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Abstract

Plasmas naturally occur in our solar system in the form of the Sun, the solar wind, and
material within the magnetospheres and ionospheres of planets and satellites. Today,
space exploration provides access to ideal natural laboratories, such as Jupiter’s unique
magnetospheric environment, which provide insights into plasma physics largely

irreproducible on Earth.

This thesis begins by outlining fundamental physical concepts needed to under-
stand planetary magnetospheres, before diving into the more subtle and complex
details which distinguish Jupiter’s magnetosphere from Earth’s. The mechanisms
resulting in the Jovian magnetosphere-ionospheric coupled system are explained,
followed by comparisons of plasma turbulence in Jupiter’s, Earth’s, and Sun’s
magnetic environments. This is followed by an overview of the various spacecraft

which have visited Jupiter and the instruments that are utilised in this thesis.

Chapter 5 presents work published in Lorch et al. (2020]), which investigates
equatorial asymmetries in the magnetosphere-ionosphere current system, expanding
on previous work with extended magnetic field datasets, new model integration and

automated magnetic field signature identification processes. Previously unquantified
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height integrated current densities are calculated, and areas where field aligned current

topology is equally determined by both radial and azimuthal current divergence are

highlighted.

Chapter 6 explores drivers of auroral particle acceleration within the mid-to-high
latitude regions of Jupiter’s magnetosphere. Lorch et al. (2022)) used state-of-the-
art Juno magnetometer and plasma data to identify a series of Alfvénic turbulence
events which display an energy dissipative spectral index at scales approaching the
electron inertial length, which potentially feed energy into wave-particle acceleration

mechanisms capable of producing the observed auroral energy flux.

This thesis concludes with a project roadmap aiming to quantify MHD and
Alfvénic turbulence within all spatial regions of Jupiter’s magnetosphere. This
work was initiated but did not reach completion due to the onset of the COVID-

19 pandemic.

il



Acknowledgements

The achievement of the last four years of work, culminated in around 230 pages, is
not the product of one person, but the amalgamation of knowledge, experience and
support from a mass of individuals for over two and a half decades. To list all those
involved in the production of this work would, no doubt, result in an inordinately

large page count! That said, there are some special thanks I would like to offer.

First and foremost, the natural world, whose beauty, generosity and mystery

enchant those into deepest reverence and awe.

Thank you to Dr. Licia Ray, my supervisor, for the wealth of academic
and emotional support over the past 4 years. Your patience and persistence
helped shaped me into an actual scientist. From in depth discussion, late night
calls with international collaborators, laughing at my extravagant emails/funding
applications/feedback, and introducing me to Pho. You have helped me immensely
on every bump in the road and I will be sure to approach whatever lies ahead with

the same level of empathy (and sass!) you have shown me over the last few years.

Heath and Avril Lorch, who from the beginning have gone above and beyond
in encouraging me to keep going, and have helped pull me out of the surfiet of
predicaments I have found myself in over the years! Thank you Connor, for being
a great friend and brother, and for all the “University Dum-Dum” wisecracks. You

only need to read the last chapter.

v



Thank you to Miss Kelly Harrison, Mr. Richard Jones and Mr. Robert Newsome
for shaping my school life and guiding me on the path I have taken. Nathan Jones,
for being my rock during difficult times over the years. René Olsen, for our shared
experiences and keeping me in high spirits. Winter’s Bane and The Peacemakers, for
the great adventures during my write up. In overcoming one of the biggest obstacles
in research, I offer my thanks to Alexandra Elbakyan. For providing a seemingly
limitless supply of great coffee, food and the occasional procrastination, the staff at
the Herbarium, Lancaster. Thank you to my new work colleges at NPL, for their

understanding and support in the final stages of writing up.

Last, but certainly not least, my partner Irene. Thank you for your patience when
I was apathetic, supporting me when I was frustrated, and keeping the cat occupied
during lengthy Teams meetings. There are very few times in one’s life that they find
someone so kind and caring. I am truly lucky to have passed this milestone with you

at my side. Here’s to the next one!



Contents

Declarafion . . . . . . . v o e i
Abstractl . . . . . . . . . . il
[Acknowledgements . . . . . . . . .. e Y
[Listof Figureg . . . . . . . . . . XXIV
Listof Tables . . . . . .. . . . . . . . . XXVi
abbreviations . . . . . . . . .. XXVii
{1 Space Plasma Physics | 1
1.1 DenitionofaPlasmd . .... ... ... .. ... .......... 2
(1.2 Electric and Magnetic elds . . . . ... ... ... .. ........ 3
(1.3 Properties of a Plasma In Electric & Magnetic Fields . . . . ... .. 5
(1.3.1 Kinetic Description . . . . . . ... ... ... ... ... .. 6
132 CurrentsinaPlasma . .. ... ................. 6
[1.3.3 _Frozen-in Theorem . . ... ... ... ... .......... 16
(1.3.4 Fluid Description . . . . . ... ... ... . . . . . . ... 17
I35 WavesinPlasmas . . . . ... ... ... ... ......... 21
1.4 Conclusion . . . . . . .. . 36
2 Dynamics of the Jovian System 37

Vi



2.1 Solar wind and Heliosphere . . . .. ... ... ... ... ...... 37

2.2 The Terrestrial Magnetosphere . . . . . . . ... ... ... ...... 41
2.2.1 Magnetic reconnection . . . . .. . ... Lo 43
2.3 Jupiter, The Planet . . . . . . . . . .. ... .. .. .. ... .. ... 46
2.4 The Jovian Magnetosphere . . . . . . . .. ... .. ... .. .. ... 46
2.4.1 The Galilean Satellites . . . . .. .. ... ... ........ 49
242 ThePlasmaDisk . . ... ... ... ... .. ... ..... 50
2.5 The Terrestrial lonosphere . . . . . .. ... .. ... .. ....... 53
2.6 The Jovian lonosphere . . . . .. . .. .. ... ... ... 57
2.6.1 Jupiter's Auroral Emissions . . . .. ... oL 58
2.7 The M-l Coupled System . . . . . .. .. ... ... . ... ...... 62
28 Conclusion . . . . . .. 64
3 Spatial Distribution of Turbulent Activity 66
3.1 Turbulence in the Solar Wind . . . . .. ... ... .. ........ 69
3.2 Turbulence within the Jovian system . . .. ... ... ........ 75
3.2.1 Magnetosphere Boundary and Outer region . . ... ... .. 76
3.22 MiddleRegion. . . . ... ... ... . 81
3.23 InnerRegion . . . . . . .. ... 86
3.24 PolarRegion . . .. .. ... 88
3.25 Tailregion. . .. ... ... .. .. ... 93
3.26 Conclusion. . . . ... .. 95
4 Data, Instrumentation and Reference Frames 99
4.1 Spacecraft Instrumentation. . . . ... ... ... oL 99

vii



4.1.1 Magnetometer . . . . . . . ... 100

4.1.2 Electrostatic Analyser . . . ... .. ... ... .. ... . 101
4.2 Spacecraft Missions . . . . . .. 104
421 JUNO . . . . 106
422 Galileo. .. ... .. ... 109
4.3 Reference Frames . . . . . . . . . . e 110
4.3.1 Rotation Matrices and Proper Euler Angles . . . ... .. .. 111
432 SystemlIll ... ... . 112
4.3.3 JSO . .. 115
4.3.4 Mean Field / De Homann-Teller . . . . .. .. ... ... .. 115
4.3.5 Dynamic CurrentDisk . . . . . ... ... ... .. ...... 116
44 Conclusion . . . . . . . 118
The Structure of the Equatorial Current System 119
5.1 |Introduction . . . . . . . ... 119
5.2 Lobe Field Identi cation from Magnetometer Data . . . . ... ... 125
521 DataSelection. . .. ... ... . ... .. ... . 125
5.2.2 Current Disk Field Isolation . . . . .. ... ... ....... 127
5.3 Methodology . . . . . . . . . . ... 131
5.3.1 Calculation of Magnetodisk Currents and their Divergences . . 131
54 Results. . . .. .. . . . 136
5.4.1 Height Integrated Current Density . . . . ... ... ... .. 136
5.4.2 Divergence of the Height Integrated Current Density . . . . . 143
5.5 DISCUSSION . . . . . . . . e 145
5.6 Summary . ... e 154



6 Localised Mid-to-High Latitude Alfenic Turbulence

6.1
6.2
6.3
6.4

6.5 Summary

Introduction . . . . .. ... ... ... ...,

Identication of Events . . . . . ... ... ..

Energy Regime of Turbulent Events . . . . . .

Discussion and Interpretation . . . ... ...

6.4.1 PoyntingFlux . . .. ... .......

6.4.2 Turbulent Scales ... ... ... ...

6.4.3 Intermittency . .. .. .. ... ....

7 Future Work and Conclusions

7.1 FRuturework . . .. ... ... ... ... ...

7.1.1 Construction of a Suitable Dataset .

7.1.2 Numerical Analysis of Wave Evolution

7.2 Conclusions . . ... ... .. ... ...

A JRMOQ9 Internal Magnetic Field Model Coe cients

JRMO9 Internal Magnetic Field Model Coe cients



List of Figures

11

1.2

1.3

1.4

The helical motion of a negatively charged particle about the magnetic

eld. The magnetic eld acts as the guiding center of the motion. . . 11
A Maxwell-Boltzmann distribution for a variety of temperatures. As
temperature increases, the mean velocity of the plasma increases,
however a wide variety of speeds are still present within the system. . 19
The phase velocity of the Fast, Slow and Alfven waves for an electron
plasma, displayed as a polar projection. The parameters used in the

formation of this gure were: B = 100 nT, T = 150 eV, n = 1000 m 3,

The perturbation eld and associated electric eld components for
an Alfen wave. Here, the electric eld is represented by green
arrows perpendicular to the red magnetic eld pro le with blue arrows
illustrating perturbation vectors. There is a nite component of the
perpendicular electric eld component parallel to the x-axis. Image

Credit: Mottez (2015) . . . . . . . . . . . . e 27



1.5 A typical power spectra for a turbulent ow. At low wavenumbers

1.6

2.1

where the power law is less than % energy is supplied to the system.
The Kolmogorov regime is located where the power law is2, and
the energy dissipative regime where the power law is negatively steeper
than g Red vertical lines indicate spectral breaks, sharp changes in
the gradient which can coincide with a traversal from one regime to the
next. The frequency of the spectral breaks can provide information on
the plasma mechanism responsible for supplying or dissipating energy
fromthe system. . .. .. .. ... ... .. 32
An example of the modi ed distribution function following Alfvenic
particle acceleration. Electrons with velocities around the Alf\en
velocity (black dashed line) are accelerated, leading to a net gain in
energy. The dashed red line signi es the portion of the distribution

function prior to electron acceleration. . . . .. ... ... ...... 34

An equatorial projection of the Parker spiral model of the interplane-
tary magnetic eld for varying plasma velocities from (Lhotka et al.,
2019). The orbits of Earth, Mars and Jupiter are showed in blue, red
and orange respectively. As the interplanetary magnetic eld moves
radially outward its angle of incidence decreases. For example, the
1,200 km s pro le has an almost perpendicular angle of incidence at
Earth's orbit (Blue), but intersects the Jovian orbit at a much shallower

angle. . .. 39

Xi



2.2 The variation of the solar wind over the solar cycle taken from
McComas et al. (2008). The top three panels are polar plots of the
solar wind velocity for the three Ulysses orbits. The prole colour
denotes the polarity of the IMF, with blue being inward and red being
outward. The bottom panel can be used to determine the phase of the
solar cycle based o the sunspot number. . . . . ... ... ... ... 40

2.3 A graphical representation of the terrestrial magnetosphere. The dipole
geometry of the magnetic eld is compressed on the sunward side and
elongated on the night side due to the impinging solar wind. Image
Credit: ESA/C.T.Russell/l Case (n.d.) . ... ... .. ........ 42

2.4 An illustrating of the magnetic reconnection process from Lee et al.
(2020) . . . 45

2.5 The ow dynamics of the terrestrial Dungey Cycle as seen from a
magnetospheric (left) and ionospheric (right) perspective. Here, (1)
the southward solar wind undergoes reconnection with the planetary
magnetosphere in the dayside region. (2 - 3) The open magnetic eld
convects across the polar cap and begins to \pile up" in the nightside
magnetosphere. (4) Tail reconnection occurs as magnetic ux increases
due to the convection of open eld lines, closing the open eld lines, (5)
ejecting plasmoids downtail and (6) returning the other closed eld lines
planetward. (7) The planetward owing eld lines convect around the
planet, returning to the dayside and beginning the cycle anew. Image

Credit: Sekietal. (2015) . . . . . . . . . . . .. . . 45

Xii



2.6

2.7

2.8

2.9

2.10

An illustration of the Jovian magnetosphere. For scale, the entirety of

the terrestrial magnetosphere can t within the planet Jupiter itself.

