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Abstract

The overarching aim of this research is to explore how solar wind–magnetosphere

coupling influences Jupiter’s polar aurora. In particular, the investigation focuses on

whether magnetic reconnection, as a large-scale interaction, accounts for observed

variations in auroral emissions at high latitudes. Additional consideration is given

to energy transfer via vortices generated by the Kelvin-Helmholtz (K-H) instability,

as well as the influence of solar wind dynamic pressure and interplanetary magnetic

field (IMF) strength on auroral behaviour. The central question addressed in this

thesis is whether emissions in the swirl, noon active and the dusk active regions are

driven by solar wind interactions with the magnetosphere or result primarily from

Jupiter’s internal dynamics, as is the case for the main auroral emission.

To address this question, the study is structured around two complementary

chapters. The first examines the statistical relationship between solar wind

parameters and auroral brightness. The second evaluates reconnection voltage and

energy transfer associated with the K-H instability. It is found that the swirl and

noon active regions show no correlation with any solar wind parameters, while the

dusk active region shows a moderate correlation with solar wind dynamic pressure,

magnetic field strength and Kelvin-Helmholtz instabilities formed on the dawn flank.

The motivation for this research arises from the unresolved nature of Jupiter’s
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polar aurora. The driving mechanisms for the emissions in all three polar regions

remain poorly understood. Although multiple theories propose different magnetic

topologies and spectral characteristics, no consensus has been established. Assessing

the influence of the solar wind contributes to the broader effort to characterise the

processes responsible for Jupiter’s polar auroral features.
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Chapter 1

Space Plasmas

In order to understand the complex nature of Jupiter's magnetosphere and its

interactions with the solar wind, it is essential to �rst provide an overview

of the fundamental physical concepts involved. This overview establishes the

context necessary for understanding the background theory presented in Chapter 2.

Throughout this chapter, Baumjohann and Treumann (1996) is the primary source

for the fundamental plasma principles and magnetospheric phenomena discussed.

1.1 Basic Principles

Plasmas are the fourth state of matter, representing an ionised, electrically

conducting gas. Plasmas contain a mixture of positive ions, negative ions and free

electrons, and over large scales are known to be `quasi-neutral' as there is no net

charge present. There are multiple means in which a particle can become ionised,

including: photoionisation, electron impact and charge exchange. Each of these

processes involves particle interaction, determined by the electromagnetic forces

acting between the particles.
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Chapter 1. Space Plasmas

The spatial scale in which an ion can in
uence another particle is limited by electrons

collectively shielding its potential, given by the Debye length,

� D =

r
� 0kB Te

nee2
(1.1)

where the parameters of the equation are as follows:� 0 is the permittivity of

free space;kB is Boltzmann's constant, which relates the average kinetic energy

of particles to the temperature;Te is the electron temperature;ne is the electron

density; e2 is the electron charge.

The Debye length sets the characteristic scale over which electric potentials are

`screened' in a plasma, meaning that any local charge imbalance is neutralised within

� D due to the collective response of the surrounding electrons. This screening leads

to the plasma's ability to maintain quasi-neutrality, a state in which overall charge

density is � zero on length scales larger than� D (i.e., ne � ni ). Shielding occurs

e�ectively only if the Debye length is su�ciently large compared to the inter-particle

spacing, and smaller than the scale sizes within the system. This is quanti�ed by

the number of electrons within a a Debye sphere:

ND =
4�
3

ne� 3
D � 1 (1.2)

A large ND indicates that collective behaviour dominates over collisions, and that

quasi-neutrality is maintained. As such, both the Debye length and Debye shielding

are fundamental in identifying plasmas. This condition is easily satis�ed in many

space plasmas. For example, the solar wind near Earth has electron densities of

� 3 � 10 cm� 3 and temperatures of� 105 � 106 K, illustrating a low density, high

temperature environment whereND � 1. Another case is Jupiter's magnetosphere,

which spans a wider range of conditions, with density ranging from 1000 cm� 3 in the

dense Io torus to� 0:01 cm� 3 in the outer magnetosphere, and electron temperatures

of � 101 � 103 eV, (Bagenal and Delamere, 2011). Under these conditions, the Debye

length spans metres to kilometres, also givingND � 1.

The electromagnetic forces that govern plasma behaviour originate from the presence
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1.2. Single Particle Motion

of electric and magnetic �elds. These �elds are not static, and evolve due to the

motion of charged particles and the resulting currents. Maxwell's equations describe

how these �elds behave and interact with plasma:

r � ~E =
� q

� 0
(1.3)

r � ~B = 0 (1.4)

r � ~E = �
@~B
@t

(1.5)

r � ~B = � 0

 

~j + � 0
@~E
@t

!

(1.6)

where ~E represents the electric �eld,� q the charge density, ~B the magnetic �eld,

� 0 the permeability of free space and~j the current density. The equations are

described as follows: equation 1.3 is Gauss' law for electricity, showing that the

electric �eld divergence is proportional to charge density; equation 1.4 is Gauss' law

for magnetism, indicating magnetic �eld lines are continuous and have no divergence;

equation 1.5 is Faraday's law of induction, which shows that a time-varying magnetic

�eld induces a circulating electric �eld; �nally, equation 1.6 is Amp�ere's law, showing

that both electric currents and time-varying electric �elds generate magnetic �elds.

1.2 Single Particle Motion

A charged particle with chargeq and velocity ~v in an electromagnetic �eld will

experience the Lorentz force:

~F = m
d~v
dt

= q( ~E + ~v � ~B) (1.7)

wherem is the particle mass. The velocity~v can be separated into two components

relative to the magnetic �eld direction: a component perpendicular to the magnetic

�eld, v? , and a component parallel to the magnetic �eld,vk. These components

govern the particle's motion around and along the magnetic �eld lines, respectively.
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Chapter 1. Space Plasmas

In the absence of an electric �eld, the Lorentz force simpli�es to:

~F = q~v� ~B; (1.8)

and acts as a centripetal force responsible for the gyration of the particle about the

magnetic �eld lines.

In the presence of a uniform magnetic �eld but no electric �eld, the particle

undergoes circular motion (gyration) around the magnetic �eld lines. This

motion arises because the Lorentz force acts perpendicular to the velocity vector,

continuously de
ecting the particle without changing its speed.

The rate at which the particle orbits the �eld line is known as the gyrofrequency! g:

! g =
qB
m

(1.9)

The radius of the circular motion is known as the gyroradiusrg (or Larmor radius)

and is given by:

rg =
mv?

qB
(1.10)

As the Lorentz force is always perpendicular to the particle's velocity, the kinetic

energy is conserved. This can be shown by considering the time derivative of the

kinetic energy:
d
dt

�
1
2

mv2

�
= m~v �

d~v
dt

= q~v� (~v � ~B) = 0 ; (1.11)

Thus, the magnitude of the velocity remains constant and only the direction changes,

resulting in uniform circular motion.

As shown in �gure 1.1, in the case that a particle has a velocity parallel to the

magnetic �eld, the particle will move in a spiral `helical' motion, gyrating around

the �eld lines while simultaneously moving along them. The angle at which it moves

with respect to the magnetic �eld is known as the pitch angle:

� = arctan
�

v?

vk

�
(1.12)
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1.2. Single Particle Motion

Figure 1.1: Motion of a gyrating charged particle with velocity parallel to the

magnetic �eld, showing the particle will move in a helical motion. Credit:

Baumjohann and Treumann (1996).

Pitch angle values of 0� and 180� represent parallel and anti-parallel motion to

the background magnetic �eld, respectively. At 90� the only motion the particle

experiences is gyration.

1.2.1 Magnetic Mirroring and the Loss Cone

If a particle has a small enough pitch angle, it is considered within the `loss cone'.

The loss cone refers to a range of pitch angles for which particles are not mirrored

and can precipitate into the atmosphere. To de�ne this, it is necessary to introduce

the �rst adiabatic invariant, also known as the magnetic moment:

� =
mv2

?

2B
(1.13)

which is conserved provided the magnetic �eld strength and direction change slowly

compared to the timescale of the particle's gyration.

As a charged particle moves from a region of weaker magnetic �eld to a region of

stronger magnetic �eld, conservation of� implies that its perpendicular velocity

(v? ) must increase. As the particle's total energy must be conserved, this increase

results in the parallel velocity (vk) being reduced and so the particle motion along

the �eld slows down as the magnetic �eld becomes stronger. Eventually,vk = 0 and
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Figure 1.2: Motion of a gyrating charged particle in a converging magnetic �eld

with increasing magnetic gradient, showing the phenomena of magnetic mirroring.

Credit: Baumjohann and Treumann (1996).

the pitch angle becomes 90� . At this point, the particle is re
ected or `mirrored'

back along the �eld line. If this mirroring occurs on both ends of the particle's

trajectory, it becomes trapped, bouncing back and forth between two mirror points.

A sketch of this phenomena can be seen in �gure 1.2. In planetary magnetospheres,

these mirror points are typically located near the magnetic poles. This phenomenon

can lead to the formation of trapped particle populations in magnetospheres, such

as high-energy radiation belts observed at Earth, Jupiter, and other planets.

By combining the pitch angle with equation 1.13, a relation between the pitch angle

and the magnetic �eld strength can be derived:

sin2(� ) =
B
B0

sin2(� 0) (1.14)

where B is the magnetic �eld at the current location of the particle, B0 is the

minimum magnetic �eld strength along the �eld line, and � and � 0 are the pitch

angles at those respective locations. This relation also allows the boundary of the

loss cone to be de�ned. The loss cone angle (� LC ) speci�es the maximum equatorial

pitch angle for which a particle will not be mirrored when it reaches a region of high

6



1.2. Single Particle Motion

magnetic �eld strength. It is given by:

sin2(� LC ) =
B0

Bmirror
; (1.15)

where Bmirror is the �eld strength at the point mirroring will occur. Particles

with pitch angles � 0 < � LC fall inside the loss cone and will precipitate into the

atmosphere before reaching the mirror point. This precipitation can lead to auroral

emission if the charged particles interact with neutral atoms or molecules - either

through excitation followed by photon emission, or via charge exchange and transfer

collisions.

1.2.2 Particle Drift

Introducing an electric �eld, or any other external force, adds an additional layer of

complexity to single particle motion. The addition of force~F causes the particle to

undergo a drift motion perpendicular to both ~B and ~F . This drift velocity is given

by

~vD =
~F � ~B
qB2

(1.16)

In the case of a uniform electric �eld ~E perpendicular to ~B, the force experienced

by a charged particle is

~FE = q~E (1.17)

Substituting into the drift equation gives the ~E � ~B drift:

~vD =
~E � ~B

B 2
(1.18)

This drift, visualised in �gure 1.3, is independent of both the particle's charge and

mass and so all charged particles will drift in the same direction with a same velocity.

As a result, the ~E � ~B drift does not generate any net current.

