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Abstract

Unlike the terrestrial magnetosphere, which responds strongly to changes in the solar wind
and interplanetary magnetic field, Jupiter’'s magnetosphere depends largely on internal pro-
cesses related to its strong planetary magnetic field, rapid rotation and presence of internal
sources of plasma. The role of external factors, like the solar wind, is considered to be min-
imal and is not well understood. Observations of the Jovian UV aurora have hinted that
it responds to changes in the upstream solar wind dynamic pressure, though the physical
processes leading to this enhancement are poorly understood. Solar wind dynamic pres-
sure is also considered to influence the oscillations of Jupiter’s current sheet, particularly
in the magnetotail. These questions are difficult to resolve using limited and sparse in situ

observations.

In this work, we use a global magnetohydrodynamics model to study the dynamics of the
Jovian magnetosphere. By performing systematic experiments in which we vary the solar
wind dynamic pressure, we have analyzed the response of the Jovian magnetosphere and
tracked the change in the intensity of corotation-enforcement currents, which are believed
to be closely related to the Jovian aurora. Our model predicts that intensity of field-aligned
currents in the dayside ionosphere would decrease after a dynamic pressure enhancement
due to an increase in the corotation velocity of the plasma in the dayside magnetosphere,
especially in the pre-noon sectors. Our model also predicts the release of plasmoids due
to reconnection in the magnetotail, and we demonstrate that these plasmoids magnetically
connect to the polar regions of the planet, which predominantly connect to open field lines

in the solar wind.

We also study the response of Jupiter’s oscillating magnetotail current sheet to changes

XVl



in the upstream solar wind dynamic pressure by incorporating a realistic internal field model
into our simulations. It was previously thought that solar wind driven compression would
reduce the amplitude of the current sheet oscillations and change the hinging distance of the
current sheet. Using the MHD model, we find that increasing solar wind dynamic pressure
also increases the density and temperature in the magnetotail lobes such that the Alfven
and magnetosonic speeds in the magnetosphere may be reduced, which can decrease the
wavelength of current sheet oscillations.

Lastly, our MHD model and other in situ observations have revealed that plasmoids pro-
duced in the Jovian magnetotail are large and infrequent. We have analyzed high temporal
resolution magnetometer data from the Juno spacecraft and identified magnetic flux ropes
and O-lines with durations lasting less than 300 seconds, which correspond to diameters
comparable with the local ion-inertial length. These findings suggest that despite many dif-
ferences, magnetic reconnection in the Jovian magnetotail can also operate via current sheet
instabilities, similar to that seen at Earth, Mercury and in particle-in-cell simulations.

Our findings illustrate the complicated nature of dynamics in the Jovian magnetosphere,
which is not well understood due to the sparse in situ data. We demonstrate that, in the
absence of global empirical data, numerical experiments can serve to validate or invalidate
theories of magnetospheric dynamics. Our results use and support data gathered by nu-
merous in situ spacecraft such as Galileo and Juno, and can also support future missions to
the Jupiter system. The Jovian magnetosphere is an extreme environment, and an excel-
lent laboratory for plasma research, and additional observations and models are needed to

understand its dynamics.
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Chapter 1

Introduction

1.1 Motivation

Plasma refers to a collection of charged particles, either ions or electrons, which interact
among themselves and the surrounding electromagnetic field. It is ubiquitous in the space
environment, and can be found in the interior and surroundings of stars, planets and other
planetary bodies. Space plasma physics is the study of plasma in these environments.

The study of space plasma in the regions near a planet is referred to as magnetospheric
physics, named after the region of space surrounding the planetary body’s interaction with
the surrounding electromagnetic plasma medium, called the magnetosphere. The field of
magnetospheric space plasma physics originated with the beginnings of the space age and
was supported by the decades long ongoing investigation of the terrestrial magnetosphere
by in situ spacecraft. The magnetosphere has various regions with different plasma char-
acteristics, and each of these regions have been well studied using in situ measurements,
theoretical analysis and through the development of numerical models. Especially in the
last two decades, advancements in computing technology have allowed for complex, first-
principle based, global models of the space environment, which can simultaneously solve for
different magnetospheric regions and allow us to understand their interactions.

Magnetospheric physics has immediate practical applications in the study of ‘space
weather’ - a term which refers to the electromagnetic response of the terrestrial magne-

tosphere to changes in the upstream plasma, composed of the solar wind and interplanetary



magnetic field which originates from the sun. The sun is a dynamic star, and produces var-
ious perturbations such as solar flares, coronal mass ejections and solar energetic particles
(SEPs), which can be detrimental to society. For example, solar flares and SEPs increase
the degree of radiation in outer space, which can directly harm satellite equipment and per-
sonnel. Changes in the solar wind can trigger geomagnetic storms, which are cause sudden
changes in the geomagnetic field on the surface, leading to induced currents in power-grids

and pipelines, which can result in serious economic damage.

Although the terrestrial magnetosphere has gained the most attention due to its prox-
imity and direct influence on society, other magnetized bodies such as the planets Mercury,
Jupiter, Saturn, Uranus and Neptune, all possess magnetospheres. Unmagnetized or weakly-
magnetized bodies such as Venus, Mars, and comets also interact with the solar wind plasma
as conducting obstacles, producing ‘induced’” magnetospheres. Many such regions have been
visited by in situ spacecraft, with some dedicated orbiters such as the MESSENGER mission

to Mercury, the Cassini mission to Saturn, and the Galileo and Juno spacecraft to Jupiter.

The magnetospheres of the gas giants, Jupiter and Saturn, are very different from that
of the Earth due to their size, rotation and presence of heavy mass inside their magneto-
spheres. Although their magnetospheres have been visited by in situ spacecraft, the obser-
vations within these magnetospheres are sparse, which makes it difficult to understand local
observations in the context of the global system, which span several million kilometers. One
technique to complement in situ measurements is to use global models similar to those devel-
oped in the terrestrial context to solve for the plasma dynamics within the magnetosphere.
Various global models have been developed for the gas giant magnetospheres over the past

two decades.

Sparse measurements of plasma in the Jupiter system have largely confirmed that its
magnetosphere is very different from the Earth. Plasma present within the Jovian magne-
tosphere co-rotates with the planet, and is highly energetic. The exact mechanism which
accelerates the plasma to corotation and energizes particles to the observed energies, is
not fully understood. Similar to what is observed at Earth, the magnetospheric processes at
Jupiter also create an aurora, whose morphology is well studied through remote observations

by the Hubble Space Telescope and the Hisaki spacecraft. The aurora is seen to brighten



during certain intervals, which may be a result of solar-wind-magnetosphere interaction,
though this is difficult to reconcile without multi-spacecraft observations. Observations by
the Juno spacecraft have also hinted that the Jovian aurora is not produced due to processes
which produce the terrestrial aurora. All these questions are difficult to answer using limited,

sparse in situ measurements.

In this work, we introduce a new model for Jupiter’s magnetosphere and couple it with
a simplified ionosphere. Jupiter’s magnetosphere is large and dynamic, and a global model
allows us to perform systematic experiments to understand its response to various inputs,
such as the dynamic pressure of the solar wind. Using the model, we investigated long-

standing questions about the Jovian magnetosphere -

1. How and to what extent does the solar wind influence Jupiter’s magnetosphere and

currents in the ionosphere?

2. How does magnetic reconnection occur in the Jovian magnetosphere and how are plas-
moids released in the magnetotail? To which regions of the ionosphere and aurora do

these plasmoids magnetically connect?

3. How does solar wind dynamic pressure influence the morphology of the magnetotail

current sheet?

4. Where does magnetic reconnection occur in the Jovian magnetotail and are all Jovian

plasmoids large and infrequent?

This dissertation is organized as follows. In the coming sections, a general description
is provided to the reader unfamiliar with magnetospheric physics, where different termi-
nologies used are explained briefly. In Chapter 2, a description of the global MHD model
for the Jupiter’s magnetosphere is provided. The questions mentioned previously are then

investigated individually in the remaining chapters and summarized in Chapter 7.



1.2 Theoretical background

1.2.1 The MHD approximation

Plasmas comprise of innumerable charged particles which interact among themselves and
the surrounding electromagnetic fields. In the space environment, they usually contain
equal parts of positive and negative charges (i.e. are quasi-neutral), in the form of various
ion species and electrons, and in most situations arising in magnetospheric physics, have low
densities which makes collisions between particles rare and unimportant (Bruno & Carbone,
2013). For mathematical analysis, it is convenient to study the collective motion of particles
instead of tracking them individually. One of the most fundamental ways to describe this
collective behaviour is by assigning a distribution function f(¢,x, v), which is used to estimate
the likelihood of a particle having certain position x and v at time t. In the absence of
collisions, the total change in f is assumed to be zero, i.e. phase space is conserved. This
leads to the Vlasov equation, which is the fundamental conservation law of particle phase
space (Chen, 1995; Gombosi, 1998).
dfa 9.
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Where a, = (E + v, x B)eZ,/m, is the acceleration due to the Lorentz force on a
particle species o with charge state Z,. Apart from the assumption that the plasma is
collision-less, the Vlasov equation is still relatively general and describes in a statistical way
the evolution of a collection of charged particles. The analysis can be simplified by removing
the dependence on the particles’ velocity, which is done by integrating over the velocity space
i.e. by multiplying Equation 1.1 by different powers of v in order to obtain its moments.
The ideal MHD equations can be derived by considering three moments (zeroth, first and
second) separately for the ions and electrons, and then combining them by defining a new
variable J, which is the density of the current generated due to the different ion and electron

motions.

J=en(v;—ve) (1.2)



Where it is assumed that n = Z;n; = n, for charge-neutrality. This leads to the single-

fluid ideal MHD equations (repeated below from Gombosi, 1998),

e . 1.
L e p(V V) (13)
pcji—: =-Vp+JxB (1.4)
3dp 5
Sar -~ 9P (V-v) (1.5)

The above equations track the change in mass density p, velocity v and pressure p. The

evolution of the magnetic field can be described using Faraday’s law,

88_]753 =-VxE (1.6)

Ampere’s law provides the relationship between the magnetic field intensity B and the
current density J. The displacement current can be ignored if the timescales for the electric
field fluctuations are much shorter than the timescales studied using the fluid approximation,

which is usually the case in planetary magnetospheres, except in regions near the planet

where the Alfven speeds approach the speed of light.

V x B = pJ (1.7)

And finally, the equations are closed by using a form of Ohm’s law, which can be derived
by combining the ion and electron momentum equations (which are previously derived using
their respective Vlasov equations). In the case of ideal MHD, we use a simplified form for
the Ohm’s law and neglect resistivity. This leads to the following expression for the motional

electric field,

E=-vxB (1.8)

The expression for the Ohm’s law in ideal MHD implies that the electric field perceived

by the moving plasma in the frame of reference moving with velocity v in a background
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Figure 1.1: Schematic of magnetic reconnection adapted from Hesse and Cassak (2020)
showing the different regions surrounding the X-line.

magnetic field B is zero. The Ohm’s law in ideal MHD has one major implication: the plasma

is “frozen-in” to the magnetic field. Diffusion across the magnetic field is not permitted.

1.2.2 Magnetic reconnection

Magnetic reconnection is a process by which two regions with sufficiently sheared magnetic
fields merge and transfer the energy associated with magnetic stresses into the kinetic en-
ergy of the surrounding plasma (Priest & Forbes, 2000; Yamada, Kulsrud, & Ji, 2010). A
simplistic analogy often used to describe magnetic reconnection is the ‘disconnection’ and re-
connection of two magnetic field lines which are oppositely directed to each other (Gonzalez
et al., 2016). Such breakage of magnetic field lines would violate the frozen-in flux condi-
tion, and thus, magnetic reconnection is a non-ideal phenomena which requires additional
processes, such as finite resistivity, to occur in order to break the frozen-in flux condition.
Figure 1.1 shows a schematic where two regions with anti-parallel magnetic fields merge
and reconnect. Magnetic field lines diffuse towards the center of the region, called the ‘X-line’,

via the inflow region and are expelled at large velocities away from the X-line in the outflow



regions. Various theories have been put forward to explain and model the reconnection
process, to explain the different rates of reconnection observed in different environments
(see for e.g. Yamada et al., 2010 and references therein). In particular, we will discuss the

two-fluid model of reconnection.

In the two-fluid model, the ions and electrons are presumed to demagnetize, i.e. stop
following the magnetic field lines, in different regions near the X-line, where the magnetic
field strength is at a minimum. The ions, being heavier, are demagnetized first as they enter
the ion diffusion region and escape via the outflow, where they are accelerated. The electrons
remain magnetized until they reach the electron diffusion region. The different motions of
the electrons and ions generates a current system that in turn produces the quadrupolar Hall
magnetic field. As the electron diffusion region is much smaller than that for the ions, it is
much difficult to detect in in-situ measurements and remains an active topic for research.
Studying the electron diffusion region is the primary objective of NASA’s MMS spacecraft
constellation, whose goal is to quantify the contribution of various terms in the generalized
Ohm’s law (e.g. Vasyliunas, 1975 and references therein) in breaking the frozen-in flux

condition (Burch, Moore, Torbert, & Giles, 2016).

The model shown in Figure 1.1 represents a situation where magnetic reconnection is oc-
curring in a steady manner. However, particle-in-cell and hybrid simulations of reconnecting
fields have shown that this is not necessarily the case. Instead, the thin current sheet near
the X-line was found to be unstable to the tearing instability, and breaks into individual
closed magnetic loops separated by multiple X-lines (Drake, Swisdak, Che, & Shay, 2006;
Drake, Swisdak, Schoeffler, et al., 2006). These magnetic loops, also called flux ropes or
O-lines, are created within the ion-diffusion region and are transported away from the X-line
through the outflow, where they can coalesce through repeated reconnection and enlarge or

dissipate (Markidis et al., 2012; R. Wang et al., 2016).

The occurrence of magnetic reconnection depends strongly on the angle of magnetic shear
between the reconnecting layers, and also on the plasma (3, which is defined as the ratio of
thermal pressure (p) to the magnetic pressure (B?/2u) (Swisdak, Rogers, Drake, & Shay,
2003; Swisdak, Opher, Drake, & Alouani Bibi, 2010; Phan et al., 2010). In particular for

asymmetric reconnection, where the two reconnecting layers had a large density gradient,



Figure 1.2: Example of multiple X-line reconnection adapted from Drake, Swisdak, Schoef-
fler, et al. (2006), who have used a particle-in-cell code to simulate anti-parallel magnetic
fields. The contours show the out-of-plane component of the current density (.J,). Note the
progression from steady reconnection to the generation of small magnetic islands at the thin
current sheet, which coalesce and evolve to become large magnetic flux ropes or plasmoids.



greater differences in plasma [ across the layers were found to suppress reconnection. This
was argued to be the result of fast diamagnetic drifts, which prevented consistent presence
of the x-line; which would be advected away with the electron flow, necessitating large
magnetic shear angles. On the other hand, reconnection was also seen for small magnetic
shear angles during cases when the change in plasma beta across the current sheet was
relatively low. Swisdak et al. (2010) proposed a simple relation to gauge the possibility of
magnetic reconnection being suppressed in a given setting based on the change in plasma
beta AS and the magnetic shear angle A6,

2L, A6

7 tanT (1.9)

AB >

Where L, and d; denote a characteristic pressure-based length scale near the X-line and
the ion inertial length, respectively.

Magnetic reconnection is a fundamental and ubiquitous process in space plasmas and
occurs in many different space environments, from the solar corona to the various plane-
tary magnetospheres, to the heliopause. The consequences of magnetic reconnection on the
magnetospheres of Earth and Jupiter, and the differences between the two, are discussed in

subsequent sections.

1.3 Earth’s magnetosphere

A brief description of the processes occurring in the terrestrial magnetosphere is provided in
this section to better understand the similarities and differences between it and the Jovian

magnetosphere.

1.3.1 The solar wind and interplanetary magnetic field

The solar wind is a stream of particles accompanied by the interplanetary magnetic field
(IMF), which flows outward from the sun. It originates from the lower regions of the solar
corona, expands and accelerates until it gains a speed roughly between 400 to 600 km/s, by

which time it is usually supersonic and super-Alfvenic (Gombosi, 1998) i.e. its bulk motion

9



is faster than the local sound and Alfven speeds. It is composed primarily of protons with
an average temperature on the order of 10° K and density of ~7 cm™ (at 1 AU = 1.49 x 10®

km), though other species and charge states are also present.

It was hypothesized that the radial flow of solar wind plasma distorts the frozen-in in-
terplanetary magnetic field into a spiral configuration with increasing distance from the sun
(Parker, 1958; Ness & Wilcox, 1964) (see Figure 1.3). This may be a reasonable assumption
during quiet intervals, but the solar wind and IMF can be highly dynamic, leading to the for-
mation of corotating-interaction-regions (CIRs) and coronal-mass-ejections (CMEs). These
can be associated with drastic changes in the solar wind dynamic pressure and orientation of
the IMF, which perturb the terrestrial magnetosphere in various ways (Borovsky & Denton,
2006; Denton et al., 2006) e.g. by increasing the strength of the equatorial ring current,
creating geomagnetically-induced currents on the planet’s surface, and strengthening the

terrestrial aurora, etc.

Figure 1.3 shows two interplanetary magnetic field lines which intersect the orbits of
Earth and Jupiter at 1 AU and 5.2 AU, respectively. The Parker-spiral IMF at Earth
typically possesses comparable radial and azimuthal components (where r is the Sun-Earth
direction, also the direction of solar wind flow). On the other hand, the IMF becomes
predominantly azimuthal by the time it reaches Jupiter’s orbit. This would translate to a
near 90-degree magnetic shear between the IMF and the internal field of the planet at the sub-
solar magnetopause, which has important implications on the magnetopause reconnection

at Jupiter that will be discussed later.

Also associated with the radial outflow of the solar wind is the heliospheric current sheet.
Since the solar magnetic axis is not aligned with its spin axis, the heliospheric current sheet
undulates about a mean position at the Equator (Figure 1.4). At Earth, this can be seen
in the North-South (Z) component of the IMF. Periods when the IMF is southward, and
thus oppositely directed to the planetary field at the dayside boundaries of the magneto-
sphere, are considered to lead to increased geomagnetic activity due to magnetic reconnection

(Boudouridis, 2005).
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Figure 1.3: Interplanetary magnetic field lines showing the Parker-spiral in the ecliptic

plane. The field lines intersect at the orbits of Earth and Jupiter at 1 AU and 5.2 AU
respectively and the tangent to the curve is highlighted via arrows.
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Figure 1.4: Wavy structure of the heliospheric current sheet assuming a constant 400 km /s
solar wind flow and a dipole magnetic field.
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1.3.2 Configuration of the terrestrial magnetosphere

The interaction between the solar wind and interplanetary magnetic field with the internal
magnetic field of the Earth forms the magnetosphere. Since the incoming plasma is super-
sonic and super-Alfvenic, a bow shock is created at the interaction front (Spreiter, Summers,
& Alksne, 1966). Downstream of the shock lies a region of shocked high-temperature solar
wind called the magnetosheath (Lucek et al., 2005). The magnetic field strength in the
magnetosheath is larger than in the solar wind, but the field lines are still ‘open’, i.e. they
are connected at both ends to the interplanetary magnetic field. Separating the planetary
field from the magnetosheath is a discontinuity called the magnetopause (Russell & Elphic,
1978; Sonnerup & Cahill, 1967). The magnetopause is a current-carrying layer that shields
the magnetosphere from the external inputs.

On the nightside, the interaction of the tail magnetic field with the solar wind and IMF
creates a magnetotail (Hones et al., 1984). Magnetic field lines in the magnetotail are con-
sidered to be primarily in the plane of the solar wind flow. Present between oppositely
directed magnetic field lines in the northern and southern magnetotail lobes is the magne-
tospheric tail current sheet, which is surrounded by a region of high-density plasma called
the plasmasheet.

In the inner regions of the magnetosphere are the planet’s radiation belts; regions of
trapped high-energy particles undergoing repeated bounce motions (Ripoll et al., 2020 and
references therein). In these regions the current sheet is weak or non-existent and the mag-
netic field is close to being dipolar. Co-located with the radiation belts is the plasmasphere,
composed of relatively low-energy particles (ions and electrons) which largely corotate with

the Earth (Lemaire, Gringauz, Carpenter, & Bassolo, 1998).

1.3.3 Magnetic reconnection in the terrestrial magnetosphere

In the context of the terrestrial magnetosphere, magnetic reconnection is usually studied in
two regions. The first region is the dayside magnetopause, where high density plasma of
the magnetosheath associated with a shocked IMF interacts with the relatively low density

plasma of the magnetosphere, associated with stronger magnetic fields. Magnetic reconnec-
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tion has been observed to occur at all orientations of the IMF (clock angle), but is most
prominent when the IMF is pointing southward (Swisdak et al., 2003), as in this situation
the magnetic shear between it and the northward pointing magnetospheric field (at the mag-
netopause) is maximized. In such a case, IMF field lines in the solar wind reconnect with
‘closed’ field lines of the magnetosphere, and produce newly opened field lines which are
transported away from the reconnection site by the reconnection outflow.

