determination of the re-
lation between the motions measured in the ionosphere to motions in the

magnetosphere.

Each auroral structure displays a small radial displacement, which corre-
sponds to a planetward motion in the equatorial plane and a longitudinal
displacement along the direction of the corotation flow (Table 5.1). An
injection is usually associated with radial planetward transport of hot and
tenuous plasma in the magnetosphere. Once injected, energetic particles
drift azimuthally around Jupiter, as a result of the combined effects of the
corotational electric field drift, magnetic gradient, and curvature drifts. The
observed movement of the structures is in agreement with the theoretical

explanation of the injection phenomenon (see Section 2.2).

Typically during a sequence, the perpendicular and parallel distances be-
tween the mapped reference contour and the center position of the auroral
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Figure 5.1 — (a and b) Polar projections of Jupiter’s northern UV aurora obtained with
ACS on 4 March 2007. They are the first and the last images of the sequence, respectively.
The sequence starts at 10:23 UT and ends 43 min later at 11:06 UT. The CML evolves
from 174° to 200° SIII. The main auroral features are indicated on the first image: the
main auroral emission, Io footprint, polar emissions, and auroral signature of injection.
The Initial Center Position (ICP) of the auroral signature is indicated, in (b), with a yellow
square. The white contour corresponds to reference contour with a fixed radial distance (41
R;) in the equatorial plane using the VIPAL magnetic field model. Figure 1c shows the
SIII longitude and latitude of the center on each image of the sequence over time. A gap
in longitude SIII between the initial and the final center positions of the auroral structure
is observed. This gap implies that the structure presents 87% of the fraction of the rigid
corotation. dj and d, correspond to the parallel and perpendicular distances between initial
and final center positions. The pointing uncertainty for the first and the last images of the
sequence are defined in the text.
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signature of injection (respectively d) and ¢, in Figure 5.1) are on the order
of a few hundreds kilometers and, in the most extreme case, a few thousand
kilometers. We assume that the pointing and selection inaccuracy is +2 pix-
els on the center in the first image, and we set a =1 pixel uncertainty on the
center in the other images. The pointing uncertainty is accounted for only
once when estimating distances since it is a systematic error that remains
constant over the entire sequence. Overall, the motion of the structures (in
SIII) is always larger in the parallel direction than in the perpendicular one.
Moreover, the magnetic mapping of these motions, in the equatorial plane,
shows that their azimuthal displacement is larger than their radial displace-

ment.

Figure 5.1 gives an obvious example of temporal evolution of an auroral
signature of injection during a sequence. Figures 5.1a and 5.1b show polar
projections of the first and last images of the sequence taken on 4 March
2007, respectively, with ACS in the northern hemisphere. In order to il-
lustrate the motion of these features in the clearest way possible, we chose
the case with the largest azimuthal displacement listed in Table 5.1. The
white line corresponds to reference contour mapped in the auroral emission
passing through the first center position. Figure 5.1c shows the SIII lon-
gitude and latitude of the center on each image of the sequence over time.
The motion of the structure is significantly larger than the inaccuracy on
the location of its center position. We also verified that this displacement is
not a consequence of the slight change of the structure’s shape with time.
Since the edge of the auroral feature exhibits the same kind of displacement.

All the auroral structures under consideration present a modest level of sub-
corotation (i.e., between 80 and 90% of rigid corotation) and a small radial

movement. It is reasonable to interpret the auroral structures discussed in
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this study as mainly associated with old injections, it is suggesting that they
are older than one HST sequence. They are considered old on the basis of
their low radial velocity and their correspondingly small displacement in
latitude during a sequence. Indeed, after an injection event, high-energy
electrons are lost into the auroral atmosphere faster than the low-energy
ones due to a stronger pitch angle scattering (Schulz and Lanzerotti 1974).
As aresult, only low-energy electrons remain and their auroral counterpart
is close to corotation, in accordance with the observations. In addition, the
radial velocity is expected to decrease as the hot plasma approaches the
planet (Hill 2016). As a consequence, the observed low equatorward ve-
locities, typically on the order of a few degrees per hour maximum, suggest
that here the auroral features under consideration correspond to old injec-

tions.

5.3 Simulations of auroral signature of an injection

5.3.1 Electrons drift model

Two processes have been proposed to generate the auroral signatures of
magnetospheric injections: (1) pitch angle scattering and (2) field-aligned
currents flowing along the flanks of the hot injected plasma bubble (Kivel-
son and Russell 1995). In this study, we investigate the possibility that the
precipitated energy flux may be provided to the ionosphere through elec-
tron pitch angle scattering by whistler mode waves, in accordance with
previous studies (e.g., Mauk et al. 2002, Radioti et al. 2009b, Kimura et al.
2015). We use a simple model, based on the model used by Radioti et al.
(2013) for Saturn which I’'ve adapted for Jupiter, to simulate the evolution
of the energy flux with time. From these simulations, we deduce both the
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longitudinal extent of the auroral injection signature (Figure 5.3a) and the
longitudinal profile of the energy flux (Figure 5.3b). We assume a dipolar
magnetic field!, and we only consider the effects of the injected electrons
since, according to Mauk et al. (2002), the ions do not contribute signifi-
cantly to the precipitated flux.

In the model, electrons are propagating longitudinally under the influence
of azimuthal (sub) corotation and gradient/curvature drifts. The simulation
does not include the radial drift for the corresponding injected population
in the magnetosphere. However, the auroral features that we studied show
small radial displacements (Table 5.1). The drift rates of the charged parti-
cles due to the gradient and curvature drifts depend on the particles’ energy
(more details in Section 1.3.3.2). Hence, the longitudinal width of the au-
roral features is expected to increase with time. For the energies considered
in the simulation, the total drift velocity of energetic electrons decreases
with energy, as shown in Figure 5.2. Moreover, the brightness of the auro-
ral features should decrease with time because the energy density declines
with time. Indeed, the gradient and curvature drifts disperse the total injec-
tion energy over a wider region and the injected particles suffer additional

losses, due to strong pitch angle scattering, for example.

! Although the surface field is difficult to approximate by a dipole (cf. the kink region),
this approximation seems possible in the equatorial plane of the magnetosphere where the
plasma injections take place.
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Table 5.1 — List of the 13 UV sequences observed by HST containing only one auroral signature of injection clearly separated from

the rest of the auroral emissions.

Rootname  Date® CML range®  First center  Perpendicular Parallel distance between
(hemisphere)  (SIII deg) coordinate  distance between initial and final center,
(SIII deg) initial and final positions dj (uncertainty

center positions, range; km)

d, (uncertainty

range; km)
obbabloyq 28/12/00 (N) 154 —176° 128.4° 277 (84 - 317) 931 (462 — 1, 145) Used in Fig. 5.3
obbaadchq  18/12/00 (N) 167 —191° 139.9° 175 (128 - 312) 1,117 (732 - 1, 355)
j93eadeaq  25/04/05 (N) 144 —168° 136.8° 159 (69 - 315) 1,382 (615 - 1,684)
j9rlc2wiq 04/03/07 (N) 174 —200° 143.2° 1,573 (875 -1,862) 3,723 (3,133 - 4,175) Used in Fig. 5.1
j9rlcdfpq 06/03/07 (N) 115 —141° 162.1° 400 (318 —482) 428 (348 - 617)
j9rlk9meq  17/03/07 (N) 169 — 172° 146° 303 (220 - 342) 762 (702 - 1,068)
j9rld2nzq 13/05/07 (N) 154 —178° 140.9° 211 (64 —489) 1,071 (452 - 1,476)
j9rld5b5q 16/05/07 (N) 185 —209° 133.5° 1,674 (835 -2,411) 2,128 (1,811 —2,304)
o6bba04btqg  18/12/00 (S) 48 —132° 79.9° 1,760 (721 —2,136) 545 (500 — 830)
obbaa2nkq  14/12/00 (S) 22 —48° 79.8° 437 (427 — 493) 127 (74 — 137)
o6ba0109q  28/12/00 (S) 36 —120° 62.7° 1,389 (881 —1,557) 2,040 (1,831 - 2,269)
j9rleShlq 30/05/07 (S) 7-31° 339.3° 189 (109 - 251) 1,204 (1,073 - 1,437)
jOrlfaalq 11/6/7 (S) 73 -97° 133.7° 381 (199 — 425) 1,265 (804 — 1,556)

CML, central meridian longitude
“Dates are formatted as day/month/year. "Range of SIII longitudes during the observation’s sequence.
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5.3 Simulations of auroral signature of an injection

5.3.2 Comparison of simulations with auroral observations

We use the simulation model described above and compare its outputs
with the 13 auroral signatures of injections observed with HST. The simu-
lation procedure accounts for 11 input parameters organized in two distinct
sets: (1) six parameters to characterize the observed emissions and (2) five
parameters to control the model. The first set of six parameters controls
the longitude of the barycenter of the auroral feature in each image, the
longitudinal thickness of the first auroral feature in the sequence, the L-
shell range in the equatorial plane when t = 0, the number of images in
the sequence, the time between two images in the sequence, and a uniform
value for the fraction of rigid corotation during a sequence (observed to be
between 80 and 90%). The remaining five parameters are directly related
to the simulation itself: the number of particles in the simulation, energy
range of electrons, spectral index, pitch angle for all particles, and flux scal-
ing factor in f = fyE™*. The simulation output parameters are the temporal
evolution of the auroral brightness and the longitudinal extent of the auroral

signature as a function of time.

At the onset time, we impose the following parameters: 10° particles isotrop-
ically distributed and an electron energy distribution between 20 and 400
keV. The energy range is chosen, in accordance with the in situ measure-
ments in the equatorial plane reported by Mauk et al. (1997) and with the
distribution of the electron energy in the auroral emission determined by
Gérard et al. (2014).

At each time step, we calculate the longitudinal thickness and the bright-
ness profile normalized to the maximum energy obtained at the onset time

from the simulated injection. We compare these simulations with HST ob-
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Figure 5.2 — Schematic representation of the electron drift model associated with auroral
signature of an injection in the Jovian magnetosphere (adapted from Radioti et al. 2013).
We assume that the precipitated energy flux is provided to the ionosphere by pitch angle
scattering due to whistler mode waves. At t = 0, electrons are injected at a given longitude
6o, their energy lies between E,;, and E,,, and their differential flux is J( = 0, E) o« E™*,
where « is a power law’s spectral index. All discrete energy elements of the injected plasma
coexist and are represented by different colors. The drift rates of the electrons due to the
gradient and curvature drifts depend on the electrons’ energy (w,.(E)) and on the initial bulk
fraction of rigid corotation (Q..,,). Att > 0, the longitudinal width of the auroral features
increases, A = ||0g,,.. — 6k, || corresponds to the longitudinal extend of the auroral feature.
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servations for each image. Additionally, we note that the simulation output
is controlled by the lifetime of the electrons. The differential flux is reduced
by a factor of e~!'"E) where 7(E) is the lifetime of the electrons due to loss
processes and ranges between 103 and 10° s, depending on the electron en-
ergy. We adjust the lifetime of the auroral features and the spectral index to
reproduce the observations. We observe that the spectral index determines
the shape of the brightness profile as a function of longitude. A higher
spectral index implies a sharper profile and a slower longitudinal length in-
crease with time. Given the number of parameters we impose, we do not
find a unique solution. For each of the 13 structures, we tested different
values of the spectral index and we determined the spectral index based on
the best fit of the observations with the simulations. We found that the best
fit was associated with x = 3 + (0.5. Indeed, we observe that when the spec-
tral index deviates from 3 + 0.5, the simulation does not reproduce well the
observations. For example, if we use a smaller spectral index, we observe
that the longitudinal extent is close to the simulated one but the observed
brightness profiles are not reproduced by the simulations. A positive spec-
tral index in the electron distribution implies a larger contribution from low

energy electrons.

One of the 13 cases studied is shown in Figure 5.3. This case is particularly
interesting because this injection is the only one simultaneously observed
with the EPD on board the Galileo spacecraft and with HST (Mauk et al.
2002); thus, we have direct evidence that this auroral feature is associated
with an injection. Figure 5.3a shows the observed longitudinal extent of
the auroral signature of injection (solid line) and the simulated one (black
dashed line) for an injected electron population with spectral index x = 3
and an energy range between 20 and 400 keV. The error bars indicate the

1° selection uncertainty for each image. Figure 5.3b shows the normalized
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Figure 5.3 — (a) Length of auroral signature of injection (in degree) observed by HST STIS
on 28 December 2000 (solid line) as a function of time (in hours). The simulated evolution
of the longitudinal extent for an injected electron population is done with a spectral index
k = 3 (black dashed line), a spectral index « = 1 (red dashed line), both with an energy
range between 20 and 400 keV. The error bars indicate the 1° selection uncertainty. (b)
Normalized brightness as a function of LT (in degree). Each panel corresponds to one
image of this sequence. The simulated evolution of the brightness profiles for an injected
electron population is done with a spectral index x = 3 (grey line), a spectral index x = 1
(red line), and energy range between 20 and 400 keV. The time displayed on the top of each
panel corresponds to the time elapsed since the presumed beginning of the auroral signature.
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5.3 Simulations of auroral signature of an injection

observed brightness profiles (solid line) and the simulated energy flux pro-
files (black dashed line). The observed normalized brightness profiles are
taken at constant latitude as a function of LT for each image. Figure 5.3
demonstrates that the simulation is in a relatively good agreement with the
observation in terms of length and brightness evolutions. Small inconsis-
tencies are likely related to the determination of the brightness profile, the
assumption of an isotropic distribution, and the fact that we did not take the
radial displacement of the injected plasma into consideration. In order to
illustrate the influence of the value of the spectral index k on the quality of
the fit of the simulation output, we show a test case with x = 1 (red line
in Figure 5.3). Figure 5.3a also shows the simulated longitudinal extent of
the auroral signature of injection (red dashed line) for an injected electron
population with spectral index « = 1 and an energy range between 20 and
400 keV. In Figure 5.3b, the simulated energy flux profiles decreases too
rapidly with time compared to the observations. However, it is noticeable
that the longitudinal extent of the k = 1 case is not significantly different
from the observed one nor from the ¥ = 3 case. This can be explained by
of Jupiter’s strong magnetic field which prevents a rapid drift of the parti-
cles and the subsequent broadening of the auroral structure, contrary to the
Saturn case (Radioti et al. 2013). We carry out similar simulations for the
12 other cases, with similar outcome: the longitudinal extent increases and
the brightness decreases over time in similar manner, consistently with the

observations.

