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Abstract
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Doctor of Philosophy

by Rebecca Louise Gray

This thesis presents and examines evidence of Jupiter’s magnetospheric dynamics, pri-
marily using Hubble Space Telescope images of the planet’s ultraviolet aurora. The first
two studies discuss the radial transport of hot plasma injections from reconnection return
flow. The auroral evidence for a global magnetospheric disturbance is examined and it
is found that the aurora showed a significantly super-rotating polar spot poleward of the
main emission on the dawnside. The spot transitioned from the polar to main emission
region in the presence of a locally broad, bright dawnside main emission feature and two
large equatorward emission features. This is taken to be evidence of a prolonged period of
reconnection and plasma injection, taking place over several hours. The second chapter
examines the effect of hot plasma injection in the middle to inner magnetosphere. The lo-
cation of the second oval feature lies between the Ganymede and Europa moon footprint
contours between 150 and 240° system III longitude, corresponding to a source in the
inner magnetosphere between 9 and 13 R;. The feature is enhanced in both brightness
and longitudinal spread 1-3 days after large hot plasma injections. It was suggested that
wave-particle interactions are responsible for the scattering of electrons in this region. A
third study investigated the auroral response to co-rotating interaction regions and solar
wind compression. It was shown that in there are both high latitude and mid latitude
features that arise - large scale flashes appear at high latitudes, sometimes along side
significant branching of the main emission region. It is suggested that the arcs in the
main emission are a result of strong compression either due to enhanced flow structures
at the dusk side or a stepwise co-rotation breakdown in response to increase of azimuthal

plasma velocity.
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Chapter 1

Introduction

Jupiter is a rapidly rotating gas giant whose aurorae are powerful enough to be detected
and studied from Earth. Its magnetic field is the strongest planetary field in the solar
system, giving rise to its vast magnetosphere. The magnetosphere is populated with
internally produced plasma from its volcanic moon, Io. The plasma can be accelerated
along the magnetic field lines to cause precipitation of energetic particles into the at-
mosphere; it is these charge neutral collisions that produces the aurora observed. This
thesis contributes to the understanding of Jupiter’s plasma transport dynamics and fo-
cuses predominately on the middle to inner magnetosphere. However, like all planets in
the solar system, Jupiter is immersed in the dynamic flow of solar wind. The solar wind
can act as an external plasma source and transport driver. It is therefore important to
briefly consider the interaction of the solar magnetic field and the magnetic field of a
planet. This is outlined below, together with an introduction to terms such as ‘plasma’

and ‘magnetosphere’ in their wider context.

1.1 The Sun and Solar Wind

The Sun is our solar system’s predominate source of energy. The release of energy by
nuclear fusion occurs in the Sun’s core, where there are sufficient temperatures and
pressures. At these temperatures the predominately Hydrogen and Helium gases, which
comprise the Sun, are ionised to form a state of matter called plasma. The magnetic field,
generated by the solar dynamo, is known to flip every 11 years and varies with the solar
activity (e.g. Kivelson and Russell (1995); Cole (2002)). The Sun can be understood
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as a rotating magnetised plasma body, whose outer atmosphere has a temperature of

~10°% K still high enough to ionise and cause a charge neutral plasma.

The solar wind is a low density plasma that fills the solar system; assuming the Sun is in
hydrostatic equilibrium and then applying force balances, we find that at large radius,
the gas pressure of the solar wind is around ~ 2x107® Nm~2. This is high compared to
the region of space around it (the local interstellar medium). The difference in pressure
causes the solar material to continuously flow into the interplanetary medium - this
flow is known as the solar wind. The solar wind is composed primarily of protons and
electrons with trace helium and heavier ions. The solar wind dynamic pressure Pgy, can
be estimated by Psy = pv? (where p is the density and v is the solar wind speed) and
the density falls as r—2, where r is distance from the Sun. Using a solar wind speed of
450 km/s, Jupiter’s distance from the Sun of 5.2 AU and the solar wind proton density
at Earth of 6.6 cm™2 (Hundhausen, 1995) gives an approximate dynamic pressure of

0.08 nPa at Jupiter.

The solar magnetic field is carried out by the solar wind plasma giving rise to the
interplanetary magnetic field (IMF). Since the Sun rotates, the IMF is wound into a
spiral (Parker, 1958) with a periodicity of around 27 days. Fluctuations in the solar
wind will therefore also rotate in the IMF, so similar structured solar wind will pass over

obstacles to the solar wind, i.e. planetary magnetospheres, with the same periodicity.

The Sun’s magnetic field is approximately dipolar during solar minimum but during solar
maximum it is more disordered. This means that the radial component of the magnetic
field is (presently) directed away from the Sun in the northern hemisphere but towards
it in the southern hemisphere. This gives rise to a thin current sheet at the magnetic
equator called the ‘Heliospheric Current Sheet’. The sheet is also wound on the Parker
Spiral and undulates above and below the equatorial plane of the solar system due to the
tilting of the magnetic field of the Sun. The tilt maximises with solar cycle. In addition,
as the solar cycle maximises and more frequent events such as flares and coronal mass
ejections occur, the sheet and the spiral both become disordered resulting in structured

outflows. The Parker Spiral is illustrated artistically in Fig 1.1.

Co-rotating Interaction Regions (CIRs) are one such outflow structure. The flow from
the Sun tends to occurs in a fast ( > 650 km/s) and slow ( < 400 km/s) regimes. During
solar minimum, fast flow occurs close to the poles and slow flow closer to the equator,
but around solar maximum this can change. Any one longitude and latitude point on

the solar surface will experience outflow of both regimes because of the solar rotation.
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FIGURE 1.1: An artist’s impression of the Heliospheric Current Sheet configuration in
interplanetary space. Courtesy NASA.

As a result, in the solar wind structured slow then fast or fast then slow solar wind
speed regimes exist. When a fast stream catches a slow stream, a compression region
is formed and when slow wind follows fast wind a rarefaction region is formed. Further
from the Sun, these cause density perturbations and ‘shocks’ in the solar wind. In the
solar wind frame, a reverse shock forms as the depleted region propagates sunward and
a forward shock when the denser region propagates anti-sunward. These regions also
show variations in their magnetic field strength. The whole structure rotates with the
Sun, and some, if stable, will survive multiple rotations. The structures are therefore

called Co-rotating Interaction Regions. These are demonstrated in Fig 1.2.

1.2 Frozen-in-Flow and Magnetic Reconnection

It is equally correct to think of a plasma carrying a magnetic field or the field carrying the
plasma - if the plasma energy dominates the field energy (i.e. % pv? > %), the plasma
is described as carrying the field. Otherwise, the field is said to carry the plasma. The
‘Frozen-in-Flow’ approximation allows a description of the forces on the charged particles
and thereby their motion. Their motion along one field line is described by F = gv x B,

where ¢ is the particle charge, v is the velocity vector, B is the magnetic field vector and
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FIGURE 1.2: Schematic of a corotating interaction region in the solar equatorial plane.
The solid black lines represent magnetic field lines and arrows show the outflow of the
solar wind. After (Gosling and Pizzo, 1999).

F is the force vector. The particles thus have a helical motion up and down the field,
since by taking the cross product of the velocity and magnetic field, motion is always
perpendicular to both. So long as the particle doesn’t fall into the ‘loss cone’, it will
remain in the field line. When considering additionally an electric field perpendicular to
the magnetic field, the particles will have the drift velocity perpendicular to both fields

in accordance with vqrife = ng Under these three motions, Frozen-in-Flow is obeyed

and the particle’s gyrocentre (the centre point around which is gyrates) will remain on
the same field line. When the magnetic field itself changes, forces other than these come
into play. A change in the field strength perpendicular to the field direction comparable
to the particle’s radius of gyration (its gyroradius) will cause the particle to drift in the
direction of higher field as it gyrates (experiencing a stronger field one side of its orbit

than the other). Its velocity due to the gradient in the magnetic field, Vyp, is:
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_mvf_BxVB

= - 1.1

where v, is the velocity perpendicular to the field line.

Alternately a curvature of the magnetic field induces an centrifugal acceleration of the

particle, giving the drift:

m? Re x B

Veury = B> T%

(1.2)

where v is the velocity parallel to the field line and Rc is the field curvature radius.

Gradient and curvature drift both act proportionally to a particle’s energy and in oppo-
site directions depending on the particle’s positive or negative charge. When they act,
the Frozen-in-Flow approximation fails and the particles can move off their field lines

(Kivelson and Russell, 1995; Baumjohann and Treumann, 2012).

As two plasmas or field regions encounter each other, due to the Frozen-in-Flow theorem
(that plasmas must remain on their field line and vice-versa), a boundary between the
two regimes forms. Over this boundary, there is a change in the magnetic field strength
and direction, so by Ampere’s law, a current flow forms, known as the current sheet.

The equation describing the motion of the magnetic field can be derived.

Starting with Ohm’s law for plasma with conductivity ¢ and j is current density:

E+vxB=2 (1.3)
o
we then rearrange and substitute Faraday’s Law (curlE = —%—]?) to come to:
0B j
— = B-— = 1.4
5 V x (v x 0) (1.4)

Substituting for j using Ampere’s Law (curlB = pj) for the non-relativistic case (there-

fore neglecting displacement current) gives:

a—B:Vx(va)——vx(VXB>
ot Mmoo
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Using the vector identity, V2A = V(V - A) — V x (V x A), we find:

2 .
a—B:Vx(va)—I-VB—V(V B)
ot 1100 [0

(1.6)

Finally, since there are no magnetic monopoles (V - B = 0), we find the motion of
magnetic field can be described by the so-called induction equation:
oB V’B

— = B
5 V x (v x )+MOU

(1.7)

The first term after the equality describes the convective transport, representing how
the field moves under the E x B drift. The second term is the diffusion term. Since this

form can be bulky to handle, it is often written in a dimensional form:

B B B
= — 4+ —= 1.8
T L * L2 ppo (18)

where B is the average magnetic field strength, 7 is the characteristic time scale for
magnetic field variations, v is the average plasma velocity and L is the characteristic
length scale for magnetic field variations. The ratio of the convective and diffusion terms
(first and second terms respectively) is known as the Reynolds number (R, = poovL).
For the case where the Reynolds number is much less than one, the diffusion term
dominates and the Frozen-in-Flow approximation breaks down. When this happens,
magnetic fields are allowed to diffuse across the thin current sheet. The field lines
become distorted/twisted and so may ‘break’ and ‘reconnect’ in a process known as
magnetic reconnection. The newly reconnected field lines will straighten according to
the magnetic tension forces acting and will be accelerated away from the reconnection

site.

1.3 Planetary Magnetospheres

Some planets, such as Earth and Jupiter, have an intrinsic magnetic field. When the solar
wind encounters this sort of obstacle, the planetary magnetic field forms a cavity in the
solar wind. This cavity is thus shaped by the solar wind and is called the magnetosphere
(Gold, 1959); the ‘dayside’ (facing the Sun) has a closed shape but the ‘nightside’ has
a long extended tail. This can be imagined as the long wake around a rock as an

obstacle in a stream. The supersonic flow of the solar wind over the dayside boundary
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of the magnetosphere causes the bow shock to form. The magnetopause is formed at
the point of magnetic and dynamic pressure balance between the solar wind and the
magnetosphere; the magnetopause will move closer to and further from the planetary
body as the solar wind pressure increases and decreases. These two regions are marked
on Fig 2.4.

The magnetopause standoff distance (the point of magnetic and dynamic pressure bal-
ance) can be found by equating the solar wind ram pressure (the particle pressure dom-
inates the thermal or magnetic pressure) (Ps,, = 2pv?) and the magnetic pressure of the

2
planet (P, = % and By, is twice the dipole field Bgpore = 2Beq(RLp)3). At r = Ryt

6
1.9
S~ po Ry (19)

So therefore:

e )6 (1.10)

Using Bey = 500,000 nT, proton density p = 0.2 cm ™2 and velocity of 400 km/s the mag-
netopause standoff distance at Jupiter is ~ 40 R;. For comparison, at Earth, for Be, =
31,000 nT, proton density p = 5 cm ™3 and a velocity of 400 km/s, the magnetopause is
at ~ 10Rp. Statistical models based on observations place the magnetopause between
63 and 92 Ry (Joy et al., 2002), highlighting the downfall of this approximation which

neglects the thermal and magnetic pressures of Jupiter’s magnetosphere.

Reconnection between solar wind field lines and planetary field lines can happen at
the dayside magnetopause. This has the effect of injecting solar wind plasma onto
planetary field lines, thereby adding solar plasma to the system. In a convection driven
system (such as the Earth but unlike Jupiter, see below), the field lines will convect
over the polar cap of the planet and then may also reconnect in the magnetotail (on
the nightside), injecting plasma planetward. The field lines will then convect around
to the dayside either side of the planet, completing a twin-cell motion in the polar
cap. This transport cycle is known as the ‘Dungey’ system after Jim Dungey, who first
proposed it (Dungey, 1961, 1963). The Dungey cycle dominates at Earth, but in rapidly
rotating magnetospheres or magnetospheres where there are internal plasma sources
exerting pressure, such as that of Jupiter or Saturn, these processes can dominate the

magnetospheric dynamics.
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The details of the internally driven magnetospherics at Jupiter are discussed in chapter 2,
particularly with respect to the dynamics of an internal plasma source outflow. Here, we
derive an expression to compare the co-rotation and the convection effects. Considering
first the convection system, we can set up the following co-ordinate system: X points
towards the sun from the tail, Y points from dawn to dusk and Z points (at Earth)
up out the equatorial plane aligned with the magnetic field axis. B the magnetic field
points along the Z direction and therefore the associated electric field E points in the Y
direction. We can therefore describe the convective electric field as Econvy = Eo¥ and the
magnetic field can be written as B = Beq(%)?’i, where B, is the equatorial magnetic

field strength at distance r and R, is the planetary radius. Finding, then, the velocity

ExB
B2

using v = at the equator:

_ EconwxB  Ey 7 5. .
Vconv = 372 —Beq(ﬁp) Yy Xz=

EO T 3a
— 1.11
B (1.11)

The corotation flow of the plasma and field moving with the planet can be described by:

Vcorot = TWpQZ3 (112)

where w), is the angular velocity of the planet and quS is the azimuthal unit vector in
the direction of rotation. On the dusk side where the velocities both have the opposite
direction, there will be a stagnation point Ry,. To find whether convection or corotation
dominates the system, we should determine whether the stagnation point lies within the
magnetosphere (so for some 7, r < Ry, convection will dominate for some regime inside
the magnetosphere) or whether the stagnation points lies outside the magnetosphere
(for all r, r > R, where corotation will dominate). Equating the two expressions for
velocity for r = Ry, at the stagnation point:

EO Rsp

Beq< 7, 3% = Rpwyp (1.13)
And by rearrangement:
R, wpBegRp | 1
— = (— 1.14
= (! (114

The stagnation point should then be compared to the magnetopause, I,,,. For the case
of Earth, w, = 7 x107° rads ™!, Be, = 31,000 nT, R, =6400 km and Ey =2x10~% Vm~!

(estimated using E = —v x B), so the stagnation point lies at ~8.5 Rp compared to the
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magnetopause at ~10 Rg so the planet is convection dominated. For the Jovian case,
wp = 1.7 x107% rads~1, B4 = 500,000 nT, R, =71,400 km. The convective electric field
can be estimated by taking the Dungey-cycle potential (0.4 MV) over the cross tail length
(15 Ry) (Acunia et al., 1983; Badman and Cowley, 2007) to give Eg =4x107° Vm ™!, so
the stagnation point lies at ~390 R; compared to the magnetopause of ~40 R; (even
the Joy et al. (2002) statistical models place the magnetopause between 63 and 92 R )

so the planet is corotation dominated.

This introductory chapter has looked from the large scale IMF generated by the Sun
and briefly assessed some of the differences of the interaction of the IMF with Earth and

Jupiter. Some of the basic plasma physics has also been introduced in these assessments.



Chapter 2

Jupiter

This chapter outlines the current understanding of the Jovian system, considering the
magnetospheric structure and dynamics, the magnetic field configuration, what is known
about ultraviolet (UV) auroral signatures in the Outer Emission, Main Emission and

Polar Emission regions and the Radio emissions.

2.1 Jupiter’s Magnetospheric Structure

This section gives an overview of the relevant magnetospheric physical structures, start-
ing in the inner magnetosphere closest to the planet, working down the nightside mag-
netotail, and then to the dayside magnetopause. It also gives an overview of Jupiter’s
magnetic field configuration, including various field modelling attempts made by the

community.

2.1.1 Inner, Middle and Outer Magnetospheric Structure

Much of Jupiter’s magnetospherics are determined by its internal plasma source: the
volcanic moon lo (orbiting at 5.9 R ) has surface lava lakes, volcanic pits and volcanoes,
each with various energy release rate, temperature and lava type etc. (Davies, 2007).
The volcanic output populates the atmosphere of Io where the particles are sputtered
and picked up (e.g. Johnson and Leblanc (2001)). The rates at which these processes
occur are a current research topic (Yoneda et al., 2009, 2010). The plasma populates

the Io Plasma Torus (IPT), which is a dense cold plasma region from 5 - 8R;. For the

10
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purpose of this thesis, we consider the population of the IPT to be steadily maintained,
unless perturbed due to interchange processes (see below), and to comprise of heavy ions

and electrons.

The plasma torus itself can be well described using radial and longitudinal profiles of elec-
tron density, temperature and relative ion abundances ( Tsuchiya et al., 2015; Yoshioka
et al., 2017). These parameters have been shown to change with solar wind variations;
it is thought that the outer regions of the magnetosphere and these inner regions are
linked by an electric field (Murakami et al., 2016). It is common to estimate the plasma
outflow rate as ~ 1000 kg/s (with half the contributions from neutrals and half from
ions), though this figure is under constant revision as more observations are made - see
appropriate chapters in, for example, Bagenal et al. (2007). It has recently been shown
with the Hisaki satellite that the inflow and outflow rates through the outer torus differ
and may vary with volcanic activity ( Yoshioka et al., 2017). Hot plasma inflows from the
magnetosphere have been shown to impact the IPT, so act as another plasma source and
perturbation (Yoshikawa et al., 2016). Interchange, a process where hot sparse plasma
and cold dense plasma transfer position in order to conserve magnetic flux, occurs at
the edge of the IPT. Hot plasma injections are also detected in this region. These two

processes are discussed in section 2.2.

Whistler mode waves are pervasive in the inner magnetosphere (Menietti et al., 2016).
Wayve-particle interactions in the region 10-17 R; are thought to scatter electrons into a
field-aligned distribution, leading to a transition region at these distances where the elec-
tron pitch-angle distribution (PAD) changes (Tomds et al., 2004a). The PAD boundary
is thought to be a part of the Nishida recirculation process whereby energetic particles
radially diffuse inwards in the equatorial plane, pitch angle scatter in the inner magne-
tosphere, latitudinally diffuse at low altitudes to larger L-shells and are so recirculated

to radially distant regions (Nishida, 1976; Fujimoto and Nishida, 1990).

In the middle magnetosphere (15-40 R ), Iogenic plasma continues to flow outwards as
it is driven centrifugally outward and interchange process take place. As the distance
from the planet increases, the angular speed of the plasma falls behind corotation. A
field-aligned current system that closes through radial currents in the equator is required
to transfer angular momentum (through the j x B force) in order to maintain partial

corotation. This system is shown in Fig. 2.1.

It is thought that the angular speed of plasma outflow from the IPT drops as it moves
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FIGURE 2.1: Schematic in the merdional plane in the inner to middle magnetosphere of
momentum supplied to sub-corotating plasma in the equatorial plane from the planet.
The arrowed solid lines indicate magnetic field lines, curved outward the plane of the
page by azimuthal currents in the middle magnetosphere current sheet. Iogenic plasma
is shown by the dotted region. Three separate angular velocities associated with the
system are that of the planet €, a particular shell of field lines w, and of the neutral
upper atmosphere in the Pedersen layer of the ionosphere, 2%. The opposite current
represented by the dashed arrow. After (Cowley and Bunce, 2001, 2003).

radially away due to conservation of momentum. The plasma remains bound to the mag-
netic field as it moves (obeying Frozen-in-flow conditions, here the field is frozen into
the plasma), leading to the stretched and bent-back field configuration. The azimuthal
component of the magnetic field By, accounting for the bend-back, is directed opposite
to the direction of planetary rotation in the northern magnetic hemisphere and in the
direction of planetary rotation in the southern hemisphere, reversing in the magnetic
equatorial plane. Due to Ampere’s law, a radial current threads this loop. An upward
FAC is thought to connect the radial current in the IPT to the ionosphere, where Peder-
sen currents flow and complete the circuit with the return FAC. Pedersen currents flow
perpendicular to the magnetic field but parallel to the electric field. The resulting j x B
forces from the currents (which communicate the momentum transfer) in the equatorial
plane and ionosphere act to spin up and de spin the plasma in the equatorial plane and
ionosphere respectively. This transfers momentum to the plasma in the magnetosphere
from the planetary atmosphere. The upward current produces Jupiter’s auroral main
emission (Hill, 2001; Cowley and Bunce, 2001). Its primary variability corresponds to
changes in mass loading and mass outflow rate in the middle magnetospheric ‘corotation
breakdown region’ (Nichols, 2011; Ray et al., 2012), but also depends on the ionospheric
conductivity (Nichols and Cowley, 2003, 2004).
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FIGURE 2.2: Schematic of the reconnection in the meridonal plane. Panel a shows the

stretched field after mass loading from Io has stretched the field lines the plasma is

attached to in the radial direction (aside from the current sheet). Panel B shows the

field reconnecting and consequent plasma flows radially away from the reconnection site.