In a non-uniform magnetic �eld, such as one where the magnetic 
ux density

increases perpendicular to the magnetic �eld, a particle will move through regions
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Figure 1.3: Motion of ions and electrons with an applied uniform magnetic �eld

perpendicular to the electric �eld. Electrons and ions drift in the same direction.

Credit: Baumjohann and Treumann (1996).

of di�erent magnetic strength as it gyrates. This causes the particle's gyroradius to

change as it moves - decreasing in areas of stronger magnetic �eld and increasing in

weaker regions. The result is a net drift perpendicular to both~B and the gradient

of the magnetic �eld r ~B. This is called the gradient B drift and is given as

~vr ~B =
mv2

?

2qB3

�
~B � r B

�
(1.19)

Unlike the ~E � ~B drift, the gradient B drift depends on the sign of the charge of the

particle. As ions and electrons have di�erent signs, they drift in opposite directions,

leading to a separation of charge and the generation of current. This drift motion

is shown in �gure 1.4.

A similar e�ect occurs in curved magnetic �elds, such as those found in planetary

magnetospheres. Even if the magnetic �eld strength remains constant, the curvature

of the �eld lines creates an e�ective centrifugal force as the particle follows the curved

path.

~Fc = mvk

~Rc

R2
c

(1.20)

where ~Rc denotes the vector from the particle's position to the centre of curvature

of the magnetic �eld line. A diagram of these forces is shown in �gure 1.5
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Figure 1.4: Motion of ions and electrons in a non-uniform magnetic �eld with a

gradient strength. Electrons and ions move in opposite directions, generating a

current. Credit: Baumjohann and Treumann (1996).

During each gyration, the particle experiences varying acceleration depending on its

location along the curve. This results in a net drift known as the curvature drift:

~vcurv =
mv2

k

qB2

~Rc � ~B
R2

c
(1.21)

Like the gradient B drift, the direction of the curvature drift depends on the particle's

charge and thus also leads to charge separation and a resulting current. The motion

of the negative and positive charges are thus identical to those in �gure1.4. These

drifts are fundamental to understanding large-scale magnetospheric currents.

These principles of single-particle motion form the foundation for understanding

how plasmas behave in large-scale environments, such as planetary magnetospheres

and the solar wind.

1.3 Magnetohydrodynamics

The complex nature of plasma dynamics cannot be fully captured by a single-

particle description. Since a plasma consists of many interacting charged particles

and exhibits collective behaviour similar to that of a 
uid, it is often more
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Figure 1.5: Centrifugal force acting on a particle moving along a curved �eld line.

Credit: Baumjohann and Treumann (1996).

appropriate to describe it as a conductive 
uid. This approach is the foundation of

magnetohydrodynamics (MHD).

The MHD description is applicable under several conditions: the plasma must be

quasi-neutral, the gyroradii of the particle population must be small compared

to the spatial scales of the system, and the gyroperiod must be much shorter

than the characteristic timescales of interest. When these conditions are met, the

microscopic particle behaviour averages out, allowing the plasma to be described

using macroscopic quantities.

In the single-
uid MHD framework, the plasma is treated as a single conductive


uid characterised by the mass density� , the bulk velocity ~u, and the pressureP.

The continuity equation, expressing conservation of mass, is given by:

@�
@t

+ r � (�~u ) = S (1.22)

where S is a source term representing mass input (e.g., ionisation or external

injection).
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1.3. Magnetohydrodynamics

The equation expressing the conservation of momentum for the plasma 
uid, is:

�
�

@~u
@t

+ ~u � r ~u
�

= �r P + ~j � ~B + �~g (1.23)

where~j � ~B is the Lorentz force acting on the 
uid,~j is the current density and

~g the gravitational term. The gravitational term is not always included in the

momentum equation, but it is necessary in high gravity environments, such as in

planetary magnetospheres. In this form, pressure is assumed to be isotropic; if

pressure anisotropies are signi�cant, a full pressure tensor must be used.

Alternatively, in a two-
uid model, the plasma is described by separate 
uid

equations for each speciess (ions or electrons). The momentum equation for each

species becomes:

@(ns~vs)
@t

+ r � (ns~vs~vs) = �
1

ms
r � ~Ps +

nsqs

ms

�
~E + ~vs � ~B

�
(1.24)

where ~Ps is the pressure tensor andqs is the particle charge for speciess.

However, for many large-scale space plasmas, the single-
uid MHD model provides

a su�ciently accurate approximation. It forms the theoretical foundation for

understanding processes such as solar wind propagation, magnetospheric convection,

and the formation of large-scale current systems.

1.3.1 Frozen-in Flux

One of the key results of ideal MHD is how the magnetic �eld evolves with the

plasma. This behaviour is governed by the electric �eld and is captured through

Ohm's law. In the general case, Ohm's law takes the form:

~E + ~u � ~B = � ~j +
1
ne

~j � ~B �
1
ne

r pe +
me

ne2

@~j
@t

(1.25)

where� is the resistivity.

However, under conditions found in magnetospheric plasmas and the solar wind,

several terms on the right-hand side can be neglected. In highly conductive plasmas,
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the resistivity is very small (� � 1), making the resistive term� ~j negligible. Since

characteristic spatial scales are much larger than the ion inertial length, the Hall

term 1
ne

~j � ~B can likewise be omitted. Assuming the plasma is isothermal and

relatively homogeneous, the electron pressure gradient term� 1
ne

r pe is typically

small compared to the dominant electric and convective contributions. Lastly, the

electron inertia term me
ne2

@~j
@t is negligible due to the small electron mass and the slow

temporal evolution of the current density.

Neglecting these terms reduces Ohm's law to its simpli�ed form:

~j = � ( ~E + ~u � ~B) (1.26)

where� is the electrical conductivity. In the limit of perfect conductivity ( � ! 1 ),

the electric �eld in the plasma rest frame must vanish, leading to the ideal Ohm's

law:

~E + ~u � ~B = 0: (1.27)

Substituting this condition into Faraday's law (Equation 1.5) leads to the ideal

induction equation, which governs the evolution of the magnetic �eld:

@~B
@t

= r � (~u � ~B): (1.28)

If �nite conductivity is retained, Ohm's law no longer reduces to the ideal form, and

a resistive term appears. Using Amp�ere's law to eliminate~j , the induction equation

becomes:
@~B
@t

= r � (~u � ~B) +
1

� 0�
r 2 ~B: (1.29)

The �rst term on the right-hand side represents the advection of the magnetic �eld

with the plasma 
ow, showing that the �eld lines are `carried' by the moving plasma.

The second term represents the di�usion of the magnetic �eld through the plasma

due to resistivity and gradients in the magnetic �eld. This di�usive term can be

signi�cant even if resistivity is low if the magnetic �eld has strong gradients, such as

in current sheets. The presence or absence of the second term determines whether
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1.3. Magnetohydrodynamics

the magnetic �eld is `frozen-in' to the plasma. In regions where conductivity is high,

the second term is negligible, and �eld lines are advected with the 
ow. However,

when the plasma becomes resistive, when the magnetic �eld contains high gradients

or when small-scale e�ects (e.g. turbulence or kinetic processes) become important,

the frozen-in condition breaks down, allowing �eld lines to di�use or reconnect.

The relative importance of the advective and di�usive terms in the induction

equation is characterised by the magnetic Reynolds number, de�ned as

Rm =
jr � (~u � ~B)j

jr 2 ~B=� 0� j
= � 0�UL =

UL
�

; (1.30)

where U and L are characteristic velocity and length scales of the plasma, and

� = 1
� 0 � is the magnetic di�usivity. In typical collisionless plasmas with very high

conductivity and large scale lengths,Rm � 1 and advection dominates. This means

the magnetic �eld is e�ectively frozen into the plasma 
ow. As a result, the two are

tightly coupled - the plasma cannot move freely across �eld lines and the magnetic

�eld evolves with the plasma's motion.

Conversely, forRm � 1, magnetic di�usion dominates, and the frozen-in condition

breaks down. This criterion is critical for understanding the large-scale dynamics in

plasma environments such as planetary magnetospheres, where localised deviations

from ideal MHD enable processes such as magnetic reconnection and 
ux transport

across boundaries. However, the bulk of magnetospheric dynamics occur within the

Rm > 1 criterion.

1.3.2 Plasma Beta

The plasma beta (� ) is de�ned as the ratio between the thermal and magnetic

pressure:

� =
P

Pmag
=

nkB T
B 2=2� 0

(1.31)
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where magnetic pressure (Pmag ) is derived from the magnetic tension and pressure

exerted on a conducting 
uid by the magnetic �eld via the Lorentz force, whereas

the thermal pressure (P) is derived from the statistical mechanics using the plasma

temperature and density. The plasma� determines whether plasma motions are

constrained by the magnetic �eld (� � 1) or the plasma pressure is su�cient to

distort or control the magnetic �eld con�guration ( � > 1).

In the solar wind, plasma� varies with density and magnetic �eld strength. Fast

solar wind (v � 750 kms� 1) tends to have lower plasma� due to lower densities

(n � 3 cm� 3) and temperatures (T � 5 � 104 K), while slow solar wind (v � 400

kms� 1) is typically denser (n � 7 cm� 3) and hotter (T � 2 � 105 K), resulting in

a moderate� . A value of � � 1 is typical at Earth's distance from the Sun. As

the solar wind propagates outward, the plasma density decreases approximately as

the inverse square of the heliocentric distance
�
n � 1

r 2

�
, while the interplanetary

magnetic �eld decreases roughly as the inverse of distance
�
B � 1

r

�
. Consequently,

the solar-wind plasma� is typically low by the time it reaches Jupiter's orbit.

Jupiter's magnetosphere, on the other hand, is considered to be a high plasma�

environment, as despite varying temperatures (T� 101 � 103 eV), densities (n

� 0:01 � 1000 cm� 3) and magnetic �eld strength (B � 1 � 2000 nT) (Bagenal

and Delamere, 2011; Gershman et al., 2017; Ness et al., 1979). In the outer

magnetosphere, temperatures are high (T� 103 eV), but densities and magnetic

�eld strength are low (n � 0:01� 0:1, B � 10 nT), giving a plasma� in the range of

� � 20� 200, which is much higher than the local solar wind. Details of the solar

wind and Jovian system are discussed further in chapter 2.
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1.4 Energy and Mass Transport in Plasmas

1.4.1 Magnetic Reconnection

Magnetic reconnection is the process in which magnetic �elds in close proximity

to each other undergo topological recon�guration, occurring when a component of

one �eld is oppositely directed to the other �eld. This process occurs due to the

formation of a current sheet at the boundary between these components, which

is subsequently thinned by the build up of thermal and magnetic pressure. This

decreases the characteristic length scale and results in the di�usion term beginning

to dominate, breaking down the frozen-in condition. The magnetic �eld can then

di�use into the current sheet, where the �eld lines break and reconnect in a new

con�guration. The centre of this di�usion region is free of magnetic �elds and is

known as the `X-line' or `X-point'. Following reconnection, the magnetic tension

accelerates the newly connected �eld lines outward from the di�usion region. A

diagram of the reconnection process can be seen in �gure 1.6, illustrating the

theoretical Sweet-Parker geometry of the process (Parker, 1957; Sweet, 1958), which

has been shown to be the most consistent model in the context of MHD (Kulsrud,

2001).