Electron scattering appears to be the best candidate mechanism for the au-
roral signatures of plasma injection. This hypothesis is supported by the
good agreement between UV observations and our simulations of the auro-
ral brightness. It is noteworthy that Li et al. (2017) used the same mech-
anism to explain the radial gradient of precipitation energy of the equator-
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5 Evolution and simulation of the auroral signature of an injection

ward diffuse emissions in Juno observations.

We previously suggested that auroral signatures of injection considered
here are associated with old injections. We have always imposed an age
of the auroral feature for the first image of the sequence different from 0,
meaning that the auroral signature of plasma injection was already present
before the beginning of the observation sequence. The age is adjusted in
such a way that we have good agreement between the observations and
simulations. In our database (Table 5.1), the range of these initial lifetimes
is between 10 min and 2 hr. On average, the lifetime of the present struc-
tures is around a half rotation of Jupiter (~5 h). In Chapter 4 that the age
of the auroral features is longer than the HST observations, but it seldom
exceeds the Jupiter’s rotation period (~ 10 hr). This is in agreement with
the results presented in this chapter. It should be noted that the full life
cycle of these auroral features cannot be captured due to the typical HST
observing scheme, consisting of a single isolated orbit of ~45 min every 24
hr. However, in certain exceptional cases, some large auroral signatures of
injection should have a lifetime larger than the rotation of Jupiter Bonfond
et al. 2012. Nonetheless, these cases cannot be explained with the simple

model that we used.

5.4 Summary and conclusions

The latitudinal and azimuthal motions of the auroral signatures of
plasma injections observed in HST data are compatible with magnetospheric
injections moving planetward and lagging corotation. The simulations of
the auroral signatures of injected plasma suggest that the auroral features

may be caused by electron scattering. The simulations provide a better un-
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5.4 Summary and conclusions

derstanding of the size, the spectral index, and the evolution of the injected
electron population in the Jovian magnetosphere. For example, they show
that during a typical HST sequence, the spread of the injection signature
due to diffusion is very limited. They also give information on the lifetime
of the structures. On average, it ranges between a half and a full rotation of
Jupiter, which is in agreement with the statistical results of Chapter 4. We
suggest that these auroral signatures of injection are associated with old in-
jections, because they are in quasi-corotation and they present a very small
equatorward displacement.
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6 Evidence of the energy-dependent drift
of the electrons in auroral signatures of

injections

This chapter is based on the second part of the study published by M. Du-
mont, D. Grodent, A. Radioti, B. Bonfond, E. Roussos, and C. Paranicas
in the Journal of Geophysical Research: Space Physics in 2018 (Dumont
et al. 2018).

6.1 Introduction

As mentioned in the Chapter 5, once energetic plasma particles are
injected, they start to drift azimuthally around Jupiter. However, all these
energetic particles do not have the same energy, which implies a differential
drift as a function of energy.. Measurements from the EPD on board the
Galileo spacecraft gave evidence of the ubiquitous occurrence of plasma
injections in the Jovian magnetosphere and highlighted a differential drift
between the high- and low-energy electron populations (Mauk et al. 1999).
In this chapter, I use the spectral scans of the Jovian FUV aurora from HST

program GO 13402 collected on 8 January 2014 in the north. The image
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6 Evidence of the energy-dependent drift of the electrons in auroral
signatures of injections
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Figure 6.1 — (a) Reconstructed auroral image based on STIS scan of the northern hemi-
sphere on 8 January 2014. The two white arrows indicate two equatorward auroral features.
(b) Corresponding reconstructed image of the CR. The amount of absorption by methane
increases from dark blue (low absorption) to red. Therefore, high-energy electrons are in
the red regions and low-energy electrons are in the blue regions. The two black arrows
indicate two equatorward auroral features corresponding to panel a. (c and d) Brightness
and CR profiles across structures 1 and 2 along the white and black lines indicated in panels
(a) and (b), respectively. Additionally, Gaussian functions fitting the observed brightness
and CR profiles (blue and black dashed lines) show that the brightness maximum does not
match the location of CR maximum. Indeed, the offsets are 1.3 and 4° for structures 1 and
2. (e) Corresponding image of electron energies assuming a model atmosphere for which
the eddy diffusion coefficient is set to 1.4 x 10%cm?/s, adapted from Gérard et al. (2014).

processing of these observations is described in Section 3.1.3. They con-
sist of a continuous time-tagged spatial scan of the polar region, and were
designed to cover an area of 24.6”x 11.5 "2 encompassing all the auroral
region in the northern hemisphere. They have a CML range of SIII longi-
tudes between 155° and 188°. The purpose of this chapter is to observe the
energy-dependent drift of the electrons in auroral signatures of injections
and to estimate their age from this property.
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6.2 Simulation of the longitudinal drift from the spectral observations

Figure 6.1 provides a comparison (a) of the auroral brightness, (b) of the
CR, and (e) of the corresponding characteristic electron energies. Figure
6.1a reveals two auroral features located equatorward of the main emission
and poleward of the Io footpath (white arrows). These two structures are
likely auroral signatures of plasma injections since they are equatorward of
the main emission, they form compact structures, and they are not satellite
footprints. In these patches of emission, the mean energy is higher than in
the surrounding emissions (black arrows in Figure 6.1b). Interestingly, the
comparison between the brightness and the CR shows that their maxima are
not collocated (Figures 6.1c and 6.1d). In order to be able to define as ob-
jectively as possible the offset between the brightness and the CR profiles,
I fit them with Gaussian functions (blue and black dashed lines in Figures
6.1c and 6.1d). Using these best fit profiles, offsets of 1.3° and 4° are ob-
served between brightness maximum and CR maximum for structures 1
and 2, respectively. The CR peaks upstream of the feature relative to the
plasma rotation direction, as expected for auroral signatures of injections,
since the high-energy electrons drift upstream of the low-energy electrons,
as shown by in situ measurements (Mauk et al. 1999). This further sug-
gests that these auroral features are indeed related to plasma injection in
the equatorial plane. Moreover, based on Juno-UVS observations, Bon-
fond et al. (2017) highlighted a shift between the brightness peak and the
CR peak of several auroral features associated with injections, similar to

the ones observed here.
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Figure 6.2 — (a and b) CR profiles (black lines) and the Gaussian functions fitting the ob-
served CR profiles (black dashed lines) across structures 1 and 2 along the white and black
lines indicated in figure 6.1a and 6.1b, respectively. Assuming a model atmosphere for
which the eddy diffusion coefficient is set to 1.4 x 10%cm?/s, the electron energies associ-
ated with the CR is on the right of each plot. The vertical grey lines correspond to the center
position of each energy electron population. The longitude difference between low-energy
electron population and high-energy electron population informs us on the age of the au-
roral feature. These differences are 1.3 and 4° for structures 1 and 2. With the simulation
method (described in Section 6.2), I estimate that the age of structures 1 and 2 is around 2
and 3 hr, respectively.

6.2 Simulation of the longitudinal drift from the spec-

tral observations

As suggested above, the equatorward auroral features highlighted in
Figure 6.1 display a separation between high and low-energy electron pop-
ulations. At the onset time, when the plasma is injected, I assume that elec-
trons of different energies are uniformly distributed in the injected plasma.
Since the drift velocity of electrons is energy dependent, I use the simula-
tion method described in Section 5.3.1 to estimate the age of the structures.
It should be noted that this method does not account for the possibility that
contiguous injections may interact or merge as they spread. We use the
same data set as Gérard et al. (2014). The relationship between the CR
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6.2 Simulation of the longitudinal drift from the spectral observations

and the electron energy strongly depends on the assumed vertical distribu-
tion of hydrocarbons in the Jovian atmosphere. In the present study, I use
the same atmospheric model as Gérard et al. (2014) with an eddy diffusion
coefficient set to 1.4x10°cm? /s, corresponding to a methane homopause al-
titude of 320 km (Grodent et al. 2001). With this model, I consider that the
low-energy electron population has a CR less than 8 and the high-energy
population has a CR higher than 8. These CR ranges correspond to ener-
gies between 60 and 200 keV and between 200 and 400 keV, respectively.
Based on the location of the contour of the auroral signature, I manually
select the low- and high-energy populations from the CR (Figure 6.2). The
longitudinal difference of these two populations increases with time and
should be zero at the onset time of the injection. Hence, the longitude dif-
ference between these two center positions informs us on the age of the
auroral feature. We use the simulation described in Section 5.3.1 for the
low- and high-energy electrons. The simulation runs until the longitudinal
difference between the two populations is equal to the observed difference.
In this case, which is based on a single spectrally resolved observation,
the k index cannot be retrieved from the simulation since the evolution of
the brightness with time is missing. Assuming « = 3 (in accordance with
Chapter5), I also prescribe the initial longitudinal extent of the auroral fea-
ture and the level of rigid rotation. With this method, I estimate that the age
of structures 1 and 2 is around 2 and 3 hr, respectively, that is a factor of
3, at minimum, smaller than one Jovian rotation. This result is consistent
with results in Chapter 5 and with the HST observations (Chapter 4).
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6 Evidence of the energy-dependent drift of the electrons in auroral
signatures of injections

6.3 Summary and conclusions

The HST spectral observations provide an opportunity to compare the
CR and the auroral brightness, and to highlight the energy-dependent drift
of the electrons in auroral signatures of injections. Indeed, I observe a
shift between the energy maximum and the brightness maximum in auro-
ral structures associated with injection signatures. Since the electron drift
velocity is energy dependent, this motion can be attributed, at least in part,
to the energy-dependent curvature drift of energetic electrons. Using sim-
ulations, the age of these structures was derived and estimated to be a few

hours, in agreement with previous results.
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7 Position and dynamics of bright patchy

auroral emissions

This chapter is based on the last part of the study published by M. Dumont,
D. Grodent, A. Radioti, B. Bonfond, E. Roussos, and C. Paranicas in the
Journal of Geophysical Research: Space Physics in 2018 (Dumont et al.
2018).

7.1 Introduction

In Chapters 5 and 6, I only considered auroral features obeying to a
relatively strict set of selection criteria, meant to permit systematic and re-
producible analyses. These auroral structures presented small latitudinal
and longitudinal motions. However, some outer emissions, even if they do
not exactly meet all the selection criteria defined previously, still exhibit
a temporal evolution similar to those described in Chapters 5 and 6. For
example, some features are not perfectly separated from the main emis-
sion and/or more than one auroral feature are present in the same HST
sequence. In this section, I am interested in a subset of these bright patchy
auroral emissions, which show a substantial latitudinal motion. These auro-

ral features are equatorward of the main emission but not necessarily well
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7 Position and dynamics of bright patchy auroral emissions

separated from it. They are more compact than secondary arcs, brighter
than diffuse emissions; they are not satellite footprints; and they evolve in-
dependently from the rest of the auroral emission’s behavior. We analyzed
high-resolution UV images from 1999 to 2017 in 11 HST programs (GO
8171, GO 8657, GO 9685, GO 10140, GO 10507, GO 10862, GO 11649,
GO 12883, GO 13035, GO 14105, and GO 14634). Table 7.1 lists 42 ob-
servations presenting at least one feature fulfilling the criteria set out pre-
viously. These bright patchy auroral emissions are frequently seen in both
hemispheres. They are mainly present in the noon and dusk sectors. Their
presence in these sectors is most probably linked to an observational bias
in the collection of data arising from a limited range of CML, which was
selected to optimize the HST’s viewing geometry (see Chapter 3). Here
I do not discuss their presence in the night sector because this sector is
not observable by HST. However, Bonfond et al. (2017) highlighted their
presence on the nightside in Juno UV observations. We will address those

nightside structures observed with Juno-UVS, in Chapter 8.

These events do not overlap with those on Table 5.1, because they do not
satisfy all the selection criteria used for Table 5.1 events (i.e., they are not
perfectly separated from the main emission and/or more than one auroral

feature are present in the same HST sequence).