The field has dipolarised and the magnitude of By has increased, positively planetward

of the reconnection site and negatively tailward of it. After (Vogt et al., 2010; Vogt
et al., 2014).

In the outer magnetosphere (>40 R;), the magnetic field is stretched by the plasma
trapped with it as the plasma is driven centrifugally from the planet. This eventually
leads to field collapse and reconnection (Vasyliunas, 1983). Reconnection results in
planetward flows of very hot, tenuous plasma and tailward flows, known as ‘plasmoids’
(e.g. Jackman et al. (2011)), as Iogenic plasma is ejected from the system (Kronberg
et al., 2005; Vogt et al., 2010). Fig. 2.2 shows the field stretching, collapse and plasmoid
release. The statistical survey of Vogt et al. (2010) showed that the reconnection location
in the tail is placed at a radial distance of around 90 R ;. Small auroral spots, known as
polar spots, are associated with the planetward flow of dipolarised magnetic field lines
following reconnection in the magnetotail (Grodent et al., 2004; Radioti et al., 2008a,
2010, 2011; Ge et al., 2010). The return flow plasma is energised by an electric field
generated by the reconfiguration of the field (Mitchell et al., 2009). The process of
plasma loading from lo, field collapse and reconnection, plasma loss downtail and hot
return flow as described in the preceeding paragraphs is known as the ‘Vasyliunas cycle’
or the internally driven cycle of mass transport (Vasyliunas, 1983). The associated

flowlines are shown in Fig 2.3.
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FIGURE 2.3: Schematic of the plasma flowlines (solid) in the equatorial plane. Dashed

lines show the boundaries of flowlines that act in the co-rotation (inner) and convection

driven (outer) regimes. The Dungey and Vasyliunas reconnection lines are marked with

‘X’s. ‘O’ marks the formation point of the plasmoid created by Vasyliunas reconnection

and ‘P’ marks its outer bound, which asymptotes to the dusk tail magnetopause. After
(Cowley et al., 2003; Badman and Cowley, 2007).

Recent work by Bonfond et al. (2017a) examining Juno UVS data taken over ~ 4 hours
has shown that auroral injection signatures can develop in the aurora from night to
around dawn local times. Towards the end of the imaging sequence a protrusion into
the polar cap appears, which the authors associate with tail reconnection. The au-
thors postulated that the plasma moves to the outer magnetosphere, causes current
sheet stretching and therefore triggers tail reconnection. Their work helps constrain the
timescale over which the Vasyliunas cycle may act. This describes an inner to outer
transport process, as opposed to the hypothesis undertaken in chapter 4, which suggests
that the reconnection inflows may also enhance injections. The work of Mitchell et al.

(2009, 2015) suggests that these two processes are intrinsically linked.

Reconnection signatures in the tail can be clustered ( Vogt et al., 2014) implying recon-
nection events can happen in succession across field lines. As well as this, once the closed

field lines closest to the equatorial current sheet have closed, reconnection may proceed
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onto the open field lines. Kasahara et al. (2011) studied the effect of reconnection on the
jovian plasma sheet and found that during an extended interval of tail reconnection (up
to 18 h) involving both closed and open field lines, a jet of electrons at the dipolarisation
front (where the theta component of the magnetic field switches) was detected travelling
planetward at 7500-17000 km/s. How much reconnection occurs on open field lines is a
topic of open research. Similarly, the amount of flux closure in the nightside tail as part
of any ‘Dungey-cycle’ (the Earth-like, solar wind ‘externally’ driven, plasma circulation
system where flux opened on the dayside is closed in the tail (Dungey, 1961, 1963)) is
not well restrained, but is thought to be of significance (Badman and Cowley, 2007).
The tail reconnection processes are far from fully understood, yet must play a major role
in mass balance - over a sufficiently long timescale, mass must be lost at least at the rate

it is being produced internally.

The solar wind interaction at Jupiter’s dayside is also not well understood. Processes
like magnetic reconnection and flow-shear driven instabilities are a fundamental source
of energy on the dayside of the planet. These processes are expected to map to the
polar region, the interaction happening on the outermost planetary field lines. Figure
2.4 shows the basic magnetospheric field and current configurations. On the dayside: the
bowshock forms the shock with the oncoming solar wind; the magnetopause is where the
dynamic pressure of the solar wind balances the dynamic pressure of the magnetopause;
the ‘cushion region’ shows the region where the magnetodisk and thus 10 hour periodicity
associated with planetary rotation are absent (Khurana et al., 2004). The magnetopause
is considered to be very compressible, with a magnetopause standoff distance somewhere
between 45 and 100 Ry (Joy et al., 2002).

The nature of flux opening and closure is also not understood. There are currently three
main theories: first, that Dungey-cycle reconnection opens magnetic flux at the dayside
magnetopause and closes it in magnetotail reconnection (Cowley et al., 2003); second,
magnetic flux opened on the dayside is closed down the outer magnetospheric flanks
in reconnection (McComas and Bagenal, 2007); thirdly, KH waves generated along the

magnetopause triggers reconnection along the flanks.

The prevalence of, and ideal conditions for, reconnection at Jupiter’s dayside are top-
ics of debate and active research (Delamere et al., 2015). Spacecraft measurements have
shown that reconnection does occur, particularly in the case of ‘flux-transfer events’, (e.g.
Walker and Russell (1985); Huddleston et al. (1997)). It is thought that increased plasma
beta parameter (that is, the ratio of plasma pressure to the magnetic pressure) has the

effect of suppressing reconnection onset due to particle drifts in the current sheet away
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FIGURE 2.4: (Top panel) The basic magnetospheric field configuration in the noon-
midnight meridian and (bottom panel) the basic current flows in the equatorial plane.
After Khurana et al. (2004).

from the reconnection site - this is known as diamagnetic suppression (Swisdak et al.,
2003; Phan et al., 2010, 2013). Desroche et al. (2012) modelled idealised magnetopause
conditions and investigated their effect on reconnection. They found that, indeed, re-
connection could be suppressed due to diamagnetic suppression but also that on the

dawn side, reconnection was likely suppressed due to flow shears across the dawn flank,
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known as flow shear suppression. Pulsed dayside reconnection, possibly at the cusp
(Bunce et al., 2004), is thought to also occur and produce auroral signatures discussed

in (Bonfond et al., 2011) and in the final data chapter of this thesis.

Instablilites that develop across the magnetopause boundary due to flow shears may
also play a role in transferring energy to the system (Delamere et al., 2015). In this
thesis the Kelvin-Helmholtz (KH) instability, which acts at the interface of two flows
akin to blowing across the surface of a cup of liquid to cause waves and vortices, is the
most relevant. This is because it is thought to form very good conditions for reconnection
(Delamere and Bagenal, 2010). For example, at Earth KH vortices on the magnetopause
flanks induce significant reconnection to allow flux transfer (e.g. Hasegawa et al. (2004);
Nakamura et al. (2006); Hasegawa et al. (2009)). KH waves have been seen at Jupiter
(Huddleston et al., 1997) and the modelling efforts by Desroche et al. (2012) discussed
above also suggested significant KH instability generation is possible, particularly along

the dawn flank.

2.1.2 Magnetic Field Configuration

Jupiter’s magnetic field rotates with the planetary body with a period of 9.925 hours as
defined from the radio emissions (Dessler, 1983; Russell et al., 2001). Its magnetic field
is offset from its spin axis by about 10° (Russell and Dougherty, 2010).

Jupiter’s magentodisk is formed by the stretching of dipolar field lines due to centrifugal
forces (owing to the planet’s rotation) causing radial transport of internally produced
plasma. The magnetodisk prevails from around 15-20 R; (Krupp et al., 2004). As
plasma generated from Io in the inner magnetosphere is driven centrifugally from the
planet, its speed drops as momentum is conserved. This requires the field lines that
the plasma is trapped on to also slow, and causes a deflection in the By azimuthal
component of the magnetic field producing a ‘swept-back’ configuration on the dawnside
and ‘swept-forward’ on the duskside, particularly towards the outer magnetosphere. This
configuration resembles a cross between the ‘Parker Spiral’ of the solar wind and a solar
wind driven swept field configuration (like at Earth). The resulting flowline shape can

be seen in Fig 2.3.

Spherical harmonic models of Jupiter’s magnetic field can be used to perform ‘magnetic
mapping’ (the tracing of a field line from the equatorial plane to the ionosphere) in
order to relate auroral phenomena to equatorial sources. In this thesis, two internal

field models are used for mapping close to the planet ( <15 R; ) and a ‘flux equivalent’
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mapping model is used for field lines that cross the equator further than this, since at

these distances the currents can cause field stretching (see below).

An anomaly exists where the surface magnetic field is weaker with higher dipole tilt
from the spin axis around the longitudes 80 °-150 ° (Grodent et al., 2008a). The VIPAL
internal field model (Hess et al., 2011) is an update to the VIP4 internal magnetic field
model (Connerney et al., 1998) and is based on Voyager and Pioneer magnetic field
measurements, modeling the lowest orders of the magnetic anomaly and correcting for
the longitudinal position of the magnetic field lines mapping to Io’s orbit. The Grodent
Anomaly Model (GAM) uses the footprints of all three moons (not just Io, as in VIP4)
to constrain the magnetic anomaly in the northern hemisphere. At around 15 R; the
magnetic field begins transitioning from a dipolar to a stretched configuration due to
plasma sheet stretching (Khurana et al., 2004). Therefore, at these distances the CAN

current sheet model can be used in the mapping (Connerney et al., 1981).

When choosing an internal field model, the model which provides the best match for the
moon footprint of Ganymede at the feature longitude should be used (as the furthest
moon footprint field line from the planet, it maps closest to the features discussed in this

thesis). The same field model should be used for all features for consistency.

Vogt’s ‘flux equivalent’ model is used to map to the outer magnetosphere (beyond 30 R )
(Vogt et al., 2011). The model traces contours of constant radial distance from the
equatorial plane and finds the flux equivalent region in the ionosphere (as opposed to
tracing a field line from the equatorial plane to the ionosphere). The model requires an
internal field model; Vogt et al. (2015) recommends an internal model is chosen based on
which longitude sector the feature is in. The model has been used to find the boundary
between open and closed field lines in the ionosphere (by finding the lines that map to

equatorial distances of greater than 150 Ry).

2.2 Interchange and Injections

A large part of this thesis is dedicated to considering how the outer and inner mag-
netospheric processes are linked. In the outer magnetosphere, the predominant flow is
tailward as mass is lost from the system, but substantial hot inflow from reconnection
has been observed (e.g. Kronberg et al. (2005)). Similarly, in the inner magnetosphere,
flow is predominately radially outward as Iogenic plasma is driven centrifugally from the

planet, but hot injections have been observed (e.g. Mauk et al. (2002)). The large-scale
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FIGURE 2.5: Schematic showing the detection of the interchange process at the edge of
the IPT. Flux in and flux out are descibed by the dashed and solid arrows respectively.
After (Kivelson et al., 1997; Krupp et al., 2004).

result of interaction between hot plasma inflows and the close dense plasma outflows in

the middle magnetosphere is the focus of the first two data chapters of this thesis.

As the plasma in the IPT rotates around the planet, it is driven centrifugally from
the planet. In the inner magnetosphere (<15 R;), the process of interchange occurs
when regions of hot, tenuous plasma are encountered by outflowing cold, dense logenic
plasma. The tenuous and dense plasma populations interchange position in order to
conserve magnetic flux. Narrow interchange fingers have been detected in the vicinity of
Io (Kivelson et al., 1997; Thorne et al., 1997). Figure 2.5 shows the narrow threads of

flux in and flux out of the IPT in the process of interchange.

The interchange instability is analogous to the ’Rayleigh-Taylor’ instability, an illustra-
tive example of which is the characteristic droplets of oil (less dense) that form when
it is dropped into water (more dense). In the case of interchange as discussed here, the
driving force is centrifugal, not gravitational. It involves the changing of location of
hot sparse flux tubes with cold dense ones to conserve magnetic flux at their boundary,
where the triggering pressure gradient exists. The hot plasma is heated adiabatically
as it moves inwards (not by the electric field generated as the plasma moves radially

inwards but as the magnetic field is compressed, i.e. reversibly). Interchange allows
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plasma to move without significantly altering the magnetic field configuration and so
is the main driver of transport in the inner dipolar region of Jupiter’s magnetosphere.
Interchange has been observed on the IPT edges (around ~7R ;) on ’small-scales’ where
the dense plasma is logenic outflow. The observations are of, for example, changes in
magnetic field measurement, wave emissions and associated phase space densities due to
two different plasma populations on the torus edge Kivelson et al. (1997); Thorne et al.
(1997).

Interchange has also been inferred to act on larger scales in the middle magnetosphere -
in this case, the sparse plasma is the injections of hot plasma (Mauk et al., 1999, 2002).
These are referred to as large-scale because the auroral evidence of injection signatures
appear to be associated with a large regions in the equatorial plane - it may be the case
that the ‘large-scale’ interchange events are a series of ‘small-scale’ interchange events
close together and that we currently lack spatial resolution to detect this using auroral
images. Substructure has been found in Galileo Energetic Particles Detector (EPD)
measurements (Mauk et al., 1997). Radioti et al. (2013) showed simultaneous Energetic
Neutral Atom (ENA) and auroral observations at Saturn of injection signatures evolving

into several small signatures.

Large injections of hot plasma have been detected at 9-27 R radial distance, extending
up to ~1 Ry in azimuth (Mauk et al., 1999, 2002). Figure 2.6 is a schematic of a hot

plasma injection moving planetward.

Injected electrons are expected to drift opposite to the co-rotation direction as a result of
the gradient and curvature of the magnetic field. Dispersion is also expected according
to the energies of the electrons (Mauk et al., 2002). The auroral signatures of hot plasma
injections have also been detected as diffuse patches of aurora at the corresponding lat-
itudes equatorward of the main auroral oval (Mauk et al., 2002; Dumont et al., 2014);
more is said about these in the introductory section describing Jupiter’s auroral signa-
tures. These injections play a role in conserving magnetic flux; Dumont et al. (2014)
estimated that they can account for at least 18% of the inward flux required to balance

the Iogenic outflow.

There are probably two plasma sources of these injection signatures; interchange driven

from both the cold IPT outflow and also by hot plasma inflows from reconnection.

Studies of Saturn’s magnetospheric dynamics have revealed the presence of a plasma-
pause at the boundary of the nightside internally driven reconnection inflow and the

dense inner magnetospheric plasma (Thomsen et al., 2015). Evidence of interchange
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FIGURE 2.6: Schematic of the plasma injection (red), which happens quickly. Dispersive
drift due to rotation and magnetic field gradients cause energy dispersion over a longer
period of time. After (Mauk et al., 2002).

across the sharp boundary was detected in both hot, planetward plasma and cool, tail-
ward plasma. Mitchell et al. (2015) have also suggested that inward flows from recon-

nection could trigger interchange processes in the inner magnetosphere.

A similar boundary could be present in Jupiter’s magnetosphere at the outer edge of
the dense, cold plasma torus. The process of outward to inward radial plasma transport
could be analagous large scale plasma injections at Saturn, which is evidenced by SKR
and auroral UV enhancements (e.g. Mitchell et al. (2009); Lamy et al. (2013)). However,
whilst reconnection (and therefore its inflows in the outer magnetosphere) are expected

to occur preferentially on the dawnside (Vogt et al., 2010; Vogt et al., 2014), statistical
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studies of the inner magnetospheric injections and their auroral signatures show no local

time preference (Mauk et al., 1999; Dumont et al., 2014).

Dumont et al. (2015) have shown in simulations that small injections of plasma in the
inner magnetosphere are sub-corotating. The localised injection signatures may be gen-
erated by electron scattering due to pitch angle diffusion and whistler-mode waves. This
corresponds to a sub-corotating source for the second oval feature, so sub-corotation of

the feature may be expected.

2.3 Auroral Physics

Processes in the magnetosphere, for example, the generation and transport of hot plasma
injections discussed above, can lead to precipitation of plasma along the magnetic field
lines on which they are trapped into the ionosphere. This section outlines precipitation

processes into the ionosphere and the consequential collisional processes.

2.3.1 Precipitation Processes

There are, broadly speaking, three ways for electrons and ions to precipitate into the
ionosphere from the magnetosphere: particles may be scattered into the ‘loss cone’;
particles may be accelerated along Field-Aligned Currents (FACs); and particles may
be accelerated by waves in ‘stochastic’ acceleration along field lines. These will each be
discussed in turn, with the most attention paid to scattering and FACs given the topics
of this work. Recent observations from the Juno spacecraft suggest that FACs are less
prevalent through the system and that so-called stochastic acceleration processes are

more important than previously thought (Mauk et al., 2017b,a; Allegrini et al., 2017).

There are three ways for energy to transfer from the magnetosphere to the planetary
atmosphere once electrons impact the ionosphere: excitation, ionisation and dissociation
of the neutrals. This results in changes in the ionospheric density and conductance.
Jupiter’s UV aurora are thus a result of emission from molecular and atomic hydrogen
as they relax from excitement by incoming electrons. Hydrocarbons, which absorb parts
of the UV emission, are found deep in atmosphere ( Yung et al., 1982); their density profile
is determined by precipitation variations, upwelling processes that change the number

density of hydrocarbons and heating processes (e.g. Grodent et al. (2001); Gustin et al.
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(2004)). In chapter 3 derivations of parameters such as brightness and colour ratio are

discussed.

2.3.1.1 Scattering

As discussed in chapter 1 electrically charged particles are fixed onto the magnetic field
lines around which they gyrate up and down. A particle will gyrate along a field line until
the field strength becomes higher as it reaches a point at high latitude, at which point
it is ‘magnetically mirrored’ back along the field line. The pitch angle of an electron is
defined by the angle between its velocity and the direction of the magnetic field line it is
on. When the pitch angle becomes too small and falls into the ‘loss cone’, the electron
will be scattered (by collisions) into the ionosphere because its mirror point is too deep.
Processes that act to alter the pitch angle of an electron such that it is lost are said to
cause ‘pitch angle scattering’ or ‘pitch angle diffusion’ (Roederer, 2012). Acceleration
processes (such as parallel electric fields) also act to ‘boost’ the loss cone to higher field

aligned energies and lower pitch angle.

JADE (Jovian Auroral Distribution Experiment) results from Juno show that at low
latitudes (66° to 69°, corresponding to field lines threading the inner plasma sheet) there
exist upward loss cones to generate the diffuse aurora (Allegrini et al., 2017). The work
of Li et al. (2017) have also shown by comparing Juno UVS (Ultraviolet Spectrograph) to
JADE and JEDI (Jovian Energetic Particle Detector Instrument) in situ measurements
that scattered electrons are largely responsible for the diffuse aurora. Figure 2.7 shows
JEDI data of 2.7a intensity versus energy for marked times in 2.7c¢; 2.7b the energy flux;
2.7c energy distribution and intensity and 2.7d pitch angle. These are shown against
time, magnetic latitude and distance from planet. Fig 2.7¢ marked point (4) corresponds

to some broadband scattering causing aurora.

Of particular interest to this thesis, wave-particle interactions in the region 10-17 R;
are thought to scatter electrons into a field-aligned distribution, leading to a transition
region at these distances where the electron pitch-angle distribution (PAD) changes,
and to a secondary auroral oval sometimes visible at lower latitudes than the main oval
(Grodent et al., 2003; Tomds et al., 2004a,b; Radioti et al., 2009). Further study of the
second oval, including how hot plasma injections may influence the oval can be found in

chapter 4.
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FIGURE 2.7: JEDI data taken during PJ4 of Juno’s orbits. a) Downward intensity
I versus electron energy E spectra for the times identified in panel c. b) Integrated
downward electron energy flux. c¢) Intensity versus energy distributions for electrons
within 20deg of the downward magnetic field direction. d) Pitch angle distributions of
intensities averaged over electron energy (301,000 keV); the labels upward and down-
ward indicate the portions of the plot (top and bottom) that represent electrons moving
away from and towards Jupiter respectively. Mlat is the dipole magnetic latitude using
the VIP4 field model dipole. R is the distance of Juno from the centre of Jupiter in R ;.
Taken from Mauk et al. (2017a).

2.3.1.2 Field-Aligned Currents
Field aligned currents (FACs) are the flow of electrically charged energetic particles

(either electrons or ions) between the magnetosphere to the ionosphere. The maximum

current that can flow from the equatorial plane to the ionosphere is based on the number
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density and thermal energy of the particles. Without any additional acceleration, current
would not impact the ionosphere with enough energy to produce aurora - the particles
would experience a resistance to motion as they are magnetically mirrored. The energy
flux of the auroral structures seen by HST would be unexplained. However, when a
field aligned acceleration is also considered, higher energy fluxes impact the ionosphere.
These are described by Knight (1973) and are being updated by, for example, Ray et al.
(2010). Most FACs are thus thought to be accelerated.

The maximal current j)o that can be carried without acceleration by plasma with number
density N and thermal energy W;; assuming a full downwards loss cone and an empty

upgoing one is:

o = eN ()3 (2.1)

2Tme

The associated field aligned energy flux (the electron energy multiplied by the electron

number flux) Eyq is:

Wi,

TMe

Ego = 2NWy, (5 )3 (2:2)

To produce the larger current jj; required at the ionosphere, a potential drop with voltage

P is required:

oy = Wal(515) -1 (2.3

This results in the field aligned energy flux Ey;:

Erio . dli
Bpi = =052 +1) (24)
J|ji0
The average energy of the electrons can then be expressed as the electron energy flux
divided by the number flux and assuming the accelerated energy flux is much greater

than that without acceleration:
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This allows the effect variation of the plasma parameters Wy, and N to be seen on the
mean energy. Colour ratio studies (which describe the mean energy using spectral obser-
vation of aurora) can be used to estimate the mean energy (by assuming an atmospheric
model). This technique has been used by, for example Badman et al. (2016), to try
to constrain from auroral images the state of magnetospheric parameters such as mass

loading rate or magnetopause distance.

