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Abstract

This work focuses on the dynamics of one particular auroral feature in Jupiter’s polar region,
which we call Jupiter’s polar auroral bright spot. The bright spot emission usually appears
as a compact shape, which is very bright in UV aurorae. It was suggested to be the signature
of the magnetospheric cusp and reconnection on the dayside magnetosphere, which is prob-
ably associated with the open magnetic field lines connecting to the solar wind. However,
the importance of dayside reconnection to the Jovian magnetosphere is still a debated topic.
Therefore, the dynamics and processes related to this feature are still unclear. The spacecraft
of the recent NASA Juno mission was designed to fly on polar orbit around Jupiter. Juno’s
observations thus allow us to make in situ observations with various types of instruments
over both poles in very close detail. In addition, Juno can observe Jupiter’s nightside aurora,
which cannot be observed by Earth-based instruments. We believe that Juno’s observations
provide important information which help us to better understand the bright spot emission
and Jupiter’s polar aurorae. In this work, the Juno observations provide detailed informa-
tion on the bright spot feature.

Firstly, to analyze the bright spot characteristics, we used the data from the first 25 per-
ijoves, observed by the Ultraviolet Spectrograph (Juno-UVS) from August 27, 2016, to May
29,2019. Here we study their power emissions, sizes, positions, and local times in the iono-
sphere and their mapped positions and local times in the magnetosphere. The bright spot
area is identified by the compact shape whose intensity is greater than twice the standard
deviation above the background intensity. The elliptical fit was applied to determine the
size of emissions. We found that the bright spot’s power is in the range of gigawatt, while
some spots exhibit power up to a hundred gigawatts. The bright spots are found to be lo-
cated in various SIII longitudes corresponding to various local times, which means that the
bright spots do not appear at only noon magnetic local times. Moreover, the bright spots
are generally located at the edge of the swirl region, where high-energy particles are usu-
ally found. In addition, the bright spots tend to appear in the region with a magnetic field
strength greater than 8 Gauss. The mapped positions and local times in the magnetosphere
vary as well. These results could exclude the relationship of the bright spot with the noon-
magnetospheric cusp process. However, Jupiter’s magnetosphere is more complicated than
we thought. The magnetic field can be twisted, implying that the noon magnetic local time
might map to a position surprisingly distant from expectations based on a simple dipole as-
sumption (Zhang et al., 2021). Therefore, the role of the magnetospheric cusp process needs
further investigation to be confirmed or invalidated. The most interesting result is the reap-
pearance of the bright spot with a time interval of 3 to 47 minutes between two consecutive
brightenings. In addition, the bright spot in each perijove usually reappears at almost the
same SIII position, implying the corotation of the plasma source with Jupiter. For the bright
spot series found in PJ4 and P]16, in which the observation sequence was long enough to see
the bright spot recurring at the same SIII position, the analysis shows that the bright spots
found in PJ4 and PJ16 reappear with the periods of 28 and 23 minutes, respectively. This pe-
riodicity is reminiscent of the periods observed in auroral radio and X-ray pulsations, which
should be studied in deep detail in the future.

In addition, we found that there are three events in which the Juno positions according
to the JRM09 magnetic model were above the bright spot positions. We assume that the
spacecraft and bright spot emissions are connected by the same magnetic field line. Two
cases were found from the first 25 perijoves, a northern spot observed during PJ3 and a
southern spot observed during PJ15. An additional bright spot with the same characteris-
tics is the southern spot found in PJ33. Juno carries many instruments for observing Jupiter’s
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magnetosphere and Jupiter’s aurorae. Considered together, the observations from such in-
struments provide crucial information for understanding the mechanics related to the bright
spot emissions. The particle observations provide characteristics of particles related to au-
roral emissions. The data of the plasma waves and magnetic field-aligned currents sug-
gest some ionospheric-magnetospheric dynamics related to auroral emissions. Hence, we
perform a comparison between the data of bright spot emission observed by UVS remote
sensing and the in situ measurements of particles, waves, and currents, observed with JEDI,
Waves, and MAG, respectively. During the bright spot detection time, the waves are trav-
elling upward and propagate in Whistler-mode. Particles are dominated by upgoing elec-
trons, suggesting that Juno is above the acceleration region where the downgoing particles
in the opposite direction probably propagate down and cause the aurora. Two of three cases
(in PJ3 and PJ33) show that the intensification of upward Whistler-mode waves and upward
electron enhancement simultaneously occurred, suggesting the presence of waves-particle
interaction. The PJ3 spot was also detected during waves-particles enhancement, while the
PJ33 spot was detected a few minutes later. The PJ15 event shows that the upgoing Whistler-
mode was first detected, followed by bright spot detections and some particle enhancements
at the end. However, the signature of magnetic field-aligned currents is less significant. We
propose that the imperfection of the magnetic mapping model is the main source of the time
mismatch between the wave, particle, and bright spot detection. Even though the times
do not exactly match, which may simply be due to the JRM09 mapping errors, we believe
that the wave-particle interactions play the main role in accelerating particles causing the
bright spot emissions. However, other processes may also play a role in causing the bright
spot, such as the magnetic reconnection near Jupiter’s polar magnetosphere (Masters et al.,
2021) and the broadband acceleration due to the presence of an ionospheric Alfvén resonator
(Lysak et al., 2021).



Résumé

Ce travail se concentre sur la dynamique d"une structure aurorale particuliere dans la région
polaire de Jupiter, que nous avons simplement appelée tache aurorale polaire brillante, ou
plus simplement tache brillante. Les émissions de la tache brillante apparaissent générale-
ment comme une forme compacte, qui est tres brillante dans les aurores UV. 1l a été suggéré
qu’il s’agissait de la signature du cornet polaire magnétosphérique et de la reconnexion de
la magnétosphere coté jour, qui est probablement associée aux lignes de champ magnétique
ouvertes se connectant au vent solaire. Cependant, 'importance de la reconnexion diurne
pour la magnétosphere jovienne est encore un sujet amplement débattu. Par conséquent,
la dynamique et les processus liés a cette caractéristique ne sont toujours pas clairs. La
sonde spatiale de la mission récente NASA-Juno a été congue de maniére a suivre des or-
bites polaires autour de Jupiter. Les observations de Juno nous permettent ainsi d’obtenir
des observations in situ trés détaillée avec différents types d’instruments aux deux poles
de Jupiter. En outre, Juno peut observer les aurores nocturnes de Jupiter, qui ne peuvent
étre observées par les instruments proches de 1'orbite terrestre. Les observations de Juno
fournissent des informations importantes qui nous aident & mieux comprendre 1'émission
de cette tache brillante et des aurores polaires de Jupiter en général. Dans ce travail, les
observations de Juno fournissent des informations tres détaillées de la tache brillante. Tout
d’abord, pour analyser les caractéristiques des différentes occurrences de la tache brillante,
nous avons utilisé les données des 25 premiers périjoves, observés par le spectrographe
ultraviolet (Juno-UVS) du 27 aofit 2016 au 29 mai 2019. Nous étudions ici leur puissance
émise, leur taille, leur position et leur temps local dans 1'ionosphere, ainsi que leur posi-
tion cartographiée et leur temps local dans la magnétospheére. La zone sous-tendue par la
tache brillante est identifiée a une forme compacte dont 'intensité est supérieure a deux fois
I'écart-type de l'intensité de fond. L'ajustement elliptique a été appliqué pour déterminer
la taille de la région d’émission. Nous avons constaté que la puissance du point lumineux
est de 'ordre du gigawatt, bien que cette puissance puisse aller jusqu’a cent gigawatts. La
tache brillante apparait a diverses longitudes SIII et diverses heures locales, ce qui signifie
que la tache brillante n’apparait pas seulement & midi magnétique. De plus, la tache bril-
lante est généralement située au bord de la région de tourbillon (« swirl region »), ot1 I'on
trouve habituellement des particules a haute énergie. En outre, la tache brillante a tendance
a apparaitre dans la région ou l'intensité du champ magnétique est supérieure a 8 Gauss.
Les positions cartographiées et les temps locaux dans la magnétosphere varient également.
Ces résultats pourraient exclure la relation entre la tache brillante et le processus magné-
tosphérique associé au cornet polaire, c6té midi. Cependant, la magnétosphere de Jupiter
est plus compliquée que nous le pensions. Le champ magnétique peut étre tordu, ce qui im-
plique qu’un point situé a midi en temps local magnétique pourrait se trouver fort éloigné
de la position attendue dans I’hypothese d"un dipole simple (Zhang et al., 2021). Par con-
séquent, le role du processus lié au cornet polaire magnétosphérique doit étre étudié plus
avant pour étre confirmé ou infirmé. Le résultat le plus intéressant est la réapparition de
la tache brillante avec un intervalle de temps de 3 a 47 minutes entre deux embrillance-
ments consécutifs. De plus, la tache brillante dans chaque périjove réapparait habituelle-
ment a presque la méme position SIII, ce qui implique la corotation de la source de plasma
avec Jupiter. Pour la série de taches brillantes trouvées dans PJ4 et PJ16, dans laquelle la
séquence d’observation était suffisamment longue pour voir la tache brillante réapparaitre
a la méme position SIII, ’analyse montre que la tache brillante trouvée dans PJ4 et PJ16
réapparait avec des périodes de 28 et 23 minutes, respectivement. Cette périodicité est a
mettre en relation avec les périodes du méme ordre de grandeur observées dans les pulsa-
tions aurorales radio et X, qui devraient étre étudiées en détail a I'avenir. En outre, nous
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avons constaté qu’il y a trois événements dans lesquels les positions de Juno selon le mod-
ele magnétique JRMO09 étaient juste au-dessus de la tache aurorale polaire brillante et étaient
reliés par la méme ligne de champ magnétique. Deux cas ont été trouvés a partir des 25
premiers périjoves, un au nord observé pendant PJ3 et un au sud observé pendant PJ15.
Une autre tache brillante présentant les mémes caractéristiques est observée au sud lors de
PJ33. Juno embarque de nombreux instruments pour observer la magnétosphere de Jupiter
et les aurores de Jupiter. Considérées dans leur ensemble, les observations de ces instru-
ments fournissent des informations cruciales pour la compréhension des mécanismes liés a
I"émission de la tache aurorale polaire brillante. Les observations des particules fournissent
les caractéristiques des particules liées aux émissions aurorales. Les données sur les ondes
de plasma et les courants alignés sur le champ magnétique apportent des informations sur la
dynamique ionosphere-magnétosphére liée aux émissions aurorales. Par conséquent, nous
effectuons une comparaison entre les données d’émission de la tache brillante observées par
télédétection UVS et les mesures in situ des particules, des ondes et des courants, observées
respectivement par JEDI, Waves et MAG. Pendant le temps de détection de la tache bril-
lante, les ondes se déplacent vers le haut et se propagent en mode Whistler. Les particules
sont dominées par des électrons ascendants, ce qui suggeére que Juno se trouve au-dessus de
la région d’accélération ot les particules descendantes dans la direction opposée se propa-
gent probablement vers le bas et provoquent ’aurore. Deux des trois cas (dans PJ3 et PJ33)
montrent que l'intensification des ondes ascendantes en mode Whistler et 'augmentation
des électrons ascendants se sont produites simultanément, ce qui suggere 1’existence d"une
interaction onde-particule. Le spot P]3 a également été détecté pendant l'intensification des
interactions onde-particule, tandis que le spot PJ33 a été détecté quelques minutes plus tard.
L’événement PJ15 montre que le mode Whistler ascendant a été détecté en premier, suivi
par des détections de la tache brillante et quelques renforcements des flux de particules.
Cependant, la signature des courants alignés le long du champ magnétique est moins sig-
nificative. Nous proposons que l'imperfection du modele de cartographie magnétique soit
la principale source du décalage temporel entre la détection des ondes, des particules et de
la tache brillante. Méme si les temps ne correspondent pas exactement, ce qui peut étre
simplement di aux erreurs de cartographie de JRM09, nous pensons que les interactions
onde-particule jouent le role principal dans 1’accélération des particules causant les émis-
sions de la tache brillante. Cependant, d’autres processus peuvent également jouer un role
dans cette émission, comme la reconnexion magnétique pres de la magnétosphere polaire de
Jupiter (Masters et al., 2021) et 'accélération a large bande due a la présence d"un résonateur
d’Alfvén ionosphérique (Lysak et al., 2021).
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Chapter 1

Introduction

1.1 Motivation and Research Objectives

Jupiter is known as the largest gas planet in the solar system. The equatorial radius (R}) is
approximately 71,492 km (with the polar radius of 66,854 km (Weiss, 2004)), which is about
11 times greater than Earth’s radius. Jupiter’s average distance from the sun is 5.2 astro-
nomical units (AU), where 1 AU = 1.496 x 10! m. Jupiter’s core is composed of a large
layer of metallic hydrogen, which is electrically conducting fluid. Jupiter’s rotation period
is 9 h 55 min (Weiss, 2004) which is very fast for its large size. As a result, the fast rota-
tion of conducting fluid generates a strong magnetic field with magnetic field strength at
the surface up to 20 Gauss (1 Gauss = 10~* T), while the Earth’s magnetic field is only 0.6
Gauss. Combined with the large internal plasma source, a unique magnetosphere in the so-
lar system is formed. The planetary magnetosphere is defined as the region around a planet
dominated by the planetary magnetic fields. Auroral emissions are the result of collisions
between atmospheric particles and accelerated charged particles guided towards the poles
by the magnetic field lines. Jupiter’s Ultraviolet (UV) aurorae have been studied for decades.
The first UV spectrum image of Jupiter’s aurorae was taken in 1979 by Voyager 1 during its
encounter (Clarke et al., 2004 and references herein). Theoretical studies, modeling, and nu-
merous observations, particularly from the Hubble Space Telescope’s ultraviolet cameras,
have substantially improved our understanding of Jupiter’s aurora. However, the need for
clear interpretation and many outstanding questions remains due to the complicated Jovian
system and lack of in-situ measurements across the poles. While Earth’s aurorae are clearly
understood to be mainly caused by the solar wind particles penetrating the atmosphere,
the dominating plasma particles for causing Jupiter’s aurorae come from the source inside
Jupiter’s magnetosphere. In addition, there are bright emissions inside Jupiter’s polar re-
gion, which for Earth it is mostly dark. That is one reason why Jupiter’s polar aurora is
poorly understood even though there are many interesting features. One particular auroral
feature in Jupiter’s polar region is Jupiter’s polar auroral bright spot. It usually appears as
a compact shape, which is very bright in UV aurorae. The bright spot was suggested by
Pallier and Prangé, 2001 to be the signature of Jupiter’s polar cusp, the region where exter-
nal plasma particles can penetrate the planetary atmosphere. However, this suggestion is
based on the results from Earth-based observations that are limited by viewing geometry
and observation time. Therefore, the clear responsible process for causing the bright spot
emissions is still in debate.

In 2011, the Juno spacecraft, the mission under the operation of National Aeronautics
and Space Administration (NASA), was sent to closely observe Jupiter in detail. Goals of
this mission are to understand the origin and the evolution of Jupiter, to look for the solid
planetary core, to map the magnetic field, to measure water and ammonia in the deep at-
mosphere, and to observe the aurorae. This is a good chance to reveal information for solv-
ing the debated questions about Jupiter’s magnetosphere and aurorae. Juno was launched
on August 5th, 2011, and performed the Jupiter orbital insertion (JOI) on July 4th, 2016.
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The interplanetary observation was started on May 15th, 2016 before encountering Jupiter’s
magnetosphere. The prime mission comprises 36 polar orbits and an additional 40 orbits
during the extended mission. Juno trajectory is a highly elliptical (e=0.98) polar orbit with a
53—day period. The closest approach (perijove) is at an altitude below 8,000 km, between
Jupiter’s upper atmosphere and the main radiation belt, while the apojove is at the distance
of ~ 113 Ry (Bolton et al., 2017). The aurorae in each hemisphere are observed for a few
hours during the perijove. However, the oblateness of Jupiter causes the orbit precession
to grow by ~1° per orbit, as well as a ~0.9° closer to the equatorial crossing in each orbit
(Bagenal et al., 2017). As a consequence, the observation time for the northern hemisphere
decreases in later perijoves. Juno started the polar science orbits with nine instruments on-
board the spacecraft. Five instruments are designed to study Jupiter in high latitude regions
which can reveal the information for unresolved questions related to Jupiter’s aurorae.