7.2 HST FUV Time-Tag Observations

These bright patchy auroral emissions showing substantial latitudinal
motion have complex boundaries, which are generally impossible to isolate
from other auroral emissions. Hence, a statistical study of the movements
of these structures is unfeasible in practice. In this section, I carry out the

study of a typical case, which features four bright patchy auroral emissions

134



7.2 HST FUV Time-Tag Observations

Table 7.1 — List of the 42 UV sequences observed by HST from 1999 to 2017 showing
bright patchy auroral emissions with a substantial latitudinal motion.

HST Rootname  Date* CML range® Local time
observation (hemisphere)  (SIII deg) sector
campaign
GO 8171 o5hy04hsq  21/9/99 (S) 67 — 87° Noon
oShyadidq  21/9/99 (N) 122 —201° Noon-Dusk
oShyb6frq  22/2/00 (N) 63 — 134° Dusk
GO 8657 obbaalopq  28/12/00 (S) 96 —120° Noon
obbablpbq  28/12/00 (N) 154 —176° Dusk
GO 10140  j93e03bvq  18/4/5 (N) 119 — 14° Noon-Dusk
j93ea3cdq 18/4/5 (N) 173 — 198° Noon
j93e52veq  06/5/5 (N) 124 — 147° Noon
GO 10507  j9duOdewq 14/4/6 (N) 163 — 188° Dusk
GO 10862  j9rlb3pyq 23/2/7 (N) 208 —234° Noon
j9rlc8zbq 10/3/7 (S) 234 —299° Noon
j9rlk8hpq 22/3/7 (N) 116 — 123° Noon
é?]réggal 2121/55/7 (SN) 1 19 = 144° Noon-Dusk
yq 7 (S) 3-28 Noon
j9rle8d9q 29/5/7 (N) 161 — 185° Noon
j9rlf3qsq 03/6/7 (N) 189 —214°  Noon
GO 11649 0b3001xqq  11/9/9 (S) 76 — 103° Noon - Used in Figure 7.1
GO 12883  ocOv06xhq  24/1/14 (S) 120 — 124°  Dusk
ocOvabxjq 24/1/14 (N) 130 — 145°  Noon-Dusk
GO 14105  ocx808jjq 21/5/16 (N) 133 - 160°  Noon-Dusk
ocx812u2q  26/5/16 (N) 196 —223°  Noon
ocx816xkq  27/5/16 (N) 168 — 195° Noon
ocx817emq  28/5/16 (N) 126 — 153°  Noon
ocx830rjq 22/6/16 (S) 47 - 74° Noon-Dusk
ocx847eyq 18/7/16 (N) 184 —211° Dawn-Noon
GO 14634  od8k26g4q  4/12/16 (S) 308 —332° Noon
od8k08q5q  7/12/16 (N) 137 - 161°  Noon-Dusk
od8k14vrq 14/12/16 (N) 128 — 152°  Noon-Dusk
0d8k27ghq  07/1/17 (S) 322 —347° Noon
0d8k30idq 24/1/17 (N) 122 — 147°  Dusk
0d8k31idq 24/1/17 (N) 180 — 204°  Noon-Dusk
od8k67bfq  27/3/17 (S) 53-177° Noon
od8k68bxq  27/3/17 (N) 111 - 135°  Noon-Dusk
0d8k81roq 19/4/17 (N) 122 — 146°  Noon-Dusk
od8k82ovq  23/4/17 (N) 167 - 191°  Noon-Dusk
0d8k88hbq  16/5/17 (N) 143 — 168°  Noon-Dusk
0d8k97xzq  19/5/17 (S) 333 - 357° Dawn
od8kOaySq  19/5/17 (S) 30 - 55° Dawn
0d8kOnh8q  27/5/17 (N) 151 = 176°  Dusk 135
0d8kOvfzq 10/7/17 (S) 25 - 50° Noon-Dusk
od8kOwgeq  11/7/17 (S) 83 - 108° Noon-Dusk

“Dates are formatted as day/month/year.
bRange of SIII CML during the observation’s sequence.



7 Position and dynamics of bright patchy auroral emissions
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Figure 7.1 — (a and b) Polar projections of Jupiter’s southern UV aurora obtained with STIS
instrument on 11 September 2009. They are respectively the first and the last image of the
sequence. The sequence starts at 03:50 UT, and it ends 44 min later at 04:34 UT. The CML
evolves from 76°to 103°SIII. At the beginning of the sequence, the positions of four bright
patchy auroral emissions are indicated by white arrows. On the last image, the positions of
bright patchy auroral emissions are indicated by white arrows.

with substantial latitudinal motion. This STIS time-tag observation was
acquired with the F25SRF?2 filter on 11 September 2009 (Bonfond et al.
2011). During this 45-min long sequence, the CML increased from 76 to
103°. We favored a case in the southern hemisphere to avoid the magnetic
anomaly present in the northern hemisphere (Grodent et al. 2008). Indeed,
while the magnetic anomaly sometimes facilitates the identification of au-
roral injection signatures, the motion of such a structure could be misinter-
preted due to the peculiar field topology in this region. On the first image
of the sequence (Figure 7.1a), four equatorward isolated patches of auroral

emissions are located in the noon sector(indicated by arrows). Comparison
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7.2 HST FUV Time-Tag Observations

of the first and the last images of the sequence (Figure 7.1b), ~ 45 min later,
illustrates the temporal evolution of the four auroral features during the se-
quence. These structures are all in quasi-corotation, and they all present a
significant equatorward movement. It is particularly noteworthy that they
migrate equatorward independently from each other and they ultimately
fork over time. This distinctive motion suggests the presence of convec-
tion (associated with the bulk motion of the flux tubes filled with energetic
plasma) in addition to the diffusion (associated with the energy-dependent
drift of the individual particles). The four structures have, respectively,
longitudinal displacements of 0.5°, 1.2°, 1.8°, and 2.1° (between 92% and
98% of full corotation) and latitudinal displacements of 0.7°, 0.5°, 0.3°,
and 0.2°. These displacements correspond to distances from 750 to 1800
km in the auroral region and to radial velocities from 0.5 to 2 R,/hr in the

equatorial plane.

All the structures referenced in Table 7.1 present the same kind of behavior
as the auroral signatures of old injections (i.e., they are equatorward emis-
sions in quasi-corotation) suggesting that they are also associated with the
injection process. Their longitudinal motion (in quasi-corotation) is similar
to that of the old injections, but their large planetward radial velocities are
indicating that they correspond to younger magnetospheric injections. If
the radial velocity is very low, it means that the structure is at the end of its
journey, which is why I characterize it as an old injection. Alternatively, a
plasma injection with a significant radial velocity suggests that the structure
is younger than those studied in Chapter 5. However, because of turbulence
and plasma inhomogeneities, it is probably not trivial to determine the exact
age of the plasma injections only using the radial velocity. Nevertheless, at
least qualitatively, the radial speed is expected to be a good indicator of the

evolution stage of the plasma injection (Hill 2016).
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7 Position and dynamics of bright patchy auroral emissions

7.3 Summary and conclusions

So far, I have suggested that the auroral signatures of injection studied
were associated with old injections, because they were in quasi-corotation
and they presented a very small equatorward displacement. However, there
are some equatorward bright patchy auroral features, as shown in this chap-
ter, which present wider azimuthal and radial displacements than observed
for the old injections. If the radial speed is indicative of the evolution stage
of the plasma injection, then the significant radial speed of the structures
suggests that they are related to young magnetospheric injections domi-

nated by magnetosheric convection.
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8 Systematic study of outer emissions from

Juno spacecraft observations

8.1 Introduction

Between September 2003 and August 2016, the only way to obtain new
information about plasma injections into Jupiter’s magnetosphere was to
study them from Earth, for example using auroral emissions, as I have done
and described in previous chapters (Chapters 4, 5, 6 and 7). But the study
of auroral phenomena using Earth-orbiting observatories has its limitations.
As I mentioned earlier, HST can only observe the portion of Jupiter’s au-

rora that is facing Earth, between dawn and dusk through noon LTs.

On 27 August 2016, NASA’s Juno spacecraft made its first orbital flyby of
Jupiter, and today the spacecraft continues its successful exploration of the
planet and its magnetospheric environment. Thanks to Juno’s UVS, we can
observe all regions of auroral emission, in both the northern and southern
hemispheres, during each PJ used for this study. In other words, the great
advantage of using Juno data rather than HST data to study the auroral sig-
natures of the injections is that we can study this phenomenon in all LT
sectors and without bias in the CML. So, using Juno’s UVS observations, I

took the opportunity to study the signatures of plasma injections in Jupiter’s
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8 Systematic study of outer emissions from Juno spacecraft observations

UV auroral emission, in particular in regions that are not accessible to HST.

The aim of this chapter is to verify that, with access to all auroral sectors,
the auroral data still corroborates Galileo’s in situ study of plasma injec-
tions and studies based on the auroral signatures of plasma injections us-
ing HST. To this end, I have developed a method for automatic detection
of outer emissions based on the presence of a brightness peak and a CR
peak. As mentioned in Chapter 6, based on Juno observations, Bonfond
et al. (2017) have identified a spatial shift between the location of these two
peaks in several auroral features associated with injections. This shift is
the result of a differential drift of the particles over time. Finally, all the

detections obtained are analysed statistically.

The following questions have been raised and this chapter will try to an-
swer them. Are there preferential zones for the presence of these auroral
signatures in SIII coordinates? Do they have preferential radial distances?
Does the age of the structures that have been investigated influence their
location in LT or SIII longitudes or their radial distance? Finally, given
that a plasma injection detected in the magnetosphere does not necessar-
ily give rise to an auroral signature (Haggerty et al. 2019), we wondered
whether this behaviour had an impact on the distribution of these structures
and more specifically whether the distribution in the northern and southern

hemispheres differed.
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8.2 Systematic study of the auroral signatures of plasma injections from
observations by the Juno spacecraft

8.2 Systematic study of the auroral signatures of plasma
injections from observations by the Juno space-
craft

This study is based on the first 18 PJ of the Juno spacecraft between
27 August 2016 and 6 May 2019. The reconstruction of the images used
is described in section 3.2. We started from the fact that an auroral sig-
nature of plasma injection has a brightness signature and a CR signature.
As mentioned in previous chapters, in situ measurements of energetic elec-
trons from plasma injections show that high-energy electrons drift upstream
of low-energy electrons (Mauk et al. 1999, Clark et al. 2019). The value of
CR is greater upstream of the auroral signatures of the injections in relation
to the direction of rotation of the plasma. The observed shift is thought to
be the auroral counterpart of the differential electron drift (Bonfond et al.
2017). The detection of this shift is an unambiguous evidence that the sig-
natures studied are indeed related to the phenomenon of plasma injection
into the equatorial plane of the magnetosphere. In addition, I have already
highlighted the shift between the brightness peak and the CR peak in auro-
ral signatures of plasma injections from the HST data. It is understood that
an auroral signature of plasma injection can be associated with (1) the col-
location of the brightness peak and the CR peak, corresponding to a very
recent injection assuming an isotropic distribution: a “young” or “fresh”
injection, (2) the brightness peak being located downstream with respect to
the CR peak, in which case the electrons have already begun to drift : an

”old” or “mature” injection.

To carry out this study, we decided to look at all outer emissions magneti-

cally mapping between 5 and 30 R;. Specifically, we used contours with a
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Figure 8.1 — Fixed R; contours, between 5 and 30 Ry, in the equatorial plane projected into
the ionosphere in the northern hemisphere (left), and in the southern hemisphere (right),
with 0° SIII at the top, using JRM09 magnetic field model.

fixed equatorial distance (radial distance of the contours used: 5, 5.5, 6, 6.5,
7,75,8,8.5,9,9.5,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25 and 30 R )
projected in the ionosphere using JRM09 magnetic field model in order to
constrain the location of the injection signatures in the outer auroral region
as efficiently as possible (Figure 8.1). We set this radial distance interval
on the basis of previous observations, in which one injection signature has
so far been detected beyond lo’s auroral footpath (5.9 R;) (Bonfond et al.
2012), and we stopped the detections at the edge of the main emission. We
smoothed the images with 1000 km wide circular kernel in the ionosphere.
We then measured the brightness and CR along the contours every 0.1° SIII
and then smoothed the curves with a five points-wide boxcar kernel.

The aim of the first phase was to test the accuracy of the detections in all

the outer emissions. 1o’s footprint was detected in almost all observations.
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However, this was not the case for the footprints of the other satellites. We
have removed the auroral region where Io’s footprint is present by elimi-
nating all longitudes visited by the footprint during the PJ, on the contours
at 5.5 and 6 Ry, to avoid detecting the brightest of Io’s footprint. The table
3.4, in Chapter 3, lists the position interval of Io during the observation.
The brightness of the Europa and Ganymede footprints is much lower than
that of Io, which may explain why they are not detected by the detection
method used. The regions where these fortuits have therefore not been re-

moved from the auroral data to minimise the loss of auroral information.