Some in-situ evidence of acceleration along field aligned currents (though much less than
required to produce the intense auroras observed by the HST alone) has been reported
from recent Juno measurements - ‘inverted V'’ signatures (an electron beam peaked in
energy due to acceleration, greater than 50keV) have been detected by JEDI amongst
other structures (Mauk et al., 2017a). The ‘inverted V’ can be seen at marked points
(1) and (2) in 2.7c and it is clear that these do not provide the predominant energy
flux in Fig 2.7b (compare, e.g. to (3) an angled beam discussed below). Given the
suggested relative importance of FACs to other electron flows by Juno, it seems the
simple flywheel model of Cowley and Bunce (2001) may need developing with regard to
current generation; the expectations from Juno in the framework of the model may be
tested (Cowley et al., 2017).

Other examples of FACs are found in the magnetotail, connecting plasma ‘bubbles’ from
the magnetosphere to the ionosphere. FACs connect small plasma bubble structures
(the inflowing, mass-depleted flux tubes) created during magnetic reconnection to the
ionosphere (see Fig. 2.8); the upward FAC gives rise to the ‘polar spot’ auroral signature
(Radioti et al., 2008a). The inflowing plasma carrying the field creates a deflection in
By such that by Ampere’s Law (curlB = pgj) a current flows into the ionosphere. The
deflection in the magnetic field has been observed by Galileo (Radioti et al., 2011).

2.3.1.3 Stochastic Acceleration

This broad category accounts for any other acceleration of energetic particles, for exam-
ple, by Alfvén waves and broadband acceleration. Juno JEDI results have shown that
monotonic energy beams can provide the majority of the current required to produce
the auroral intensity observed (Mauk et al., 2017b,a). For example, in 2.7c, the marked
point (3) shows an angled beam where there is a clear upward going electron beam that
is peaked in energy (2.7a,b). Allegrini et al. (2017) have shown using the JADE that
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FIGURE 2.8: A plasma bubble in the magnetosphere I, the current integrated over the

bubble, linked by the field aligned current J)|, dashed, into the ionosphere, where the

Tonospheric current flows. The bubble itself flows planetward, as indicated by the grey

arrow. The polar spot is formed on the ‘up’ FAC from the dawnside of the bubble.
After Radioti et al. (2010) and Nakamura et al. (2001).

there are mostly up and but some downwards electron beams. Alfvénic acceleration, ac-
celeration of particles by Alfvén waves, is thought to generate the moon footprint auroral

signatures (see review by Bonfond (2012) and references therein).

The Alfvén speed, the fastest wave propagation along a magnetic field line, is defined as:

B
Vp=———— (2.6)
V2,/onm;
where B is the magnetic field strength, pg is the magnetic constant, n; is the ion number
density and m; is the ion mass. This provides a theoretical ‘limit’ on speed of information
propagation along the field lines; comparison between the Alfvén speed and observation

can therefore help rule out whether single field lines are responsible for a phenomenon.
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Sketch of the typical
FUV auroral components of the
northern hemisphere of Jupiter.
Planetocentric parallels and
System III meridians are drawn
every 10°: 1. Main emission
(oval); 2. Kink region;
3. Discontinuity; 4. Secondary
emission; 5. Signatures of
injections; 6. Io footprint
(multiple) and tail; 7. Europa
footprint and tail; 8. Ganymede
footprint (multiple); 9. Polar
active region; 10. Polar dark
region; 11. Polar swirl region;
12. Polar auroral filament (PAF);
13. Dawn spots and arcs;
14. Midnight spot. The upper
gray shaded region is not
accessible to Earth orbit
instruments

FIGURE 2.9: A schematic showing the most frequent UV auroral signatures as revealed
by HST. The schematic is oriented with 180° system III longitude to the bottom. Taken
from Grodent (2015).

2.4 Auroral Signatures

Precipitation along the magnetic field lines from the magnetosphere into the ionosphere,
where collisional processes that generate the aurora, as described above. The auro-
ral morphologies and intensities therefore provide a way of measuring magnetospheric

processes. In this section, the ultraviolet (UV) and radio emissions are both discussed.

2.4.1 Ultraviolet Signatures

UV observations taken with the HST have provided a wealth of information about the
aurora. Grodent (2015) reviews the UV aurora as revealed by HST and schematically
shows, as in Fig. 2.9, the common auroral features, some of which are more thoroughly
introduced below and further investigated in this thesis. Typically, the aurora have
been split into three groups based on their latitudes; the high latitude ‘polar emission’,
the mid-latitude band of ‘main emission’ and the lower latitude ‘outer emission’. This
section examines the most prominent auroral signatures and relates them to their magne-
tospheric drivers, working from the outer emissions at lower latitude to the high latitude

aurora.
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at around 180° CML. The image is displayed with a log intensity scale saturated at

1000 kR. The grey lines indicate a 10° x 10° jovicentric latitude-system III longitude

grid. The image is oriented such that 180° A;;; is directed toward the bottom and Aj;;y
labels are displayed in grey.

Figure 2.10 shows an auroral image from the 2007 HST campaign. Images are projected
on a 10° x 10° jovicentric latitude-system III (rotating with the planet’s auroral re-
gion at a period of around 10 hours) longitude grid. This image has a nearly empty
high latitude region, well defined main emission (aside from where the main emission is
discontinuous) and very little low-latitude activity. The main emission in this image is

slightly contracted compared to the campaign average.

2.4.1.1 Owuter Emission

Injection signatures (see 5 on Fig. 2.9) can be the largest and brightest component of
the outer emission. Their size can vary from a few degree size blobs to large more diffuse

emissions. The injection features can be driven either by scattering of electrons into
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the loss cone or field-aligned currents associated with pressure gradients within, and at
the boundaries of, the hot plasma. They have been related to hot plasma injections in
the inner magnetosphere (Mauk et al., 2002; Bonfond et al., 2012; Dumont et al., 2014).
Kimura et al. (2015) has related injection signatures to radial transport motions as a

result of interchange as hot plasma moves radially toward the planet from reconnection.

Injection features were identified in observations from 2007 during an interval of high
volcanism on o (Nichols et al., 2009a; Bonfond et al., 2012). These injections were
attributed to increased Iogenic outflow during a volcanically active time, driving inter-
change and therefore hot plasma injections. In particular, Bonfond et al. (2012) showed
an increase in the occurrence rate of high power equatorward emission following increased
ITo activity compared to a prior period. Before the volcanically active period only 1 in 41
days showed high power emission, whereas after the activity the rate was 8 in 32 days.
This shows injections can also be used as an indicator of increased mass outflow from
Io - this has been further demonstrated in the ‘Juno era’ observations of Nichols et al.
(2017a).

At longitudes less than 150°, the Equatorward Diffuse Emission (EDE) region reported
in Radioti et al. (2009) is prominent. The EDE region appears broad in latitude and has
a low brightness. The second oval feature (see 4 on Fig. 2.9) lies outside of the main
emission and tends to be less bright than the injection signatures, appearing in sections
of discrete arcs of varying length (Tomds et al., 2004a,b; Grodent et al., 2003). These
features both magnetically map to the PAD region and are thought to be the results
of scattered electrons excited by whistler mode waves (Woodfield et al., 2013; Katoh
et al., 2011), which exist in this magntospheric region (Menietti et al., 2016). Chapter 4
investigates whether the second oval feature can be re-energised by precipitation due to

hot plasma injections in the inner magnetosphere region.

2.4.1.2 Main Emission

The main emission (see 1 on Fig. 2.9) at Jupiter has been traditionally viewed as the
most stable component of the aurora, e.g. Clarke et al. (2004); Grodent et al. (2003) and
references therein. The current understanding of how the main emission is generated
can be found in the ‘field-aligned currents’ section of chapter 1; its brightness, typically
~400 kR (Radioti et al., 2008b), will vary mostly with mass outflow rate, ionospheric
conductivity and electron temperature. Increases in electron precipitation can increase

the ionospheric conductivity (Nichols and Cowley, 2004). Models have shown this can
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increase the coupling currents, generating bright and broadened aurora (Nichols and
Cowley, 2003). Badman et al. (2016) reported the main emission expanded 1° and
dimmed by 70% of its power - this is thought to be in response to changes in cold
plasma transport rate or expansion of the magnetosphere. The main emission shape is
often referred to as a ‘kidney bean’ due to the ‘kink sector’ at longitudes 80°-150° (see
2 on Fig. 2.9) (Grodent et al., 2003, 2008a). There are temporal variations within the
main emission observable using the ~45 minute cadence of HST images - these shall be

discussed in turn.

Given the main emission is related to the magnetosphere-ionosphere coupling it may be
expected that there are variations in the emission with magnetic local time. Radioti
et al. (2008b) reported the discontinuity region in the main emission around local noon
with varying extent. They suggested solar wind driven compresion of plasma means a
reduction or a reversal in the FACs required to transfer momentum from the planet to
enforce co-rotation, so the main emission mapping to this magnetic local time sector
would be dimmer. In addition, Palmaerts et al. (2014) suggested that a small transient
spot, also fixed in magnetic local time at around 1400 LT, was generated by flow shear
induced by intermittent inward plasma flow near noon in the equatorial plane. Periodic
emission has also been seen in the main emission. Nichols et al. (2017b) showed that a
feature in this region could be periodically pulsing with a period of 10 minutes as a result
of ULF wave generation at a low density region outside the plasma sheet. The authors

suggest this could be related to the processes described by Palmaerts et al. (2014).

The dawn sector of the main emission can display incredibly bright and varied morphol-
ogy. ‘Multiple Dawn Arcs’ - parallel arcs poleward of main emission - have been reported
(Grodent et al., 2003). They have been linked to outer magnetospheric processes (i.e.
reconnection). ‘Dawn storm’ events, described by Gustin et al. (2006) and Nichols et al.
(2009a), are a morphology in which the entire dawn length of the main emission is
brightened and broadened. The brightness of the ‘dawn storm’ morphologies has been
reported to peak at 1.8 MR (Gustin et al., 2006), in this thesis we report >6.8 MR, and
in recent observations from Nichols et al. (2017a), the power has been seen to peak at
5.5 TW from this feature. The precise origin of the dawn storm feature is still unclear
but based on magnetospheric mapping it is probably related to transport through the
middle magnetosphere (Kimura et al., 2015). The reader is directed to chapter 3 for
further discussion. In the most recent and brightest case, the feature is attributed to
transport of both hot plasma inflows from the tail and increased Iogenic outflow (Nichols
et al., 2017a).
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2.4.1.3 Polar Emission

The polar emission is the most varied of all the auroral emissions. The features have
been related to nightside processes such as magnetospheric reconnection, specifically the
aforementioned polar spots. These tend to be around 1° of latitude poleward of the
main emission (see 13 and 14 on Fig. 2.9) (Grodent et al., 2004; Radioti et al., 2008a,
2010). Another feature are quasi-periodic flashes in the dusk/night sector (Nichols et al.,
2017a). The cap also shows dayside processes such as emission driven at the open-closed
field line boundary (Bonfond et al., 2017a; Vogt et al., 2011) and specifically bursts, from
the dayside cusp (Waite et al., 2001; Pallier and Prangé, 2001, 2004; Bunce et al., 2004;
Bonfond et al., 2011).The bursts are can be periodic, showing periodicities most notably
of 40-45 and 2-3 minutes. These periodicites have been linked to travel times along field
lines (Bunce et al., 2004), radio bursts (Kimura et al., 2011) measurements and Ulysses

measurements (McKibben et al., 1993).

Given the dependence on many magnetospheric phenomena, the polar aurora exhibit
many different regions of morphologies and are often split up on this basis. Traditionally,
the aptly named ‘swirl region’, ‘active region’ and ‘dark region’ have all been considered
(Grodent et al., 2008b) (see 11, 9, 10 respectively on Fig. 2.9). Other subsections (such
as a 'Noon Auroral Region’) have also been considered, e.g. Nichols et al. (2009a); Nichols
et al. (2017a).

2.4.1.4 Moon Footprints

The most equatorward auroral features tend to be the moon footprints; Io, Europa and
Ganymede have moon footprint ‘tails’ (see 6, 7 and 8 on Fig.2.9) (Bonfond, 2012; Bon-
fond et al., 2017b). To and Ganymede are known to have multiple spots in the tail
structure (Bonfond et al., 2008, 2009; Bonfond, 2010; Bonfond et al., 2013). Because
of their known radial position in the magnetosphere, the footprints are used to validate
mapping along magnetic field lines between magnetospheric source regions and the iono-
spheric auroral signatures. The auroral signatures are driven by plasma waves such as
Alfvén waves (e.g. Bonfond et al. (2012) and references therein). The moons are an ob-
stacle to the plasma flow in the magnetosphere, which flows faster than the orbital speed
of the moon. This launches Alfvén waves along the magnetic field line which accelerates
electrons and causes auroral precipitation. The spots often appears downstream of the
moon such that there is a ‘lead angle’ between the main moon auroral spot footprint and

the moon itself, due to the delay as the complex interaction takes place. For example, for
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To, interactions of the waves through the IPT causes multiple auroral spots to appear.
Analysis of the footprint properties therefore allows investigation of the properties of the

plasma environment of the moon footprint field lines.

2.4.2 Radio Emission

The Radio emissions are a lower frequency band emission than the UV. The process that
drives the UV emission can also drive Radio emissions (Zarka, 1998) and recent results
from Juno show radio emission at Jupiter is driven by the Cyclotron Maser Instability
(Louarn et al., 2017; Kurth et al., 2017). The emissions of particular relevance to this
thesis are the narrowband kilometric (n-KOM), decametric (DAM) and hectometric
(HOM) emissions. The HOM (0.5 - few MHz) and DAM (MHz) emissions have been
correlated with the solar wind activity (Galopeau and Boudjada, 2005; Hess et al., 2012,
2014). The HOM emissions are analogous to the terrestrial Auroral Kilometric Radiation
(AKR) and Saturn Kilometric Radiation (SKR). DAM emissions have also been related
to o, so fall into two categories - Io and non-Io DAM. The non-Io DAM emissions are a

higher frequency extension of the HOM emission (Zarka, 1998).

n-KOM (40-150 kHz) emissions have been related to internally driven magnetospheric
dynamics (Louarn et al., 2000, 2001; Louarn et al., 2016). Louarn et al. (2014) showed
that inflows from tail reconnection were correlated (within one planetary rotation, ~10 h)
with intensifications of the HOM and the subsequent appearance of new n-KOM radiation
sources in the outer Io plasma torus, so are possibly related interchange motions (Louarn

et al., 2016).

Intensifications of non-To DAM have been correlated with the arrival of solar wind shocks
in some cases, although the physical process leading to the intensification has not been
described (Hess et al., 2014). There are also ‘internally triggered’ non-Io DAM emission
(Hess et al., 2012, 2014). It is possible to identify whether DAM emissions have a
dawn or dusk source from their frequency spectra; vertex-early (late) correspond to
dawn (dusk) sources. Increases in HOM emission has also been related to high solar
wind dynamic pressure (Gurnett et al., 2002). Solar type III emissions tend to have a
distinctive increasing frequency in time pattern; this make it possible to pick them out
and isolate HOM emissions using satellited in interplanetary space. Figure 2.11 shows
an example of radio data detected with the WIND Waves instrument ( Yoneda et al.,
2013) and identifies the emissions. More detail on radio emissions and their detection

can be found in chapter 3.
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F1GURE 2.11: Example radio data from WIND waves in 2007 showing detection of Jo-
vian radio decametric (DAM), hectometric (HOM) and solar bursts. The DAM emission
is vertex late so corresponds to a dusk source. Taken from Yoneda et al. (2015).

This chapter has introduced the structures in Jupiter’s magnetosphere, its field configu-
ration, some of the processes (injections and interchange) that are of importance, auroral
process physics, some of the typical UV auroral features and radio emissions. Many of
these areas are particular to, or particularly prominent in, Jupiter’s magnetosphere.
Whilst comparing magnetospheric processes between planets is often insightful, for the

areas described above due care must be taken to understand the physics in Jupiter’s
context.
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Instrumentation and Data

Reduction

This chapter outlines the relevant instrumentation of the Hubble Space Telescope’s Space
Telescope Imaging Spectrograph (STIS) camera. It also outlines the use of the Waves
instrument on the WIND satellite for Jovian radio wave detection. It then goes on
to discuss the data reduction processes to produce the polar-projected images used for
analysis. The derivation of the data products brightness, power and colour ratio are also

presented.

3.1 Hubble Space Telescope Instrumentation

The Hubble Space Telescope has made many contributions to science. It orbits Earth at
around 600 km. The 2.4 meter telescope therefore avoids distortion from atmospheric

effects resulting in higher resolution images than ground based telescopes.

The majority of data used in this thesis are taken using the Hubble Space Telescope’s
Space Telescope Imaging Spectrograph (STIS) instrument; its specification and a de-
tailed discussion of its optics can be found in Woodgate et al. (1998). Figure 3.1 shows
a simplified schematic of the optics of STIS.

The light enters the camera, hits the primary mirror, is corrected for the primary mirror
abberation by two correction mirrors and then passes through a slit appropriate for the

field of view. The beam is then collimated before hitting the mode select mechanism.
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FI1GURE 3.1: A simplified schematic of the optics on the STIS after Woodgate et al.
(1998)

Here, in the spectral mode, the gratings are selected before the beam is directed to the
Multianode Microchannel Array (MAMA) detectors, or in imaging mode sent to the
appropriate Charge Couples Device (CCD). The MAMA detector has an array size of
1024 by 1024 pixels; each pixel is 0.0243” (where 1”7 is 1 arcsecond, corresponding to
1/3600°). The point spread function (the spread due to diffraction) is 0.08” full width
at half maximum. The detector photoamplifies the signal and is able to either integrate
an image across the array over time or record the time and position of each signal in its

‘time-tag’ mode (Woodgate et al., 1998).

The MAMA camera is solar blind and can sense the far ultraviolet emission from Jupiter.
A SrFs filter is used to block out some emission lines. The UV emission mainly consist
of H Lyman alpha and Hy Lyman and Werner bands. The bandpass of the SrF, filter is
1250 - 1900 A, i.e. it rejects light at shorter wavelengths including the H Lyman alpha
line at 1215 A(Which can be excited by solar rays both at Jupiter and Earth). Each
~45-minute long visit consists of two sequences of 700 s time tag imaging sequences

interrupted by a 200 s spectral observation.
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HST is an Earth-orbiting telescope, so its view of Jupiter is constrained to a specific
geometry. The Central Meridian Longitude (CML) is the longitude subtended by the
Earth observer to the planet measured in planetary rotation frame (System III longi-
tude). The Sub-Solar Longitude (SSL). Earth is close to the Sun relative to Jupiter, so
CML and SSL will always be very similar. If a feature is fixed in longitude then it rotates

with the planet. If the feature is fixed in local time it won’t rotate with the planet.

3.1.1 Spectral Imaging

In this thesis, spatially resolved spectral observations used were taken consecutively
with the HST images, in the wavelength range 1100-1700 A. The colour ratio is the ratio
of Hy emission intensity at 1550-1620 A, which is unabsorbed by methane (the major
hydrocarbon component), compared to 1230-1300 A, absorbed by methane. The slit
position was verified against intensity profile along the slit from the spatially resolved
images taken before and after and also against the limb position. The full wavelength
range was integrated over (to account for the limited throughput of the spectral filter)

to compare to the intensity profiles of the images.

3.1.2 Waves on WIND

Boudjada et al. (2001) have shown it is possible detect Jovian hectometric emission
(HOM) using the Radio and Plasma Waves (WAVES) experiment on the Wind space-
craft. Wind/WAVES data are available through CDAWeb. The spacecraft is located at
the L1 Lagrange point in orbit around Earth and detects from around 1-14000 kHz over
its two receivers RAD 1 (4-1040 KHz) and RAD 2 (1075 to 13825 kHz) (Bougeret et al.,
1995), which are co-incident with HOM emission frequencies (500 - few 1000 kHz). The
data can be used when HOM bursts can detected above solar contamination (see below)
and when there is appropriate alignment; when Jupiter can be seen by the spacecraft
(i.e. both the planet and the spacecraft are the same side of the Sun). WAVES can
also pick up DAM emission (few thousand kHz), which generally appears up to higher
frequencies than the solar contamination, so is slightly easier to pick out, especially when

considering the DAM emission spectra characteristic forms.

Examination of typical WAVES data at solar minimum and maximum shows that intense
solar Type III radio bursts (considered contamination when detecting HOM) occur more

during solar maximum. These bursts extend over the full frequency range and have a
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characteristic shape in frequency-time space, wherein the frequency decreases with time.
This is different to the HOM and DAM emission characteristics (e.g. intensity and arc
shape, see chapter 1).

Studies taken during solar maximum will use data that are heavily contaminated by
solar bursts, but it is possible to pick out other radio emission structures using both the
spectra and analysis of the intensity as a function of Jupiter CML, [e.g., Yoneda et al.
(2013)]. The occurrence probability of HOM is known to peak at CML around 30°, 120°
and 270° (Galopeau and Boudjada, 2005); it is therefore possible to see whether any
significant HOM can be statistically picked out over noise and use WAVES data during

times of contamination.

3.2 Data Reduction

This section discusses how images taken by the cameras on HST are processed into the
polar-projected views used for analysis. It also discusses how the brightness, power and

colour ratio parameters are derived.