This illustration demonstrates the distorted nature of Jupiter's middle
magnetosphere when compared with the typical terrestrial example
above. The parabolic geometry enforced externally by the solar wind
and the extreme extent to which the internal topology is de ned by the
presence of a current disk (labelled here as the current sheet) is evident

to see. One can also notice the opposite polarity of the magnetic eld
compared with Earth's. Image Credit: (Bagenal etal.,, n.d.) . .. .. 48
The con guration of the Solar, terrestrial and Jovian magnetosphere.

The interaction of the solar wind, coupled with the departure from
corotation of the equatorial plasma disk leads to a magnetic eld

con guration independent of the solar wind and terrestrial geometry.
Image Credit: (Khurana, 2001) . .. .. ... .. ... ........ 52
An illustration of the cyclic motion of plasma within the Jovian
magnetosphere from Kivelson et al. (2005b). . . . .. ... ... ... 53
The terrestrial atmospheric pro le illustrating the coexistence between

the neutral upper atmosphere and ionised ionosphere. Retrieved from
Kelley (2003) . . . . . . . . 55
A) Jovian atmospheric temperature prole containing data from
previous observations and models. B) electron density prole of
Jupiter's upper Atmosphere based of Galileo spacecraft observations.

Adapted from gures 9.9 and 9.10 in Yelleetal. (2004) . . .. .. .. 58

Xiii



2.11 The auroral emission processes present in a hydrogen dominated

2.12 Animage of Jupiter's UV aurora taken by the Hubble Space Telescope.

atmospheres. Adapted from Badman et al. (2015) . . ... ... ...

Orange, green and red regions denote the polar ashes, main emission

and satellite footprints with wake, respectively. Credit: NASA/HST .

2.13 A simpli ed schematic of the M-I coupled system taken from Cowley

3.1

3.2

3.3

et al. (2001). Solid black lines represent the magnetic lines of force,
while dashed lines indicate the current system coupling the planet to

the plasma disk (dotted region). . . . . . . . .. .. ... ... ....

A modi ed version of the Bagenal & Bartlett rendition of the Jovian
magnetosphere, illustrating the 5 semi-arbitrary regions discussed in
this chapter. Red: Magnetosphere boundary and outer region, blue:
Middle region, yellow: Inner region, green: Polar region, purple: Tail
region . . . . . . . e e
The variation in solar wind magnetic eld magnitude, proton density,
and velocity observed by Ulysses and the variation in their respective
kurtosis. Figure adapted from Echer et al. (2020). . . . . .. ... ..
An illustration of the energetic particles and waves upstream of
the terrestrial magnetosphere. The direction of the solar wind is
identi ed via the white arrow, while the black lines correspond to the
interplanetary magnetic eld impinging upon the system at an angle
of approximately 45. The yellow electron and red ion foreshocks are
labeled upstream form the magnetosheath. Image credit: Tsurutani

etal. (1981) . . . . . . . . e

Xiv

61

64

68

74



3.4 Evidence of plasma heating given by the correlation between the
ratio of left hand to right hand polarised uctuations and the proton
temperature anisotropy. Image credit: Czaykowska et al. (2001) ... 81

3.5 The turbulent spectra of the terrestrial magnetosheath during a quiet
period as observed by the Cluster spacecraft. The solid line is the
power spectra of transverse perturbations, dashed for the compressive
perturbations. Image credit: Alexandrova et al. (2008) . .. ... .. 82

3.6 The radial temperature pro le of the Jovian magnetodisk plasma is
given by the dotted lines, the predicted temperature prole based
on adiabatic cooling is shown as a dashed line, while the modeled
temperature incorporating turbulent heating is shown as the solid
pro le. Image Credit: Saur etal. (2002) . ... ... .. ... .. .. 84

3.7 An illustration of the eld perturbation triggered by the presence of
a satellite with a velocity di erence to the ambient eld. In panel a),
the unperturbed ow is to the right, and the ambient eld is pointing
down. Panel b) is the viewpoint of an observer behind the satellite,
with the ow velocity coming towards them. Currents owing along
the Alfven wing are shown as dashed and solid arrows. Solid arrows
signify currents traveling on the left side of the satellite in panel b),
while dashed arrows signify currents owing on the right hand side of

the satellite in panel b). Image Credit Jia et al. (2010) . .. ... .. 87

XV



3.8 Dashed pro lesiillustrating the polarisation relationship of high latitude
kinetic Alf\en waves as stated in Equations 3.4 & 3.5 for components
perpendicular (top) and parallel (bottom) to the background eld.
Solid lines denote constant electron temperatures at 2.5, 10 and 25
keV. Vertical dotted lines denote the ion and electron inertial length
scales, ; and , respectively. Image credit: Saur et al. (2018) . . .. 90

3.9 The turbulent spectra in the terrestrial cusp region as measured by
the Cluster magnetometer (red) and STAFF wave instrument (black).

The purple arrow points to the ion cyclotron frequency. Image Credit:
Nykyrietal. (2006) . . . . . . . . . ... . . e 92

3.10 Power spectra of turbulent perturbations in the terrestrial inner central
plasma sheet, outer central plasma sheet and plasma sheet boundary
layer. Stronger, more dissipative turbulence exists in the inner central
plasma sheet than the outer central plasma sheet. Image credit: Bauer

Btal (1995). . o . v e 96

4.1 An illustration of how a ux gate magnetometer measures a magnetic
eld. Panel a) shows the con guration of the ring core, surrounded
by a driver and sensor coil. b) shows the driving waveform, which c)
showing the resultant induced eld in each half of the ring core in the
absence of any background eld. If an external eld is present, a phase
shift is present, resulting in a measurable voltage in the sensor coil as

illustrated in panel d) and e). (Image Credit: Imperial College London

XVi



4.2

4.3

4.4

4.5

4.6

4.7

Simplied schematic of a top hat 360 eld-of-view electrostatic
analyzer. Image Credit: Morel etal. (2017). . . . .. ... ... ... 103
The orbital trajectories of Jovian missions, in the JSO reference
frame, projected onto the three coordinate planes. Yellow trajectories
illustrate yby missions, red is the Galileo orbiter, and green is Juno,

the sun is towards the positive x-direction. . . . . .. ... ... ... 105
The Juno spacecraft with the JADE (left) and MAG (right) instrument
highlighted. . . . . . . . . . . ... .. .. . . . 108
The Galileo spacecraft with Magnetometer instrument highlighted.
Figure provided by Kivelsonetal. (1992) . . . . ... ... ... ... 110
Three standard de nition reference frames for Jupiter. (Top) System

[1: Here we show the right-handed version of the reference frame, which

is the orientation chosen for our study,z is aligned with the Jovian

spin axis, x is aligned with the prime meridian, andy completes the

right handed triad. (Middle) Jupiter Magnetic: The z axis is aligned

with the Jovian magnetic dipole,y is de ned by the intersection of the
magnetic and geographic equators, illustrated by the overlaid System

Il axis (black dashed lines), andx completes the right handed triad.
(Bottom) JSO: x points towards the sun,y points in the direction

of motion of the planet, highlighted by the dashed green line, and
completes the right handed triad. . . . . .. .. ... ......... 114

The De Ho mann-Teller reference frame is aligned with the background

Xvii



4.8 The topography of the Khurana et al. (2005) current sheet. The z
axis is in the direction of Jupiter's spin axis. Warmer (cooler) colours

dictate the height above (below) the x-y equatorial plane. . . . . . .. 117

5.1 An illustration of the (left) terrestrial and (Right) Jovian current
systems. The magnitude of currents within the Jovian system is much
larger than those within the terrestrial system. Further to this, the
presence of an internal plasma source, and the subsequent internal
driving of the magnetospheric dynamics results in a large radial current,
comparable to the Jovian ring current. Image Credit: Khurana (2001). 123

5.2 Trajectories of Jovian missions used in this study, projected onto the
equatorial plane with the Sun to the right. Also shown are the Joy
et al. (2002) bow shock and magnetopause locations for a compressed
magnetosphere. . . . . .. .. 126

5.3 A sample of Galileo magnetometer data in the spherical System llI
reference frame. Two panels for each component are provided, the
upper panel shows (solid grey) the combined eld magnitude, (dashed)
the JRMO9 eld model, (solid black) the di erenced magnetic eld.

The lower panel shows the di erenced magnetic eld, but over a smaller

range of y-axisvalues. . . . ... .. ... . .. ... .. 130

Xviii



5.4 (Top) The radial component of the dierenced eld can be seen in
grey. The dark region indicates a single lobe region determined
by the algorithm. The algorithm returns consecutive magnetic eld
measurements with less than a 7.5% variability for a period of more
than 30 minutes. (Bottom) A frequency histogram of the magnetic
eld strength during the lobe traversal, shown as a thick black line in
the top panel. In both panels dashed grey lines indicate the standard
deviation of the lobe values, the solid red line indicates the modal value
and the dashed red line indicates the mean. The mean is skewed by
the large tail in the histogram, associated with part of the recording in
the top panel being of the non-lobe eld. . . . .. ... ... ... .. 135

5.5 The square root of the number of data points recorded within each bin.
P n was chosen as it is inversely proportional to the standard error on
the mean. Solid black lines represent the magnetopause and bow shock

boundaries from Joy et al. (2002). . . . . . . .. ... . ... ... .. 137

XiX



5.6 HICD from lobe regions determined by the algorithm. (a) The height
integrated radial current density. Warmer (cooler) colours indicate
outward (inward) owing radial currents. These values are binned
and averaged in (b). (c) The height integrated azimuthal current
density. Note the log scale on the colour axis. Current ow is in the
direction of corotation and again the values are binned and averaged
in (d). Concentric dotted rings are placed at intervals of 20 R 1 hour
LT divisions are separated by straight dotted lines. Solid black lines

represent the magnetopause and bow shock boundaries from Joy et al.

(2002). .\ o 139

5.7 The mean radial (left) and azimuthal (right) HICD over all LTs,
averaged in radial bins of :*;. Results are averaged into each sector.
Error bars represent the standard error of the mean. . . . . . .. ...