The second region where reconnection is studied widely is the terrestrial magnetotail
(e.g. Nakamura et al., 2006). Magnetic field lines in the northern and southern magnetotail
lobes which are separated by the magnetotail current sheet are often oppositely directed
with respect to each other. Two such open field lines in the magnetotail may spontaneously
reconnect and convert into a single closed field line. More often, magnetic reconnection is
observed to occur near the planet, where field lines may still be closed, and is preceded by a
thinning of the magnetotail current sheet, which results in an explosive reconnection event
called a substorm.

Magnetic reconnection in both regions rarely occurs in a steady manner, but instead
creates loop-like magnetic structures as seen in Figure 1.2. At the dayside magnetopause,
these structures are referred to as flux-transfer events or FTEs. In the nightside magnetotail,

they are referred to as plasmoids or flux ropes, depending on their internal properties.

1.3.4 TIonosphere

Neutral species in Earth’s upper atmosphere can be ionized through photo-ionization and
electron impact ionization, and the relatively low-densities at higher altitudes lead to longer
collision time scales which supports a persistent region of charged particles called the iono-
sphere (Schunk & Nagy, 2009). The conducting ionosphere is intricately connected with the
magnetosphere.

Ionospheric plasma at mid- to low-latitudes corotates with the planet due to collisions
with the corotating thermospheric neutrals. The magnetic field lines associated with these
regions are connected at both ends with the planet (i.e. they are closed) and have an
equatorial footprint in the magnetosphere at a distance of a few Earth radii. Since the field

lines in ideal MHD can be considered to possess the same electrostatic potential (®), the
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corotation velocity of the ionospheric plasma is transmitted to the associated magnetic flux
tube in the magnetosphere. This creates a corotating region of low-energy plasma called
the plasmasphere. This is consistent with the picture that the plasmasphere is a result of
E x B drift, where E = —V® can be considered to be the corotation electric field. Thus,
the ionosphere plays a crucial role in maintaining the corotation of plasma at Earth.

At higher latitudes, magnetic field lines are typically open, i.e. they are connected at
one end with the interplanetary magnetic field. In such a case, the ionosphere plays a more
responsive role to changes in the solar wind and distant magnetosphere (discussed in the
next section). Field aligned currents from the magnetosphere close through perpendicular
(to B) currents in the ionosphere. The precipitation of charged particles also modifies the

conductivity in the ionosphere (Schunk & Nagy, 2009).

1.3.5 Magnetosphere-ionosphere coupling at Earth

The magnetosphere and ionosphere are intricately coupled at all latitudes. In the case of
anti-parallel IMF, magnetic reconnection on the dayside magnetopause creates open field
lines, which convect along with the solar wind. At the same time, one end of the field
lines is connected to the polar regions of the planet. Eventually, open field lines, which are
transported to the magnetotail by the solar wind, reconnect and re-create closed field lines.
The newly closed magnetic flux returns to the dayside. This cycle of opening and closing of
magnetic flux through magnetic reconnection is called the Dungey cycle and an illustration
of this process is shown in Figure 1.5, which shows a simplified picture in two-dimensions of
a field line which has reconnected on the dayside at stage 1, and eventually returns to the
dayside (stage 9) after the motions described previously.

Effects of the Dungey cycle can be seen in the convection patterns of the high-latitude
ionosphere (Figure 1.5, inset). In the anti-parallel IMF case, ionospheric plasma convects
from the dayside to the nightside across the polar cap. After flux closure on the nightside,
plasma returns to the dayside via flux tubes located at lower latitudes, on the dawn and
dusk side of the magnetosphere; creating a two-cell convection pattern in the ionosphere.
This overall convection of the magnetosphere and ionospheric plasma directly determines

the location of upward field-aligned currents in the ionosphere, and hence the location of the
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Figure 1.5: Schematic adapted from Hughes (2019) showing the different stages of the
Dungey cycle in the terrestrial magnetosphere and the corresponding convection pattern in
the ionosphere.
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discrete terrestrial aurora.

In this way, the solar wind and interplanetary magnetic field directly influence convection
in the terrestrial magnetosphere. Different IMF orientations and solar wind density and
velocity change the convection patterns in the terrestrial magnetosphere and determine the
size of the polar region of open flux, also referred to as the polar cap (Heelis, 1984; Milan,

Boakes, & Hubert, 2008).

1.4 Jupiter’s magnetosphere

Jupiter is a strongly magnetized planet, and the interaction of its planetary magnetic field
with the solar wind and IMF creates its magnetosphere (Krupp et al., 2004). Much like
at Earth, Jupiter’s magnetosphere also consists of a bow-shock, magnetopause and magne-
totail because of the supersonic and super-Alfvenic solar wind. However, there are crucial
differences due to its large size, strong magnetic field and internal processes associated with
its natural satellites. Some key differences between the two magnetospheres are highlighted
in Table 1.1. Firstly, Jupiter’s magnetosphere is much larger than that of the Earth in
terms of the planets’ respective radii. This is in part due to the strong magnetic field of
Jupiter, along with the presence of energetic particles in the magnetosphere, which have
a substantial contribution to the total pressure of the magnetospheric plasma (Bagenal &
Delamere, 2011). Note that plasma /3, which is defined as the ratio of thermal pressure p to
the magnetic pressure (B?/2u) is less than 1 for the plasma in most regions of the Earth’s
magnetosphere, but is between 10 to 100 for plasma in the Jovian magnetosphere.

The Jovian magnetosphere is usually divided into three regions for discussion (1 R; =

71492 km is the equatorial radius of Jupiter at 1 bar pressure),

1. The inner magnetosphere, containing the Io and Europa plasma tori, which extends

up tor <15 Rj.

2. The middle magnetosphere, containing the corotating regions, corotation-enforcement

current systems, which ranges from 15R; < r <~ 30R;.

3. The outer magnetosphere, where corotation becomes weak and various dynamics such
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Earth Jupiter
Equatorial Radius (km) 6378 71492
Surface field strength (nT) ~30000 ~ 400000
Internal Source (kg/s) 5 250 to > 1000
Rotation Period (hours) 23.92 9.92
Dominant species H*, Ot | ST, Of, S*F H*
Plasma 3 = p/(B?/2u) <1 10 to 100
Magnetopause standoff distance (Rpjanet) 8 to 11 62 to 111
Bow-shock standoff distance (Rpjanet) 16 to 22 77 to 130
Auroral Power (GW) 20 to 100 | 200 to >1000
Dipole tilt (°) ~11° ~ 9.6°

Table 1.1: Comparison of various magnetospheric properties for Earth and Jupiter (Shue
et al., 1998; Cairns & Lyon, 1996; Khurana et al., 2004; Krupp et al., 2004; Clarke et al.,
2009; Krupp, 2016; Bagenal, 2013).

as magnetic reconnection, Kelvin-Helmholtz instabilities are observed; which lies be-

yond r >~ 30R;.

1.4.1 The inner magnetosphere

A key difference between the gas giant magnetospheres from that of the Earth is the presence
of internal sources of plasma associated with their natural satellites (Bolton et al., 2015).
In Jupiter’s inner magnetosphere, the largest moons in increasing order of radial distance
from the planet are Io (at 5.9 R;), Europa (at 9.4 R;) and Ganymede (at ~ 15 Rj).
Out of these, Io and Europa and considered to be un-magnetized, but interact with the
surrounding magnetospheric plasma due to the conductive effects of sub-surface magma and
saline oceans, respectively. Ganymede is the only known natural satellite in the solar system
which possesses a strong internal magnetic field, which interacts with the Jovian magnetic
field to create its own magnetosphere (Russell, 2005; Jia, Kivelson, Khurana, & Walker,
2010; Khurana et al., 2011; Kivelson et al., 1996, 2000).

Out of these satellites, Io and Europa are responsible for contributing substantial mass
to the inner magnetosphere of Jupiter. Volcanism at Io creates SO,, which is eventually
ionized either electron-impact ionization or photo-ionization to produce ST, ST, O and
H* (Bagenal & Delamere, 2011 and references therein) etc. Meanwhile, plumes and/or

sputtering of the atmosphere at Europa ejects water neutrals into the surroundings, which
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Figure 1.6: Schematic adapted from Russell (2005) showing features of mass loading at Io.
The magnetospheric plasma is faster than Io’s Keplerian velocity. The motional electric field
of the corotating plasma “picks-up” the newly ionized particles, forming a ring-distribution
that relaxes into a stable configuration over many days.
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ionize to produce water group ions e.g. H™, OF. The typical lifetime for SO, S, O, H
neutrals in the torus regions is between 1 to 20 hours, which implies that neutrals can diffuse
away from the source and create a local neutral cloud that extends around a fraction of the
natural satellite’s orbit (Smyth, 1992; Smyth & Marconi, 2006). The net contribution of
this ionization results in a mass addition of approximately 260-1400 kg/s for Io (Bagenal
& Delamere, 2011) and ~50 kg/s for Europa. A similar situation is seen at Saturn, where

Enceladus adds ~50 kg/s to its magnetosphere.

The newly ionized ions are “picked-up” by the surrounding magnetospheric plasma.
These ions, which presumably still possess the Keplerian velocity of the neutrals (~17 km/s
at Io’s orbit), perceive the motional electric field (E = —u x B) due to the faster magne-
tospheric flow (v =~ 74 km/s) and undergo the E x B drift (Russell, 2005). Ton pickup

increases particle velocity in the direction perpendicular to the magnetic field, increasing
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Figure 1.7: Figure adapted from Bagenal (2013) showing the extended magnetic field lines
in the middle magnetosphere and the the radial currents corresponding to the out-of-plane
bend back of the magnetic field. The radial corotation enforcement currents are presumed
to be closed through the ionosphere.

anisotropy in the particle distribution.

The magnetospheric plasma in the inner magnetosphere co-rotates with the planet. Coro-
tation at these distances is facilitated through ion-neutral collisions in the Jovian ionosphere,
which prevents a velocity gradient from forming between the thermosphere and ionosphere;
similar to the plasmasphere at Earth. The ionosphere then transmits the velocity to all
regions in the magnetosphere with which it is connected via magnetic field lines. The coro-
tation process in the inner magnetosphere does not require the presence of large-scale field
aligned currents as in the case of the middle and outer magnetosphere (Vasyliunas, 1983),
which we will discuss in the next section.

Also present in inner magnetosphere are trapped energetic particles comprising of Jupiter’s

radiation belts, which lie outside the scope of the present study.

1.4.2 The middle magnetosphere

The plasma created in the inner magnetosphere of Jupiter is believed to be lost through a
series of instabilities. The large density in the inner magnetosphere leads to a decrease in

flux tube content with radial distance, which, in the presence of the centrifugal force, creates
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regions unstable to the interchange instability. Observations by in situ spacecraft have
detected plasma and magnetic signatures containing pockets of high magnetic field strength
or energetic plasma which is lower in density, within regions of lower energy high-density
plasma (Thorne et al., 1997; Kivelson, Khurana, Russell, & Walker, 1997).

It is believed that as logenic plasma moves from the inner magnetosphere to further
distances, angular momentum conservation results in the loss of some of its azimuthal velocity
(S. W. Cowley & Bunce, 2001; Hill, 2001; Southwood & Kivelson, 2001), also referred
to as ‘breakdown of corotation’. The slowing down of magnetospheric plasma creates a
“bend-back” of the frozen-in magnetic field lines in the equatorial plane, i.e. the equatorial
portions of the magnetic field line begin to lag the regions located at higher-latitudes. The
bending of these field lines, or more accurately, the production of magnetic curvature, creates
radial currents in the equatorial region to counter the deceleration. The radial currents,
together with the predominantly southward magnetic field, create a J x B force in the
azimuthal direction, thereby enforcing corotation. These “corotation-enforcement” currents
are closed via field-aligned currents and perpendicular currents in the Jovian ionosphere.
The ionospheric location corresponding to the outward currents (and hence, precipitating
electrons) is considered to be the location of the main oval of the Jovian ultraviolet aurora.
Figure 1.7 shows a diagram of the magnetodisc configuration and the expected path of the
corotation-enforcement current system.

The centrifugal force in Jupiter’s magnetosphere also extends the magnetic field in the
radial direction, leading to the formation of an equatorial current sheet at all longitudes,
which creates a ‘magnetodisc’ configuration. Evidence for this process has been provided by
in-situ spacecraft such as Galileo and Juno, which observed that field lines located at large

distances departed greatly from the dipole expectation.

1.4.3 The outer magnetosphere

The mass added by Io and Europa thus corotates with the planet in the inner and middle
magnetosphere, and in the process further stresses the magnetic field configuration. It is
believed that eventually the stretching of magnetic field lines at large radial distances on the

nightside thins the equatorial current sheet to an extent that allows magnetic reconnection
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Magnetic -

Figure 1.8: Schematic adapted from Vasyliunas (1983) and Russell (2005) showing how a
plasmoid is released in the Jovian magnetotail. The image on the left shows the expected
flow directions in the equatorial plane, while the different rows on the right correspond to
different times during the evolution of a plasmoid.

to take place in the magnetotail, between two anti-parallel regions of the same field line.

Magnetic reconnection detaches a loop-like magnetic structures, called a plasmoid, which
is disconnected from the other closed field lines and subsequently travels tail-ward to escape
the magnetosphere. The newly reconnected closed field line, now devoid of heavy mass,
returns to the planet and continues to corotate and re-loaded with mass from the inner
magnetosphere. This cycle of mass loss through internal magnetic reconnection is called the
“Vasyliunas” cycle (Vasyliunas, 1983). The Vasyliunas cycle is considered to be a crucial
process that facilitates the loss of Iogenic plasma from the magnetosphere to the external
solar wind. Figure 1.8 shows an illustration of this process in the equatorial and meridional
plane.

Reconnection in Jupiter’s magnetosphere occurs differently from the Dungey-cycle re-
connection seen in the terrestrial magnetosphere, where open field lines in the magnetotail
reconnect and produce a closed field line. At Jupiter, Vasyliunas cycle reconnection is be-
lieved to occur spontaneously due to the thinning of the magnetotail current sheet, with no
input from the external solar wind and IMF.

In situ observations have largely confirmed that magnetic reconnection occurs in the

Jovian magnetotail, either using magnetic field observations to identify rotations in the
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Figure 1.9: Hubble Space Telescope image of the Jovian UV aurora in the northern hemi-
sphere adapted from Grodent, Clarke, Kim, et al. (2003), showing its different components.
Dawn is roughly to the left of the image, while dusk is toward the right.

north-south component of the magnetic field (Vogt, Kivelson, Khurana, Joy, & Walker, 2010;
Vogt et al., 2014), or by detecting bursts of energetic particles with a preference for travel in
the radial direction (Woch, Krupp, & Lagg, 2002; Kronberg, Woch, Krupp, & Lagg, 2008;
Kronberg et al., 2007). However, single-spacecraft observations do not provide information
about the global context, and it is unclear whether these reconnection products result from
Dungey or Vasyliunas cycle reconnection.

The relative influence of the solar wind and IMF on reconnection associated dynamics
in the Jovian magnetosphere remains an open question. Some authors have argued that
Jupiter’s magnetosphere is largely closed, and magnetic reconnection on the dayside, if it did
occur, could not lead to a persistent polar cap due to the large distances and long timescales
involved (McComas & Bagenal, 2007). Others have disagreed (S. W. Cowley, Badman,
Imber, & Milan, 2008), arguing that both Dungey and Vasyliunas cycle reconnection occur
in the Jovian magnetotail, perhaps at different locations, on the dawn-side magnetotail and

in the near-midnight region, respectively (S. W. Cowley & Bunce, 2003).

1.5 Jupiter’s UV aurora

Jupiter produces bright aurora in the far ultraviolet (UV) spectrum with wavelengths usually

between 70 to 180 nm in the polar regions of the planet with typical total power in the range
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of 10 W. The aurora are produced due to electrons of magnetospheric origin with energies
typically between 30 and 200 keV (Gustin et al., 2006) precipitating into the ionosphere and
causing excitation and subsequent de-excitation of Hy or H, which releases photons in the
Hydrogen Lyman and Werner bands (Grodent, 2015). Figure 1.9 shows an image from the
Hubble Space Telescope of UV auroral emissions from the northern hemisphere of Jupiter.
The Jovian UV auoral power is typically larger than 200 GW or even 1 TW (Clarke et al.,
2009) with brightness of ~ 1000 kR, which requires an electron flux of ~ 40 — 90 mW /m?,
corresponding to a parallel current density of approximately 0.1 or 0.2 pA/m? (Gustin et al.,
2006). The field-aligned currents were generally assumed to be created due to the corotation
enforcement current system (S. W. Cowley & Bunce, 2001).

The Jovian UV aurora has a well studied morphology and is typically divided into three

components for discussion (and highlighted in Figure 1.9, with near equal intensities

1. The main emission, which maps to regions in the middle magnetosphere. The main
auroral oval is present at all longitudes and is thought to be related to the corotation-
enforcement current system. It corresponds to the ionospheric location where outward
field-aligned currents are expected. Observations have shown that the main oval is

thinner at dawn than at dusk, and is weakest in the pre-noon sector.

2. The polar aurorae, which occur pole-ward of the main oval and map to regions in the
distant magnetosphere or solar wind. The polar aurorae are highly variable and show
many repeating features such as ‘arcs’, ‘swirls’ and ‘filaments’. Their origin cannot be
determined without a clear understanding of the magnetic connectivity of the polar

regions, and whether they correspond to closed or open field lines.

3. The equatorward emissions, which map to regions in the inner magnetosphere and
are located equatorward of the main emission. These emissions may be a result of
wave particle interactions, and could be the equivalent of ‘diffuse’ aurora. They have
also been attributed to processes in the inner magnetosphere, such as the interchange

instability.

Another set of features seen in the UV aurora are the footprints of Jupiter’s natural

satellites - To, Europa, Ganymede and Callisto. These features are related to the satellites’

23



electromagnetic interaction with the Jovian magnetospheric plasma, and are outside the
scope of the present work.

Observations made by the Cassini, HST and Juno spacecraft have hinted that the in-
tensity of the main oval (and the overall aurora) varies according to solar wind dynamic
pressure (Nichols et al., 2007, 2017), however this is not universally accepted, as most of
the time there is no spacecraft to monitor the solar wind conditions upstream of Jupiter.
Furthermore, by analyzing simultaneous in situ measurements made by Juno and remote
observations by Hisaki spacecraft (Kita et al., 2016) find that the auroral response is delayed
by almost one Jovian rotation period. On the other hand, both Cassini and Juno had op-
portunities for simultaneous measurements of the solar wind and the auroral intensity, and
find a positive correlation.

We note that the origin of the Jovian aurora itself remains an active topic of research.
Magnetic field signatures corresponding to field-aligned currents have been seen in the Juno
magnetometer data near periapsis (Kotsiaros et al., 2019), along with inverted-V electron
distributions (Mauk, Haggerty, Jaskulek, et al., 2017), which originate from discrete ac-
celeration due to large electrostatic potentials. These observations support the theory of
corotation-enforcement currents, but Bonfond, Yao, and Grodent (2020) challenge this idea
based on recent observations. Field-aligned currents relating to the auroral regions are fil-
amentary and weak (Kotsiaros et al., 2019). Juno’s polar trajectory allowed it to sample
magnetic field lines which are connected to the auroral regions, and energetic particle ob-
servations at these locations have been inconclusive. While field-aligned electron beams
have been observed, there are also occasions with bi-directional electron beams or a broader
pitch-angle distribution, which adds uncertainty to the hypothesis that the Jovian aurora is

directly a product of field aligned currents (Mauk et al., 2018).

1.6 Primary findings

Using our MHD model, we show that an increase in solar wind dynamic pressure decreases the
strength of currents in the ionosphere on the dayside (Chapter 3). Assuming that the Jovian

auroral brightness is directly linked to the strength of ionospheric currents, this implies that
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the Jovian aurora would dim in response to a forward shock in the solar wind. Using the
model, we also demonstrate that magnetic reconnection occurs in the Jovian magnetosphere
and produces open flux in the polar regions of the planet (Chapter 4). We show that magnetic
reconnection may cause changes in magnetic topology of the magnetosphere such that these
polar regions can connect to reconnection products in the Jovian magnetotail. In Chapter 5,
we use the MHD model to study the dynamics of the Jovian current sheet, which we find is
sensitive to changes in the solar wind dynamic pressure. Rather than suppressing the current
sheet oscillations, increasing solar wind dynamic pressure decreases the wave-speeds in the
magnetosphere, which makes the current sheet more wavy. Together, our results illustrate
the complicated nature of the solar-wind-magnetosphere interaction at Jupiter. Lastly, we
complement our modeling work by exploring the signatures of magnetic reconnection in the
Juno magnetometer data collected in the Jovian magnetotail (Chapter 6). We show that
magnetic reconnection in the Jovian magnetotail can occur on very small scales, despite the

differences in large-scale magnetospheric dynamics when compared to Earth.
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Chapter 2

Model Description

2.1 Introduction

Compared to the size of planetary magnetospheres, in situ coverage by spacecraft is sparse
and only provides information about the immediate surroundings. In the past, when in-
situ spacecraft were lesser in number, a global understanding of magnetospheric processes
was limited to theoretical models, which used various assumptions to simplify the problem
statement. After the development of faster computers, it became possible to simulate the
magnetosphere by solving the magnetohydrodynamic equations in a large, three-dimensional
domain using finite-difference or finite-volume methods (Leboeuf, Tajima, Kennel, & Daw-
son, 1978; Walker & Ogino, 1989; Ashour-Abdalla & Dutton, 1985).