Magnetic reconnection e�ciently converts magnetic energy into thermal and kinetic

energy, making it a key mechanism for transferring energy into a magnetosphere. At

Earth, magnetic reconnection occurs on a large-scale as part of the Dungey Cycle.

This involves reconnection along an X-line at the dayside magnetopause, typically

at low-latitude and under mostly southward� Bz directed IMF. These reconnected

�eld lines are then carried anti-sunward by the 
ow of the solar wind, frozen into

the plasma, and then undergo magnetic reconnection again in the equatorial region

of the magnetotail (Dungey, 1961).

Magnetic reconnection can still occur between magnetic �elds that are not anti-
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Figure 1.6: Sketch of di�erent regions during collisionless magnetic reconnection,

where the X-point is represented by a black dot, magnetic �eld lines are solid black

lines and the separatrix are green dashed lines. The pink area represents the electron

di�usion region and the blue the ion di�usion region. Credit: Lee and Lee (2020).

parallel, provided they contain signi�cant anti-parallel components. This is known

as component reconnection, and occurs where the magnetic �elds meet at an angle.

In this case, only the anti-parallel components reconnect, while the magnetic �eld

component perpendicular to the reconnecting direction stays the same across the

newly formed current sheet. This perpendicular component is known as the guide

�eld. It prevents the magnetic �eld strength dropping to zero at the X-point,

creating an asymmetric reconnection region that alters the shape and thickness of

the current sheet and the orientation of the reconnected �eld lines. This can lead to

asymmetric out
ows and often a reduction in reconnection e�ciency (Swisdak et al.,

2005). Component reconnection is frequently observed at Earth's magnetopause

under predominately IMF � By conditions and typically occurs at higher latitudes.

In contrast, large-scale reconnection of either type is not generally expected at

Jupiter, where magnetospheric conditions are considered less favourable for sus-

tained reconnection events. The occurrence and limitations of magnetic reconnection

at Jupiter's magnetosphere is discussed further in Section 2.2.1 of Chapter 2.
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1.4.2 Alfv�en Waves

Waves play an important role in the transfer of energy between di�erent regions of

plasma. A wide variety of wave modes, each with distinct properties, can occur in

space plasmas - many of which lie beyond the scope of this thesis. In a warm plasma,

three primary electromagnetic wave modes can be found: fast magnetosonic, slow

magnetosonic and Alfv�en mode waves. Of these, only the Alfv�en mode wave is

relevant to this discussion.

Alfv�en waves represent a transverse shear mode that propagates parallel or obliquely

to the background magnetic �eld. They travel at the Alfv�en velocity:

vA =
B

p
� 0�

(1.32)

Magnetic �eld perturbations associated with Alfv�en waves are oriented perpendic-

ular to both the magnetic �eld and the wave vector (~k), with magnetic tension

acting as the main restoring force. The wave vector represents the direction and

wavelength, where the magnitude is related to the wavelength byj~kj = 2�
� and the

direction indicates the direction of wave propagation. For Alfv�en waves,~k typically

lies along the the background magnetic �eld direction.

This wave mode is dispersionless in ideal MHD conditions, meaning its phase velocity

is independent of wavelength. As such, Alfv�en waves do not produce any changes in

plasma density, pressure or magnetic �eld strength. However, they can contribute to

the acceleration of auroral particles, making them signi�cant in auroral dynamics.

In planetary magnetospheres, Alfv�en waves play an important role in magnetosphere-

ionosphere coupling as they enable the rapid transmission of momentum and energy

along magnetic �eld lines. This rapid transmission can determine how energy inputs

in di�erent parts of the magnetosphere can in
uence ionospheric phenomena, such as

the aurora. Thus, the propagation time of Alfv�en waves between the magnetosphere

and the ionosphere can provide valuable insights into the timings and dynamics of

auroral responses (e.g. Lorch et al., 2022). It should be noted that while Alfv�en
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waves are a key mechanism for energy transfer, other processes such as particle

precipitation and magnetospheric convection also play important roles in auroral

dynamics.

The location at which radial out
ow speeds exceed the local Alfv�en speed is known

as the Alfv�en radius. This radius is important in space plasmas because beyond this

point, Alfv�en waves can no longer propagate e�ectively, preventing communication

between di�erent regions of plasma (e.g. Jenkins et al. (2024)). As a result, the

coupling between these regions begins to break down, in
uencing processes such as

angular momentum transfer and magnetic �eld topology.

1.4.3 Kelvin-Helmholtz Instability

The Kelvin-Helmholtz (K-H) instability is a 
uid instability that arises when there

is a velocity shear across a boundary between two 
uids. This shear can generate

surface waves at the boundary, which may grow and eventually `roll up' into vortices

(Chandrasekhar, 1961). While the K-H instability is commonly associated with

cloud formations in planetary atmospheres, it can also occur in plasmas due to their


uid-like behaviour. In a magnetised plasma, this process can twist magnetic �eld

lines and induce small-scale magnetic reconnection, facilitating plasma transport

across the boundary.

The criterion for K-H is as follows:

� 1� 2(� u)2 > (� 1 + � 2)
B 2

1 + B 2
2

� 0
(1.33)

where the subscript of `1' and `2' represents the two sides of the interface. Physically,

the inequality states that the kinetic energy associated with the velocity shear

overcomes the stabilising magnetic tension, meaning the interface is unstable and

the K-H instability can develop.

The growth of the instability depends on multiple factors: the orientation and
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strength of the magnetic �eld, 
ow velocity, and the di�erence in densities between

the two plasmas. In particular, a strong magnetic �eld component perpendicular to

the shear 
ow can suppress the instability due to the magnetic tension forces (e.g.

Masters, 2017) Although individual K-H vortices are typically short-lived, frequent

occurrence over signi�cant lengths of a boundary can result in substantial mass and

momentum transfer between adjacent plasma regions (e.g. Hasegawa et al., 2004).

In planetary magnetospheres, K-H waves have been observed at Earth's magneto-

sphere by the Magnetospheric Multiscale spacecraft (Eriksson et al., 2016) and is

suggested to be an important energy transfer mechanism, that can result in the

generation of auroral arcs, when solar wind conditions are unfavourable to large-

scale reconnection (Kavosi et al., 2023). It is also suggested to be an important

method of transporting energy from the solar wind into Jupiter's magnetopause

(Delamere and Bagenal, 2010; Desroche et al., 2012; Masters, 2017)

1.5 Summary

This chapter introduces fundamental plasma principles essential for understanding

the physics governing both the solar wind and Jupiter's magnetosphere, two

distinct plasma environments. It begins with the basic motion of charged particles

and progresses through to magnetohydrodynamics (MHD) and energy transfer in

plasmas, outlining how these principles shape plasma interactions with magnetic

and electric �elds. These principles are crucial for understanding how the solar

wind interacts with planetary magnetospheres, driving phenomena such as magnetic

reconnection and auroral emission.
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Jupiter and the Solar Wind

Jupiter is the largest planet in the solar system, with the largest magnetosphere and

most dynamic auroral emissions. Although signi�cant progress has been made in

understanding the Jupiter system, much remains unknown, such as the mechanisms

behind the UV aurora in the polar regions of the planet. While this thesis aims to

investigate the role of the solar wind in driving this emission, a background on both

the system and the solar wind is necessary to provide context for the work.

2.1 The Solar Wind

The solar wind is a continuous stream of particles emitted from the solar corona, the

Sun's outermost layer. The process begins deep in the solar core, where hydrogen

fusion generates energy. This energy is transported outward through radiation and

convection, ultimately heating the corona to temperatures exceeding 106 K. The

resulting high thermal pressure overcomes the Sun's gravitational pull, continuously

accelerating magnetised plasma into interplanetary space (Parker, 1958).

This plasma is the solar wind, and is primarily composed of protons and electrons,
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Figure 2.1: Structure of the solar wind, viewed from above the Sun. Regions of both

slow and fast wind are illustrated, as well as the eruption of a coronal mass ejection

(CME) and corotating interaction region (CIR). The CIR is not explicitly labelled

but represents the compression region between the slow and fast solar wind and is

followed by a reverse shock and rarefaction region. Dashed lines indicate the shape

of the Parker spiral, resulting from the combination of radial plasma 
ow and solar

rotation. Credit: Pr•olss (2004).
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with a minor contribution ( � 5%) from alpha particles (He2+ ). It 
ows outward

through the solar system and interacts with the planets and other objects in its

path (Baumjohann and Treumann, 1996). The solar wind continues to propagate

until it reaches the termination shock, where it slows abruptly due to interaction

with the interstellar medium. A shock is a narrow region in a plasma where physical

conditions change rapidly and discontinuously, typically the result of the supersonic


ow encountering an obstacle or a slower medium. In this case, the termination

shock marks beginning of the heliosheath, where the solar wind becomes subsonic

and turbulent. Beyond the heliosheath lies interstellar space, where the Sun's

in
uence diminishes (see review by Jokipii (2013)).

The solar wind's properties, such as speed, density and temperature, vary with

solar activity. The Sun has a roughly dipolar magnetic �eld, with the convection of

plasma in the solar interior thought to act as a dynamo. The polarity of this �eld

reverses every� 11 years, with solar activity increasing and decreasing over this

cycle. During periods of high activity, the solar wind is often more variable, with

parcels of high density and velocity plasma known as coronal mass ejections (CMEs)

ejected from the Sun more frequently. These typically originate from sunspots, which

are dark spots on the Sun's surface that are cooler and feature intense magnetic �eld

strengths. When there are little to no sunspots, solar activity is low.

Typical solar wind speeds range from� 400� 800 kms� 1, and the solar wind is

usually classi�ed as slow or fast wind depending on where it falls within this range.

However, this range is not typically continuous, as the solar wind exhibits a bimodal

velocity distribution, with slow and fast wind originating from distinct solar sources.

Slow solar wind is of the same composition as the corona and typically emerges from

the equatorial region. Fast solar wind originates from higher polar latitudes, likely

from coronal holes in the photosphere. If fast wind catches up to slow wind, it will

form a large scale compression known as a corotating interaction regions (CIRs).

CIRs are more common during periods of low solar activity. Alongside CMEs,
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CIRs are associated with enhanced solar wind dynamic pressure, often preceded by

a forward shock and followed by a rarefaction region. Such events can compress

planetary magnetospheres and in
uence their internal dynamics. Both of these

phenomena are illustrated in �gure 2.1, where the CIR is the region of compression

and subsequent rarefaction.