3.2.1 Image Processing Pipeline

The images were processed through the Boston University pipeline (Nichols et al., 2009a;
Clarke et al., 2009), correcting for dark current, flat field, and geometric distortion. The
images were projected onto a planetocentric longitude-latitude grid assuming a peak
auroral emission height of 240 km above the 1 bar pressure level of an oblate spheroid
(Vasavada et al., 1999). The resolution of the projected image is 0.25 °x 0.25 °. The
images are clipped at ~2° below the planetary limb to avoid analysis where there are
significant inaccuracies due to the oblique viewpoint (Grodent et al., 2003). Further
details about data reduction and projection accuracy can be found in Nichols et al.
(2009a) and Grodent et al. (2003) respectively.

Auroral features are measured in system III (A777), a jovicentric longitude-latitude grid
which corotates with the planet with a period of 9.925 hours, as defined in Dessler (1983).
In this way, features that move to higher longitudes (clockwise) are sub-corotating, and

features that move to lower longitudes (anti-clockwise) are super-rotating.



Chapter 3. Instrumentation and Data Reduction 39

3.2.2 Deriving Data Products From Images

The ‘data products‘ brightness, power and colour ratio have been shown to vary for
different features of the aurora (e.g. Nichols et al. (2009a); Gérard et al. (2014)). By
comparing these, the energies and fluxes of precipitating electrons can be estimated and
compared to plasma theory (such as the Knight relation (Knight, 1973)), which will
reveal more about the magnetospheric source of the plasma e.g. the plasma temperature

and thermal energy, electron density etc., as described in chapter 2.

3.2.2.1 Colour Ratio

Jupiter’s UV aurora are a result of emission from molecular and atomic hydrogen as
they relax from excitement by incoming electrons. Hydrocarbons, which absorb parts
of the UV emission, are found deep in atmosphere (Yung et al., 1982); their density
profile is determined by precipitation variations, upwelling processes that change the
number density of hydrocarbons and heating processes (e.g. Grodent et al. (2001); Gustin
et al. (2004)). By taking the ratio of the emission intensity of the bands absorbed and
unabsorbed by hydrocarbons, a measure of the effective hydrocarbon column density is
found. This is known as the colour ratio (Tao et al., 2016a). Electrons that penetrate
the atmosphere will be stopped by the collisional process that lead to auroral emission.
Electrons that have a higher energy may be expected to penetrate deeper; therefore
the colour ratio can be used to estimate the electron energy, among other parameters,
when an atmospheric model is applied. These atmospheric models clearly have an effect
on the derived parameters (Gérard et al., 2014). The colour ratio is 1.1 if there is no
absorption by hydrocarbons; as more emission is absorbed (i.e. deeper penetrating and
higher energy electrons) the colour ratio rises. The colour ratio therefore provides a
measure of the precipitating electron energy. The colour ratio has been shown to vary
between different auroral features Gustin et al. (2004); Gérard et al. (2014) and between
different longitudes of the same feature (Gustin et al., 2006), and so can act as another
diagnostic tool for investigating the precipitating electron characteristics and therefore
the magnetospheric driver of precipitation. Recent application of the technique to JUNO
era images has shown that the colour ratio peak and peak brightness are often not co-
located. This has been shown for the case of auroral injection signatures, demonstrating
a differential drift in energy and that the signature is formed by hot plasma injections as
thought (Bonfond et al., 2017a). It has also been shown that in the swirl region of the

polar cap a higher colour ratio is seen compared to the brightness, which has implication
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for the outer field lines and the magnetopause processes associated to this region (Gustin

et al., 2004; Bonfond et al., 2017a).

3.2.2.2 Electron Flux, Brightness and Power

Comparison of the power emitted by different regions of the aurora over time can be
used to indicate how energy is moved through the magnetosphere. The power emitted
can be extracted from the images in the following procedure, which is detailed more
thoroughly in Gustin et al. (2012): counts per second are converted to kiloRayleighs
(kR) emitted from Hy over the full wavelength range 700-1800 A, assuming a colour
ratio of 2.5 (Gustin et al., 2012). The emission falling on the SrFy filter corresponding
to 1kR is 4523 counts per second. (1 Rayleigh corresponds to 10% photons crossing an

area of 1 cm? in every direction each second.)

Electron flux is determined from the auroral brightness using the approximation that
10 kR~1 mWm~2 of input electron flux. For full details, see Tao et al. (2016a) and
Gustin et al. (2004).

The brightness (in kR) observed by one pixel of the detector is multiplied by 1 x 10° to
recompute the number of incident photons in counts per second. To then find the energy
flux, this is multiplied by the mean energy of an auroral photon in 700-1800 A (the full UV
spectrum). The absorption by the atmosphere is known from a model of the atmosphere
(indicated by the colour ratio) and the camera filter rejects certain wavelengths. These
two factors are encapsulated in a ‘conversion factor’. For STIS, this results in a conversion
factor of 1.02 x 102 for a colour ratio of 2.5 (Gustin et al., 2012). This is then multiplied
by the Jupiter-HST distance squared. Alternate conversion factors for the counts per
second to brightness and brightness to power for the Advanced Camera for Surveys
(ACS) can be found in Gustin et al. (2012). The power is calculated from the brightness
on the unprojected image, since as part of the projection process, brightness is conserved,

but area is not.

The observed auroral power is dependent on the CML. For some viewing geometries, a
significant fraction of the auroral emission is located behind the planetary limb because
of the magnetic dipole tilt of 10°. Following the procedure outlined in Clarke et al.
(1980) and more recently Nichols et al. (2009a) and Bonfond et al. (2012), the corrected
UV power in each area of interest of the aurora was extracted from the HST images in
the following way: Different views of the Jovian northern hemisphere from Earth were

simulated and the fraction of area of interest visible from Earth at each CML compared
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the to the total region visible was found. This produces a curve of CML versus fraction
of area of interest visible. This curve was fitted using an RMS minimization technique
to the raw power values for each visit; the peak of the curve is the ‘auroral index’. This
is a measure of the activity separate from the viewing effects; it is what the power would
be if the points were viewed at the optimal viewing angle. The deviation (positive or
negative) of the raw power values from the curve was added to the ‘auroral index’ to
give the corrected power, hence taking into account their viewing geometry and auroral
activity respectively. This method assumes that there is no significant variation of powers
in a single visit and is therefore not appropriate for analysis of power variation within

one visit.



Chapter 4

Auroral Evidence of Radial

Plasma Transport

4.1 Introduction

As chapter 1 outlines, as part of the Vasiiliunas cycle, logenic plasma generated in
the inner magnetosphere is transported radially outward through a quasi-steady state
process to the outer magnetosphere where it is lost down the magnetotail. In this chapter,

evidence of plasma transport from outer to inner magnetosphere is presented.

The HST images of Jupiter’s FUV northern aurora are taken between days of year 001
to 016 of 2014 (ID: GO13035, available through the Space Telescope Science Institute
(STScI) website). The 2014 Hubble Space Telescope (HST) campaign has been studied
previously. We take into account the relevant work in our study. Kimura et al. (2015)
have suggested that transient brightening events during the observational interval are
driven by internal processes, not externally by the solar wind. Yoneda et al. (2015) have
shown that there was no increase in sodium nebula brightness, indicating that Io was
not significantly volcanically active in the weeks before the campaign. S and O emissions
in the inner Io torus are observed to be steady over the observation interval ( T'suchiya
et al., 2015). It is therefore unlikely that the transient brightening is due to increased
Togenic outflow. This study further investigates the brightening event on day 011.

There is on average one HST ‘visit’ per day, with exceptions of day 011 and day 013
having two and three visits respectively. Each ~45-minute long visit consists of two

sequences of 700 s time tag imaging sequences interrupted by a 200 s spectral observation.
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The imaging observations are split into seven images with 100 s exposures. The images

have been processed and projected as described in chapter 2.

In this chapter, we present auroral observations of a super-rotating polar spot transition
from the polar to main emission region in the presence of a broad, bright main emission
feature and two large equatorward emission features. The magnetospheric processes
that cause these aurora occur at different radial distances. We therefore investigate the

signatures as part of a sequence of inward radial transport processes.

4.2 Results

4.2.1 Auroral Features

Figure 4.1 shows six 100 s exposure images taken on 11 Jan 2014. The field of view is
bounded by the dashed white line. In this work, the main emission boundary (shown in
panel f) is defined as a strip that is 1° poleward and 2° equatorward of the average peak
in the main emission for the 2014 HST campaign. Given the variable main emission
morphology through the campaign, the strip sometimes cuts off the extreme edges of
the emission. The polar region is defined as poleward of the main emission and the
equatorward region is equatorward of the main emission, up to ~1.5° poleward of the Io
Footprint (Hess et al., 2011).
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In the first sequence of the first visit (00:31 - 00:41 UT, Fig 4.1a), three features are
highlighted; feature B is a section of the main emission and C and D are both large
equatorward emission features. In the second sequence of the first visit (01:01-01:11 UT,
Fig 4.1b-e), feature A is a polar spot. This is circled in panel 4.1b. The images, which
are shown fixed in SIII longitude with A;;;=180 ° at the bottom, indicate that the polar

spot is super-rotating, i.e. moving faster than the features that are fixed in Ajyy.

The spot centre (the brightest central point of the 200 kR contour) moves ~8° (~8000 km)
in the ionosphere over the 10 minute sequence, corresponding to ~270% corotation speed
(including both azimuthal and radial motion, where 100% corresponds to corotation).
The spot is up to 4° wide in longitude and 1° in latitude and brightens to an average of
~300 kR. It is separated from the campaign average main emission position initially by
3.8° and moves equatorward to a separation of 2° latitude over the 10 minute sequence.
The spot is an extended feature and extends between 200°-211° longitude over all im-
ages. The spot appears on the dawn flank, similar to those reported in (Radioti et al.,

2008a, 2010), which were interpreted as a signature of reconnection in the magnetotail.

The main emission is usually broad at dusk and well defined /narrow at dawn (Gustin
et al., 2006). However, in this visit (00:33-01:11 UT), in the region A;;; ~185-200° the
main emission appears notably expanded in latitude (up to ~2.5° latitude either side
of the average campaign main emission position) compared to the rest of the campaign
and previous observations. This unusual feature could be due to a structure superposed
on the main emission, or an expansion of the emission itself. Figure 4.2 shows the
substructure of feature B at 00:41 UT. The substructure consists of two extremely bright
regions (up to >6.8 MR) which appear to subcorotate over the sequence. The broadness
of the feature is obvious when compared to the main emission on the opposite side of the
oval, between A;j; ~150-160°. The main emission region at B is also very bright; the
power in the total main emission region in these images is consistently over 1000 GW,

compared to typical power of ~500 GW over the rest of the 2014 campaign.

The observed morphology is reminiscent of but distinct from the ‘dawn storm’ events
described in chapter 1. In feature B described here, the peak brightness of the main
emission feature B is much higher than a typical dawn storm at >6.8 MR and the
broadened region is well constrained, not covering the whole dawn flank of the main
emission. Feature B is also distinct from the multiple dawn arcs reported by Grodent
et al. (2003).
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FIGURE 4.2: Polar-projected HST image of feature B taken at 00:41 UT, as in Fig. 1la,
showing substructure. Longitude and latitude labels are displayed.

The last image of this sequence (shown in Fig 4.1e) shows the super-rotating spot entering
the area of bright and expanded main emission ~200° Ar;;. The spot’s visible lifetime is
therefore 20 minutes - but this is not a true ‘lifetime’, rather the time where it remains
distinct from other features. The position implies that the field lines mapping to the
spot are in the vicinity of the dawn sector corotation breakdown region (Cowley and
Bunce, 2001; Vogt et al., 2011, 2015). This is also the region responsible for the main
emission. The breadth of the main emission has reduced to the steady state configuration
(although dimmer, up to ~400 kR) by the next HST visit at 19:39 UT (shown in Fig
4.1f).

There are two large equatorward emissions at 154-169° (emission C) and 133-152° (emis-
sion D). Emission C has bright patches of up to 1600 kR and extends into the main
emission oval. Emission D is more diffuse, reaching a peak brightness of only 600 kR
and is centered at lower latitudes, extending to within 2° of the IFP contour. The aver-

age brightness in emission D is 270 kR. These emissions are present at the beginning of
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this HST sequence (00:31-00:41 UT, Fig 4.1a), so their generation must have occurred

before the transit of the polar spot into the main emission region.

The longevity of the equatorward emissions is also comparable to that described by
Dumont et al. (2014); the consecutive HST sequences starting at 00:31 UT and 01:01
UT both show the emissions. There are faint structures on images taken at 19:39 UT
(second visit, Fig 4.1f, circled green) at the same longitudes as feature C in the previous
visit. The faint structures could be a remnant of feature C, which would give a minimum

lifetime for this equatorward emission of 18.5 hours.

4.2.2 Magnetospheric Source Regions

In order to investigate the potential magnetospheric source region of the auroral features,
we map field lines from the northern hemisphere to the equatorial magnetosphere using
the Grodent Anomaly Model (GAM) and the VIPAL models. Figure 4.3 shows the
mapped location of the centre of the super-rotating spot (specifically the brightest central
point within the 200 kR contour), in the equatorial plane of the magnetosphere alongside
the mapped source regions of the extrema of the main emission and two equatorward
emissions shown in Fig. 4.1. The red stars show the equatorial mapping of the centre of
the super rotating polar spot and the boxes the extrema of the other auroral features.
The magnetopause is indicated by the solid black lines and shows both the compressed

and the expanded configurations after Joy et al. (2002).

The poleward edges of the features were mapped using the flux equivalence method at
170° CML ( Vogt et al., 2011, 2015). The spot and poleward edges of the main emission
use the GAM internal field model because it provides the most accurate match to the
Ganymede footprint at these longitudes (Grodent et al., 2008a; Vogt et al., 2015). Out of
the internal field models available, GAM predicts the most tailward source for the spot
and main emission, which is consistent with the initial notable high latitude of the spot
and the interpretation of polar spots as a result of tail reconnection. For consistency,
the GAM model of the internal field was used for the poleward edges of the equatorward
emission (Vogt et al., 2011, 2015). The VIPAL internal field model alone was used to
map the equatorward edges of the main emission and equatorward emission features

(Hess et al., 2011) since they likely map to <15 Rj.

As the polar spot super-rotates around the planet, its mapped radial distance from
the planetary centre decreases from 95 to ~70 R; as it moves from 0400 to 0615 LT.

These radial distances are consistent with the locations of reconnection events observed
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FIGURE 4.3: The location in the equatorial plane of the auroral features observed on 11
January 2014. The red stars show the equatorial mapping of the centre (specifically the
brightest central point of the 200 kR contour) of the super rotating polar spot as it moves
over the image sequence and the coloured boxes are the extrema of the auroral features.
The poleward edges of the features were mapped using the flux equivalence method
at 170° CML (Vogt et al., 2011, 2015) with the GAM internal field model (Grodent
et al., 2008a). The VIPAL internal field model alone was used to map the equatorward
edges of the main emission and equatorward emission features (Hess et al., 2011). The
Sun is to the right hand side. The blue box shows the expanded main emission (B),
the green shows the left-hand equatorward feature (C) and the orange shows the right-
hand equatorward feature (D). Solid black lines indicate the compressed and expanded
magnetopause after Joy et al. (2002).

in situ with Galileo (Kronberg et al., 2005) and the statistical x-line in this sector ( Vogt
et al., 2010). Figures 4.1b-e show that the spot (A) moves closer to the enhanced main
emission region (B). Correspondingly, the map in the equatorial plane (Fig. 4.3) shows
that the final mapped source region of the spot and the main emission source region
are co-located. The total distance between the first and last mapped location of the
spot is ~56 R ;. This corresponds to an average propagation speed of 6450 km/s in the

magnetosphere over the 10 minute sequence.

The mapped main emission region (feature B, blue outline) extends from 8 R to as far

as ~110 Ry from the planet. The majority of points within this feature, however, map
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to within 15-45 Ry, which is consistent with the modelled corotation breakdown region
of 15-30 Ry (Vogt et al., 2015) in the dawn sector. The source region maps to between
0500-0915 LT.

The brighter equatorward emission source region (feature C, green outline) is farther
from the planet than the second equatorward emission source region (feature D, orange
outline). The source region of emission C extends over ~8-58 Ry and between 1100-1500

LT. The source region of emission D extends over ~6-45 R and between 1445-1730 LT.

4.2.3 Emitted Auroral Power

Figure 4.4 shows the time series of the power in each region of the aurora. The day 011
event dominates the time series. The total auroral power peaks at ~2200 GW. Com-
parison of the contributions of each auroral region and the morphologies themselves (see
Fig. 4.1) show that main emission brightness region is the primary contributor to the
power (~1100 GW) and that the breadth of feature B causes the power to ‘leak’ over
the defined regional boundaries into the other regions. There is additionally a signifi-
cant contribution from the large equatorward emissions (~540 GW). These are similar
to the observed power of equatorward emissions observed by (Bonfond et al., 2012).
The contribution of the two large equatorward emissions C and D alone is ~390 GW.
The super-rotating polar spot does not contribute notably to power in the polar region

because of its small size.

The next HST image (19:39 UT, Fig 4.1f) was taken 18.5 hours after the image sequence
showing the above features (01:01-01:11 UT, Fig 4.1b-e). The total auroral power de-
creased from ~2200 GW at 01:11 UT back to ~1300 GW at 19:39 UT on day 011.
Using a simultaneous data set from the Hisaki satellite, which measures extreme ultra-
violet (EUV) power emitted from the whole northern polar region quasi-continuously,
the time interval during which the power was elevated above average values can be con-
strained to just 7 hours (Kimura et al., 2015). The extremely bright main emission
feature B and large equatorward emissions C and D are the primary contributors to the

power. The long-term variations in power are discussed by Badman et al. (2016).



Chapter 4. Auroral FEvidence of Radial Plasma Transport 50

2500
2000

1500

1000

500

0
2500
2000

1500
1000

500

Corrected Power(GW)

2500

2000
1500
1000

500

LR R RN RN RN LN R RN RN R RN RN RN RRRRE RERRN ERRL
x
3
»x

% Mo ow X x X K KK K

10 15
DOY

o
(&)
n
o

FIGURE 4.4: Power emitted from the different auroral regions over the 2014 HST

campaign. The regions shown in colour from top to bottom are the main emission

region (red), polar region (green) and the equatorward region (blue). The vertical

grey shaded region indicates the HST visits of interest at 01:00 UT on day 011. The

boundaries of these regions are indicated on Figure 4.1f. In each plot, the black points

indicate the total power in order to indicate the contribution of each region to the total
power.

4.3 Discussion: Interpretation of Auroral Signatures

Polar spots which are not super-rotating have been interpreted as auroral signatures of
magnetic reconnection (Grodent et al., 2004; Radioti et al., 2008a, 2010). The super-
rotating polar spot (A) is also interpreted as the auroral response of magnetic field
reconnection in the magnetotail because of its similar size, direction of motion, and
location. The super-rotating spot appears at higher latitude relative to the main emission
compared to the other polar spots seen in this campaign, such as on day 004 (not shown
here). The typical separation of these spots from the main emission is around 1° of
latitude, consistent with observations of polar spots by Radioti et al. (2008a). However,
on day 011, the spot is as far as 3.8° poleward of the campaign average main emission
location. In general, more poleward emissions correspond to events farther from the

planet, so this indicates that reconnection is occurring further from the planet (or at
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least farther from the corotation breakdown/main oval region) in the day 011 case than

in other previously reported polar spot cases.

Two explanations of the unusual spot observations are presented. Firstly, following
Nichols et al. (2014), the site of magnetic reconnection itself propagates rapidly as flux
over a large spatial region reconnects. As the field dipolarises, Alfvén waves are launched
from the reconnection site and generate an auroral signature. As the reconnection site
moves, so does its ionospheric footprint. It is noted that the mapped location of the
super-rotating spot in the magnetosphere follows the location of the statistical Vasyliunas
cycle x-line in the magnetotail (Vogt et al., 2010), i.e. moving closer to the planet with
increasing LT. In this scenario, to match the observations the x-line would need to

propagate at ~6500 km/s.

Alternatively, hot tenuous plasma flowing very quickly planetward from a distant recon-
nection site can produce a signature at very high latitudes relative to the main emission
and rotate around the planet at high azimuthal velocity. By analogy to auroral streamers
at Earth, as the field line moves azimuthally and planetward around dawn, the footpoint
in the ionosphere is also expected to move (Henderson et al., 1998; Nakamura et al.,
2001; Nishimura et al., 2011). The relatively fast contraction of the dipolarising field
line in the magnetosphere past the surrounding field lines causes a gradient in B, and
therefore a field-aligned current system (e.g. Kasahara et al. (2011)). This has been
observed at Earth by the THEMIS mission (Keiling et al., 2009). Cowley et al. (2015)
showed that for a simple 1D current sheet, a newly-reconnected field line (dipolarisation)
will contract planetward with a speed equal to the difference between the Alfvén speed
and the tailward flow of plasma on stretched nightside field lines. Taking the observed
speed of the auroral spot, ~6500 km/s, as the speed of planetward contraction and an
estimate of the downtail plasma flow as 350 km/s (Krupp et al., 2004; Cowley et al.,
2015), the Alfvén speed must be >6000 km/s. For a typical value of the field strength
outside the current sheet of 7 nT (taken at 80 Ry) (Kivelson and Khurana, 2002), this
requires a very low ion mass density (e.g. a proton density of 1x1073 cc™!), indicating

that, in this scenario, reconnection occurred in a low density region such as the lobe.

On day 011 (00:31-01:11 UT), the main emission is locally broadened and bright at
emission B. The mapping of the path of the super-rotating spot indicates reconnection
inflows into this region. This implies that there are flows into the main emission region
from reconnection events in the more distant magnetotail. Prior reconnection events may
have caused similar flows. The resulting flow shears and dipolarised field lines generate

field-aligned currents and enhanced auroral emission (Kasahara et al., 2013; Palmaerts
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et al., 2014), as indicated by the structure of feature B, shown in Fig 4.2. These effects
could be compounded by an increase in ionospheric conductivity in the ionosphere locally
to generate the bright signature observed. Increases in electron precipitation can increase
the ionospheric conductivity and therefore increase the coupling currents, generating
bright and broadened aurora (Nichols and Cowley, 2003, 2004).