5.8 The radial HICD shown against radial distance from the planet binned
in LT sectors. HICDs from lobe traversals are represented by black
dots. The red line is the mean of the B; bins. Error bars represent
the standard error of themean. . . . . .. . ... ... ... .....

5.9 The azimuthal HICD shown against radial distance from the planet
binned in LT sectors. HICDs from lobe traversals are represented as
black dots. The red line is the mean of the B; bins. Error bars

represent the standard error of the mean. The dashed black line is the

tted value to the function 4, with the correspondingb value labeled. 143

XX



5.10 The divergence of the HICD for the (a) radial (b) azimuthal and (c)
perpendicular components, in a similar format to Figure 5.6. The
divergence of the perpendicular components is analogous to the parallel
currentdensity. . . . . .. 145

5.11 A comparison of the radial and azimuthal divergences. Red regions
denote wherer J° > r J° white regions denote whereg J° >

r J% (In similar formatto Figure 5.6) . ... ... ......... 152

6.1 A comparison of the current-voltage relation derived by Knight (1973)
(dot-dashed line) vs the analytical high latitude current choke result.
The result of the Knight relation overestimates the current density
saturation by almost a factor of 50. The insert is a comparison between
the current-voltage relation derived from a 1D spatial, 2D velocity space
Vlasov model and the analytical high latitude current choke solution.
Taken from Ray etal. (2009). . . . . .. .. ... ... ... ..... 160

6.2 Two panels from Figure 2 in Mauk et al. (2017) showing Juno
energetic electron plasma data from PJ4 over the polar region. Labeled
are mono-directional inverted V signatures just prior to 13:39, and
a bidirectional broadband signature just after 13:39. Inverted V
signatures are associated with eld-aligned potentials discussed in the
Knight relation, while broadband signatures are associated with wave-

particle interactions. . . . . . ... ... .. 163

XXi



6.3 Electron plasma and magnetic eld data in the dawn sector for a
period during 2017-138. Panel a) shows the high resolution JADE-
E electron plasma data. The temperature (black pro le) and number
density (blue pro le) calculated from the plasma moments are overlaid.
Panels b) and c) show the perpendicular and parallel components
of the magnetic eld in the De Ho mann-Teller reference frame.
A detrending procedure was implemented in order to highlight the
transient perturbations in the eld. Panels e) and f) show the
power spectra of the transverse and compressional eld respectively.
Compressional signals appear absent from the event, while a clear,
broad increase in transverse power indicates the presence of Alf\enic
turbulence. . . . .. 170

6.4 The location of the 12 identied events in the magnetic frame of
reference. Events are localised in the mid-to-high latitude regions,
mapping to equatorial radii, or M shells, between 20 - 50 ;Rconjugate
with the main auroral emissions. Mapping was performed using the
JRMO09 magnetic eld (Connerney et al., 2018) and CAN current disk
(Connerney, 1981) models. Events used in this study are all within the
dawn Sector. . . . . . ... e 171

6.5 The results of the wavelet analysis from event during 2017-138 in the
dawn sector. a) The parallel component of the power spectrum. b) the

perpendicular component of the power spectrum . . . . . . ... ... 174

XXii



6.6 The calculated power spectral densities of each event. The PSD of
each event, show in red, are scaled by ¥Owhere n is the number of
the event. Scaling was used to aid visualisation. Black lines indicate the
tted power laws. The higher frequency power laws were tted using
the devised optimisation technique, while lower frequency gradients
were tted between the event speci c lower frequency cut o and the
higher frequency spectral break. The tted power laws can all be seen
to transition from a non-dissipative regime at lower frequencies to a
dissipative regime at higher frequencies. . . . . . . .. .. .. .. ...

6.7 The compressibility of each event, represented by light grey lines, over
frequency. The frequency has been normalised based o the spectral
break in each event to highlight the compressibility within the energy
dissipative regions. The black horizontal line marks the value expected
for power isotropy. Values above this line indicate a more compressible
signal, while values below it are more incompressible. The maroon
pro le represents the binned median value of each event, with error
bars denoting the median absolute deviation. . . . . .. ... ... ..

6.8 A comparison between the spectral breaking length scale and funda-
mental plasma lengths. a) Electron inertial Iength:ﬁ, b) electron
gyro radius: ”JE.—"E;, c) ion inertial length % and d) ion gyro radius:
r}‘(;j—VB?. The 2 t and correlation coe cient for each comparison are
included in the upper right section of each panel. Error bars included

here represent twice the standard error of the mean. . . . . . . .. ..

XXiii



6.9

7.1

7.2

The atness of each event normalised by the spectral break frequency
of each event. The maroon pro le indicates the mean atness value,
with error bars expressing the standard error of the mean. A dashed
horizontal line represents a atness of 3, for a Gaussian distribution.
The large values towards the low frequency end are due to boundary
e ects, while the decrease at high frequencies is due to the instrument
sampling boundary. The gradient t over higher frequency ranges,
with a positive value of 0.26, suggests that the turbulent events are

multifractal in nature. . . . . . . . ... ... 188

A two dimensional projection of the Juno orbits (grey) overlaid in the
magnetic frame of reference. Solid black lines represent magnetic eld
line traces. The Juno orbital trajectory provides a dense coverage over
a wide range of magnetic latitudes, making it an ideal candidate for
providing a full spatial description of turbulent perturbations. . . . . 193
Two examples of the \turbulent” magnetic eld measurements when
applying the algorithm outlined in Chapter 6 to the entire Juno
magnetometer dataset. (Left) A potentially successful result, as
the magnetic eld is seen to be fairly constant, and is signi cantly
perturbed in all components over a relatively short period of time.
(Right) A likely false return, as the magnetic eld is very noisy, and no

signi cant perturbations exist within this window. . . . . . . ... .. 196

XXiv



List of Tables

11

2.1

4.1

5.1

6.1

6.2

An example of the various drift motions arising from the interaction of

a plasma with electromagnetic and mechanical forces. . . . . . .. .. 14

Typical system parameters for the Sun (Verscharen et al., 2019), Earth

(Parks, 2015) and Jupiter (Khurana et al., 2004) . . . . ... ... .. 65

A list of the spacecraft missions which have encountered Jupiter. A
mission duration ending with (+) signi es missions in operation at the

timeof writing. . . . . . . . . . .. 104

The coe cients used in the Joy et al. (2002) statistical magnetopause

and bow shock locations. R is the dynamic pressure of the solar wind. 127

The time, duration, M-shell mapping and Jupiter Solar Magnetic
coordinates of the 12 events identi ed in this study. . . . . . ... .. 172
A summary of the events' Poynting ux. Given for each event are the

eld perturbation, local and low altitude Poynting ux. The perturbed

eld was calculated as the sum of the variance of the band Itered
magnetic eld. The Poynting ux was scaled to ionospheric values by

use of a mirror ratio calculated with the JRM09 magnetic eld model. 182

XXV



6.3

Al

The parameters calculated for each event. From left to right: event
number, mean magnetic eld strength, mean number density, mean
temperature, mean plasma thermal velocity, plasma beta, electron
plasma frequency, electron inertial length, ion plasma frequency,
ion inertial length, electron gyrofrequency, electron gyroradius, ion

gyrofrequency, ion gyroradius . . . . . . . ...

The spherical harmonic coe cients used in calculation of the JRM09

internal magnetic eld model. Values obtained from Connerney et al.

XXVi



AU - Astronomical Unit

CAN - Connerney Acuna Ness (Jovian current disk model)
ESA - European Space Agency

ESA - Electrostatic Analyser

FAC - Field Aligned Current

FUV - Far Ultraviolet

HICD - Height Integrated Current Density

HST - Hubble Space Telescope

IMF - Interplanetary Magnetic Field

JADE - Jovian Auroral Distribution Experiment

JEDI - Jupiter Energetic Particle Detector

JRMO9 - Jupiter Reference Model through perijove 9 (Jovian internal eld model)
JSM - Jupiter Solar Magnetic

JSO - Jupiter Solar Orbital

KHI - Kelvin-Helmholtz Instability

LT - Local Time

MAD - Median Absolute Deviation

MAG - Magnetometer

MI - Magnetosphere-lonosphere

MHD - Magnetohydrodynamic

NASA - National Aeronautics and Space Administration
PJ - Perijove

PSD - Power Spectral Density

R; - Jupiter Radius (71,492km at the Equator)

XXVii



UT - Universal Time
UV - Ultraviolet

ULF - Ultra-low Frequency

XXViii



Chapter 1

Space Plasma Physics

In order to understand the Jovian magnetosphere in detail, we must rst comprehend
the fundamental physical concepts that underpin the research in this eld. This
chapter is dedicated to the background theory relevant to this work, building in
complexity until we have the required understanding to describe the complex Jovian
magnetosphere-ionosphere coupled system in Chapter 2. We begin with discussing
the question, what is a plasma and how are they formed? What are magnetic
and electric elds? We then go on to discuss the interaction of plasmas with
electric and magnetic elds before moving on to higher order physical phenomena
such as reconnection, particle acceleration, and waves and turbulence in plasmas.
Throughout this chapter, we make use of the necessary knowledge presented in
Kivelson et al. (1995) and Goossens (2003) and prime ourselves to interpret the

complex and fascinating dynamics of the Jovian system in the following chapter.



Chapter 1 1.1. De nition of a Plasma

1.1 De nition of a Plasma

A plasma is an electrically conducting, ionised gas. It is by far the most common type
of ordinary matter in the universe. Like gases, plasmas consist of a large number of
individual elements and molecules which constantly interact with each other, though
unlike gases a percentage of these composites are ionised. When su cient energy is
supplied to strip one or more electrons from the parent atom or molecule it becomes
ionised. The energy requirement is such that it exceeds the binding potential of the
neutral atom or molecule's electron. Additionally atoms or molecules may gain an
electron, resulting in a negative ion. lonised particles can gain or lose more than
one electron. After having lost or gained an electron the particle has a net positive
or negative electrical charge, respectively, and can freely interact with electric and

magnetic elds. Some sources of ionisation include:

Photo-ionisation - High energy photons can remove electrons from their atomic

shells.

Charge Exchange This occurs when an atom or molecule reacts with an ionised
atom or molecule, transferring the charge of the ion to the neutral species

without any dissociation.

Electron impact ionisation - Unbound electrons with su cient kinetic energy

can collide with atomic electrons, knocking them free from their orbits.

A plasma consists of both positively and negatively charged particles, however over

large scales no net charge is present and the plasma is said to be quasi-neutral. A
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plasma does not have to be fully ionised in order to behave as an ideal plasma. Often
it is an amalgamation of charged and neutral particles. For a plasma to be considered
as an ideal plasma, the collision frequency between the charged particles and neutral
particles must be lower than the plasma frequency. Being a charged uid, plasmas
display unique behaviours when in the presence of electric and magnetic elds. Charge
separation between ions and electrons gives rise to electric elds, and charged particle

ows give rise to currents and subsequently magnetic elds.

1.2 Electric and Magnetic elds

An electric eld is a physical eld surrounding particles with an electric charge. Any
additionally charged particles within the electric eld will experience a force as a
result of that electric eld. This electrostatic force is around 36 orders of magnitude

greater than that of gravity. Coulomb's law states:

\ The magnitude of the electrostatic force of attraction or repulsion between two
point charge is directly proportional to the product of the magnitudes of charges and

inversely proportional to the square of the distance between tHenCoulomb (1785)

Hence the electrostatic forcelc, between two particles is given by

Fe = CO‘;—S‘Z (1.1)

where g is the charge of the respective particle, separated by a distanceand C is

the Coulomb constant.
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From a quantum perspective, the electrostatic force is mediated by massless virtual
photons, as such information from this force travels at the speed of light, transmitting
the information over an in nite distance. However within the plasma, the length scale
over which a charged particle can interact with the surrounding plasma is determined

by the Debye length, p, given as

_ oks Te
D — neq2 (1'2)

where o is the permittivity of free space,kg is the Boltzmann constant, T, is the
electron temperature andn, is the electron density, andq is the particle charge. If
the number of electrons within a Debye sphere, with radiusp, is su ciently large,

then the central ion is shielded from external particles.