Hence, with the completed set of instruments on board the Juno spacecraft and the ad-
vantage of polar orbit which allows studying Jupiter in very close detail, we focus on study-
ing the variations of the bright spot emissions including investigation of the possible sources
of the precipitating particles related to this auroral feature and its dynamics. This thesis com-
prises two studies. The first investigation in this thesis focuses on the UV auroral images
provided by the UV spectrograph, one of five instruments mentioned above. We study the
power emission, the position and local time, the time variation of its location and emitted
power. The second work combines data from other instruments for further discussions of
the associated particles and waves during the bright spot emissions. The main scientific
objectives of the study can be divided into two topics as follows:

¢ Try to understand the origin of the bright spot through a detailed study of the spatial
and temporal characteristics of the bright spot in the UVS dataset, which avoids the
selection bias for previous observations (HST).

¢ To investigate the sources and dynamics of precipitating particles that are related to
the variability of the polar auroras.

The first study focuses on the characteristics of the bright spot emission. The study
includes studying the time variation of their emitted power and the locations in the iono-
sphere. Moreover, the magnetic local times are studied by mapping in the equatorial plane
along magnetic field lines. The study of the magnetic local time of the auroral bright spot
could possibly suggest sources of the emission. The magnetic local times are used since
Jupiter’s magnetic field is complicated and doing otherwise would lead to absurd conclu-
sions. I developed the software to obtain the intensity of bright spot emission from UVS
instrumental count rate. The latitudinal and longitudinal positions of auroral features in
the ionosphere are indicated based on the instrument’s and Jupiter’s position at the observ-
ing time. The mapped location of auroral emissions in the magnetosphere and local times
corresponding to these features is obtained using the Jupiter Ionosphere/Magnetosphere
mapping model based on Vogt et al., 2011; Vogt et al., 2015 with the SIII latitude and longi-
tude of auroral emission and subsolar longitude as input parameters.

The second work relies on the second objective which is to investigate the sources and
dynamics related to the bright spot emissions. I particularly focus on three cases where
particles and waves data were observed by the in-situ observations simultaneously with the
remote sensing observations of bright spot emissions. This study investigates the relation
between particle energy flux and wave data with the bright spot emissions. The results will
provide more understanding of the sources of auroral activities in Jupiter’s polar region.
The information can be applied to study other gas giants, which is very useful for a better
understanding of the dynamics of plasma and waves in the planetary atmospheres.

In this study, the position of bright spot emissions is described by the System III (SIII)
coordinates. This is the left-hand coordinate, in which the longitude increases from dusk
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through noon to the dawn side. This coordinate is the Jupiter rotating frame defined by the
rotation period of decametric radio. The longitude on SIII along the Earth-Jupiter vector
is called the Central Meridian Longitude (CML). The z—axis is defined by the Jupiter spin
axis. The x—axis corresponds to 0° SIII longitude or prime meridian, which is defined as the
CML on a specific date in 1965. The y—axis is orthogonal to the x— and z— axes completing
the left-hand system.

1.2 An Overview of Space Plasma Related to Aurorae

This section describes the behaviors of plasmas which contain electrically charged particles
traveling along the magnetic field lines toward Jupiter’s pole. The study of a single parti-
cle helps us to understand the behaviors of a particle under the influences of electric and
magnetic fields. Moreover, the fluid approach will provide a further understanding of the
characteristics of these particles on a big scale including their connections with the Jupiter
magnetosphere.

1.2.1 Single Particle Motion

To study particle behaviors under the influence of magnetic and electric fields, the equation
of motion is derived from the Lorentz force law. The Lorentz force F acts on a particle with
charge g, while traveling with velocity v in the electric field E and the magnetic field B, is
given by

FL:mE:q[E—l—(va)]. (1.1)

The simplest form of this equation is, the electric field is absent, or relatively weak, (E =

0), and the magnetic field is uniform along the z direction (B = BZ). Equation 1.1 can be
separated into three components as follows:

doy

100 doy B do,
dt

qBvy, mﬁ = —qBu,, mﬁ =0. (1.2)

T o d
The second derivative in x and y axes are rearranged by substitution d;t" and % from

equation 1.2;

d?vy gB\? d*v, gB\> d*v,
T <m) dt2:_<1n) vy Mg =0 13)

The equation for x and y axes describe a simple harmonic oscillator with the angular
frequency of #. This parameter is called gyro frequency or cyclotron frequency defined as;

B
0, liE »
Defining the Larmor radius (or cyclotron radius or gyroradius) by

v,  mu,
Q¢ lq|B’
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where v, is a velocity component perpendicular to the magnetic field. The solutions for
equation 1.3 are

x—xo=rpsinQct, y—yo=FrocosQt, z—2z0=70t, (1.6)

where v is a velocity component parallel to B. The above equations describing a particle’s
position in x and y components imply that a charged particle moves in a circular motion
around the guiding canter (xo, o) with Larmor frequency (). and Larmor radius r.. The
particle also travels along the z—axis with a constant velocity. Hence, a charged particle
travels with a motion called gyromotion, appearing as a helix trajectory. With the different
signs and mass of charged particle species, electrons will travel with a smaller radius and
in the opposite direction from ion species. The angle between charge velocity and magnetic
field vector is called “pitch angle", defined by

&« = sin~! (%) : (1.7)

This quantity describes the direction of the charged particle during its motion along
the magnetic field line. The pitch angle & = 0° means that the particle travels without
gyromotion, only traveling along the magnetic field line, pitch angle x = 90° means that
particle motion is circular without moving along the magnetic field line, and pitch angle
n = 180° refers to no gyromotion, while particle travels in the opposite direction to the
magnetic field line. The illustration of gyromotion in a uniform magnetic field and the pitch
angle are shown in Figure 1.1.

(a) (b) -1t

@)

Vi

FIGURE 1.1: (a) Schematic diagram of pitch angle and related velocity components. (b) Schematic
diagram of gyromotion of positive charge (ion particle) in a uniform magnetic field. (Tsurutani
and Lakhina, 1997).

However, it is possible that the electric and magnetic fields are not uniform. For sim-
plification, the electric field is again assumed to be zero and the magnetic field varies as
a function of position. The common studies for the nonuniform magnetic fields are 1) the
VB 1 B, which caused a grad —B drift velocity, 2) a curvature magnetic field with a constant
radius causing a curvature drift which is important for a charged particle motion in the ring
current region, and 3) the VB || B which is a configuration in the planetary magnetic field at
the pole. Here we discuss only the last type of nonuniform field.

Assuming that the magnetic field’s direction is along the z axis, and magnetic field
strength increases as the distance z increases. This time, the magnetic field is considered
in cylindrical coordinates;

B = B,# + B.2. (1.8)
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Then V - B = 0 according to Maxwell’s equation, which can be written as

rdr dz (1.9)
d dB, ’

dr (rBy) = —r dz

At position close to z—axis (r~0), B, << By;

1,8,
2 dz’

B, = (1.10)

A magnetic moment of gyrating particle is defined as

1mo?
H=5"F" (1.11)
In a static magnetic field, the magnetic moment remains nearly constant. This quantity
is called the first adiabatic invariant, which is initially derived from the conservation of
angular momentum along a completed path of one gyroperiod. Assuming that particle
moves with perpendicular velocity v o from an initial zg position, in which magnetic field
strength is By, to a position where the perpendicular velocity and magnetic field strength
change to v, and B, respectively. The invariant of the magnetic moment shows that

2 2
lmvm _ lmvl

2 Bp 2 B’

B
2= <BO> 2.

The above relation implies that if a charged particle travels toward a region of a stronger
magnetic field (i.e., from the equator to the pole), the perpendicular velocity (v, ) will in-
crease. Consider the conservation of energy where kinetic energy is dominant;

(1.12)

1 1
—mv? = Zm (Ui + vﬁ) = const.,

2 2 (1.13)

v* =07 + 0} = const.

The stronger magnetic field results in faster v, , but slower v|. Eventually, the parallel
velocity reduces to zero and the particle starts to travel back in the opposite direction. This
motion is called the magnetic mirror. The reflection of a particle gyrating around the z—axis,
i.e., with r = 7, can be explained by considering the Lorentz force in a component parallel
to the axial magnetic field;

F” =4 (V X B)z = []’ULB,/
1 dB,
= vt (1.14)

1
= —EqurCVBZ,

where B, is replaced by equation 1.10. Where VB, > 0, Fy < 0, causing v to decrease.
Finally, when v|| = 0, this force will therefore cause a particle to move backward.
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By considering that v, = vsina, equation 1.12 can be rewritten as

sina = <B> sin? g, (1.15)
Bo
where « = 90° is the pitch angle at a position at which the magnetic mirror occurs, v
reaches the maximum value and sinae = 1. The magnetic field strength at this point is
B,, = By/ sin? ay. Figure 1.2 shows the magnetic field structure where particle moves from
a position with By toward a region of By,.

(a)

FIGURE 1.2: (a) Schematic diagram of magnetic field structure showing magnetic field strength By

in the middle where particle starts traveling with pitch angle ap toward a mirror point where the

maximum magnetic field strength is B;,. Panel (b) Schematic diagram shows the same condition
in the planetary magnetic field (Gurnett and Bhattacharjee, 2005b).

Once a particle reaches a mirror point, the particle returns to the zy position again and
passes to another point, in which magnetic field strength is also By, (i.e., a particle mirrored
at a magnetic pole, then passing the equator to another pole). The particle is therefore con-
fined in a magnetic field by traveling back and forth between the magnetic mirror points.
This situation is called the magnetic bottle. A criterion of initial pitch angle for the confine-
ment in the magnetic bottle is

B 1/2
ag > sin~! <°) . (1.16)
B

However, for a charged particle, whose initial pitch angle at z is less than the minimum
pitch angle as described by equation 1.16, the particle will still have a v component at
a point of magnetic field strength B,,. Hence, a particle can escape the magnetic bottle.
The particles, whose initial pitch angles do not meet the criteria of minimum pitch angle
explained by equation 1.16, will be in a region called the loss cone in the velocity space.
These particles can then penetrate the magnetic bottle’s confinement and penetrate into the
planetary atmosphere and cause auroral emissions.

1.2.2 Plasma Dynamics

An example of plasma in space physics is the solar wind plasma. The typical solar wind
plasma density is in the order of 10° m~2 (Chen, 2016). It is a difficult task to study plasma
behavior by following an individual particle. Instead, the fluid approach is used to study
the plasma properties. In this case, plasmas are treated as electrically neutral fluids, whose
numbers of electrons and ions are approximately equal. The mandatory equations to study
fluid dynamics are the conservation of mass, momentum, and energy. In addition, the effects
of electric and magnetic fields also need to be included. Hence, the multifluid equations
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are introduced, which are related to magnetohydrodynamics (MHD) equations. The set of
equations used to study plasma fluids is as follows.
i) Maxwell equations

eV-E=p
VXxE= —aa?,
V.B=0, (1.17)

oE
V x B = g <]+€Oat>'

where € is the permittivity of free space, i is the permeability of free space, p. is charge
density, and J is the current density.
ii) Continuity equation for each species

9
a—’z LV (ov) =0, (1.18)
where v is the bulk plasma velocity.

iii) Momentum equation for each bulk fluid

p(aa‘;—l—v-Vv):—Vp—l—pc(E—i—va), (1.19)

where p = nkgT is thermal pressure, and
iv) Thermodynamic equation of state

p=Cp?, (1.20)

where C is a constant and v = ¢, /¢, is an adiabatic index, where ¢, and c, are the specific
heat capacity at constant volume and constant pressure, respectively.

The multifluid or MHD equations are widely used to study space plasma in various
aspects. This section focuses on the study of waves in plasma by fluid approach. Waves are
generally caused by a perturbation in a system. Since plasmas consist of charged particles
under the influences of electric and magnetic fields, plasmas can have several wave modes.
The general properties for different wave types are as follows.

A general plane wave equation, for the perturbation of the electric field, is written as

Ei (x, 1) = Ejelkx—«t], (1.21)

where E; is the amplitude of the electric field oscillation, k is a wave vector with wave
number k = 271/A, and w is the angular frequency. The perturbation on the magnetic field,
B1(x, ), can be explained by an equation similar to equation 1.21. For the plane wave, a
simple sinusoidal wave propagates with a phase velocity of

vy = w/k. (1.22)
For the superposition of many plane waves, a wave packet propagates with a group velocity,

_ ow

vg = (1.23)
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The frequency w now is a function of k, w = w(k), which is called the dispersion rela-
tion. The dispersion relation is specified for each wave type and can be obtained by con-
sidering fluid equations in combination with characteristics of the wave, as well as Maxwell
equations. Wave characteristics are summarized in Table 1.1, where B is a large-scale (non-
oscillating) magnetic field.

TABLE 1.1: Wave characteristics (Schunk and Nagy, 2009).

Wave type Characteristics
Electrostatic wave Ei1 #0,B; =0
Electromagnetic wave E1 #0,B; #0
Longitudinal mode E, || k
Transverse mode E; Lk
Parallel propagation k || By
Perpendicular propagation k L By
Cut-off (w = constant) k—0

Resonance (w == constant) k — oo

Each wave type is identified to be either electrostatic or electromagnetic, and by its prop-
agation direction (e.g., parallel or perpendicular to the background magnetic field). In ad-
dition, the oscillating species (electrons or ions) are also considered. The electrostatic waves
which are commonly studied are electron plasma waves, which are also known as plasma
oscillations or Langmuir waves. This wave mode is oscillated by electrons with the disper-
sion relation

w* = wh, + gkzvfh, (1.24)

where v3 = 2kgT,/m is the electron thermal speed and wy is the electron plasma frequency

defined by
| npe?
Wpe = o (1.25)

An example of waves oscillated by ions is ion-acoustic waves or sound waves, the dis-
persion relation is defined by

w? = K202, (1.26)

where v2 = (7.kpT, + 7;kgT;) / M is the ion acoustic speed.

Other common waves associated with the planetary magnetosphere are the Alfvénic
waves and Whistler mode waves, which are transverse and propagate along the magnetic
field (k || Bo). The Alfvénic waves are low frequency ion oscillations and related to cold
plasmas. The dispersion relation is

w? = k*v%, (1.27)

where v4 = By/\/Hopo is the Alfvén velocity.
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For a high frequency electron oscillation, a specific wave that will be studied in this thesis
is a right-hand circular polarization or R wave. The dispersion relation is given by

2
wpe

2 22
w-=kc" 4+ —————,
1 — (Wee/w)

(1.28)
where w., = eBy/m, is the electron cyclotron frequency. The cutoff frequency for R waves,
wg, is given by letting k = 0 in equation 1.28, while the resonance (k — o) is at w = we,. This
means that R waves has a stop band between w,, and wg, but waves propagate at regions
w < we and w > wg. For the propagation below wc, the wave in this low-frequency
region is called Whistler-mode waves, which is a very important wave mode for studying the
ionospheric phenomena and will be discussed in this thesis.

For charged particles that travel with circular cyclotron motion and associating with po-
larization waves that reach a resonance frequency, charged particles and waves can interact
with each other. The condition for cyclotron resonances is w — k - v. = n{),, where n is an
integer number (Tsurutani and Lakhina, 1997). When the condition is satisfied, waves and
particles are in phase, and energy and momentum can be exchanged between them. A case
for n = 0 is called Landau resonance, in which waves and particles are traveling in the same
direction. This waves-particle interaction can be found in planetary atmospheric studies.
Elliott et al., 2020 proposed that upward-propagating Whistler-mode waves in the Jovian
polar cap are produced by the upward electron beams (inverted-Vs) via a beam-plasma in-
stability in Landau resonance. In addition, these broadband whistler mode waves can also
accelerate upward traveling electrons to high energies as well (Elliott et al., 2018b).

1.3 Jovian System

To study aurorae, the structures and dynamics of the planetary magnetosphere need to be
discussed. This section describes the configuration and dynamics of the Jupiter magneto-
sphere in each region, which are the inner, middle, and outer magnetospheres. The models
of Jupiter’s magnetic field, which are commonly used to analyze auroral positions in the
ionosphere and assess plasma sources related to auroral features, are discussed. Then, in
the next section, a comprehensive description of Jupiter’s aurorae is presented, including
its morphology, dynamics, and four primary components. The last section gives details on
previous observations in the polar aurorae, which is the main objective of this work.