These global magnetospheric models were crucial to understanding the terrestrial magne-
tosphere from first-principles. However, they did not account for various phenomena which
operate outside the fluid approximation, e.g. the ring current (Fok, Moore, & Delcourt,
1999), magnetic reconnection (Birn et al., 2001) etc. Since the early models, global mod-

els of the magnetosphere have been improved tremendously and increased in complexity.

*Parts of this chapter were published in - Sarkango, Y., Jia, X., & Toth, G. (2019). Global MHD
simulations of the response of Jupiter’s magnetosphere and ionosphere to changes in the solar wind and
IMF. Journal of Geophysical Research: Space Physics, 124.
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Goodman (1995) proposed a technique to simulate the magnetosphere-ionosphere coupling
by connecting the magnetospheric inner boundary with a Poisson solver for the electrostatic
potential in the ionosphere. The Michigan Space Weather Modeling Framework (SWMF')
coupled the magnetospheric finite-volume solver to dedicated models of the ring current
(De Zeeuw et al., 2004). Improvements were made to simulate and understand the inter-
actions between different particle species, instead of relying on a single-fluid (Glocer et al.,
2009; Wiltberger, Lotko, Lyon, Damiano, & Merkin, 2010). Meng, Téth, Liemohn, Gombosi,
and Runov (2012) extended the Michigan model by allowing for different plasma pressures

along the directions parallel and perpendicular to the field lines.

More recently, there has been increased interest to include kinetic-scale physics within
the fluid magnetohydrodynamic models. Existing MHD models, although computationally
efficient, cannot accurately predict the effect of magnetic reconnection on the plasma and
the magnetosphere. On the other hand, particle-in-cell (PIC) models (e.g. Markidis &
Lapenta, 2011 and references therein), which are computationally expensive, have been found
to simulate the kinetic processes well. The PIC method involves tracking the influence of
the electromagnetic field (due to external or internal sources) on a collection of ‘particles’,
whose motion is modified due to the Lorentz force. Recent models have sought to combine the
two approaches by embedding a smaller PIC region within a larger domain, where kinetic
physics is considered to be important (Daldorff et al., 2014). An alternative approach is
to use higher-order moments of the Vlasov equation (L. Wang, Hakim, Bhattacharjee, &
Germaschewski, 2015), which also accounts for the missing physics in ideal MHD; the latter

being derived using 3-moments .

Many attempts have been made to model Jupiter’s magnetosphere, also trending towards
an increasing degree of complexity. The first attempt was by Miyoshi and Kusano (1997),
followed by the MHD model of Ogino, Walker, and Kivelson (1998), which was used in
multiple studies to model the Jovian bow shock and magnetopause (Joy et al., 2002) and
to study magnetospheric currents and the solar wind-magnetosphere interaction. Walker,
Ogino, and Kivelson (2001) and Fukazawa, Ogino, and Walker (2006) improved upon the
model of Ogino et al. (1998) and investigated the dynamics of the magnetosphere such as

the location, frequency of occurrence and characteristics of tail reconnection and plasmoid
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formation (Fukazawa, Ogino, & Walker, 2010). Moriguchi, Nakamizo, Tanaka, Obara, and
Shimazu (2008) studied magnetospheric currents using their global MHD model. Chané,
Saur, and Poedts (2013) developed an MHD model and used it to study the influence of
mass loading due to To on the magnetosphere. In subsequent studies (Chané, Saur, Keppens,
& Poedts, 2017; Chané, Palmaerts, & Radioti, 2018), they investigated the response of the
magnetosphere to changes in the solar wind (specifically increases in solar wind dynamic
pressure) and its influence on field-aligned currents in the ionosphere. Recently, Y. Wang,
Guo, Tang, Li, and Wang (2018) and Zhang et al. (2018) have also developed an MHD model
for Jupiter’s magnetosphere.

Owing to its large size and fast wave-speeds in the inner regions, modeling Jupiter’s
magnetosphere is computationally challenging. Due to this reason, previous models had
placed their inner boundary well beyond the orbit of Io, where mass loading is expected
to occur. To account for the mass loading contribution, they had either employed a fixed
boundary condition at the inner boundary, or changed the location of the Io torus altogether.
For the same reason, all models of the Jupiter system, including the one discussed in this
Chapter, solve the ideal MHD equations (with or without relativistic terms) without the
aforementioned techniques used for the terrestrial system. One exception is the recent model
by Zhang et al. (2018), which uses two ion species - H" and O™ to represent the population
from the solar wind and from lo, respectively and is the first multi-fluid model of the Jovian
system.

In this chapter we introduce a new MHD model for Jupiter’s magnetosphere based on
the BATSRUS MHD code (Powell, Roe, Linde, Gombosi, & De Zeeuw, 1999; Gombosi et al.,
2002), which is coupled to the Ridley ionosphere electrodynamics solver (Ridley, Gombosi,
& DeZeeuw, 2004). Unlike previous MHD models, our model includes mass loading due to

o in a self-consistent manner at the right location.

2.1.1 The BATSRUS MHD model

We use the Block-Adaptive Roe-type Solar wind Tree Upwind Scheme (BATSRUS) magneto-
hydrodynamic (MHD) solver to model Jupiter’s magnetosphere in a self-consistent manner.

BATSRUS uses a finite-volume approach and can be used as a component in the larger
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Space Weather Modeling Framework (SWMF) (Téth et al., 2012), developed at the Uni-
versity of Michigan, which is a collection of models used in conjunction to simulate various

space plasma phenomena.

Over the years, BATSRUS has developed into an industry standard for simulating the
space environment, especially in global magnetohydrodynamic modeling of planetary mag-
netospheres and has been used to simulate the magnetospheres of Earth, Mercury, Saturn
(Jia et al., 2012) and Jupiter (Hansen, 2001), and also those of exoplanets. In this work,
we use BATSRUS to solve the single-fluid, ideal, semi-relativistic MHD equations, repeated

below from Gombosi et al. (2002) in the conservative form.
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Where W is the state vector and F is the flux diad, comprising of the primitive variables
- mass density p, plasma velocity u, magnetic field intensity B and thermal pressure p. Note
that in ideal MHD, the electric field is defined to be E = —u x B (also called the motional
electric field). The source terms (S) on the right hand side will be discussed in a later section.

S, ea, and P4 are the Poynting vector, electromagnetic energy density and electromagnetic
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pressure tensor.
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The semi-relativistic equations are derived from the full relativistic MHD equations
(Gombosi et al., 2002) by keeping the relativistic treatment of the electromagnetic terms
while assuming that the plasma flow itself is non-relativistic. The use of semi-relativistic or
fully relativistic MHD equations is crucial to accurately simulate Jupiter’s magnetosphere
since the Alfven speeds near the polar regions of the planet approach the speed of light due
to the strong planetary magnetic field. This is a major limitation on numerical models, as
the Courant—Friedrichs—Lewy criteria specifies that the simulation time step in time-accurate
simulations using explicit time-stepping be lower than that determined roughly by the ratio
of the grid spacing and the maximum wave speed in the system. Typically, the maximum
wave-speed in the system is further limited to a fraction of the speed of light, also called
the Boris correction (Téth, Meng, Gombosi, & Ridley, 2011). In our simulations the Boris
correction factor is chosen to be either 0.1 or 1 (no Boris correction), depending on the
problem. A detailed description of the implementation for BATSRUS can be found in the
literature (Gombosi et al., 2002; Téth et al., 2012).

Our MHD model for Jupiter’s magnetosphere utilizes the Space Weather Modeling Frame-
work (SWMF) developed at the University of Michigan (Té6th et al., 2012) and is an extension
of the model used by (Hansen, 2001). Two modules of the SWMF are used — a magne-
tospheric solver that employs BATSRUS (Gombosi et al., 2002; Powell et al., 1999), and a
Poisson solver for the ionospheric electrodynamics (Ridley et al., 2004), and the two modules
are two-way coupled through the SWMEF'. The planetary magnetic field currently used in our
model is a dipole with an equatorial surface field strength of 428000 nT, and the rotation
period of the planet is set to be 10 hours. While we initially set the magnetic axis to the

aligned with the rotation axis, in Chapter 5 we also present the results from simulations
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Figure 2.1: A global view of Jupiter’s magnetosphere as modeled by BATSRUS. Plasma
density contours are shown in the z = 0 and y = 0 plane. The inset shows the regions close
to the planet, where various grid refinements can be seen. The Io torus is located at a radial
distance of 6 R; from the planet.

using a non-axisymmetric internal field, which represents more realistically the situation as

observed at Jupiter.

Our three-dimensional magnetospheric simulation domain spans a spherical region of
1800 Rj; centered at Jupiter, along with a planar cut at X = 192 R; that serves as the
upstream boundary (Figure 2.1). The radial spacing between the grid cells increases in
a logarithmic manner allowing for finer cells placed in regions close to the planet. The
simulation domain is subdivided into a number of blocks (Powell et al., 1999), which can
be refined independently to obtain the desired grid resolution in regions of interest, such as
the equatorial magnetosphere, the magnetopause boundary, and the magnetotail. Although
BATSRUS allows for physics criteria-based adaptive grid refinements (Té6th et al., 2012), in
our simulations the refinements are prescribed initially and are fixed. The spherical inner
boundary of our simulation domain is located at 2.5 R;, which then allows us to include
the To plasma torus centered at ~5.9 R;, which is the appropriate location. We specifically

chose to refine a torus-like region near lo’s orbit for accurately modeling the mass loading
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processes occurring in the o plasma torus. The smallest radial grid spacing is ~0.06 R,
which is present in the Io plasma torus. Figure 2.1 shows our simulation grid with contours
of simulated plasma density shown in the background for context. The relatively coarse grids
near the polar regions of the planet were chosen to allow for larger time steps in order to
increase the speed of the simulation, as these regions contain strong magnetic fields and thus
high wave speeds as well as small grid cells due to the convergence of the spherical grid near

the Z axis.

All MHD variables at the upstream boundary at X = 192 R; are prescribed on account
of the super-Alfvenic and supersonic solar wind flow, whereas floating boundary conditions
that set zero gradients for all MHD variations are applied at the outer boundary in the
downstream direction (located at -1800 R;). At the inner boundary at 2.5 R, we fixed the
plasma density at 50 amu/cm?® and set the magnetic field and plasma pressure to float i.e.
take on values similar to the nearest MHD cell. Using the electrostatic potential calculated
by the ionosphere electrodynamics Poisson solver (discussed later), we calculate the electric
field (E) at the inner boundary. The E x B velocity thus obtained is added to the corotation

velocity (ue = —w x r) at the inner boundary.

The fluxes at cell interfaces used in the finite-volume method are calculated using a
second-order accurate implementation of Linde’s HLL scheme (Linde, 2002). To achieve
computational speeds feasible for running long-duration simulations, we employ a hybrid
time-stepping scheme. Explicit time-stepping methods are subject to the Courant-Friedrichs-
Lewy criterion that imposes a stringent constraint on the allowable time step, which may
become rather small in regions of high wave speeds, such as the polar region near the planet.
Implicit time-stepping schemes are unconditionally stable and therefore allow larger time
steps but involve matrix inversion, which can be computationally expensive for large sys-
tems. To combine the strengths of these two methods, we use an “explicit/implicit” hybrid
time-stepping algorithm developed by (Téth, De Zeeuw, Gombosi, & Powell, 2006). Since
our domain is divided into grid blocks, with each block containing 6 x 8 x 8 cells, this al-
gorithm allows for each block to be solved using either explicit or implicit time stepping for
a prescribed value of the computational time step. Blocks in which all cells abide by the

CFL criterion defined for the time step are solved using explicit time stepping. In total,
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our finite-volume grid contains approximately 19 million cells, and with a 20-s time step
our global model can achieve almost real-time performance using ~2000 cores on NASA’s

supercomputer Pleiades or the Frontera supercomputer at the University of Texas.

2.1.2 The Ridley Ionosphere Electrodynamics solver

The IE solver operates under an electrostatic assumption and solves for the electrostatic
potential on a spherical surface of radius R; = 1 R; using the Poisson equation (Ridley et

al., 2004).
Jr(By) = [V (X VY)],_p, (2.7)

Where jgi is the current density in the radial direction, v is the electrostatic potential
on the surface and X is the height-integrated conductance tensor which, in a local cartesian

coordinate system where Z in the direction of the magnetic field, takes the form

Yp —Xyg O
Y=1%y Zp 0 (2.8)
0 0 X

With Xy, Xp and Xy being the Hall, Pedersen and Alfven conductance respectively.
The conductance is derived from the respective conductivity by integrating along the radial

(height) direction (Goodman, 1995).

T2
1

The IE solver uses a finite-differencing method to construct the linear system which is
solved using iterative methods separately for the northern and southern hemispheres.

Two-way coupling between BATSRUS and the IE solver is achieved in the following
manner. Field-aligned currents from the magnetosphere are collected at a prescribed radial
distance of 3 R; (R; = 71492 km is Jupiter’s mean radius at 1 bar pressure) and are then
mapped to the surface of the planet assuming that the magnetic field between 1 and 3 R is

dipolar. At the surface, a Poisson solver is used to solve Ohm’s law for a given distribution of
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ionospheric conductance. In the present work, we assume a uniform Pedersen conductance
of either 0.05 S or 0.1 S, which is on the lower end of previous estimates (0.1-10 S by Strobel
& Atreya, 1983; Nichols & Cowley, 2003 and 0.47 S by Gérard et al., 2021) and set the
Hall conductance to 0. The perturbation electric field obtained from the IE module is added
to the co-rotational electric field, and the total electric field is then used to prescribe the
plasma velocity at the inner boundary of the MHD domain at 2.5 R;. A detailed discussion
of how this coupling is achieved is given by Ridley et al. (2004) in the context of the terrestrial
magnetosphere and by Jia et al. (2012) and Jia and Kivelson (2012) in application to Saturn’s

magnetosphere.

2.1.3 Mass loading sources terms

In order to accurately model Jupiter’s magnetosphere, it is necessary to include the contribu-
tion of plasma by its moons, especially Io. Io provides the largest internal source of plasma to
Jupiter’s magnetosphere, estimated to add ~250 kg/s to 1 ton/s of plasma (Bagenal & De-
lamere, 2011). In our model, we include contributions due to ionization and charge-exchange
in the form of source terms in the mass, momentum, and energy equations. Dissociative re-
combination is a minor process and, therefore, neglected in the present simulations. We use
a prescribed neutral torus centered at Io’s orbital radius of 5.9 R; according to the following
form. The neutral distribution used for the Io torus is a modified form of the one obtained
by Schreier, Eviatar, and Vasyliunas (1998) and an exponential falloff with latitude is con-
sidered. We prescribe the following expression to calculate the neutral number density (n,

[em™3]) at a spatial location defined in terms of cylindrical coordinates (1., = /22 + y* Ry).

(

60 exp (Tﬁz_{)%?ﬂ) : Toy < 5.71
2
M (Fay, 2) = Mg €XP <ﬁ> X B0exp (55500 571 < 1y < 5875 (210)
199030 (it )« 1y >= 5875

Where the scale height is chosen to be Hy = 1y, tan~!2.5°. New ions are produced from

the above neutral distribution by multiplying with a constant ionization rate and collision
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Figure 2.2: Contours of the mass loading source p in the meridional plane. The inner
boundary is at 2.5 R; and the gap region between the magnetosphere and ionosphere is
shown in white.

cross section based on the following expression for the net plasma production rate per unit

volume (units of kg m™3 s71):

p = 16myn,C; (2.11)

Here C; is the ionization rate (specified to 107* s7!

in our simulations) and 16 amu is
taken to be the average mass of the heavy ions present in Jupiter’s magnetosphere. Figure
2.2 shows the contours of the ionization source (p) in the plane perpendicular to the equator.
With this information, we construct the source term S for the mass continuity, momentum,

total energy and thermal energy equations (Hansen, 2001; Gombosi, De Zeeuw, Héberli, &

Powell, 1996):
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S,=p—ap (2.12)
Sou, = (p— Cp) ung — (Cy + @) puy (2.13)
Sov, = (P = Co) tiny — (C + ) puy (2.14)
Spu. = — (Cy + @) pu, (2.15)

1 , 1, 3 3

Sp = 3 (p+ Cup)u;, — SPu (Cp —a) — 5P+ §Cxp (2.16)
1 3

Sy =2 (p+ Cop) =~ S (2.17)

Where C,, = p—n,0 |u — u,| is the charge exchange rate, u,, is the Keplerian velocity of
the neutral particles orbiting Jupiter, and « is the recombination rate, which is set to 0 in our
current work. As described above, the ion production rate in our simulation is a controlled
parameter depending on the neutral profile, ionization rate, and collision cross section. In
the present work, we set the total ion production rate of ~1 ton/s. It is important to note
that our approach of modeling the Io plasma torus is very different from those adopted by
the previous Jupiter global MHD models. For instance, the Miyoshi and Kusano (1997)
MHD model had its inner boundary at 30 R;. The inner boundary of the MHD model by
Ogino et al. (1998) and Fukazawa, Ogino, and Walker (2005); Fukazawa et al. (2006, 2010)
lied at 15 R;, while the Moriguchi et al. (2008) model had its inner boundary at 8 Rj.
The recent MHD model by Chané et al. (2013, 2017) used an extended ionospheric region
spanning from 4.5 to 8.5 R; and placed the lo torus at an unrealistic location of 10 R;. In
their recent model, Y. Wang et al. (2018) also chose to place the Io torus at 10 R, for the
same reasons. Our model is the first global MHD model which models mass loading due to

Io in a self-consistent manner at the right location.

The above mass loading parameters were chosen based on ad-hoc assumptions to provide
an equivalent mass loading rate of 1 ton/s. In practice, other neutral profiles can also be
used, but regions with high plasma density gradients, such as the Io plasma torus usually
have higher rates of numerical diffusion, which can diffuse the initially prescribed density

distribution.
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2.2 Magnetospheric configuration

To create the magnetosphere, we use steady solar wind conditions with a southward (negative
Bz ) IMF (values are given in column 1 of Table 1) to minimize reconnection at the start of
the simulation. We speed up the creation of the magnetosphere by using local time stepping
(Téth et al., 2012) for 50000 iterations and then switch to time-accurate mode for 150 hr to
produce a quasi-steady state magnetosphere. All simulations presented in this paper have
been started either from this point or a later time step. Because of the large system size
and long time scales involved in Jupiter’s global magnetosphere, it is necessary to use the
procedure described above in order to ensure that simulation results shown and discussed

here are not from a period dominated by the initial transients.

2.3 Comparisons with in-situ data

To validate our global simulation model, we first present a set of comparisons of our MHD
model results with available empirical models and in situ measurements. Figure 2.3 shows
a snapshot of the magnetospheric configuration in the equatorial (XY') plane extracted
from the simulation using fixed nominal solar wind conditions and a southward IMF (Run
1 in Table 1) after it has reached quasi-steady state. Results are presented in a Jupiter-
centered Cartesian coordinate system, where X points toward the Sun, Z is the magnetic
and rotational axis (since dipole tilt is ignored in this simulation), and Y completes the right-
handed coordinate system. The colors show contours of plasma density in logarithmic scale.
The magenta points in the equatorial plane are the extracted equatorial footprints of the last
closed field lines, which, on the dayside, correspond to the magnetopause in our model. The
bow shock in our model can be readily identified as the separatrix between the unperturbed
solar wind and the magnetosheath containing high-density plasmas. Also plotted are the 25%
and 75% probability curves from the (Joy et al., 2002) magnetopause and bow shock models
assuming the same upstream solar wind pressure as used in our simulation. The comparison
shows that the modeled magnetopause and bow shock fall well within the ranges predicted

by the Joy et al. (2002) empirical model. It is, however, worth noting that while the modeled
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Figure 2.3: Contours of plasma density in the equatorial plane in the MHD simulation.
The dashed lines represent the magnetopause and bow-shock locations from the probabilistic
model of Joy et al. (2002). The magenta points represent the location of the last closed field
line, which corresponds to the magnetopause location on the dayside.
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magnetospheric boundaries, in general, have a good agreement with observations, the size
of the magnetosphere is slightly underestimated, due in part to absence of energetic particle

pressure in our MHD model.