A magnetic eld is a vector eld resulting from the intrinsic magnetic moment
of a material and/or an electrical current. Magnetic and electric elds form the two

components of the electromagnetic force and are described in the Maxwell equations

r e=— (1.3)
0
r B=0 (1.4)
_ @B
r E= o (1.5)
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r B= o, J+ O%t (16)

where B and E are the magnetic and electric elds respectivelyt is time, o is the
permittivity of free space, is the charge density, ( is the permeability of free space

and J is the current density.

These four equations form the basis of all following electromagnetic theory. Gauss'
law, Equation 1.3, relates gradients in the electric eld to the electric charge density.
Equation 1.4 shows that magnetic mono-poles do not exist. Equation 1.5 is Faraday's
law, which describes the production of an electromotive force via the interaction of
a magnetic eld with an electric current. Equation 1.6, Amgere's law, relates the
total magnetic eld around a closed loop to the electric current owing through
the loop. Ampere's law is key to deducing the structure of Jupiter's equatorial
currents in Chapter 4. The second term on the right hand side of Amgere's law, the
displacement current, is negligible when the particle distributions vary much faster
than the con guration of the electric eld and is often neglected in what is referred

to as the low frequency MHD approximation.

1.3 Properties of a Plasma in Electric & Magnetic

Fields

As mentioned, plasmas interact with electric and magnetic elds. Subsequently,
their interaction gives rise to additional induced electric and magnetic elds through

Equations 1.5 and 1.6. These induced elds can produce additional, higher order
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in uences on the system, resulting in a highly complex environment which when
examined holistically can be overwhelming. Here we dissect several properties of the

plasma which are of key importance to this study.

1.3.1 Kinetic Description

An e ective way to understand the properties of plasmas is to consider individual
particles within the system. Kinetic theory describes the macroscopic properties of a
plasma through knowledge of its microscopic attributes, such as particles' velocities
and their subsequent kinetic energy. Unless otherwise stated, the velocity of the
plasma particles will be described as owing parallel, v or perpendicular, v, to

the magnetic eld. Note that whilst the kinetic description is suitable for describing
certain aspects of plasma physics, it does not explain all physical processes associated
with plasma dynamics, such as wave activity, which requires a uid approach. Be that

as it may, a kinetic description provides the necessary starting point in comprehending

the workings of a planetary magnetosphere.

1.3.2 Currents in a Plasma

Electric currents are a macroscopic property created by charged particles moving
through a conducting medium. Any motion of charged particles within a space plasma,
such as drift motion or variations in the magnetic eld, produces an electric current.
Electric currents play a fundamental role within planetary systems, facilitating the
exchange of momentum and energy between the magnetosphere and ionosphere of
a planet. Whenever studying currents within space plasmas, it makes more sense

to refer to their current densities,J, which are the ow rates of electric current per
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unit area and can be retrieved from the macroscopic equation of motion. Assuming
a simplistic plasma containing only one type of positive ion and electrons, we begin

with their respective momentum equations

n; m; %it‘l‘ vi rvi =nZe(E+vi B)r i nimir  + Pie (1.7)
NeMe @@et+ Ve T'Ve = nee(E+ve B)r e NeMer  + Pgi  (1.8)
1
Vj = 1.9
onpo v (1.9)
m.
j = —\J/ (w; v (w o vy) (1.10)

where the subscriptj denotes the respective species,is the species particle number
density, m is the particle massy is the macroscopic mean particle velocity for a given
volume element V, Z is the particle valencec is the speed of lightE and B are the
electric and magnetic eld vectors respectively, is the gravitational potential, is
stress tensorw is the particle velocity, and P;. accounts for collisional momentum

transfer between ions and electrons. The stress tensor, typically has 9 components,
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for each combination of two directional vectors:
2 3
x xy  xz
= g yx oy yz% (1.11)
X zy 2z
Components o the diagonal in equation give rise to viscous forces. By assuming
an isotropic distribution of random particle velocities, only the three ., y and
2z components of the tensor remain, which are equal to the scalar pressupe,
Hence we may rewrite the second term of Equation 1.7 & 1.8 as =r p. This
is valid so long as the collisional mean free path between particles remains short
compared with distances over which macroscopic properties change signi cantty.
= r p also remains true for long mean free paths, providing changes with time to
the plasma are such that all gradients along the magnetic eld lines may be neglected,
and for signi cantly small gyroradii compared with distances over which macroscopic
properties change signi cantly. From Equations 1.7 and 1.8, it can be shown that the

macroscopic quantities of velocityy and current density J, are given by:

1
= = (NiM;V; + NeMeVe) (1.12)

and

J= e(nini neve) (113)
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Single Particle Motion

Electrons and ions interact with each other to produce plasma oscillations. When a
displacement between the electrons and the ions occurs, charge separation forms an
electric eld which acts to return the constituents to their equilibrium position. The
electrons, having a greater mobility, are accelerated more readily back towards the
equilibrium position. lon motion is considered negligible when compared with the
electron motion. The electrons will over-shoot and a new electric eld is set up in the
opposite direction. The result is an oscillation known as the plasma frequendy,;,
given by

s

.02
=

(1.14)

where ] denotes the species. For the ions, their much larger mass means their

movement is negligible when compared to the motion of the electrons.

In the presence of an electric and magnetic eld, a particle with charge and
velocity v experiences a Lorentz force. With the inclusion of additional non-
electromagnetic forcesF, such as gravity or centrifugal forges, we may write the
sum of forces on a particle as:

m@ =qgE+v B)t Fa (1.15)

@t
The presence of a magnetic eld results in a force perpendicular to the particles
velocity and perpendicular to the background eld, creating a centrifugal acceleration.

The motion of the particle can be determined by taking the derivative of Equation
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1.15 assumingd = B, and no electric eld is present:

@y _ 9B,
@t m vy (1.16)
@y _  qB;
@t m Vi (1.17)
@y _
- 0 (1.18)

Di erentiating Equation 1.16 and substituting Equation 1.17 yields the equation

for simple harmonic motion

@i _ qB, °
@t m

Vi (1.19)

which shows that a particle would gyrate about the eld with a gyrofrequency, = %,
and gyration radius, rqy given by:

g = \f—" (1.20)

Often though, a particle will have a velocity parallel to the magnetic eld. This
leads to the particle moving in a helical path along the magnetic line of force. The
angle the patrticle's overall velocity makes with the magnetic eld line is referred to as
the pitch angle, labeled in Figure 1.1. Pitch angles of 0 and 180 are described as
eld-aligned particles as their motion is parallel or anti-parallel to the local magnetic
eld. Particles with a pitch angle of 9 have no parallel velocity, and simply gyrate

about their local eld line in the manner described above.

10
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Figure 1.1: The helical motion of a negatively charged particle about the magnetic

eld. The magnetic eld acts as the guiding center of the motion.

Particle Drift

In addition to motion along a magnetic eld, particles experience several kinds of drift
motions. These occur under varying conditions such as inhomogeneity in the eld, the
presence of an electric eld, and curvatures in the magnetic eld. The resultant motion
is important in resolving the additional current systems and dynamical processes
occurring within planetary magnetospheres. Examples of these drift motions are
shown in Table 1.1 at the end of this section. In assuming the plasma is collisionless,
it must closely conform to a series of conditions. Firstly, the mean-free path of particles
within the plasma is much larger than typical length scales over which macroscopic
properties of the plasma vary and secondly, the collisional frequency of particles is

less than the time scales over which macroscopic properties vary.

11
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Consider a magnetic eld with ux increasing perpendicular to the eld direction.
A particle gyrating within this eld would traverse through an inhomogeneous eld.
The result is a change in the gyration frequency, and subsequently its gyro-radius.
In higher ux regions, the gyro-radius decreases, while in lower ux regions it would
expand. The result is a particle drift perpendicular to both the magnetic eld direction
and the gradient of the magnetic eld strength. The velocity of a particle with mass,
m, and perpendicular velocity,v» undergoing this motion, often called the grad B

drift, is given by:

B r B

T (1.21)

— 1 2

Recalling that the direction of gyration is dependent on the charge of a patrticle,
then the drift direction is opposite for electrons and positive ions. The di erential
motion of particles creates a current, which in the magnetosphere manifests as a ring

current.

In the case where the magnetic eld is curved, such as that of a dipole, and in
the absence of an electric eld another type of drift occurs. Particles moving along a
curved magnetic eld experience a centrifugal force acting perpendicular to the eld
curvature. Over a gyration a particle will experience an acceleration and deceleration,
varying the radius of its orbit. This produces a drift analogous to the grad B drift.
Again, due to the opposite gyro-motion of positive and negative particles, a charge
separation will occur producing a current. Additionally the curvature of the eld

produces a Coriolis force, however it cancels out over the course of a gyro-period.

12
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Quantitatively, the curvature drift is given by

mMvViR; B

Veurv = _qBZ —Ré (1.22)

whereRg is the radius of curvature of the magnetic eld. The currents produced by

this di erential drift would act to enhance the ring currents.

The nal drift we discuss arises under the presence of an electric eld, aligned
perpendicularly to the magnetic eld. The presence of an electric eld acts to
accelerate the particles perpendicularly to the magnetic eld, in a similar way to
the curvature drift. However the opposing gyration of the particles means the overall
drift is in the same direction, as such no charge separation occurs with this kind of
drift. The motion of the particles is perpendicular to bothE and B, and is referred
to as theE B drift. The value of which is expressed by

E B
VE B = B2 (123)

13
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Table 1.1: An example of the various drift motions arising from the interaction of a

plasma with electromagnetic and mechanical forces.

The First Adiabatic Invariant

The magnetic moment relies on the assumption that the magnetic eld is slowly
varying. That is that temporal changes are much longer than a gyro-period, or that
spatial variations are much larger than a gyro-radius. The magnetic moment is the

rst adiabatic invariant, and is given as

= (1.24)

14
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my 2

whereW, = —

is the perpendicular kinetic energy. In the case where the magnetic
eld is spatially varying such that the magnetic ux is increasing along the direction of
the eld, particles will be re ected. As the particle traverses through the converging
eld, its parallel energy will decrease, whilst its perpendicular energy will increase.
Hence its pitch angle will increase to the point where it is re ected. This is referred
to as a magnetic mirror and results in a particle’'s bounce motion along the magnetic
eld.

W =W, + W,= B + W, (1.25)

The Second Adiabatic Invariant

The second invariant is associated with the periodic gyration of a particle about its
magnetic guide. A charged particle, trapped in a magnetic mirror, will remain trapped
on the same magnetic eld line. This is often referred to as the longitudinal invariant
and is proportional to the loop integral of the parallel velocity over a bounce orbit
Z
J=m vds (1.26)
wherem is the mass of the particle, y is the particle's parallel velocity,ds represents

an element of the eld line with length S. This invariant is conserved when the time

variation of the magnetic eld is less than the particle bounce period.