1.3.1 Jupiter’s Magnetosphere

As mentioned before, Jupiter’s magnetosphere is dominated by Jupiter’s magnetic field.
The magnetosphere can interact with external influence, such as the solar wind interacting
with planetary magnetospheres. The solar wind is released from the solar corona, which
contains highly energetic plasma, frozen-in with the interplanetary magnetic field (IMF),
and propagates from the Sun toward the entire solar system. Let us start our description
of a magnetosphere by making a simplifying assumption, which is that the planetary mag-
netic field can be described as a perfect dipole. The dayside of the planet, which faces the
Sun, is where the solar wind first encounters the planet. Due to the solar wind dynamic
pressure, the fast-flowing solar wind will compress the magnetosphere on the dayside. The
total magnetic pressure in the magnetosphere withstands this compression until it reaches
the balance point between these two pressures. The stand-off region between these two
pressures roughly defines the boundary of the dayside magnetosphere. The bow shock is a
standing shock front that slows the supersonic solar wind plasmas to be subsonic, heated,
and deflected around the planet. The shocked solar wind flows around the magnetosphere,
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and partly penetrates the magnetosheath. The magnetopause is a thin current sheet that
separates the solar wind plasma from the magnetospheric plasma. In this layer, the solar
wind dynamic pressure and the planetary magnetic pressure are balanced. The cusp is a
funnel-shaped region in which the boundary layer extends deep into the magnetosphere
and magnetosheath plasma has direct access to the ionosphere.

However, the magnetic field of Jupiter is not a perfect dipole. The magnetic axis is
also tilted about 9.5 degrees from the rotational axis (Connerney et al., 1998). In addi-
tion, Jupiter’s magnetic field strength is stronger than Earth’s magnetic field. The great-
est distinction between Jupiter’s magnetosphere and Earth’s magnetosphere is the source
of plasma particles inside the planetary magnetosphere. The majority of plasma particles
inside Jupiter’s magnetosphere come from the volcanic moon, Io, and, to a lesser extent,
from Jupiter’s atmosphere. Io and its surrounding environment provide ~1 ton per second
into the Jovian magnetosphere, while the solar wind and the escaped atmospheric particles
are <100 kg per second and ~20 kg per second, respectively (Khurana et al., 2004). Elec-
trons, sulfur, and oxygen ions are the primary types of magnetospheric particles. These
particles originally escape from Io’s atmosphere as neutrals, while Io orbits around Jupiter.
Once ionized, these particles are carried away with the magnetic field and form a doughnut-
shaped plasma cloud around Jupiter along Io’s orbit, called Io’s plasma torus. A schematic
of Jupiter’s magnetosphere is presented in Figure 1.3.

Magnetosheath / Magnetopause /

Magnetotail

FIGURE 1.3: A schematic diagram of Jupiter’s magnetosphere across the noon-midnight meridian

seen from the dusk side. The dayside is located on the left in the direction toward the Sun and the

nightside is on the right. Black solid lines present planetary and IMF magnetic field lines. The solar

wind flows around the planetary magnetosphere in the direction shown by the red arrows. The

purple contour stands for magnetopause. Region of solar wind plasma dominating is shaded in

green and plasmas dominating by the internal source is shaded in lavender (Bagenal and Bartlett,
2013).

The interaction between the solar wind and a planetary magnetosphere may result in a
magnetic reconnection process, on both dayside and nightside. Magnetic reconnection is the
process of reconnecting two magnetic field lines from different regions. Dayside reconnec-
tion occurs when the IMF carried by the solar wind is antiparallel to the planetary magnetic
field on the dayside magnetosphere (Dungey, 1961). This process can accelerate charged
particles, allowing solar plasmas to flow into the magnetosphere and possibly resulting in
auroral emissions. This is an important mechanism for Earth’s auroral emissions. Whether
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this process is important at Jupiter, in regard of Kelvin-Helmholtz instability in particular, is
a debated issue (e.g., Kivelson and Southwood, 2003; Delamere and Bagenal, 2010; Desroche
et al., 2012). The Kelvin-Helmholtz (K-H) instability is a flow shear-driven instability which
can transfer plasma and momentum across the magnetopause boundary. It has been found
at Earth’s magnetopause during the quiet stage of the Dungey cycle.

The Dungey cycle is the process where plasma transportation is driven by solar wind
interaction with the Earth’s magnetosphere. This cycle starts from the dayside, where the
open magnetic flux is formed by the dayside reconnection. The open magnetic field lines are
then convected toward the nightside of the magnetosphere. Next, the open magnetic field
lines sink toward the equatorial plane of the magnetotail and the nightside reconnection
takes place again, where the open magnetic field lines become closed. The Dungey cycle,
for example at the Earth’s magnetosphere, is shown in Figure 1.4.

-— LINE OF FORCE
==y DIRECTION OF FLOW

FIGURE 1.4: The side view of plasma flows in the Dungey cycle (Dungey, 1961).

However, the importance of the Dungey cycle on the plasma flow in Jupiter’s magne-
tosphere is a debated issue (Delamere and Bagenal, 2013). The Vasyliunas cycle, which is
a transport mechanism driven by internal processes, should dominate because this process
is driven by the fast planetary rotation and the mass loading at Io. The plasmas inside the
magnetosphere gain energy from the rotation and move outward from the planet, causing
the centrifugal force to stretch the magnetic field lines down-tail. These stretched field lines
create a thin current sheet on the equatorial plane. These closed magnetic field lines can
then reconnect and release plasmoids in the tailward direction. The stages in this cycle are
represented in Figure 1.5 (Vasyliunas, 1983).

1.3.2 Configuration and Dynamics of Jupiter’s Magnetosphere

In order to better understand Jupiter’s magnetosphere, it is typically divided into three re-
gions: the inner, middle, and outer magnetospheres (Khurana et al., 2004).

The inner magnetosphere is a region within approximately 10 Ry from Jupiter. This area
contains the orbits of Io and Europa, two of four Galilean moons. The mechanisms inside the
inner magnetosphere are governed by the Jovian internal magnetic field. The main plasma
source of Jupiter’s magnetosphere, Io, and its plasma torus located at an approximate dis-
tance of ~ 4 — 7 Ry (Schneider and Trauger, 1995) are forced to corotate with the planet. The
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EQUATORIAL PLANE MERIDIAN SURFACE
MAGNETIC X-LINE

FIGURE 1.5: Plasma flows in the Vasyliunas cycle (left) on the equatorial plane. The side view
illustrates (right) the plasma flows and the magnetic field lines along the meridian plane. The
sequences are labeled by numbers (Vasyliunas, 1983).

plasma torus contains several million tons of plasmas, which diffuse outward away from
the planet. The inner region is therefore relatively dense (42,300 amu/ cm?, Kivelson et al.,
2004).

The middle magnetosphere is the region that ranges from 10 to 40 R;. It is the region
where the plasma stops rotating at the same angular velocity as the magnetic field because
plasma is unable to conserve angular momentum as it flows outward. This phenomenon is
called corotation breakdown. This process causes the azimuthal stretching of the magnetic
field lines, while the radial stretching is the results of the balance between the centrifugal
force and thermal pressure force on the plasma. As a result, the magnetic field lines lag
behind the magnetic dipole systematically. This process leads the radial currents along the
equatorial plane to flow, and connect with the ionospheric currents by field-aligned currents
(FAC or Birkeland currents). The field-aligned currents are expected to form and accelerate
electrons into the magnetosphere, which can lead to the formation of main auroral emis-
sions. However, Bonfond, Yao, and Grodent, 2020 presented six observational results which
contradict this concept which suggested that this theory might not be the main explanation
for Jupiter’s main emissions.

The region beyond 40 R; is called the outer magnetosphere. However, its boundary is not
fixed over time. On the dayside, the boundary of magnetopause varies between ~60 and
~90 Ry (Joy et al., 2002), depending on the strength of solar wind dynamic pressure. The
magnetotail has a cylindrical shape with ~ 300 — 400 Ry in diameter. Its estimated length
extends from at least 3,000 R}, to distance more than 7,000 Ry beyond Saturn’s orbit (Khurana
et al., 2004).

1.3.3 Jupiter’s Magnetic Field Model

For a better understanding of Jupiter’s aurorae, the knowledge of magnetic field configura-
tion should be as precise as possible. Generally, the model of Jupiter’s magnetic field config-
uration is based on the magnetic field measurements by spacecraft flyby. The magnetic field
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(B) can be represented by the sum of the internal field, B;, which can be derived from an in-
ternal potential field, V, and an external field, Be, which is associated to the magnetospheric
currents in the middle and outer magnetospheres.

B =B; +Be = —-VV +B.. (1.29)
The potential field V can be expressed in terms of the spherical harmonics:

o I R I+1
V=2 2 (B) e cost) st + rsinton], 130
1=1m=0

where R is the planet’s radius, r is the distance from the center of the planet, 6 and ¢ are
the colatitude and the longitude of the observer, P/" is the associated Legendre polynomial
function, and ¢;" and hj* are Schmidt coefficients of order I degree m obtained by fitting to
the observations.

For the external magnetic field B,, the field is partly generated by the current sheet in
the middle magnetosphere. The current sheet model was first proposed by Connerney,
1981. This model accounted for the asymmetric of the magnetodisc magnetic field, which
was fit well with the Voyager 1 and 2 and Pioneer 10 observations for the region within
~ 30 Ry very well. The Euler potential model of magnetodisc has been improved according
to Galileo’s observations (e.g., Khurana, 1997). The recent model presented by Connerney
et al., 2020 focuses on currents in the inner to the middle magnetosphere. The best fit with
Juno magnetic field observations is at the radial distance ranges from 7.1 to 51.4 R;y. This
model provides a more accurate representation of the magnetic field in the inner and middle
magnetosphere. Another source of the external field is the Chapman-Ferraro magnetopause
current system, which is related to the outer magnetosphere.

The models of Jupiter’s internal magnetic field have been developed, based on observa-
tions by many spacecrafts, i.e. Pioneer 10 and 11, Voyager 1 and 2, Ulysses, and Galileo,
which obtained magnetic field data from their flybys or orbits near Jupiter (Khurana et al.,
2004). Connerney et al., 1998 developed an internal magnetic field model of Jupiter called
VIP4, which stands for Voyager, Io footprint, and Pioneer observations (VIP) and the maxi-
mum degree and order (4) of the fit. This model includes terms with Legendre polynomial
coefficients up to order 4, using magnetic observations from two spacecrafts, Pioneer 11 and
Voyager 1, combined with the location of Io footprints as constraints. However, later obser-
vations with better resolution revealed that footprint locations predicted by the VIP4 model
do not match precisely with the observations, especially for footprints found near the kink
region in the northern hemisphere. In addition, the VIP4 model does not precisely match
the footprints of Europa and Ganymede.

Grodent et al., 2008 proposed the new magnetic field model called GAM, standing for
the Grodent anomaly model, which was developed by adding the magnetic anomaly in the
northern polar region to improve the prediction of the magnetic footprint’s positions in the
kink region. The model was able to fit the Io, Europa, and Ganymede footprints very well.
However, this model is suitable only for the northern hemisphere.

Hess et al., 2011 proposed VIPAL magnetic field model which is based on the same in-
situ Voyager and Pioneer magnetic field measurements as VIP4. This model covered the
magnetic anomaly in the northern hemisphere and used longitudinal positions of Io’s mag-
netic footprint as a constraint. This model is applicable to both hemispheres. Compared to
VIP4 and GAM, VIPAL’s prediction of the surface magnetic field strength is better in agree-
ment with radio decametric observations.

The mapping model between Jupiter’s ionospheric positions and their locations in the
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magnetosphere was presented by Vogt et al., 2011. The model is based on flux equivalent cal-
culation, in which the total magnetic flux passing through an area in the ionosphere is equal
to the total flux through the mapped region in the magnetosphere. Accordingly, the effect
of the internal magnetic field model on the flux equivalent calculation was investigated in
Vogt et al., 2015. Several internal magnetic field models VIP4, GAM, and VIPAL were cho-
sen for their analysis. These models were used to determine the locations of Ganymede’s
footprint in comparison with observed locations and were widely used to study positions
of other auroral features, including the polar auroral features. However, by construction,
the mapping model stops at magnetopause on the dayside and at 150 Ry on the nightside.
Therefore, the mapping of a point in the ionosphere to a position corresponding to distance
beyond 150 Ry in the magnetosphere is not possible with this model.

A new Jupiter magnetic field model was presented by Connerney et al., 2018, using
magnetic field observations from Juno’s instrument. The interim model, also known as
the Juno Reference Model through Perijove 9 or JRMO09, is derived from the first nine polar
orbits of Juno. This model was presented since the first nine polar orbits provided the global
coverage with an equatorial crossing in longitude of ~ 45° between perijove. The magnetic
field was characterized by degree 10 spherical harmonic for the internal field combined with
a simple magnetodisc model (Connerney, 1981) as an external field. This finding provided
the first details on planetary dynamo processes occurring outside the Earth. The model
also reveals Jupiter’s magnetic field asymmetry in each hemisphere. The modified Vogt’s
magnetic flux mapping was updated to include JRM09 as an additional internal magnetic
field model.

Recently, Juno’s Prime Mission was completed. The 32 passes were done where PJ33 was
operated on 15 April 2021 and the equatorial crossing is now ~ 11° separation in longitude.
The JRM33 model is modeled with the spherical harmonic degree 18 (Connerney et al., 2022).
This model provides the most detailed view of Jupiter’s dynamo that we have ever had. The
results suggested that Jupiter’s magnetic field is generated by convective metallic hydrogen
beneath 0.8 Ry and showed that Jupiter’s magnetic field changed over time when compared
to the JRM09 model.

1.4 Jupiter’s UV Aurorae

For Earth’s aurorae, the most dominant emission is from the collision between the auro-
ral electron with atomic Oxygen at wavelength 557.7 nm, which is seen in green. How-
ever, atomic and molecular hydrogens make up the majority of Jupiter’s upper atmosphere.
Jupiter’s aurorae can be seen in various wavelength ranges, i.e., UV, radio, infrared, visible,
and X-ray (Grodent, 2015). This study focuses on the UV aurorae. Anillustration of Jupiter’s
UV aurorae in the northern and southern hemispheres is shown in Figure 1.6. Jupiter’s UV
aurorae are complex and exhibit the most powerful auroral emissions in the solar system
(the UV emitted power is in the order of 10'?> Watts for Jupiter and 10'° Watts for Earth).
The aurorae on Jupiter are extremely bright, approximately a hundred times brighter than
those on Earth. In addition, Jupiter’s magnetic field and Jupiter’s magnetosphere are more
complex than Earth’s. Therefore, while Earth’s aurorae are suggested to be strongly associ-
ated with the solar wind, the relation between Jupiter’s aurorae and the solar wind seems to
have some correspondence, but the timing does not exactly match, e.g., Clarke et al., 2009;
Nichols et al., 2017b; Nichols et al., 2009b; Kita et al., 2019. Generally, Jupiter’s aurora is
divided into four regions categorized by the auroral behaviors and their relation to the spe-
cific originating processes, which are the main emissions, the equatorward emissions, the
satellites” footprints, and the polar auroral emissions.
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FIGURE 1.6: HST/STIS FUV images of (Top) Jupiter’s northern aurora and (Bottom) Jupiter’s

southern aurora taken in 2019 during HST GO-15638 campaign. Figures on the right column

present the polar projections of four main regions, which are the main emissions (indicated by

white contour), the polar emissions, the equatorward emissions, and the satellite footprints (Denis
GRODENT (NASA /ESA /Université de Liege)).