Along each fixed radial distance contour projected into the ionosphere, the
brightness and CR peaks were detected. We first imposed the following
detection thresholds: a minimum CR of 5, a minimum brightness of 50 kR,
with at least 5 kR difference between two brightness extrema, and finally
maximum azimuthal extent between two consecutive minima of 20°, con-
sistent with the maximum azimuthal extent determined in Chapter 4. Based
on these detection thresholds, we define “Type 1 detections”. However, af-
ter a simple visual inspection of the polar maps, we noticed that certain
auroral structures, which we would naturally have considered to be auroral
signatures of plasma injections, fell below our detection thresholds. They
were not detected because they were brighter, but their CR was less than 5.
This led us to define the thresholds for “Type 2 detection”: a minimum CR
of 3, a minimum brigthness of 250 kR, with a minimum of 5 kR between
the maximum and minimum brigthness, and maximum azimuthal extent
between two consecutive minima of 20°. Figure 8.2 shows an example of
the Type 1 (panels a and c¢) and Type 2 (panels b and d) detections obtained
for PJ1 in the southern hemisphere in the brightness and CR maps. Pan-
els a and ¢ of Figure 8.2 show that, for example, the structure indicated by
the yellow arrow should be associated with an auroral signature of plasma
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injection. However, it is not detected at Type 1 detection thresholds. And
conversely, panel b of figure 8.2 shows that the structure indicated by the
orange arrow is detected at Type 1 detection thresholds, but not at Type
2 detection thresholds. This means that we are working with two differ-
ent sets of detection thresholds in order to study the auroral signatures of

plasma injections as accurately as possible.

8.2.1 Method for clustering detections

As we saw in Chapter 4, the auroral signatures of injections have a lat-
itudinal extent. This implies, as shown in figure 8.2 and also in figures 8.4,
8.5 and 8.6, that multiple detections can be made within the same auroral
structure due to their latitudinal extent, i.e. multiple contours crossing the
auroral signature. To be consistent with the two previous studies, we want
to work in terms of structure rather than detections. To do this, we need to
group the detections of brightness peaks by auroral structure using a hier-
archical clustering method. This method statistically analyses the detection
data and constructs a hierarchy of clusters. In our case, the hierarchical
clustering strategy is agglomerative, with each observation starting in its
own cluster and pairs of clusters merging as one moves up the hierarchy,
with the data presented in the form of a dendrogram (Figure 8.3). In other
words, the positions of each brightness peak are used to calculate the dis-
tance between them in the aurora, creating a distance matrix. We then need

two criteria to know how to combine the groups:

1. The measure of the dissimilarity between sets of detections, in this
case the distance between detections of brightness peaks, which is a
maximum of 2000 km in the aurora. In the study carried out in Chap-

ter 4, more than 70% of the structures had azimuthal and latitudinal
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PI1- Southern hemisphere [ [~ -Detection thresholds
Brightness > 250 kR

CR>3

Figure 8.2 — The top two panels (a,b) are the same assemblages of polar projection of the data
retrieved during PJ1 on 27 August 2016 between 13:51 and 14:30 for the southern hemisphere (with 0°
SII at the top). The bottom two panels (c, d) are similar maps as in panels a and b but for the CR. The
dashed lines are Io’s footprint according to JRM09 magnetic field model. The outer contour (solid line)
is the contour at 5 RJ and the inner contour (solid line) is the contour at 30 RJ. In the panels (a,c), the
detection thresholds are a minimum CR of 5, a minimum brightness of 50 kR. All Type 1 detections are
therefore observed, and are represented by crosses. The orange arrow highlights detections made in the
same structure. The yellow arrow highlights an area that should be associated with an auroral signature
of plasma injection, but no detection has been made with these thresholds. In the panels (b,d), the
detection thresholds are a minimum CR of 3, a minimum brightness of 250 kR. All Type 2 detections
are therefore observed, and are represented by crosses. The yellow arrow highlights detections made
in the same structure. The orange arrow highlights an area that should be associated with an auroral
signature of plasma injection, but no detection has been made with these thresholds.

145



8 Systematic study of outer emissions from Juno spacecraft observations

Cluster distance
T
|
I
|
|
I
1
|
|
I
|
|
1
w

Figure 8.3 — Schematic representation of clustering. On the left, a dendrogram linking the
detections according to the distance between them (the dotted red line corresponds to the
maximum distance tolerated between 2 detections in the same cluster). On the right, the
result of the clustering can be seen using the colour code. (https://towardsdatascience.com/
hierarchical-clustering-explained-e59b13846da8)

extents greater than 2000 km.

2. The linking criterion, which specifies the dissimilarity of the sets as
a function of the pairwise distances of the observations in the sets.
This second criterion influences the shape of the clusters. In our case,
we imposed a compact/homogeneous cluster, given the shape of the
auroral structures associated with the injection signatures. In other
words, we take the weighted average per pair, so that the distance be-
tween two clusters is defined as the average distance for all pairs of
detections between each cluster, weighted by the number of objects

in each cluster.

We applied clustering to all brightness peak detections. We define the posi-
tion of the structures using the position of the brightest peak in the cluster.
As we have seen, we have Type 1 and Type 2 detections which are assim-
ilated to Type 1 and Type 2 structures respectively after clustering. Since
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Figure 8.4 — Panel (a) is the assemblage of polar projection of the data retrieved during
PJ14 on 16 July 2018 between 02:53 and 04:52 for the northern hemisphere (with 0° SIII
at the top). Panel (b) is similar map as in panel (a) but for the CR. The dashed lines are Io’s
footprint according to JRM09 magnetic field model. The outer contour (solid line) is the
contour at 5 R; and the inner contour (solid line) is the contour at 30 R,. The orange arrow
highlights detections made in the same structure, with a no-shift. Panel (c) zooms in on the
region of interest indicated by the orange arrows in the brightness and CR maps on the left
and right, respectively. Panel (d) is the zoom on the region of interest in the brightness map
after clustering. The black cross corresponds to the position of the brightest detection in the
cluster, which defines the position of the detected auroral structure.
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Figure 8.5 — The panel (a) is the assemblage of polar projection of the data retrieved during
PJ8 on 1th September 2017 between 22:24 and 23:18 for the southern hemisphere (with 0°
SIIT at the top). The panel (b) is similar map as in panel (a) but for the CR. The dashed
lines are Io’s footprint according to JRM09 magnetic field model. The outer contour (solid
line) is the contour at 5 R; and the inner contour (solid line) is the contour at 30 R;. The
blue arrow highlights detections made in the same structure, with a negative shift. Panel (c)
zooms in on the region of interest indicated by the blue arrows in the brightness and CR
maps on the left and right, respectively. Panel (d) is the zoom on the region of interest in the
brightness map after clustering. The green cross corresponds to the position of the brightest
detection in the cluster, which defines the position of the detected auroral structure.
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Figure 8.6 — The panel (a) is the assemblage of polar projection of the data retrieved during
PJ5 on 27 March 2017 between 03:55 and 07:07 for the northern hemisphere (with 0° SIII
at the top). The panel (b) is similar map as in panel (a) but for the CR. The dashed lines are
Io’s footprint according to JRMO09 magnetic field model. The outer contour (solid line) is
the contour at 5 R; and the inner contour (solid line) is the contour at 30 R;. The red arrow
highlights detections made in the same structure, with a positive shift. Panel (c) zooms in
on the region of interest indicated by the red arrows in the brightness and CR maps on the
left and right, respectively. Panel (d) is the zoom on the region of interest in the brightness
map after clustering. The red cross corresponds to the position of the brightest detection in
the cluster, which defines the position of the detected auroral structure.
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each brightness peak is associated with a CR peak, we define their shift
from the magnetospheric coordinates SIII as the difference between the
longitude of the brightness peak minus the longitude of the CR peak. The
structure shift was defined as the median of the shifts in the same cluster.
Three types of shifts are possible: negative, null and positive. As we saw in
Chapter 6, the first two can be indeed related to the injection phenomenon.
When the plasma is injected, it is assumed that electrons of different ener-
gies are uniformly distributed in the injected plasma, so that the brigthness
peak and the CR peak are colocalised and their shift is null (Figure 8.4). In
this chapter, it may also be referred to as the “no-shift”. Over time, a sep-
aration occurs between the populations of high and low energy electrons
because the high energy electrons (responsible for large CR) drift faster (in
longitude) than the low energy electrons (responsible for small CR). This
causes the brightness peaks to lie behind the CR peak, resulting in a neg-
ative shift between the longitude of the brightness peak and the longitude
of the CR peak (Figure 8.5). We have allowed a margin of error so that the
no-shift is between + 0.9°. The aim of this tolerance is to detect positive
or negative shifts with a minimum absolute value of 1°. This is consistent
with Chapter 6, where we defined a structure with a shift of -1.3° as the
young structure. For the positive shift, the brightness peak is upstream of
the CR peak (Figure 8.6). Figure 8.7 shows an example of this clustering
for PJ1 in the southern hemisphere. For Type 1 structures, in panel (a) of
Figure 8.7, eight different auroral structures are observed: five with a no-
shift between the brightness peaks and CR, associated with fresh injections
(black crosses), and three with the shift typical of an auroral signature of
more mature plasma injections (green crosses). For Type 2 structures, eight
different auroral structures are observed in panel b of Figure 8.7: four with
a shift associated with young injections (black crosses), and four with the

shift typical of an auroral signature of more mature plasma injections (green
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Crosses).

To determine whether our structure distributions are inhomogeneous (ho-
mogeneous), i.e. whether statistically there are (or are not) zones of prefer-
ential presence as a function of the parameters studied (SIII longitude, LT
and radial distance), y? tests are performed. The result is considered homo-
geneous if the p-value is greater than or equal to 0.1, quasi-homogeneous
if this value is between 0.05 and 0.1, and inhomogeneous if the p-value
is less than 0.05 (Johnson 2013). Uncertainty bars derived from the shot
noise have also been taken into account, i.e. the uncertainty is related to the
number of structures detected (N) and is equal to = VN. Before going any
further, we wanted to know whether the application of clustering signifi-
cantly modified the distribution of detection shifts. Therefore, a y? test was
performed on the distribution of the different detection shifts before and
after clustering. The result was that clustering did not significantly change

the percentages of any of the three shifts examined (y? test, p-value > 0.1).

The structures with a positive shift are related to our assembly method, de-
scribed in chapter 3. During a PJ, Juno-UVS does not have the capacity
to observe all auroral emissions instantaneously. We are therefore forced
to assemble the observations by performing a weighted sum of successive
spins. These non-simultaneous compilations are then assembled, and it
may happen that we observe one part of a structure at a time “t” and while
the other part was observed earlier or later, this delay can range from 30
seconds to several hours (Table 3.4). The greater the time lag, the more
time the particles have had to drift and the more the CR will vary over
time. Finally, we are faced with the detection of energetic structures that
have a positive shift between the brightness peak and the CR peak. We have
checked each of these positive shifts by looking at the movies reconstructed
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Detec”""thfé holds: |+ PJ1- Southern hemisphere | | Detection thresholds :

Brightness > 50 k Brightness > 250 kR

CR>5 b : CR>3

Figure 8.7 — This figure is the same as figure 8.2 after applying the clustering. The top two panels
(a,b) are the same assemblages of polar projection of the data retrieved during PJ1 on 27 August 2016
between 13:51 and 14:30 for the southern hemisphere (with 0° SIII at the top). The bottom two panels
(c, d) are similar maps as in panels a and b but for the CR. The dashed lines are Io’s footprint according
to JRMO09 magnetic field model. The outer contour (solid line) is the contour at 5 R; and the inner con-
tour (solid line) is the contour at 30 R;. In the panels (a,c), the detection thresholds are a minimum CR
of 5, a minimum brightness of 50 kR. All Type 1 structures are therefore observed, and are represented
by crosses. The yellow arrow highlights an area that should be associated with an injection signature,
but no structure has been made with these thresholds. In the panels (b,d), the detection thresholds are
a minimum CR of 3, a minimum brightness of 250 kR. All Type 2 structures are therefore observed,
and are represented by crosses. The yellow arrow highlights a structure .The orange arrow highlights
an area that should be associated with an injection signature, but no structure has been made with these
thresholds.
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from each PJ. An example of such discontinuity in a Juno UVS sequence
is shown in Figure 8.6. After clustering, it is the assembly method that is

responsible for the presence of the positive shift.

8.3 Analysis of auroral signatures of plasma injec-
tions in the ionosphere

The study of auroral structures associated with plasma injections in
Jupiter’s magnetosphere is divided into 2 different types of structures: Type
1 structures, corresponding to low brightness (minimum brightness detec-
tion > 50 kR) and having a minimum CR of 5, and Type 2 structures, cor-
responding to higher brightness (minimum brightness detection > 250 kR)
and having a minimum CR of 3. Over the 18 PJ considered, 253 Type 1
structures were detected (132 in the north and 121 in the south) and 166
Type 2 structures were detected (92 in the north and 74 in the south). Given
the detection thresholds, it is possible for the same structure to be present
in both Type 1 and Type 2 structures, provided that its brightness is greater
than 250 and its CR is greater than 5.