The Third Adiabatic Invariant

The third invariant relates to the drift of a charged particle about the axis of its

magnetised planet. This invariant requires that magnetic ux through a given drift

15
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surface is conserved. In realistic cases the longitudinal drift motion is slow compared

with the orbital velocity, so this invariant is often broken.

1.3.3 Frozen-in Theorem

For a plasma within a magnetic eld, the rate of change of magnetic ux is given by:

@ r °B
@t—r (u B)+ -

(1.27)

The rstterm on the RHS of the equation is the convective term, which determines
how the plasma and magnetic eld are frozen together. The second term is the
di usive term, which in uences how the plasma di uses through the magnetic eld.
The ratio of these two terms is referred to as the magnetic Reynolds number, which
is often used to determine whether the frozen-in approximation is applicable. For
the case where the Reynolds number is large, the di usive term is negligible and the
plasma is frozen-in. For the case where the Reynolds number is less than one, plasma
can di use from the magnetic eld, and the frozen-in condition no longer applies. The

Alfien frozen-in theorem states:

\In a uid with in nite electric conductivity, the magnetic eld is frozen into the

uid and has to move along with it - Alfven, 1942

Similarly, the motion of the magnetic eld would act to drag/push the plasma
along with it. Depending on the strength of the magnetic pressure or the thermal
pressure, the system is either governed by the motion of the magnetic eld or the

motion of the plasma respectively. This is expressed as the plasma beta, which is the

16
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ratio of the two pressures:

_ Nk (1.28)

B2
20

Motion of a plasma with << 1 is controlled by the magnetic eld, while a plasma

with > 1 is dominated by the plasma thermal motion.

1.3.4 Fluid Description

As mentioned at the beginning of the last section, plasma dynamics cannot be
completely encapsulated by a single particle description. A plasma consists of a
collection of readily mobile particles and as such behaves similar to a uid. The
presence of and interaction with magnetic and electric elds introduces a new
dimension of complexity to that of a neutral uid however. Magnetohydrodynamics,
or MHD, is a branch of mathematical physics which attempts to describe the
properties of an electrically conducting uid in the presence of electric and magnetic

elds.

In order to apply the MHD description to a plasma, there are several conditions
which must be met. Firstly, the plasma is assumed to be quasi-neutral over
characteristic length and time scales. Additionally, the gyro-radii of particles (Eq
1.20) within the plasma are smaller than characteristic length scales of the system
and the gyro-period of particles within the plasma are smaller than characteristic time
scales within the system. When these conditions are met, the frozen-in condition is

met and the MHD approach can be applied.

17
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Describing a plasma as a uid is relatively straight forward. This is done by
applying the standard uid equations with the consideration of electromagnetic forces

arising from the charged nature of the uid. These uid equations are as follows:

@ _
@t+ r(v)=0 (2.29)
h i
@ _
_@t+ (V r )V = r r P+r F (1.30)
PV = constant (1.31)

Equation 1.29 is the conservation of mass equation, stating that in the absence of
sources or sinks, the local mass of the system will be conserved. For an open system
of constant mass, the equation states that the total mass entering through a source
must equal the total mass exiting through a sink.

Equation 1.30 shows that the rate of change of momentum for a system of particles
is equal to the sum of the forces acting on that system. Components on the LHS
represent the temporal and spatial variations of velocity, respectively. On the RHS, the
terms represent the gravitational force, , forces arising due to pressure gradientB,,
and additional forces,F, such as viscous friction, electromagnetic forces and collisions.

Equation 1.31 is an equation for an adiabatic process, a process in which no heat
enters or leaves the system. Here, is the ratio of the specic heats at constant
pressure, P, and volume, V. This condition allows the derivation of the work done on

or by a system.

18
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Plasma Thermal Distribution

The energy distribution of plasma particles follow a Maxwell-Boltzmann, or Maxwellian,
distribution. Figure 1.2 shows a series of Maxwellian distributions with varying
temperature and hence thermal velocity. The thermal velocityy,, is linked to the

particle kinetic energy through:

2kg T
Vp = nE; (1.32)
The plasma distribution function, f ,, is given by
n %
fm = pTe 2 (133)
2V

Figure 1.2: A Maxwell-Boltzmann distribution for a variety of temperatures. As
temperature increases, the mean velocity of the plasma increases, however a wide

variety of speeds are still present within the system.

In the case of an anisotropic plasma, the distribution function can be approximated

19
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with a kappa distribution. If v, is parallel to the magnetic eld andv, and vy are

perpendicular to it, then the distribution function is given by:

fm= p— p— e Ttk Tt (1.34)

Plasma Distribution Function

The properties of a plasma particle at a point in time can be described in terms of
a 6 dimensional phase space distribution, that is a 3 dimensional position, and a 3
dimensional velocity. This is often represented &fs(r;v;t) and is referred to as the

plasma distribution function.

The plasma density of a given population can be calculated by integrating the
distribution function over velocity space at that instance in time:

Z,

n= f(r;v;t)dvdrdt (1.35)
1

Vlasov Theory

A volume within an isolated particle population, i.e., one with no source or sink,
experiences a rate of change of particle population based on the number of particles
moving through the surface of said volume. For a collisional plasma discontinuities
can be created resulting in sources and sinks, however for a collisionless plasma, with
no external forces, the distribution function obeys the Vlasov equation

@f dv 3
@t+v rf+a ryf =0 (1.36)
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wherer  is the gradient in velocity space. The Vlasov equation is the basis by which
the dispersion relation of wave-particle interactions are derived using kinetic theory.
For a collisionless plasma, energy dissipation is assumed to largely be facilitated
through resonant wave-particle interactions. The work presented in this thesis
demonstrates the presence of such interactions at Jupiter, and so knowledge of Vlasov

theory is essential to understanding the auroral particle acceleration mechanisms.

1.3.5 Waves in Plasmas

The simplest way in which a system responds to a disturbance is through the
generation of waves (Cramer, 2001; Spitzer, 2006). Waves play a vital role in
the transfer of energy and momentum in a collisionless plasma. Understanding
the processes behind wave generation, propagation and dissipation is necessary
to understand the information transfer process they mediate. At the most basic
level, a property, u, undergoing wavelike oscillations can be described with the one-

dimensional, planar wave equation

Gu é% (1.37)

@1
where the propertyu, can be described by its wavenumbek, and frequency,! , in
the polar form:

u(x;t) = Ae'lx 't (1.38)
There are two velocities associated with the propagation of a wave packet: its

group velocity and its phase velocity. The wave packet travels at the group velocity,

21
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given by:

_@!
-2

Vg (2.39)

The phase velocity denotes the speed at which the phase of the wave propagates

and is given by:

vp:'E

(1.40)

A perturbation in a physical system often results in the emission of waves. These
plasma waves di er between sound waves and electromagnetic waves. Analysis of the
plasma waves can allow the deduction of the system's properties. The structure
of oscillatory action within a closed system is often a superposition of standing
waves with frequencies dependent on the system's conditions. Plasma waves have
an additional layer of complexity compared with standard uid waves due to the
electromagnetic properties of the medium. The interplay between mechanical and

electromagnetic forces give rise to a unigue species of waves known as MHD waves.

MHD waves are predicted through an amalgamation of the uid conservation
equations and Maxwell's equations. One of the rst of these to be discovered was a
type of incompressible MHD wave known as an Alf\ien wave. Its existence can be
proven by taking the curl of Equation 1.5 and the time derivative of Equation 1.6,

eliminating r %t and obtaining the wave equation for electromagnetic waves:

1 @E Q

2 _ ———_—- —_—
r“e r (r E)—CZ@%+ O@t

(1.41)
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Consider the case where the velocity and change in magnetic eld are both in
the y direction and the ambient magnetic eld is in thez direction. Assuming an
in nitely conducting medium, and neglecting higher order terms, Equation 1.15 and

Ohm's law, (see 1.51), can be rewritten as

@
@X = JB, (1.42)
Ex wB,=0 (1.43)

From this, we can write J, = g%f, and substitute into the wave equation, 1.41,
to nd
2
2 _ 0oC 1 @Ex

r“e,= 1+ — 1.44

through which one can identify the Alfven velocity

BZ
Vi = — (1.45)
0

where v, is the Alf\en velocity, B is the local magnetic eld strength, ¢ is the
permeability of free space and is the local plasma mass density.
For the case of a warm plasma, the resultant dispersion relations can be derived

for MHD and Alfven waves

N

= V4 cog (1.46)

|-
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N
' h i

2+ V4 (2 + v,ﬁ)2 4c2V2 cog (1.47)

|2

k

NI =

where! is the wave frequencyk is the wave number, is the angle of propagation
with respect to the background magnetic eld andc is the local sound speed. These
two equations predict the existence of the shear Alf\en wave and the magneto-acoustic
waves respectively. A shear Alfven wave is one which propagates at frequencies below
the ion-cyclotron frequency. Other sub-types of Alf\en waves, which are de ned
based on their dispersive length scales include the kinetic and inertial Alfen wave,
with respective dispersive scales at the proton gyroradius and electron inertial length
(Dubinin et al., 2005). While Alf\en waves are incompressible, the magneto-acoustic
wave has a compressional component. Given the phase velocity of these wavé,;s IS
we can illustrate the three solutions to equations 1.46 and 1.47 as a polar diagram in

Figure 1.3.

Wave phenomena has been investigated under laboratory conditions for decades,
however these experiments are costly, di cult to construct, and produce waves which
decay rapidly under laboratory conditions (Amatucci, 2006). For a wave to exist, the
damping distance must be signi cantly larger than the wavelength of the wave. The
Lundquist number (Lundquist, 1949a; Lundquist, 1949b)S, , representing the ratio
of Alfen timescales to di usive timescales, provides the conditions in which such

waves can exist

r
0

S, = BoL >> 1 (1.48)

where L is the typical length scale associated with the system andis the plasma
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conductivity. Fortunately, in su ciently large systems the decay rate is small and this
condition is met. Planetary magnetospheres provide such a system, making them an

ideal natural laboratory in which this phenomenon may be investigated.

Figure 1.3: The phase velocity of the Fast, Slow and Alfen waves for an electron
plasma, displayed as a polar projection. The parameters used in the formation of this

gure were: B =100 nT, T=150eV, n=1000 m 3, and G < Va.

Waves can be excited in a variety of ways. Generally, a change in the equilibrium

of the plasma and/or magnetic eld through some dynamic mechanism will act as a
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source of energy to drive waves. Such drivers in planetary magnetospheres might
include the solar wind and radial interchange of plasma. Wave growth can be
facilitated when the plasma velocity-space distribution is anisotropic. Instabilities are
non-linear growths arising from certain plasma conditions. A few conditions include

beams, anisotropic distributions and non-equilibrium spatial distributions.

Alfhen Waves

Energy within Alfen waves is divided between electric and kinetic energy. In an
in nitely conducting uid, the wave kinetic energy is equal to the magnetic energy

density:

2
vi= B0 (1.49)
29

NI =

Alfven waves with perpendicular wavelengths comparable to the ion gyroradius
carry electrical energy comparable to the magnetic energy density. Alfen waves can
also carry a parallel electric eld, which can be shown by considering Ohm's law with

Hall e ects included. The full form of Ohm's law is given as

J B rPe,m @, i 2 (@50
gn gn ¢n @t nq

where, from left to right on the RHS, terms represent the plasma resistivity term,
the Hall term, the electron pressure term, and the inertial term. The electron pressure
and inertial terms are negligible, and can be omitted, and the plasma resistivity term

vanishes under the approximation of an in nitely conducting plasma, thus we are left
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with a simpli ed version of Ohm's law:

E+v B= > B (1.51)

~an
The above equation demonstrates that the electric and magnetic elds are
orthogonal to one another. The parallel electric eld component associated with

the perturbed magnetic eld is shown in Figure 1.4 from Mottez (2015).