1.4.1 Auroral Morphology

The main auroral emissions are the brightest and most stable features. Its emitted power
represents approximately one-third of the total emitted UV auroral power. The main aurora
appears as a discontinuous contour centered at the magnetic poles. The shape of the main
emission in the northern hemisphere is distorted due to the magnetic anomaly in a kink
region (Grodent et al., 2008). The main auroral emissions are suggested to be mapped from
the location in the ionosphere to the middle magnetosphere approximately at a distance of
20-60 R; (Clarke et al., 2004; Vogt et al., 2011). Hence, Jupiter’s main emissions are sug-
gested to be driven mainly by the internal processes. According to Cowley and Bunce, 2001;
Hill, 2001; Southwood and Kivelson, 2001, the magnetosphere-ionosphere coupling current
system related with the corotation breakdown was suggested to be associated with Jupiter’s
main emissions. The current loop is closed by the field-aligned currents, which flow upward
from the ionosphere to the magnetosphere in the low latitude, then return to the ionosphere
(downward current) in the higher latitude in the ionosphere and connected to the upward
field-aligned current via Pedersen current in the ionosphere. Through upward field-aligned
currents, the precipitating electrons are transported to Jupiter’s ionosphere where they cause
the auroral emissions. The cross-section of the jovian magnetosphere showing the coupling
current system is illustrated in Figure 1.7. However, the magnetic perturbations which are
signatures of Birkeland currents were found to be weak in relation to the associated auroral
intensity (Kotsiaros et al., 2019; Connerney et al., 2017a).

The second component is satellite magnetic footprints, which are fixed along magnetic
flux tubes connected to three of Jupiter’s Galilean moons (Clarke et al., 2002), i.e. Io, Europa,
and Ganymede. The Io UV footprint brightness is in the order of a few tens of GW (Bonfond
et al., 2013a), while the UV brightness from Ganymede and Europa footprints are in the
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pling current system through Jupiter’s inner and middle magnetosphere (Bagenal, 2013). The blue

solid lines represent the planetary magnetic field lines, stretching along the plasma sheet. The red

dashed lines present a magnetosphere-ionosphere coupling current system where radial currents
are in the plasmadisk and FAC presented by inward and outward currents.

order of a few GW (Bonfond et al., 2008; Bonfond et al., 2013b). The correlation in the
evolution of UV footprints brightness with the satellite location in the magnetosphere is
presented (Wannawichian, Clarke, and Nichols, 2010; Serio and Clarke, 2008). Tentative
detection of the Callisto footprint has also been recently reported (Bhattacharyya et al., 2018).
The positions of the satellites” footprints in Jupiter’s ionosphere depend on the positions of
the moon in the orbits. The orbital distances of these satellites are located inside Jupiter’s
magnetosphere. As a result, the satellites” magnetic footprints are useful constraints for
mapping the internal magnetic field model (i.e., Vogt et al., 2011).

The third component is equatorward emission, which appears in the region between the
main emissions and Io’s footprint path. These equatorward diffuse emissions are unrelated
to the satellite footprints (Radioti et al., 2009). In addition, more compact feature associated
with plasma injections in the middle and inner magnetosphere (Dumont et al., 2014; Mauk
et al., 2002) and a secondary oval (Gray et al., 2017) is also found in this region.

The last component is the polar emissions, which are the main topic of this study. Po-
lar emissions are the entire emissions in the region poleward of the main emissions. The
brightness of polar aurorae rapidly varies in various observed time scales, and they consist
of several emission features. In addition, the polar aurorae are mapping to farther distances
in the magnetosphere. Therefore, the polar aurorae are often suggested to link with the
outer magnetosphere, leading to the possibility of the relation between polar aurorae and
the current system related to the Dungey and/or Vasyliunas cycle (Cowley et al., 2003; Gro-
dent et al., 2003a). However, details on the mechanisms are still debated. Based on the HST
observations, polar emissions in the northern hemisphere are divided, based on the average
brightness and the behavior variations, into three subregions which are the dark region, the
swirl region, and the active region (Grodent et al., 2003b), as shown in Figure 1.8.

The dark region, indicated by the yellow contour in Figure 1.8, is characterized by a cres-
cent shape located above the main emissions in the dawn sector (6:00 magnetic local time).
The UV emission in the dark region is not bright in comparison to the other two subregions.
Its upper limit of brightness is ~ 10 kilo-raleigh (kR) (Grodent, 2015), where 1 kR = 10" pho-
ton cm~2 s~ ! into 47 steradians (Clarke et al., 2002). The switl region (red contour), located
around the magnetic pole, consists of numerous features such as the patchy and transient
features whose brightness highly varies, ranging from a few kR to a hundred kR. In ad-
dition, the swirl region appears to have a high color ratio (see the detail of color ratio in
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FIGURE 1.8: Polar projection of Jupiter’s aurora in the northern hemisphere modified from Gro-
dent et al., 2003b showing four components of Jupiter’s aurora. Each color contour (red, green,
and yellow) represents the subregion in the polar auroral region. The white arrow below the red
point indicates the sun’s direction which is related to noon magnetic local time (Vogt et al., 2011).

the next section) even though the brightness is not much compared to the main emissions
(Bonfond et al., 2017). The high color ratio suggests that the high-energy particles penetrate
deeper in the atmosphere and experience hydrocarbon absorption by methane. The active
region usually lies above the main emission in the noon to post-noon sector (Pallier and
Prangé, 2001). The clear observable features are the polar flares, the arc-like feature, and the
auroral bright spots. The brightness of the polar flares sometimes increases from kR to MR
in a short timescale (Waite et al., 2001). Bonfond et al., 2011 revealed that these flares were
brightened with the emitted power up to ~ 10 — 40 GW. The flares also reappeared with
a time scale of 2 — 3 minutes. In comparison with a similar feature of Earth’s aurora, Bon-
fond et al., 2011 suggested that this feature could be related to the pulse reconnection on the
front of the magnetopause. However, Bonfond et al., 2016 further studied the dynamics of
quasi-periodic (QP) flares for both northern and southern hemispheres with a longer series
of observations. They found that these flares can brighten in phases between hemispheres.
Therefore, even though they are mapped to several Rj in the dayside magnetosphere, the
processes for causing QP flares are taking place on closed field lines and involve the iono-
sphere or the acceleration region.

Another auroral feature that is observable in the active region is the polar auroral bright
spot, a feature that will be the focus of this study. The bright spot is very bright in UV emis-
sion and usually appears as a compact shape. Pallier and Prangé, 2001 studied high latitude
aurorae and found that the positions of bright spots in Jupiter’s ionosphere are not fixed in
SIII longitude, position but continue to be located near noon magnetic local time as Jupiter
rotates. Based on its location, Pallier and Prangé, 2001 suggested that the bright spot is
probably a signature of Jupiter’s polar cusp. However, a clear explanation for the cusp pro-
cess is still debated. In addition, even though this feature could provide more information
of Jupiter’s polar cusp which will be helpful for understanding Jupiter’s auroral processes,
there is no research that particularly studies the characteristics of the bright spot in more de-
tail. One reason for the lack of study for this feature might be due to the limited observation
times and a limited view seen from Earth by the HST. Instead, the Juno spacecraft provides
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an opportunity to explore this feature in very close proximity. The Juno observation times in
each hemisphere are also longer than those observed by HST. Therefore, the study of polar
auroral bright spot emission by Juno observation is chosen to be analyzed in this thesis.

1.4.2 The Color Ratio

The auroral brightness can be determined from the number of photon counts detected by
the detectors. The raw counts are converted to the auroral brightness and also to the emitted
power. Gustin et al., 2012 presented the conversion factors from instrument counts to the
brightness in kR and the auroral power emission in mW/m?, which directly varies with the
color ratio. Jupiter’s auroral emission in Far Ultraviolet (FUV) is typically dominated by H
Lyman-alpha (H Ly-«), and the Lyman and Werner bands of H, (Gustin et al., 2012). For
Jupiter, there is a hydrocarbon layer, dominated by methane (CHy), that can interact and
attenuate auroral emissions. Figure 1.9 shows an example of an extract spectrum obtained
from the observations. The dashed plot represents the synthetic unabsorbed H; spectrum
for comparison.
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FIGURE 1.9: Extracted spectra obtained from the HST time-tag observation. For comparison, a
synthetic unabsorbed H; spectrum is overplotted by a dashed line to see the effect of methane
absorption (Gustin et al., 2006).

The absorption of auroral emission in wavelength shorter than 1350 A due to the hy-
drocarbon layer is related to the precipitation depth of Jupiter’s auroral particles. The ab-
sorption can be indicated by the color ratio which is defined by the ratio between emission
intensity of H, at wavelengths with no absorption (1550-1620 A) and the emission intensity
at the wavelength in which the absorption takes place (1230-1300 A);

1620
cp Jm1(A) dA

1300 :
1230 L(A) dA

(1.31)

The spectral intensity I(A) along the line of sight is determined by I(A) = [Py (z)e" ™ ds,
where P, (z) is the production rate of Lyman and Werner band emission at wavelength A
and altitude z. The parameter 7, is an optical depth at altitude z due to photoabsorption of
methane, defined by 7)(z) = 01 (CHs) [ncp, ds, where ) (CHy) is the methane absorption
cross section at wavelength A, ncp, is local number density of methane, and ds is distance
along the line of sight (Gérard et al., 2014).
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Hence, the color ratio is based on the absorption cross section of methane, and it de-
pends on the altitude of auroral emission relative to the hydrocarbon layer, which depends
on the hydrocarbon homopause altitude. The eddy diffusion coefficient plays a role in con-
trolling the hydrocarbon mixing in the homosphere, and affecting hydrocarbon absorption
of auroral emission for a given energy of a particle. Therefore, the color ratio can be used
to characterize energy of the precipitating particles since particles with higher energy can
penetrate deeper into the atmosphere and be more affected by the methane absorption at
shorter wavelengths. Based on Gustin et al., 2012’s analysis, 10 kR of total unabsorbed FUV
H; emissions in Lyman and Werner bands are produced by an precipitating electron energy
flux of 1 mW /m?. Note that this conversion factor is specific for a given range of 70-140 keV.
The mean energy outside this range should be reconsidered (Gustin et al., 2016).

1.4.3 Previous Observations of Jupiter’s Polar Aurorae

Jupiter’s aurorae have been mainly studied by using Advanced Camera for Surveys (ACS)
and Space Telescope Imaging Spectrograph (STIS) onboard the Hubble Space Telescope or
HST. Different components are studied for different purposes. This section reviews some
studies of Jupiter’s polar aurorae devided into two categories; the study of bright spot emis-
sions which is the core of this thesis, and the study of polar aurorae made by instruments
onboard Juno.

Pallier and Prangé, 2001 presented the appearances of polar auroral bright spots as part
of their high latitude aurora study. They presented that the bright spot position is not fixed
at any System III longitude. The bright spot instead corresponded to near noon magnetic
local time. This feature was therefore suggested to be a signature of the northern polar cusp
and possibly driven by solar wind dynamics. However, the polar flares, another feature in
the active region, are more studied (e.g., Waite et al., 2001; Grodent et al., 2003b; Cowley et
al., 2003; Bunce, Cowley, and Yeoman, 2004). Waite et al., 2001 showed that the brightness of
polar flares can increase from kR to MR in a short timescale. Bonfond et al., 2011 showed that
the appearance of these flares could repeat regularly along the HST 45 minutes sequences
with a time scale of 2 — 3 minutes. The dynamics of QP flares for both northern and southern
hemispheres with a longer series of observations studied by Bonfond et al., 2016 showed
that the flares’ variations of both hemispheres have a similar sinusoidal trend with a period
of 140 seconds, suggesting some connection between both hemispheres. The QP flares are
approximately mapped to the dayside outer magnetosphere. Bonfond et al., 2016 concluded
that the QP flares rather favor processes related to the closed magnetic field lines that can
cause the QP flare to occur in phases between hemispheres. In addition, they showed that
the polar flares appeared in a large size, the area sizes of QP flares range from one-tenth to
the whole active region. This size is large in contrast with the compact shape of the bright
spot emission. This characteristic is the one category to distinguish the polar flares and
bright spot emissions.

With the recent observations made by the instruments onboard Juno spacecraft, the
longer observation time, the spatial resolution, and the spectral resolution observations will
provide useful results which will help us to better understand Jupiter’s aurorae. The com-
plete view including the nightside of Jupiter’s aurora taken by Juno-UVS (ultraviolet spec-
trograph) during its first perijove was presented in Bonfond et al., 2017. Many features are
interesting. For example, the large intense outer emissions were clearly seen in both hemi-
spheres. The results showed the development of the outer emissions from a specific region
to spread around the pole, followed by the large nightside protrusion, suggesting large-scale
radial plasma transport. For the active region, a bright arc parallel to the main emission was
found in the noon-to-dusk sector. The auroral filaments, thin filament long-lived features
that are usually observed to be aligned along noon-midnight meridian across active-swirl



Chapter 1. Introduction 20

region (Nichols et al., 2009a), and flares were also found. In addition, the swirl region was
clearly identified by the region of high color ratio. Greathouse et al., 2021 recently studied
the polar aurorae and defined two distinct regions; the swirl region, which is indicated by
a high color ratio area, and the polar collar, whose color ratio is lower. They presented the
interesting results that the brightness in the polar collar varies correlating with magneto-
spheric local time, while the swirl region is related to the ionospheric local time instead. In
addition, Hue et al., 2021 presented the Juno-UVS study of the expanding auroral emissions
found in the swirl region with the typical brightness of 140 kR. The emission can expand into
a circular shape with a radius of ~ 1,000 km. Hue et al., 2021 concluded that this feature is
possibly caused by either the dayside reconnection or the Kelvin-Helmholtz instabilities.

Not only the new knowledge related to aurorae are revealed by UVS, but also observed
particles, waves, and magnetic field data from other instruments onboard Juno provide
much more in-depth information about Jupiter’s aurora. Jupiter’s magnetosphere and au-
rorae observed by instruments on board Juno during the first polar orbit was presented by
Connerney et al., 2017a. The comparison between auroral intensity observed by Juno-UVS
and the particle measurements are studied. The results from Gérard et al., 2019 showed that
the main emissions brightness and the brightness computed from the observed electron flux
are correlated. The characteristics of energetic particles in the polar region were presented.
The most common results are the dominating of upward particle flux in the polar region,
i.e., Mauk et al., 2017a; Ebert et al., 2019; Mauk et al., 2020; Allegrini et al., 2017. Mauk et al.,
2017a presented that not only the upward flux is dominated, but the downward flux is also
insufficient to produce the UV aurorae. Paranicas et al., 2018 showed that intense upward
electron beams at energy > 1 MeV are found to be connected with the swirl region. The rela-
tion between waves and particles related to Jupiter’s main emissions and polar aurorae were
revealed by Kurth et al., 2018, Elliott et al., 2018b, and Elliott et al., 2018a. Elliott et al., 2018b
suggested that broadband whistler mode waves can accelerate upward electrons to high
energies, while Elliott et al., 2020 presented the hypothesis of waves-particles interaction in
the Jovian polar cap, in which the upward-propagating Whistler-mode waves are produced
by the upward electron beams as well. These studies provided crucial information allowing
the community to gain more understanding of the dynamics in the polar region, leading
to the suggestion of possible processes related to Jupiter’s auroral emissions. However, the
polar auroral processes, including the mechanism related to the bright spot emissions are
still under investigation. Even though more observations were required to confirm the pro-
cesses responsible for these features. While Juno observations allow us to study the entire
aurora, including the night-side, its unique suite of instruments will allow us to broaden our
understanding of the Jovian aurorae.
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Chapter 2

Data and Instruments

Five instruments onboard Juno spacecraft are the main tools, used to provide the data for
this study. The prime mission of Juno covers 35 science orbits, labeled by perijove (P]) and
number of orbits, as PJ1-PJ35, from 5.07 years of the spacecraft’s mission. Each perijove
crosses Jupiter at a specific longitude, allowing the complete view of the entire planet for
scientific investigation purposes. Originally, it was planned to reduce the orbital period
from 53 day to 14 day by firing the spacecraft’s main engine. This operation is called period
reduction maneuver (PRM) and was scheduled on October 19, 2016, during PJ]2. However,
the propulsion system showed signs of problems and the PRM was canceled. It was decided
that the orbital period would remain 53 days for the rest of the prime mission. Moreover,
due to the spacecraft entering in safe mode before PJ2, no scientific data was acquired during
PJ2.