The main emission in feature B has returned to a normal configuration by the second
visit of day 11 (Fig 4.1f). Assuming that a significant proportion of the total EUV power
measured by Hisaki was from the large and exceptionally bright feature B, the lifetime
of feature B may be constrained to just ~7 hours. Feature B is interpreted as the result
of enhanced flow shears, so it is suggested that enhanced inflow from the tail could also

have continued for ~7 hours.

Emission regions C and D are unlike the injection morphologies described by Dumont
et al. (2014), which are smaller and brighter. They are also larger than the emissions
characterized by Mauk et al. (2002) as signatures of injections in the inner magneto-

sphere.

Similar features were identified in observations from 2007 with associated high powers
in the equatorward region (Nichols et al., 2009a; Bonfond et al., 2012), which were
related to increased volcanic activity. However, in the present case, observations of the
Io sodium nebula brightness (Yoneda et al., 2015) and EUV power of the inner torus
(Tsuchiya et al., 2015) show no indication that Io volcanic activity has increased in
the weeks prior to or during this observational interval. Yet, a similar occurence rate
of injection signatures as in 2007 are observed. It is therefore suggested that inflow
from reconnection causes hot plasma injections to generate the large signatures observed
(analogously to bursty bulk flows at Earth), without requiring increased Iogenic outflow

as in the 2007 case.

Following the discussion above, features C and D could have formed following reconnection-
driven inflows in the preceding hours. It is known that polar spots appear in groups and
that reconnection events can be clustered (Radioti et al., 2008a), occurring on successive
fieldlines (Vogt et al., 2014). During long (up to 18 h) periods of reconnection across open
and closed field lines, electron jets at the dipolarisation front were detected travelling
planetward at 7500-17000 km/s (Kasahara et al., 2011). This is similar to the velocity

of the super-rotating auroral spot inferred from the magnetic mapping (6450 km/s).

The equatorward emission D lies within the longitudinal range (150° < A\;;; <210°) and
expected brightness (270 kR) identified for the secondary oval associated with the PAD
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boundary (Grodent et al., 2003; Tomds et al., 2004b; Radioti et al., 2009). Enhancement
of this feature can also be attributed to hot plasma injections since the hot population
would enhance the waves responsible for the electron scattering (Tomds et al., 2004a;

Woodfield et al., 2013). This phenomena is discussed in chapter 5.

Previous observations show auroral signatures of injections can last over 34 hours (Bon-
fond et al., 2012). Possible remnants of equatorward features C and D have been iden-
tified in HST observations made 18.5 h later (Fig. 4.1f). This implies that the effects of
hot plasma injections (e.g. further planetward transport and wave-particle interactions)

can continue for 18.5 hours.

In summary, the HST image auroral signatures have been interpreted as hot plasma
inflows from tail reconnection (super-rotating polar spot), flow shears in the dawnside
middle magnetosphere (locally bright and broad dawnside main emission) and evidence
of hot plasma injections in the inner magnetosphere (equatorward emission). It is not
suggested that the magnetospheric counterpart of the super-rotating spot causes the
other features observed at the same time, but that the super-rotating polar spot signature

is part of a prolonged reconnection interval.

Reconnection can proceed on open field lines if all the closed field lines have first been
reconnected. The super-rotating spot is seen at particularly high latitudes compared to
previously reported spots, which are thought to have formed as part of the Vasyliunas
cycle. Open field lines will map to more poleward emissions than the closed field lines
and Dungey cycle reconnection is expected to take place in the far tail (Badman and
Cowley, 2007). It is suggested that the observed super-rotating spot signature appears
near the end of a prolonged reconnection interval, involving (Vasyliunas-type) closed

field line reconnection, possibly proceeding onto open field lines.

4.4 Global Picture from Radio Observations

We now examine Jupiter’s radio emissions for additional evidence of magnetospheric
dynamics. Louarn et al. (2014) linked tail reconnection inflows to intensifications of the
HOM and new sources of nKOM in the outer Io plasma torus within 1 Jupiter rotation.
Intensifications of non-Io DAM has been sometimes related to solar wind shocks, although
the processes are not understood (Hess et al., 2014). Increases in HOM have also been

related to high solar wind dynamic pressure (Gurnett et al., 2002).
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FIGURE 4.5: Averaged intensity at 3.5 MHz from WIND /Waves sorted by CML for the

planetary rotation before (blue, 15:10-01:00 UT), during (green, 01:00-11:10 UT) and

after (red, 11:10-21:10 UT) the auroral sequence in Fig 4.1b-e on day 11. The solid line

shows campaign average intensity, in 10° bins. The coloured points plot the intensity
averaged over 10° bins for successive rotations.

WIND Radio and Plasma Waves (WAVES) data (Bougeret et al., 1995) were examined
for this interval (data is available through CDAWeb). Figure 4.5 shows the average
intensity from days 001-016 at one frequency band (3.5 MHz), where HOM is expected,
as a function of CML (black line). The occurrence probability of HOM is known to peak
at CML around 30°, 120° and 270° (Galopeau and Boudjada, 2005). The peak at 120°
indicates the HOM was detected by WIND at this frequency during the interval despite
the significant solar activity. This statistical peak will be ignored in the analysis of the

HOM associated with this transient event.
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The blue, green and red points on Fig 4.5 show the intensities at 3.5 MHz from the
planetary rotations around the auroral image sequence shown in Fig 4.1b-e at 01:01-
01:11 UT. We show the rotations before and after the image sequence in order to show
that the HOM signature observed is non-periodic. The blue points show the planetary
rotation before the auroral sequence, the green starts at the time of the auroral sequence
and the red at the rotation after the sequence. The intensity of emission during the end
of the first rotation (blue, 15:10-01:00 UT) and beginning of the middle rotation (green,
01:00-11:10 UT) around CML 150-220° exceeds the campaign average. The rotation after
the image sequence (red, 11:10-21:10 UT) does not show significant intensity around the
same CML, as expected for a signature that is non-periodic. The majority of the points
are lower intensity compared to the campaign average because there is lower type III
burst activity at this frequency around day 011 compared to the rest of the campaign.
The blue point at 310° CML above the campaign average has been checked against the
frequency-time spectrogram and is not associated with HOM, but is associated with
a solar burst on day 010. The other HOM associated frequency bands were checked
and CML 150°-220° consistently showed increased intensity. Other points above the

campaign average show variation across other frequency bands, so these are not HOM.

The raised intensity at HOM frequencies around the time of the HST images is also
evident in Fig 4.6a, the frequency-time spectrogram, at 00:30-02:30 UT between 0.7 - 4
MHz. The emission frequency increases with time, opposite to the solar type III bursts
also occurring. This potential HOM burst is detected simultaneously with the intense
UV emission observed by HST (Fig 4.1b-e). The specific UV auroral feature that the
HOM corresponds to is unknown, although HOM is expected to be related to inner
magnetospheric sources (L-shell < 30) (Ladreiter et al., 1994; Zarka et al., 2001; Imai
et al., 2015). Fig 4.3 shows part of the main emission and equatorward emissions relate

to sources up to L ~30.



Chapter 4. Auroral FEvidence of Radial Plasma Transport

56

Normalised Intensity (dB)

© © ¥ & o

(2H) Aouonbaig

FIGURE 4.6: Radio spectra from Wind WAVES RAD1 (20-1040 kHz) and RAD2(1.075-
13.82 MHz) detectors on day 011 (a) and day 014 (b). The flux density of both receivers
is not cross-calibrated, producing the apparent discontinuity across the detector ranges.
HOM emission is expected up to a few MHz. The HOM emission on day 011 is the
between ~00:30-02:30 UT and 150-220° CML, between 0.8-4 MHz. The HST image
sequences are marked for indication: HST Sequence 1 (00:31-00:41 UT), HST Sequence
2 (01:01-01:11 UT) and the next sequence showing the relaxed main emission state,
HST Sequence 3 (19:39-19:49 UT). A clearer HOM signal for comparison on day 014 is
between ~19:30-21:00 UT and 205-265° CML, between 0.7-6 MHz. The non-lo DAM
signature on day 011 is at ~04:00 UT and ~270° CML. A typical solar burst showing
decreasing frequency with time is highlighted. The colour scale is saturated at 1.5 dB
to show Type III solar bursts.
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For comparison, in Fig 4.6b we show another HOM burst from 19:30-21:00 UT between
205-265° CML on day 014, which was also correlated with intense UV emission (Kimura
et al., 2015). Because of its higher power this feature is easier to distinguish on the
frequency-time spectrogram, but otherwise its characteristics are similar to those seen
at 00:30-02:30 UT on day 011, supporting our interpretation of the day 011 feature as a

HOM burst associated with enhanced UV emission.

Non-Io DAM emission was also observed at 04 UT, CML 275° at 1-10 MHz. The
vertex-late shape corresponds to a dusk source (Hess et al., 2014). At this time, ~1/4
rotation after the images shown in Fig 4.1b-e, the bright main emission feature B and
equatorward feature C would be in the dusk and post-dusk sectors, assuming corotation
with the planet. Hess et al. (2014) suggest DAM sometimes exhibits a correlation with
solar wind shocks, as has been detected in the UV (Clarke et al., 2009; Nichols et al.,
2009a). However, within ~1 day accuracy, there is no evidence in the propagated SW
data of a SW shock arriving at Jupiter at this time (Zao et al., 2016b). This could
therefore be an internally triggered DAM emission, as identified by Hess et al. (2012,
2014).

The intensifications of the emissions identified as HOM and DAM support the interpreta-
tion that a global magnetospheric disturbance was occurring, involving tail reconnection
and disturbance of the outer Io plasma torus (Louarn et al., 2014). The large equa-
torward emissions are thought to be generated by inflows prior to the HOM detection
and HST imaging sequence on day 011. This implies that there has been magnetotail
reconnection prior to the time of the HST observations. This could be analagous to SKR
and auroral UV enhancements and large scale plasma injections at Saturn (e.g. Mitchell
et al. (2009); Lamy et al. (2013)).

4.5 Conclusions and Summary

HST observations from day 011 January 2014 (01:01-01:11 UT) show bright and unusual
auroral forms, which are interpreted as part of an inward radial transport sequence. A
super-rotating polar dawn spot (feature A) was observed and interpreted as the signature
of tail reconnection. The spot could be either the signature of the propagation of the
X-line in the tail, or the signature of dipolarised field travelling planetward. The spot
was observed to move into a broad and bright patch along the dawnside main emission

(B). The brightening in this region could be related to flow shears associated with earlier
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inflows. The presence of hot plasma originating from the tail could lead to the presence of
bright equatorward emissions (C and D) as the signatures of earlier hot plasma injections
le.g., (Thomsen et al., 2015)]. The images are thought to capture part of a prolonged

period of reconnection.

Radio emissions measured by WIND suggest that HOM and non-ITo DAM signatures are
associated with the sequence of auroral signatures (01:01-01:11 UT). These are inter-
preted as inner magnetospheric and internally driven disturbances. Louarn et al. (2014)
previously showed HOM should occur within 10 hours of tail inflows. The enhancemen-
t/detection of the HOM supports our interpretation of the UV auroral signatures as a

sequence of radial transport.

The bright and broad dawnside main emission feature magnetically maps to the mor-
phological boundary between the hot tail inflows and inner magnetosphere region. The
Hisaki EUV power is only elevated for about 7 hours above the average power level,
so assuming the main contributor to the EUV power is the main emission feature, the
lifetime of feature B may be constrained to just ~7 hours. If flow shears in the middle
magnetosphere are the cause of the emission, then the flow shears and therefore the
enhanced inflow may also be constrained to a duration of 7 hours. The equatorward im-
ages may show emission for at least 18.5 hours. This implies the interval of hot plasma
injections and its consequences can be at least 18.5 hours duration. The next chapter

further discuss the auroral injection signatures and the plasma that causes them.



Chapter 5

Response of Jupiter’s Secondary
Auroral Oval to Hot Plasma

Injections

5.1 Introduction

In the previous chapter, hot plasma inflows triggered by reconnection were shown to
in turn trigger hot plasma injections in the inner magnetosphere, as close as 8 Rj.
This is likely due to a predominantly internally driven global transport process. This
hypothesis has been further explored by Louarn et al. (2014) using HOM and n-KOM
radio data. Kimura et al. (2015) have also explored this using the Hisaki spacecraft
and they identified a transient brightening in the auroral power corresponding to a large
injection event. From the signatures discussed in chapter 4, the auroral power increase
presumably comes from the main emission region brightening and increased low latitude
emission. This chapter addresses the consequences of injections of hot plasma in the inner
magnetosphere, specifically in the region 10-17 R ;. In this region, sometimes known as
the PAD transition region, wave-particle interactions are thought to scatter electrons
into a field aligned distribution. The particles may then form a secondary auroral oval
due to precipitation at lower latitudes than the main emission (Bhattacharya et al., 2001;
Grodent et al., 2003; Tomds et al., 2004a,b; Radioti et al., 2009).

Hot plasma injections in the PAD transition region may be expected to act as a particle

source and source of energy for wave growth for wave-particle interactions and therefore

99
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increase scattering into the ionosphere (Xiao et al., 2003), causing the second oval to
become more visible. Due to the confined local time nature of the hot plasma injection,
it may be expected that the second oval forms in latitudinally constrained arcs. We also
show that due to field gradient-curvature drifts, the signature may become longitudinally
spread over time. This chapter quantifies the location and intensification of the second

oval feature in response to the occurrence of hot plasma injections.

5.2 Observation Overview

The images are taken from the 2014 HST campaign between days 1-14, as in the previous
chapter and processed as outlined in chapter 2, instrumentation. The spectral images

are also processed in line with chapter 2, instrumentation.

Figure 5.1 gives examples of the relevant morphologies observed. There is an injection
signature on day 4, appearing outside the main oval (top left). On days 5 (not pictured),
6 (Fig. 5.1b) and 7 (Fig. 5.1c), the second oval appears in bright arcs with diffuse
emission between sections. After another injection event on day 11 (Fig. 5.1d), a fuller
second oval is seen on day 13 (Fig. 5.1e). A further injection event on day 14 is indicated
by a Hectometric (HOM) radio emission at 20:00 UT, which has previously been linked
to large reconfiguration events and injection events (Louarn et al., 2014) and chapter 3,

Radial Plasma Transport. On day 16 (Fig. 5.1f), the fullest second oval is observed.
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Three large injection events are detected through the 2014 HST campaign on days 4,
11 and 14 using the Hisaki instrument. In all three cases, Hisaki measurements show
sudden transient increase in auroral power, indicating a reconfiguration and injection
events (Kimura et al., 2015). On days 4 and 11, HST images show large auroral injection
signatures (see Fig. 5.1a and d). On day 14, a large HOM emission is observed.To analyse
the response of the second oval feature to the injections, the campaign was split into two
groups: observations which were within three days after an injection event (days 5, 6, 7,
11, 13 and 16) and the other observations (days 1, 2, 3, 4 and 10).

5.3 Feature Detection Algorithm

An automated detection algorithm was used to select the second oval points. The average
position of the main emission over the campaign was found as follows: the average
campaign image was binned into 1° system III longitude bins. The maximal brightness
was found in each bin with the caveat that the latitude of maximal brightness was not to
change more than 2° between adjacent longitude bins. This confines the brightness of the
main emission to a strip a few degrees in latitude. The average main emission position
for the campaign is shown in black crosses on Fig 5.2. For each visit, slices perpendicular
to the main emission were taken at ~0.25° intervals along the oval. Firstly, the main
emission position along the slice was found. The outer bound of the slice is set as the
footpoint of the field line that crosses the equatorial plane at 9 R; (mapped with the
VIPAL model (Hess et al., 2011)); the inner bound is 0.5° poleward of the average main
emission position. A Gaussian distribution is fit along the intensity profile of the slice (on
the assumption that the main emission is bright and confined). The peak position of the
Gaussian is taken as the main emission peak position for that slice if it is above 200 kR
(to avoid selecting bright second oval peaks). The position of the main emission for the
visit was found by averaging the points’ positions in 20° spatial bins in longitude around

the central point at 175° longitude, 66° latitude (which was empirically determined).

The second peaks were then found as follows: an average main emission position is found
for each visit by incrementally expanding the average main emission shape from 0.25°
of its original shape till it best fits the main emission points found for that visit. This
maintains the expected shape of the main emission for regions where the emission is
dim on that visit. To define the latitudinal ‘slice’ at each location, the inner bound of
the intensity profile along the slice is 0.5° equatorward of the adjusted average main

emission position and the outer bound was the footprint of the field line that crosses the
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FI1GURE 5.2: Polar projected HST UV 2014 campaign average image with inner and
outer boundaries of intensity slices (red diamonds) used for second peak detection. Inner
boundary is an example adjusted main emission; outer emission is the footpoint of the
field line that crosses the equatorial plane at 7 Ry mapped with the VIPAL model. For
peak detections, slices are taken between pairs of points. Average main emission also
shown (black crosses). An example slice is shown around 160° longitude in red.

equatorial plane at 7 Ry, (just outside the orbit of Io). These boundaries are shown on

Figure 5.2.

The brightness profile across the slices were examined. Examples of these profiles are
shown in Fig 5.3. It was assumed that in the absence of a second oval peak, the intensity
falls exponentially from the main emission, so each intensity slice had a fitted Gaussian
background across the slice removed (blue, top panel Fig 5.3), with intensity values below
the Gaussian set to zero. The peak of the remaining intensities (red) was selected as the
second oval point. If a Gaussian with a peak greater than a threshold of 200 kR could
not be fitted (i.e. the main emission is dim), then the greatest peak outside the adjusted
average main emission was selected as the second oval point (bottom panel Fig 5.3).
Second oval points with brightness below 40 kR and above 400 kR were rejected - these
are too dim or bright to constitute a typical second oval feature. Points greater than

400 kR are typical of injection signatures or main emission brightness. The longitude,
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latitude and peak brightness of each point was measured for each slice per visit. This

was repeated for each slice per visit.

The points were then refined based on a derived average position as follows. The peaks
detected were binned into 20° longitude bins (as for the main emission point selection)
and an average second emission position for the visit was found. Data points which
lay more than 1° away from this derived average position or within 1° latitude of the
adjusted main emission were rejected so that a dim and broad main emission point would
not be mistakenly selected as a second oval point. After this refinement, the longitude,
latitude and peak brightness of each point was measured again. This was repeated for

each visit.
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FIGURE 5.3: Two example intensity profiles from day 16 showing the second oval point

selected (green). (Top) 148° longitude, clear main and second oval peaks; Gaussian pro-

file (blue) subtracted from intensities (black) to give residual emission (red). (Bottom)
160° longitude, clear second but dim main emission; highest peak selected.
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The moon footprints of Ganymede and Europa can appear in the region of interest and
their effects are two-fold. Firstly, the moon footprints themselves will contribute to the
brightness profiles. Secondly, it is thought that the moons may be able to cause enhanced
pitch angle scattering of particles as they pass through a region (Santolik et al., 2011).
Points that lie either 1° ahead or 4° behind in longitude and within 1° latitude of the
projected position of the Europa and Ganymede moon footprints (found by matching

the moon phase to the footprint contour in Hess et al. (2011)) have been removed.

Only points found between longitudes 150-240° were investigated. Longitudes greater
than 240° were not accessed in many visits due to the viewing geometry, or tend to be
observed close the planetary limb, so may appear artificially brightened. At longitudes
less than 150°, the Equatorward Diffuse Emission (EDE) region reported in Radioti et al.
(2009) is prominent. The EDE region appears broad in latitude and has a low brightness.
This is not the type of morphology that the program is designed to select, although the
generation mechanism is likely related to that of the second oval. Points found on images
with large injection signatures (day 4 and 11), expanded and disjointed emission (day

2), or with exceptionally poor viewing geometry (visit 2 on day 13) are rejected.

To find the average second emission location for the whole campaign, all accepted points

were binned into 10° longitude bins and the average position and brightness were found.

5.4 Results

5.4.1 Second Oval Location

Figure 5.4 shows two example outputs for days 6 (a) and 16 (b) overlaid with points
where second oval points are detected. The images are averaged over the visit. The
third panel shows both sets of points overlaid with the campaign average main emission
in gold to guide the eye. Green points are from day 6 and red points are from day 16.
Day 6 shows two clear bright arcs, the 150 kR contours of which extend to 220°-242°
longitude and 66°-71° latitude and 170°-182° longitude and 53°-55° latitude respectively.
The automated detection has picked out these points as well as a fainter arc between
the two. The three right most points from day 6 (panel a) are examples of the detection
failing to select the second oval and selecting either diffuse emission or the edge of the
disjointed main emission instead - the points form less of an arc and therefore do not
consitute the second oval. The brighter features of the oval on day 16 have also been

detected.
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Figure 5.5a shows the mean average campaign image with the position of the second
oval and the Ganymede (orange) and Europa (red) footprint contours, detected between
150-240° longitude (Hess et al., 2011). The average position falls close to the Ganymede
footprint and tends to be between the Ganymede and Europa footprints. The moon
footprint flux tubes in the equatorial plane lie at the moon, so the statistical position
of the flux tubes forming the second emission in the equatorial plane lie between the
two moon orbital paths, i.e. between 9.5 (Europa) and 15 R; (Ganymede). Yellow
error bars indicate +£1 standard deviation either side of the mean in each bin and they
point towards the centre used for finding the average binned second oval location. The
points are confined to an oval that is narrow in latitude and spread across all longitudes
sampled by the detection algorithm. The average ionospheric longitude and latitude can
be found in Table 5.1.