The analysis of the distribution of the SIII longitudes and shifts of the Type
1 structures in the ionosphere is carried out (Figure 8.8). In the northern
hemisphere, an inhomogeneous combined distribution is observed (y? test,
p-value < 0.01) (Figure 8.8 panel (b)), with a detection peak between 135°
and 180°. In this longitude interval, the peak is mainly due to the pres-
ence of auroral structures associated with fresh injections (no-shift) (Figure
8.8 panel (c)). A very few structures (< 9%) are detected between 315°
and 90°. The combined distribution in the southern hemisphere (Figure 8.9
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panel (b)) is almost homogeneous (y? test, p-value = 0.08). In particular,
the distributions of the different types of shift are homogeneous or quasi-
homogeneous ()(2 tests, p-value > 0.08) (Figure 8.9 panels (c), (e) and (f)).
It should be noted, however, that the distribution of Type 1 structures with a
positive shift, in both hemispheres ((Figures 8.8 and 8.9 panel (d)), appears
to be relatively homogeneous, although the y? test may not be meaningful
because of the paucity of data points. The distribution of the difference
between the number of structures with a negative shift and the number of
structures with a positive shift is intended to show that the structures with
a negative shift predominate and that the observed phenomenon is real. In-
deed, we have shown that structures with a positive shift are associated with
the reconstruction of Juno images from UVS. We therefore assumed that,
in the worst case, we could erroneously detect as many structures with a
positive shift as with a negative shift associated with image reconstruction.
This led us to look at the difference between structures with a negative shift
and those with a positive shift. If we have more structures with a negative
shift than with a positive shift, this is undeniable proof that the structures
with a negative shift are real. In the northern hemisphere (panel (f) of Fig-
ure 8.8), the distribution of the difference between the number of structures
with a negative shift and the number of structures with a positive shift is in-
homogeneous, with two zones of presence between [90° ;180°] and [225°
;315°]. In the southern hemisphere (panel (f) of Figure 8.9), their distribu-

tion is almost homogeneous (y? test, p-value = 0.09).

As for the detection of Type 2 structures in the northern hemisphere (Figure
8.10), we see an inhomogeneous combined distribution (y? test, p-value <
0.01) (Figure 8.10 panel (b)), with a maximum presence between 180° and
225°, which is in agreement with the maximum detection of structures with

a negative shift (Figure 8.10 panel (e)). The distribution then decreases,
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Figure 8.8 — The positions of the Type 1 structures observed in the northern hemisphere (with 0°
SIII at the top) are reported in a polar projection (a), where the contour at 5 R; is the outer contour
(solid line), the contour at 30 R; is the inner contour (solid line), the three footpaths of Io, Europa
and Ganymede are the dashed lines. Black crosses correspond to no-shift, green crosses to negative
shift and red crosses to positive shift. The distributions of these structures as a function of ionospheric
longitude SIII are shown in the histograms with three different shifts combined (b), no-shift (c), positive
shift (d), negative shift (e) and finally the difference between the number of structures with negative
shift and the number of structures with positive shift (f). The uncertainty bars are derived from the
shoot noise of the detection number. The mean and standard deviation (S.D.) of each distribution are
given for each histogram. If the number of structures is sufficient, a y? test is performed and the p-value
is given, otherwise the p-value = /.
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Figure 8.9 — The positions of the Type 1 structures observed in the southern hemisphere (with 0°
SIII at the top) are reported in a polar projection (a), where the contour at 5 R; is the outer contour
(solid line), the contour at 30 R; is the inner contour (solid line), the three footpaths of Io, Europa
and Ganymede are the dashed lines. Black crosses correspond to no-shift, green crosses to negative
shift and red crosses to positive shift. The distributions of these structures as a function of ionospheric
longitude SIII are shown in the histograms with three different shifts combined (b), no-shift (c), positive
shift (d), negative shift (e) and finally the difference between the number of structures with negative
shift and the number of structures with positive shift (f). The uncertainty bars are derived from the
shoot noise of the detection number. The mean and standard deviation (S.D.) of each distribution are
given for each histogram. If the number of structures is sufficient, a y? test is performed and the p-value
is given, otherwise the p-value = /.
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with a zone of no detection between 0° and 90°. For structures with a no-
shift (Figure 8.10 panel (c)), the maximum detection is between 135° and
180°. In the southern hemisphere (Figure 8.11 panel (b)), the combined
distribution is quasi-homogeneous (y? test, p-value = 0.07), with only the
structures with no-shift showing an inhomogeneous distribution (y test, p-
value = 0.03) with a detection maximum between 0° and 90° (Figure 8.11
panel (c)). Few structures with a positive shift are found in both north and
south (Figures 8.10 and 8.11 panel (d)). In both hemispheres, the distri-
bution of the number of structures with a negative shift minus those with a
positive shift (Figures 8.10 and 8.11 panel (f)) follows the distribution trend
for structures with a negative shift. This is consistent with the low detection

count of structures with a positive shift.

For both Type 1 and Type 2 structures, more were detected in the north than
in the south. However, the difference is not significant (4.4 % and 10.8 %
more structures of Type 1 and 2 respectively in the north). One possible
explanation is that for the first 18 PJ the spatial resolution of the southern
hemisphere observations is always slightly lower than that of the northern
hemisphere observations, due to the trajectory of the spacecraft. During the
first PJs, the spatial resolution is equivalent in both hemispheres. As the
PJ evolves, Juno’s perijove gets closer and closer to the north pole, which
increases the resolution in the northern hemisphere, compared to the south-
ern hemisphere, but the spatial coverage of the aurora is smaller (Gladstone
et al. 2017). The distribution of structures is always more homogeneous
in the southern hemisphere than in the northern hemisphere. This inhomo-
geneity of the distribution in the north may be explained by two different
elements. The first is geometric: between 0° and 90°, the observed area is
very small due to its proximity to the pole, as can be seen in Figures 8.8
and 8.10 panel (a). The second is related to the intensity of the surface
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Figure 8.10 — The positions of the Type 2 structures observed in the northern hemisphere (with 0°
SIII at the top) are reported in a polar projection (a), where the contour at 5 R; is the outer contour
(solid line), the contour at 30 Ry is the inner contour (solid line), the three footpaths of Io, Europa
and Ganymede are the dashed lines. Black crosses correspond to no-shift, green crosses to negative
shift and red crosses to positive shift. The distributions of these structures as a function of ionospheric
longitude SIII are shown in the histograms with three different shifts combined (b), no-shift (c), positive
shift (d), negative shift (e) and finally the difference between the number of structures with negative
shift and the number of structures with positive shift (f). The uncertainty bars are derived from the
shoot noise of the detection number. The mean and standard deviation (S.D.) of each distribution are
given for each histogram. If the number of structures is sufficient, a y? test is performed and the p-value
is given, otherwise the p-value = /.
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Figure 8.11 — The positions of the Type 2 structures observed in the southern hemisphere (with 0°
SII at the top) are reported in a polar projection (a), where the contour at 5 Ry is the outer contour
(solid line), the contour at 30 R; is the inner contour (solid line), the three footpaths of Io, Europa
and Ganymede are the dashed lines. Black crosses correspond to no-shift, green crosses to negative
shift and red crosses to positive shift. The distributions of these structures as a function of ionospheric
longitude SIII are shown in the histograms with three different shifts combined (b), no-shift (c), positive
shift (d), negative shift (e) and finally the difference between the number of structures with negative
shift and the number of structures with positive shift (f). The uncertainty bars are derived from the
shoot noise of the detection number. The mean and standard deviation (S.D.) of each distribution are
given for each histogram. If the number of structures is sufficient, a y” test is performed and the p-value
is given, otherwise the p-value = /.

159



8 Systematic study of outer emissions from Juno spacecraft observations

magnetic field, which is not uniform (Connerney et al. 2022) (more details
in Section 1.3.1). The distribution of fresh structures appears to be related
to the magnetic intensity, as the frequency of detection of fresh structures
(no-shift) increases with the magnetic field. This suggests that the mecha-
nism associated with the auroral signatures of plasma injections is related
to magnetic field intensity. In addition, the distributions are homogeneous
in the southern hemisphere, which further supports this hypothesis because
the magnetic field in the southern hemisphere is much more homogeneous
than in the northern hemisphere (Connerney et al. 2022). Until now, the
favoured mechanism to explain the brightness of the injection signatures
was the pitch angle diffusion/scattering. In this process, the altitude of the
mirror point increases as the surface magnetic field increases, so that fewer
auroral electrons can reach the ionosphere (Grodent et al. 2008), which is
not consistent with our observations. On the other hand, we consider the
notion of “mirror ratio”, which is defined as the ratio between the magnetic
field strength in the (ionospheric) acceleration region and the magnetic field
strength in the corresponding region (along the field lines) of the equatorial
plane (Vasylitinas 2004). For Io’s footprint, Hess et al. (2013) showed a
dependence between the efficiency of energy transfer from Alfvén waves
to electrons and the intensity of the magnetic field strength in the accel-
eration region. When the mirror ratio increases, the magnetic flux in the
acceleration region increases; when the magnetic flux of the precipitation
zone increases, so does that of the acceleration region. This implies an in-
crease flow of precipitated electrons in the ionosphere which means more
auroral emission. It therefore appears that the Alfvén wave acceleration
process is more consistent with the detection of auroral structures that we
obtain in this study. The transfer of energy from Alfvén waves to electrons
is therefore more efficient when the mirror ratio is high, which is exactly
the opposite of the pitch angle diffusion process, which involves a smaller
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loss cone (i.e. less auroral emission) when the mirror ratio is high.

8.4 Analysis of auroral signatures of plasma injec-

tions projected in the equatorial plane

Using the JRM09 magnetic field model, the ionospheric results are
projected in the equatorial plane in order to cancel the effect of the mag-
netic field topology on the location of the auroral structures. Furthermore, it
makes it possible to compare the properties of the auroral signatures derived
from Juno-UVS with the statistical characteristics of plasma particles, as-
sociated with magnetospheric injections, previously made with the Galileo
spacecraft near Jupiter’s equatorial plane. The analysis of the results will be
according to the type of structure: Type 1 and Type 2 structures projected
in the equatorial plane, for each of the parameters studied: SIII longitude,
LT and radial distance. All the results are then discussed for each parameter
studied.

8.4.1 Magnetospheric SIII longitude

Generally the distribution of Type 1 structures in SIII longitude in the
equatorial plane is not homogeneous (y? test, p-value = 0.01), even when
the uncertainty bars are taken into account (Figure 8.12). On average, 31.6
structures were detected per 45° longitude sector!, with a standard devia-

tion of 8.3. If we look separately at the three types of shift: the negative

"These longitude sectors are the same range as those used for the Galileo (Mauk et al.
1999) and HST (Chapter 4) studies.
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Figure 8.12 — The distributions of the positions of Type 1 structures observed in the northern
and southern hemispheres, magnetically mapped in the equatorial plane using the JRMO09
magnetic field mode, as a function of equatorial longitude SIII are shown in the histograms
with three different shifts combined : no-shift (black), negative shift (green) and positive
shift (red). The uncertainty bars are derived from the shoot noise of the detection number.

shift and the positive shift show a homogeneous distribution (y? tests, re-
spectively, p-value = 0.11; p-value = 0.62) with an average of 14.7 mature
structures detected per sector with a standard deviation of 5 and an average
of 5.2 structures with a positive shift per sector with a standard deviation of
2.1. As for the no-shift, the distribution is inhomogeneous (y? test, p-value
= 0.01), with an average per sector of 11.6 and a standard deviation of 5.4.
The distribution density is twice as small between 90° and 315° as in the
rest of the distribution (between 315 and 90°: mean = 17.66 per 45° inter-
val and between 90° and 315°: mean = 8 per 45°).
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In each hemisphere, the data collected for Type 1 structures are analysed
separately. In the northern hemisphere, the distribution of Type 1 structures
detected and projected in the equatorial plane (Figure 8.13) is inhomoge-
neous (i test, p-value = 0.03). The distribution of structures with no-shift
is almost homogeneous (y test, p-value = 0.08) and the one with positive
shift appears homogeneous, although the y? test is not applicable for the
latter due to insufficient numbers. The inhomogeneity of the combined dis-
tribution is due to the inhomogeneity of the distribution of structures with
a negative shift (y? test, p-value = 0.03). The distribution consists of 10
structures detected between 0° and 45° and the number of detections de-
creases until it reaches a minimum of one structure detected between 90°
and 135°, before gradually increasing to 315° and 360° with 13 structures
detected. The histogram of the difference between the number of structures
with a negative shift and the number of structures having a positive shift
is intended to show that structures with a negative shift predominate and
that the observed phenomenon is real, as discussed in Section 8.3. Their
distribution is relatively inhomogeneous, with the difference in structures

showing a greater frequency between 315° and 360°.

In the southern hemisphere, the distribution of Type 1 structures detected
in the equatorial plane (Figure 8.14) is statistically homogeneous (y test,
p-value = 0.53). The distribution of structures with a no-shift is statistically
homogeneous (y? test, p-value = 0.13), but there is a variation in detection
ranging from 1 structure between 90° and 135° to a maximum of 9 detec-
tions between 45° and 90° and between 315° and 360°. The distribution of
structures with a negative shift is homogeneous (y? test, p-value = 0.25),
with a minimum of 5 structures detected between 90° and 135° and between
270° and 360°, and a maximum of 12 structures between 180° and 270°.

The histogram of the difference between the number of structures with a
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Figure 8.13 — The positions of Type 1 structures observed in the northern hemisphere are
magnetically projected in the equatorial plane using the JRM09 magnetic field model. The
distributions of these events in the equatorial plane as a function of equatorial longitude SIII
are shown in the histograms with three different shifts combined (a), no-shift (b), positive
shift (c) negative shift (d) and finally the difference between the number of structures with a
negative shift and the number of structures with a positive shift (e). The uncertainty bars are
derived from the shoot noise of the detection number. The mean and the standard deviation
(S.D.) of each distribution are given for each histogram. If the number of structures is
sufficient, a y test is performed and the p-value is given, otherwise the p-value = /.
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negative shift and the number of structures having a positive shift shows
that structures with negative shift are predominant and their distribution is
inhomogeneous (y? test, p-value = 0.02), with two detections maxima be-
tween 0° and 90° and between 225° and 270°.