2.1.1 The Interplanetary Magnetic Field

Also contained within solar wind plasma is the Sun's magnetic �eld, which varies

in strength and con�guration throughout the solar cycle, alongside the solar wind

speed, density and temperature. This magnetic �eld is more commonly known as

the interplanetary magnetic �eld (IMF), and it is frozen into the plasma due to its

high conductivity (see section 1.3.1 in Chapter 1). As the Sun rotates, with a period

of � 25 days at the equator and� 36 days at the poles (Snodgrass et al., 1990), the

IMF 
ows radially outwards by the solar wind. Beyond the Alfv�en radius, where

the plasma 
ow speed exceeds the Alfv�en speed, the magnetic �eld lines decouple

from the Sun (Cranmer et al., 2023) and are dragged into a spiral shape (see �gure

2.1). This shape is known as the Parker spiral (Parker, 1958).

The angle between the tangential and radial components of the IMF, known as the

Parker spiral angle, increases with distance from the Sun and can be approximated

by:

� = arctan
�

BT

BR

�
= arctan

�
!r
vsw

�
(2.1)

whereBT and BR are the tangential and radial components of the IMF, respectively,

! is the Sun's angular rotation rate,r is the distance from the Sun andvsw is the

solar wind speed. This angle is calculated as� 79� for slow wind and� 69� for fast

wind at Jupiter's distance from the Sun. This simpli�cation does not account for

the complex structure of the Sun's magnetic �eld observed during solar maximum,

however.
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The IMF is typically decomposed into three orthogonal components aligned with

a planet-centred coordinate system, such as the Geocentric Solar Magnetospheric

(GSM) system used at Earth. These components,Bx , By and Bz describe the

orientation of the magnetic �eld relative to the planet: Bx represents the planet-

Sun line, By is calculated by taking the cross product ofBx and the Earth's dipole

axis andBz is de�ned as the cross product ofBx and By. The orientation of Bz is

important for solar wind-magnetospheric coupling, especially at the Earth where a

southward (negative)Bz component represents the ideal IMF orientation for e�cient

energy transfer via the Dungey cycle. Jupiter's magnetic �eld is oppositely directed,

and so theoretically a northward (positive)Bz component would be more favourable

for solar wind-magnetosphere coupling, though the nature and scale of any such

interactions is likely to di�er signi�cantly from those at the Earth due to di�erent

conditions at the boundary between the solar wind and Jupiter's magnetopause (see

section 2.1.2).

2.1.2 Magnetosphere-Solar Wind Interactions

A magnetosphere is the region surrounding a planet or other celestial body where

the magnetic pressure exerted by the planetary magnetic �eld dominates over the

dynamic pressure of the solar wind. It carves out a cavity in the solar wind, diverting

its 
ow and creating a boundary between them known as the magnetopause. The

magnetopause is sensitive to changes in the solar wind, with its size determined

by changes in the pressure balance between the solar wind dynamic pressure

and magnetic pressure of the planet and the combined internal pressure of the

magnetosphere, including planetary magnetic pressure and plasma sources (e.g.

Khurana et al., 2004). Before reaching the magnetopause, the solar wind �rst

encounters the bow shock, a standing shock wave that decelerates, compresses and

heats the supersonic solar wind plasma. Upstream of the bow shock is the foreshock

region, where a portion of the incoming solar wind ions are re
ected back along
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magnetic �eld lines, generating plasma waves and turbulence.

Figure 2.2: Illustration of the noon-midnight meridian of Jupiter's magnetosphere.

Credit: Fran Bagenal and Steve Bartlett.

The region between the bow shock and magnetopause is the magnetosheath,

containing slow, hot, dense and turbulent plasma transformed by the bow shock.

The magnetosheath acts as a transitional zone, mediating the interaction between

the solar wind and planetary magnetosphere. Its structure and thickness vary

with solar wind conditions, particularly dynamic pressure and IMF orientation.

High solar wind dynamic pressure compresses the bow shock and magnetopause,

thinning the magnetosheath, while lower pressure allows it to expand. The IMF

orientation in
uences sheath stability: when the IMF is anti-aligned with the

planetary magnetic �eld, the magnetosheath tends to become more turbulent. This

turbulence can lead to small-scale 
uctuations in magnetic �eld orientation and

variations in plasma properties across the magnetosheath, in
uencing the local

conditions for solar wind-magnetosphere interactions at the magnetopause. Jupiter's

magnetosheath is considered to be very dynamic, with plasma properties spanning

multiple orders of magnitude (Ranquist et al., 2019).
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The plasma environment inside a magnetosphere is shaped by both internal and

external sources. Its properties vary by region, but are typically denser and colder

near internal plasma sources, and hotter and more tenuous at higher latitudes and in

the tail. Internal sources include ionisation of neutral material originating from the

planet or its moons, while external sources involve the solar wind plasma entering

the magnetosphere through various transport mechanisms. Several processes can

facilitate solar wind entry into a magnetosphere. One direct pathway is via regions

of open �eld lines, such as the polar caps in Earth's magnetosphere. Other methods

require interactions between the magnetopause magnetic �eld and interplanetary

magnetic �eld (IMF). These processes are more e�ective at transporting signi�cant

amounts of solar wind plasma into the magnetosphere. Two of these methods,

magnetic reconnection and the Kelvin-Helmholtz instability, are discussed in sections

1.4.1 and 1.4.3. The e�ciency of these processes depends on the solar wind

conditions; in particular, the orientation of the IMF controls the reconnection rate

for large-scale magnetic reconnection and the associated energy transfer. Outside

the scope of this thesis, other methods which may contribute to plasma entry include

di�usive transport across the magnetopause, wave-particle interactions and various

plasma instabilities (Desroche et al., 2012).

Planetary magnetospheres can be broadly categorised based on whether their

dynamics are primarily driven by the solar wind or by internal processes. Solar

wind driven magnetospheres include the Earth and Mercury (Khurana et al., 2004),

where external conditions control much of the dynamics. In contrast, Jupiter is an

example of a planet dominated by its rapid rotation and internal plasma sources,

most notably the volcanic moon Io. Although the solar wind is not considered

to contribute largely as a plasma source, the solar wind still exerts considerable

in
uence by modulating the overall size of the magnetosphere (Joy et al., 2002;

Rutala et al., 2025) and brightness of ultraviolet auroral emissions through dynamic

pressure changes (Giles et al., 2025; Nichols et al., 2009b; Yao et al., 2022).

26



2.2. Jupiter's Magnetosphere

The extent of solar wind-magnetosphere interactions at Jupiter's dayside magne-

topause is uncertain, although some viscous-like processes are expected to occur

along the 
anks (Delamere and Bagenal, 2010). Large-scale magnetic reconnection

is considered to be unlikely to occur due to two primary factors. The �rst is the

substantial di�erence in the plasma� (see section 1.3.2 in Chapter 2) of the solar

wind and Jupiter's magnetospheric plasma. A high �� suppresses reconnection

by weakening the magnetic tension force and enhancing plasma pressure, which

resists the recon�guration of magnetic �eld lines. Secondly, the strong shear between

the solar wind 
ow and Jupiter's rapidly corotating magnetospheric plasma drives

turbulence along the magnetopause boundary, disrupting the formation of stable,

large-scale, steady reconnection regions (Desroche et al., 2012). However, this

turbulence can sometimes develop into Kelvin-Helmholtz instabilities, which can

transfer energy into the magnetopause via boundary layer mixing, facilitating solar

wind entry into the magnetosphere (e.g. Masters (2017)).

2.2 Jupiter's Magnetosphere

Jupiter has the largest and most powerful magnetosphere in the solar system. Its

magnetic �eld is generated by dynamo action in convective metallic hydrogen and

is o�set by approximately 10:25� from its axis of rotation towards a System III

longitude of 196:38� . It has a rotation period of 9 hours and 55 minutes, with an

interior magnetic �eld of � 4 Gauss (Connerney et al., 2022).

System III longitude is a Jovian-speci�c coordinate system based on the internal

rotation of the planet's magnetic �eld. Longitudes are measured relative to the

System III prime meridian (0� longitude), which is de�ned by the intersection of the

planet's central meridian plane with Jupiter's magnetic equator at a reference epoch

de�ned by the 1965 reference epoch when 0� longitude was originally established

from Jupiter's decametric radio emissions. Longitude increases eastward, following
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a right-handed convention �xed in the planet's rotation frame (Dessler, 1983). This

System III frame is widely used in studies of Jupiter's aurora and magnetosphere,

although some older studies used a left-handed system in which longitude increases

westward and thus opposite to planetary rotation. The central meridian longitude

(CML) is the longitude line facing an observer on Earth at any given time (CML =

0� ), and as the Earth is generally located near the sunward side of Jupiter, can be

used as a proxy for local noon(Hill et al., 1983).

To fully understand Jupiter's magnetic environment, it is also important to consider

its atmosphere and ionosphere. These regions form the interface between the planet

and magnetosphere, where magnetospheric particles precipitate and deposit energy,

resulting in auroral emissions. The ionosphere is the region of the upper atmosphere

that contains a signi�cant number of charged particles, allowing it to conduct

electricity and interact with magnetic �elds. It couples the magnetosphere to the

atmosphere by facilitating the 
ow of electric currents that transfer energy and

momentum between these two regions (see section 2.2.2.3).

Jupiter's ionosphere primarily consists of H+ and H+
3 ions, embedded within a

neutral atmosphere dominated by molecular hydrogen (H2) and helium (Strobel

and Atreta, 1983; Yelle and Miller, 2004). Ionisation occurs through two primary

processes: solar extreme ultraviolet (EUV) radiation, which penetrates relatively

deeply and dominates at low latitudes, and energetic particle precipitation, which

is concentrated at high-latitude auroral regions and deposits energy primarily at

higher altitudes (Yelle and Miller, 2004). These ionisation processes not only shape

ionospheric structure and composition but also heat the upper atmosphere, altering

its temperature and density. This in turn in
uences ionospheric conductivity,

especially the Pedersen conductivity, which is the component of ionospheric

conductivity perpendicular to the magnetic �eld and parallel to the electric �eld.

Pedersen conductivity varies with altitude and latitude and governs momentum

transfer between the ionosphere and magnetosphere (Ray et al., 2010; Schunk and
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Nagy, 2000). Together, these regions provide an environment for complex chemical

interactions that drive auroral emissions (see section 2.3.1).

2.2.1 Magnetospheric Structure

The inner magnetosphere, extending to approximately 6 Jupiter radii (6RJ ), is

dominated by Jupiter's strong internal magnetic �eld and is largely dipolar in

structure (Ac~una et al., 1983). In this region, the in
uence of external forces

such as the solar wind is negligible, and plasma motion is tightly controlled by the

planet's magnetic �eld. The plasma environment is relatively stable and primarily

corotates with the planet (Hill et al., 1983). The inner magnetosphere also contains

the volcanic moon Io and its associated plasma torus. This dense torus, supplied

continuously by volcanic outgassing from Io, plays a central role in mass-loading

the magnetosphere and driving its overall plasma dynamics, as discussed further in

section 2.2.2.1.