HST images taken on days 5, 6 and 7 (Fig. 5.1) show evolution following an injection
event on day 4. There are three arcs of emission constrained in latitude centered around
230°, 200° and 180° longitude on day 6. Figure 5.4 shows the points identified by the
algorithm on days 6 and 16 superimposed on the HST images. As mentioned above, the
right most detected points from day 6 (green) should be ignored since they are not the
second oval emission, but correspond to the edge of the broader and more diffuse main
emission. The arc features (green) of day 6 lie along the same line of ‘full’ oval points

(red) taken from day 16.
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FIGURE 5.5: (a) Average campaign emission image with overplotted moon footprint
contours (Europa in red, Ganymede in orange) and second oval points (black) with
errors (yellow) of £1 standard deviation either side. (b) Average campaign image with
average main emission (blue), second oval position (black) with error bars (yellow),
the Ganymede footprint contour (orange) and previous second oval points from ( Tomds
et al., 2004b) (green). (c¢) The location in the equatorial plane of the auroral second oval
(black) detected between 150-240° (in the ionosphere), and injections signatures (shaded
blue) observed on 11 January 2014 (their position is consistent with e.g. (Louarn et al.,
2014)). The red circle shows the 15 R line, which is the approximate orbital path of
Ganymede. The VIPAL internal field model was used to map the features (Hess et al.,
2011) with a CAN current sheet (Connerney et al., 1981). The positive x-axis points
to the Sun and the mapping is performed for 180° CML.
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Previous work by Tomds et al. (2004a,b); Tomds (2005) has linked the second oval
appearance to the PAD boundary in the vicinity 10-17 R;. Wave-particle interactions
(pitch angle scattering) in the region 10-17 R (the inner magnetosphere) are thought to
scatter electrons into a field-aligned distribution, leading to auroral precipitation and to
a second auroral oval. Figure 5.5b shows the position of the previously reported second
oval (green) (after Tomds (2005)) compared to the second oval (black with yellow error
bars) detected in this work from the 2014 HST campaign. Points found in this work
closely follow the Ganymede footprint contour, corresponding to a source close to the
Ganymede orbital path (at around 15 Rjy). The previous work shows the second oval
(green) lie slightly poleward of the second oval points and errors found in this current
work around 200-210° longitude. This corresponds to a source that is further from the
planet than that of the current work. In Grodent et al. (2003), it is suggested that the
second oval emissions merge with the main emission around 205° longitude; we found
the two emissions do not merge, but stay separated over 150-240° in the January 2014

events.

5.4.2 Magnetic mapping of features to equatorial plane

In order to investigate the potential magnetospheric source region of the auroral features,
the field lines are mapped from the northern hemisphere to the equatorial magnetosphere
using the VIPAL model. The VIPAL model (Hess et al., 2011) is an update to the
VIP4 internal magnetic field model and is based on Voyager and Pioneer magnetic field
measurements, modeling of the lowest orders of the magnetic anomaly and corrects for
the longitudinal position of the magnetic field lines mapping to Io’s orbit. The points lie
close to the Ganymede footprint contour, corresponding to a source around 15 R; where
the magnetic field begins transitioning from a more dipolar to a stretched configuration
due to plasma sheet stretching. Therefore, there the CAN current sheet model is used
in the mapping (Connerney et al., 1981). Whilst the current sheet is known to vary in

time, this approximation assumes it and its current are steady.

Figure 5.5¢ shows the mapped location of the average second oval position calculated
from the automated detection program (black) taken between 150°-240°, the injection
signatures from day 11 (blue) and the 15 R; contour (red), roughly co-located with the
orbit of the moon Ganymede. The mapped radial distance and equatorial longitudes can
be found in table 5.1.
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According to this mapping, the radial position of the second oval source varies between
9.4-13.6 Rj, consistent with the auroral location between the Ganymede and Europa
footprint contours as shown on Fig 5.5a. It has been detected in the region 123°-279°
system III longitude. The injections lie between 8.8-55.7 R; and 6.3-34.9 R and around
129°-174° and 94°-130° system III longitude respectively, consistent with e.g. Louarn
et al. (2014). The mapped location of the second oval points lie within the edges of the

mapped injection feature.

5.4.3 Auroral brightness
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FIGURE 5.6: Histogram of brightness of second oval points for periods 3 days after an
injection (red solid) and other days (blue outline).

Figure 5.6 shows a histogram of the brightness of the second oval feature through the
2014 campaign for the observations 3 days after injection events (red solid) and other
observations (blue outline). A three day interval was chosen because the brightness
increases for observations 3 days after injection events. The average brightness for all the
second oval points is 133+£62 kR. For points after injection events, the mean brightness
is 139£65 kR; for other observations, the mean brightness is 112+44 kR. There are six

observations before injection events and eight after. More second oval points are detected
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during ‘post-injection’ visits. There are over twice the number of points selected per bin
around the modal brightness during ‘post-injection’ visits. There is a larger tail for
the ‘post-injection’ visits, demonstrating that the second oval points selected are higher

intensity.

T | @
35
30
25
20

15

Number points found

10

o . . . L L !
5 10 15

DOY
400 [T T T T

x (b)

o

350

300

250

200

Brightness (kR)

150

100

50

Time since injection (days)

FIGURE 5.7: (a) Timeseries of the number of second oval points found in each observa-

tion normalised to the number of points that fit the detection critera. The coloured bars

represent large injection events on day 4 (red), 11 (green), 14 (blue). (b) The brightness

of second oval points detected after injection observations. The mean brightness and
standard deviation are overplotted for each observation.
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Figure 5.7a shows the number of second oval points detected normalised to correct for
variable viewing geometry caused by the auroral region moving in and out of view as
the planet rotates. There are more points detected after an injection event than before
it, indicating that the second oval is more enhanced after an injection event. In response
to the day 4 injection, the number of second oval points detected increases from 12 (out
of a possible maximum across all images of 80) to 29 on day 5, a slight decrease to 25
on day 6 and up to 35 on day 7. For the case of the day 11 injection event, Figure
5.7a shows the increase in number of second oval points detected is from 11 on day 10
up to 27 on the last observation of day 13. For the day 14 injection event, the number
increases further to 29. In general, then, there is an increase in the number of second

oval points detected after injection events.

Superposed epoch analysis allows comparison of the responses of the second oval feature
to injection events. The time of each injection event (taken as the first image where the
events were detected for days 4 and 11, and with the HOM onset for day 14) is set to
t = 0 days. Figure 5.7b shows the range of brightness of detected second oval points up

to four days after the injection events.

It is noted that the mean brightness of the visits all lie within one standard deviation
of each other. Following the first injection event, shown in red, the mean brightness of
the detected second oval points begins at 143 kR on day 5, peaks at 171 kR on day 6
and falls to 123 kR on day 7. Despite the decrease in number of points detected on day
6 (Fig. 5.7a), the brightness of the points is higher than that of day 7. It is suggested
that there are more points on day 7 because their intensity is just high enough to be

detected and that in general their intensity is lower.

For the second injection event, shown in green, the mean brightness of the detected
second oval points decreases through consecutive observations. The next observation is
only 0.8 days after the injection event and the mean brightness of the second oval points
is 164 kR. This falls to 140 kR on the first orbit of day 13 and to 103 kR at the end
of day 13. The only observation after the third injection event (blue) has second oval

points with a mean brightness of 146 kR.

The automated detection does not distinguish between small injections (e.g. day 11),
second oval ‘arcs’ e.g. (days 5, 6, 7) and more complete second ovals (e.g. days 13, 16).
More points are expected to be detected for a longitudinally spread signature, such as an
arc, compared to a small localised injection signature. The points detected at 0.8 days

(on Fig. 5.7b) correspond to the second observation of day 11 in which the HST images
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shows there are two small injections. This may explain why there is not such a large
increase in the number of second oval points detected for this observation Fig. 5.7a, yet
the peak brightness of the points is still high, at 356 kR, (Fig. 5.7b).

The two observations showing ‘full’ second oval morphologies on days 13 and 16 occur
~ 2 days after large injections. Examination of Figure 5.7b shows that there does not
appear to be a significant increase in brightness between the two observations despite
the large injection event between them; day 13 shows points with a mean brightness of
140 kR (t~2 days, green) and for day 16 (t~2 days, blue) this is 146 kR. Figure 5.7a
shows that a similar number of second oval points are detected on both images (days ~12
and ~16 respectively). This suggests that there is no cumulative effect of brightening

due to two injection events occurring quickly after each other.

5.4.4 Temporal Evolution

The top panel of Fig 5.1 shows the development of second oval arcs from day 6 to day
7 in response to the injection event on day 4. The 150 kR brightness contour (pixels at
greater than 150kR) of the right arc (Fig. 5.1b around 180° longitude) moves to higher
longitudes (Fig. 1c around 190° longitude), which corresponds to a sub-corotating source.
Both ends of the contour move 11°. The time between observations on day 6 and 7 is
28 hours. Assuming that these are the same feature and that all movement is in the
subcorotation direction, this gives a drift rate of 0.4° /h (98% corotation). Sub-corotation
was not explicitly seen in other sequences; however, this could be because the features

were not bright enough to track.

The location of the main emission also changed through the campaign, possibly in re-
sponse to the the injection events; Badman et al. (2016) explore the main emission and
the link to radial plasma transport during this interval. In order to determine the in-
ner boundary for second oval points detection, the average main emission is expanded
sequentially to best fit the main emission points detected. This gives a measure of the
main emission position per HST observation. Between day 6 and day 16, there is an
expansion of ~0.5°. This is in agreement with the findings of Badman et al. (2016), who

reported the main emission expanded 1° over the full 2014 campaign (day 1 to day 16).
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5.4.5 Spectral observations

The electron energy and electron flux may be different for the injection and second oval
features. Spectral observations of a large injection signature are available on day 11 and
of the second oval feature on day 16 of the campaign. Figure 5.8a and b show the location
of the slit across the images for both days. On day 11, the slit passes through a large
injection signature at low latitudes. On day 16, the slit passes through the dim main

emission and second oval - the second oval appears as the lower latitude component.
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FIGURE 5.8: Top panel: HST unprojected images of (a) day 11, injection signatures,
and (b) day 16, second oval, showing slit intersection (white) over the images taken
before spectral observation; the red line indicates the low latitude region of interest.
The low latitude region on day 11 is interpreted as a large injection signature. On day
16, the low latitude region contains the main emission and second oval feature - the
lowest latitude portion could be the second oval. Bottom panel: Electron energy and
energy flux for (c) day 11 and (d) day 16 for the low latitude points only. The expected
relation between the mean energy and energy flux according to the Knight relation is
shown for different source populations, Ny = 0.0026/cc (solid), Ng = 0.001/cc (dashed),
No =0.01/cc (dot dashed). The main emission is expected to obey the relation described
by these lines (Gustin et al., 2016)
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Figure 5.8c and d show the energy flux-precipitating energy relationship for the ‘low
latitude’ feature spectral slit observations of days 11 and 16. The points corresponding
to the large injection signature (5.8a, c¢) have a lower precipitating energy and higher
energy flux than the low latitude points from day 16 (5.8b, d). The second oval feature
may have more higher energy precipitating electrons than the large injection signature.
The lines represent the energy and energy flux relation for different density electron
sources being driven by field-aligned currents (i.e. the Knight relation). This may imply
that the large injection signature is generated by field aligned currents at its edges due
to pressure gradients (e.g. the ‘bubble mode’ (Nakamura et al., 2001)), as well as some
scattered electrons at high energy and low energy flux. The second oval signature could

be formed by scattered electrons at a range of energies and low energy flux.

5.5 Possible generation mechanism: Wave-Particle Inter-

actions

We will consider both whistler mode waves and shear Alfvén waves as candidate waves
for scattering or accelerating electons into the loss cone to form the second oval feature.
Generation of a longitudinally spread auroral signature requires scattered electrons from
a longitudinally extended region so it is expected that precipitating electrons have drifted
around the planet. Based on the enhancement of the second oval identified from Fig.5.7
following injection signatures, we now consider the possible effect of a localised injection
in the region 7-20 R;. Injected electrons are expected to drift opposite to the co-rotation
direction as a result of the gradient and curvature of the magnetic field and disperse
according to their energy (Mauk et al., 2002). A dipole magnetic field is assumed. For
electrons, the drift velocity can be approximated as (Mauk et al., 1999):

w=692x10"LrrLH (5.1)
q

where H = 0.7 4+ 0.3sin o, a numerically solved correction factor to the drift velocity,

T= E%fg:?, the electron temperature, w is the drift velocity of the electrons in rad/s,
q is the charge, qp is the proton charge, L is the I-shell number, « is the equatorial pitch
angle in radians, Ey,, is the rest mass and FE is the energy in MeV. Mauk et al. (1997);
Mauk et al. (1999) report typical electron energies in the range ~10-1000 keV observed
in this region using EPD measurements from Galileo. Over this energy range, between

L=10-20 with equatorial pitch angles between 10-90°, equation 5.1 yields the range of
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4-705 days (with higher energy electrons at larger pitch angles and at further L-shells
taking a shorter time) to spread 360° in longitude; this corresponds to a drift rate of
0.02-3.82° /h. This corresponds to a 89%-99% corotation rate, which encompasses the
rate found from the HST images.

Plasma wave growth may occur as a result of the temperature anisotropy across the
injection. Katoh et al. (2011) have shown that at Jupiter, whistler mode chorus en-
hancements may be efficiently generated by energetic electron populations. Waves have
been reported in the region of interest (e.g. Radioti et al. (2009); Tomds et al. (2004a,b);
Menietti et al. (2016)). Although studies at Earth have shown wave growth is expected
to be rapid (few hours. e.g. Thorne et al. (2010)), waves are not typically seen in all
locations at all times since the growth process may be throttled by the surrounding
cold plasma conditions, such as its density (Li et al., 2009a,b). The efficiency of the
wave-particle scattering mechanism is affected by many parameters including the parti-
cle energy, wave frequency and the cold plasma density (e.g. Glauert and Horne (2005)).
The range of electron energies from the injections in this region typically interact strongly

with the frequency of chorus waves observed here ( Woodfield et al., 2014).

Should good wave growth and resonance conditions be achieved, the electron is expected
to be scattered into the loss cone. There may be multiple injections, or multiple parts of
the same injection with different dominant energies. The auroral feature may therefore
appear patchy and in discontinous arcs. This process has been reported at Earth, e.g.
Thorne et al. (2010); Ni et al. (2011); Tao et al. (2011), where injected plasma sheet
electrons have been seen to enhance the diffuse auroral oval via pitch angle scattering

due to chorus waves.

Shear Alfvén waves, which accelerate electrons through generated parallel electric fields,
may also be responsible for the auroral precipitation observed. Parallel propagating
Alfvén wave generation is expected where there is a change in magnetic topology, for
example at reconnection events (Shay et al., 2011) and the boundary of hot plasma
injections. Magnetospheric shear Alfvén waves have been observed to contribute to the
generation of aurora at Earth, particularly along field lines associated with the plasma
sheet boundary layer (Wygant et al., 2000; Watt and Rankin, 2010, 2012).

The auroral signatures of shear Alfvén wave driven electron precipitation tends to be
latitudinally constrained since they accelerate electrons parallel to the field lines upon
which they act. The field lines can map to a large region in the magnetosphere. It’s

feasible, therefore, that this process could be responsible for the latitudinally constrained
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signature reported here. Additionally, the spectra associated with the second oval may

show high mean energy electrons, as expected for Alfvén waves.

5.6 Interpretation and Discussion

Arcs of emisson equatorwards of the main emission have been detected in Jupiter’s
aurora. Figure 5.7a shows that this feature is brighter across more longitudes after large
injections. The second oval feature can appear in arcs (see HST images from day 4-7 on
Fig 5.1a), which extend to higher longitudes with time, as expected for a source that is
sub-corotating. The rate of sub-corotation for the second oval estimated from the HST
images (0.4°/h) is in agreement with the theoretical drift rate calculated for electrons

with energy around 400-800 keV at L-shells of 10-20 at equatorial pitch angle 60°.

Magnetic mapping of the injection signatures from HST images on day 11 and of the
average position of the second emission show that the sources of these two features
overlap in the equatorial plane. Figure 5.5¢ shows the mapped position of the second
oval feature lies around ~9-13 R;, where the field lines are roughly dipolar. The second
oval lies close to the Ganymede footprint contour. The location found here is close to
that found in previous work (Tomds et al., 2004b). The second oval location found in
this work and previous work are in agreement with a source around 10-17 R;, where the
PAD boundary is thought to lie. The location of the second oval feature, its increased
brightness 1-3 days following injections and apparent sub-corotation suggests that the
auroral second oval feature can be enhanced as a result of an evolution of the injected
plasma. Injected plasma has a latitudinally broad signature, but particles which have
drifted longitudinally may be scattered by waves, so produce a longitudinally spread but

latitudinally confined signature.

Spectral studies of auroral signatures allow the energies and fluxes of precipitating elec-
trons to be determined. Figure 5.8 compares the injected plasma and second oval feature
and shows that the second oval feature tends to be formed by higher energy electrons
with lower fluxes than the injected plasma signature. It is suggested that the electrons
may have been energized and scattered as part of wave-particle interactions for both the
initial injection signatures and the second oval feature. Tomds et al. (2004b) predicted
that for electrons in the two EPD energy channels 55-188 and 55-304 keV, the precipi-
tating flux may be 36-115 kR to 59-276 kR respectively. This is in agreement with the

range of brightnesses found for second oval points in Fig. 5.6. Figure 5.8d shows the
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mean electron energy for the scattered electrons forming the second oval may extend up
to ~500 keV; more energetic electrons may drive brighter aurora (up to a few hundred
keV, above which UV absorption by hydrocarbons at lower altitudes throttles the auro-
ral brightness, (Tao et al., 2011)). The higher energy electrons could therefore account
for the higher end tail of the brightness distribution of the feature, as shown in Fig. 5.6.

Figure 5.4 compares second oval points detected in arcs on day 6 and the more ‘full’ mor-
phology seen on day 16 and shows that the arcs may be visible parts of the more complete
oval feature. Wave growth and resonance processes are affected by cold plasma condi-
tions and therefore do not necessarily occur at equal rates at all local times. Brighter
arcs could be generated by wave-particle excitation processes where the cold plasma
density surrounding the initial injected plasma is appropriate for wave growth and reso-
nance. Figure 5.7b shows superposed epoch analysis of the second oval brightness. The
brightness tends to increase between 1-2 days after the injection event and fades there-
after. This suggests wave growth and resonance processes that scatter electrons into the

ionosphere can be a long-lived (at least 3 days) process at Jupiter.

Three large injections of hot plasma are observed in this campaign in quick succession.
Figure 5.7a shows that there is a slightly higher number of second oval points detected
on day 16 after the day 14 injection event, showing that the feature spreads to more lon-
gitudes. Figure 5.7b shows that the peak brightness of the feature increases by ~100 kR
after the day 14 injection event. The mean brightness remains constant. It is suggested

that wave-particle interactions are sustained by the successive large injections.

Previous work has suggested that the second oval is the auroral counterpart of a step-
down in plasma angular velocity mapping to the main oval (Hill, 2001; Cowley and
Bunce, 2001; Vogt et al., 2011). It is noted this is not reflected in empirical models
of co-rotation breakdown (Grodent et al., 2003). Enhancements of the second oval as
studied here would be related to a step in co-rotation breakdown closer to the planet, but
not an inward shift of the main emission source (since its auroral signatures remains).
However, Fig. 5.8c and d show the mean energy vs energy flux relation for the second
oval is different to the main emission curves (which obey the Knight relation) shown by
(Gustin et al., 2016).
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5.7 Summary

We have identified a UV auroral arc feature of varying longitudinal extent equatorward of
the main emission. The location of the second oval feature lies between the Ganymede
and Europa moon footprint contours between 150°-240° system III longitude, corre-
sponding to a source in the inner magnetosphere between ~9-13 R ;. This is in the same
region of 10-17 R; known as the PAD boundary, where electrons have been observed to
be scattered into a field-aligned configuration and cause auroral precipitation. The fea-
ture is enhanced in both brightness and longitudinal spread 1-3 days after large injections
signatures. Spectral analysis of the Hy emissions shows the precipitating electrons have

a higher energy and lower flux than the electrons generating large injection signatures.

We suggest that wave-particle interactions are responsible for the scattering of electrons
in this region. We also suggest that the plasma injections can act as a temperature
anisotropy and particle source to enhance wave intensity and subsequent electron scat-
tering into the ionosphere. We suggest this process can last up to at least 3 days.
Changes to the magnetic field topology around an injection may also generate shear
Alfvén waves and therefore accelerate electrons parallel to the magnetic field resulting
in precipitation. The second oval therefore may be and indicator of the second step in

energy dissipation of injected plasma.



Chapter 6

UV High Latitude Response to

Solar Wind Compressions

6.1 Introduction

This chapter examines the auroral morphology associated with co-rotating interaction
regions (CIRs). The chapter introduces CIRs and the current understanding of the high
latitude and main emission features in response to compressions. It then shows New
Horizons, HST and mSWiM data from a CIR impact period in February and March
2007 and highlights the UV response. A short statistical survey looks at the high latitude
behaviour in the UV and compares it to that of X-Rays. The observations are discussed
and interpreted, particularly in terms of the periodicity of features and the main emission

morphological changes.

6.2 Theory

The UV polar emission is expected to vary the most under solar wind influence since
its field lines connect to the outer magnetosphere and where an open field region may
exist. Bonfond et al. (2017a) recently reported on the recent JUNO UVS results; they
found a region in a ‘mussel’ shape of higher colour ratio (normally attributed to higher
energy precipitating electrons) in the polar region. They noted that the abrupt boundary
showed UV emission around its dayside edge and resembled the shape of the open field
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region predicted by the flux-equivalent magnetic field mapping model of Vogt et al. (2011,
2015).