In general, in SIII longitude in the equatorial plane, the distribution of Type
2 structures (Figure 8.15) is not homogeneous (y? test, p-value = 0.04). On
average, 20.75 structures were detected per 45° longitude sector. Consid-
ering the three types of shifts separately, the no-shift has a homogeneous
distribution (y test, p-value = 0.33) and the positive shift appears homoge-
neous, although the y? test may not be meaningful because of the paucity
of data points. As for the negative shift, its distribution is inhomogeneous
(x? test, p-value = 0.02). The density of the distribution is 8 times greater
between 225° and 270° than between 90° and 135°, which corresponds to
the minimum number of structures detected, of which there are two in the

latter sector.

Splitting the analysis by hemisphere, the distribution of the projection in
the equatorial plane of the Type 2 structures detected in the northern hemi-
sphere (Figure 8.16) is homogeneous overall (y? test, p-value = 0.13). The
distribution of structures with a no-shift is homogeneous (y? test, p-value
= 0.58) and that with a positive shift appears homogeneous, however, it is
possible that the y? test is not significant due to the small number of data
points. The distribution of Type 2 structures with negative shift appears
to be inhomogeneous. No structures were detected between 90° and 135°,
while a maximum of 9 structures were detected between 225° and 270°.
The distribution of the difference between the number of structures with a
negative shift and the number of structures with a positive shift is inhomo-
geneous. This distribution maximizes between 215° and 315°.
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Figure 8.14 — The positions of Type 1 structures observed in the southern hemisphere are
magnetically projected in the equatorial plane using the JRM09 magnetic field model. The
distributions of these events in the equatorial plane as a function of equatorial longitude SIII
are shown in the histograms with three different shifts combined (a), no-shift (b), positive
shift (c) negative shift (d) and finally the difference between the number of structures with a
negative shift and the number of structures with a positive shift (¢). The uncertainty bars are
derived from the shoot noise of the detection number. The mean and the standard deviation
(S.D.) of each distribution are given for each histogram. If the number of structures is
sufficient, a y? test is performed and the p-value is given, otherwise the p-value = /.
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Figure 8.15 — The distributions of he positions of Type 2 structures observed in the northern
and southern hemispheres, magnetically mapped in the equatorial plane using the JRMO09
magnetic field mode, as a function of equatorial longitude SIII are shown in the histograms
with three different shifts combined : no-shift (black), negative shift (green) and positive
shift (red). The uncertainty bars are derived from the shoot noise of the detection number.

In the southern hemisphere, the distribution of Type 2 structures projected
in the equatorial plane (Figure 8.17) is statistically homogeneous (y test,
p-value = 0.19). The distribution of structures with a negative shift is sta-
tistically quasi-homogeneous (y? test, p-value = 0.08). However, for the
no-shift, no structures were detected between 180° and 225° and a max-
imum of 7 structures were detected between 315° and 360°. The distri-
bution of negative shift structures is at least 2 per detection interval ([90°
;180°] and [270° ;315°]), with a maximum of 9 detections between 315°

167



8 Systematic study of outer emissions from Juno spacecraft observations

Slil, longitude - North — Type 2 structures

Mean=11.5 W shift=0 BShift<0 MShift>0
5.D.=43
P_value=0.13

[ S SR )
o o o O

[}

Eventsin equatorial plane

(=}
o

45 90 135 180 225 270 315 360
Slitlongitude (deg)

=

Mean=6.37 W shift=0 Mean=1.12 M Shift > 0
$.D.=23 5.D.= 0.8
P_value =0.58 P_value :/
14 14
@ @
S 12 g§12
L =3
=10 F10
s 5
g 8 8
E s
g6 g6
c £
= A g 4
g5 £y
& @
0 0
45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
(b) Slilongitude (deg) (c) Slitlongitude (deg)
Mean=4 o shift< 0 Mean = 2.87 O Negative shift - positive shift
§.D.= 239 S.D.= 287
P_value :/ P_value:/
4 14 -
o o
512 £12 4
= =
g1 =10
E =
i £e =
= El
!
= c
w4 g 4
S =
0 0 }
45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
(d) Slitlongitude (deg) (e) Slitlongitude (deg)

Figure 8.16 — The positions of Type 2 structures observed in the northern hemisphere are
magnetically projected in the equatorial plane using the JRM09 magnetic field model. The
distributions of these events in the equatorial plane as a function of equatorial longitude SIII
are shown in the histograms with three different shifts combined (a), no-shift (b), positive
shift (c) negative shift (d) and finally the difference between the number of structures with a
negative shift and the number of structures with a positive shift (e). The uncertainty bars are
derived from the shoot noise of the detection number. The mean and the standard deviation
(S.D.) of each distribution are given for each histogram. If the number of structures is
sufficient, a x? test is performed and the p-value is given, otherwise the p-value = /.
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and 360°. There are few structures with a positive shift, with a maximum
of 3 detected per zone and an average of only one. The distribution of the
number of structures with a negative shift minus those with a positive shift

is inhomogeneous with a maximum of detections between 315° and 360°.

The Type 1 and Type 2 structures magnetically projected in the equatorial
plane are present on all magnetospheric SIII longitudes. The distribution of
young structures is relatively homogeneous across all SIII longitudes. The
distribution of more mature structures is more inhomogeneous, with no spe-
cific area of predilection, which may simply be the result of the drift of the
structures over time. In Chapter 4, the region between 45° and 135° for
structures detected in the northern hemisphere and the region between 45°
and 90° for those detected in the southern hemisphere were highlighted as
preferential detection zones. However, the Juno observations, used in this
thesis, do not confirm the existence of preferential detection zones. Our
statistical analysis of the location of the auroral signatures projected in the
equatorial plane is fully consistent with the in situ observations by Galileo
of magnetospheric injections. Our results, derived from remote observation
of UV auroral signatures of injections, thus confirm the Galileo result that
injections occur at no preferential SIII longitude. In addition, our study
demonstrates that this trend is also verified at radial distances less than 9
R, that were not explored by Galileo.

8.4.2 Magnetospheric LT

In general, when considered according to the LT in the equatorial plane,
the distribution of the projection of Type 1 structures (Figure 8.18) is homo-

geneous (y? test, p-value = 0.67) where, on average, there are 31.6 struc-
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Figure 8.17 — The positions of Type 2 structures observed in the southern hemisphere are
magnetically projected in the equatorial plane using the JRM09 magnetic field model. The
distributions of these events in the equatorial plane as a function of equatorial longitude SIII
are shown in the histograms with three different shifts combined (a), no-shift (b), positive
shift (c) negative shift (d) and finally the difference between the number of structures with a
negative shift and the number of structures with a positive shift (¢). The uncertainty bars are
derived from the shoot noise of the detection number. The mean and the standard deviation
(S.D.) of each distribution are given for each histogram. If the number of structures is
sufficient, a y? test is performed and the p-value is given, otherwise the p-value = /.
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Figure 8.18 — The distributions of he positions of Type 1 structures observed in the northern
and southern hemispheres, magnetically mapped in the equatorial plane using the JRM09
magnetic field mode, as a function of equatorial LT are shown in the histograms with three
different shifts combined : no-shift (black), negative shift (green) and positive shift (red).
The uncertainty bars are derived from the shoot noise of the detection number.

tures detected per 3-hour wide sector. For all the sub-populations, i.e. the
structures with a negative, nul or positive shift, each of the distributions is
homogeneous () test, p-value (negative) = 0.44, p-value (zero) = 0.64, p-
value (positive) = 0.5).

Focusing only on the projection of Type 1 structures detected in the north-
ern hemisphere, the combined distribution (Figure 8.19 panel (a)) is homo-

geneous (y? test, p-value = 0.14).The distribution of no-shift structures is
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homogeneous (y? test, p-value = 0.87) with an average of 6.75 structures
detected per sector and a standard deviation of 1.8. Maximum detection
occurred between 09:00 and 12:00 LT. The distribution of structures with
a negative shift is homogeneous (y? test, p-value = 0.76) with an average
of 6.87 structures detected per sector and a standard deviation of 2. The
same applies to structures with a positive shift, their distribution appears
almost homogeneous, although the y? test is not applicable due to the small
number of structures. Finally, for the distribution of the difference between
the number of structures with a negative shift and the number of structures
with a positive shift, there are too few structures per sector to be able to rely
on the p-value of a y? test. This distribution appears inhomogeneous, but it

can be seen that structures are detected in every LT sector? visited.

For the projection of Type 1 structures detected in the southern hemisphere
(Figure 8.20), we observed a combined homogeneous distribution (y test,
p-value = 0.69). The same is true for structures with a negative shift (>
test, p-value =0.19). The distribution of structures with a positive shift ap-
pears to be homogeneous, but the small number of structures means that we
cannot use a v~ test. For structures with no-shift, the distribution is inhomo-
geneous () test, p-value = 0.04) with a detection peak between 03:00 and
09:00 LT. The distribution of the difference between the number of struc-
tures with a negative shift and the number of structures with a positive shift
was inhomogeneous (y? test, p-value = 0.01) with a peak between 09:00
and 12:00 LT.

The global LT distribution for projection of Type 2 structures (Figure 8.21)

is inhomogeneous (p-value < 0.01), with an average of 20.75 structures

20ne LT sector corresponds to 3 hours. These LT sectors are the same range as those
used for the Galileo (Mauk et al. 1999) and HST (Chapter 4) studies.
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Figure 8.19 — The positions of Type 1 structures observed in the northern hemisphere are
magnetically projected in the equatorial plane using the JRM09 magnetic field model. The
distributions of these events in the equatorial plane as a function of equatorial LT are shown
in the histograms with three different shifts combined (a), no-shift (b), positive shift (c)
negative shift (d) and finally the difference between the number of structures with a negative
shift and the number of structures with a positive shift (e). The uncertainty bars are derived
from the shoot noise of the detection number. The mean and the standard deviation (S.D.)
of each distribution are given for each histogram. If the number of structures is sufficient, a
x?* test is performed and the p-value is given, otherwise the p-value = /.
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Figure 8.20 — The positions of Type 1 structures observed in the southern hemisphere are
magnetically projected in the equatorial plane using the JRM09 magnetic field model. The
distributions of these events in the equatorial plane as a function of equatorial LT are shown
in the histograms with three different shifts combined (a), no-shift (b), positive shift (c)
negative shift (d) and finally the difference between the number of structures with a negative
shift and the number of structures with a positive shift (e). The uncertainty bars are derived
from the shoot noise of the detection number. The mean and the standard deviation (S.D.)
of each distribution are given for each histogram. If the number of structures is sufficient, a
x° test is performed and the p-value is given, otherwise the p-value = /.
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Figure 8.21 — The distributions of he positions of Type 2 structures observed in the northern
and southern hemispheres, magnetically mapped in the equatorial plane using the JRMO09
magnetic field mode, as a function of equatorial LT are shown in the histograms with three
different shifts combined : no-shift (black), negative shift (green) and positive shift (red).
The uncertainty bars are derived from the shoot noise of the detection number.

detected per sector and a standard deviation of 9.6. The structures with a
negative shift have a homogeneous distribution (y? test, p-value = 0.25),
while those with a positive shift are too few in number to perform a y?
test, but their distribution nevertheless appears homogeneous. This result
implies that the overall inhomogeneity is due to the inhomogeneity of the

structures with a no-shift.

The projection of Type 2 structures detected in the northern and southern
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8 Systematic study of outer emissions from Juno spacecraft observations

hemispheres have the same characteristics as the combined northern and
southern global distribution. The distribution is inhomogeneous (y? test,
p-value = 0.01). This inhomogeneity is due to the inhomogeneity of the
distribution of structures with a no-shift. This distribution shows a detec-
tion peak between 03:00 and 12:00 LT, and this observation is valid for the
structures detected to the north and to the south. The other distributions
appear homogeneous (Figures 8.22 and 8.23). It should simply be noted
that the number of structures with a positive shift, both to the north and to
the south, is so small that a y? test can only be performed even though the

distribution is considered to be relatively homogeneous.