Figure 1.4:. The perturbation eld and associated electric eld components for an
Alfen wave. Here, the electric eld is represented by green arrows perpendicular
to the red magnetic eld pro le with blue arrows illustrating perturbation vectors.

There is a nite component of the perpendicular electric eld component parallel to

the x-axis. Image Credit: Mottez (2015)
At scales corresponding to the Alfven resonance point, fast magneto-acoustic
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modes may undergo a strong mode conversion to a small perpendicular wave mode
or quasi-electrostatic wave. This phenomena arises from coupling between the fast
magneto-acoustic mode and the pure shear Alf\en mode. In warm plasmas, these
new modes are referred to as kinetic Alfen waves, while in the cold plasma they
are called inertial Alfven waves. These subspecies of Alf\en waves have signi cant
parallel electric elds and can e ciently interact with the plasma to accelerate charged
particles. Such waves can be responsible for the formation of electron beams and the

transfer of energy within a system.

Wave Instabilities

Instabilities are key components when discussing the con guration and transport
properties of a planetary magnetosphere. In an instability, the plasma distribution
has deviated from its equilibrium state, perturbations grow and non-linear waves act
to return the system to a minimal energy con guration. A wave described by an
exponential function experiences growth or dampening dependent upon the sign of
the imaginary component of its frequency! = !',+ i where is the growth rate.
For a positive imaginary component the wave undergoes growth, while for a negative

imaginary component the wave is damped.

Non-linear interactions within a plasma can produce turbulence. Turbulent ows
consist of vortices which in turn are made up of increasingly smaller vortices. This can
also be thought of in terms of wave numbers. In a magnetosphere, waves re ecting
by boundaries interact non-linearly and produce a turbulent cascade from larger to

smaller scales. The energy ow,, in the turbulent ow is linked to the vortex scale
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(or wavenumber in this case)k. Energy spectra of turbulent cascades obey a power

law relationship with k. This follows some relationship

E(k) C*k (1.52)

where C is a dimensionless constant ané (k) is the energy per unit mass carried
by waves over an interval k = k; k,. By applying several assumptions and a
dimensional analysis, it is possible to derive the expected valuesxofand y in Eq

1.52. One must assume the following for this analysis to hold true:

For large Reynolds numbers, small-scale vortices are statistically steady,

isotropic, and independent of the detailed structure of large-scale motion.

Energy is not lost through viscous dissipation, but is transferred from large to

smaller vortices through inertial forces.

For su ciently high Reynolds numbers, all small-scale motions statistically

follow a universal form dependent on viscosity and dissipation rate.

In the dimensional analysis, the energy ow,, has base units

energy

——=2__ = |ength*time? (1.53)
mass time

the wavenumber has units

length (1.54)
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and nally, E(k) has units

energy _ length®

- € 1.55
mass wavenumber time? ( )

By substituting the dimensions de ned in Equations 1.53, 1.54 and 1.55 into

Equation 1.52 we achieve:

length® _ length? * 1Y

time2 time3 length

(1.56)

Equating distance and temporal dimensions, we achieve a pair of simultaneous

equations forx andy:

length® = length® length Y => 3=2x y (1.57)

time? = time® => 2 = 3x (1.58)
Solving this pair of simultaneous equations results in the completed form of
Equation 1.52
E(k) C 3k 3 (1.59)

where the dependency on the wavenumber is the well known Kolmogorov valué.

Energy enters a system at large scales and is transferred to increasingly smaller
scales through non-linear interactions between comparable scale structures. At the

smallest scales, turbulent uctuations eventually dissipate, raising the entropy of the
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surrounding medium (Kiyani et al., 2015). The multi-scale nature of the turbulent
perturbations in the magnetic eld leads to a broad power-law in the measured power
spectral density, which can change over the range of scales. As shown previously, for
a constant rate of energy transfer in the inertial range, the range between the large
energy input scales and small energy dissipation scales, the power law is expected to
have a value of 2. Sharp gradient changes in this power law can indicate a transition
from one range to the next. For example, in the solar wind, the typical power laws
associated with the energy injection, inertial and dissipative scales are -1% and -2.8
(Verscharen et al., 2019). Dissipation acts to steepen the power spectra of magnetic
eld uctuations, as such a transition from typical inertial values to larger magnitude
gradients could indicate a transition into the dissipative regime (Chandran et al.,
2013; Schekochihin, 2022). Figure 1.5 shows a typical power spectra for a turbulent

ow.
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Figure 1.5: A typical power spectra for a turbulent ow. At low wavenumbers where
the power law is less than g energy is supplied to the system. The Kolmogorov
regime is located where the power law is 2, and the energy dissipative regime where
the power law is negatively steeper than g Red vertical lines indicate spectral
breaks, sharp changes in the gradient which can coincide with a traversal from one
regime to the next. The frequency of the spectral breaks can provide information

on the plasma mechanism responsible for supplying or dissipating energy from the

system.

Resonance

Landau resonance occurs when the particle velocity is equal to the parallel phase
velocity of the wave, as given in Equation 1.40. This results in a beam-like

distribution. Particles traveling at a similar velocity will be accelerated by the
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resonant interaction as they experience a relatively stationary electric eld from
their reference frame. Particles with a slightly greater velocity will be decelerated,
while those with a slightly lower velocity will be accelerated. Within the Maxwellian
distribution, there are more particles with a lower velocity than a higher velocity,
and so there is a net increase in particle energy. When the wave frequencies are
some integer multiple of the particle gyro frequency, a resonant interaction occurs
perpendicular to the background eld. Such resonance produces whistler mode waves

and often manifests as an anisotropy in the pitch angle distributions.

Alfen wave acceleration

Interactions between magnetospheric electrons and Alfven waves can produce the
spectrogram signature associated with stochastic acceleration. Alfven waves induce
a parallel electric eld which can act to accelerate electrons. The phase velocity of
the electric eld is equal to the Alfven velocity. For a reference frame traveling at the
Alfen velocity, the parallel electric eld associated with the Alfven wave would appear
stationary. As such, electrons with velocities approaching the Alf\en velocity would
have their velocities modi ed by the associated electric eld. The overall velocity
distribution, such as that shown in Figure 1.2, would be modi ed at the point near
the Alfwen velocity. For an Alfienic acceleration process, the adjustment to the

distribution would re ect an energy increase, such as the example given in Figure 1.6
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Figure 1.6: An example of the modied distribution function following Alf\enic
particle acceleration. Electrons with velocities around the Alfen velocity (black
dashed line) are accelerated, leading to a net gain in energy. The dashed red line

signi es the portion of the distribution function prior to electron acceleration.

Stochastic Acceleration

Stochastic acceleration is the name given to an energisation mechanism which
produces a broadband feature in plasma energy spectrograms by non-resonant energy
di usion processes (McChesney et al., 1987; Chen et al.,, 2001; Johnson et al.,
2001; Chaston et al., 2004; Fiksel et al., 2009; Karimabadi et al., 1994; Bourouaine
et al., 2013). Turbulent perturbations, with spatial scales comparative to the local
gyroradii of di using particles, distort the circular gyro-orbits of the particles, causing
them to become disordered or stochastic in the plane perpendicular to the ambient
magnetic eld. The interactions of these particles with the time-varying electric elds

causes di usion in the perpendicular kinetic energy, which leads to heating in the

34



Chapter 1 1.3. Properties of a Plasma in Electric & Magnetic Fields

perpendicular direction (Chandran et al., 2013; Verscharen et al., 2019). Unlike
Landau resonance or Alf\enic acceleration though, stochastic acceleration occurs over

a much broader range of energies.

Poynting Flux

Waves are a transport mechanism for energy, the ow of which is quanti able using
the group velocity. The product of the group velocity and the energy density of the
waves gives the energy transfer per unit area per unit time, or energy ux. For a

purely electromagnetic wave the energy ux is given by the Poynting vectos,

S = (1.60)

where E and B are the electric and magnetic elds respectively, and o is the
permeability of free space. For Alfen waves, one only needs knowledge of the
magnetic eld and Alfven velocity in order to determine the Poynting vector. Since
E=v B, % = vp for an Alfven wave, where E and B is the value of the perturbed
electric and magnetic eld respectively, and/, is the Alfven velocity of the wave, the

Poynting ux of an Alf\en wave can be written as:

B 2VA

0

S =

(1.61)

This is fundamental to the work in Chapter 6, where only plasma and magnetic
eld data are available to infer the Poynting ux from. A direct comparison between
the Poynting ux and auroral energy ux can then be used to infer the signi cant

contribution Alfven waves have in the generation of auroral emissions, which is
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discussed in further detail in Chapter 6.

1.4 Conclusion

This chapter has provided the relevant knowledge describing the origins of electric
and magnetic elds, and the de nition of a plasma. Additionally we explain the
kinetic and uid descriptions used to understand the dynamics of plasma systems,
such as the motions of particles in the presence of varying electric and magnetic eld
con gurations, how currents arise, and the generation of waves and their dissipation
mechanisms. After exploring the relevant background theory needed to understand
the more complex aspects of space plasma physics we proceed into Chapter 2, where
we apply these concepts in describing the dynamic interaction of the solar wind with
planetary magnetic elds, which drives magnetospheric dynamics and the mechanisms

associated with the generation of planetary aurorae.
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Chapter 2

Dynamics of the Jovian System

This chapter builds upon the fundamental physics outlined in Chapter 1 to describe
the dynamics of the Jovian system. Although much further from the sun than Earth,
the Jovian system is still in uenced by variations in the solar wind. As such, this
chapter begins with an outline of the solar cycle and solar wind. Following this, a
description of planetary magnetospheres is given, using the terrestrial magnetosphere
as a base model, before comparing and contrasting it with Jupiter's. This transitions
to a discussion of the Galilean satellites, the global current disk and the coupling
of the global current disk to the planetary ionosphere. Finally, observations of the

Jovian aurora and current theories on their generation mechanism are communicated.

2.1 Solar wind and Heliosphere

We cannot discuss the physics of the Jovian magnetosphere without rst giving some
attention to Sol, the star at the center of, and the eponym to, our solar system.

Powered by the nuclear fusion of hydrogen into helium, the sun is the primary source
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of energy for all bodies within the solar system. The sun's magnetic eld is also
a driver of auroral activity on magnetised bodies within the solar system, which is

facilitated in part through the solar wind.

Plasma in the upper atmosphere of the sun undergoes continuous heating to the
point where its velocity exceeds the sun's escape velocity. The result is a continuous
outward expansion of plasma along the sun's magnetic eld, referred to as the solar
wind. The solar wind is a highly conducting tenuous plasma, comprising mainly
of protons and electrons which ow radially away from the sun. This plasma has
a typical velocity of 400 km s?, density of 7 cm 3 and magnetic eld strength of
5nT at 1 AU (Suess et al.,, 2003). The solar magnetic eld remains frozen into
the streaming plasma due to its high conductivity and, with its foot point anchored
to the rotating sun, produces an Archimedean spiral as it travels radially outward
forming the interplanetary magnetic eld (IMF), as illustrated in Figure 2.1. This
spiral-like structure is known as the Parker spiral (Parker, 1958). For increasing radial
distances the Parker spiral is wound tighter and tighter, resulting in the interplanetary
magnetic eld developing a stronger azimuthal component at larger radial distances.
This structure extends out to what is know as the heliopause, the point where the
pressure from the solar wind balances with the pressure of the interstellar medium.
The region known as the heliosphere is the volume of space bounded by the heliopause

surface.
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Figure 2.1. An equatorial projection of the Parker spiral model of the interplanetary
magnetic eld for varying plasma velocities from (Lhotka et al., 2019). The orbits
of Earth, Mars and Jupiter are showed in blue, red and orange respectively. As the
interplanetary magnetic eld moves radially outward its angle of incidence decreases.
For example, the 1,200 km s! pro le has an almost perpendicular angle of incidence

at Earth's orbit (Blue), but intersects the Jovian orbit at a much shallower angle.