Juno possesses three rigid solar panels with a separation angle of 120°. Juno is spin-
stabilized and rotates ~ twice per minute (~ 30 s period). The z-axis of the spacecraft
coordinate system is along the rotation axis centered at the central body, where the x-axis
is in the direction of the solar panel which includes the MAG boom at the end. The y-axis
is therefore in a direction according to a right-hand orthogonal system. Juno carries nine
scientific instruments which observe Jupiter in various ways, pursuing several specific ob-
jectives. The gravity field is observed by the gravity science instrument (GRAV) (Asmar
et al., 2017) for providing new constraints on the interior structure model. The measure-
ments of Jupiter’s magnetic field are observed by the Juno Magnetometer (MAG) (Conner-
ney et al., 2017b). MAG'’s observation allows us to study both internal magnetic field and
external contributions in the more distant magnetosphere (current sheets and various cur-
rent systems), as well as Alfvén waves. The atmospheric environment is explored by the
MicroWave Radiometer (MWR) experiment (Janssen et al., 2017). Juno color, visible-light
Camera (JunoCam) is used to take color (in visible) images of Jupiter’s atmosphere (Hansen
etal., 2017). Jupiter’s aurorae are studied in two wavelength ranges by the UltraViolet Spec-
trometer (UVS) (Gladstone et al., 2017) and Jupiter InfraRed Auroral Mapping instrument
(JIRAM) (Adriani et al., 2017). Magnetospheric particles are observed by the Jupiter Ener-
getic particle Detector Instrument (JEDI) (Mauk et al., 2017b) and the Jovian Auroral Distri-
butions Experiment (JADE) (McComas et al., 2017). The radio and plasma Wave instrument
(Waves) is designed to measure radio and plasma waves associated with the auroral emis-
sions. The illustration of Juno spacecraft and its payloads are shown in Figure 2.1.

The observations in high latitude, in the polar region, can reveal very important informa-
tion for unresolved questions related to Jupiter’s aurorae. This thesis studies the bright spot
emissions, based on the data observed by the instruments onboard Juno. The primary study
of the bright spot morphology discussed in Chapter 3, focuses on the auroral images taken
by the UVS instrument. The auroral bright spot’s intensity, positions, and temporal varia-
tions are determined. The UVS observations enable the study of this feature even during the
night time, which cannot be observed by the HST. To understand the mechanisms and the
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FIGURE 2.1: Juno spacecraft and its onboard instruments (Bolton et al., 2017). Three arrays con-
taining 11 solar panels are 120° apart.

processes related to the bright spot emissions, the observed characteristics of particles, field-
aligned currents, and plasma waves are needed. These data can be obtained by the in-situ
measurements, i.e. JEDI, JADE, Waves, and MAG. The comparison between the observed
data from these in-situ measurements and the bright spot characteristics is done when the
spacecraft flew above the bright spot position, at which the spacecraft and the emission are
linked by the same magnetic field line. Such events are only occasionally found, since the
bright spot is not a stable feature contrary to the main emission or the satellite footprints.
Three particular events are studied and presented in the study presented in Chapter 4. This
chapter provides details on the data from five instruments used in this work, which are UVS,
JEDI, JADE, Waves, and MAG instruments.

2.1 Juno Ultraviolet Spectrograph

Juno-UVS is an ultraviolet photon-counting imaging spectrograph. It operates in the UV
wavelength range from 68 to 210 nm. At the entrance, a flat scan mirror targets an object
with angle +30° perpendicular to the Juno spin plane. The slit is formed by three contiguous
segments with field of view (FOV) of 0.2° x 2.5°, 0.025° x 2°, and 0.2° x 2.5°. This shape is
called a “dog-bone” shape. The output of UVS observation is a record of photon detections.
The X position corresponds to the spectral dimension of the photon count and Y position
corresponds to spatial dimension along the slit (Gladstone et al., 2017; Greathouse et al.,
2013; Hue et al., 2018). Every ~30 seconds (the Juno spin period), the UV image is taken at
the position that the UVS’ view points at the planet. During each swath, a point source is
observed for ~ 17 ms and ~ 2 ms in the wide and narrow slits, respectively. During the slit
scanning through the planet, each photon event is recorded as a time-tag list with a unique
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location, wavelength, and time. Figure 2.2 shows the spectral image that was generated from
the photon list from data. The pixel array is 2048 x 256 (spectral x spatial). The active pixels,
which can see photon counts, cover the required 68-210 nm wavelength range. Two bright
stripes correspond to photon counts coming from the wide slits. The background count rate
due to electrons was subtracted from the raw image to clean the unrelated photon counts
before the scientific interpretation. The cylindrical map covers 360° longitude and —90° to
+90° latitude is created by applying photon count to a pixel corresponding to its latitude
and longitude. The mask array containing the coordinates and times of masks applied to
the detector during observations is applied to a cylindrical map to identify the region of
interest. That is the intensity region of a wide slit. Finally, the polar UV image on the polar
coordinates is created. Various regions of Jupiter’s aurora can be observed, depending on
the direction of the pointing mirror in each spin. The area covered by the instrument can
vary depending on the altitude of the spacecraft.

In this study, the polar projections (i.e., Figure 2.3a) are constructed under the assump-
tion that the aurorae take place at an altitude of 400 km above one bar level (Bonfond et
al., 2015). The conversion from counts to kR depends on the effective area. The effective
area was calibrated during the flight through the stellar calibration by dividing the inte-
grated flux of O, A, and B stars observed by Juno-UVS with the calibrated spectra observed
by the International Ultraviolet Explorer and the Hubble Space Telescope (Hue et al., 2018;
Greathouse et al., 2013). The brightness in kR presented in this study corresponds to the
total brightness in the unabsorbed H, Lyman emissions and Werner bands. This can be cal-
culated by multiplying the intensity within the wavelength between 155-162 nm (a spectral
domain with no hydrocarbon absorption) with a constant of 8.1, a conversion factor based
on the H; synthetic spectrum calculated by Gustin et al., 2013. From figure 2.3a, the black
color presents the polar regions seen in UVS view, but there is no photon detection. The
data along the slit are sometimes blank due to the buffer saturation or high radiation levels
leading to not nominal voltage, resulting in an unreliable calibration.

Since UVS takes images of Jupiter’s aurora in a specific region in each spin, the images
from several consecutive spins are combined (combined image from two spins is shown in
Figure 2.3b) and then a completed view of the aurora can be built as shown in Figure 2.3c.
Typically, the entire auroral regions are covered by ~ 40 spins (20 minutes) observed at the
distance of ~ 1.6 Ry (Hue et al., 2021). To give the most weight to the brightness from the last
spin, the intensity count of the previous spin is taken only a half, accordingly, the second to
previous spin is taken only a quarter of its intensity count, and so on. Thus, nth spin before
the last spin is divided by 2". The uncertainty of brightness analysis due to the in-flight
calibration of the instrument effective area is discussed in Hue et al., 2018.

68 nm TLy-a 210 nm

FIGURE 2.2: Spectral image of the photon count over the 2048 x 256 pixels size observed by Juno-

UVS. The intensity covers the wavelength range of 68-210 nm in the ~ 1500 active pixels in the x

axis (and ~ 230 active pixels in the y axis). The dog-bone shape appears (overplotted for clarity by

red boxes, not to scale) at 121-nm Ly—a spectral line. Two bright pixels appearing at the lower left

and upper right at the image edges correspond to two stimulation pixels (stims) for checking the
effect of temperature on the wavelength scale.
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FIGURE 2.3: Polar projection of Jupiter’s northern aurora. (a) Image from one spin taken on 27
March 2017, 08:09:15 UT, (b) Combined image from two spins taken on 27 March 2017, 08:09:15
UT and 08:09:15 UT, and (c) complete view of Jupiter’s northern aurora made by integration of
data acquired between 08:09:15 UT and 08:26:47 UT. The grid represents meridians and parallels
in the SIII, spaced every ten degrees. Two short yellow lines indicate the subsolar longitudes of the
start and stop timings of the combined data. The innermost dashed contours show the compress
(inner) and expand (outer) cases of the statistical position of main emissions (Bonfond et al., 2012).
All other polar projection images in this thesis will display the grid and main emission contours.
The Ganymede footprint path and the Io footprint path (outermost contour) are the two outer
contours, respectively.

2.2 Particle instruments

Jupiter Energetic-particle Detector Instrument or JEDI is a particle detector measuring en-
ergetic particles. The instrument can measure the energy and distributions of electrons in
the energy range from ~ 25 to ~ 1,200 keV by using a solid-state detector (SSD). JEDI uses
Time-of-Flight by Energy (TOF) and Time-of-Flight by Microchannel Pulse Height (TOF x PH)
techniques to measure energy, direction, and compositional distributions of ions in the range
of ~ 10 to > 1.5 MeV for protons and ~ 150 to > 100 MeV for oxygen and sulfur. The in-
strument consists of three nearly-identical sensors (JEDI-90, JEDI-180, and JEDI-270), which
cover different pitch angle ranges. The JEDI-90 and JEDI-270 are oriented to cover ~ 360°
within the plane perpendicular to the spacecraft spin axis, while JEDI-180 is oriented paral-
lel to the Juno spin axis to cover a view along the spin axis. Figure 2.4 shows the viewing
configuration of three JEDI sensors with respect to the spacecraft. More information about
the instrument can be found in Mauk et al., 2017b and the specifications on caveats related
to JEDI can be found in the supplementary materials of Mauk et al., 2018.

Another particle detector is the Jupiter Auroral Distributions Experiment or JADE. JADE
is made up of two subsystems; three identical electron sensors (JADE-E, one of which is
currently inactive) and an ion composition sensor (JADE-I). The placement of JADE sensors
is illustrated in Figure 2.5. For electrons, JADE-E measures the pitch angle distribution in
the energy range of 0.1 — 100 keV with a 120° field of view for each sensor and all three
sensors are placed to cover 360° (240° for functioning sensors) in the azimuthal direction
perpendicular to the spin axis. For ions, JADE-I measures in the energy range from 10eV/q
to 46 keV/q, where q is electric charge, with a field of view of 270° x 90° in a spin period
(McComas et al., 2017).
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FIGURE 2.4: Configuration and viewing of JEDI sensors with respect to spacecraft(Mauk et al.,
2017b). The upper left image shows the JEDI coordinate system (X-JEDI and Y-JEDI), while the
spacecraft coordinate system (X-SC and Y-SC) is represented in the middle right.
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FIGURE 2.5: Configuration and field of view of JADE-I and three JADE-E sensors on the spacecraft
(McComas et al., 2017). All JADE-Es sensors (JADE E60, JADE E180, and JADE E300) are placed at
angles equally far apart to observe full angle coverage simultaneously.
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2.3 Waves Instrument

The Juno’s Waves instrument measures radio and plasma waves to study the interactions
between Jupiter’s magnetic field, Jupiter’s magnetosphere, and the atmosphere. The instru-
ment comprises a single dipole antenna for the electric field measurements in the 50 Hz
to 41 MHz frequency range, and a magnetic search coil for the magnetic field component
observations in the 50 Hz to 20 kHz frequency range. The electric antenna has a “V" config-
uration with a total effective tip-to-tip length of ~4.8 meters and is oriented perpendicular
to the spacecraft spin axis (z-axis) and the x-axis. The search coil is a short (15 cm) core,
with a sensitive axis parallel to the spin axis of the spacecraft. More detailed explanations
of the instrument can be found in Kurth et al., 2017. The data obtained here is a once-per-
second sample rate. The data from the Waves instrument presented in this thesis are the
frequency-time spectrograms of the electric and magnetic field spectra.

2.4 The Magnetic Field Investigation

The Juno magnetometer (MAG) is designed for magnetic field vector measurement. The
instrument consists of two identical magnetometer sensor suites located at 10 m (inbound)
and 12 m (outbound) from the center of the spacecraft (see in Figure 2.1). The Fluxgate Mag-
netometer (FGM) is used to detect magnetic field vectors, while Advanced Stellar Compass
(ASC) CCD imagers are used to determine sensor’s attitude. The vector field is sampled at
64, 32, or 16 measurements per second, depending on the distance between Jupiter and the
spacecraft. The observations are made over the 6 available ranges, covering magnetic field
strength from ~ 1 nT to ~ 16 x 10° nT: range 0 (£1,600 nT per axis), range 1 (6,400 nT per
axis), range 2 (& 25,600 per axis), range 4 (£102,400 nT per axis),range 5 (£409,600 nT per
axis), and range 6 (£1,638,400 nT per axis). More details about the instrument are given in
Connerney et al., 2017b.
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Chapter 3

The Study of Jupiter’s Polar Auroral
Bright Spot Emissions

In this work, the morphology of Jupiter’s polar auroral bright spot is investigated. The data
are obtained from the Juno-UVS on board Juno spacecraft. These observations give a com-
plete view of Jupiter’s auroras, including nightside, which is impossible to see from Earth.
Furthermore, in comparison to Hubble Space Telescope observations, the Juno observations
allow a longer observation period to study Jupiter’s aurora. The UVS instrument and data
structure are explained in full in the section 2.1. Section 3.1 describes the analysis in detail.
The position of the bright spots, local times, and power variations are the key topics of dis-
cussion. The results will be reported in section 3.2 and the discussions in this chapter will
conclude in section 3.3.

3.1 Data Set and Data Analysis

The data for this study were collected during the first 25 perijoves (data for PJ2 were not
available) , from August 27, 2016 to May 29, 2019. Interactive Data Language (IDL), a com-
monly used software for astronomical data, is used for image processing and data analysis.

3.1.1 Brightness and Power Emission Analysis

The bright spot’s peak emission was originally identified in order to investigate its bright-
ness. The background emission was then removed before identifying the area of the bright
spot that is brighter than twice the standard deviation of the surrounding area. The bright
spot’s edges were fitted as elliptical shapes (red contours in Figure 3.1) to analyze the power
fluctuations, and the emitted power in the ellipse was computed. The semi-major axis, semi-
minor axis, elliptical center position, and inclination angle are the four outputs of the ellip-
tical fit. The emitted power for each pixel in the ellipse is computed as the product of the
brightness, the mean photon energy of a UV photon, and the pixel’s area on the planet. The
bright spot selection area, computed from an elliptical reference whose size is 25% smaller
and greater than the best fit ellipse, is a major source of uncertainty in this study. To compute
the overall power in the area of interest for a given perijove, the union of the fitted ellipses
from each identified bright spot is considered as a reference surface area. The overall power
in the same location for all images in a data set can be used to investigate the power vari-
ation. Figure 3.1 illustrates three images with an observable bright spot that are used to
generate the reference area for images in the PJ1 data set.
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=500 10Q0

FIGURE 3.1: Three bright spots’ emission appeared during PJ1 observation. The red plus sign
represents the northern magnetic pole and the red ellipses show the ellipse fit that is defined by
the procedure described in the content.

3.1.2 Location and Local Time Analysis

The peak position of a bright spot represents its ionospheric position in system III (SIII)
coordinates. Ionospheric magnetic local times are determined using the magnetic pole lo-
cation of each hemisphere as the center and the longitudinal position that points toward
the sun as the noon magnetic local time. The magnetic pole for the southern hemisphere is
located at —86° latitude and 340° SIII longitude, at which the magnetic field direction based
on the Juno Reference Model through Perijove 9 (JRM09) is vertical. For the northern hemi-
sphere, the magnetic pole is the barycenter of the aurora as defined in Bonfond et al., 2017,
at 74° latitude and 185° SIII longitude. Figure 3.2 shows a schematic depiction of how the
ionospheric local time is determined.

0 h (midnight)
6h o 18h
X Bright spot
~16h
12 h (noon)
A

VY
< >
o

FIGURE 3.2: Schematic shows the calculation of ionospheric local time, seeing from the top view.

The red plus sign represents the magnetic pole position. The local time is identified counterclock-

wise from the sun position from 12 h, 18 h, 0 h, and 6 h, respectively. From this figure, the example
bright spot is located at around 16 h.
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To suggest the possible responsible source, causing bright spot emission, the magnetosphere-
ionosphere mapping flux equivalence method of Vogt et al., 2011; Vogt et al., 2015 coupled
with the JRM09 internal magnetic field model (Connerney et al., 2018) were used to obtain
the mapped location of magnetic field lines in the magnetosphere and magnetic local time
(MLT) corresponding to the bright spot features. This magnetic mapping model is chosen
since they account for the bendback of the magnetic field lines and the latest internal field
model. The input parameters for mapping from ionosphere to magnetosphere are the subso-
lar longitude and position in Jupiter’s ionosphere (the latitude and the SIII longitude of the
bright spot). The outputs from the mapping are the radial distance and the corresponding
local time. For a case where the mapping result is beyond 150 R or exceeds the dayside mag-
netopause, the positions are outside the model’s limits. Extrapolation is used to determine
the approximated local times in the magnetosphere from this mapping. This can be done
by tracing a line on the polar projection from the magnetic pole toward the bright spot’s lo-
cation, continuing in an equatorward direction until getting the latitude and longitude that
can be mapped to a position inside the model boundary.