As another step in our model validation, we compare in Figure 2.4 the radial distribu-
tion of simulated plasma parameters with available in situ observations. In analyzing our
simulation output, it became clear to us that the magnetosphere exhibits strong local time
asymmetries and temporal variabilities. Therefore, in order to obtain a fair comparison with
satellite data, which were collected in different local time sectors and in different magneto-
spheric states, we extracted simulation outputs in different local time meridians (LT = 0,
6, 12, and 18) and also from different time steps that cover both the southward (Run 1)
and spiral IMF (Run 3) cases. Figure 2.4a shows the time-averaged radial profiles of the
simulated plasma density in the central plasma sheet (blue/cyan curves), in comparison with
a compilation of density profiles obtained from previous missions (adapted from Bagenal and
Delamere (2011)). The density in the inner magnetosphere (inside ~10 R;) are significantly
underestimated in our simulation, whereas it matches the observations in the middle and
outer magnetosphere (>10 R;) generally well. Several factors may contribute to the discrep-
ancy seen in the inner magnetosphere. For instance, the grid resolution in the torus region,
albeit relatively fine, may not be high enough to resolve the small scale height associated
with the torus. Moreover, plasma pressure is assumed to be isotropic in our ideal MHD
model, but anisotropies in plasma pressure may develop in regions where ion pickup occurs,
for example, in the torus. Pressure anisotropies (p > pj) would cause the plasma to be more
confined to the centrifugal equator (e.g., as discussed by Dougherty et al. (2017)). However,
because of the isotropic pressure assumption in our current ideal MHD model, the modeled
plasma sheet in the inner magnetosphere is thicker than observed, which contributes to the

underpredicted densities near the equator as shown in Figure 2.4a.

Figure 2.4c shows a comparison of our modeled plasma pressure with the Galileo Plasma
Science (PLS) measurements (Frank et al., 2002). Again, our model predicts lower pressures
than observed in the inner magnetosphere, because of the lower densities discussed above.
Nevertheless, the modeled pressure has a satisfactory agreement with the observations in the

middle and outer magnetosphere ( >~ 15R;). Figure 2.4d compares our modeled plasma
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Figure 2.4: Comparisons of the plasma parameters between our global MHD model and
observations. In each panel, there are four traces extracted from the MHD model representing
the radial profiles at four different local times (LT = 00, 06, 12, 18). (a) Plasma density. The
compilation of density profiles based on Voyager and Galileo measurements is adapted from
Bagenal and Delamere (2011). (b) Plasma azimuthal velocity (V). Voyager 1 and Voyager
2 PLS data are shown as black and red dots (with error bars; adapted from Dougherty et al.,
2017). The black curve shows the rigid corotation speed for reference. (c) Plasma thermal
pressure. The circles show the plasma pressures measured by Galileo PLS, while the black
solid and dashed curves show fits to the data (adapted from Frank et al., 2002). (d) Plasma
B. The red symbols and lines show the § that only includes Galileo EPD-measured energetic
particle pressure contribution, whereas the green symbols and lines show the total g when
both EPD and PLS measured pressures are included (adapted from Mauk et al., 2004).
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f with Galileo observations (Mauk et al., 2004). The observations show that the plasma
f < 1 in the inner magnetosphere and 8 > 1 in the middle/outer magnetosphere, and it
crosses unity around 15 R;. Our model results show a very similar general trend, although
our modeled plasma [ tends to be lower than the observations due to the underestimation
of density and absence of energetic particle pressure. However, in the middle and outer
magnetosphere, our simulated § appears to have a good agreement with the observations,
especially in the nightside region. Our model also suggests that there is a considerable
variability in the plasma § among different local time sectors (largest near the midnight
sector and smallest near noon sector), which is important to consider when it comes to

model-data comparison.

Figure 2.4b presents a validation of the plasma azimuthal velocity. The radial profile
of the azimuthal velocity provides important constraints on models of plasma transport
and magnetosphere-ionosphere coupling, as demonstrated by a number of previous studies
(S. W. Cowley & Bunce, 2001; Hill, 1979, 1980; Nichols, 2011; Nichols & Cowley, 2004;
Pontius, 1997). The observations show that the plasma flow starts to deviate significantly
from rigid corotation around 20 Rj;, where the corotation enforcement currents start to
develop (S. W. Cowley & Bunce, 2001; Hill, 2001). In comparison, our modeled flow profiles
show a very similar behavior in that the corotation breakdown occurs at about 15-20 R},
in general agreement with the observations. The simulated azimuthal flows in all local time
sectors are subcorotating outside of 20 R;, with a strong dependence on local time varying
between 150 and 210 km/s at ~30 R;, which may account for the relatively large scattering
of the measured flow velocities in this region. One feature in the observations that is not
captured by our model is the deviation of the plasma flow from rigid corotation between
9 and 15 R;. Plasma subcororation in this region so deep inside the magnetosphere was
not predicted in the previous theoretical and numerical models. The physical cause of this

behavior remains unidentified at present, and requires further investigation.

In addition to the plasma parameters, we also compare our simulated magnetic field
with observations. As an example, Figure 2.5 presents a comparison of the magnetic field
component normal to the current sheet (By ) to the data collected by previous missions,

including Pioneer, Voyager, Ulysses, and Galileo (Vogt et al., 2011). This data set was
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Figure 2.5: In each panel, the black dots show observations of the magnetic field component
(By) normal to the current sheet, and the blue solid and dashed lines show fits to the data
(adapted from Vogt et al., 2011). The red line in each panel represents the average radial
profile of By output from our magnetohydrodynamic (MHD) simulation in the same local
time sector as the data were collected, and the grey bars in the background show the range
of values seen at different simulation times in our global model. (Figures adapted from Vogt
et al., 2011)
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the basis of the magnetic field model (fits to the data shown as blue curves in the figure)
developed by (Vogt et al., 2011) that allows to map regions in the magnetosphere to the
ionosphere. The observational data were shown in different local time bins; thus, we extracted
our model results from the same local time sectors correspondingly. Since there are time-
varying structures formed in our simulation even under steady upstream conditions, we show
both the time-averaged radial profiles and the range of By seen in our simulation. Overall,
our model result follows the trends of the By variation quite well in all local time sectors
compared. Comparing the ranges of our modeled By with the data also shows that much
of the scattering in the data could potentially be attributed to temporal variations of the
magnetosphere and/or changes due to external conditions. Moreover, our model captures
very well the observed local time asymmetry in By (weak on the dawnside and strong on
the duskside), indicative of the different thicknesses of the current sheet between dawn and
dusk that have been identified previously (Khurana & Schwarzl, 2005; Kivelson & Khurana,
2002).

2.4 Limitations of the model

We note that the global simulations presented here are based on an ideal MHD model,
which does not capture non-ideal MHD processes, such as energy-dependent particle drifts,
temperature anisotropy, and kinetic physics involved in magnetic reconnection. While no
simulation can fully model the complexity of a planetary magnetosphere, extensive prior
work has demonstrated that MHD models generally can provide a reasonably good repre-
sentation of the global structure of a planetary magnetosphere whose size is much larger than
the characteristic ion spatial scales, which is the case for Jupiter. This is true, because while
magnetic reconnection occurs due to numerical resistivity in the model, it generally occurs
at the right location where the current sheets carry strong currents (numerically represented
by a jump in the magnetic field) and approximately with the correct reconnection rate that
is some fraction (~0.1) of the Alfven speed (the numerical diffusion term is proportional
with the local maximum wave speed); therefore, the global solution is expected to be ap-

proximately right. The main goal of this study is to investigate the large-scale response of
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Jupiter’s coupled magnetosphere-ionosphere system to solar wind drivers, for which an MHD

model is a suitable tool.

2.5 Summary

We have developed a new MHD model for Jupiter’s magnetosphere using the BATSRUS
MHD code. To validate the model, we compared the modeled density, velocity, thermal
pressure, magnetic field, and plasma [ extracted from multiple time steps and from simu-
lation runs with different external conditions with available in situ observations and found
generally good agreements. In particular, while our model under-predicts the plasma density
(and pressure) in the inner magnetosphere (< 10R;) due to potential reasons of grid resolu-
tion and/or the assumption of isotropic pressure in ideal MHD, our model results match very
well the statistical results from observations outside of 10 R; in terms of plasma density,
azimuthal velocity, and the magnetic field. Further, our model also captures the dawn-dusk
asymmetries in the thickness of the current sheet (Khurana & Schwarzl, 2005; Vogt et al.,
2011) as observed by the Galileo spacecraft, that is, thicker current sheet on the dusk-side
compared to dawn. The locations of the magnetopause and bow shock in our model are
also generally consistent with the predictions by the empirical models of (Joy et al., 2002),
although our simulated magnetopause is slightly smaller in size due to the lack of energetic

particles in the MHD model.
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Chapter 3

Influence of the Solar-wind on

Jupiter’s Ionospheric Currents

3.1 Introduction

The gas giants, Jupiter and Saturn, both possess a strong internal magnetic field like Earth,
but the relatively fast planetary rotation and the presence of significant internal sources of
plasma lead to vastly different magnetospheric configurations and dynamics compared to the
terrestrial magnetosphere (Khurana et al., 2004; Krupp et al., 2004). The internal sources
of plasma at the giant planets are supplied predominantly by their moons, Io at Jupiter
(Bolton et al., 2015) and Enceladus at Saturn (Blanc et al., 2015). In particular at Jupiter,
through ionization of its volcanically erupted neutral particles, Io supplies heavy ions at a
rate of ~250-1,000 kg/s to the magnetosphere (Bagenal & Delamere, 2011). This leads to a
high-density plasma sheet that is forced to corotate with the planet to large radial extents
(~20-30 R,) by the corotation enforcement current system composed of radial currents in

the equatorial plane, field-aligned currents that couple the magnetosphere to the ionosphere

*Parts of this chapter were published in - Sarkango, Y., Jia, X., & Toth, G. (2019). Global MHD
simulations of the response of Jupiter’s magnetosphere and ionosphere to changes in the solar wind and
IMF. Journal of Geophysical Research: Space Physics, 124.

45



and Pedersen currents in the ionosphere (S. W. Cowley & Bunce, 2003, 2001; Hill, 1979, 1980,
2001; Vasyliunas, 1983). In studying the complex spatial form and temporal variability of
Jovian aurora, it is typically subdivided into three components—main emission (oval), polar
emissions, and equatorward emissions. The main oval of the Jovian aurora is thought to
be at the location in the ionosphere where upward field-aligned currents associated with
the corotation enforcement current system are present (S. W. Cowley & Bunce, 2001; Hill,
2001; Southwood & Kivelson, 2001). Theoretical models have predicted that a compression
of the magnetosphere due to an increase in solar wind dynamic pressure would lead to a
reduction of the main auroral oval intensity on the dayside (S. W. Cowley & Bunce, 2003;
S. W. Cowley, Nichols, & Andrews, 2007; Southwood & Kivelson, 2001). Subcorotating
plasma in the dayside equatorial magnetosphere would speed up in the azimuthal direction
as the magnetosphere is compressed due to conservation of angular momentum, thereby
decreasing the strength of the corotation enforcement current at this location, which in turn
would dim the Jovian main aurora. Using a global magnetohydrodynamic (MHD) model,
Chané et al. (2017) found that while the nightside/flank currents in the ionosphere are
enhanced due to a simulated forward shock, the dayside currents are weakened, which is

consistent with the previous theoretical prediction.

Although the Jovian ultraviolet (UV) aurora is well structured and always present, remote
observations made by the Hubble Space Telescope (HST) and Hisaki/EXCEED observations
of the Jovian UV aurora have also shown that its intensity is highly variable and is often cor-
related with the dynamic pressure of the upstream solar wind (Clarke et al., 2009; Kimura et
al., 2015, 2018; Kita et al., 2016; Nichols et al., 2007, 2017). Due to lack of a dedicated solar
wind monitor at Jupiter, identifying the correlation between changes in the auroral emis-
sions and upstream parameters typically requires a numerical model, typically a 1-D MHD
model (Tao, Kataoka, Fukunishi, Takahashi, & Yokoyama, 2005; Zieger & Hansen, 2008), to
propagate the solar wind from 1 AU to Jupiter’s orbit, which is subject to timing errors due
to assumptions made in the model and the orbital geometry/alignment of Jupiter relative to
available solar wind monitors at 1 AU. Exceptions to this situation include Cassini’s flyby
of Jupiter and Juno’s approach orbit, during which in situ measurements of the solar wind

and remote observations of the Jovian aurora could be made simultaneously (Gurnett et
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al., 2002; Nichols et al., 2007, 2017). Gurnett et al. (2002) report an event where Cassini
observed an interplanetary shock a few hours prior to a large increase in UV emission inten-
sity from Jupiter. Recently, (Nichols et al., 2017) report observations made by HST during
Juno’s approach to Jupiter, during which the Juno spacecraft detected a large increase in
solar wind dynamic pressure (Wilson et al., 2018), which resulted in intensification of the

main emission in UV, observed by both HST and the Hisaki spacecraft (Kimura et al., 2017).

Intensities of the polar emissions are comparable to those of the main emission (Grodent,
Clarke, Waite, et al., 2003); however, unlike the main emission, they do not have a steady
morphology and are highly variable. UV observations made by HST have shown that the po-
lar aurora contains highly dynamic regions with different repeating patterns such as “swirls”

Y

(in the swirl-region), “arcs,” and “patches” (in the dusk active region) and occasional “fila-
ments” (Bonfond et al., 2017; Grodent, 2015; Grodent, Clarke, Waite, et al., 2003; Nichols,
Clarke, Gérard, & Grodent, 2009). Due to the complex rotationally driven dynamics of
the Jovian magnetosphere (Vasyliunas, 1983), it is unclear how much open flux is typically
present in the Jovian polar regions, and which features of the polar aurorae map to open
field lines in the solar wind as opposed to processes in the outer magnetosphere or magne-
totail (S. W. Cowley & Bunce, 2003). Some models argue that Jupiter’s magnetosphere is
largely closed (McComas & Bagenal, 2007), since the reconnected field lines may undergo
successive reconnection during the time it takes to travel through the magnetosphere, while
other studies predict that Jupiter’s magnetosphere does contain appreciable amount of open
flux (S. W. Cowley et al., 2008; Masters, 2017; Vogt et al., 2011) and that the Dungey cycle

(Dungey, 1961) and the Vasyliunas cycle coexist to influence the structure and dynamics of

Jupiter’s magnetosphere.

Using the MHD model (Chapter 2), we investigate in detail the time-dependent global
response of the Jovian magnetosphere to different types of solar wind disturbances, such as
interplanetary shocks and the rotation of the interplanetary magnetic field (IMF). We analyze
the response of the corotation enforcement current system to these upstream changes, to
ultimately understand how the Jovian UV aurora may respond to changes in the upstream

solar wind.
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Runl Run2 Run3 Run4
Duration (hours) 400 100 150 100
n (cm=?) 0.2 0.5463 0.2 0.5463
B (nT) (0,0,—1) | (0,0,—2.82) | (0,1,0) | (0, 2.82, 0)
—u, (km/s) 400 532.47 400 532.47
pa (nPa) 0.053 0.258 0.053 0.258

Table 3.1: The solar wind and IMF properties used in this study. The solar wind flows in
the —X direction. The last row highlights the solar wind dynamic pressure. For Runs 3 and
4, the IMF is oriented toward the Y direction, which is typical for Jupiter’s orbit.

3.2 Methodology

After creating the quasi-steady state magnetosphere using a purely southward IMF, we
continue the simulation in time-accurate mode and perform four simulation runs using the

following sets of upstream input (Table 3.1).

e Run 1: No change—continued run with fixed southward B, and steady solar wind

e Run 2: Introduce a dynamic pressure enhancement (forward shock) under southward

IMF
e Run 3: Turn the IMF from a purely southward (Bz) to Parker-spiral like (By > 0).

e Run 4: Introduce a dynamic pressure enhancement (forward shock) under Parker spiral

IMF

Two configurations of the magnetosphere were first created: Run 1 for a closed magneto-
sphere with a parallel /southward IMF and Run 3 for an open magnetosphere with a Parker
spiral IMF. After the completion of Runs 1 and 3, upstream solar wind conditions were
changed to simulate a dynamic pressure enhancement similar to that expected for an inter-
planetary forward shock (Runs 2 and 4). Solar wind plasma properties and magnetic field
magnitude between Runs 1 and 3 were kept the same, that is, same mass density, velocity,
and thus dynamic pressure. Likewise, the plasma properties and magnetic field magnitude
of the shocked solar wind in Runs 2 and 4 were kept the same, with the only difference

being the IMF clock angle. We designed these simulations specifically for understanding the
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influence of the solar wind dynamic pressure enhancement on Jupiter’s magnetosphere under
two different states: a closed magnetosphere with minimal impact from dayside reconnection
and an open magnetosphere with dayside reconnection expected between the Parker spiral

like IMF and the magnetospheric field.

3.2.1 Calculating the net ionospheric current

The ionospheric Ohm’s law solver used in our model adopts a spherical grid discretized at
specific intervals in latitude and local time, where each point can be identified by the indices
j and 7, respectively. For a given simulation time n, we first calculate the net outward current

(units of amperes) for a particular local time bin ¢ as,

2

N,

ne=d (L) A, 1)
j=1 ij

In this equation Jg, ; the radial current density at location (i,j) and As;; is the area

of the spherical rectangle formed by the points (i + 1/2,7), (i — 1/2,7), (i, + 1/2), and

(4,7 —1/2). We then sum I; over all local times to obtain the net outward current (units of

amperes) in one hemisphere at a particular time n as -

Ny
I =Y 1) 3.2

Here N, and Ny are the number of grid cells in the azimuthal and meridional directions,
respectively. In our simulations N, = 361 and Ny = 181 for each hemisphere. The quantity

I,,.; represents the net outward current from one hemisphere.

3.3 Results: Magnetospheric response

In Figure 3.1 we show the response of the magnetosphere from these four runs. Plotted in the
left and right columns are contours of plasma mass density (log scale) in the meridional plane
and equatorial plane, respectively, along with the equatorial footprints of the last closed field

lines. In the meridional (Y = 0) plane, we also superimpose magnetic field lines in white
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Figure 3.1: The magnetospheric response to various solar wind conditions. Shown in the
left column are plasma density contours in the noon-midnight meridian (XZ plane) with
superimposed magnetic field lines in white. The right column shows the plasma density
contours in the equatorial (XY) plane. The magneta dots are the identified equatorial
crossings of the last closed field lines.
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that illustrate the disk-like configuration in the inner and middle magnetosphere, which is
indicative of the presence of a strong current sheet and departure of the magnetospheric
field from dipolar configuration, which is qualitatively consistent with in situ magnetic field

measurements (Khurana, 2001).

3.3.1 Magnetospheric response to IMF rotation (Run 3: From
southward By to spiral IMF with By > 0)

When the IMF is turned from parallel to a spiral configuration, the magnetic shear across
the dayside magnetopause increases such that magnetic reconnection occurs at the dayside
magnetopause in the simulation resulting in the twisted dayside magnetic field lines as shown
Figure 3.1, row 3. On the nightside, the equatorial footprints of the last closed field lines
provide an indication for the location of the reconnection X-line, and we find that after
turning the IMF to the Parker-spiral configuration, the tail X-line moves planetward. The
tail X-line location also exhibits a dawn-dusk asymmetry, being located further from the
planet on the duskside and closer to the planet on the dawnside, consistent with that inferred
from observations (Vogt et al., 2010, 2014; Woch et al., 2002). In addition to the planetward
shift of the tail X-line, turning the IMF also adds open magnetic flux to the magnetotail
lobes, which will be discussed in later chapters. As open field lines are added to the tail lobes,
the tail magnetic field becomes more stretched with a strong Bx component, in contrast to
the dipolar configuration under parallel IMF conditions (Run 1 as shown in row 1 of Figure

3.1).

3.3.2 Magnetospheric response to dynamic pressure enhancement

(Runs 2 and 4)

The forward shock introduced in Runs 2 and 4 corresponds to a dynamic pressure enhance-
ment of a factor of ~5 (from 0.053 to 0.258 nPa) with the plasma properties upstream and
downstream of the shock taken such that the Rankine-Hugoniot shock relations are satisfied.
For Run 2 where the IMF is maintained in the parallel orientation that results in a closed

magnetosphere, compression by the introduced forward shock causes the bow shock to move
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from ~80 to ~60 R; at the subsolar point, whereas the subsolar magnetopause moves from
~60 to ~40 R;. In the case of an open magnetosphere (Run 4 where the IMF is in the
spiral configuration), the bow shock moves from ~75 to ~50 R, whereas the magnetopause
moves planetward from ~50 to ~40 R; at the subsolar point in response to the shock of
the same magnitude as in Run 2. The compression due to the forward shock shrinks the
magnetosphere in all directions, including the lobes and magnetospheric flanks. In both
cases of the closed and open magnetosphere, the last closed field lines move planetward on
the nightside. Run 4 shows the location of the X-line for the shocked Parker-spiral IMF, and
it lies between 50 and 70 R; near midnight. Near the magnetopause flanks, the last closed
field lines lie at a distance of 100 R; from the planet. This creates a peculiar configuration
of the magnetotail where the closed field lines extend to larger distances on the flanks than

in the midnight sector, similar to that predicted for Saturn by (Jia et al., 2012).

In Figure 3.2, we show the contours of plasma angular velocity about the Z axis in the
meridional and equatorial plane at different times corresponding to Run 2. The angular
velocity is normalized to that of the planet, i.e. ©/Q; = 1 imply that the plasma is fully
corotating with the planet. Also shown are the contours of current density in the ionosphere
at the corresponding times. Under steady solar wind conditions, the plasma in the inner and
middle magnetosphere is seen to corotate with planet until 20 to 30 R;, when it starts to
lag the planetary rotation. This behaviour is seen throughout the field lines mapping these
radial locations. The polar regions of the planet, however, do not show any preference for

corotation.