Over a 22-year process, known as the solar cycle, the sun goes through periods
of increasing and decreasing activity as its magnetic eld reverses. This is often
guanti ed by the distribution of sunspots over its surface (McComas et al., 2003).

The frequency of solar ares and coronal mass ejections also vary with cycle, as well
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as the velocity and pressure of the solar wind. Figure 2.2 demonstrates the variation

in the solar wind over half of the solar cycle. As can be seen in this gure, the
IMF becomes highly disordered during solar maximum, and the polarity of the IMF

ips in the approximately 11 year period. When the solar wind reaches obstacles,
such as a planetary magnetosphere, the consequences of these variations can be quite

pronounced.

Figure 2.2: The variation of the solar wind over the solar cycle taken from McComas
et al. (2008). The top three panels are polar plots of the solar wind velocity for the
three Ulysses orbits. The pro le colour denotes the polarity of the IMF, with blue

being inward and red being outward. The bottom panel can be used to determine the

phase of the solar cycle based o the sunspot number.
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2.2 The Terrestrial Magnetosphere

A magnetosphere is a cavity within the heliosphere carved out by the magnetic eld

of a planet or satellite. The magnetosphere is de ned as the region in which the
forces associated with the magnetic eld of the body dominate over the external
forces. Due to the interaction with the impinging interplanetary magnetic eld, the
magnetosphere assumes a paraboloidal geometry, being compressed by the solar wind
on the sun-ward side and elongated in the direction of the solar wind ow on the night

side (Chapman et al., 1930; Hughes, 1995).

Figure 2.3 illustrates the anatomy of Earth's magnetosphere, which labels several
points of interest. The bow shock is the point where the supersonic solar wind velocity
becomes subsonic, while the magnetopause denotes the area where the solar wind

pressure is in equilibrium with the planet's internal magnetic pressure.
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Figure 2.3: A graphical representation of the terrestrial magnetosphere. The dipole
geometry of the magnetic eld is compressed on the sunward side and elongated on
the night side due to the impinging solar wind. Image Credit: ESA/C.T.Russell/
Case (n.d.)

The terrestrial magnetosphere comprises of several substructures which form as
a consequence of the interaction of the intrinsic eld with either the solar wind, or
internal processes. Where these magnetic elds interact there is a change in the local
magnetic eld strength which, according to Amgere's law, forms a current sheet at
the interaction boundary. Current sheets act to deform the magnetic eld topology,

and play host to magnetic reconnection events (Dungey, 1961).
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On the sunward facing side of the magnetosphere, the interaction between the
solar magnetic eld and the planetary eld forms a current sheet boundary known as
the magnetopause (Chapman et al., 1930). Its distance from the planet, or stando
distance, can be estimated by balancing the internal pressur®s = %, within

the magnetosphere with the external solar wind dynamic pressurBq = v2,. The

Sw*

stando distance can be estimated, assuming the magnetic eld falls o at a rate of

B(r) = 22, with

1
2 6
BO

r= 2
ngw

(2.1)

whereB is the magnetic eld strength at the equatorial surface, ¢ is the permeability
of free space, andv 2,, is the solar wind dynamic pressure. The factor of two accounts

for the induced magnetopause currents.

2.2.1 Magnetic reconnection

One key interaction in space plasma physics is the process of magnetic reconnection,
hereafter referred to simply as reconnection. This is the process under which
oppositely directed magnetic elds within a plasma \break" and reconnect. The
process results in energy trapped in the magnetic eld being converted to kinetic
energy or Poynting ux. Reconnection between the solar wind and the Earth's
magnetic eld is known to accelerate particles into the high-latitude regions and

generate aurora.

The simplest case of reconnection can be considered as two opposing magnetic
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elds moving towards one another. Owing to Amgere's law, a current sheet is formed
between these opposing elds. Thermal pressure from the compressed plasma and
magnetic pressure resulting from thd B force brought on by the induced current
sheet forces the plasma together. Due to the frozen in nature of the eld, the eld
is also drawn in, compressing the magnetic eld topology. Thermal and magnetic
pressure continue to compress the magnetic eld lines, thinning the current sheet.
The gradient of the magnetic eld becomes large enough that the di usive term in
Eq 1.27 dominates over the convective term. A diusion region forms, where the
magnetic eld can separate from the plasma and reconnect with the opposing eld.
The point at which reconnection occurs, at the centre of the di usion region, is known
as the \X-line". Magnetic tension forces then carry reconnected eld lines away from

the reconnection site, perpendicular to the compressed eld lines.

At Earth, reconnection occurs at the dayside and nightside magnetosphere.
Dayside reconnection recon gures the Earth's magnetic eld, forming \open" eld
lines. Realistically the eld lines are connected to the solar magnetic eld. Field lines
which have undergone reconnection on the dayside then convect over the Earth's polar
regions where they begin to pile up on the nightside magnetosphere, forming a current
sheet. As more eld lines build up, reconnection is triggered. The closed reconnected
eld lines are no longer connected to the solar IMF and convect back round to the
dayside magnetosphere. Once back in the dayside magnetosphere these magnetic eld
lines can then undergo further reconnection, repeating the process in what is known

as the \Dungey Cycle" (Dungey, 1961), which is illustrated in Figure 2.5.
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Figure 2.4: An illustrating of the magnetic reconnection process from Lee et al. (2020)

Figure 2.5: The ow dynamics of the terrestrial Dungey Cycle as seen from a
magnetospheric (left) and ionospheric (right) perspective. Here, (1) the southward
solar wind undergoes reconnection with the planetary magnetosphere in the dayside
region. (2 - 3) The open magnetic eld convects across the polar cap and begins to
\pile up" in the nightside magnetosphere. (4) Tail reconnection occurs as magnetic
ux increases due to the convection of open eld lines, closing the open eld lines, (5)
ejecting plasmoids downtail and (6) returning the other closed eld lines planetward.
(7) The planetward owing eld lines convect around the planet, returning to the

dayside and beginning the cycle anew. Image Credit: Seki et al. (2015)
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2.3 Jupiter, The Planet

Discovered in 1610 by Italian astronomer Galileo Galilei, Jupiter is the largest planet
within our solar system, with an equatorial radius of R = 71,492km. Initially

appearing more like a failed star than a planet, Jupiter is mainly comprised of
hydrogen and helium, making up over 87% of its mass. Its structure consists of a
potentially rocky core, surrounded by a churning hydrogen mantle, above which lies

its iconic cloud layer (Guillot et al., 2004).

Gravitational collapse and remnant heat from formation heat the planet's interior,
causing convection within the liquid hydrogen layer. The churning of the metallic
hydrogen creates a su cient dynamo e ect to form an powerful magnetic eld, making
Jupiter's magnetosphere is the largest object in the solar system (Khurana et al.,

2004).

2.4 The Jovian Magnetosphere

The magnetosphere of Jupiter is similar to that of Earth, displaying many of the same
characteristics, however it is much stronger and larger, with a magnetotail extending
outwards past the orbit of Saturn. Furthermore, the presence of a dense internal
plasma source, coupled with the rapid rotation of the system, produces a global
current sheet, hereafter referred to as the current disk. This acts to deform the
magnetic eld topology, as can be seen in Figure 2.6, and facilitates the exchange of
momentum between the planet and the magnetospheric plasma througlda B force

associated with corotation breakdown. This is discussed in more detail in Chapter 4.
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In addition to deforming the magnetic eld topology, the plasma disk also acts
to in ate the magnetosphere. This is evident by substituting typical parameters at 5
AU into equation 2.1. Taking a solar wind dynamic pressure of around 0.4 nPa (Tao
et al., 2005a) and a magnetic eld strength of 450,000 nT (Connerney et al., 2018),
the magnetopause stando distance should be around 31; Rvhich is much less than
observed bi-modal probabilistic magnetopause stando distance at 62 to 93 Rloy
et al., 2002), indicating Jovian magnetosphere in ation is driven by additional forces.
The bi-modal nature of the magnetopause is believed to be, in part, from the bi-modal
nature of the solar wind at 5 AU. The solar wind exhibits bi-modal distributions in its
velocity, proton density, temperature and magnetic eld (Larrodera et al., 2020) due
to it originating from di erent sources, producing two \types" of solar wind. \Fast"
solar wind, originating from open magnetic eld regions is has a higher temperature,
and is less dense than the \slow" solar wind, which originates from regions of closed
magnetic (Owens, 2020). The subsequent bi-modal dynamic pressure resulting from
the distribution is believed to produce the bi-modal magnetopause stando distances

observed at Jupiter.
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Figure 2.6: An illustration of the Jovian magnetosphere. For scale, the entirety
of the terrestrial magnetosphere can t within the planet Jupiter itself. This
illustration demonstrates the distorted nature of Jupiter's middle magnetosphere when
compared with the typical terrestrial example above. The parabolic geometry enforced
externally by the solar wind and the extreme extent to which the internal topology is
de ned by the presence of a current disk (labelled here as the current sheet) is evident
to see. One can also notice the opposite polarity of the magnetic eld compared with

Earth's. Image Credit: (Bagenal et al., n.d.)

48



Chapter 2 2.4. The Jovian Magnetosphere

2.4.1 The Galilean Satellites

Within its assortment of over 63 satellites are lo, Europa, Ganymede and Callisto.
These are the Galilean satellites, discovered and named after Galileo Galilei shortly
after his discovery of Jupiter. They are the largest of Jupiter's satellites and their
proximity to the planet and unique orbits a play de ning role in the system's
magnetospheric dynamics. The satellites exist in unique resonant orbits, whose
tidal forces in uence a profound e ect on the entire magnetosphere (Schubert et al.,
2004). The harmonic orbits of the 4 Galilean satellites provide a slight \kick" to
each of the moons' orbital velocities, resulting in a slightly elliptical orbit. The
associated variation in the gravitational forces acting on the moons by Jupiter produce
a tidal heating e ect in the core, driving volcanic activity and resulting in potentially
habitable oceans on Europa and Ganymede (Khurana et al., 1998; Kivelson et al.,

1999; Kivelson et al., 2000).

lo's volcanic activity extends the in uence of this tiny satellite out into the whole
magnetosphere. l0's extremely thin atmosphere (3.5 g cd) is dominated by volcanic
sulphur dioxide. This atmosphere, coupled with a low escape velocity allows out-
gassing to supply large amounts of sulphur and oxygen derived compounds to the
surrounding magnetosphere. Out-gassing to the magnetosphere occurs at a rate of
between 700 - 1300 kg $ of material (Bagenal et al., 2011; Hill et al., 1983), producing
a neutral cloud source. Electron impact and charge exchange ionises the neutral
clouds. It is expected that less than 20% of the mass out ow from lo is ionised
(Saur et al., 2003). Once ionised the resultant plasma is caught up in the planetary

magnetic eld and accelerated from its initial Keplerian velocity up to corotation with
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the planetary magnetic eld (Schneider et al., 2007). The result is a dense plasma

torus.