3.1.3 Zenith Angle Analysis

The solar zenith angles at the bright spot positions are determined to explore whether the
solar UV flux influences the brightness of the bright spot, as shown earlier in the swirl region
(Greathouse et al., 2021). The following is used to compute the angle 6:

6 = arccos(sin(¢g) sin(¢s) + cos(¢g) cos(¢s) cos(|A — Ag|), (3.1)

where 6 is the angle between bright spot position and Sun position on a sphere connected
via a great circle arc. Anglesf, and A are the graphic latitude and longitude of the spot,
while angles 6s and A; are the graphic latitude and longitude of the Sun.

3.14 Period Analysis

The Lomb-scargle periodogram is used to analyze the period of brightness variation of the
bright spot emissions. This periodogram is an IDL software analysis tool for frequency /period
analyses of data that is not acquired at a regular time interval or has missing data. Since the
bright spot is observed for long sequences (~ 4 hours) and their power fluctuation pattern
is likely to have pulsating behaviors, this tool is used to analyze the power variations from
PJ4 and PJ16.

3.2 Results

The northern bright spots are discovered during 5 perijoves and the southern bright spots
are found during 12 perijoves from the first 25 perijove data. PJ1, PJ3, PJ6, PJ§, and PJ13
detected northern spots, while PJ4, PJ8, PJ9, PJ12, PJ14, PJ15, PJ16, PJ20, PJ21, PJ22, P]23,
and PJ24 detected southern spots. It is worth noting that, during PJ]3, PJ12, PJ21, and PJ23,
two distinct bright spots are seen during the same sequence. Appendix A contains UV
polar projection images of bright spots. Overall, bright spots are sometimes small (e.g., PJ8
northern spot), sometimes compact (e.g., P]3 spot), and sometimes very large (e.g., PJ16
spot). The smallest surface area covered by the bright spot is around 3,500 km?, while the
biggest area is 2.07 x 107 km?. These bright spots emit power in the tens of gigawatts to
a hundred gigawatts range. Furthermore, the findings suggest that bright spot emission
might return to the same position within a perijove. The summarized properties of bright
spot emissions are shown in Figure 3.3. The surface area and emitted power are represented
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in the top two panels, while the total magnetic flux is represented in the middle panel, which
corresponds to the bright spot area. The ionospheric local time and the solar zenith angle
shown in the last two panels will be discussed later.
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FIGURE 3.3: The distribution plots show bright spot properties modified from Haewsantati et al.,

2021 representing the bright spot area, the power emissions, the total magnetic flux corresponding

to surface area, the ionospheric local time, and the solar zenith angle at bright spot. The data

from each perojove is displayed on the left plot, while the histograms, combining the data of the
northern and southern spots are displayed on the right plot.

3.2.1 Bright Spot Positions in System III

The positions of bright spots are plotted as shown in Figure 3.4. It is obvious that the bright
spots found in northern hemisphere are mostly concentrated in a specific region, roughly
between 60 — 70° N planetocentric latitude and 150 — 190° W (SIII). Surprisingly, this is the
same location that the X-ray auroral emission study called the “X-ray Hot Spot Region”
(Dunn et al., 2016; Dunn et al., 2017; Dunn et al., 2020; Gladstone et al., 2002; Weigt et al.,
2020). The bright spot from PJ8, at ~ 82° N and 216.5° W(SIII), is an exception to the north-
ern spots data. The bright spots in the southern hemisphere, on the other hand, display
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contrast results. The bright spots are scattered around the magnetic pole rather than ap-
pearing in a restricted location. The surface magnetic field strength according to the JRM09
model is also shown in Figure 3.4. The bright spot locations in both hemispheres indicate
that these spots are most likely to appear where the magnetic field strength is greater than 8
Gauss (8 x 10° nT). An exception is once again a northern spot during PJ8.
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FIGURE 3.4: Polar projections (Left figure for Northern hemisphere and Right figure for southern

hemisphere) show distribution of bright spot over the magnetic field strength based on JRM09

model. Black dots present the magnetic pole position in each hemisphere (Haewsantati et al.,
2021).

For the investigation of sunlight’s influence to the bright spot emission, the last panel
in Figure 3.3 reveals that the solar zenith angles at the northern bright spots are between
70 — 95° whereas the solar zenith angles at southern bright spots are between 70 — 120°.
Zenith angles greater than 90° mean that the Sun is below the horizon, indicating nighttime,
while the zenith angles less than 90° mean the Sun is above the horizon, indicating daytime.
This result indicates that the Sun was close to the horizon and below the horizon when the
bright spots appeared. This finding suggests that bright spot emission is unaffected by the
Sun’s visibility.

3.2.2 Bright Spot Positions with Respect to Swirl Region

The color ratio is used to represent the swirl region in Jupiter’s polar aurora in this study.
The color ratio is defined as the ratio of H; auroral intensity that is not affected by methane
absorption to H, auroral intensity that is affected by methane absorption, i.e. I(1550 —
1620A) /1(1250 — 1300A). More information on the color ratio is described in section 1.4.1.
However, the denominator 1(1250 — 1300A) is shorter than discussed in section 1.4.1 in or-
der to minimize the contamination of the bright instrumentally broadened Lyman-a line.
Figure 3.5 shows examples of color ratio maps from the same perijove of the overplotted
bright spots. The finding from all perijoves shows that the observed bright spots tend to
be at the boundary of the swirl region (the high color ratio region). However, PJ1 shows a
contrast result (Figure 3.5(c)), the appearances of the bright spot are inside the swirl region.
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FIGURE 3.5: The color ratio map with the overplotted bright spot (plus sign) emissions observed
during (a) PJ6, (b) PJ16, and (c) PJ1. The asterisk in each image is the position of magnetic pole in
SIII (Haewsantati et al., 2021).

3.2.3 Positions in Magnetosphere and Magnetic Local Times

The bright spots are predominantly mapped to positions in the magnetosphere at distances
beyond 150 R}, according to Vogt’s magnetic flux equivalent mapping combined with the
JRMO9 internal magnetic model. This result implies that the magnetic field lines connected
to the bright spot extend beyond the dayside magnetopause or the model’s limit. The ex-
trapolation method is used to map these positions once again. Figure 3.6 position magne-
tosphere shows the estimated positions of the bright spots in SIII that can be mapped by
model, as well as the magnetic local time represented by different colors in the plot. The
northern spots have local times ranging from late evening to late morning, while the local
time for southern spots scatter throughout the entire time range. These broad local time
ranges correspond to wide ionospheric local time distributions as illustrated in Figure 3.3d.
Despite the fact that the extrapolation approach is used and the local time may not be com-
pletely accurate, the results reveal that the bright spot does not correspond to any specific
local time, contrary to previous ideas. For example, Pallier and Prangé, 2001; Pallier and
Prangé, 2004 suggested that bright spot emissions may correspond to noon local time re-
lated to magnetospheric cusp. However, the previous studies have largely been understood
from the perspective of the Earth. For example, the HST observations where images were
taken primarily while Jupiter’s magnetic pole faced the Earth, and image were only view
by telescope on the dayside of Jupiter. As a result, the bright spots were only visible during
when it was in daytime, leading to those previous conclusions.

3.2.4 The Reappearance of Bright Spot Emissions

In many perijoves, the bright spots were observed many times. In Figure 3.7, a cylindrical
map shows how their locations change over time. This map shows bright spots from both
hemispheres, where the perijove and hemisphere are labeled by different color (blue color
for northern spots and red color for southern spots). The plot indicates that bright spot
positions usually shift slightly in both latitude and longitude. Accordingly, the distances
can vary by thousands of kilometers. The only group whose positions shift noticeably is the
northern spot from PJ3 and the southern spots from PJ9, PJ16, and PJ24. For southern spots
from PJ14 and PJ15, their distance shifts are actually quite small since they located in high
latitude (beyond 1-85°) close to the rotational pole. The northern bright spot in PJ3 (seen
in deep blue in Figure 3.7) shifts from 164 ° W (SIII) to 158 °W (SIII) in longitude and 3 °
shifted in latitude. The southern spot from PJ9 appears to vary from low to high latitude
(from —76° to —80°) and 15° shifted in SIII longitude (47° W—62° W), whereas PJ24 spot
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FIGURE 3.6: Polar projection images present bright spot position in SIII. Left figure is for northern

spot and Right figure is for southern spot. Yellow asterisk indicates the magnetic pole in each

hemisphere. The straight lines are the tracing paths drawing from the magnetic pole through the

bright spot position in direction toward any latitude and SIII longitude along the line that can be

mapped to the position in magnetosphere by using Vogt’s mapping (Vogt et al., 2011; Vogt et al.,

2015) coupled with JRM09 model (Connerney et al., 2018). The color of bright spot corresponds to
the magnetic local time obtained from the mapping. (Haewsantati et al., 2021)

appears to shift mostly in longitude (from 20° W—70° W). In most cases, the shift of the
bright spots is very small, suggesting that their positions are essentially fixed in system III
as Jupiter rotates. However, the changing rates of bright spot positions are independent
on Jupiter’s rotation period. The changes can be either an increase or a decrease in SIII
longitude, with no systematic pattern.

3.2.5 Power Variations

In the previous section, a bright spot from a specific perijove reappeared at a roughly similar
location. The time interval between two consecutive brightenings from certain perijoves is
approximately a few minutes, while some perojoves take more than ten minutes. The time
interval for bright spots reappearing in an entire data set is between 3 — 47 minutes. This
result could connect bright spot emissions to QP emissions, as several polar features have
been proposed to have QP behaviors with periods ranging from a few to many ten minutes.
However, the study of pulsation emissions of bright spots is limited by the discontinuous
sampling rate because the instrument’s FOV varies significantly over time. In addition, as
the mission continued, the observation period for northern hemisphere decrease from a few
hours to a few ten of minutes. Fortunately, there are two particular cases that the observing
time is long enough (3 — 4 hours) to study the power variations of bright spot emissions,
which are observations from PJ4 and PJ16.

Figure 3.8 and Figure 3.9 show the power variation of the southern spot form PJ4 and
PJ16, respectively. Since the instrument sometimes points at other part of the aurorae, the
gray shaded areas indicate the times when the UVS’ view did not cover more than 50 %
of the union of fitted ellipses of the bright spot emissions in the perijove. From the plots,
the power emissions of the identified bright spots (indicated by black arrows) which is a
peak of the power variation plot are greater than 35 GW with the highest power of 170 GW.
Furthermore, the plots exhibit a clear repetitive pattern, in which the bright spots reach a
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FIGURE 3.7: The cylindrical map displays the latitudes and SIII longitudes of bright spots in the

northern (crossed signs) and southern (plus signs) hemispheres. The motion of the bright spot in

the observing time sequence is represented by the lines connected to each data, with the large dot

representing the first observed position of the bright spot in each perijove. (Haewsantati et al.,
2021)

peak at a specific time interval. For PJ4, six bright spots appeared for every ~ 30 minutes
with an additional peak indicated by red arrow for which UVS detects no unambiguous
bright spot. In addition, a peak appears to be missing between the last two identified spots.
This could be because the bright spot was in a shadowed area or because there was no
bright spot at this time. Additional peaks (red arrows) are more common in PJ16 than in PJ4.
These peaks correspond to diffuse features that aren’t recognized as bright spot emission.
However, in both PJ4 and PJ16 the peaks are close to a shaded area when bright spots might
have been present out of the instrument’s field of view.

For more details, from applying the Lomb-scargle analysis, the results show that power
variations for PJ4 shows a periodic pattern with period ~ 28 minutes, as shown in Figure
3.10. As well as period analysis for PJ16, the bright spots tend to repeat their appearances
with the period of 23 minutes. These periods are much longer than the QP flares in polar
region reported by Bonfond et al., 2011, whose analyzed periods are only 2 — 3 minutes.
Indeed, the period of bright spot emissions are more similar to the other QP phenomena in
Jupiter’s aurorae (Dunn et al., 2016; Jackman et al., 2018; MacDowall et al., 1993; McKibben,
Simpson, and Zhang, 1993; Wibisono et al., 2020), as will be described in the next section.

3.3 Conclusions

The result of this study is quite surprising, as it contradicts earlier investigations. Bright spot
emissions were suggested to appear near noon magnetic local time and relate to the mag-
netospheric cusp process. However, this study shows that the bright spot can be found in
various ionospheric local times and mapped to wide ranges of magnetic local times in mag-
netosphere. The additional information obtained from this study is that the bright spots
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PJ4 Power Variation
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FIGURE 3.8: Time variation of PJ4 spot’s emission power observed on 2 February 2017 during 14:00
UT - 18:00 UT. The shaded gray areas represent times when the bright spot areas are <50% in the
UVS’ view. The error bars correspond to the intensity uncertainty of the power in the 25% range
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PJ16 Power Variation
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FIGURE 3.9: Time variation of PJ16 spot’s emission power observed on 29-30 October 2018 during
22:30 UT - 02:30 UT. The shaded gray areas and error bars are similar with Figure 3.8. (Haewsantati

etal., 2021)
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FIGURE 3.10: Fitted result from Lomb-Scargle analysis for bright spots during PJ4. The horizontal
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FIGURE 3.11: Fitted result from Lomb-Scargle analysis for bright spots during PJ16. The clearest
peak of normalized power for PJ16 is at a period of 22.68 minutes. (Haewsantati et al., 2021)
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mostly lie near the edge of the swirl region. Furthermore, the bright spot from a particular
perijove can reoccur at approximately the same SIII position, implying that the source region
should corotate with Jupiter rather than originating from a fixed position in the magneto-
sphere. Even though the local times and positions appear to rule out a direct link between
bright spot emissions and a noon-facing magnetospheric cusp, this process is based on a
simple magnetospheric topology, such as that found on Earth. However, Zhang et al., 2021
proposed that the polar-most field lines for Jupiter could be extremely complicated, result-
ing in an anomalous characterization of Jupiter’s magnetospheric cusp and a lack of clarity
in magnetic field line mapping. If this idea is taken into account, the bright spot might still
be linked to the magnetospheric cusp with one more step complicated than Earth case.

Another intriguing result from this research is that the formation of bright spots is not a
sporadic random event, but rather recurs many times around the same location, implying
that they are quasiperiodic emissions. The bright spot exhibits quasiperiodic characteristics
with the 22-28 minute period, according to the study in PJ4 and PJ16 spots with the long ob-
servation times. Despite the fact that the HST can detect Jupiter’s aurorae and can be used
to study the auroral characteristic, the period analysis cannot be done, because the HST ob-
servations are limited to ~45 minutes. The 22-28 minute period variation of the bright spot
emissions found in this study is in the longer time scale when compared to the flares in
Jupiter’s aurorae, which are very bright and have been suggested to have a QP behavior(2-3
minutes period, Bonfond et al., 2011; Bonfond et al., 2016; Nichols et al., 2017a). Further-
more, these two features appear at different positions in polar regions. Bright spots normally
appear at the swirl region’s edge, while flares usually occur in the active region’s noon and
dusk side (Bonfond et al., 2016; Nichols et al., 2017a). Instead, the 3-47 minutes time inter-
val between two consecutive bright spot emissions rather close to the period range of other
quasiperiodic pulsations. Those QA pulsations are, for example, QP emissions in radio
emissions studied by MacDowall et al., 1993, relativistic electrons reported by McKibben,
Simpson, and Zhang, 1993, Alfvén waves process (Manners, Masters, and Yates, 2018) and
X-ray pulsations (e.g., Jackman et al., 2018; Wibisono et al., 2020). Therefore, further study
for connections between these phenomena might provide information to understand and
suggest a responsible process for the bright spot emissions.
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Chapter 4

The In-situ Observations and Remote
Sensing of Jupiter’s Polar Bright Spot
Emission

This chapter presents the noteworthy occasions where Juno’s position, as calculated by the
JRMO09 model, crosses that of the bright spot, implying that Juno flew across magnetic field
lines connecting to bright spot emissions. These events occurred during PJ3, PJ15, and PJ33.
Therefore, in situ observations provide an opportunity to simultaneously investigate how
waves and particles behave that might be associated with the bright spot emissions. The
data are obtained from JADE, JEDI, and Waves instruments. This work also looks for any
signatures of magnetospheric processes that might be related to the bright spot emissions
by studying the magnetic disturbances from magnetic field observations by the MAG in-
strument. The scientific instrumentation is discussed in Chapter 2, while section 4.1 gives
details on data used in this study. Results for all three PJs are presented from section 4.2 to
section 4.4 and concluded in section 4.5.