After a forward shock is introduced in the solar wind, the profiles of corotation velocity
are perturbed. Initially, within a ~5 hour period, the shock shrinks the corotating region
on the dayside. After ~ 10 hours, after the passage of the shock, the angular velocity at the
dayside outer magnetosphere increases, and regions which were previously sub-corotating
are now seen to fully corotate. This transient increase in plasma angular velocity on the
dayside subsides after additional time has passed. Correspondingly, as the magnetosphere is
compressed, the current density in the ionosphere decreases on the dayside. The reduction
in currents is not immediate, but occurs after a delay corresponding to the time when the

strongly corotating region forms behind the dayside magnetopause. Both features in the
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Figure 3.2: Contours of Q,/Qjupiter in the equatorial and meridional plane for Run 2
during a solar wind driven compression of the magnetosphere. The rightmost column shows
the corresponding current density in the ionosphere.
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magnetosphere and ionosphere are seen at ~ 10 LT, as the field exhibits the least bend-back
at these locations.

A similar behaviour was seen during Run 4, as shown in Figure 3.3. In this case as
well, the corotation velocity of the plasma was seen to increase after the solar wind driven
compression. However, unlike in the previous case, a large solar wind dynamic pressure
causes reconnection to occur in the magnetotail, which generates faster return flows which
increase the corotation velocity at the edges of the corotating region at around 03-05 local
time. As in the case of Run 2, the response of the ionosphere and magnetosphere is seen

several hours after the passage of the shock.

3.4 Results: Ionospheric response

Figure 3.4 shows the response of the ionosphere to different changes in the upstream condi-
tions. The left column presents snapshots from each run showing the contours of the current
density parallel to the magnetic field (.Jj). For the northern hemisphere shown here, positive
values indicate outward currents and negative values indicate inward currents. The main
feature of the current distribution is the circumpolar ring of outward currents centered at
~ 75° latitude. Inside of (or poleward of) the ring are downward field-aligned currents.
The upward and downward currents are connected through the horizontal Pedersen currents
in the ionosphere, and these currents together make up the corotation enforcement current
system.

The parameter [I; is plotted as a function of local time in column 2 of Figure 3.4. Each
thin line represents the nth time of the simulation with a spacing of 0.5 hr. Thick blue or red
lines represent the average value of I at a particular local time before and after changing
the upstream conditions, respectively. As can be seen in column 2, the parameter I; is useful
for revealing the local time-dependent response of the outward currents, which are thought
to be related to the emission intensity of Jupiter’s main auroral oval.

It 1s plotted as a function of simulation time in Figure 3.4, column 3. The red vertical
dashed line represents the time when the upstream perturbation reaches the subsolar bow

shock. Blue curves in column 3 represent the trend expected if there was no change in
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Figure 3.3: Contours of Q,/Qjupiter in the equatorial and meridional plane for Run 4

during a solar wind driven compression of the magnetosphere. The rightmost column shows

the corresponding current density in the ionosphere.
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Figure 3.4: Ionospheric response. Each row represents the ionospheric response to the
four runs. The first column shows contours of radial current density at the ionosphere with
positive values representing outward current. Yellow points are the extracted footprints at
the open-closed field line boundaries. In column 2 we show the latitude integrated outward
current in the ionosphere as a function of local time. Each curve represents an instance in our
simulation, with blue lines representing times before the upstream perturbation reaches the
bow shock and red lines representing times after. In column 3 we show the total integrated
outward current for all latitudes and local times as a function of simulation time. The blue
curves in column 3 represent the variation of total outward current as a function of time for
the closed magnetosphere under steady upstream conditions. The red curves represent the
same quantity for the particular test case.
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upstream conditions (same the blue curve in Figure 3.4-1c).

3.4.1 Ionospheric response - Run 1 (Fixed upstream with parallel

IMF)

For the ~400-hr duration of Run 1 (Figures 3.4-1a to 1c¢), the magnetosphere remains largely
closed due to the southward Bz IMF imposed at the upstream boundary. Figure 3.4-1b
shows that there is a persistent day-night asymmetry present in the field-aligned current
distribution with outward currents stronger on the nightside than on the dayside. Figure
3.4-1c also shows that the net outward current is steadily increasing with time (and at all
local times/longitudes), despite the upstream conditions being constant. Initially, the rate
of increase of the currents is almost linear, but with time the growth rate decreases and
eventually the currents are seen to decrease. We believe that the growing trend of currents
(with time scales of tens of hours), in the absence of any change in external conditions,
is due to internal factors. As the magnetosphere builds more mass due to mass loading
in the Io plasma torus, more torque is required from the ionosphere in order to force the
magnetospheric plasma to corotate with the planet. Alternatively, consistent mass loading
would increase the bend back of the magnetic field lines, which would increase magnetic
field strength in the high-latitude regions thereby increasing J in the ionosphere. Hence,
prolonged mass loading in the absence of mass loss mechanisms, such as plasmoid release,
would require an increase in the corotation enforcement currents. Indeed, we see that the
ionospheric currents decrease only when a plasmoid is released (at around ¢ = 350 hr),
suggesting that with the release of mass to the magnetotail, the net strength of the corotation
enforcement circuit is reduced. For comparisons with other runs, the curve showing the
expected trend of the total current (i.e., Figure 3.4-1c) is included in all sub-figures in the

last column.
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3.4.2 Tonospheric response - Run 3 (Turning of the IMF to By > 0)

In Run 3, the upstream plasma properties are kept the same as in Run 1, and a tangential
discontinuity is introduced in the solar wind across which the IMF is rotated from southward
to the Parker-spiral configuration (with By > 0). As shown in Figure 3.4-3a, reconnection at
the magnetopause produces open magnetic field lines, and the open-closed field line boundary
(OCB; marked in yellow lines) starts to expand equatorward. At the time shown in this plot,
which is roughly 75 hr after the IMF turning, the region of open field lines extends about a
few degrees from the pole and the OCB lies at least 5° poleward of the main oval of outward
currents. Similar to that in Run 1 (Figure 3.4-1b), the outward currents in this run (Run
3) are stronger on the nightside than on the dayside (Figure 3.4-3b) and a continuously
increasing trend is seen for the net outward current (Figure 3.4-3c). The red dashed line in
Figure 3.4-3c marks the time when the discontinuity reaches the subsolar bow shock, and we
can see that the rate of increase of currents (shown by the red line) deviates from the curve
expected if there were no change in the upstream conditions (shown in blue). Note that the
only upstream change introduced in this run is the change in IMF clock angle. Therefore, the
comparison between Run 1 and Run 3 indicates that a change in IMF orientation can have
significant influences on the large-scale current systems. The increasing trend of current,
which now has a larger slope, eventually changes to a decreasing trend after the release of a

plasmoid at t = 270 hr, consistent with the behavior seen in Run 1.

3.4.3 Ionospheric response - Runs 2 and 4 (Dynamic pressure en-

hancement)

In comparison to an IMF rotation, the response of the ionosphere to a forward shock that
increase the dynamic pressure in the solar wind, is more dramatic. In Runs 2 and 4, we have
introduced a dynamic pressure enhancement (a factor of 5 larger than the background). First,
we examine Run 2—that is, dynamic pressure enhancement under a closed magnetosphere

(3.4-2a to 2c¢). In all our simulation runs, we find the nightside currents to be stronger than
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the dayside, and it can be seen from Figure 3.4-2b that the introduction of a forward shock
makes this asymmetry more pronounced; that is, the nightside currents get stronger whereas
the dayside currents get weaker. Similar enhancement of the day-night asymmetry has also
been seen in the MHD model of (Chané et al., 2017). Apart from the overall response,
there are also noticeable local time-dependent responses: Transient peaks in the outward
current appear at specific local times. Our simulation predicts a minor enhancement on the
nightside (10-20% increase in total currents) and a large decrease in current on the dayside
(between 10% and 60%). As a result, the net outward current (/,.;) sharply decreases after
the impingement of the shock. After 50 hours, the system recovers and an increasing trend

of the net outward current is seen again.

Our findings are consistent with previously published theoretical models (S. W. Cowley &
Bunce, 2003; S. W. Cowley et al., 2007; Southwood & Kivelson, 2001), which have predicted
that a dynamic pressure enhancement, and subsequent compression of the magnetosphere,
would lead to an increase in azimuthal velocity of the plasma as it conserves angular mo-
mentum. In theory, this should decrease the strength of the corotation enforcement current
system on the dayside. Consistent with this prediction, we find an increase in angular ve-
locity inside the magnetosphere on the dayside after the shock compression, which leads to

much reduced outward field-aligned currents in the dayside ionosphere.

A similar behavior was also found for Run 4—that is, dynamic pressure enhancement with
a Parker spiral IMF (3.4-4a to 4c). Due to the increase of magnetic flux reconnecting on the
dayside and the release of plasmoids on the nightside (which serves to close previously opened
tail lobes), we find a prominent region of open field lines in the polar region. We also find a
very strong response of the ionospheric currents, with dayside currents drastically decreasing
in strength (by 50-60%), whereas the nightside currents appear almost unaffected (Figure
3.4-4b). Consequently, the net outward current also decreases sharply after the dynamic
pressure enhancement at ¢ = 310 hours. A key difference between Figure 3.4-4c¢ and 3.4-
lc,2c, and 3c is that the time history of the total outward current did not recover back to
the increasing trend after the dynamic pressure enhancement. This may be due to very
frequent plasmoid releases in the magnetosphere after the shock compression. As seen in

Runs 1 and 3, a decrease in the net outward current is well correlated with times at which a
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plasmoid is released. It is also noteworthy that the response of the ionosphere to the forward
shock was stronger in Run 4 (open magnetosphere) than in Run 2 (closed magnetosphere).
Apart from the IMF orientation, there is another difference between Runs 2 and 4: the
phase of the magnetosphere in the Vasyliunas cycle. While Run 4 was started 30 hr after
the release of a large plasmoid, Run 2 was initiated at a time when the magnetosphere was
still in the process of accumulating mass with no prior plasmoid release. It is possible that
the differences in the strength of the response may be due in part to the differences in the
internal state of the magnetosphere, that is, depleted versus filled magnetosphere, rather
than just the orientation of the external IMF. Clearly more work is needed to conclusively

separate the internal and external influences.

3.5 Discussion

Under steady solar wind conditions, and in the absence of magnetic reconnection (Run 1),
certain features were observed consistently in the magnetosphere and ionosphere, which are
discussed first. Continuous mass loading due to Io increases plasma density in the inner
and middle magnetosphere, which led to a more stretched magnetodisc. Simultaneously, the
outward currents in the ionosphere were seen to increase at all local times. The increase in
ionospheric current density was halted only after the release of a plasmoid in the magnetotail,
which decreased the magnetic stresses in the magnetotail lobes. Our results suggest that
the loading and unloading of magnetic flux tubes corresponding to the Vasyliunas cycle, can
also modify the currents in the ionosphere, and thus the brightness of the Jovian aurora.
Another feature seen in all simulations is the relative weakness of outward currents in the
ionosphere at noon (12 LT). Observations of the Jovian aurora have shown that it is weakest
between 08-13 LT, also referred to as the ‘discontinuity’ region. This local-time asymmetry
in the ionospheric-currents has also been observed in the model by Chané et al. (2013), who
proposed that it was due to strong plasma corotation in the dayside, where magnetic field
lines have the least ‘bend-back’, resulting in weaker currents. This is also seen in our model,
for e.g. in Figure 3.2-1b, which shows that the corotation velocity near the magnetopause

at x = 50 R is larger than at x = —50 R; in the magnetotail.
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Next we shall discuss the results of Run 3, where we turned the interplanetary magnetic
field and that increases the magnetic shear at the magnetopause. This facilitated dayside
magnetic reconnection and created open flux in the polar cap. However, like before, the
currents in the ionosphere continued to strengthen, supporting the previous hypothesis that
the increase in ionospheric currents was due to the internal Vasyliunas cycle. The turn in the
IMF created open flux in the polar cap, which was eventually closed at the X-line located on
the nightside. The return flow from the X-line interacted with the corotating plasma flow
and created a vortex in the magnetosphere on the dusk-side. A similar vortex was also seen
by Fukazawa et al. (2006) in their model. The vortex was also associated with an increase
in ionospheric currents near 18 LT (dusk) and was responsible for the rate of increase of
currents in Figure 3.4-3c. Eventually, the ionospheric currents are seen to decrease after a

large plasmoid was released in the magnetotail.

The strongest influence to the magnetosphere and ionosphere was seen for Runs 2 and 4,
when the solar wind dynamic pressure was increased abruptly in the form of a forward shock.
Certain features are consistent between both runs, which differ in their magnetospheric
configuration; Run 2 represents a closed magnetosphere, whereas in Run 4 the magnetosphere
is open, which allows for magnetic reconnection to occur more strongly on the dayside due
to strong solar wind driving. In both cases, the dynamic pressure enhancement was seen to
increase the corotation velocity in the dayside, which decreased the strength of the corotation
enforcement current system. However, while the largest decrease in currents was seen at 12
LT for Run 2 (closed), the corresponding reduction in Run 4 was much stronger and occurred
at roughly 10 LT. In both cases, the response to the magnetosphere and ionosphere was not
immediate. The increase in corotation velocity in the magnetosphere (Figure 3.2) occurred

many hours after the passage of the shock.

Our model results support the predictions made by theoretical models (S. W. Cowley &
Bunce, 2003; S. W. Cowley et al., 2007; Southwood & Kivelson, 2001) that solar-wind driven
compression should decrease the strength of the corotation enforcement current system.
However, observations of the Jovian aurora has hinted at a positive correlation between solar
wind dynamic pressure and auroral power. The model of Chané et al. (2013) also predicts

a positive correlation, although they note that the model takes several Jovian rotations to
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reach the new state, which can be explained by the tendency of ionospheric currents to
naturally increase due to the Vasyliunas cycle. Contradicting observations of the Jovian
aurora by the Hisaki spacecraft, supported by simultaenous observations in the solar wind
by Juno, have shown that there is a large delay between the observed dynamic pressure
increase and the resulting intensification of the aurora (Kita et al., 2019). The same study
also found intervals with high solar wind dynamic pressure when no corresponding increase
in auroral power was observed.

It has been generally assumed that the Jovian aurora is produced due to field-aligned
currents in the polar region. However, recent in situ observations made by the Juno space-
craft have shown that auroral dynamics are more complex. Particularly, Mauk, Haggerty,
Paranicas, et al. (2017) showed that ‘inverted-V’ electron distributions, which are produced
due to discrete acceleration within field-aligned potential drops, exist in Jupiter’s auroral re-
gions. At the same time, they note that the the planet-ward energy flux contribution of the
broadband electron distributions is comparable and often higher than that for the discretely
accelerated electrons (Mauk et al., 2018, 2020). These observations suggest that stochastic
acceleration of electrons may play a more important role in generating the observed UV
emissions at Jupiter. This is further supported by the study of Pan et al. (2021), who found
a correlation between auroral power and ULF wave inferred using the Juno magnetic field
observations, and by Tetrick et al. (2017), who observed whistler waves within the polar
cap, which they suggest may be responsible for electron acceleration (Elliott et al., 2018).
These recent observations suggest that the generation mechanisms for the Jovian aurora are
complex and may not directly correspond to the intensity of field-aligned currents, unlike
what has always been assumed in the literature. However, field-aligned potentials may still

play an important role in determining where wave-particle interactions are likely to occur.

3.6 Summary

After creating a quasi-steady state magnetosphere in the simulation, we introduced various
types of changes in the upstream solar wind and IMF, such as an IMF rotation and a dynamic

pressure enhancement under southward IMF and Parker spiral IMF conditions. We found
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that changing the IMF orientation from a southward (parallel) to Parker-spiral like IMF
created open flux in the magnetosphere and thereby modified the large-scale magnetospheric
configuration, but it alone had little effect on the corotation enforcement current system.
However, in the cases where a forward shock is introduced in the solar wind, it had a
significant impact on the global magnetosphere-ionosphere system. In particular, all of our
simulations showed that there is an apparent asymmetry in the field-aligned current intensity
in the ionosphere between the dayside and the nightside, with more intense currents on
the nightside. This day-night asymmetry is further enhanced by the compression of the
magnetosphere by a forward shock. In the simulation where a shock is introduced under
Parker-spiral IMF conditions (Run 4), a region of intense field-aligned currents is present in
the afternoon local time sector (16 LT; 3.4-4a and 4b), which magnetically maps to a region
in the middle magnetosphere containing vortical plasma flows created due to the interaction
between the return flow from tail reconnection with the corotating plasma. Although the
ionospheric currents respond to the forward shock in both simulations (Runs 2 and 4), the
magnitude of the response is significantly different. In general, when the magnetosphere
contains more open flux (Run 4) due to dayside reconnection, the response of the ionosphere
is stronger. It should be noted that while these two runs use the same solar wind parameters
with the only difference being the IMF orientation used, the magnetospheric states prior to
the shock impact are quite different, which may contribute in part to the differences seen in
the simulated response. Future work is needed in order to isolate these two effects, that is,

preconditioning of the magnetosphere and the influence of the IMF orientation.

Overall, our simulations clearly show that a solar wind driven compression of the mag-
netosphere increases the corotation velocity of plasma on the dayside, which reduces the
strength of currents in the ionosphere. These results support previous theoretical models.
However, recent observations by the Juno spacecraft have shown that the Jovian aurora is as
likely to correspond to broadband particle acceleration, which suggests that the aurora may
not be a direct result of the corotation enforcement field aligned current system and that
wave-particle interactions may play an important role. These high-frequency phenomena
cannot be captured within the MHD model, however, they likely occur in regions with large

field-aligned potentials, which may drive plasma instabilities.
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In the present study we have assumed that Jupiter’s internal magnetic field is an axisym-
metric dipole. However, recent observations by Juno have revealed significant north-south
asymmetries in the internal magnetic field (J. E. Connerney et al., 2018) due to the pres-
ence of large higher order moments. How the complex internal magnetic field influences
the magnetosphere and its interaction with the ionosphere and the solar wind remains an

outstanding question that needs to be addressed in future work.
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Chapter 4

Magnetic Reconnection in the Jupiter

MHD Model

4.1 Introduction

The terrestrial magnetosphere is sensitive to changes in the solar wind and interplanetary
magnetic field (Sibeck, Lopez, & Roelof, 1991; McPherron, Weygand, & Hsu, 2008). Solar
wind dynamic pressure can increase the magnetic stresses in the magnetotail, which increases
the frequency of magnetospheric substorms (Kokubun, McPherron, & Russell, 1977; Newell
& Liou, 2011; Newell et al., 2016). Dayside magnetic reconnection, which typically occurs
due to an anti-parallel (southward) IMF at the magnetopause, creates open field lines on the
dayside and facilitates entry of solar wind plasma into the magnetosphere (e.g. Phan et al.,
2000). This can occur during long periods with southward IMF, or as a result of transient
features in the solar wind such as coronal mass ejections, whose interiors are comprised of
helical magnetic field lines and dense plasma and which travel through the interplanetary

medium at supersonic speeds, often creating strong shocks at their travelling front (Webb

*Parts of this chapter were published in - Sarkango, Y., Jia, X., & Toth, G. (2019). Global MHD
simulations of the response of Jupiter’s magnetosphere and ionosphere to changes in the solar wind and
IMF. Journal of Geophysical Research: Space Physics, 124.
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& Howard, 2012). Magnetic reconnection perturbs the terrestrial magnetosphere in various
ways, e.g. by loading the magnetotail and facilitating magnetospheric substorms (Morley
& Freeman, 2007), which can lead to auroral phenomena on the nightside (Elphinstone,
Murphree, & Cogger, 1996), or via geomagnetic storms, which alter the ring current and
produce large-scale geomagnetic disturbances (Gonzalez et al., 1994). Magnetic reconnection
in the terrestrial system occurs via the opening of flux on the dayside and closure of magnetic
flux on the nightside (Dungey, 1961). This cycle of flux circulation (also called the Dungey
cycle), also influences plasma flow in the magnetosphere and high-latitude ionosphere, both
of which respond to changes in the solar wind dynamic pressure or IMF orientation, which
alters the characteristics of magnetic reconnection and thus the Dungey cycle, as discussed

in Chapter 1.

However, considerable debate exists in the community regarding the importance of day-
side magnetic reconnection in Jupiter’s magnetosphere. Unlike the terrestrial magnetosphere,
the strong internal magnetic field and presence of internal sources of plasma lead to a very

different magnetospheric configuration at Jupiter.

One argument made against dayside magnetic reconnection highlights the improbable
timescales for the Dungey cycle. At Earth, a newly reconnected field line on the dayside,
which is frozen-in to the solar wind plasma at its other end, is transported tailward at the
solar wind speed of ~ 400 km/s. Hence, it will take approximately ~300 s or 5 minutes to
travel a distance of ~ 20Rg (1 Rgp = 6378 km is the radius of the Earth). On the other
hand, at Jupiter, a field line opened on the dayside magnetopause would have to travel a
distance of ~ 200R; to reach the magnetotail, which would take ~ 10 hours, comparable
to the rotation period for Jupiter. Moreover, it has been argued that field lines which have
reached the magnetotail may take an even longer time to reach the equatorial regions where

tail reconnection is likely to occur (McComas & Bagenal, 2007).