The middle magnetosphere spans roughly from� 6RJ to between 30� 50RJ , with

the outer boundary typically de�ned depending on what aspect of magnetospheric

dynamics is being studied. This region is dominated by an azimuthal current sheet

known as the magnetodisc, a disc-like structure formed by a dense, azimuthal current

system and con�ned plasma (e.g. Khurana et al., 2004; Khurana and Schwarzl,

2005). While axisymmetric in the inner magnetosphere, the magnetodisc becomes

increasingly warped and 
ared away from the equatorial plane as it extends to

distances further from the planet, re
ecting the in
uence of centrifugal forces, solar

wind interaction and internal plasma dynamics (Khurana, 1992). The magnetodisc

signi�cantly distorts Jupiter's magnetic �eld, generating substantial magnetic stress

and stretching it outward in the equatorial direction, altering the geometry beyond

a dipolar con�guration (Khurana and Schwarzl, 2005; McNutt et al., 1981). Plasma

density is high within the magnetodisc, forming a relatively thin and dense layer of
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con�ned plasma shaped by a balance of centrifugal, thermal and magnetic forces,

while the regions above and below are relatively depleted (Huscher et al., 2021;

McNutt et al., 1981). The middle magnetosphere is also where plasma corotation

breaks down and interchange processes take place, which will be discussed in sections

2.2.2.2 and 2.2.2.3.

Embedded in this plasma sheet is a strong azimuthal current sheet, which is

responsible for signi�cant distortions of Jupiter's magnetic �eld beyond� 20 RJ

due to the ring current formed by the azimuthal currents (Connerney, 1981). The

thickness and position of the plasma and current sheet vary with radial distance

and local time, shaped by rotational stresses and the centrifugal interchange of

magnetically con�ned plasma, which transports mass and introduces asymmetries

in the magnetodisc (Kivelson and Southwood, 2005).

The outer magnetosphere extends out to the magnetopause distance and into the

magnetotail on the nightside. This region is bounded by the magnetospheric

cushion, or interaction region, which acts as a bu�er sensitive to variations in

external solar wind pressure (Ac~una et al., 1983; Khurana et al., 2004; Went

et al., 2011). This boundary region in the outer magnetosphere is known to be

thicker on the dawnside than on the duskside (Delamere and Bagenal, 2010). The

dayside outer magnetosphere is also highly compressible, moving signi�cantly inward

under periods of high solar wind dynamic pressure and altering the position of the

magnetopause boundary (Joy et al., 2002). Juno measurements have placed the

magnetopause at a distance of� 74� 114 RJ on the dawnside (Hospodarsky et al.,

2017), although magnetopause locations at other local times remain uncertain, often

relying on predictive models such as that of Joy et al. (2002).

The nightside outer magnetosphere, commonly referred to as the magnetotail region,

extends several astronomical units (AU) downstream and does not have a well-

de�ned length (Khurana et al., 2004), although it has been noted to occasionally

stretch as far as Saturn (Kurth et al., 1982). The tail consists of stretched, anti-
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parallel magnetic �eld lines embedded within a central plasma sheet, which forms

the nightside continuation of the magnetodisc. However, the overall topology of the

magnetotail remains an open question. While early interpretations described the

tail as comprising a plasma sheet 
anked by two open lobe regions, more recent

analyses suggest that a signi�cant portion of the tail 
ux may be closed.

Intermittent plasma blobs, or plasmoids, observed by the New Horizons and Juno

spacecraft have been linked to magnetic reconnection processes occurring deep

within the tail current sheet (McComas et al., 2007; Vogt et al., 2020). These

structures are typically associated with closed magnetic �eld lines that have `pinched

o�' to form detached loops of plasma, as described in the Vasyliunas cycle (see

section 2.2.2.4) (Kronberg et al., 2007; Vasyli~unas, 1983; Vogt et al., 2020). This

process is thought to play a role in periodic mass loss in the mangetosphere. MHD

modelling has also indicated the presence of some open 
ux within the magnetotail,

con�ned to a crescent-shaped region bounded by the magnetodisc and the high-

latitude polar region (Delamere et al., 2024; Zhang et al., 2021). Juno observations

show variations in the helium-to-proton ratio near boundaries within this region,

consistent with some solar wind plasma entry along open �eld lines. However, the

plasma composition in this region remains predominantly magnetospheric (Delamere

et al., 2024).

2.2.2 Magnetospheric Dynamics

2.2.2.1 The Io Torus and Plasma Source

Io is the most signi�cant source of plasma in the Jovian system. Orbiting at

� 5:9 RJ near the outer edge of the inner magnetosphere, Io is embedded within

a dense plasma torus composed of ionised sulphur and oxygen atoms (e.g. O+ ,

S+ , S2+ ). This torus extends roughly between 5:2RJ to 10RJ and is continuously

replenished by material escaping from Io's atmosphere (Thomas et al., 2004).

31



Chapter 2. Jupiter and the Solar Wind

Neutral particles escape Io's atmosphere through sputtering and thermal processes

driven by interactions with Jupiter's corotating magnetospheric plasma. These

escaping neutrals form a large neutral cloud around Io, primarily composed of oxygen

and sulphur atoms, which in turn creates a neutral torus that continuously feeds the

ionised plasma population (Thomas et al., 2004). Collisions of these neutrals with

Io's atmosphere enhance the escape of additional neutrals. Once in the surrounding

environment, a signi�cant fraction of these neutrals are ionised and become `pick-up

ions', accelerated by Jupiter's rapidly rotating magnetic �eld. Electron impact is the

primary ionisation mechanism, but photoionisation and charge exchange also occur

in the torus (Delamere et al., 2007; Hill, 1979). These ions join the population of

the torus and corotate with the planet. Charge exchange is the dominant process

that occurs within the torus, exchanging ions for slower neutrals. Although it

does not change the net ion density, it redistributes plasma momentum by altering

particle velocities, slowing plasma corotation and replenishing the neutral population

(Bagenal and Dols, 2020).

Over a period of 20� 80 days, this plasma from the torus then moves outward via 
ux-

tube interchange (see section 2.2.2.2 and �lls the middle magnetosphere (Bagenal,

2007). Io's volcanic activity continuously resupplies the torus, keeping it an active

plasma source for the system. However, the plasma source rate is not constant.

Variations observed over time in the torus density and composition observed are

considered to be the result of changes in the neutral source rate, widely attributed to


uctuations in volcanic activity (Delamere and Bagenal, 2003). This mass-loading

process drives the magnetospheric dynamics and a�ects current systems, plasma

transport and the transfer of angular momentum (Bagenal and Delamere, 2011).

2.2.2.2 Plasma Transport and the Interchange Instability

As plasma from the Io torus moves outward into the middle magnetosphere, it

begins to lag behind corotation. This breakdown occurs gradually and becomes
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increasingly signi�cant beyond � 10 � 20 RJ (Bagenal and Delamere, 2011). As

the plasma is frozen-in to the magnetic �eld (see section 1.3.1 in Chapter 1), it

cannot easily move across �eld lines, and as a result the di�erential motion between

Jupiter's rapidly rotating magnetic �eld and the lagging plasma causes the magnetic

�eld lines to bend in the azimuthal direction (Khurana et al., 2004). This distortion

of the magnetic �eld is shown in �gure 2.3.

Figure 2.3: Magnetic �eld topology in Jupiter's magnetosphere. The two panels

show the magnetic �eld con�guration (left) in the noon-midnight meridian plane

and (right) the equatorial plane. The distortion of the �eld lines, caused by the

magnetic �led being frozen into the rapidly rotating plasma, is distinctly visible.

Credit: Krishan Khurana.

With the plasma frozen into the �eld, outward plasma transport requires a

breakdown of ideal MHD conditions. As the magnetic �eld lines bend due to the

plasma lag, they develop magnetic tension, which acts as a restoring force resisting

further distortion. This is known as the magnetic curvature force. This leads to

an e�ective outward force as charged particles move along curved �eld lines, similar
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to a centrifugal force (see section 1.2.2 in Chapter 1). When acting across entire


ux tubes, this curvature-related force contributes to a force imbalance that can

destabilise the con�guration and drive the development of the interchange instability

(Southwood and Kivelson, 1987, 1989). The interchange instability involves 
ux

tubes containing dense, cold plasma from the Io torus moving outward by exchanging

places with lighter, 
ux tubes containing hotter tenuous plasma from further out in

the magnetosphere. The 
ux tubes exchange places to conserve magnetic 
ux at a

boundary where a pressure gradient exists (Bagenal, 2007; Bagenal and Delamere,

2011). Here, a 
ux tube refers to a cylindrical region of space bounded by magnetic

�eld lines, representing a volume of plasma attached to the magnetic �eld. This

instability is analogous to the Rayleigh-Taylor instability, where a lighter 
uid pushes

into a heavier 
uid. In this context, the `swapping' of 
ux tubes is enabled by gradual

shifts in the magnetic con�guration, likely involving small-scale reconnection or other

non-ideal processes, allowing radial plasma transport without requiring the plasma

to cross �eld lines directly (Bagenal and Delamere, 2011; Khurana et al., 2004).

The interchange instability is theorised to occur on two di�erent spatial scales: close

to the Io torus, where it operates on smaller scales (Kivelson et al., 1997), and further

out in the middle magnetosphere where large-scale instabilities are expected to be

in
uenced by magnetic reconnection (Mauk et al., 2002). Theoretical timescales

for this process range from hours to days depending on the region and scale of

the instability (Bagenal and Delamere, 2011; Kivelson et al., 1997). However,

recent Juno observations have provided new evidence suggesting that the instability

near Jupiter occurs on much shorter timescales, potentially within minutes (Daly

et al., 2024). While Juno has detected the instability close to Jupiter, no direct

evidence of the instability has yet been found for it further out in the middle

magnetosphere. However, plasma injections in this region have been shown to

correlate with transient auroral features (Mauk et al., 2002), suggesting that plasma

from the middle magnetosphere is being transported inward. This provides indirect

support for the idea that the instability could be contributing to the radial plasma
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transport, potentially in
uencing magnetospheric dynamics.

2.2.2.3 Magnetosphere-Ionosphere Coupling

As described in section 2.2.2.2, plasma begins to lag behind Jupiter's corotation

as it moves out toward the middle magnetosphere, distorting the magnetospheric

�eld lines that are frozen into the plasma. This lag creates a shear in the system,

generates an electric �eld across the magnetosphere. Under the assumption of ideal

MHD, this electric �eld satis�es the frozen-in condition ~E + ~u � ~B = 0, as derived

in section 1.3.1 in Chapter 1. Because magnetic �eld lines act as equipotentials in

this regime, the electric �eld generated by plasma 
ow in the magnetosphere maps

along �eld lines down to the ionosphere (e.g. Ray et al., 2010).