4.1 Data Analysis

This study focuses on three events: a) Northern spot during PJ3, which was captured by
Juno-UVS at 15:36:26 UT on 11 December 2016, b) Southern spot during PJ15, which was
captured by Juno-UVS at 02:28:55 UT on 7 September 2018, and c) Southern spot during
PJ33, which was captured by Juno-UVS at 01:38:30 UT on 16 April 2021. The selected spin is
based on the time which Juno footprint according to the JRM09 model is closest to the bright
spot position. A method similar to that given in section 3.1 is used to analyze the bright spot
characteristics (brightness, surface area, power emissions, and SIII positions).

Particle data related to auroral emissions are provided by JADE and JEDI. However,
JADE only detected signatures of penetrating radiations during the study period. There-
fore, low-energy particles could not be analyzed. Thus, this study can focus only on high
energy charged particles observed by JEDI instruments. The JEDI’s observations of particle
energy and particle pitch angle distributions in the 30 — 1,200 keV energy range derived
using the magnetic vector provided by MAG observations will be presented in this study.
The energy distributions for upward particles (pitch angle 0° — 30° compared to magnetic
field vector for northern hemisphere and pitch angle 150° — 180° for southern hemisphere)
and downward particles (pitch angle 150° — 180° for northern hemisphere and pitch angle
0° — 30° for southern hemisphere) are also shown. The numerical intensity of upward and
downward particles is presented by the energy flux in order to see the dominant particles.

The wave features, such as wave modes and propagation direction, are studied to inves-
tigate the influence of waves on auroral emissions. The ratio of electric to magnetic field or
E/cB ratio (where c is speed of light) and the detected characteristic frequencies of plasma
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measured by the in-situ measurements from MAG. are used to identify wave mode prop-
agation, i.e. electromagnetic or quasi-electrostatic waves. Examples of those characteristic
frequencies are an electron cyclotron frequency (f.), calculated by f.. = 28|B|, where |B|
measured in nT, an electron plasma frequency (fy.), fre = 8980,/n, where n, is electron
number density measured in cm 3 (Gurnett and Bhattacharjee, 2005a), and an ion cyclotron
frequency (f.;)), presented in Figure 4.1. Whistler-mode waves, which were found in this
study, is identified by a quasi-electrostatic wave by the E/cB > 1 and propagates at fre-
quency below the minimum of f., or fp.. Another analysis, for waves propagation direction,
considers the Poynting vector along the x-axis by the comparison between the electric and
magnetic phases, under the assumption that the direction of Poynting vector is close to the
direction of Jovian background magnetic field and some certain circumstances (Kolmasova
etal., 2018).

Juno Waves - Electric Field Spectral Density
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FIGURE 4.1: Example of Frequency-time spectrogram of electric field spectral density with the
overplot of (black line) electron cyclotron frequencies and (white line) proton cyclotron frequencies
observed by the Waves instruments during PJ3. (Haewsantati et al., 2022 (submitted))

To investigate magnetospheric signatures connected to the bright spot emissions, this
work focuses on the 1-s resolution magnetic field perturbations in each component through-
out the focus time. The magnetic perturbation is the remaining magnetic field strength after
the observed magnetic field has been removed by the planetary magnetic field calculated by
the JRM09 and the magnetodisc model (Connerney et al., 2020).

It is worth noting that the JRM09 mapping might have some inaccuracies. For example,
Allegrini et al., 2020 reported a 90s delay between the projected UV brightness crossing time,
where position is based on the JRM09 model, and the electron flux peak observed by JADE.
Therefore, the timing uncertainty should be taken into consideration when comparing UVS
with other instrument’s results.

4.2 PJ3 Results

Bright spot emission during PJ3 is shown in Figure 4.2, where Juno position is very close to
the bright spot position (in red circle). The bright spot detected at the last spin was located
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at latitude 64.3°N and longitude 159.6°W (SIII) and emits a power of ~ 20 GW. Since the
UVS’ view pointed at other auroral regions and there was no definite bright spot emission
detection due to the UVS data stream, there was a data gap from 15:33 UT to 15:38 UT, while
the bright spot was in the area covered by a narrow slit at a time after 15:38 UT to 15:42 UT.
Therefore, this emission is considered as part of bright spot sequence, where the identified
bright spot were found at 15:21 UT and 15:42 UT with the powers of ~ 24 and ~ 81 GW,
respectively, as discussed in Chapter 3 (and a table list in Appendix B). However, this bright
spot is chosen to study since its mapped position is close to the path of Juno’s magnetic
footprint.

. / [

TSl 12/11/2016 15:38:57 L. LN .

T Color Ratio
T44.__B_ 1 _12_.--16" "\‘.r .

. . .

Y

FIGURE 4.2: Polar projections show a bright spot in (left) UVS UV emission and (right) the color

ratio. The image is created by combining 100 UVS spin images where the bright spot appearing

in last spin at 15:38:26 UT on 12 December 2016 during PJ3. The yellow line represents the Sun’s

direction at time of the last spin. Red circle indicates the bright spot position during which Juno

position (white dot) along Juno footprint path (orange line) according to the JRM(09 model is close
to the bright spot (Haewsantati et al., 2022 (submitted)).

As shown in figure 4.3, the intensifications of electric field and magnetic field spectral
densities are clearly seen from 15:36:30 UT to 15:40:00 UT, which cover the time of the bright
spot detection. The E/cB analysis (top panel in Figure 4.4) shows a ratio of 1.0 — 2.0, sug-
gesting the presence of electromagnetic waves. In addition, the intensification is seen at
frequency higher than proton cyclotron frequencies (black line in Figure 4.3), where the
electron cyclotron frequencies are higher than 10° Hz (as showed by black line in Figure
4.1), implying that waves are in whistler-mode. Furthermore, the Poynting flux direction
is parallel to the planetary magnetic field direction, indicating the upgoing direction of the
waves for the northern hemisphere. As a result, during the time of UV bright spot detection,
Waves instruments observed the intensifications of the whistler-mode hiss waves that were
traveling upward, away from Jupiter.

The JEDI results show that during the time of interest, electrons are more dominant than
ions species. Hence, only electron’s energy and pitch angle distributions are shown in Figure
4.5. The quantitative measurement of energy flux for upward and downward electrons are
presented in the last panel. For comparison, the frequency-time spectrogram of electric field
density is shown in panel (a). The results show that electron intensities started to enhance
from ~15:37 UT to 15:42 UT (when the intensifications of whistler-mode waves began a few
seconds earlier). This time interval also covers the time when Juno’s magnetic footprint was
closest to the bright spot. Despite the fact that magnetic mapping is subjected to have some
uncertainties, it is difficult to determine the actual position of Juno’s footprints in relation
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to the bright spot. However, we believe that Juno was close enough to the bright spot to
assess the connection between bright spot emission observed by UVS and the particle flux
detected by JEDI. Furthermore, as seen in Figure 4.13(d), the enhancement is dominated by
the upward electrons. Figure 4.13(f) clearly indicates upward electron dominance, where the
upward electron energy flux (blue plot) are larger than downward electron energy flux (red
plot) throughout time interval. The upward electron energy flux reached ~ 900 mW/ m?
when Juno came close to the bright emission (during 15:38 UT - 15:39 UT), while the down-
ward electron energy flux was below 70 mW /m?.

Lastly, measurements from MAG instruments (Figure 4.6) show that the magnetic de-
flections at approximately 15:40 UT were seen in all three components. The maximum fluc-
tuation amplitude is in the order of 100 nT, which is significant suggesting the presence of
strong field-aligned currents.

4.3 PJ15 Results

For the second case, the UVS image showing the southern bright spot found during PJ15 is
presented in Figure 4.7. The bright spot is located at the latitude 82.4°S and longitude 58.2°W
(SIII) with the power emissions of ~ 6 GW. This is a bright spot that was identified in the
previous chapter and Appendix B. Even though the emitted power is low in comparison
to the bright spot detected in PJ3, the color ratio is high (around 15), indicating that the
penetrating particles are highly energetic.

Figure 4.8 and Figure 4.4 (bottom panel) show observation data from Waves instruments
with the similar results as found in PJ3; the intensifications of electromagnetic Whistler-
mode waves during time interval covering the bright spot detection time as well as the di-
rection of Poynting flux antiparallel to the planetary magnetic field, indicating the upgoing
waves. The most noticeable result which differs from PJ3 is that the waves were intensi-
fied at time before 02:28 UT and then damped during the time of the bright spot detection,
during 02:28 UT - 02:30 UT.

The results from JEDI observations during PJ15 are shown in Figure 4.9, which has sim-
ilar plot structures to Figure 4.5. The pitch angle distributions show the same pattern as
PJ3, with upward electrons dominating over the time interval of interest. Furthermore, the
electron energy flux reveals that the upward energy flux with pitch angle 150-180 deg in the
southern hemisphere (red plot) is greater than the downward energy flux with pitch angle
0-30 deg (blue plot). However, the energy distributions show no significant enhancements,
while small fluctuations can be seen in the plot at a time before and after UVS detected
bright spot emission. The small fluctuations are an upward electron intensification before
02:25 UT (which is a time before Whistler-mode waves intensification) and twice upward
electron intensifications at around 02:30 UT). The 02:30 UT intensifications are represented
in panel (f) by two peaks with upward electron energy flux of 30-40 mW/ m?. In contrast,
the energy flux for downward electrons at that time is less than 5 mW/m?. While the up-
ward electron energy fluxes are lower than those in PJ3 (30-40 mW /m? in comparison to 900
mW /m? in PJ3), the lower fluxes correspond to the lower emission power of the bright spot
in PJ15.

The signatures of magnetospheric processes related to the PJ15 spot are also investigated.
However, as shown in Figure 4.10, all three components show magnetic deflections but the
maximum amplitude is only 20 nT, which is quite small. Since the field-aligned currents
mapping to the distant magnetosphere are not significant, they do not seem to be responsible
for the generation of the bright spot in this case.
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FIGURE 4.5: (a) Frequency-time spectrogram of electric field spectral density observed by Waves
instruments. (b) Observation electron energy distributions with 5-s bin resolution. (c) Observation
of electron’s pitch angle distributions in energy range 30 — 1,200 keV with 5-s bin resolution. (d)
and (e) Observations of 5-s bin energy distributions of upward and downward electrons, respec-
tively. (f) Energy flux for upward electrons with the pitch angles 0-30 deg (blue plot) and down-
ward electrons with the pitch angle 150-180 deg (red plot), in the energy range of 30 — 1,200 keV.
Black vertical dashed line indicates the time of bright spot crossing observed by UVS (Haewsantati
et al. 2022 (submitted)).
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FIGURE 4.6: Magnetic field perturbation in each component during PJ3 observed by Juno MAG.
Red vertical dashed line indicated time of bright spot detected by UVS (Haewsantati et al., 2022
(submitted)).

I

FIGURE 4.7: Polar projection shows a bright spot in (left) UVS brightness image and (right) color

ratio image during PJ15. The image is created by combining 100 UVS spin images where the bright

spot appeared in the last spin with the same coordinates as described in Figure 4.2 (Haewsantati
et al., 2022 (submitted)).
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4.4 PJ33 Results

For the last case, a southern spot was found during PJ33. A polar projection showing bright
spot positions and the color ratio are shown in Figure 4.11. The bright spot was located at
latitude 83.5°S and longitude 59.5°W (SIII) with the power of ~ 10 GW. As seen in Figure
4.12, Waves observation data show intensifications of Whistler-mode waves above the pro-
ton cyclotron frequency (black lines). These intensifications occur at time before the bright
spot detection, i.e., at around 01:33-01:37 UT. Unfortunately, due to the lack of burst wave-
forms during this observation period, the Poynting flux direction cannot be studied. As a
result, the direction of wave propagation in this event cannot be identified.

FIGURE 4.11: Polar projection shows a bright spot in (left) UV observation by UVS and (right) color

ratio during PJ33. The image with the same coordinates as described in Figure 4.2 is combined

from 100-spin UVS images where the bright spot appears in the last spin (Haewsantati et al., 2022
(submitted)).

Regarding JEDI observations, the particle enhancements were observed between 01:33
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UT to 01:35 UT, which coincided with wave intensifications. These enhancements are dom-
inated by an upward electron beam whose energy is higher than 500 keV, as demonstrated
by high intensity in panel (e) in comparison with that in panel (d). The energy flux also
shows the upward electron dominance (red line above blue line in panel (f)) throughout the
interval of interest. In addition, as illustrated in panels (g) and (h), JEDI detected proton
enhancement at ~01:35 UT. These high-energy protons propagate downward (with small
pitch angle) before becoming low-energy protons, which then propagate in a perpendicular
direction. However, after 01:35 UT, the electron energy flux decreases and remains low until
after the bright spot detection time. For MAG observations, Figure 4.14, there is no signifi-
cant magnetic deflection observed during waves intensification and particle enhancements
and at the bright spot detection time.

4.5 Conclusions

This work presents the remote sensing and in-situ observations during three PJs at which
Juno spacecraft flew close to the bright spot emissions. Table 4.1 summarizes data obtained
by UVS, JEDI, Waves, and MAG instruments. The UVS data shows that the emission power
of bright spots detected during PJ3 is 2-3 times higher than those observed during PJ15 and
PJ33. This high emitted power in PJ3 corresponds well with the high energy electron flux
observed by JEDI. However, the wave intensifications and the intense particle flux do not
appear to coincide with bright spot emissions. One possible explanation for this time shift is
that Juno might have not crossed the magnetic field line connecting to the bright spot when
the UV power is at its peak. It is also worth noting that Juno takes some time to pass through
the bright spot emissions. The crossing times for PJ3 and PJ15 is approximately 3-4 minutes,
while Juno took ~12 minutes to cross P33 spot. This time interval is comparable to temporal
variations of bright spots discussed in the previous chapter. Therefore, the particular time of
UVS bright spot detection used in this study may not be the time at the most intense bright
spot emissions. Thus, this timing should be carefully considered during the interpretation
of the results.

Regarding JEDI observations, all three events showed the enhancements of upward elec-
tron flux. This type of particles had been seen over the polar region previously reported by
Mauk et al., 2020, although at much lower intensities. However, the auroral emission is a
signature of the intense down-going particle flux. The presence of upward electron domi-
nant and intense auroral emissions suggest that the particle acceleration process takes place
at altitude between planet and spacecraft, causing particles to travel downward to the planet
and upward to the magnetosphere.

In addition, the Whislter-mode wave intensifications were found during the same time
with electron enhancements. For PJ3 and PJ33, wave intensifications occurred nearly the
same time with the upward electron enhancements. The hypothesis of waves-particle inter-
actions between upgoing Whistler-mode waves and upward energetic electron beam in the
Jovian polar cap, as presented by Elliott et al., 2020, supports this concurrent intensification.
Elliott et al., 2018b also suggested that the broadband Whistler-mode waves can accelerate
the upward electrons stochastically. In case of PJ15, wave intensifications were initially ob-
served, followed by a ~ 2 minutes damping, while Juno was crossing the bright spot, and
the electron enhancement was observed. This behavior is consistent with the waves-particle
energy transfer process as presented by Elliott et al., 2018b. Waves were first generated near
a planet or at low altitude, then propagated upward along magnetic field lines before getting
damped and transferring energy to particles, before being accelerated. Since the bright spot
was observed during this energy transferring time, we suggest that these waves contribute
to the acceleration of particles that cause the UV emissions.
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FIGURE 4.13: Electric field spectral density observed by Waves and particle distributions observed
by JEDI during PJ33. Panel (a) to (f) and black vertical line are the same data types as described
in Figure 4.5, while pitch angle for upward and downward electrons are described in Figure 4.9.
Panel (g) and (h) represent the proton energy distributions and pitch angle distributions, respec-
tively (Haewsantati et al., 2022 (submitted)).
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FIGURE 4.14: Magnetic field perturbation in each component during PJ33 observed by Juno MAG.
Red vertical dashed line indicated the time of bright spot detection by UVS (Haewsantati et al.,
2022 (submitted)).
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For the cause of the bright spot emissions in relation with the magnetospheric process,
which is implied by the magnetic perturbation, the strong signatures were only detected in
PJ3. These results suggest that the magnetospheric currents are not a significant contributor
to bright spot emissions. Indeed, the strong magnetic deflection recorded in PJ3 is most
probably due to the field-aligned currents on (or very close to) the flux tubes, which Juno
passes through.