The two commonly used counter-arguments propose that Dungey cycle timescales may
be considerably shorter. This could be possible if the flux circulation occurs in a localized
region on the dusk side instead of over the entire magnetosphere like at Earth. Moreover,
another hypothesis is that it is not necessary for the field line to fully diffuse toward the

equator, as plasmoid release due to the Vasyliunas cycle may also induce reconnection to
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spread to the open tail lobes (S. W. Cowley et al., 2008).

In-situ observations have shown that magnetic reconnection occurs in the Jovian magne-
totail and produces plasmoids. This has been seen via north-south reversals of the magnetic
field (Vogt et al., 2010, 2014, 2020) or in the form of bursts of energetic particles with a
radial velocity (Woch et al., 2002; Kronberg et al., 2007, 2008). The timescales associated
with the loading and unloading of the magnetotail (Vasyliunas cycle) has been estimated to
be on the order of 2 to 3 days (or 5 to 7 Jovian rotations) (Woch et al., 2002; Vogt et al.,
2010).

Finally, this work is also motivated by observations made by the Hubble Space Telescope
of Jupiter’s polar regions. The polar UV aurorae are highly dynamic, and vary on timescales
much shorter than the main oval. Whether these polar regions of the planet connect to
distant regions in the Jovian magnetotail via closed field lines, or to the solar wind via open
field lines, remains an open question.

In this work, we simulate the Jovian magnetosphere using our MHD model to answer the

following questions,

1. Does magnetic reconnection occur on the dayside magnetopause at Jupiter and create

open flux in the magnetosphere?

2. Does Jupiter have a persistent polar cap of open field lines?

3. If so, where and how does flux closure occur in the magnetosphere?

Answers to these long-standing questions are crucial to understand the dynamics of the
Jovian magnetosphere and to understand the relative contribution of the externally driven
Dungey cycle and the internally-driven Vasyliunas cycle. Knowledge of the magnetic topol-
ogy in the Jovian magnetosphere supports in situ measurements by the Juno spacecraft, and
also remote observations of the Jovian UV aurora by the Hubble Space Telescope. As we
will demonstrate, global MHD modeling provides a global context to the in situ data, and
complements the observations made by HST, which lack context about the external solar

wind and IMF, as well as internal magnetospheric configurations.
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4.2 Methodology

The MHD simulations presented in Chapter 3 were also used in this study. We will primarily
be discussing Runs 2 and 4 (see Table 3.1), which use a Parker-spiral IMF (magnetic field in
the Y direction), as typically expected at Jupiter’s orbit. In such situations, the magnetic
shear between the IMF and the magnetospheric field at the nose of the magnetopause is 90°.

The techniques used to analyze the simulation data as described in this section.

4.2.1 Identification of the dayside magnetopause surface

The magnetopause is the surface separating the magnetospheric field from the interplane-
tary magnetic field. It is a current-carrying discontinuity, and can be identified in MHD
simulations as a local peak in the current density (J). It can also be identified by detecting
the increase in density due to the density gradient between the outer magnetosphere and the
magnetosheath. In our study, we use magnetic field topology to identify the magnetopause,
as this definition is more robust. In our case, the dayside magnetopause is the surface which
separates closed magnetic field lines of the magnetosphere from the open field lines in the
solar wind. This method is unambiguous on the dayside, but cannot be used for higher
latitudes or the magnetotail, which also contain open field lines, but are present inside the
magnetosphere.

A hemispherical surface is created on the dayside at locations (r = r;, 0;, ¢;) in spherical
coordinates. From each point 7 of the surface, a radial line segment is created to the point
(r =1,,0;, ¢;), which lies well beyond the dayside bow shock and hence contains solar wind
field lines. A field line is traced from the midpoint of these two locations (r,,), and its
connectivity is inferred by examining whether its two footprints are traced to the planet
(closed) or to the solar wind (open). If the field line is closed, r, is chosen as the new
inner point (r; := r,,), else 7, is specified as the outer point (r, := r,,). This binary search
algorithm is repeated until r, — r; < 2R;. The resulting midpoint is the location for the
magnetopause. The whole process is repeated for each point on the initially hemispherical

surface, which produces a new surface for the magnetopause as shown in Figure 4.1.
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4.2.2 Classification of a magnetic field line

Magnetic field lines in the MHD model can only have one of the following properties. Each

type is assigned a value in the form of a ‘status’ variable. The field line can be,

Connected at both ends with the IMF (external field lines or ‘disconnected’, status=0).

Connected to the northern hemisphere of the planet, with the other end connecting to

the IMF (open field lines, type N, status=1).

Connected to the southern hemisphere of the planet, with the other end connecting to

the IMF (open field lines, type S, status=2).

Connected at both ends with the planet (closed field lines, status=3)

Most field lines in the inner and middle magnetosphere are closed (status=3). The type
N and S field lines map to the northern or southern polar cap and are created due to dayside

magnetic reconnection.

4.2.3 Calculation of the open flux in the polar cap

In order to estimate the open flux in the polar cap, we must first identify the regions in
the northern and southern hemispheres which map to open field lines. This is achieved
by creating a spherical surface close to the inner boundary of the MHD simulation domain
and tracing field lines at each point of the surface. Points which map to closed field lines
are identified, and their corresponding locations at 1 R; are estimated by using a dipole
approximation (due to the existence of a gap between 1 R; and the inner boundary at 2.5
R;). For an axially aligned dipole field, two points located on the same field line at locations
(r1,01) and (79, 02) are related as,
r sin® 6,

= 4.1
ro  sin® 6y (4.1)

The mapping to a sphere at » = 1R is not necessary to calculate the open flux as the

magnetic flux is conserved between the two locations, but it is useful for future comparisons
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with the ionosphere currents. After the location have been mapped to a sphere with radius
r = 1R, a grid of spherical rectangles is constructed and the magnetic flux through each
rectangle corresponding to open field lines is estimated using the dipole field approximation.
In this case, for a spherical rectangle of angular widths Af and A¢, centered at (6;, ¢;), the
magnetic flux due to a axially aligned dipole field with moment M at a spherical surface

with radius r can be calculated analytically -

AD; = //B -ndS = // B,dS = gcos(Aqﬁ) {sinQ <9¢ + %) — sin? (ei — %)} (4.2)

The resulting open flux in the polar cap can be calculated by summing up the contribu-

tions due to all regions corresponding to open field lines,
DQopen = Z O, (status; # 3) (4.3)

4.2.4 Calculation of the reconnection rate

The rate of change of open flux in the polar cap equals the difference in the reconnection
rates on the dayside versus that due to Dungey cycle flux closure on the nightside (Milan,
Provan, & Hubert, 2007). If no reconnection is observed on the nightside (Rnightside = 0),
then the dayside reconnection rate can be inferred using the rate of change of the open

magnetic flux.

dq)o en -
— = Rdayside - Rnightside (44)

dt

4.3 Results

4.3.1 Reconnection on the dayside for Parker-spiral IMF

For the Parker-spiral IMF configuration used in our simulation, reconnection is found to

occur primarily on the magnetopause at relatively high latitudes (at ~ 50°) latitude) where
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Figure 4.1: The 3D magnetopause surface extracted from our model for the Parker-spiral
IMF case. The surface is coloured in contours of plasma speed. Magnetic field lines are shown
as magneta tubes. Magnetic reconnection is seen to occur on the mid-latitude dawnside in the
northern hemisphere and in the mid-latitude duskside in the southern hemisphere; locations
where maximum magnetic shear is expected between the internal field and the IMF.
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the strongest magnetic shear is present. Figure 4.1 shows a snapshot of the simulated
magnetopause surface extracted from Run 4. The magnetopause surface is determined by
identifying the separatrix between magnetospheric and magnetosheath field lines based on
3-D field line tracing. The color contours on the magnetopause surface represent plasma flow
speeds, and sample field lines are superimposed to show the magnetic topology. As shown,
under the spiral IMF configuration with positive By, we find that reconnection takes place
mainly in two quadrants in the YZ plane: in the northern hemisphere on the dawnside and
in the southern hemisphere on the duskside. The reconnection geometry is consistent with

the prediction by the analytical model of (Masters, 2017) for the same IMF configuration.

4.3.2 Plasmoid release and variation of open magnetic flux

In all simulations listed in Table 3.1, tail reconnection occurs and produces plasmoids. For
instance, a large plasmoid can be seen in Figure 3.1, row 3 in the form of a high-density
region between 00 and 06 LT. After initially being created at a radial distance of ~50-70
R; on the dawnside, the plasmoid is seen to grow and move tailward, eventually escaping
the magnetosphere and lost to the solar wind. In Run 4, a vortex structure is created in
the magnetosphere on the duskside at around 40 R; radial distance from the planet (not
shown). The vortex is formed subsequent to a large reconnection event in the magnetotail
and it strengthens as it moves sunward, eventually reaching the postnoon sector. The vortex
is made of corotating and anticorotating flows and produces a strong ionospheric response
in the postnoon sector (Figures 3.4-4a and 4b near 16 LT). We believe that this vortex and
the subsequent localized bright spot in .J observed near 16 LT in the ionosphere are due to
the interaction of return flow from the duskward tail reconnection site with the corotating
magnetospheric plasma and has also previously been observed by (Fukazawa et al., 2006)
using their MHD model.

In Figure 3.4 the yellow points superimposed onto the contour plots correspond to the
OCB identified in our simulations. For each latitudinal and longitudinal position in the
ionosphere, we trace 3-D magnetic field lines from a sphere at 3 R; to identify any transition
between open and closed field lines. If a transition is found, its location on a 1 R; sphere

is determined by using a dipole field line tracing, which is then plotted in Figure 4.2. Even

72



__Time - 312.0 hours, South _

_Time - 315.0 hours, South

[ Closed
Open |
L (status=1) /|

Figure 4.2: The regions of open flux in the northern and southern regions of the planet
(r = 1R,) at different times showing the consequence of plasmoid release on magnetic
topology. Note the asymmetry between the two hemispheres.
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with 1° resolution in both latitude and longitude, our tracing algorithm does not find any
such transition during times when the IMF' is southward, which is consistent with the picture
that the magnetosphere is largely closed under such external conditions. In contrast, under
a Parker spiral IMF, the OCB increases in size with time and can reach a latitude of ~ 80°
on the nightside under strong solar wind driving (column 4). While the size of the OCB
tends to vary depending on the upstream conditions, for the various upstream conditions
examined in our simulations it is always located poleward (by at least a few degrees) of the
main oval of upward field-aligned currents arising from corotation breakdown, which lies at
~ 75° latitude.

For further analysis we divide the magnetic field lines extracted from our MHD model into
four categories, denoted by the “status” variable (Table 2). A status value of 0 represents a
closed field line with both ends connected to the planet. A status value of 1 or 2 implies an
open field line with one footprint in the northern or southern hemisphere, respectively, while
a status value of 3 refers to those field lines with both ends in the solar wind, which we call
disconnected field lines. Figure 4.2 shows the status of field lines seeded from the northern
and southern ionosphere, whereas Figure 4.4 shows the status of field lines seeded from the

equatorial plane in the magnetosphere.

4.3.3 Magnetic topology associated with plasmoid release

In Figure 4.2, we show the status maps of the northern and southern hemispheres on a 1 R,
sphere, at different times during the sequence of a plasmoid release. For both hemispheres,
the cyan regions contain field lines that are closed (status = 0). For the northern hemisphere
panels, the dark blue regions contain open field lines (status = 1) that magnetically map to
the solar wind. For the southern hemisphere panels, the red regions indicate open field lines
(status = 2) that map to the solar wind. It is immediately clear from Figure 4.2 that these
status maps are not north-south symmetric, with stark differences in the topology between
the two hemispheres.

Two plasmoids are observed in the magnetosphere during the times shown in Figure 4.2:
a relatively small size plasmoid on the duskside and a much larger plasmoid near dawn.

When the plasmoids are initially formed, they contain predominantly closed flux. This is
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consistent with the idea that plasmoids form due to the Vasyliunas cycle are created on closed
field lines. As the plasmoids move tailward, they grow in size and create a region of closed
flux inside the polar cap. The large plasmoid in the dawn sector of the magnetosphere
can be identified by its status signature on the dawnside in the form of a large region of
closed flux, whereas the smaller plasmoid in the dusk sector also creates a similar region of
closed flux in the duskward polar cap. With time, the plasmoids grow in size and interact
with the surrounding plasma and magnetic field, which creates rather complicated magnetic
field structures that contain intertwined open and closed field lines (Figure 4.2b). As the
plasmoids move further down the magnetotail, they continue to grow in size and the status
signatures associated with plasmoids move toward midnight (previously at dawn and dusk)
and the high-latitude region in the ionosphere starts to be filled with open field lines. With
time, the ratio of open field lines to closed field lines in the plasmoid footprint increases in
both the northern and southern hemispheres. As a result, the tail plasmoids, when mapped

magnetically to the ionosphere, correspond to a stripe-like structure.

Observations of the polar aurorae of Jupiter show various intriguing features such as arcs
and filaments (Grodent, Clarke, Waite, et al., 2003; McComas & Bagenal, 2007; Nichols
et al., 2009) that have been suggested to be linked to dynamic processes in the solar wind
and magnetotail. Our simulation results show that the polar regions of the planet, which
are often assumed to lie on open field lines, may magnetically connect to distant regions in
the magnetotail associated with a plasmoid. While our MHD simulation does not directly
model the kinetic physics of particle energization associated with reconnection, the magnetic
topology associated with plasmoid release and propagation through the tail region as seen in
our simulation suggests that energization associated with tail plasmoid release may provide

a plausible explanation for the observed arc-like or filament-like aurora structures.

In Figure 4.3, we show the three-dimensional magnetic field lines associated with the tail
plasmoid along with the plasma density contours in the equatorial plane. Orange field lines
are closed field lines, whereas black field lines are “disconnected” field lines with both ends in
the solar wind. It can be seen that although the plasmoid is generated on closed field lines,
it is surrounded by open field lines as it moves tailward. The inset in Figure 4.3 shows the

corresponding ionospheric status map in a similar format as Figure 4.2. Since this plasmoid
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Figure 4.3: 3D magnetic field lines threading a plasmoid are shown. Orange field lines are
closed, however they are constrained by open field lines which have both ends in the solar
wind. The corresponding topology map at this particular simulation time is shown in the
inset, where the footprint of the flux rope has been marked.

is noticeably smaller, it has a smaller, but consistent, status signature in the form of a region

of closed flux in the polar cap on the nightside.

4.3.4 Open flux in the magnetosphere

To complement the analysis of the status of field lines shown in the previous sections, we
repeated the same procedure of tracing field lines starting in the equatorial plane of the
magnetosphere. The corresponding magnetospheric status maps are shown in Figure 4.4 for
two different types of plasmoids that we will call Type 1 and Type 2, respectively. The left
column shows a plasmoid of Type 1, which is a large plasmoid released on the dawnside,
whereas the right column shows a plasmoid of Type 2, which is released near midnight.
Both plasmoids have some common features, namely, they both originate from closed field
lines. After release, the Type 1 plasmoid severely distorts the magnetic topology of the
magnetotail. Upon close examination, one can see regions of closed field lines interspersed

within large regions of open field lines. The Type 2 plasmoid, on the other hand, has a

76



Plasmoid Type 1 Plasmoid Type 2

Time - 262.0 hours Time - 368.0 hours

status

8
2

p

]

status

3
2
1
0

status status

'K
2
1
0

Time - 372.0 hours

plasmoid

Time - 307.0 hours
status

3
2
1
0

status

| 3
2
1
0

L IENEN I ENETETE EVETEATE EVETEErES ST

L E = L
100 -500 -400 -300 -200 -100
X[R]

PR | T
-200
X[R]

1 L L
-100 0

rt i 1
-400

-300

Figure 4.4: Topology maps of the magnetosphere during different stages of plasmoid release.
On the left are the large Type-1 plasmoids, where the right column shows the progression of
a relatively small Type-2 plasmoids. Both plasmoids originate within closed field lines and
get surrounded by open field lines as they travel tailward.
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cleaner topological fallout. After being detached as a “blob” of closed flux, the Type 2
plasmoid is surrounded by disconnected field lines (status = 3, both ends in the solar wind)
even though it is located deep inside the magnetosphere. With time, the Type 2 plasmoid
moves tailward and the region of closed flux associated with the plasmoid decreases in size.
However, the region of disconnected flux in the magnetotail expands after the release of a
Type 2 plasmoid.

Another feature which can be recognized in Figure 4.4 is the stark separation between
dayside disconnected field lines and the open (status = 1 and 2) field lines on the dawn
and dusk flanks, as can be identified through the vertical demarcation at x = —40R; in
column 2. We traced 3-D magnetic field lines which suggest that this vertical demarcation
is linked to the draping of the IMF around the magnetopause. That field lines in the
magnetosheath drape around the magnetopause has been discussed in detail for Earth and
Saturn (Crooker et al., 1985; Sulaiman, Masters, Dougherty, & Jia, 2014; Sulaiman et al.,
2017) and is expected to be more pronounced at Jupiter due to the large polar flattening of
the magnetosphere (Erkaev, Farrugia, & Biernat, 1996; Farrugia, Biernat, & Erkaev, 1998;
Slavin, Smith, Spreiter, & Stahara, 1985). While our model does predict the draping of the
IMF around Jupiter’s magnetopause, the degree of polar flattening in our model is lower

than previous predictions (e =~0.3, expected to be ~0.8 according to Slavin et al., 1985).

4.3.5 Rate of change of open flux in the magnetosphere

After identifying the status of each point on the 1 R; sphere for multiple times in our
simulations, we integrate the open magnetic flux within the open field region in the northern
hemisphere of the planet. Figure 4.5a shows the variation of this calculated open flux in our
model as a function of simulation time for Parker-spiral IMF (purely By ) but different solar
wind dynamic pressures. The black points show the open flux calculated in our simulation,
while the dashed red vertical line marks the time when the introduced forward shock arrives
at the bow shock. To reveal potential correlation between plasmoid release and open flux
variations, we overlay solid lines in this figure to mark the times when plasmoid release occurs
in the simulation. We identify plasmoids in the model based mainly on the Bz component

(the normal component to the tail current sheet). A bipolar variation of By in the equatorial
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Figure 4.5: Variation of open flux in the MHD simulation, along with the rate of change.
Periods of positive rate of change of flux indicate times when dayside reconnection is dom-
inant, whereas those with negative change indicate times when nightside reconnection is
active. Alternating periods of negative and positive change signify repetitive plasmoid re-
lease.
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plane is an indication that a reconnection event has occurred in the magnetotail. Typically,
plasmoids generated in our model tend to grow in size as they move tailward. Therefore,
we further divide the identified plasmoids into two groups based on their maximum size in
the cross-tail direction (Y direction): large plasmoids which have a cross-tail width larger
than 50 R; at their maximum extent and small plasmoids whose maximum width is < 50R ;.
Green thick lines and thin blue lines represent the times when large and small plasmoids are

released, respectively.

Prior to the shock arrival at ¢ = 302 hr, the IMF along with the solar wind parameters
remain fixed. During this interval, the open flux in our model gradually builds up due to the
magnetopause reconnection. At around ¢ = 223 hr (marked by the solid green vertical line),
a relatively large plasmoid with a cross-tail width exceeding 50 R; forms in the magnetotail
that closes some of the open flux stored in the tail lobes, which can be seen as the change
of slope in the time history of the open flux. During this period, there are also a couple of
smaller-scale plasmoids (with cross-tail width < 50R;) formed, as marked by the solid blue
vertical lines in Figure 4.2. After the shock arrival at t = 302 hr, the rate at which the open
flux is added to the polar cap increases due to the enhanced solar wind convectional electric
field associated with the shock. About 25 hr after the shock impact, a large-size plasmoid
is formed and released in the tail that results in a significant reduction of the open flux.
After the impingement of the shock, the compressed magnetosphere experiences frequent
plasmoid release, both large and small. Compared to the situation seen in the simulation
during the nominal solar wind conditions where plasmoid release occurs every 20 to 50 hr,
the occurrence rate is significantly higher in the compressed case, which is of the order of one
plasmoid every few hours. A similar behavior has been seen in the MHD model of Saturn
by (Jia et al., 2012) who found more frequent plasmoid releases during periods of stronger

solar wind driving.

The time variation of the open flux provides a useful measure of how the magnetosphere
responds globally to the solar wind driving and internal dynamics. As discussed above,
dayside reconnection would add open flux to the polar cap whereas tail reconnection would
potentially close open flux stored in the tail lobes. Therefore, the time rate of change of the

open flux can be used to quantify the global reconnection efficiency, which depends on the
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difference in the reconnection rates between the dayside magnetopause reconnection and the
tail reconnection. At the beginning of the simulation, in the absence of tail reconnection, we
find that the open flux increases at a rate of ~284 kV, which corresponds approximately to

the global reconnection rate under the solar wind conditions listed in Table 3.1, column 2.