The Pedersen conductivity facilitates the transfer of momentum from the magne-

tosphere to the ionosphere. The divergence of this current generates upward �eld-

aligned currents (FACs) in the ionosphere, connecting the middle magnetosphere and

ionosphere (Cowley and Bunce, 2001; Hill, 1979; Vasyli~unas, 2001). When FACs

from opposite hemispheres meet, the FACs diverge into radially outward currents,

applying a torque (~j � ~B force) to the plasma. To balance this, the counterpart

ionospheric currents then exert a torque on the ionosphere, enforcing partial

corotation of the plasma as it transfers angular momentum from Jupiter's magnetic

�eld to the magnetosphere (Hill, 1979). However, this system does not fully restore

rigid corotation; at larger radial distances (e.g. 40 RJ), the azimuthal velocity of the

plasma can fall to less than half of the corotation value (Ac~una et al., 1983; Delamere

and Bagenal, 2010). This large-scale coupling system is closed by downward FACs,

primarily located in the noon-to-dusk sector of the outer magnetosphere (Lorch

et al., 2020). These FACs evolve with di�erent magnetospheric conditions on

timescales of minutes to hours, responding to variations in electric �elds and plasma


ow (Chan�e et al., 2013). The full current system is illustrated in 2.4.
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Figure 2.4: Diagram of the corotation enforcement currents. The dashed cyan lines

represent the magnetic �eld, the solid red lines the electric currents and the green

lines are the electric �elds associated with accelerating electrons into the ionosphere

to generate auroral emissions. Credit: Bonfond et al. (2020).

This breakdown in e�cient coupling occurs at the Alfv�en radius. As the plasma

moves through the magnetosphere, Alfv�en waves propagate between the ionosphere

and magnetosphere, conveying information between the planet and the plasma.

Beyond the Alfv�en radius, Alfv�en waves cannot travel faster than the plasma, leading

to ine�cient magnetosphere-ionosphere coupling. Consequently, angular momentum

transfer from Jupiter to the plasma is limited outside this radius and thus the plasma

begins to decouple from the magnetic �eld (Delamere and Bagenal, 2010). Modelling

shows this radius is asymmetric: plasma decouples from the planet inside of� 35 RJ

on the nightside, as close as� 30 RJ near local dawn and beyond 60 RJ from pre-

noon to dusk. The exact distance, or whether the Alfv�en radius even exists from

pre-noon to dusk, is unknown as the model only goes out as far as 60 RJ (Jenkins

et al., 2024). This asymmetry arises because the compressed dayside magnetic �eld

is stronger, resulting in a higher Alfv�en velocity.

Despite this decoupling, the magnetosphere-ionosphere coupling still plays an

important role in Jupiter's magnetospheric dynamics. The corotation enforcement
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current (CEC) theory is the most commonly accepted explanation of the main

emission of Jupiter's aurora (Cowley and Bunce, 2001). Auroral emissions arise

from the interaction of precipitating energetic particles with the upper atmosphere,

where collisions excite and ionise atmospheric species. This leads to a complex

network of chemical reactions involving ions, neutrals, and electrons, in
uencing

the composition and energy balance of the ionosphere. The theory is that the main

emission is driven by the precipitation of energetic electrons from the magnetosphere,

which are guided into the ionosphere by downward FACs, as shown in �gure 2.4

(Khurana et al., 2004; Ray et al., 2009). As the energetic particles collide with

atmospheric species, they excite them, leading to the characteristic ultraviolet (UV)

emission observed in Jupiter's aurora.

Certain features challenge the corotation enforcement model, suggesting that

additional or more complex current systems may be involved in the driving of the

main emission (Bonfond et al., 2015, 2020). An example of one of these features

is dawn storms, which are transient brightening in the dawn sector of the main

emission that sub-corotate with a lag of up to� 50% (Rutala et al., 2022). However,

a complete alternative to the corotation enforcement model does not presently exist.

2.2.2.4 The Vasyliunas Cycle

Plasma originating from Io and transported through the magnetosphere eventually

reaches the nightside outer magnetosphere. This outward 
owing material stretches

the �eld lines in the magnetotail, thinning the tail until the magnetic geometry

collapses and magnetic reconnection occurs at the magnetic X-line, a non-physical

boundary that spans the magnetosphere from the dawn to dusk sector (Vasyli~unas,

1983; Vogt et al., 2010). As shown in �gure 2.5, the X-line's position is asymmetric,

extending further tailward in the dusk sector. This asymmetry is consistent with the

plasma sheet's thickness variations and 
ux tube depletion near dusk (Kivelson and

Southwood, 2005), and the observed tailward extension of the X-line (Vogt et al.,
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2010).

This tailward reconnection results in hot, tenuous plasma 
ows, which move

back toward the middle magnetosphere via the interchange instability (see section

2.2.2.2). Plasmoids, self-contained bundles of Iogenic plasma and magnetic �eld

lines, are also generated during this reconnection process and are lost down the tail

(Vasyli~unas, 1983). The cycle, which involves mass loading from Io (described in

section 2.2.2.1), plasma transport (described in section 2.2.2.2), tail reconnection,

plasma loss down the tail and hot return 
ow is known as the Vasyliunas cycle

(Vasyli~unas, 1983). This cycle helps redistribute plasma and magnetic �eld lines

throughout the magnetosphere.

The return 
ow of hot, tenuous plasma can a�ect �eld-aligned currents (FACs)

in the outer magnetosphere, impacting magnetosphere-ionosphere coupling and

auroral emissions (see section 2.2.2.3). As such, variations in Io's mass loading

rate, which directly in
uences the plasma distribution in the magnetosphere, can

drive variability in auroral emissions. Solar wind-magnetospheric interactions may

also in
uence the Vasyliunas cycle through modulation of internal plasma 
ow via

enhanced dynamic pressure (Giles et al., 2025; Nichols et al., 2009b; Yao et al., 2022),

or through direct plasma interactions within the magnetosphere, though the precise

role of the solar wind at Jupiter remains unclear. While the link between the main

emission and the Vasyilunas cycle is more established, other auroral components

are suggested to be in
uenced by internal dynamics as well (see sections 2.3.3 and

2.3.4). Given the distinct morphologies and behaviours observed in di�erent auroral

regions, the Vasyliunas cycle alone is unlikely to account for all variations seen in

Jupiter's aurora that are attributed to internal dynamics.
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Figure 2.5: Diagram illustrating the 
ow of plasma in Jupiter's magnetosphere.

Within � 60 RJ, the plasma is within the Alf�ven radius and is thus corotational.

Beyond this point, plasma moves outward while gradually falling out of corotation,

resulting in a spiral 
ow pattern. Eventually, at distances of� 80 RJ to potentially

as far as 200 RJ, blobs of plasma detach along the X-line and are shed down the

magnetotail. The 'x' symbols in the �gure represent the position of the X-line.

Credit: Delamere and Bagenal (2010).
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2.3 Jupiter's Aurora

Jupiter exhibits the most powerful aurora in the solar system. Though typically

outside the visible spectrum due to the atmospheric chemistry involved, the total

emitted power of Jupiter's aurora is approximately 100 times greater than the

Earth's, and its surface brightness can be up to 10 times higher (Clarke et al., 2004).

This di�erence in scale arises from the spatial extent of the auroral region: power is

de�ned as the total electromagnetic energy emitted per unit time, integrated over

the entire emitting region and wavelength range of the aurora, whereas brightness

refers to the local emission intensity per unit area and does not scale with the total

size of the emitting region. The auroral power output is both extreme and highly

variable, showing signi�cant variability on timescales of seconds to hours driven by

dynamic magnetospheric processes, where the total auroral power output can reach

up to 1012 watts (Grodent, 2014).

Jupiter's aurora is generally divided into three categories of emission: the main

emission, low-latitude emissions and the polar aurora (Clarke et al., 2004). Auroral

emissions at Jupiter were �rst inferred in 1955 from radio observations at 13:6 metre

wavelengths (Burke and Franklin, 1955; Franklin and Burke, 1956). Since then,

emissions have been observed across a broad range of the electromagnetic spectrum

- including emission from the ultraviolet (UV), with some X-ray, visible, and infra-

red (IR) parts of the spectrum (e.g. Clarke et al. (2004)).

2.3.1 Auroral Emission Wavelengths

2.3.1.1 Ultraviolet Emission

The ultraviolet aurora, which is the focus of this thesis, is well documented and

has been observed by multiple spacecraft and telescopes. The majority of the

UV emission corresponds to the main auroral emission, which is consistently active
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compared to the high-latitude polar emissions, moon footprint emissions and other

lower-latitude emissions. Figure 2.6 shows an example of the UV aurora in the

northern hemisphere highlighting the variability in brightness between regions.

Jupiter's UV aurora is highly dynamic across all regions, with variations on

timescales spanning from seconds to weeks. The auroral morphology is grouped

into six families representing overall behaviour, de�ned as: quiet (Q), unsettled

(U), narrow main emission (N), injection signatures with continuous main emission

(i), strong injection signatures (I) and strong external perturbations (X). The

overall emitted power is typically lower for the Q family and highest for the X

family (Grodent et al., 2003a). These families are likely associated with speci�c

magnetospheric responses to 
uctuations in plasma density, plasma transport and

magnetospheric dynamics. An example of this is plasma injections from the outer

magnetosphere, which result in the breakdown of continuous emission across the

main auroral region and observable enhancements in brightness in the low-latitude

region (Grodent et al., 2018). Most of this variability is expected to be due to internal

driving, such as changes in the mass loading from Io, although changes in solar wind

dynamic pressure has been observed to a�ect the brightness and morphology of the

main emission and dusk active polar region (Giles et al., 2025; Head et al., 2025;

Nichols et al., 2009b; Yao et al., 2022). The full extent of the solar wind's role

in generating and modulating UV emissions in Jupiter's aurora remains an open

question.

Auroral chemistry plays a central role in generating UV auroral emissions. When

energetic particles precipitate into Jupiter's upper atmosphere, they primarily

interact with molecular Hydrogen (H2), the dominant atmospheric molecule. These

interactions include: raising electrons in H2 molecules to higher energy states

(excitation), the breaking of H2 into atomic hydrogen (dissociation), and removing

electrons to form ions (ionisation). The UV emissions arise primarily from the

excited H2 molecules returning to their ground state, observed in the H2 Lyman and
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Figure 2.6: HST images taken on the 14th December 2000, illustrating the di�erent

auroral regions of Jupiter: the main emission (oval), dark (polar region), swirl region,

active region (representing the noon and dusk active region) and the Io footprint

(representing low-latitude emissions). The variability between the two images is

typical of a 90 minute time period. Credit: Grodent et al. (2003b).
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Werner bands. The excitation and emission occurs on nanosecond timescales, with

the radiative lifetimes of excited H2 molecules in the auroral atmosphere typically

on the order of� 10 nanoseconds. Some dissociated H atoms can also emit in the

Lyman � band as the return to ground state, with these emissions also occurring on

nanosecond timescales, consistent with the radiative properties of atomic hydrogen

(Clarke et al., 2004; Schunk and Nagy, 2000). The precipitating electrons range

from 1-2 keV for Io's footprint aurora (Bonfond, 2010) to a few 150� 600s keV and

300� 500 keV for the main emission and polar regions, respectively (Benmahi et al.,

2024).