2.4.2 The Plasma Disk

The existence of a plasma disk at Jupiter was long established since the ybys of the
Pioneer probes in the 1970s (Smith et al., 1974; Hill et al., 1976). Neutral gasses,
ionised by electron impact and charge exchange, form the plasma torus. At the lo
orbital distance, the ambient eld is mostly dipolar. Charged particles within the
torus oscillate along the magnetic eld about the centrifugal equator, a plane de ned
by points along the magnetic eld line furthest from the planetary spin axis. The angle
of inclination of this plane to the magnetic equator is approximately two-thirds of the
tilt angle between the magnetic and rotational equator (Thomas et al., 2004). This
centrifugal equator is a product of large centrifugal forces acting on plasma within the
Jovian magnetosphere. At greater radial distances, up to 25;Rhe equilibrium point

deviates from the centrifugal equator towards the dipole equator (Phipps et al., 2020).

The evolution of the lo plasma torus to the magnetospheric plasma disk occurs
through ux tube interchange events, which act to di use logenic plasma into the
system whilst conserving magnetic ux (Thomas et al., 2004; Kivelson et al., 2005b;
Achilleos et al., 2015). Additionally, uctuations in the electric and magnetic eld
with temporal variations occurring over time periods shorter than the particle bounce
period will break the third adiabatic invariant and lead to radial di usion (Brice et al.,

1973; Schulz, 1979; Walt, 1994).
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The strong centrifugal forces acting on the plasma produce a thin radial disk,
the spatial distribution of which is non-uniform in both density and temperature
(Bagenal et al., 2011). The regions above and below the plasma disk are referred
to as the \lobe" regions which are regions of closed magnetic eld lines in contrast
with the terrestrial magnetosphere, in which the lobe eld is open. The plasma disk
dominates the dynamics of the middle magnetosphere, and couples to the planet
through a complex current system. Within this system is a partial ring current,
arising due to the drift motions detailed in Chapter 1. In the middle magnetosphere,
these currents act to diminish the equatorial magnetic eld, resulting in a distension
of the magnetic eld topology (Vasyliunas, 1983) into a disk like con guration. In the
middle magnetosphere, large-scale injection events dominate the mass transportation
process. Injection events, hot inward owing plasma observed in plasma data as
transient enhancements of energy-time-intensity spectrograms, have been reported to

occur as frequently as 5 times per Jovian day (Mauk et al., 1999).

The departure from rigid corotation of the frozen-in equatorial plasma disk in the
middle magnetosphere drags the magnetic eld into a bent back con guration with
respect to the Jupiter-sun line. This can be seen in magnetometer data, manifesting as
a strong azimuthal component. The resulting topology is independent of the terrestrial
and solar wind con gurations. Figure 2.7 illustrates the similarities between the

magnetic eld topology.
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Figure 2.7: The con guration of the Solar, terrestrial and Jovian magnetosphere.
The interaction of the solar wind, coupled with the departure from corotation of the
equatorial plasma disk leads to a magnetic eld con guration independent of the solar

wind and terrestrial geometry. Image Credit: (Khurana, 2001)

Plasma must be lost from the system eventually, lest the magnetosphere continue
to in ate inde nitely. The Vasyliunas (1983) cycle describes the periodic loss of
material through centrifugally driven reconnection events. Once a ux tube reaches
a critical plasma content the local plasma sheet becomes unstable. Rotating past
the dusk sector, the expansion of the magnetopause o ers no boundary to support
the loaded tube. As such, plasmoids are ejected downtail as a mass loss mechanism
(Kivelson et al., 2005b). Furthermore, large pressure anisotropies act to expand ux
tubes into unstable con gurations before ejecting their plasma contents. This cyclic

process can be seen in Figure 2.8.
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Figure 2.8: An illustration of the cyclic motion of plasma within the Jovian

magnetosphere from Kivelson et al. (2005b).

2.5 The Terrestrial lonosphere

In upper planetary atmospheres there exists a region in which ionised and neutral
particles coexist. The ionised portion of this region is referred to as the ionosphere.

In its simplest form, the ionosphere can be approximated as a thin conducting slab,
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however it extends over a range of altitudes up to approximately 1000 km. Due to

its much higher plasma number density being embedded in a dense neutral plasma,
the ionosphere is collisional and is not an ideal plasma. This is essential for the
generation of auroral emissions (Luhmann, 1995) as charged magnetopsheric particle

transfer their energy to atmospheric particles through collisions.

lonisation of neutrals within the upper atmosphere provide one source of plasma
for the ionosphere. Chapman's theory of ionospheric layer formation (Chapman, 1931)
is used in modelling the ion production as a function of altitude. The theory states
that peak ion production occurs in the vicinity of an altitude speci ed where the total
number of particles in a unit column is equal to the inverse of the absorption cross
section. Chapman theory therefore provides a model describing ion production as a
function of the neutral density and the solar radiation intensity. The resulting altitude
of maximum production is named the Chapman Layer, while the functional pro le of
electron density over altitude is named the Chapman pro le. Electron precipitation
will also play an important role in the ionisation of upper atmospheric neutrals,
however it is not considered in Chapman theory. The terrestrial atmospheric pro le
is displayed in Figure 2.9, in which a Chapman layer can be seen at approximately

300 km, denoted by the F region.
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Figure 2.9: The terrestrial atmospheric pro le illustrating the coexistence between

the neutral upper atmosphere and ionised ionosphere. Retrieved from Kelley (2003)

One property of this ionised layer is its ability to re ect electromagnetic radiation.
Waves in a magnetosphere are dependent on the boundary conditions of the system.
The ionosphere would function as one such boundary. The density of charged species
directly a ects the degree of refraction experienced by incident waves. For a highly
conducting ionosphere, dense layers of charged particle populations act as a refractive
layer for electromagnetic waves, subsequently resulting in a re ection of incident waves

on the ionosphere back along the eld line away from the planet. lonospheres with a

55



Chapter 2 2.5. The Terrestrial lonosphere

lower conductivity will still partially re ect waves, though re ection only occurs for

select harmonic frequencies.

The presence of atmospheric neutrals leads to collisions with ionospheric ions.
These collisions give rise to a phenomenon known as Joule heating, a mechanism
which dissipates energy within an ionosphere through collisional friction. At Earth
and Jupiter, this process also mediates the transfer of momentum and energy between

the planet and its magnetospheric plasma.

Current systems arise within the ionosphere because of the interplay between
magnetic and collisional forces controlling the plasma motion. Birkeland, or eld-
aligned currents are associated with auroral particle precipitation. They act to
couple the ionosphere to the magnetosphere. Electrons can precipitate into the upper
atmosphere along upward eld-aligned currents, producing visible auroral emissions.
Field-aligned currents alone are not su cient to cause electron precipitation. Some
form of acceleration is required to account for observed auroral emissions. The Knight
relation (Knight, 1973) gives the expected eld-aligned potential required to promote

electron precipitation. This relationship is explained in further detail in Chapter 5.

lonospheric closure of the M-l coupled system occurs via currents owing
perpendicularly to the ambient eld. These occur in the region of the ionosphere when
the collision frequency is approximately equal to the ion gyrofrequency and collisions
between atmospheric neutrals and ions becomes signi cant (Kaeppler et al., 2012).

The currents ow through regions of increased conductivity, while their orientation is
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determined by the perpendicular electric eld. Pedersen currents ow parallel to the
perpendicular electric eld, while Hall currents are perpendicular to the electric and

magnetic eld.

2.6 The Jovian lonosphere

Jupiter's ionosphere boasts many similarities to that of the terrestrial ionosphere.

Extreme ultraviolet radiation and charged magnetospheric particles dissociate and
ionise upper atmospheric neutrals. Unlike Earth however, Jupiter's main atmospheric
constituent is hydrogen which isolates itself in the upper atmosphere due to its low
mass. This leads to an upper atmosphere which is relatively pure by comparison to

Earth's.

Figure 2.10 shows the temperature and electron density pro les in the upper Jovian
atmosphere. As there is no apparent surface, it is more intuitive to refer to altitudes
either by pressure, as is the case in panel a, or as a distance above the 1 bar level.
Within this region, the typical collisional mean free path ranges between 10 cm to
150 km. This is lower than the atmospheric scale height in this region (200 km),
meaning ion-neutral collisions facilitating momentum exchange are important (Yelle

et al., 2004).
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Figure 2.10: A) Jovian atmospheric temperature pro le containing data from previous
observations and models. B) electron density pro le of Jupiter's upper Atmosphere
based of Galileo spacecraft observations. Adapted from gures 9.9 and 9.10 in Yelle

et al. (2004)

2.6.1 Jupiter's Auroral Emissions

Any planet or satellite with a collisionally thick atmosphere and an internal magnetic
eld of su cient strength to resist the solar wind or plasma ow will exhibit an
aurora process. An aurora is part of the exchange of energy and momentum
between a magnetised body's magnetosphere and its atmosphere in the form of
electromagnetic radiation. Energetic particles with su cient parallel energy, most
often electrons, traveling along high latitude magnetic eld lines penetrate into a
planetary atmosphere and excite atmospheric particles. Atmospheric neutrals enter
an excited state where their bound electrons move to a higher energy state. When
the electrons relax to a lower energy state they emit a photon of light at a wavelength

corresponding to the di erence in energy shells.
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Precipitation of electrons can occur in a number of ways. There exists a range
of equatorial pitch angles over which the particle has su cient parallel energy to
precipitate. This range is referred to as a loss cone. Increasing the parallel velocity of
a particle can place it within this loss cone and hence allow it to penetrate into the
upper atmosphere. Parallel velocity increases can be facilitated via an acceleration of
electrons by quasi-static electric elds. Waves within the magnetosphere can also act

to accelerate electrons, or in other cases scatter them into the loss cone.

The Jovian aurora is by far the most powerful aurora in the solar system, with
energies one hundred times that of Earth's and a brightness up to ten times greater.
The rst observations of Jupiter's auroral emissions have been present since the
Voyager 1 yby (Broadfoot et al., 1979). Using ultraviolet spectroscopy, Waite et al.
(1983), identi ed the auroral emissions as originating from excitation of atomic and
molecular hydrogen in Jupiter's upper atmosphere. Several factors determine the
driving mechanism behind the auroral emissions, such as the orientation of the solar
magnetic eld, the plasma density and distribution within the planet's magnetosphere
and its proximity to the sun. Unlike Earth, Jupiter's aurora is driven by internal
in uences, such as the density of its plasma disk. Jupiter's aurora has been primarily
imaged in the ultraviolet and infrared ranges. Ultraviolet emissions are the result
of energised atomic and/or molecular hydrogen, while ionisation of,Hnolecules are
responsible for the infrared emissions. Figure 2.11 depicts the process responsible for

generation of auroral emissions in hydrogen dominated atmospheres.
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Figure 2.11: The auroral emission processes present in a hydrogen dominated

atmospheres. Adapted from Badman et al. (2015)

Jupiter's auroral emissions can be split into three main constituents. These can
be seen highlighted in Figure 2.12. Conjugate features associated with these regions
are commonly observed in both hemispheres, though the northern emissions form a
distorted, \kidney-bean" shape owing to the northern magnetic anomaly associated
to a local weakening in the surface magnetic eld (Grodent et al., 2008b). This thesis
focuses on the mechanics responsible for the generation of Jupiter's main auroral
emission, a continuous circumpolar emission associated with mechanisms within the

middle magnetosphere. The corotation of the middle magnetosphere is conserved
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