In Figure 4.5b, we show the calculated rate of change of open flux in the northern
hemisphere (status = 1), that is, d®/dt as a function of simulation time. After the shock
is introduced in the simulation, the rate of increase of open flux increases, corresponding to
a peak global reconnection potential of ~2 MV. This increase in the reconnection rate on
the dayside is primarily due to enhanced solar wind speed and increased IMF strength due
to compression and hence the convectional electric field behind the shock. At later times,
the open flux in our simulation is found to decrease and increase periodically at a period of
~20 hr, highlighting the competing influence of magnetopause reconnection (which serves
to open magnetic flux) and nightside reconnection (which decreases the net open magnetic
flux). Closer examination reveals that the decreases in open flux are also correlated with
the release of large plasmoids. Walker and Jia (2016) report on simulations of the Jovian
magnetosphere performed by Fukazawa et al. (2006) and also found quasi-periodic increase

and decrease in open flux with a similar period of ~20-30 hr.

In discussing Figure 4.2 we noted that the release of plasmoids creates a region of open
flux in the polar cap, which may seem contradictory to these findings. However, it must
also be noted that the overall size of the polar cap also depends on many other factors, such
as the difference between reconnection rate on the dayside versus the nightside. Figure 4.4
clearly demonstrates that plasmoid release increases the amount of disconnected flux in the
magnetosphere. Since the disconnected field lines, by definition, cannot magnetically map
to the northern hemisphere, they are not accounted for in our calculation for net open flux
which is done on a 1 R sphere for Jupiter (thereby only considering status = 1 type field
lines). Figure 4.4 also shows that with the increase of disconnected flux in the magnetotail,
the amount of connected open flux (i.e., status = 1 and 2) decreases. This would decrease
the overall size of the polar cap, which would lead to decreased status = 1 flux. The overall

shrinking of the polar cap can also be seen in Figure 4.2.

As time progresses the dayside and nightside reconnection rates seem to approach steady
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state, which can be seen in Figure 4.5b where fluctuations in d®/dt decrease with time.
For the compressed magnetosphere, at the end of our simulation (¢ = 400 hr) the total
open flux amounts to ~ 120 GWb. It is interesting to note that the creation of open flux
is largely due to the reconnection on the magnetopause, and the result that the net open
flux seems to reach a steady state implies that flux closure on the nightside or elsewhere is
happening in a manner expected by the terrestrial-like Dungey cycle. Although we have not
yet identified any preferential spatial location where flux closure is consistently occurring,
it is clear that both Vasyliunas cycle reconnection (detachment of plasmoids on closed field
lines) and Dungey cycle-type flux closure contribute to the circulation of magnetic flux in

Jupiter’s magnetosphere.

Plasmoids generated in Jupiter’s magnetotail may be a result of a near-planet like flux
closure event attributed to the Dungey cycle or a result of centrifugal stresses exerted on
the corotating plasma, that is, the Vasyliunas cycle, both of which may cause reconnection
onset on closed field lines. When the IMF is southward (Run 1), absence of dayside mag-
netopause reconnection would essentially shut off the Dungey cycle. However, plasmoids
are still observed in this case (not shown), and they are a direct product of the Vasyliunas
cycle. In this case the plasmoid, once generated, is constrained by the surrounding closed
field lines, and “escapes” through the magnetopause. In contrast, when the IMF is in the
Parker-spiral configuration, dayside magnetopause reconnection would add open field to the
tail lobes. In this scenario, plasmoids generated due to a tail reconnection event may induce
closure of open flux in the tail lobes (S. W. Cowley et al., 2008) regardless of the original
cause of reconnection onset. The lobe reconnection-produced field lines, which are carried
by fast-moving reconnection jets moving behind the plasmoids, would facilitate the escape
of plasmoids down tail. These findings from our Jupiter simulations are similar to those

reported for global simulations of Saturn’s magnetosphere (Jia et al., 2012).

As noted earlier, the global simulation presented here is based on an ideal MHD model,
in which no kinetic physics is included to describe reconnection. However, reconnection
does occur in MHD simulations, which is facilitated by numerical resistivity. It is interest-
ing to compare the global reconnection rate and the resultant amount of open flux in our

MHD model with prior estimates based on observations and analytical models. For instance,
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Masters (2017) presented an analytical method to estimate the total reconnection potential
at Jupiter’s magnetopause under different solar wind conditions, and he predicted a dayside
reconnection potential ranging between 200 and 1,000 kV. The reconnection potentials esti-
mated in our simulations are in general agreement with the Masters model results. Further,
based on auroral observations and magnetic field modeling, Nichols, Cowley, and McComas
(2006); Vogt et al. (2011) estimated the typical amount of open flux present in Jupiter’s
magnetosphere, and their results give a range of 300-700 GWb. The maximum amount of
open flux seen in our simulations is about 175 GWb, which is slightly lower than previous
estimates and could be related to our use of an ideal axisymmetric dipole for the planetary

magnetic field.

4.4 Summary

Our simulations show that magnetic reconnection on the dayside magnetopause at Jupiter
creates open flux in the polar caps. The open field lines are magnetically connected to the
polar regions of the planet and occupy a relatively small area poleward of the main auroral
oval.

Plasmoid release in the tail has long been suggested to be an important means of plasma
transport, and signatures of plasmoids have indeed been found in various in situ observations
in Jupiter’s magnetotail. Our global simulations also show plasmoid formation and release
due to reconnection in the magnetotail. The majority of plasmoids seen in our simulations
appear to form initially on closed magnetic field lines, consistent with the picture proposed
by Vasyliunas (1983). While differing in size, all the plasmoids produced in the simulations
develop a complex magnetic topology as they evolve and propagate downtail. As an example,
we have shown the time evolution of two plasmoids with different sizes and their mapping
to the polar ionosphere. Our magnetic mapping results support the previous hypothesis
that the complex morphology of tail plasmoids may be responsible for creating puzzling
auroral features such as arcs and filaments (Grodent, Clarke, Waite, et al., 2003; McComas
& Bagenal, 2007; Nichols et al., 2009).

As a quantitative measure of the influence of the external driver on the global magne-
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tospheric configuration, we have identified the OCB throughout our simulations by tracing
3D magnetic field lines. We have also calculated the total amount of open flux within the
magnetosphere and examine the time evolution of the open flux in response to the changes
imposed on the upstream parameters. For southward IMF, the magnetosphere has little to
no open flux, as expected. As the IMF orientation is changed to a more realistic Parker
spiral configuration, open magnetic flux starts to be added to the magnetosphere due to the
dayside magnetopause reconnection and as such the OCB in the ionosphere starts to expand
in size moving equatorward. In all the simulations present here, the OCB is found to be
always located poleward by at least a few degrees of the main oval of upward field-aligned
currents associated with corotation breakdown. The total amount of open flux is found to
peak around 200 GWb for typical Parker-spiral IMF conditions, which is about a factor of 2
smaller than previously published estimates (Vogt et al., 2011). There is a clear correlation
between the reduction of open flux and the release of plasmoids in the tail, whose occurrence
frequency appears to be affected by the solar wind convectional electric field with more fre-
quent release under stronger driving. Based on the time rate of change of the open magnetic
flux, we estimate the average potential drop associated with the dayside reconnection under
nominal solar wind conditions to be approximately 280 kV, which is about a factor of 2 lower
than previous estimates (Masters, 2017).

Our simulations also show that the frequency at which plasmoids are released in the
magnetotail increases due to higher solar wind dynamic pressure, and are more frequently
observed in a situation when the magnetosphere contains open field lines. These results
support the hypothesis that the Dungey cycle reconnection occurs in the Jovian magnetotail,
but it is not limited to certain regions in the exterior of the magnetosphere and can occur
as a result of the internally driven Vasyliunas cycle reconnection, if the field lines which
constrain the plasmoids are open to the interplanetary magnetic field. In such cases, plasmoid
release induces reconnection in the tail lobe field diffusing toward the Vasyliunas X-line, thus

accomplishing flux closure.

84



Chapter 5

Influence of the Solar-wind on

Jupiter’s Current Sheet Morphology

5.1 Introduction

Tonization of Togenic neutrals adds ~1 ton/s of mass to the inner magnetosphere of Jupiter,
which increases the content of the corotating flux tubes (Bagenal & Delamere, 2011). Strong
centrifugal forces in the equatorial regions of the Jovian magnetosphere stretch these flux
tubes in the radial direction, which leads to the formation of a disk-like current sheet at all
longitudes (Khurana et al., 2004) and distorts the magnetic field from the ‘dipolar’ configura-
tion. However, the Jovian current sheet is not static, and its location changes as a function of
radial distance and SIII longitude due to various dynamical processes in the magnetosphere.
The first such process which modifies the equatorial current sheet was discussed in Chapter
4, where we studied the implications of a thin current sheet which is unstable to the tearing
instability. The resulting multiple X-line reconnection creates O-lines and flux ropes on the
ion-inertial scale, which can coalesce to form large plasmoids; much like what has been seen
at the terrestrial magnetopause and magnetotail (Akhavan-Tafti et al., 2020; Eastwood et

al., 2005).

The second mechanism which perturbs the current sheet is related to the asymmetries in

the planetary magnetic field. Early studies of the Jovian magnetosphere, either through the
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detection of radio emissions (Carr & Gulkis, 1969) or in situ spacecraft flybys (E. J. Smith et
al., 1974), had shown that the internal field of the planet could be better described as a dipole
which is tilted with respect to the spin axis. The tilted dipole field rotates at the planetary
rotation period and introduces a ~10 hour periodicity in the magnetosphere. Magnetic
field observations made by Pioneer 10 (E. J. Smith et al., 1974) clearly show this 10-hour
periodicity in the form of a ‘square-wave’ signal in the radial component of the magnetic
field. These findings were later confirmed by Pioneer 11 (E. J. Smith et al., 1975), Voyager
1 and Voyager 2 (Behannon et al., 1981), Galileo (Khurana, 1992; Khurana & Schwarzl,
2005) and the Juno spacecraft (see e.g. Figure 5.2). With the introduction of dedicated
orbiters, namely Galileo and Juno, more sophisticated models of Jupiter’s internal field were
developed using spherical harmonics. The VIP4 model was obtained by fitting magnetic
field observations from Galileo and uses fourth order harmonics (J. E. Connerney, Acuna,
Ness, & Satoh, 1998), whereas the more recent JRMO09 field model (J. E. Connerney et al.,
2018) uses the magnetic field data obtained from Juno’s close perijove passes and uses 10th
order harmonics. The models show that the Jovian magnetic field is not dipolar and the
higher order harmonics have a substantial contribution near the planet. Figure 5.1 shows
the contours of magnetic field magnitude on the 1 bar surface of Jupiter as per the JRM09

magnetic field model.

Another mechanism which temporarily modifies the structure of the current sheet is in the
form of perturbations with frequencies smaller than that of the planet’s rotation. One such
transient perturbation relates to times when multiple current sheet crossings are observed
within an interval of roughly 1 to 2 hours. This phenomena is termed as ‘magnetotail
flapping’ and is also seen to occur in the terrestrial and Kronian magnetosphere (Volwerk et
al., 2013). Other transient perturbations which occur on timescales of a few minutes have

also been in Saturn’s magnetosphere (Martin & Arridge, 2017).

Many empirical models have been put forward to account for the variation of the Jovian
current sheet due to the non-axisymmetric internal field (see e.g Khurana & Schwarzl, 2005
and references therein). Each model has a different set of parameters which are varied to
minimize the error between the modeled current sheet location and that seen in situ by

the relevant spacecraft. Although they can be used to infer the location of the current
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Figure 5.1: Contours of the magnetic field strength (in Gauss) on a representative flattened
ellipsoid surface of Jupiter as per the JRM09 magnetic field model. The System III longitude
system is a left-handed planetocentric coordinate system often used in studies of the Jovian
system. In this system, the planetary magnetic field is constant (J. E. Connerney et al.,
2018).

sheet, these empirical models do not provide any information about its strength. On the
other hand, models have also been developed to estimate the current sheet strength and its
contribution to the distortion of the planetary field (e.g. J. E. P. Connerney, Acuna, & Ness,
1981; Pensionerov, Alexeev, Belenkaya, Connerney, & Cowley, 2019), but these models are
typically limited to the inner and middle magnetosphere and ignore the effects of finite-wave

propagation speed and hinging.

After the flybys of Voyager 1 and 2, it was discovered that the current sheet crossings
associated with a North-to-South rotation of the field were delayed compared to those as-
sociated with a South-to-North rotation of the field (Behannon et al., 1981). This led to
the development of the concept called magnetotail ‘hinging’, which proposed that instead of
following the magnetic dipole equator at large radial distances, the maximum extent of the
current sheet was limited to certain heights in the 2z direction. An example of current sheet
hinging is shown in Figure 5.3, where two current sheets are shown with and without the

hinging parameter. In a highly hinged current sheet, a spacecraft located above the z = 0
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Figure 5.2: Magnetic field and energetic particle (JEDI) measurements taken by the Juno
spacecraft in the JSS coordinate system (B,, By, By, |B|). Juno crosses the current sheet and
plasma sheet twice every rotation period, as seen in the multiple reversals of B, accompanied
with an intensification of particle fluxes separated by roughly ~5 hours. Note the different
temporal separation for north-to-south versus south-to-north crossings.
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plane would spend a majority of its time either in the northern lobe or the southern lobe. In
Figure 5.2, we show an example of a period when Juno is located predominantly in southern
magnetotail lobe (where B, < 0), and spends less time in the northern magnetotail lobe
(B, > 0) due to the hinging of the current sheet.

The current sheet models were modified to include the hinging phenomena, based on
heuristic arguments that hinging was a product of Jupiter’s magnetospheric interaction with
the solar wind and the formation of a magnetotail. Behannon et al. (1981) showed that the
inclusion of current sheet hinging decreased the RMS error between the modeled current
sheet and the in situ data, with which it was originally fitted, compared to models which
did not include hinging. Tao et al. (2005) showed intervals in the Galileo magnetometer
data where the square-wave corresponding to the periodic current sheet was not seen, which
they suggested corresponds to intervals of high solar wind dynamic pressure which increased
magnetic pressure in the magnetotail lobes and suppressed the oscillations of the current
sheet.

In the following sections a description of various empirical models used to fit the in situ

observations is provided.

5.1.1 Axial models of the current sheet

Initial models assumed that the Jovian current sheet would be located in a plane corre-
sponding to the magnetic equator of Jupiter, which would rotate at the planetary rotation
period. The expected z location of the current sheet at a given radial location in cylindrical

coordinates (p, @) could then be described simply as (Van Allen et al., 1974; Goertz, 1976),

z = —ptanf,cos (¢ — ¢q) (5.1)

Where 6, is the tilt of the assumed planetary dipole field with respect to the rotation
axis and ¢4 provides the azimuthal location of the magnetic North pole. The rigid tilted
plane model was found to be inaccurate at large distances, and the model was modified to
limit the z excursions of the current sheet at large radial distances. The first hinged current

sheet models (E. J. Smith et al., 1974; Hill, Dessler, & Michel, 1974) added a condition to
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limit these excursions beyond p > a, where a was chosen as the hinging distance and was

the only free parameter.

—ptanfycos (¢ — ¢pq), for p<a
z = (5.2)

—atanfycos (¢ — ¢q), forp>a

Or alternatively, using a tanh function,
z = —atanh (B) tan 0y cos (¢ — ¢q) (5.3)
a

An improvement was suggested by Kivelson et al. (1978) in the form of a phase delay to
the current sheet location, proportional to the distance from the wave source and has the

following functional form,
Q(p— po)

¢ = 64— — (5.4)

Where (2 is the angular velocity of Jupiter, U is the speed at which the wave travels and
po serves as the radial distance where the current sheet ceases to follow the rotating plane,
beyond which all locations perceive a delay in the arrival of the current sheet. The expected

current sheet location in the Kivelson et al. (1978) model is then given by,

—ptanfycos (¢ — ¢q), for p < pg
z = (5.5)

—ptanfgcos (¢ — ¢'), for p > po

Eviatar and Ershkovich (1976) introduced a similar model but limited the latitudinal

extent of the oscillation beyond p > py,

—ptanfycos (¢ — ¢q), for p < po
z = (5.6)

—atanfycos (¢ — ¢'), for p > po

Lastly, Behannon et al. (1981) introduced another axial model which includes the effects

of wave propagation and current sheet hinging (Equation 11 in Behannon et al. (1981)).
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However, they assumed that the wave starts propagating from the origin i.e. py = 0.

2z = —atanh (g) tan 6, cos <gz5 — ¢+ %) (5.7)

5.1.2 Non-axial models of the current sheet

Axial models were found to fit the data poorly at large distances in the magnetotail, and it
was suggested that the interaction of the magnetosphere with the solar wind may lead to a
formation of a magnetotail, where the current sheet would take the form of a rocking plane
instead of a rotating disk. However, the rocking plane model did not accurately represent
the current sheet near the planet. Behannon et al. (1981) suggested a hybrid model which
followed the magnetic equator close to the planet and took the form of a rocking plane at

large distances (also called the Rocking Plane/Rotating Disk model or RP/RD).

Q(x—a)

¢ =g — i (5.8)

2 = xsech (g) cos (¢ — ¢') + ysin (¢ — @) (5.9)

Note that the above model follows a rotating disk near the planet where ¢’ = ¢,. The
wave starts propagating at distance a at a fixed speed U, which are the two free parameters
for this model. Khurana (1992) extended the previous models by prescribing a variation in

the wave propagation speed with radial distance as follows,

v(p) = v coth (ﬁ) (5.10)

£o

which leads to the following expressions for the phase delay and the current sheet location,

¢/_¢d_9/%—¢d—if—oplncosh (%) (5.11)
z=—ptanb, - % tanh <x£> cos (¢ — ¢') (5.12)
0
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Figure 5.3: Exaggerated examples of the Jovian current sheet locations for two different
models. The Kivelson et al. (1978) model does not account for hinging of the current sheet
and hence has larger excursions with increasing distance from the planet. The Behannon
et al. (1981) model includes current sheet hinging, which limits the oscillations beyond a
certain radial distance.

The Khurana (1992) model has three parameters (v, po, o) representing the asymptotic
wave propagation speed, radial location of outflow, and the hinging point along the X-axis
to account for the interaction with the solar wind. Khurana and Schwarzl (2005) updated
the model to account for local time asymmetries and solar wind angle of attack, but the

generalization increased the number of parameters in the model.

5.1.3 Objective of this study

In Chapter 3 we showed that the Jovian magnetosphere, which was previously assumed to
be insensitive to changes in the upstream parameters, does respond to changes in the solar
wind dynamic pressure and the interplanetary magnetic field in the form of changes to the
magnetospheric configuration and strength of currents in the ionosphere. In this chapter,
we discuss the influence of the solar wind dynamic pressure on the Jovian current sheet.

Specifically, we seek to answer the following questions,

e Does solar wind dynamic pressure increase or decrease the hinging distance of the
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current sheet?

e Does solar wind dynamic pressure change the speed at which the current sheet wave

propagates outward from the planet?

e What are the differences in the response of a magnetosphere to a forward shock in the

solar wind when using an idealized versus a tilted dipole for the internal field?

In the absence of global in situ coverage, global MHD modeling is the only tool that can
support or argue against heuristic arguments on which many Jovian current sheet models
as based. In situ measurements of the Jovian magnetotail are rare, and existing empirical
models of the current sheet have been seen to agree well only during intervals of data during
which they were originally fitted. An understanding of the Jovian current sheet oscillations
is crucial to study other dynamics in the magnetotail, such as magnetic reconnection, dipo-
larizations and magnetotail flapping, which occur on shorter timescales within the dynamic

magnetotail.

5.2 Methodology

5.2.1 MHD simulations with a tilted dipole

To simulate the modulation of the Jovian current sheet, we modify the internal magnetic
field of Jupiter to take the form of a dipole which is tilted 10° with respect to the spin axis
and which rotates around it at the planetary rotation period (10 hours). The simulations
are performed in the Jupiter-Sun Equatorial coordinate system (JSE), where the rotation is
enforced about the z axis. In this system, the magnetic poles of the planet trace a circular
path around the geographic pole.

In the simulations shown in Chapters 3 and 4, we used a spherical grid. Through our
tests, we found that a spherical grid is not ideal when simulating a time-varying magne-
tosphere, where density and magnetic structures frequently cross the polar regions of the
planet where grid cells are small and have a large aspect ratio for a spherical grid. To avoid

this problem, we use a cartesian grid in the simulations performed for the present study. Like
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Run | B u p T | ps= pu?
nT | km/s | amu/cm® | K nPa
1 1031 322.04 0.062 4.3E2 0.011
2 |1 1.00 | 400.00 0.200 2.0E5 | 0.053
3 28253246 | 0.564 |8.8E5| 0.267

Table 5.1: Solar wind magnetic field strength, speed, density, temperature and dynamic
pressure used in the present study. The variables are prescribed at the upstream boundary
of the simulation at X = 192 R;. The interplanetary magnetic field is oriented along the
negative Z direction.

the previous version, we use the mesh-refinement capability of the BATSRUS MHD code to
successively refine regions of interest, such as the o torus and the low-latitude middle and
outer magnetosphere where the current sheets oscillations take place. The cartesian grid
contains roughly 19 million cells, with the lowest grid resolution of 0.125 R; present near
the planet and the Io torus.