The behaviour in LT in the equatorial plane of Type 1 and Type 2 structures
is not entirely identical. The young Type 2 structures have an inhomoge-
neous distribution, with the preferred detection in dawn side, between 03:00
and 12:00 LT. This preferred zone can be associated with the dawn storm
region. As shown by Bonfond et al. (2021), dawn storms can be at the ori-
gin of the birth of auroral signatures of plasma injections. However, these
signatures of fresh injections are present at all LT. This opens up two possi-
bilities. The first is that the signatures of fresh injections are not exclusively
associated with dawn storms, which is consistent with the observations of
Bonfond et al. in 2017, who saw an auroral signature of plasma injection
appear in the Juno spacecraft observations when no dawn storm had pre-
viously occurred. We can therefore assume that the plasma interchange
phenomenon could be associated with the plasma injections signatures, as
proposed by Mauk et al. in 2002. The second possible explanation is that
dawn storms generate more sustainable disturbances that do not only oc-
cur at the location where the dawn storm appears.The dawn storm could
be a source of disturbances at different LT throughout its existence, but of
lesser intensity than when it occurs in the dawn sector. These disturbances
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Figure 8.22 — The positions of Type 2 structures observed in the northern hemisphere are
magnetically projected in the equatorial plane using the JRM09 magnetic field model. The
distributions of these events in the equatorial plane as a function of equatorial LT are shown
in the histograms with three different shifts combined (a), no-shift (b), positive shift (c)
negative shift (d) and finally the difference between the number of structures with a negative
shift and the number of structures with a positive shift (e). The uncertainty bars are derived
from the shoot noise of the detection number. The mean and the standard deviation (S.D.)
of each distribution are given for each histogram. If the number of structures is sufficient, a
x” test is performed and the p-value is given, otherwise the p-value = /.
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Figure 8.23 — The positions of Type 2 structures observed in the southern hemisphere are
magnetically projected in the equatorial plane using the JRM09 magnetic field model. The
distributions of these events in the equatorial plane as a function of equatorial LT are shown
in the histograms with three different shifts combined (a), no-shift (b), positive shift (c)
negative shift (d) and finally the difference between the number of structures with a negative
shift and the number of structures with a positive shift (e). The uncertainty bars are derived
from the shoot noise of the detection number. The mean and the standard deviation (S.D.)
of each distribution are given for each histogram. If the number of structures is sufficient, a
x?” test is performed and the p-value is given, otherwise the p-value = /.
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could therefore continue to generate plasma injections throughout the evo-
lution of the dawn storm. It should be noted that it is not impossible for
these two proposed phenomena to coexist but above all that in the second
scenario, interchange is also involved, but in a more subtle way, as a perma-
nent phenomenon of plasma transport in the magnetosphere. Type 1 fresh
structures have a much more homogeneous distribution than those of Type
2. They therefore appear to be less dependent on LT, suggesting that Type 1
structures may be more associated with a local-time-homogeneous plasma

interchange process than with dawn storms.

For both Type 1 and Type 2 structures, the distribution in the equatorial
plane of structures associated with more mature injections is uniform, which
is consistent with a quasi-corotating motion of the old injections over time.
Given the life time of the auroral structures, which may be greater than one
rotation of Jupiter (Chapter 4), it is expected to observe these signatures at
all LT.

The results obtained from the HST data in Chapter 4 showed a relatively
uniform distribution of structures in the southern hemisphere and a prefer-
ential zone for structures detected in the north between 12 LT and 18 LT.
This preferential zone has not been confirmed in the present analysis based
on Juno-UVS observations. We have already mentioned in Chapter 4 the
risk that this preferential zone might be related to the observational bias
associated with the presence of the northern magnetic anomaly, which fa-
cilitated the discrimination of auroral features that were detached from the
rest of the emission. We can therefore confirm that the preferential zone
highlighted by the HST observations was indeed linked to observational
bias.
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8.4.3 Radial distance magnetically projected in the equatorial
plane

To analyse the different distributions of auroral structures as a function
of the radial distance in the equatorial plane, the data obtained were resam-
pled over 1 Ry, so that the distributions that are described below are given
in units of number of structures per R;. This step was essential because
the distance grid is not uniform (Section 8.2). The distribution of Type 1
structures per R (Figure 8.24) is inhomogeneous (y? test: p < 0.01). If we
look at the distributions with a nul, positive or negative shift, each of these
distributions is inhomogeneous (y? tests: all p< 0.01). The structures mag-
netically mapped in the equatorial plane are detected at all radial distances
(from 5 to 30 R;), with a larger frequency between 7 and 16 R;.

In the northern and southern hemispheres, the distribution over the radial
distance of Type 1 structures with a no-shift (Figures 8.25 and 8.26 panel
(b)) are detected from 7 R; and up to 30 R;. The majority of the distribution
is detected between 7 R; and 16 R; (81% of the distribution in the north
and 86% of the distribution in the south). Type 1 structures with a negative
shift show a detection peak in the distribution of structures at 9 R;. This
statement is correct for structures detected in both hemispheres. The ma-
jority of structures detected are located between 8 and 16 R; (85% of the
distribution in the north and 91% of the distribution in the south). This in-
formation is confirmed by the radial distribution of the difference between
the number of structures with a negative shift and the number of structures
with a positive shift. In the northern hemisphere, the radial distribution of
the structures with a positive shift is close to that of those with a negative

shift, but there are far fewer of them, as already mentioned.

180



8.4 Analysis of auroral signatures of plasma injections projected in the
equatorial plane

Radial distance — North + South — Type 1 structures
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Figure 8.24 — The distributions of the position of Type 1 structures observed in the northern
and southern hemispheres, magnetically mapped in the equatorial plane using the JRMO09
magnetic field mode, as a function of radial distance are shown in the histograms with three
different shifts combined : no-shift (black), negative shift (green) and positive shift (red).
The uncertainty bars are derived from the shoot noise of the detection number.

The radial distribution for Type 2 structures is obtained in the same way as
for Type 1 structures. The global distribution (Figure 8.27) is inhomoge-
neous (v tests: all p-value < 0.01). Looking at the distributions with a nul,
positive or negative shift, each of these distributions is inhomogeneous ()2
tests: all p-value < 0.01). It can be seen that structures are detected from 6
to 30 R,.

The young structures detected in the northern hemisphere (Figure 8.28) are
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Figure 8.25 — The positions of Type 1 structures observed in the northern hemisphere are
magnetically projected in the equatorial plane using the JRM09 magnetic field model. The
distributions of these events in the equatorial plane as a function of radial distance are
shown in the histograms with three different shifts combined (a), no-shift (b), positive shift
(c) negative shift (d) and finally the difference between the number of structures with a
negative shift and the number of structures with a positive shift (e). The uncertainty bars are
derived from the shoot noise of the detection number. The mean and the standard deviation
(S.D.) of each distribution are given for each histogram. If the number of structures is
sufficient, a y? test is performed and the p-value is given, otherwise the p-value = /.
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Figure 8.26 — The positions of Type 1 structures observed in the southern hemisphere are
magnetically projected in the equatorial plane using the JRM09 magnetic field model. The
distributions of these events in the equatorial plane as a function of radial distance are
shown in the histograms with three different shifts combined (a), no-shift (b), positive shift
(c) negative shift (d) and finally the difference between the number of structures with a
negative shift and the number of structures with a positive shift (e). The uncertainty bars are
derived from the shoot noise of the detection number. The mean and the standard deviation
(S.D.) of each distribution are given for each histogram. If the number of structures is
sufficient, a x? test is performed and the p-value is given, otherwise the p-value = /.
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Radial distance — North + South — Type 2 structures
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Figure 8.27 — The distributions of the positions of Type 2 structures observed in the northern
and southern hemispheres, magnetically mapped in the equatorial plane using the JRM09
magnetic field mode, as a function of radial distance are shown in the histograms with three
different shifts combined : no-shift (black), negative shift (green) and positive shift (red).
The uncertainty bars are derived from the shoot noise of the detection number.

present between 7 and 30 R;, with no detection by R; at 11 R; and a de-
tection peak between 12 and 13 R;. More mature structures are detected
between 6 and 30 R, with no detection at 7, 14 and 15 R; and a peak de-
tection at 9 R;. This peak at 9 R; is confirmed by the difference between

structures with a negative shift and those with a positive shift.

In the southern hemisphere (Figure 8.29) , the young structures are detected
between 11 and 15 Ry, at 20 R; and between 26 and 30 R;. These struc-
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tures have a peak of 13 R;. Negative shift structures are present between 9
and 30 R, with no detection at 10 Ry, 19 R; and between 21 and 25 Rj.
A detection of peak is observed at 9 R, and this peak is confirmed by the
distribution of the number of the number of structures with a negative shift

minus those with a positive shift.

For Type 1 structures, our observations are identical for structures detected
in both hemispheres. The fresh structures are present between 7 R; and
up to 30 R, which is consistent with a process triggered by a dawn storm,
which can extend from the main emission to equatorward emissions (Bon-
fond et al. 2021). It is also consistent with auroral signatures of plasma
injections whose birth is spontaneous, this type of birth being associated
with the interchange phenomenon (Bonfond et al. 2017). These data also
suggest that the auroral process is not incompatible with the Alfvén wave-
dependent auroral process. Indeed, the region of wave-particle interaction
associated with Alfvén waves in Jupiter’s magnetosphere is located on mag-
netic field lines with equatorial distances of less than 40 R; (Saur et al.
2018, Gershman et al. 2019). The majority of the radial distribution for
the young structures is detected between 7 Ry and 16 Ry, this observation
is the translation of the radial displacement in the equatorial plane of the
injection signatures. This radial displacement continues with time, which
explains why structures with a negative shift show a detection peak in the

radial distribution of structures at smaller radial distance, i.e. 8 and 9 R;.

The detection of Type 2 structures highlights structures between 6 and 30
R, corresponding to the radial region where Alfvén waves are most likely
to interact with magnetospheric particles. The young structures have a peak
in the north between 12 and 13 R; and at 13 R in the south and are detected
up to 30 R;. The analysis and conclusions are therefore the same as for type

185



8 Systematic study of outer emissions from Juno spacecraft observations

Eventsin equatorial plane per R,

=
=

Eventsin equatorial plane per R,

=
=5

[
o
)

OB NWR NN ®WO
L

5

5

7

7

Radial distance — North — Type 2 structures

M Shift =0 M Shift<0 BShift>0

=
[N}
n

i
5]

Eventsin equatorial plane per R,
(=2}

5 7
(a)

m shift=0

9 11 13 15 17 19 21 23 25 27 29
Radial diastance (R))

m Shift<0

9 11 13 15 17 19 21 23 25 27 29
Radial diastance (R))

Eventsin equatorial plane per R,

-
sy

Eventsin equatorial plane per R,

_—
1]
—

i
1S}

R NWAE N XY

=
1S)

O R NWPR U N B

9 11 13 15 17 19 21 23 25 27 29
Radial diastance (R,)

m shift > 0

5

7 9 11 13 15 17 19 21 23 25 27 29
Radial diastance (R;)

oshift<0

me e

9 11131517192123252
Radial diastance (R,)

=N

Figure 8.28 — The positions of Type 2 structures observed in the northern hemisphere are
magnetically projected in the equatorial plane using the JRM09 magnetic field model. The
distributions of these events in the equatorial plane as a function of radial distance are
shown in the histograms with three different shifts combined (a), no-shift (b), positive shift
(c) negative shift (d) and finally the difference between the number of structures with a
negative shift and the number of structures with a positive shift (e). The uncertainty bars are
derived from the shoot noise of the detection number. The mean and the standard deviation
(S.D.) of each distribution are given for each histogram. If the number of structures is
sufficient, a x test is performed and the p-value is given, otherwise the p-value = /.
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Figure 8.29 — The positions of Type 2 structures observed in the southern hemisphere are
magnetically projected in the equatorial plane using the JRM09 magnetic field model. The
distributions of these events in the equatorial plane as a function of radial distance are
shown in the histograms with three different shifts combined (a), no-shift (b), positive shift
(c) negative shift (d) and finally the difference between the number of structures with a
negative shift and the number of structures with a positive shift (e). The uncertainty bars are
derived from the shoot noise of the detection number. The mean and the standard deviation
(S.D.) of each distribution are given for each histogram. If the number of structures is
sufficient, a y? test is performed and the p-value is given, otherwise the p-value = /.
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1 structures, given their similar radial distribution. The origin of these au-
roral signatures can be linked to dawn storms and to the phenomenon of
interchange. For the most mature structures, we observed maximum detec-
tion at 9 R in the north and in the south (corresponding to~ 22% and ~35%
of the detected structures in each hemisphere, respectively). This peak has
a shorter radial distance than the younger structures and could be related to

the radial evolution of the structures over time as they approach Jupiter.

In all cases, regardless of the type of structure or hemisphere, a peak for
mature structures was detected at 9 R;. These peaks of the different radial
distributions can not be assimilated to the Europa’s footprint. The bright-
ness of satellite footprints can be highly variable in time and space, with
the brightness of 1o’s footprint showing variations between 2500 kR and
20,000 kR Bonfond et al. 2013b. We know that the brightness of Io’s UV
footprint is about 10 times larger than that of Ganymede, which is itself
about 10 times larger than Europa (a few kR) (Bonfond et al. 2017). It
seems obvious that if the peak at 9 R; was assimilated to the presence of
Europa’s footprint, we should observe a peak at 15 R; reflecting the same
type of detection for Ganymede’s footprint. However, it cannot be ruled
out that Europa could play a role in revealing auroral signatures of plasma
injections. However, this is only a hypothesis that should be explored in the

future.

8.5 Summary and conclusions

In this chapter, we report a statistical study of auroral signatures associ-
ated with injection signatures in Jupiter’s magnetosphere, based on auroral
data collected by the Juno UVS during the first 18 PJ. Using the JRM09
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magnetic field model, we magnetically map the auroral structures in the
equatorial plane and study their characteristics. We relate the selected UV
auroral features to plasma injections into the Jovian magnetosphere. We use
the evidence of the shift between the brightness peak and the CR peak as
reasonable proof that the studied signatures are indeed related to the plasma
injection phenomenon in the equatorial plane of the magnetosphere. It is
interesting to add that very recently, Nichols et al. (2023) compared Jovian
auroral observations from HST and contemporary in situ data from Juno
present in the equatorial plane in the middle magnetosphere. They have
shown that the equatorward auroral structures are associated with plasma
injections. This is the first direct evidence that the auroral morphology
known as “strong injections” (see family defined by Grodent et al. (2018))

is in fact a manifestation of magnetospheric injections.