Emission at high latitudes has previously been reported in the northern and southern
hemisphere (Waite et al., 2001; Pallier and Prangé, 2004), sometimes with a quasi-
periodic pulsation (Bonfond et al., 2011; Bonfond et al., 2016); these forms may be the
signature of the Jovian polar cusp. The pulsating features tend to be found towards the
dusk side (as viewed from HST) and sometimes take the form of spots or of very large
emission extents covering the whole active region. These have been found to pulse with
a 2-3 minute timescale in phase in both hemispheres, suggesting the two hemispheres
are related (Bonfond et al., 2016). The large spatial scale of the emission is surprising;
simultaneous flashing at this scale requires extremely fast communication along multiple
field lines. The authors therefore postulated that there is some level of ionospheric
control of the signatures extent. Further, Bonfond et al. (2017a) found that the flashes
bound the ‘swirl’ region at high latitudes, indicating that the aurora may be generated

by a process related to a magnetospheric boundary.

This region of the aurora was also studied by Nichols et al. (2017a). They focused on the
response of the UV aurora through three compression periods separated by rarefaction
regions using HST during the Jun approach phase. Solar wind parameters during this
interval were well constrained by Juno. They observed that the region poleward of the
main emission showed multiple arcs parallel to the main emission and patches. During
the compression, the emission was enhanced and sometimes bursty or periodic. They
showed that a region poleward of the main emission on the ‘dusk side’ (as viewed by
HST), which they named the ‘Noon active region’ (NAR), showed emission in the com-
pression and rarefaction periods. Emission during rarefaction periods was unstructured
or formed arcs poleward of the main emission. Emission in compression periods was seen
as an extent of the ‘dusk active region’ (DAR), associated with compression-triggered

tail reconnection and is discussed more below.

The model of reconnection at the cusp by Bunce et al. (2004) predicts a field-aligned
system at the cusp into the ionosphere. A current of particles along reconnected field
lines at the cusp drive a current into the ionosphere across a ‘merging gap’ (which is
the ionospheric footprint of the reconnection site). The ‘upwards’ current is carried by
downward electrons; the ‘down’ current corresponds to positive ions (producing Doppler-
shifted H Lyman-alpha emission). The strongest UV emission is expected in the upward
current region. The model has been applied at Saturn with some success (Bunce et al.,

2005). At Saturn, auroral cusp spots poleward of the main emission (the open/closed field
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line boundary) have been attributed to reconnection on the dayside during compressed
(Jackman et al., 2004; Gérard et al., 2005; Badman et al., 2013) and rarefied conditions
(Kinrade et al., 2017) either at the lobe or at low-latitude. The IMF strength and
direction may modulate reconnection and open flux production at the magnetopause. It
is possible to estimate the prevalent IMF direction (e.g. Jackman et al. (2004)) if the

planetary tilt, position in solar cycle and Sun-planet position is taken into account.

Reconnection triggered by magnetotail compression may result in the so-called DAR
flashes (Nichols et al., 2017a), nightside and polar dawn spot signatures as part of return
flows (Grodent et al., 2004; Radioti et al., 2008a). During compression regions, the NAR
was seen to be active, though the authors interpreted this as an extension of the dusk
auroral emission reconnection signature, perhaps relating it to Vasyliunas/Dungey cycle
processes as opposed to a direct signature of compression. Furthermore, work by Kita
et al. (2016) has suggested some priming of the Jovian system whereby it fills with
Togenic plasma before large auroral storms associated with solar wind dynamic pressure

increases.

The main emission responds to solar wind conditions too. The work of Nichols et al.
(2017a) also confirmed that the ‘well defined main emission (that is, the main emission
at SIIT longitudes > 180°) brightens at compression region onset. Recent global MHD
modelling efforts by Chané et al. (2017) show that the main emission could brighten
under magnetospheric compression when the ram pressure (solar wind density and ve-
locity) increases. The authors show that in response to the magnetic field dawn-dusk
asymmetries (the magnetic field ‘bend back’) being enhanced as the field lines are com-
pressed at the dayside and elongated at the nightside, the main emission could also
exhibit dawn-dusk asymmetries. They showed the nightside main emission is expected
to brighten, the dayside to dim for a few hours then brighten and the local noon emission

may broaden.

In addition, (Cowley and Bunce, 2003) suggests that due to compression the middle
magnetospheric plasma responsible for the main emission at Jupiter may speed up rota-
tion. A stepwise break in co-rotation breakdown has been suggested from studies of the
infrared main oval parallel branches of the main emission (e.g. Stallard et al. (2001)),
which shows several (see, for example, Figure 4 of Mura et al. (2017)), with the UV nor-
mally lying on the outermost one. This is observational and not supported by smooth
angular velocity profiles predicted by theory/modeling, for example, Hill (2001) and
Nichols and Cowley (2003).
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X-Rays at Jupiter tend to coincide with either the main emission or the polar region.
The main emission ‘hard’ X-Rays (greater than 10 keV) are thought to be driven by
Bremsstrahlung, whereas the polar region is dominated by ‘soft’” X-Rays (0.2-2 keV)
thought to be driven by ion precipitation. The Chandra and XMM-Newton observatories
have shown that the polar region has a hotspot that is often populated (e.g. (Kimura
et al., 2016)). This is true for the Northern and Southern Hemisphere (Branduardi-
Raymont et al., 2008). There is often no emission in the hotspot region followed by
periodic pulsating emission, indicating the X-Ray emission in the hotspot region may be

triggered solar wind conditions.

Dunn et al. (2016) showed that under solar wind compression (as part of a Coronal
Mass Ejection outflow reaching Jupiter) the X-Ray ‘hotspot’ expands. Kimura et al.
(2016) showed there is a positive correlation of counts with solar wind velocity but
not with pressure and that the emissions map from noon down the dusk flank of the

magnetosphere close to the magnetopause using Vogt et al. (2011, 2015) models.

Although the intensity of X-Ray population is not always periodic, the X-Ray hot spot
has been seen to pulsate with multiple periods depending on the ion species. A period
of 40-45 minutes has been reported from X-Ray hotspot observations (e.g. from precipi-
tating oxygen ( Gladstone et al., 2002)) and it has been suggested that following analogy
with the terrestrial Flux Transfer Event (FTE) this could be related to an Alfvén travel
time between the magnetosphere and ionosphere (e.g. (Bunce et al., 2004)). Other stud-
ies have not found a 45 minute periodicity in the X-Ray data but have found other close
periodicities (e.g. (Elsner et al., 2005)). The recent work by Dunn et al. (2016) exam-
ined the response of the X-Ray aurora to an ICME strike over two observations - at the
arrival and during recovery. They found as the ICME arrived, a period in the carbon/-
sulphur (these cannot be distinguished by Chandra) and oxygen emissions of 12 minutes
and a strong 26 minute periodicity of carbon/sulphur in the hotspot. During their ob-
servation of the emission recovery period, they found a 42 minute periodicity, which is
close to that reported by Gladstone et al. (2002), suggested by Bunce et al. (2004) and
found in QP-40 radio data (e.g. (Karanikola et al., 2004; Kimura et al., 2011)) and in
electron bursts detected by e.g. Ulysses ((McKibben et al., 1993)). The previous works
mentioned above all suggest a source further than 30 R; for the precipitating particles
and variability with solar wind. In particular, Dunn et al. (2016) suggests that there is

a significant solar wind driver for the X-Ray emissions.

Although one may initially expect the common magnetospheric drivers to produce the
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same periodicity in both UV and X-Ray observations, the UV has notably shorter asso-
ciated periodicities, in particular 2-3 minutes (Bonfond et al., 2011). This was also seen
in the electron bursts of McKibben et al. (1993), magnetopause magnetic signatures of
Walker and Russell (1985) and radio (Hospodarsky et al., 2004). The 45 minute peri-
odicity in the X-Ray, electron bursts and radio measurements may lead one to expect
to find the same periodicity in the UV observations. Given the HST orbits in previous
campaigns have only been 40 minutes long, it is not possible to test for this periodic-
ity currently. It is hoped with the long term (~ few hours) orbits of Juno that this
periodicity may be tested for.

6.3 Auroral response to solar wind CIRs in February and

March 2007

In February 2007 the New Horizons spacecraft flew past Jupiter en route to Pluto, and
measured the plasma conditions upstream and in the magnetotail. Unfortunately, New
Horizons did not carry a magnetometer, however, the plasma data suggest that HST UV
and Chandra X-Ray observations taken in March and February in 2007 coincide with the
arrival of two Co-rotating Interaction Regions (CIR). Structured arrival of compression
and rarefaction regions are expected to reoccur at the Jovian magnetosphere as the CIR

rotates around the Sun.

In this interval, the effect of two CIRs are seen roughly 10 days apart. Figure 6.1 shows
the solar wind velocity, number density and IMF strength. Two rotations of the CIRs
are shown and the observation interval is shown with blue labels. These are found
by shifting a solar wind propagation model (mSWiM, (Zieger and Hansen, 2008)) 2.1
days to match New Horizons data after Nichols et al. (2009a); Clarke et al. (2009).
They grey window represents a 40 hour window of uncertainty of the mSWiM model.
Despite the propagation to match New Horizons data, it is still sensible to include this
uncertainty window. HST observations are taken around days of year 53-57 and 63-69.
The auroral response to compression has been previously studied (e.g. Clarke et al.
(2009); Nichols et al. (2007, 2009a); Nichols et al. (2017a); a brightening of the main
emission at longitudes > 180° and patchy or bursty main emission at longitudes less
than this. Anticipating this response, in this study we match the solar wind velocity and
number density peaks to the beginning of this auroral response. We use the auroral UV

from the Hubble Space Telescope (HST) emissions as a way of investigating planetary
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FIGURE 6.1: Solar wind velocity(top), IMF strength (middle) and solar wind density

(bottom) over the period of interest in 2007 measured using a propagated mSWiM model

to match New Horizons data. These are found by shifting a solar wind propagation

model (mSWiM) by 2.1 days to match New Horizons data after Nichols et al. (2009a);

Clarke et al. (2009). Labels in blue show the times of the HST observations in Feburary
and March, with uncertainty window of £ 40 h.

response to the CIR impact interval in February, days 54-57, because it is the best-
constrained shock arrival time. We also focus on day 63 of the March interval that

shows an interesting pulsating spot feature.

Figure 6.2 shows the auroral response over 6 HST visits for both the February and March

events.
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FIGURE 6.2: Twelve panels showing polar-projected HST image of Jupiter’s northern

FUYV aurora over the CIR impact during February (panels A-F) and March (panels G-

L). For each image the exposure time was between 30 and 100 s. The Central Meridian

Longitude (CML) is shown. The image is displayed with a log intensity scale saturated

at 1000 kR. The grey lines indicate a 10° 10°jovicentric latitude-system III longitude

grid. The image is oriented such that 180° Aj;; is directed toward the bottom and
lambdayr; labels are displayed in white.
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The following discussion compares the two events to identify the common features seen
in each part of the response. It is split in the high latitude and the main emission

responses.

Before each compression interval fully impacts, both sets of images show typical rar-
efaction responses (panels A and G) i.e. the main emission is relatively dim globally,
especially around noon, with the exception of brightness post-noon; this is a typical state
of the main emission (e.g.Nichols et al. (2017a); Radioti et al. (2008a)). In the February

event there is some polar cusp spot activity, but this is absent in the March event.

In response to the compression (likely within a day but this is uncertain due to the
uncertainty in the solar wind data Fig.6.1), as shown in panels B and H, the main
emission has intensified especially around dawn in both images, as described for the
‘well defined main emission’ in Nichols et al. (2017a). The main emission has also shifted
poleward about a degree in both images. There are localised effects too: the emission
has become particularly bright and expanded poleward locally around 160-180°, with
both sets of images showing arc structure developing. There is polar activity in both
visits; the February event shows bright and localised emission at 175° longitude and 64°
latitude; this emission is larger that most cusp spot emissions and lies along the main
emission arcs. The March event also shows bright and localised emission around 180°
longitude and 64° latitude away from the arcs; this emission is very typical of cusp spot
emission(e.g. Prangé et al. (2004)). The February event also shows polar dawn spots

previously discussed in (e.g. Radioti et al. (2008a)).

As the compression continues in panels C and I the arcs in the main emission continues
post-noon. In the February event there is a discontinuity in the main emission at noon,
around 170-180° longitude. In the March event there are polar dawn spots visible. Both
of these are potential signatures of return flows from tail reconnection. Both images also
show flashes in this region with a 2-3 minute periodicity (see Fig 6.5). There is also

increased low-latitude emission.

As the compression passes in panels D and J, the main emission dims around noon and
the arcs consolidate to thick emission on the dusk and dawn sides. The flashing continues
in both events at high latitudes. In the March event a poleward dusk arc flashes, which

may be the signature of tail reconnection.

In panels E and K the main emission has begun expanding to its original position, has
returned just past noon (with missing emission pre-noon and dusk), is well defined and

is still dimmer than its nominal brightness. There is now only low level activity in the
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polar region. In the February event a strong second oval appears from the edge of the

image to around 165°.

In the final panels of the events, F and J, the typical rarefaction morphology is visible.
The main emission continues to increase in brightness and is well defined. As the visit
proceeds, a section of the emission in the dusk sector retreats about a degree to fit along
the ‘oval’ of the rest of the emission. In the first visit of the March event, there is strong
partial second arc at about 165°; in the second visit 60 minutes later the main emission

is bright but a single arc in this region.

The responses of the aurora to the CIR are summaried in table 6.1.
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It is suggested that the compression impacted either just before or at the start of the
image sequence on February 21%¢ (day 52); however, it is impossible to tell outside of

uncertainty from either the New Horizons or shifted m-SWiM data that this is the case.

6.4 Analysis

Figure 6.3 shows significant enhancements in the dusk side main emission and poleward
region on days 54 and 55. There are two flashes on day 54, four on day 55 and one on
56. The day 56 sequence is taken at an extreme CML, so it is hard to be certain about
the extent or periodicity of flashing for this reason, this day is not analysed in detail

but a continued response is noted.

By subtracting the previous image from the image showing enhancement, the region of
enhancement was isolated. Only enhancement greater than 100 kR is shown to avoid
variations in noise being shown. The enhancement is overlaid in pink on the enhanced
image on panels (C) and (F) of Fig 6.3. This shows the majority of enhancement comes
down the main emission arcs/bifurcation structures, for example in panel (F), though
there is also emission between these structures. There is also patchy enhancement at

other points along the main emission through the dawn side.

Between the first and last exposures of the images taken on each day, the main emission
generally brightens, aside from the local noon emission, which does not brighten. Both
days show a widened main emission on the dawn side (as viewed by HST). On other
images in this interval, tail reconnection signatures such as the DAR signature suggested

by Nichols et al. (2017a) and polar dawn spots (Radioti et al., 2008a) are seen.

6.4.1 High latitude response

Figure 6.4 shows an example of pulsating spot behaviour on day 63 (during the March
CIR arrival interval) at around 173° longitude and 63° latitude. In Fig 6.4a, the spot is
visible, 6.4b it is not as bright and in 6.4c shows stretching into a poleward form. These

are distinct from previously reported polar auroral filaments (Nichols et al., 2009Db).

Using the differencing technique shown in Fig. 6.3, the power in the flashing region on
day 64 can be isolated. Similarly, the pulsating spot on day 63 can also be isolated. A
box capturing the 100kR contour of the most common flashing region shows the region

where the enhancement occurs. Figure 6.5 shows the power time series in the pulsating
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(A) 2007-02-24 (0! 56:45 UT CML=181° (B) 2007-02-24 9:05 UT CML=182°
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FIGURE 6.3: Six polar projected images taken with the HST, with log intensity scale
saturated at 1000 kR. The gray lines indicate a 10° 10° jovicentric latitude system III
longitude grid. The image is oriented such that 180° system III longitude is directed
toward the bottom and labels are displayed in gray. (Top panel) Day 55 images (A)
before and (B) during enhancement and (C) showing the difference between the files
(pink) superimposed on the enhanced image (Bottom panel) Day 64 images (D) before
and (E) during enhancement and (F) showing the difference between the files (pink)
superimposed on the enhanced image.

spot region on day 63 (red) and the large flashing region on day 64 (black). These have

a similar 2-3 minute periodicity.

6.4.2 Local time dependence of pulsating features

Individual and statistical studies of the high latitude aurora in the X-Ray (emission due
to ions) have shown that there is a hotspot for polar emissions (e.g. (Dunn et al., 2016;
Kimura et al., 2016)). Magnetic mapping of these emissions into the equatorial plane
suggest that there is preference to a duskward source or driver (see Fig. 6 of Kimura
et al. (2016)).
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(A) 2007-03-04 (063) 10:26:01 UT CML=178° (B) 2007-03-04 (063) 1 :41 UT CML=180° (C) 2007-03-04 (063) 10:33:01 UT CML=182°

FIGURE 6.4: Three polar projected images taken with the HST on day 63 showing the

pulsating spot, with log intensity scale saturated at 1000 kR. The gray lines indicate a

10° 10° jovicentric latitude system III longitude grid. The image is oriented such that

180° system III longitude is directed toward the bottom and labels are displayed in gray.

The spot is in (a) enhanced (10:26 UT) at around 172° longitude and 64° latitude, (b)
faded (10:31 UT) and (c elongated polewards (10:33 UT)

The following seeks to ascertain whether the same local time preference exists in the
UV in order to examine a link between polar UV and X-Ray processes. The footpoints
of aurora identified in the high latitude region (as identified below and in Fig.6) were
mapped into the equatorial plane to find their source/driver region. The internal field

model VIPAL was used in conjunction with the flux equivalence method of Vogt et al.
(2011, 2015).

Hubble Space Telescope images from the 2014 campaign were polar projected and the
same areas outlined by Kimura et al. (2016) were outlined on these images to identify a
‘halo’ and ‘core’ region. During this period, there was no large compression - the images
were taken in a relatively quiet solar wind period (see figure 2e of (Badman et al., 2016)).
Despite this, the campaign includes images showing flare activity dominating the high
latitude region in large coherent structures (in 2014 on days 7 and 10, see grey background

of figure 6 and figures 1g and 1h of Badman et al. (2016) for further examples).

Figure 6.6 shows a projected image of an event in 2014 with the regions of interest
coloured. The core and halo regions were picked out as circles in accordance with Kimura
et al. (2016); they are similar but not identical to the traditionally isolated ‘active’ and
‘swirl” regions. The main emission was then excluded from these regions by removing
the region one-degree poleward of the average position of the main emission from 2014.

A region at high latitudes on the dusk side where the image is often distorted was



Chapter 6. UV High Latitude Response to Solar Wind Compressions 94

21 I AL L L L B L B BN L L I A

20

15

Power (GW)

10

0 500 1000

1500
Time (Sec)

2000

2500 3000

FIGURE 6.5: A timeseries of auroral brightness (kR) estimated from the projected

image from day 63 of the pulsating spot (red) and day 64 of the large flashing region

(black). Local peaks (red) and troughs (blue) have been highlighted. There is a 2-3
minute periodicity.

also excluded. This is to focus on the comparison of the UV polar region with the
X-ray hotspot caused by ion precipitation, rather than the hard X-rays from electron

brehmsstralung along the main oval.

To avoid any bias where images could only be partially viewed, a model of the fractional
area of interest on view vs CML was generated. For the 2014 dataset, only the images
with the lowest CMLs were affected. Areas of auroral emission in the region of interest
over 350 kR were selected. The threshold of 350 kR ensures that only aurora about
background emission are selected; the threshold can be reduced to about 100 kR without

producing different results.

Figure 6.7 shows the number of points (each point is 0.25° by 0.25° region) vs CML. A
dashed line showing the fractional view (in the whole high latitude region) according to
CML is scaled against the y axis (i.e. 80% of region on view is 80% the height of the y
axis) and is also plotted. The number of points detected above threshold is greater at

lower CML, where it might be expected that for the number of points may peak with
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FIGURE 6.6: Polar projection of DOY 7 (07:26 UT) from the 2014 HST campaign. The
image is in grey, with the ‘halo’ region in blue, the ‘core’ region in orange.

maximal viewing angle. This behaviour is reflected in the active flare emissions too. At
lower CML, lower longitudes are more visible, corresponding to the kinked region of the
MO and the area mapping to the duskside of the magnetosphere indicating that more

emission tends to come from dusk, as Kimura et al. (2016) also found.

Figure 6.8 shows this behaviour for the core and halo regions for days 7 and 10 that
both show large flare structures, albeit in a restricted 120-175 ° CML range. The same
behaviour as found for the whole high latitude region is reflected in the halo region,
indicating there is some preference to emission at lower longitudes within this region.
In the core region, there is no relationship between the two indicating that this region
tends to be uniformly populated. The core region, however, is already situated slightly

duskward within the high latitude region.

The points can be mapped into the equatorial plane using an internal magnetic field
model (VIPAL) and a flux-equivalence mapping method (after Vogt et al. (2011, 2015)).
Figure 6.9 shows that the flare points map to the duskward side in the equatorial plane.

This is similar to what Kimura et al. (2016) found in terms of local time dependence for
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FIGURE 6.7: The number of points above a 350 kR threshold v CML of images in

the 2014 campaign. The red points show large flare activity. The dashed line is scaled

against the y axis and shows the fraction of the total region of interest on view at each

CML; after about 125° the whole of the region of interest (in this case, the high latitude
region) can be seen.

the core region. The radial distance of the mapped points in the UV are close to the

magnetopause, as was found the core region in the X-Ray emissions.