Jupiter's ionosphere is composed primarily of H+ , He, H2, and H+
3 . However, Helium

plays a minimal role in the chemical processes involved in auroral emissions, as it

is largely inert (Yelle and Miller, 2004). At lower altitudes, the main constituents

of the Jovian atmosphere are H2, He, and trace amounts of CH4, NH3, H, and

other hydrocarbons (Strobel and Atreta, 1983). Hydrocarbons and H2 signi�cantly

a�ect UV auroral emissions by absorbing UV photons. Hydrocarbons absorb UV

below 130 nm, while H2 absorbs below 120 nm. This absorption leads to an

underestimation of the true emitted auroral power by instrumentation, and as such,

observational data must be corrected for these absorption e�ects by accounting

for absorption in the atmospheric layers above the emission regions in order to

accurately estimate the actual auroral power (Gustin et al., 2012).

2.3.1.2 Other Wavelengths of Emission

X-ray emissions are observed in both the main auroral over and the polar regions

and are linked to 
uctuations in Jupiter's magnetic �eld (Yao et al., 2021). The

northern polar region also hosts an X-ray hotspot, spatially coincident with UV

emissions (Bunce et al., 2004; Gladstone et al., 2002). The X-rays associated with

this hotspot are thought to be generated by electromagnetic ion cyclotron waves

(EMICs) originating in the pre-dawn outer magnetosphere (Yao et al., 2021). This
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will be discussed further in section 2.3.4.3.

Infrared auroral emissions arise from the H+3 ion in Jupiter's upper atmosphere.

H+
3 is produced through the ionisation of H2 by either precipitating electrons and

extreme ultraviolet (EUV) radiation, followed by a subsequent reaction with another

H2 molecule (Miller et al., 2000). As a strong radiator, H+3 acts as a heat sink, re-

radiating thermal energy and serving as a key diagnostic for studying thermospheric

cooling. Notably, the auroral regions are noted to also be asymmetric in their

temperature distribution (Johnson et al., 2018).

Visible auroral emissions are substantially weaker than those in other spectral bands

and occur due to the dissociative excitation of molecular hydrogen by energetic

particles. These emissions were �rst imaged by the Galileo spacecraft in 1996,

primarily in Jupiter's northern hemisphere (Ingersoll et al., 1998).

2.3.2 The Main Emission

The main emission at Jupiter represents half of the total power emitted by the

aurora in the ultraviolet wavelengths with intensities of 500 { 3000 kiloRayleighs

(kR) (Bonfond et al., 2015; Clarke et al., 2004). This emission is driven by the

breakdown of plasma corotation in the middle magnetosphere, which generates

upward �eld-aligned currents that are associated with accelerating electrons into

the ionosphere. These electrons, typically with energies of several keV to tens of

keV, collide with molecular hydrogen in the upper atmosphere, producing ultraviolet

emission (Grodent, 2014). The resulting particle precipitation not only produces

intense ultraviolet emissions but also heats and alters the upper atmosphere, driving

thermospheric circulation and a�ecting ion chemistry such as the formation of H+3 ,

which emits in the infrared (Miller et al., 2000).

While relatively stable in morphology, the main emission exhibits variability in

intensity and �ne structure, partly modulated by the solar wind dynamic pressure
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(Giles et al., 2025; Nichols et al., 2009b; Yao et al., 2022). Despite being closely

linked to the steady plasma supply from Io, it should be noted that the main emission

is associated with electron precipitation only and not the heavy sulfur or oxygen

(Clarke et al., 2004).

A distinct di�erence in auroral emissions exists between the northern and southern

hemispheres. In the northern hemisphere, the main emission is distorted between

� 80� and � 150� in System III longitude, an area called the northern magnetic

anomaly (Grodent et al., 2008). At these longitudes, the main emission exhibits a

distinct kidney bean shape, which appears more distinctly when the main emission

is expanded rather than compressed. This expansion and compression is linked to

both internal processes and the size of the magnetosphere, determined by the solar

wind dynamic pressure (Head et al., 2024).

The main emission also contains multiple local time asymmetries, namely between

the dawn and dusk sectors. Asymmetries in brightness and structure have been

observed, with dusk often appearing broader and brighter, particularly in the

southern hemisphere (Bonfond et al., 2015; Grodent et al., 2008). These di�erences

may result from magnetic �eld geometry, varying �eld-aligned current densities, or

localised enhancements, though the precise drivers remain uncertain (Lorch et al.,

2020; Ray et al., 2014).

2.3.3 Low-Latitude Emissions

The low-latitude UV auroral emissions, also known as the equatorward emission,

are among the least well-de�ned components of Jupiter's aurora. This category

encompasses several distinct features, uni�ed primarily by their location below the

main auroral emission in latitude. Some of these features include: moon footprints,

equatorial di�use emission, the secondary oval and injection signatures.

The moon footprints are the most recognisable of the low-latitude emissions.
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They appear as bright spots of emission equatorward of the main emission, often

accompanied by a fainter trailing component. These footprints are associated with

three Galilean moons: Io, Ganymede, and Europa, resulting from interactions

between the moons and Jupiter's corotating plasma. These interactions generate

Alfv�en waves, which form structures called Alfv�en wings that carry energy and

currents between each moon and Jupiter's ionosphere (Bonfond et al., 2017). Io's

footprint is brighter and more intense due to its dense plasma environment, which

creates a stronger Alfv�en wing (Gershman et al., 2019; Szalay et al., 2018). Callisto

also produces a footprint emission but it overlaps with the main emission, making

it di�cult to distinguish (Bhattacharyya et al., 2018).

Other low-latitude emissions are even less well understood. The faint di�use

emissions appear across broad ranges of longitudes, most predominately in the

dusk sector (Radioti et al., 2009). The secondary oval consists of arc fragments

that appear parallel to the main emission, typically in the dawn and dusk sectors

(Grodent et al., 2004). It has been observed to brighten as a result of large plasma

injections and is not always present, with wave-particle interactions suggested as a

generation mechanism (Gray et al., 2017). Finally, isolated compact auroral spots,

often referred to as `injection signatures' are believed to result from magnetospheric

plasma injections (Mauk et al., 2002). Pitch-angle scattering has been suggested as

a driving mechanism for these emissions (Dumont et al., 2018).

2.3.4 Polar Emissions

Jupiter's polar aurora remains one of the least understood components of the planet's

overall auroral morphology. Located at the highest latitudes, this emission can be

divided into four regions: the swirl region, noon active region, dusk active region

and dark polar region. While the two active regions are often grouped together as

a single `active region' due to similarities in auroral behaviour, they di�er subtly
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in both morphology and dynamics (Greathouse et al., 2021; Nichols et al., 2017,

2009b). These regions are generally �xed in local time: the swirl region extends

from dawn to midnight at the highest latitudes, while the the dark polar region,

noon active region, and dusk active regions form a band of emission sometimes

referred to as the `polar collar', which sits poleward of the main auroral emission

(Greathouse et al., 2021).

Despite ongoing observational e�orts, the physical drivers and variability in auroral

behaviour of Jupiter's polar regions remain open questions. Multiple studies have

suggested that some of the auroral emission observed is related to solar wind

interaction, speci�cally at the dayside boundary between open and closed �eld lines

(Grodent et al., 2003b; Pallier and Prang�e, 2001; Waite et al., 2001). However,

there is no consensus on the magnetospheric mapping of each region, and the full

extent of solar wind in
uence on the polar regions is still unclear. At present, only

changes in solar wind dynamic pressure have been linked to variability in auroral

emission brightness and morphology in the dusk active region (Head et al., 2025;

Nichols et al., 2017).

2.3.4.1 The Dark Polar Region

Located in the high-latitude dawn sector, the dark polar region is the quietest polar

region. It is almost devoid of UV aurora emissions and X-ray emission (Dunn et al.,

2017). It is also shown to vary in both size and shape in response to solar wind

dynamic pressure, extending duskward across the noon sector during periods of

deep rarefaction and appearing larger in width near local noon under periods of

compression (Swithenbank-Harris et al., 2019). The dark polar region has been

suggested to map to mostly open 
ux due to the mostly absent auroral emission

(Cowley et al., 2003; Delamere and Bagenal, 2010), and magnetic 
ux mapping

proposes that the region maps to the magnetotail alongside the swirl region (Vogt

et al., 2011). However, more recently work has shown that the dark polar region
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cannot account for all open 
ux equated to the magnetotail, suggesting that Jupiter's

magnetotail does not contain only open �eld lines (Swithenbank-Harris et al., 2019).

Conversely, MHD modelling predicts that the dark polar region maps to mostly open

�eld lines that are not part of the magnetotail, and that additional open 
ux exists

in the polar regions outside of the dark polar region (Xu et al., 2024; Zhang et al.,

2021). As such, the magnetic topology of the dark polar region remains an open

question.

2.3.4.2 The Swirl Region

The swirl region is the region of the polar emissions situated at the highest latitudes

and is characterised by faint, patchy, and short lived emission features. This emission

is generally of the order� 10 kR, but can reach a few 100 kR in power (Nichols et al.,

2009b). These features are turbulent, and occasionally form localised clockwise

swirls (Grodent et al., 2003b). It is highly variable on short timescales (seconds)

but stable over moderate timescales of 10� 100 minutes (Stallard et al., 2016).

Past observations have also suggested the presence of arc-like features in this region

(Nichols et al., 2009a; Pallier and Prang�e, 2001), which contrasts with the otherwise

transient nature of emission in the swirl region. The swirl region has also been

observed to be brighter closer to the dayside (Greathouse et al., 2021).

Historically, the swirl region was associated with the dark polar region as both

regions are much quieter in terms of UV emission than the active regions (Stallard

et al., 2003), but recent studies have suggested that the two regions are distinct from

one another (Grodent et al., 2003b). One of these distinctions is the colour ratio,

which is often used as diagnostic of precipitating electron energies. The colour ratio

is de�ned as the ratio of the radiance at 155{162 nm to the radiance at 125{130

nm, with higher values indicating higher energy electrons (e.g. Greathouse et al.,

2021). The main emission, both active regions and the dark polar region all share

similar colour ratios of � 4 (commonly assumed as 2:5), but the swirl region has
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Figure 2.7: Maps of northern auroral images taken by Juno's UVS instrument. Two

images correspond to each of the four labelled perijove passes: the left image shows

the auroral morphology and brightness, while the right image shows the colour ratios

associated with the observed emission. Credit: Greathouse et al. (2021).
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a much higher colour ratio of� 12. As shown in �gure 2.7, this colour ratio is

highly variable compared to the other areas of auroral emission, reaching up to

20. As such, the physical phenomena responsible for producing emissions in the

swirl region must be di�erent to the other regions. Higher energy electrons, which

would travel deeper into Jupiter's atmosphere and excite H2 at greater depths,

are proposed to suggest this di�erence. However, Juno has only rarely observed

high-energy downward propagating electrons over the swirl region. A di�erent CH4

vertical pro�le is also suggested, but has the same caveat. The �nal suggestion given

is photoionisation of hydrocarbons (Greathouse et al., 2021).