The upgoing particles were observed not only by JEDI, but also by UVS measurement.
Figure 4.15 shows the noise count rates caused by the penetrating of >7 MeV electrons
through the instrument’s shielding (Zhu et al., 2021) during Juno flyby over a bright spot.
Blue vertical lines indicate times when UVS’ view was aligned with the magnetic field,
which pointed away from Jupiter for PJ3 and toward Jupiter for PJ15 and PJ33. The count
rates for PJ15 peaked at the blue lines or when UVS pointed toward Jupiter, Bonfond et al.,
2018 named this pattern as the barcode events. The count rate pattern for PJ15 is similar
to those of PJ33, but the signals are much weaker. For PJ3, count rates are highest between
two blue lines. However, there are several data gaps in this event, including at blue lines
that lead to ambiguous penetrating electron directions. In general, the times when count
rate peaks for all three events correspond to the times of JEDI electron enhancements. A
possible explanation is that this count rate is the high energy tail of the particles related to
the upward electron and upgoing whistler-mode waves interaction, as discussed by Elliott
et al., 2018a.

According to the results, there might be a time delay between the UVS remote sens-
ing observations and in-situ observations, resulting in the time differences between wave-
particle enhancements and bright spot detection time. The following are some of the pos-
sibilities that have been proposed. Firstly, considering that Juno was crossing the magnetic
field line connected to bright spot emissions, the waves and particles should have been de-
tected before they took time to travel from the spacecraft to the bright spot position beneath
the spacecraft. Assuming that 100 keV electron and 100 keV proton are at distance 1.5 Rj
(distance from the spacecraft to bright spot position), the travel times are 0.6 s and 25 s, re-
spectively. The time travel for waves is even shorter. For comparison, the 30 s spacecraft
spin period is even longer than proton travel time. In addition, the particle traveling time
should be less than the calculation above if the precipitating particles that create bright spot
emissions come from the acceleration region at position between the planet and spacecraft.
Therefore, time differences should not be caused by the travel times of waves and parti-
cles. Secondly, the bright spot’s emission power varies with time, and the UVS image might
record the emission at different intensity or to different extent. As a result, this uncertainty
should affect the mismatch intensity rather than a time difference. Finally, the mapping un-
certainty is due to the JRM09 magnetic field model’s accuracy (i.e., a time shift presented by
Allegrini et al., 2020). This should be the most appropriate cause for the time delay.

In conclusion, bright spot emissions appear to be independent of field-aligned currents,
as no strong magnetic perturbations were seen in PJ15 and PJ33. According to previous
analysis, the bright spot is fixed in SIII, suggesting that the responsible process occurs closer
to the planet. As a result, the waves-particle interaction, as evidenced by intensifications of
Whistler-mode waves and upward electron enhancements, appears to be the most potential
explanation for particle acceleration which leads to the UV bright spot emissions. However,
there are two additional possibilities for particle accelerations that should be considered.
The first scenario is the acceleration of high-energy electron beams by magnetic reconnection
near Jupiter’s polar magnetosphere (Masters et al., 2021), and the second scenario is the
broadband acceleration due to the presence of an ionospheric Alfvén resonator or IAR Lysak
et al., 2021. Furthermore, more research in magnetohydrodynamic simulations of the Jovian
magnetosphere and the tangling of the magnetic flux tubes above the poles (e.g., Zhang
et al., 2021) might help us understand the underlying cause of these bright spot emissions.
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FIGURE 4.15: Measurement of Juno-UVS for penetrating particle count rates during (top) PJ3,

(middle) PJ15, and (bottom) PJ33. The data gap is referred to as the zero-count rate. Vertical blue

lines show the times when Juno-UVS aligned with the magnetic field lines at the smallest angle.
The red line represents the progression of Juno’s altitude (Haewsantati et al., 2022 (submitted)).
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Additional flyby events above the bright spot through or below the acceleration region, as
well as sampling of downward particles, might provide a better understanding of the bright

spot emission dynamics.
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Chapter 5

Summary and Future Work

Jupiter’s polar auroral bright spot is one of the interesting features which occasionally ap-
pear in Jupiter’s polar aurorae (e.g., Pallier and Prangé, 2001; Bunce, Cowley, and Yeoman,
2004). In these previous studies based on HST images, the bright spots were found at high
latitude equatorward of the northern polar cap boundary which remains close to magnetic
noon, which suggested a possible link to the magnetospheric cusp and thus to open field
lines connecting to the solar wind. However, Earth-based observations are both incomplete
(only the dayside can be seen) and biased (the dipole tilt favors some CML sectors com-
pared to others). With the new era of Jupiter observations made by instruments onboard
Juno spacecraft, the bright spot observations reveal many surprising results which are very
useful for better understanding of Jupiter’s polar aurorae. The characteristics of the bright
spot emissions (positions and their variabilities) observed by UVS, which are a complete
and unbiased view offered by Juno, are provided in the first study (Chapter 3). The second
study (Chapter 4) relies on three unprecedented events (PJ3, PJ15, and PJ33) during which
Juno flew through the field line connected to (or close to) the auroral bright spot. This study
we used the complete instrumental package of Juno to study the magnetic field, waves, and
particle signatures related to these auroral features.

51 Summary

The characteristics of bright spot emissions studied from UV spectral images taken by Juno-
UVS reveal that the bright spot emissions are regularly found in both the northern and the
southern hemispheres. One significant result is that the bright spot seems to be located at
the edge of the swirl region, where a high color ratio is usually found (Bonfond et al., 2017;
Greathouse et al., 2021)). This high color ratio implies highly energetic particles penetrat-
ing planetary atmosphere (Gustin et al., 2004). In addition, at the greater depths, the Hy
emissions can be absorbed by the methane layer in Jupiter’s atmosphere leading to the in-
creasing in high color ratio as well (Yung et al., 1982). Moreover, we found that bright spot at
all magnetic local time ranges. Previous study based on Earth-based observations showed
that the bright spot was usually detected near the noon magnetic local time (Pallier and
Prangé, 2001). The bright spot was therefore suggested to be associated with noon magne-
tospheric cusp according to the interpretation of the Earth-like cusp process. However, this
work even found bright spots during the night time. The recurrences of bright spots are also
fixed in SIII as Jupiter rotates, which is incompatible with the fixed magnetic local time for
the Earth-like cusp process. On one hand, the ionospheric positions and local times results
suggested that this feature might not be a signature of the noon magnetospheric cusp pro-
cess since the bright spot can be found in various local time ranges; late evening through
midnight to late morning for northern spots and all local time ranged for southern spots.
On the other hand, the bright spot’s connection with the noon magnetospheric cusp process
is still possible if Jupiter’s magnetospheric cusp is unusual according to simulations from
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Zhang et al., 2021. The simulations indicate that the cusp at Jupiter is not like the cusp at
Earth. The fast rotation of the planet relative to its size makes the polar-most field lines
twisted and entangled, with regions of open and closed field lines mixed with each other.
Hence, it is no longer clear what the cusp topology really is and what the possibly related
auroral emissions would look like. This is the reason why we cannot formally exclude the
idea that the bright spots could somehow be related to cusp-like processes, even if the fix-
ity in SIII of the recurring bright spots. The most crucial result is that the bright spot can
reappear nearly at the same position. In comparison, aurorae in both hemispheres were ob-
served by Juno for 4-5 hours, which is half of Jupiter’s rotation period. The reoccurring of
this feature within a given perijove implies that the plasma source related to the bright spot
emissions is corotating with Jupiter rather than fixed in a position in the magnetosphere.

Moreover, this emission is not a sporadic but periodic emission. The 22-28 minutes pe-
riods can be analyzed from PJ4 and PJ16 data during their 3-4 hours observing times. It is
impossible to demonstrate such a periodicity with HST data, since the observation times are
only ~45-minute long. In addition, the 3-47 minutes time interval between two consecutive
brightenings is quite similar to other quasi-periodic pulsations. For example, the 15- and
40-minute QP radio bursts (MacDowall et al., 1993), the 40-minute periodicity in relativistic
electron bursts observed by Ulysses (McKibben, Simpson, and Zhang, 1993), Alfvén waves
process (Manners, Masters, and Yates, 2018) and X-ray pulsations (e.g., Gladstone et al.,
2002; Elsner et al., 2005; Jackman et al., 2018; Wibisono et al., 2020). Even though UV and
radio emissions are associated with electrons, while the X-ray emissions are dominated by
the emissions from energetic heavy ions, a similar period range between these QP emissions
were reported. For example, the 45-minute period of emissions from X-ray hot spot region
(Gladstone et al., 2002) corresponded to the high latitude radio and energetic electron bursts
(MacDowall et al., 1993). Bunce, Cowley, and Yeoman, 2004 also suggested that the pulsed
reconnection on the dayside magnetopause could be the source of both X-ray and UV pul-
sations. As shown in Chapter 4 result, the positions of northern bright spots are at the same
region of X-ray hot spot and their periods are in the same range, the QP in X-ray and UV
bright spots might be caused or triggered by the same process. For example, the standing
Alfvén waves which was suggested to be the responsible process for the 10-60 minutes QP
ultralow frequency pulsations (Manners, Masters, and Yates, 2018).

The possible process related to the bright spot emission can be investigated from the
behavior of particles, currents, and waves, observed by JEDI, Waves, and MAG during the
spacecraft crossing of the magnetic field line connected to bright spot emission. We investi-
gated the flyby events from all orbits up to PJ34. Three events are identified and presented
in the work. From all three events, the upward electrons are dominating during the times
of the bright spot detection. These particles are not responsible for the auroral emissions,
but their detections suggested that the spacecraft was above the particle acceleration region,
where the downgoing particles travel toward the atmosphere and cause the auroral emis-
sions. The upgoing Whistler-mode waves are also found, while the signatures of magnetic
tield-aligned currents interpreted from the magnetic deflection are very weak. The wave
intensifications and electron enhancements can be seen at the same time of the bright spot
detection (PJ3 spot), before the bright spot detection (PJ33 spot), or prior and after the bright
spot detection (PJ15 spot). The time mismatch between the times of bright spot detection
and the wave-particle intensification might partly be due to the uncertainty of the JRM09
magnetic mapping model. We suggested here two caveats of the magnetic field mapping
which might result in the time shift between UV emissions and the particle enhancements.
Firstly, the actual spot crossing might not have happened at the time when we consider that
Juno was crossing the magnetic field line connecting to bright spot emission, but we con-
sider the flyby happens since we consider bright spot ang Juno positions from the JRM09
mapping. Secondly, the spacecraft crossing did not take place in the middle of the spot.
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This time shift was presented before by Allegrini et al., 2020 for the ~90 s shift between UV
brightness of Europa’s tail and electron energy flux. The usage of JRM33 might reduce the
uncertainty resulting in the time delay.

According to the results, the intensifications of upgoing Whistler-mode waves and up-
ward electron enhancements occurred during the same time (PJ3 and PJ33). This concur-
rence suggests the wave-particle interactions take place as suggested by Elliott et al., 2020.
The sequence of wave intensification followed by the particle enhancement found in PJ15
is consistent with the wave-particle energy transfer process as presented by Elliott et al.,
2018b. The detections of bright spot emissions during these interactions suggest that waves-
particle interactions contribute to the particle acceleration that causes the bright spot emis-
sions. However, we have to note that the signatures of field-aligned currents are found
only in PJ3 and the wave damping only found in PJ15. The exact mechanism for describ-
ing all three bright spot emissions is still puzzling. In addition, the particles causing the
emissions might be accelerated by other mechanisms in Jupiter’s upper atmosphere as well.
Two tentative mechanisms proposed here are the magnetic reconnection near Jupiter’s polar
magnetosphere due to large-scale Alfvénic disturbances (Masters et al., 2021) and the broad-

band acceleration due to the presence of an ionospheric Alfvén resonator or IAR (Lysak et
al., 2021).

5.2 Future work

From the results, the characteristics of the bright spot emissions sufficiently provide the
understanding of the bright spot dynamics and morphology. However, the explanations
of responsible causes are still remaining. Potential future studies to solve the remaining
puzzles are listed as follows.

1. Until now, the bright spot’s characteristics are analyzed from the first 25 perijoves, the
remaining Juno observations could provide more information which will definitely
be helpful for understanding the bright spot emissions, for example, the bright spot
emissions found during PJ33. In addition, even though the HST observations are bi-
ased due to the Earth-based view which allows us to see the bright spot only at the
dayside, the time-tag observation mode of HST might be able to reveal the bright spot
variation in detail, with a shorter time scale.

2. The role of the magnetospheric cusp on the bright spot emissions might be solved by
the magnetohydrodynamic simulations of the Jovian magnetosphere with the under-
standing of tangling magnetic flux tubes above the poles, i.e. the model presented by
Zhang et al., 2021.

3. In-depth theoretical study on the following three candidate processes, i.e. waves-
particles interaction (Elliott et al., 2020), magnetic reconnection near pole (Masters et
al., 2021), and the Alfvénic resonance (Lysak et al., 2021), could reveal the actual parti-
cle acceleration process that causes the auroral bright spot. The study should collabo-
rate with the flyby observations. Therefore, additional flyby events are very important
to provide more evidence to support one of those proposals. In particular, the sam-
pling of downward particles during the observations above the bright spot emissions,
through or below the acceleration region, should be done in later orbits during the
extended mission after the prime Juno mission. An additional Juno flyby above bright
spot emission was recently found during PJ42 in the southern hemisphere observed
on May 22nd, 2022. Further results from this event could reveal more information to
better conclude the cause of bright spot emissions.
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Appendix A

Identified Bright Spots

This section shows the polar projection of the identified bright spots found in each perijove.
The image for each bright spot represents the time of bright spot emission whose brightness
is brightest in comparison with other images in the same bright spot set.

(A) Bright spot during PJ1 (B) Bright spot during PJ3, spot 1

(¢) Bright spot during PJ3, spot 2 (D) Bright spot during PJ4

FIGURE A.1: Bright spots found in each perijove
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(G) Bright spot during PJ8, south (H) Bright spot during PJ9

(1) Bright spot during PJ12, spot 1 (7) Bright spot during PJ12, spot 2

FIGURE A.1: Bright spots found in each perijove (continued)



Appendix A. Identified Bright Spots 61

(X) Bright spot during PJ13 (L) Bright spot during PJ14

(M) Bright spot during PJ15 (N) Bright spot during PJ16

(0) Bright spot during PJ20 (P) Bright spot during PJ21, spot 1

FIGURE A.1: Bright spots found in each perijove (continued)
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(Q) Bright spot during PJ21, spot 2 (R) Bright spot during PJ22

(S) Bright spot during PJ23, spot 1 (T) Bright spot during PJ23, spot 2

(U) Bright spot during PJ24

FIGURE A.1: Bright spots found in each perijove (continued)



63

Appendix B

Table of bright spot list

The bright spot characteristics observed during PJ1 to P]25 according to Chapter 3 study are
presented in Table B.1. The UT time corresponds to the UVS observing time. The bright
spot position in latitude and SIII longitude (‘Lat.” and ‘SIII Lon.” in table) is presented by
the position of the peak pixel. The minus sign in latitude column represents the position of
bright spot in southern hemisphere. The power is the total brightness in bright spot’s surface
area. Noted that this power is calculated from a bright spot area, while the power variation
plot shown in Figure 3.8 and Figure 3.9) are the union ellipse fit according to all bright
spots detected during PJ4 and PJ16, respectively. Two values in bracket are the minimum
and maximum power according to the 25% smaller and greater uncertainties. The magnetic
flux are computed the total magnetic flux in the surface area. The ionospheric local time
is calculate by using the peak position, given in hour. The last two columns present the
position (in Rj) and local time (in hour) in magnetosphere of the bright spot peak’s position
according to Vogt’s magnetic flux equivalent by using JRM09 as the internal model.
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Appendix B. Table of bright spot list
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