6.5 Discussion

The main emission shows several branches as part of its response to the CIR impact.
These are all discussed in the main emission subsection, despite having high latitude
components. As Nichols et al. (2009a) note, it is possible to consider these high latitude
branches as being co-rotation driven or controlled directly by the solar wind. First the

main emission changes are discussed, then the high latitude features are discussed.

The main emission is brighter at the time of compression. Comparing the first and
last image of each day’s observations suggest that the brightness in the dayside main
emission increases, with different parts become gradually brighter aside from the local

noon emission, which is not brighter, as suggested by Chané et al. (2017). The authors
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FIGURE 6.8: The number of points above a 350 kR threshold v CML of images from
days showing large scale flare activity (days 7 and 10). The left panel shows the number
of points from the halo region and the right panel shows the core region.

suggest changes are due to the compression of the magnetosphere, leading to increased
field bend-back, field elongation on the nightside and compression on the dayside. The
radial component of the magnetic field has changed, so the field aligned currents that
flow along these field lines have also changed, causing the a slight intensity of the main
emission on the dayside to increase (see Chané et al. (2017) for further details). Nichols

et al. (2017a) also showed this response in the so-called well-defined main emission.

Nichols et al. (2009a) studied this interval in the UV. The study associated the branch-
ing of the main emission with the compression region in the solar wind. They noted
the importance of considering that the poleward branches were either a separate polar

structure, or possibly a movement or expansion of the main emission itself.

The emissions along these poleward arcs in this interval are seen to brighten at the
same longitudes as the brightened main emission (seen in Fig 6.3c and 6.3f), just as
Bonfond found (Bonfond et al., 2016). There is also emission in the region around the
strongest parts of the enhancement (seen in particular in Fig 6.3c) this could be due to a
large power input affecting the ionosphere around the main currents, or due to increased

wave-particle scattering as a result of energisation.

Given the arc response around the main emission appears with both CIR impacts, there
may be a link between the main emission field lines and the CIR impact; it is unlikely
that this is direct since the field lines are so far into the magnetosphere that they are
likely to be unaffected by compression. However, enhanced plasma flows as a result
of the compression may cause changes to the main emission. Two scenarios for this

are discussed below, though both may be occurring simultaneously: firstly enhanced
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FIGURE 6.9: Equatorial mapping of points in the X-Y plane of points over the campaign

on closed field lines from the high latitude region. The mapping used the VIPAL internal

field model and the flux-equivalence mapping method of Vogt et al. (2011, 2015). The

magnetopause is the Joy et al. (2002) compressed and expanded magnetopauses. There
is a clear duskward preference for the mapping.

velocity shears due to enhanced flow structures causes current divergence into the iono-
sphere causing emission or alternatively that compression causes a progressive stepwise

breakdown in co-rotation where layers of plasma is sped up to co-rotation.

It is thought that as a result of compression, tail reconnection can be triggered and
less dense return flows from tail reconnection travel around the dawn flank. It is also
thought that as the field lines contract towards the planet, the plasma should begin to
increase in azimuthal flow velocity as a result of conservation of angular momentum (e.g.
Cowley and Bunce (2003)). Plasma rotating more rapidly may cause more Vasyliunas
cycle reconnection to proceed. There are notable levels of night and dawn side polar

spot emission and low latitude emission that are both indicative of increased Vasyliunas
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reconnection, return flows and radial interchange. These two changes in the plasma
flows may cause preferential flow channels to form, causing velocity shears in the plasma
and currents to couple these into the ionosphere and therefore arcs of emission. If these
plasma velocity shears formed radially outside of the plasma responsible for the nominal
main emission on the dusk side, the emission arcs should form poleward of prior main

emission as in Fig.6.2.

It is also suggested that compression of the magnetosphere may enhance a step-wise
breakdown plasma velocity increases as angular momentum is conserved. The infrared
main emission has previously been reported to show parallel arc structure that could be
the result of stepwise co-rotation breakdown (see for example Fig 4 of Mura et al. (2017)),
where the UV main emission would lie along the outermost branch. If the main emission
UV ‘upwards current’ is caused by electron precipitation, in accordance with Cowley and
Bunce (2001), this current is the innermost region of sub-corotation; the rest of the sub
co-rotating plasma lies radially outside this, so a stepwise co-rotation breakdown current
system would form radially further from the planet. Aurora relating to this current, such
as the branches seen in the infrared should form poleward of the main emission. The
successive polar branches may trace out plasma flow lines at different velocities in the
equatorial plane up to the open-closed field line boundary. It is then notable that the
most poleward UV emission branch shows a roughly similar shape to the open closed
boundary described in magnetic field modelling by Vogt et al. (2011, 2015) and also fits
the region of ‘mussel shaped’ higher colour ratio discussed in Bonfond et al. (2017a). It
has already been suggested that the highest latitude features may link directly to the
solar wind. Nichols et al. (2007) suggest, after Cowley et al. (2007), that the poleward
arc of the main emission could be the result of flow shears across the open/closed field

boundary.

In the observations following those showing multiple arcs, the main emission is dim,
particularly around noon and forms a singlebranch poleward of its previous location. In
the final observations, the main emission has returned to its nominal emission position
and remains dim. The dimming and equatorial shift has previously been reported as a
result of magnetospheric expansion (Badman et al., 2016). This corresponds to the exit

of the shock in the solar wind data.

The appearance of tail reconnection signatures in the so-called DAR (Nichols et al.,
2017a) and polar dawn spots (Radioti et al., 2008a) may suggest that tail reconnection
has been triggered in this interval because of compression of the magnetotail and/or

increased radial transport (or both). It is hard to suggest a timescale of response due



Chapter 6. UV High Latitude Response to Solar Wind Compressions 100

to the uncertainty in CIR arrival, but the response happens within a few planetary
rotations. These two signatures are expected as soon as 10h after enhanced mass loading

(Nichols et al., 2017a), so a response time of a few rotations is not unreasonable.

One interesting result is the appearance of the pulsating spot shown in Fig 6.4 and
its brightness timeseries in Fig 6.5, which shows a periodicity of 2-3 minutes. The spot
shows at least one (with a possible other the first image of the sequence) intriguing change
in morphology where it spreads to poleward longitudes. The 2-3 minute timescale (as
discussed in the chapter introduction) is associated with flux transfer events, indicating

that a reconnection driver for the emissions should be considered.

The observations on the day after the pulsating spot emission are seen (i.e. on day 55)
show changes in the main emission enhancements too; some branches are being enhanced,
some left dimmer image to image. Figure 6.3 shows that a large poleward region can be
enhanced by precipitation. Figure 6.5 shows that the periodicity of 2-3 minutes stands
for the large region and also the cusp emission, indicating they may have a common

source or driver.

These observations could relate to the up-down current system suggested in Bunce et al.
(2004) as a result of, perhaps, pulsed reconnection. The spot could correspond to the
cusp spot and the upward current. The branches that are not lit could correspond to the
down current field - this new suggestion should be explored with simultaneous X-Ray

observations to indicate the ‘down’ current region.

Kimura et al. (2016) found that the X-Ray emission peaks at lower CML, indicating
that for the X-Ray there was still a duskward preference for the emission. In the UV,
however, the hotspot is more uniformly populated. If the UV and X-Ray ion-driven
emission are linked, the link is likely to occur in the hotspot region. These results are
for a limited CML range; a study over a wider range of CML and longer time periods of
flare activity may find this behaviour changes at high CML although physically this is
unexpected since both in the UV and X-Ray the high latitude region at lower-longitudes
seems to exhibit more emission. The UV pulsating spot and large flashing emission and
the X-Ray hotspot emission both map the magnetopause on the duskside (see Fig 6.9),
indicating again that there may be some common driver in the region for the UV hotspot

emission and the ion-driven emission which dominates emission from the X-Ray hotspot.

It may be that the pulsating spot emission and the large emissions are temporally linked
- i.e. cusp reconnection is responsible for both emissions and opening of an active region

at high latitudes is what causes the larger emission. The amount of flux opened in a
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reconnection event can be estimated by comparing the size of the active regions in the
spot and the large region. Using F' = BA and the VIPAL magnetic field model, the
flux of the spot area (the enhanced region at around 172° longitude and 64° latitude in
Fig. 6.4a) is 14 GWb. For the expanded enhanced area (defined as the common pink
enhanced region in Fig. 6.3c and 6.3f) is 172 GWb. This indicates that 158 GWb can
be opened in this type of event as a result of dayside reconnection. Vogt et al. (2015)
estimated that the open cap contained between 520-570 GWb depending on the field
model used. Nichols et al. (2006) found that over one solar rotation, 500 GWb should
be opened. Opening 158 GWb would be a significant, though not impossible, proportion.

If comparison to X-Ray data was possible, we may not expect to see structure of up/down
currents specifically/distinctly because of exposure times and not exact simultaneity -
the imposed cusp current system may be expected to be dynamic due to the bursty
nature of the reconnection driving it. Bonfond et al. (2011) had found that emissions
pulsing with a 2-3 minute periodicity could occur on closed field lines due to a common
phase in north/south pulsations. Alternate triggers that can occur on closed field lines

(such as, for example, the Kelvin-Helmholtz instability) should be considered.

6.6 Conclusion

This chapter has examined the UV from the high latitudes during compression intervals
and solar wind quiet times. The morphologies of the UV after a compression displayed
two key elements: the parallel arcs in the region where the main emission would be
expected and the large scale flashes both poleward of and over these arcs. The high
latitudes also displayed large scale flashes in the solar wind quiet time interval. There
may have been a small solar wind compression around day 8 but the images from the
2007 campaign, where the CIR response was examined, shows the distinct arc formation
described above and shown in Fig. 6.2b, 6.2c, 6.2e and 6.2f. This does not appear in
the solar wind quiet interval, indicating perhaps that the arc response is reserved for
stronger compression events. This supports the interpretation that the arcs in the main
emission are a result of strong compressions either due to enhanced flow structures at
the dusk side or a stepwise co-rotation breakdown in response to increase of azimuthal

plasma velocity.

It is interesting that the large-scale flashing behaviour appears in both the solar wind
compression response but also for either no or weak solar wind compressions too, indi-

cating that the solar wind driver is relatively weak. It was found from comparing the
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UV and X-Ray response that the two emissions may be spatially linked and both show
a lower longitude preference for emission and duskward side mapping in the equatorial
plane. This is in agreement with the Bunce et al. (2004) model of an up (UV) and down
(X-Ray) current formed from pulsed cusp reconnection. The 2-3 minute timescale found
in small spots and the larger scale flashes has previously been linked to flux transfer
events. On the other hand, the model doesn’t predict such large auroral flashes and re-
quires open field reconnection, whereas Bonfond et al. (2011) found in conjugate studies
of each hemisphere’s high latitude regions that there is a common period (of 2-3 min-
utes), implying the driver lies on closed field lines. Magnetic mapping places the emission
driver at the magnetopause, which would agree with both mechanisms. It remains an
open question as to what causes the large scale flashes at high latitudes and an alternate

explanation, for example, the triggering of the Kelvin-Helmholtz instability is required.



Chapter 7

Summary and Future Work

This chapter summarises the work of this thesis and then suggests extensions based on

open questions it has identified.

7.1 Summary

The first two data chapters of this thesis discuss the radial transport of hot plasma injec-
tions from reconnection return flow. The first chapter looked at the auroral evidence for
the global magnetospheric disturbance. The aurora showed a significantly superrotating
polar spot poleward of the main emission on the dawnside. The spot transitioned from
the polar to main emission region in the presence of a locally broad, bright dawnside
main emission feature and two large equatorward emission features. Radio observations
were also examined and both HOM and non-lo DAM were detected. It was inferred
from these two sets of observations that hot plasma inflows from tail reconnection flow
planetward and may generate the superrotating spot. The main emission feature could
be the result of flow shears from prior hot inflows, indicating that this region in the
magnetophere may be a ‘transition region’. Equatorward emissions are evidence of hot
plasma injections in the inner magnetosphere. The images are thought to be part of a

prolonged period of reconnection and injection taking place over several hours.

The second data chapter examined the effect of hot plasma injection in the middle
to inner magnetosphere. The UV auroral plasma injection signatures were examined
and the second oval feature was characterised. The location of the second oval feature

lies between the Ganymede and Europa moon footprint contours between 150 and 240°
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system III longitude, corresponding to a source in the inner magnetosphere between 9 R ;
and 13 Rj. At the examined longitudes, this is in the same region of 11 Ry to 16 Ry
known as the pitch angle distribution boundary, beyond which electrons are thought
to be scattered into a field-aligned configuration and cause auroral precipitation. The
feature is enhanced in both brightness and longitudinal spread 1-3 days after large hot
plasma injections. The precipitating electrons have a higher-energy and lower flux than
the electrons generating large injection signatures. It was suggested that wave-particle
interactions are responsible for the scattering of electrons in this region. We also suggest
that the plasma injections can act as a temperature anisotropy and particle source to
enhance electron scattering into the aurora and the brightness of the second oval feature.
An alternate suggestion was also made: changes to the magnetic field topology around
an injection may also generate shear Alfvén waves and therefore accelerate electrons

parallel to the magnetic field resulting in precipitation.

The auroral evidence for these two chapters can be summarised in a set of three HST
images. Figure 7.1 shows in each row from left to right shows an example of this complete
process in the aurora from the 2014 HST campaign. The top row starts with 7.1a - a large
injection signature indicated that prior to this, some large interchange motions have been
triggered to bring hot plasma into the inner magnetosphere so that it might cause aurora.
In panel 7.1b, arcs have developed, confined in latitude and elongated longitudinally. In
7.1c, one arc has faded and either another has appeared or one has moved clockwise,
perhaps suggesting that the plasma has drifted around the planet. In the bottom panel
more of the sequence of events over the first two data chapters can be seen. In 7.1d, the
superrotating spot is captured at the top of the left hand main emission feature and large
injections can also be seen. This show the link between features that map to between
around 90 Rj; to 10 R; demonstrating that this is a truly global phenomenon. The
evolution in 7.1e shows the second oval developing next to small injection signatures.
This demonstrates that the reconnection and injection interval can last over a period of
several days. Another large injection event is thought to have occurred on day 14 of the
campaign (not imaged, but detected in radio data as large HOM emission) after which

the image in figure 7.1f is taken, showing a ‘full’ second oval.

In the third data chapter, the auroral response to co-rotating interaction regions and solar
wind compression was investigated. It was shown that in there are both high latitude and
mid latitude features that arise - large scale flashes appear at high latitudes, sometimes

along side significant branching of the main emission region.
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(by-day 6

FIGURE 7.1: Six polar projected images taken with the HST, with log intensity scale
saturated at 400 kR. For each image the exposure time was 100 s. The grey lines indicate
a 10° x 10° jovicentric latitude-system III longitude grid. The image is oriented such
that 180° system III longitude is directed toward the bottom and labels are displayed in
grey. Top row, left to right, a) Injection event, day 4 01:10 UT, average main emission
position for campaign in gold, b) day 6 02:35 UT, c) day 7 07:16 UT. Bottom row,
left to right, d) Injection event, day 11 00:31 UT, e) day 13 22:39 UT, f) After HOM
emission, indicator of in injection event, on day 14, day 16 00:03 UT.

The sequential response of the UV aurora to a strong compression was shown in two set
of responses in February and March 2007. Figure 7.2 shows the response for the Febru-
ary event, as summarised in table 6.1. The predominant features were main emission
contraction and expansion, main emission branching and periodic large and small high
latitude flares at low longitudes. A statistical study examining the occurrence of high
latitude flares with varied CML using 2014 data showed that emissions were likely to
form at lower longitudes and fall into a similar region to the reported X-Ray hot spot.
This suggested that perhaps the emissions could be driven by the same mechanism.
Bunce et al. (2004) suggest a model of an up and down current formed from pulsed cusp
reconnection. The 2-3 minute timescale found in small spots and the larger scale flashes
has previously been linked to flux transfer events. On the other hand, the model doesn’t
predict such large auroral flashes and requires open field reconnection, whereas Bonfond
et al. (2011) found in conjugate studies of each polar cap that there is a common pe-
riod (of 2-3 minutes), implying the driver lies on closed field lines. Another possibility
that has not been discussed here is whether the Kelvin Helmholtz instability is triggered

around the dusk flank magnetopause as part of the solar wind impact.
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FIGURE 7.2: Six panels showing polar-projected HST image of Jupiter’s northern FUV

aurora over the CIR impact during February. For each image the exposure time was

between 30 and 100 s. The Central Meridian Longitude (CML) is shown. The image is

displayed with a log intensity scale saturated at 1000 kR. The grey lines indicate a 10°

10°jovicentric latitude-system III longitude grid. The image is oriented such that 180°
111 is directed toward the bottom and j;; labels are displayed in white.

During smaller compression or quiet solar wind intervals only the high latitude flashing
response was seen, indicating that perhaps the main emission branching response is
reserved for stronger compression events. This supports the interpretation that the arcs
in the main emission are a result of strong compression either due to enhanced flow
structures at the dusk side or a stepwise co-rotation breakdown in response to increase

of azimuthal plasma velocity.

7.2 Future Work

The first two data chapters investigate the radial transport of plasma in the magneto-
sphere with particular interest to the hot return flows from reconnection. Chapter 4

showed that the hot plasma inflows may come into a ‘transition region’ as they move
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radially towards the planet. Thomsen et al. (2015) suggests that at Saturn, there is a
plasmapause - a region of interface between hot sparse plasma and cold dense plasma
that forms in the inner magnetosphere as a result of hot plasma injections coming into
contact with the denser magnetospheric plasma. This region is thought to have prime
conditions for interchange process. A full investigation to assess whether this sort of
boundary should occur in the Jovian middle magnetosphere, with a view to determin-
ing the nature of this ’transition region’ should be conducted. From the size of the
low latitude auroral injection signatures presented in the first two data chapters, it is
suggested that the scale of the interchange process is much larger that the kronian coun-
terpart. Orbits from Juno could help characterise the plasma along the field lines that
map to the transition region, particularly in terms of the plasma thermal energy, to
eluidate the processes in the ‘transition region’. Imaging from other wavelength ranges,
for example X-Ray and Infra-Red could be used to probe processes at other energies.
Longer-sequence and higher resolution auroral data from UVS (than HST) could help
capture more examples of this process occurring for further analysis - for example, how
long does the main emission feature associated with the ‘transition region’ last for? How
long is the region maintained in the magnetosphere for? How does the region come onset
and decline? What is the nature of the flow shears potentially occurring in that region?
How does that compare to other rotationally driven planets? How does a very large
reconnection and injection interval effect the transition region? To what extent can the
process of return flow enhance interchange motions, pushing more cold dense plasma

outward and driving the Vasyliunas cycle?

Chapter 5 suggested that hot plasma injections could provide energy to enhance wave-
particle interactions and thus cause the auroral signature of the second oval. The prop-
erties of these wave-particle interactions could be understood further - At what rates
do the plasma injections drift? How does the second oval feature relate to the large
injection signatures - under what conditions can the plasma generate the second oval

auroral signature? What happens to the plasma after it disperses around the planet?

Finally, if the processes examined in the first and second data chapter are part of the
same process, more longer-sequence auroral data can be used to probe the timescales of

these global magnetospherics.

The final data chapter of the thesis investigated the UV response to solar wind co-rotating
interaction regions and compressions. Pulsed high latitude reconnection was examined
as a possible cause of the large period flares. To investigate whether it is a system of up

and down currents formed at the cusp, as described by Bunce et al. (2004), simultaneous
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X-Ray (down current) and UV (up current) data can be used to see whether this up-
down current structure does exist at the cusp. Similarly, conjugate studies of both polar
caps can be used to see where the emissions come from. By comparing the timing of the
emissions in the aurorae, it is possible to tell whether emissions are coming from closed

field lines or open ones, and where on the field line the particle source is.

The Kelvin-Helmholtz instability has also not been properly investigated as a source of
perturbation to cause emission - this is due to time constraints. Instability down the
dusk flank may be expected to produce aurora on the dusk side of the planet. Future
work, perhaps in collaboration with modelers, should seek to compare the observations

presented in chapter 6 with the expectation from magnetospheric models.

The statistical study made with 2014 data should be repeated with the 2007 images
so that a statistical picture of the 2007 campaign high latitude region which can be
compared to individual morphologies during the CIR interval. This may make it clear
whether the CIR interval causes a particular morphology compared to other solar wind
compressions and also lend statistical weight (i.e. not case studies) to the high latitude
morphologies seen. In chapter 6 in order to quantify the amount of image on view with
CML, the number of pixels in a region above a detection threshold was compared to the
CML. This allowed detections of any type of flare, compared to trying to identify the
brightest or most powerful of flares. An extension to this work using the 2007 campaign
(which had months of data, compared to the fortnight of data from 2014) is to examine
both whether flares have occurred and how bright /powerful they are compared to, for
example, solar wind conditions. This combination of morphology and power may allow
determination of the driver (or drivers) for the morphologies. This is especially pertinent
for morphologies that sometimes appear to overlap (e.g. high latitude flares and main

emission branching) which may or may not have related drivers.

Further work also needs to be done investigating the main emission branching to explain
both how the branching in the main emission arises but also how each branch’s brightness
is driven. It has been proposed here that the branching of the main emission is either
due to enhanced flow structures at the dusk side or a stepwise co-rotation breakdown in
response to increase of azimuthal plasma velocity. Further examination of the auroral
morphologies and mapping of the main emission to the equatorial plane may show the
location of flow shears. This in turn can give a handle on how compressed the magne-
tosphere is. The brightness of the branches could indicate the magnitude of the flow

shear, allowing preferential flow channels to be identified. This could indicate whether
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the stepwise co-rotation breakdown or dusk flow channels are the dominant factor in

plasma flow dynamics.
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