The literature on the swirl region commonly indicates that the swirl region maps to

open �eld lines. Magnetic 
ux mapping indicates the swirl region maps to an area

of mostly open 
ux, as shown in �gure 2.8, that form a nightside lobe and polar

cap region (Vogt et al., 2011) - others argue that the existence of polar arcs and

stagnant ionospheric 
ows (Pallier and Prang�e, 2001; Stallard et al., 2001; Stallard

et al., 2003) is evidence of the swirl region mapping to open 
ux. On this basis, the

swirl region is often proposed as the polar region most likely to be directly in
uenced

by the solar wind.

Cowley et al. (2003) argues that the open �eld lines associated with the swirl region

are a result of a Dungey cycle process (see section 1.4.1 in Chapter 1) con�ned to

the dawn side of the magnetosphere, displaced by the asymmetry imposed by the

Vasyliunas cycle (see section 2.2.2.4). In this scenario, which is shown in �gure 2.9,

the swirl region emissions correspond to 
ux closure on the nightside. The opening

of 
ux is suggested to occur on dayside boundary via magnetic reconnection along

an X-line under northward directed IMF conditions. Due to the enormous size of

Jupiter's magnetosphere, the timescales of any Dungey-like large-scale reconnection

process would be on the order of days, as �eld lines opened on the dayside would

need to be carried by the 
ow of the solar wind around to the tail region to close. The

dawnside con�nement and Jupiter's rapid rotation make the timescales even more
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Figure 2.8: Polar view of 
ux mapping results for the northern hemisphere under

expanded magnetospheric conditions where the dayside magnetopause stando�

distance is� 90 RJ. The outer dashed black line is the 15 RJ reference contour, which

matches the Ganymede footprint, and the inner dashed black line is the bottom left

panel is the location of the swirl region taken from Stallard et al., 2003. The black

stars indicate the location of the magnetic pole. Colours indicate the equatorial local

time mapping along the contour, where the small circles indicate the point closest

to: local midnight (red/black), dawn (dark blue), noon (blue/green) and dusk (light

green/yellow). Contours are also labelled with the distance they map out to in RJ,

with each line representing increments of 10 RJ. The swirl region is shown to map to

an area of open 
ux, while the dusk active regions map to the outer magnetosphere

in their respective local time sector. Credit: Vogt et al. (2011).
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uncertain, as the �eld lines will likely be dragged through the dusk and midnight

sectors before they can reconnect on the dawnside.

Figure 2.9: Sketch of the proposed three components of 
ow in the Jovian system:

the sub-corotating region, Vasyliunas 
ows and Dungey cycle 
ows. Here the 'O'

and 'P' markings represent plasma streamlines and plasmoids, respectively. This

Dungey cycle 
ow is initiated by magnetic reconnection with the interplanetary

magnetic �eld and is suggested to be responsible for auroral emission in the swirl

region. Credit: Cowley et al. (2003).

Challenging these interpretations, MHD modelling suggests that the swirl region

maps to a loop of mostly closed �eld lines extending outward on the dawn side of the

planet (Zhang et al., 2021), as shown in �gure 2.10. This model implies an internally

driven source for swirl region emission. Supporting this, upward electron beams have

been observed by Juno in regions of faint structured aurora, likely corresponding to

the swirl region (Allegrini et al., 2017; Ebert et al., 2017). These observations are
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Figure 2.10: The two-day average topology of simulated Jovian magnetic �eld

lines traced from four di�erent sets of footprints at a low-latitude simulation

boundary in the northern hemisphere: the green open �eld lines are connected

to the interplanetary magnetic �eld and are mostly under solar wind control; the

blue �eld lines map to the distant tail beyond 600 RJ; the the red closed �eld lines

map outward to 35 - 40 RJ in the middle magnetosphere and return to the southern

boundary; the black �eld lines emerging from Jupiter's polar region connect the two

polar regions through the dawnside outer magnetosphere. Although only the black

�eld lines are attributed to the polar region, the green and blue �eld lines map to

areas associated with polar aurora. Credit: Zhang et al. (2021).
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interpreted as signatures of downward �eld-aligned currents on closed or twisted �eld

lines and implies that the swirl region maps, at least partially, to closed �eld lines.

However, the energies associated with these downward currents appear to be weak,

whereas the high colour ratio of the Swirl Region's emission implies a population

of more energetic precipitating electrons (Greathouse et al., 2021). Considering all

of this, the magnetic mapping and source of auroral emissions in the swirl region

remains an active area of research.

2.3.4.3 The Noon Active Region

The noon active region is part of the polar collar, a ring of auroral emission between

the swirl region and Jupiter's main auroral emission (Greathouse et al., 2021). It is

named for the local time sector it occupies and is characterised by bright, transient


ares of UV emission (Grodent et al., 2003b). These 
ares can increase rapidly in

brightness from a few kR to over� 10 MR within a few minutes (Waite et al.,

2001). Although it is often grouped with the dusk active region under the broader

category of the `active region', the noon active region has been shown to display

some distinct morphological and dynamic behaviour. In particular, the noon active

region emission has been observed to be typically more patchy and less regularly

pulsed than those observed in the dusk sector (Nichols et al., 2017).

Nichols et al. (2017) also observed that under high solar wind dynamic pressure,

the noon active region can appear as a noonward extension of the dusk active

region. However, this morphology is not consistently maintained over the full

duration of such high-pressure intervals. Across both compressions and rarefactions

of the magnetopause boundary location, the region generally exhibits unstructured

morphology, consisting of multiple transient spots and occasional poleward arcs.

Despite the apparent continuation of dusk-side morphology into the noon active

region during intervals of high solar wind dynamic pressure, no associated increase

in auroral power was observed.
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The x-ray hotspot discussed in section 2.3 is located speci�cally within the noon

active region. This feature is exclusive to the northern hemisphere (Gladstone

et al., 2002) and is spatially coincident with UV auroral emission (Bunce et al.,

2004). Although the noon active region is generally assumed to be internally driven,

particle acceleration associated with �eld-aligned currents linked to the corotation

enforcement current system cannot alone account for the high power observed in

both UV and X-ray wavelengths (Bunce et al., 2004; Yao et al., 2021). Consequently,

additional acceleration mechanisms have been proposed, with pulsed reconnection

at the dayside magnetopause considered a likely driver (Bunce et al., 2004).

However, magnetic �eld mapping (see �gure 2.8) predicts that the noon active region

connects to �eld lines that extend outwards to the dayside outer magnetosphere near

local noon (Vogt et al., 2011), a region where dayside reconnection is expected to be

suppressed due to high shear 
ows and high plasma �� across the magnetopause

boundary (Desroche et al., 2012). In contrast, �gure 2.10 shows that MHD modelling

suggests parts of the region may instead be associated with open magnetic 
ux

broadly distributed across the nightside of the planet (Zhang et al., 2021). The

majority of the noon active region is attributed to closed �eld lines mapping to the

dawn - midnight equatorial magnetosphere, with auroral activity attributed to tail

dynamics. Recent work to locate Jupiter's cusp has also suggested some open 
ux

may be associated with the noon active region (Xu et al., 2024).

2.3.4.4 The Dusk Active Region

The distinction between the noon and dusk active regions is not clearly de�ned

in the literature, but di�erences across local time within the active region have

been observed. Although the dusk active region also exhibits transient 
ares of UV

emission, it also tends to display more organised and structured auroral arcs than

the noon active region (Greathouse et al., 2021), an example of which is shown in

�gure 2.11. A unique feature of the dusk active region is `auroral bridges', which are
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Figure 2.11: UV brightness maps for observations of 15:5 minutes by Juno's UVS

instrument for perijoves 7 and 10. Concentric arcs on the dusk side of the polar

collar are clearly displayed in both images, indicating that the arcs are a function

of local time rather than System III longitude. Credit: Greathouse et al. (2021).

extended arcs of emissions appearing to connect the dusk active region to the main

emission. These bridges are relatively common, forming on timescales of� 2 hours

and lasting potentially for a full planetary rotation, and are associated with solar

wind compressions of the magnetosphere (Head et al., 2025). The 
ares and arcs in

the dusk active region typically range from� 10 to 100 kR in brightness, showing

less extreme variability on short timescale than the noon active region (Greathouse

et al., 2021).

In addition, Nichols et al. (2017) observed that the dusk active region shows an

increase in auroral power in response to elevated solar wind dynamic pressure,

suggesting some potential coupling with the solar wind. Bright strongly pulsed

emissions, often in the form of arcs parallel to the main emission, are especially

prominent during periods of high pressure, ranging from� 3 - 11 minutes in

duration. A positive correlation with solar wind magnetic �eld strength is also

reported.
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In terms of where the dusk active region is expected to map within Jupiter's

magnetosphere, magnetic mapping has associated the region with the closed �eld

lines in the outer dusk magnetosphere (Vogt et al., 2011), as indicated in �gure 2.8.

However, MHD modelling suggests the region may coincide with the crescent-shaped

patch of open magnetic 
ux (Zhang et al., 2021) in �gure 2.10. This patch is highly

variable in terms of open 
ux content and is not always present, suggesting the dusk

active region maps to a combination of open and closed �eld lines (Delamere et al.,

2024).

2.4 Summary

The theory discussed in this chapter explores the interconnected processes governing

Jupiter's magnetospheric dynamics and auroral activity, focusing on three key

aspects: the solar wind, Jupiter's magnetosphere and Jupiter's auroral emissions.

Although the full extent of the solar wind's in
uence on Jupiter is currently unclear,

understanding the potential mechanisms through which the solar wind may interact

with Jupiter's magnetosphere is crucial for further exploration.

The chapter begins by describing the solar wind and the associated interplanetary

magnetic �eld, outlining the mechanisms by which they could interact with Jupiter's

magnetosphere, such as through magnetic reconnection or viscous processes like the

Kelvin-Helmholtz instability. The second section explores Jupiter's magnetosphere,

detailing its structure and the complex internal plasma dynamics driven by Io and its

plasma torus, and how this material is transported throughout the magnetosphere.

These internal dynamics are associated with Jupiter's auroral emissions, and so the

�nal section of the chapter examines the di�erent auroral regions, highlighting their

distinct morphologies and behaviours to demonstrate how current research cannot

yet fully explain the driving processes behind the variability in these emissions.
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Chapter 3

Data Processing for Solar Wind

and Auroral Studies

This section details the instrumentation and methodology used to obtain the data

and process it into an appropriate format for Chapters 4 and 5. Both studies involve

comparing solar wind data to auroral power in the polar region of Jupiter's northern

aurora and so it is appropriate to combine much of the methodology here to avoid

repetition.

3.1 Instrumentation

This study utilises data from two primary sources, the Hubble Space Telescope

(HST) and the Juno Spacecraft. All of this data is from the year 2016, during the

�nal approach of Juno to Jupiter.
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