We show that the detection of Type 1 or Type 2 auroral structures is not
favoured by the presence of the magnetic anomaly in the northern hemi-
sphere. On the other hand, the distribution of fresh structures seems to be
related to the magnetic field strength, their frequency of detection increases
with the magnetic field, which leads us to suggest that the auroral mecha-
nism associated with the auroral signatures of plasma injections is related
to the magnetic field strength. More precisely, we suggest that the accel-
eration process due to Alfvén waves is at the origin of the detected auroral
signatures, because the higher magnetic field strength, the more efficient
the energy transfer by Alfvén waves and hence the more auroral emission.
Furthermore, we show that these auroral features are common, since they

appear in all the observations.

In the magnetosphere, our analysis shows that the coordinates of Type 1
and Type 2 auroral structures projected in the equatorial plane are observed
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at all equatorial SIII longitudes. We compare these Juno UVS observations
with in situ injection signatures obtained from Galileo energetic particle
data and find that auroral detections projected in the equatorial plane and
those detected in situ are consistent with previous studies. Looking at the
LT positions of the studied structures, we find that the signatures of fresh
injections are present at all LT. However, depending on the brightness de-
tection threshold and the CR detection threshold, we found a different dis-
tribution of young structures. Type 2 structures show a predilection for the
dawn side, which suggests an association of these young structures with
dawn storms. This tendency is much less pronounced for Type 1 structures.
This observation led us to propose two possible processes to explain the in-
jection phenomenon: (1) the process is associated with the dawn storm phe-
nomenon, and (2) it is associated with a local-time-homogeneous plasma
interchange process. Looking at the LT distribution of the structures, the
process associated with the dawn storm phenomenon seems to be more in-
volved in the presence of the young Type 2 structures, whereas the young
Type 1 structures are more associated with the interchange phenomenon.
In addition, the Type 1 and Type 2 structures associated with the more ma-
ture auroral signatures of plasma injections are homogeneously distributed.
This observation is consistent with a quasi-corotating motion of the old in-
jections over time. The majority of young structures are detected before
17 R;. More mature Type 1 and Type 2 structures are detected mainly at
shorter radial distances, with a peak at 9 R;. This last observation reflects
the radial shift in the equatorial plane of the injection signatures with time.
In general, the radial position of the structures is consistent with the dis-

tance at which the Alfvén waves are observed in the Jovian magnetosphere.
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9.1 Conclusions

In this thesis, we have studied auroral features of Jupiter, observed with
HST and Juno, which are interpreted as signatures of plasma injections.

This interpretation is supported by three assertions:

1. The auroral signatures have the same characteristics as the auroral

signature of an injection observed by Mauk et al. (2002).

2. The spectral analysis of these auroral signatures, show a differential
drift of electrons as a function of their energy, in agreement with the
distribution of energetic electrons within a magnetospheric injection
detected in the equatorial plane with an in situ probe (Mauk et al.
1997).

3. When we project the position of these auroral features in the equa-
torial plane along magnetic field lines, their location is in agree-
ment with the distribution of injection detections made by the Galileo

probe orbiting Jupiter.

The auroral signatures of plasma injections are continuously observed dur-

ing single HST observing sequences (~45 min). When several consecutive
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sequences were available, amounting to several hours of observations, these
auroral structures were present from the beginning to the end. This strongly
suggests that their lifetime is greater than 45 minutes. The lifetimes have
also been estimated from simulations, assuming that they correspond to the
lifetimes of the injected population of electrons that are precipitating in the
atmosphere and generating an auroral signature. Simulations of the auroral
signatures of plasma injections suggest that the auroral characteristics are
compatible with the process of pitch angle scattering. These simulations
suggest that their lifetimes are between 0.5 and 1 rotation of Jupiter (i.e.
from 5 to 10 hours). However, this lifetime is most probably underesti-
mated, since Haggerty et al. (2019) have shown, using Juno in situ data,
that the plasma injections can begin several hours before the auroral signa-
tures are observed. In other words, they have shown that the presence of
in situ injections does not necessarily translate into auroral injection signa-
tures. We also estimated the incoming magnetic flux associated with the
injections of plasma related to these auroral signatures, it corresponds to
30% of the outgoing flux. We suggested in 2014 that this low ratio was per-
haps the result of (i) overly restrictive selection criteria for auroral features
or (i1) underestimation of their lifetime or (iii) a detection threshold issue.

So Haggerty et al. (2019) confirm hypotheses (ii) and (iii).

The results obtained, in Chapter 4, show that auroral signatures of plasma
injections are common since they appear in more than half of the HST data
sample used. Most observations showed only one unmistakable such auro-
ral feature per day. Occasionally multiple auroral structures were observed
in the same HST image, indicating multiple magnetospheric event gener-
ation regions, rather than a single localised source region. Subsequently,
thanks to the observations made by Juno, it was confirmed that this was a
common phenomenon, detected in every PJ, and that their detection did not
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increase in the region of the magnetic anomaly in the northern hemisphere.
On the other hand, the detection of auroral signatures of fresh plasma in-
jections seems to be related to the magnetic field strength, as they suggest
that their auroral mechanism should be more effective when the magnetic
field strength is strong. More precisely, the acceleration process due to
Alfvén waves could play a role in generating the auroral signatures de-
tected. This suggestion is supported by the detection of Alfvén waves at
high-latitude, mapping the inner magnetosphere, associated with auroral
emission highlighted by Gershman et al. (2019). In addition, we have esti-
mated the temporal variations of the emitted power of the auroral signatures
of the plasma injections (~8 min), which have the same typical time scale
as those of the injections observed in the radio domain (18 min) (Louarn
et al. 2001). This time scale also appears to be consistent with the period
of oscillation expected from the travel time of Alfvén waves between the
ionosphere (close the main emission) and the upper edge of the equatorial
plasma sheet Nichols2017 .

The latitudinal and azimuthal movements of the auroral signatures of the
plasma injections were analysed from the HST data. We have shown that
magnetospheric injections move towards the planet and lag behind corota-
tion. The simulations described in Chapter 5 provide a better understanding
of the size, spectral index and evolution of the population of electrons in-
jected into the Jovian magnetosphere. They show that during a typical HST
sequence, the spatial extension of the injection signature due to scattering
is limited. They also suggest that the old injections are quasi-corotating
and that they show a very small displacement equatorward. In addition,
there are some equatorward bright patchy auroral features, which present
wider azimuthal and radial displacements than observed at the beginning
of Chapter 4 for the old injections. These structures are also known in au-
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roral morphology as "strong injections" (see the auroral family defined by
Grodent et al. (2018)). If the radial velocity is indicative of the evolution of
the plasma injection, then these structures should be linked to young mag-
netospheric injections. Very recently, Nichols et al. (2023) compared HST
Jovian auroral observations with contemporaneous in situ data from Juno
in the equatorial plane of the middle magnetosphere. They have established
the first direct evidence that “strong injections” are in fact a manifestation

of magnetospheric injections, confirming our 2014 analysis.

Finally the locations of the injection structures in the equatorial plane were
obtained using the VIPAL and JRMO09 magnetic field models for the HST
and Juno data, respectively. We magnetically mapped the auroral struc-
tures in the equatorial plane and studied their characteristics. Irrespective
of the database used, auroral signatures projected in the equatorial plane
are observed at all SIII longitudes, independently of their age. Looking at
the LT positions of the structures that have been considered, we find that
signatures of fresh injections are present at all LTs. However, these results
must be nuanced. Depending on the brigthness detection threshold and the
CR detection threshold imposed to the Juno data that we used, we found a
different distribution of young structures. This difference implies distinct
characteristics for Type 1 and Type 2 structures:

e Type 2 structures (thresholds: luminosity > 250 kR and CR > 3)
show a predilection for the dawn side, which is consistent with the

scenario where dawn storms trigger these young injections,

o This tendency is much less pronounced for Type 1 structures (thresh-
olds: brightness > 50 kR and CR > 5), and their distribution seems
more homogeneous across all the LTs, suggesting an origin linked to

a local-time-homogenous process. This suggests that they are more
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closely associated with the plasma interchange process.

This observation has led us to propose two possible processes to explain
the injection phenomenon: the first associated with the dawn storm phe-
nomenon, in agreement with Bonfond et al. (2021) and Yao et al. (2020),
and the second associated with a local-time-homogeneous plasma inter-
change process. In other words, looking at the LT distribution of the struc-
tures, the process associated with the dawn storm phenomenon seems to be
more involved in the presence of young Type 2 structures, whereas young
Type 1 structures are more associated with the interchange phenomenon.
In addition, the Type 1 and Type 2 structures associated with the more ma-
ture auroral signatures of plasma injections are homogeneously distributed.
This observation is consistent with a quasi-corotating motion of the old in-
jections over time. The existence of both processes is also consistent with
the idea of multiple regions of magnetospheric event generation, as dis-
cussed above. From the analysis of the HST data, we concluded that the
signatures are preferentially present at distances between 7 R; and 40 R;.
The data acquired from Juno have enabled us to refine our perception of
the distribution of structures as a function of their age: Type 1 and 2 struc-
tures are detected up to 30 Ry, which corresponds to our radial detection
threshold in the Juno data. The majority of young structures are detected
before 17 R;. The more mature Type 1 and 2 structures are mainly detected
at shorter radial distances, with a peak at 9 R;. This last observation re-
flects the radial shift in the equatorial plane of the injection signatures over
time. In general, the radial position of the structures is consistent with the
distance at which Alfvén waves are observed in the Jovian magnetosphere,
which seems to support the hypothesis of the involvement of these waves in

the auroral process associated with auroral signatures of plasma injection.
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9.2 Perspectives

The above-mentioned results of this thesis have led to a better un-
derstanding of the magnetospheric and ionospheric processes that may be
involved in plasma injections and their auroral signatures. This raises new
questions that can be addressed in the future in order to complement the

results obtained in this thesis and to validate the proposed hypotheses.

To date, we have not been able to observe the birth, evolution and dis-
appearance of one auroral signature of plasma injection during a single
observing sequence. This complete observation would give us access to
the full dynamics of these auroral structures, by analysing their evolution
in size, brightness, CR, displacement and real lifetime. In addition, this
study could have two distinct strands, one based on injections originating
in a dawn storm and the other with a spontaneous birth, in order to com-
pare whether the two distinct types of birth have an impact on the auroral

and energetic characteristics of the injections, as hypothesised in this thesis.

Using our method of image reconstruction with observations acquired by
Juno, we have been confronted with detections of auroral signatures of
plasma injections composed of two (or more) observations that are spatially
close but not acquired simultaneously. It would be interesting to repeat the
last study of this thesis, but with knowledge of the regions of interest to be
targeted, i.e. with knowledge of the location of the auroral signatures of
the plasma injections. The aim of this new study will no longer be to re-
construct the entire aurora in order to obtain a global view of the injection
phenomenon. The aim will be to follow the injection signatures detected
in their entirety, with a small temporal gap between the swaths captured

by the UVS that make up the auroral signature. This approach to auroral
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emissions will enable us to carry out case studies, focusing in particular on
the movement of the structures, their size and the distribution of their CR

over time. This will complement the global analysis carried out in Chapter
8.

In Chapter 8 it was suggested that the presence of Europa could be a trigger
for auroral signatures of plasma injections. Using HST and/or Juno, or in
the near future JUICE, this hypothesis could be tested by establishing a link
between Europa’s position and the occurrence of auroral signatures along
Europa’s footpath and its neighbourhood.

This list is indicative and based solely on the elements discovered during
this thesis. No further analysis has yet been carried out, and many ques-
tions remain unanswered. We can only hope that further exploitation of the
available data on plasma injections will provide additional information to

support the conclusions of this thesis.
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abbreviations

ACS
AU

CCD
CML
CR

EPD
EUV

F115LP
F125LP
FAC
FUV

GAM

HST

ICP

IMF

IR

JADE
JEDI

Advanced Camera for Surveys
Astronomical Unit

charge coupled device
Central Meridian Longitude
color ratio

Energetic Particles Detector
extreme ultraviolet

Long Pass MgF,
Long Pass CaF,
Field-aligned currents
far ultraviolet

Grodent anomaly model
Hubble Space Telescope
Initial Center Position
interplanetary magnetic field

infrared

Jovian Auroral Distribution Experiment
Jovian Energetic Particle Detector Instrument
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JIRAM
JRMO9

LPAP
LT

MAMA

NIR
NUV

PJ

Ry
Rs

SBC
SII

SrF2
STIS
SWP

uT
uv
UVvsS

VIPAL
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Jupiter InfraRed Auroral Mapping
Juno Reference Model through Perijove 9

Laboratory for Planetary and Atmospheric Physics
Local Time

Multi Anode Microchannel Array

near infrared
near ultraviolet

perijove

Jovian radius
Saturnian radius

solar blind channels

System III

Strontium Fluoride

Space Telescope Imaging Spectrograph
solar wind pressure

Universal Time
ultraviolet

Ultraviolet Spectrograph

Voyager Io Pioneer Anomaly Longitude
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