Different upstream conditions are introduced to evaluate the response of the current sheet
to varying solar wind dynamic pressure. The properties of the solar wind used for the three
runs are tabulated in Table 5.1. The solar wind dynamic pressure increases by a factor of 5

between each run.

5.2.2 Estimating the current sheet parameters within the MHD

model

The current sheet can be identified as the locus of points in the closed magnetosphere region
where B, = 0. Its location in our model varies with radial distance and dipole phase. A
direct comparison between the current sheet location in the MHD model and the various
empirical functions shows a poor fit, as small differences in phase can lead to large differences
in the final current sheet location. Moreover, the empirical models have been observed to
perform well only for the in situ data to which they were originally fitted (Khurana, 1992;
Behannon et al., 1981). For a more accurate comparison, we use the functional form for
the various empirical models to find the set of parameters e.g. hinging distance, wave
propagation speed, etc. which reproduce best the output seen in the MHD simulations.

Then, we compare the parameters obtained by fitting the in situ data, to those obtained by
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fitting the MHD simulation results.
We consider three empirical models that incorporate different physics and assume differ-

ent functional forms as described above.

1. The Kivelson et al. (1978) model described by Equation 5.5 with two parameters - U
and pg, corresponding to the speed of wave propagation and the radial location where

the current sheet wave starts to propagate.

2. The Behannon et al. (1981) model described by Equation 5.7 with two parameters - U
and ag, corresponding to the speed of wave propagation and the radial location where

hinging is introduced.

3. The Khurana (1992) model described by Equation 5.12 with three parameters - vg, xg
and pp, corresponding to the asymptotic speed of wave propagation, the characteristic
hinging distance in the z direction and the radial location where the wave outflow

comimences.

The location of the current sheet is extracted in the noon-midnight meridian (00 LT) by
identifying the locus of points located between = [—100, —4]R; and z = [—30, 30| R; where
B, = 0. A current sheet model is then fitted to the extracted current sheet height zypp at
a given radial location p by finding the set of parameters 8 that minimizes the square of the

residual R, which is normalized to the standard deviation of the current sheet location in

the MHD model (zyup),

1 N

R=———> [2umn(p) — 2(p, 0)]; (5.13)

o (ZMHD) ;

The Levenberg-Marquardt iterative algorithm (Newville & Stensitzki, 2018; Levenberg,
1944) is used to perform the non-linear minimization for all models. We repeat the above
procedure for all simulation data files separated by an interval of 30 minutes, giving us 200
data points within a 100 hour interval for each model. Although we limit our analysis to
regions in the y = 0 plane and for < —4R; (i.e., the nightside magnetotail), we effectively

sample different phases of the current sheet due to the rotation of the dipole within each

10-hour rotation cycle. Times when a good fit to the MHD output cannot be obtained are
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Figure 5.4: An example of the current sheet extracted from the MHD model by identified
the contour line where B, = 0 (dashed black curve), along with the fitted current sheet using
the Behannon et al. (1981) form (magenta).

identified by evaluating the magnitude of model uncertainties and comparing them to the

parameter values, and are subsequently discarded.

Figure 5.4 shows the result of fitting the Behannon et al. (1981) model for the current
sheet to that observed at that instance in the MHD simulations. In this instance, the wave
velocity U and the hinging distance ay are estimated to be 20.8 R;/hour (413.0 km/s) and

32.4 Ry, respectively.

5.3 Results

We investigate the response of the current sheet parameters to the solar wind dynamic

pressure by introducing three different upstream cases which are described in Table 1.

96



0.08 A

0.07 A

0.06 A

0.05 A

0.04 -

0.03 A

0.02 4

Prob. density [hour/R/]

0.01 4

0.00

0 20

40

-—-- Pioneer 10
0.010 nPa 0.175
0.053 nPa — 0.150
0.267 nPa [i_
= 0.125
> 0
-
2 0.100
]
°
3 0.075
)
1
a. 0.050
0.025
0.000

60 80 100

U [R//hour]

-—-- Pioneer 10
0.010 nPa
0.053 nPa
0.267 nPa

20

40 60 80 100
oo [R/]

Figure 5.5: Histograms of the parameters used to fit the Kivelson et al. (1978) model form
to the current sheet in the MHD model. Different colors represent the different solar wind

dynamic pressures.

Payn | N | mean(U) | median(U) | mean(py) | median(po)
nPa Rj/hour | Rj/hour R; R;
0.010 | 177 28.06 25.83 8.14 0.00
0.053 | 270 25.57 20.94 12.15 3.74
0.267 | 143 22.17 18.93 10.88 0.00

Table 5.2: Statistics of the fits to the Kivelson et al. (1978) model shown in the histograms
in Figure 5.5. N is the total number of good fits in each case.
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5.3.1 The Kivelson et al. (1978) form

Fitting Equation 5.5 to the current sheet extracted from the simulation yield two parameters
- the wave propagation speed U and the radial location where wave propagation begins py.
The parameters which fit best the simulation results are plotted in a histogram in Figure 5.5
for the three dynamic pressures and their properties are shown in Table 5.2. The number
of simulation times for which a good fit is obtained varies between the different runs. For
a meaningful comparison, we show the probability density instead of the total number of

events in each bin (i.e. in our case the area under each histogram sums to unity).

The histograms for the wave propagation speed show a range of possible values, from ~10
Ry /hour (198.6 km/s) to ~ 60R;/hour (1191.5 km/s), though the distribution is skewed to
lower values. With increasing dynamic pressure, the distribution shifts more to lower values,
indicating that the wave propagation speed is lower during intervals when the solar wind
dynamic pressure is high. This can also be seen in Table 5.2, where higher solar wind dynamic
pressure is seen to decrease the mean and median value of U, from ~ 28.06 R;/hour (557.24
km/s) to ~ 22.17 R;/hour (440.27 km/s). Also shown in Figure 5.5 is the U value obtained
by Kivelson et al. (1978) by fitting the Pioneer 10 data, which is 42.29 R;/hour or 840 km/s.
The velocity in our simulations is roughly a factor of 2 less than these results, which could

be due to different magnetospheric or external conditions.

On the other hand, the distribution of py in the MHD model overwhelmingly favours low
values and is insensitive to change in the solar wind dynamic pressure. Low py values imply
that the current sheet wave begins propagating at a finite speed very close to the planet. The
mean and median values of py as shown in table 5.2 are ~ 10 R; and ~ 0 R, respectively,
indicating that although there are some outliers, majority of the fits for low and high solar
wind dynamic pressure favour near-zero values for py. A moderate increase is seen for the
intermediate case of 0.05 nPa, where the mean and median values increase to 12.74 R; and
3.74 Ry, respectively. Although our model predominantly favours near-zero values of py,
all histograms show a small peak near 20R;. In comparison, the Pioneer 10 observations
(shown in black dashed lines in Figure 5.5) estimate this outflow to begin from a distance of

~ 14 R; (Kivelson et al., 1978).
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Figure 5.6: Histograms of the parameters used to fit the Behannon et al. (1981) model
form to the current sheet in the MHD model. Different colors represent the different solar
wind dynamic pressures.

Payn | N | mean(U) | median(U) | mean(ag) | median(ao)
nPa Rj/hour | Rjy/hour R; R;
0.01 | 188 33.04 29.41 2410.45 68.67
0.05 | 290 25.45 22.28 3411.81 78.19
0.27 | 161 22.22 19.62 1986.96 75.19

Table 5.3: Statistics of the fits to the Behannon et al. (1981) model shown in the histograms
in Figure 5.6. N is the total number of good fits in each case.

5.3.2 The Behannon et al. (1981) form

This model described by Equation 5.7 contains two parameters - the wave propagation speed
U and the distance ag beyond which the current sheet is hinged, i.e. the radial location beyond
which its maximum extent in the z direction is limited. As before, we show the normalized
histograms of these parameters in Figure 5.6.

Similar to the result obtained when using the Kivelson et al. (1978) form, the propagation
speed of the current sheet wave varies between 15 to 50 R;/hour. For lower solar wind
dynamic pressure (0.010 nPa), the mean of the distribution is located at 33.04 R;/hour

(656.13 km/s) and shift to lower values for higher solar wind dynamic pressure to 22.22
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Rj/hour (441.26 km/s). The median values of U also decrease with increasing solar wind
dynamic pressure from 29.41 to 19.62 R;/hour. Histograms for U for the three different
cases clearly show the shift to lower values as the dynamic pressure of the solar wind is
increased (Figure 5.6). For comparison, the fits from the Voyager 1 and 2 flybys estimate
the wave speed to be 53 and 71 R;/hour (or 1052.52 and 1409.98 km/s), respectively, which
is roughly 2 to 3 times the values obtained from our simulations. Note that the previous
study by Kivelson et al. (1978), which used data from the the Pioneer 10 flyby estimated U
to be roughly 840 km/s, which is lower than the Voyager results.

The hinging parameter aq also exhibits large variations, with most values ranging between
0 to 100 R, although there are some outliers with values > 1000R ;. In this case, large values
of ag would indicate that the current sheet hinges at large radial distances. There is a large
discrepancy between the mean and median values, the former ranging between 1986.96 R,
to 3411.81 R; and the latter ranging between 68.67R; to 78.19R; for the three runs. Large
values of ag are not unrealistic, as they represent the extreme case of a not-hinged current
sheet when ay — oo. The calculation for average ay may be biased toward these larger
outliers, but the relatively reasonable values of the mean of the distribution show that the
majority of fits favour hinging distances around ~ 70 R;. The corresponding values from
the Voyager 1 and 2 flybys also result in similar values of 64 R; and 39 R, respectively.
Unlike the case for U, no clear relation is seen between the solar wind dynamic pressure and
the properties of the ag distribution. As the solar wind dynamic pressure is increased from
0.01 to 0.05 nPa, the mean and median aq increase from 2410.45 R; and 68.67 R; to 3411.81
Rjand 78.19 R, but then decrease as the dynamic pressure is increased further to 0.27 nPa
to 1986.96 R; and 75.19 R;. No clear shift towards larger or smaller values is seen in the

histograms for ay between the three runs.

5.3.3 The Khurana (1992) form

The model described by Equation 5.12 contains three parameters - the asymptotic wave
propagation speed vy, the radial location where the current sheet wave starts to propagate
po, and the characteristic hinging distance in the x-direction, xy. Histograms of these pa-

rameters, which best fit the results from different times in the MHD simulation are shown
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Figure 5.7: Histograms of the parameters used to fit the Khurana (1992) model form to the
current sheet in the MHD model. Different colors represent the different solar wind dynamic
pressures.

Payn | N | mean(vg) | median(vy) | mean(pp) | median(pg) | mean(zg) | median(zg)
nPa Rj/hour | Rj/hour R; R; R; Ry
0.01 | 58 34.08 28.90 137.03 52.62 -43.97 -36.49
0.05 | 105 26.16 12.09 210.03 87.48 -199.34 -49.41
0.27 | 43 43.25 50.84 78.23 22.10 -101.96 -46.13

Table 5.4: Statistics of the fits to the Khurana (1992) model shown in the histograms in
Figure 5.7. N is the total number of good fits in each case.
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in Figure 5.7. Since this model has three parameters, the least-squares minimization is less
robust at finding the global minima, which could explain the different behaviour as compared

to the other models.

Unlike the previous two models, the asymptotic wave propagation speed vy does not show
a preference and ranges between 0 to 100 R;/hour. Unlike the previous models, which show a
clear correlation between increasing solar wind dynamic pressure and decreasing wave speed,
no correlation was seen in this model. The average speed for different solar wind dynamic
pressures were found to be 34.08 R;/hour (676.79 km/s), 26.16 R;/hour (519.50 km/s) and
43.25 Rj/hour (858.89 km/s), which is close to the value obtained by Khurana (1992) of
37.4 Ry/hour (742.7 km/s).

As seen in the Kivelson et al. (1978) model case, this model too favours low values of py,
which can be seen in the histogram for all three dynamic pressure cases showing a strong
peak at ~ 30 R;, however, there are more outliers in this case as shown in the higher values
of the average compared to the median, which are 52.62 R;, 87.48 R; and 22.10 R, for the
three dynamic pressure cases, respectively. In comparison, Khurana (1992) obtain a value

of 33.2 R;, which matches well with the peak of the distribution.

The hinging distance xy shows a similar range as for the Behannon et al. (1981) model,
with the key difference being that z, is shown as negative values (as z is negative in the
magnetotail), whereas ag is applied to all longitudes and is a radial coordinate. The histogram
of xy shows a preference for distances closer to the planet, but is spread over between -10 to
-170 R, in the magnetotail. The mean of the distribution of the three solar wind dynamic
pressure cases are —43.97 Ry, —199.34 R; and —101.96 R, respectively, whereas the median
ranges from —36.49 R;, —49.41 R; and —46.13 R;. These values match well the result by
Khurana (1992), who found zy to be —33.5 R;. There is considerable overlap between the
histograms in all three cases, and no clear correlation can be identified between the value of
2o and solar wind dynamic pressure.

Overall, the Khurana (1992) gives values which are reasonable, but the different behaviour
of vy compared to the previous models hints that the minimization process was less robust
when the number of parameters to fit was increased. In all cases discussed above, the

considerable spread in the hinging parameter (ao for the Behannon et al., 1981 case and
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xo for the Khurana, 1992 case), and its insensitivity to the solar wind dynamic pressure,
compared to the relatively less spread in the wave propagation speed (U and vg) suggests

that the wave speed plays a more important role in determining the current sheet structure.

5.3.4 Changes in plasma parameters due to solar wind driven com-

pression

In Figures 5.8-5.14, we show contours of different plasma parameters such as mass density,
temperature, magnetic field strength, and the Alfven, sound and magnetosonic speeds to
understand how solar wind dynamic pressure influences wave speeds in the magnetosphere.
All figures are split into two columns; the left column shows the YZ plane (dawn-dusk
meridian) whereas the right column shows the XZ plane (noon-midnight meridian). The
current sheet (where B, = 0) is highlighted in each figure as a white line. Different rows
represent the three different solar wind dynamic pressures in increasing order as shown in
Table 5.1. All plots were made at a time when the magnetic moment of the dipole was
entirely in the XZ plane and pointed sunward.

Figure 5.8 shows the contours of plasma density p,, in units of amu/cm?. As expected,
the magnetosphere is compressed and reduces in size as the solar wind dynamic pressure
is increased, which can be seen by identifying the bow shock and magnetopause regions
as two discontinuities characterized by sharp density gradients. The density also increases
drastically in the magnetosheath, but also increases in the other regions of the magneto-
sphere, including its deep interior (panel F). Note particularly the magnetotail lobe regions
surrounding the current sheet (white curve), which have a density of ~ 0.1 amu/cm? for the
0.011 nPa case and which increases to > 2 amu/cm? for the 0.267 nPa solar wind dynamic
pressure case.

One can also see the different behaviour of the current sheet in panels D, E and F of
Figure 5.8 (solid white curve). For the 0.011 nPa case, the current sheet oscillations appear
more gradual, and a minima and maxima are separated by ~ 200 R;. In constrast, for
the 0.267 nPa case, the current sheet oscillates more strongly, with a maxima and minima

separation (or the effective half-wavelength) of only about 50 R;. In panel F, at around
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Figure 5.8: Plasma mass density contours in the x = 0 (YZ) plane (A-C) and in the y =0
(XZ) plane (D-F) for different solar wind dynamic pressures. The current sheet is highlighted

as a solid white curve.
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x = —200 Rj; the oscillations of the current sheet break into disjoint curves, which are a

result of plasmoid generation due to magnetic reconnection.

In Figure 5.9, we show the contours of plasma temperature T'= p/nkp in eV, assuming
an ion mass of 16 amu. The choice for ion mass has no bearing on our overall result except
a scaling of the temperature calculated using the ideal gas approximation and was chosen
since most plasma inside the Jovian magnetosphere is composed of heavy ions, sulphur and
oxygen. The absolute value of temperature in this analysis is not as crucial as the relative

change.

As expected, a larger solar wind dynamic pressure creates a stronger bow shock and
increases the temperature in the magnetosheath regions. However, we also find that despite
an increase in density (as seen in Figure 5.8), the plasma temperature in the magnetotail
increases by almost two orders of magnitude between the case of 0.011 nPa and 0.267 nPa,
from 100 eV to ~5000 eV, for e.g. at © = —200 R;. This increase in plasma temperature
is also seen in the magnetotail lobes (panels D, E and F), which we discussed previously as

having increased in density by a factor of 10 to 20 due to the solar wind compression.

In Figure 5.10, we show contours of the magnetic field strength in n'T. Unlike the previous
cases for density and temperature, the magnetic field does not exhibit drastic changes due
to the solar wind compression. However, an increase in field strength can be seen in panels
D, E and F in the magnetotail lobes, e.g. at x = —100 R; and z = —50 R; from 3.2 nT to
4.3 nT and 4.1 nT, respectively; likely due to the increased magnetic pressure in the lobes

to balance the higher solar wind dynamic pressure outside the magnetopause.

Knowing the magnetic field strength and plasma density, we can calculate the Alfven
speeds in the MHD simulation. Its contours are shown in Figure 5.11 in units of km/s. The
smallest Alfven speed in the magnetotail are found at the current sheet, where the magnetic
field is weak. The results from our MHD simulation clearly show that Alfven speeds in the
magnetotail lobes, surrounding the current sheet, reduce due to a solar wind compression.
For example, at the same location at *+ = —100 R; and z = —50 R, the Alfven speed
reduces from ~ 422 km/s to ~ 205 km/s as the solar wind dynamic pressure is increased
from 0.011 nPa to 0.267 nPa. The region of high Alfven speed, highlighted via red contours,

is seen to shrink with increased solar wind dynamic pressure. This counter-intuitive result
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Figure 5.9: Contours of plasma temperature in the x = 0 (YZ) plane (A-C) and in the
y = 0 (XZ) plane (D-F) for different solar wind dynamic pressures. The current sheet is
highlighted as a solid white curve.
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Figure 5.10: Magnetic field strength contours in the z = 0 (YZ) plane (A-C) and in the
y = 0 (XZ) plane (D-F) for different solar wind dynamic pressures. The current sheet is

highlighted as a solid white curve.
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Figure 5.11: Alfven speed contours in the x = 0 (YZ) plane (A-C) and in the y = 0 (XZ)
plane (D-F) for different solar wind dynamic pressures. The current sheet is highlighted as

a solid white curve.
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can be explained by the relative changes in B and p; the increase in plasma density during
the 0.267 nPa case is much larger than the corresponding increase in magnetic field strength

in the magnetotail lobes.

The sound speed can also be calculated from the model using the plasma pressure and
density, and its contours are shown in Figure 5.12. Unlike the Alfven speed, which is smallest
at the current sheet, the sound speed inside the current sheet and associated plasma sheet is
seen to be greater than in the surrounding magnetotail lobes. Increasing solar wind dynamic
pressure increases the sound speed in all regions of the magnetosphere, which is expected as
it is closely related to the plasma temperature, which we discussed increased by two orders

of magnitude between the 0.011 nPa and 0.267 nPa case (Figure 5.9).

The Alfven speed in the magnetotail is seen to decrease with increasing solar wind dy-
namic pressure (Figure 5.11), whereas the sound speed is seen to increase (Figure 5.12),
and this diverging behaviour needs to be further investigated. In Figure 5.13, we show the
contours of the ratio of the Alfven speed to the sound speed. In the majority of the inner
and middle magnetosphere, the Alfven speeds are high and are larger than the sound speed
by 1 to 2 orders of magnitude. However, this characteristic of the magnetosphere changes
for higher solar wind dynamic pressures. Panels D, E and F of Figure 5.13 clearly show
that with increasing solar wind dynamic pressure, the ratio of the Alfven speed to the sound
speed decreases in all regions of the magnetosphere. Some regions in the outer magneto-
sphere which were previously dominated by the Alfven speed (v4/vs & 20) for the 0.011 nPa
case now have sound speeds comparable to the Alfven speed (v4/vg = 1) for the 0.267 nPa

case, e.g. at x =100 R; and z = —50 R;.

The fastest wave mode in the ideal MHD system is the fast magnetosonic mode, whose
speed can be calculated using the Alfven and sound speeds (Vs = \/m) The mag-
netosonic mode would represent the fastest means by which a location in the distant mag-
netotail would perceive a change in the orientation of the dipole, and hence is crucial to
understanding the oscillations of the current sheet. The contours of v,,s are shown in Figure
5.14, which can now be understood based on the changes in the individual components i.e.
the Alfven speed and the sound speed, and ultimately the basic plasma properties such as

density, temperature and magnetic field strength.
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Figure 5.12: Contours of the sound speed in the z = 0 (YZ) plane (A-C) and in the y =0
(XZ) plane (D-F) for different solar wind dynamic pressures. The current sheet is highlighted
as a solid white curve.
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Figure 5.13: Contours of the ratio of the Alfven speed to the sound speed in the z = 0 (YZ)
plane (A-C) and in the y = 0 (XZ) plane (D-F) for different solar wind dynamic pressures.
The current sheet is highlighted as a solid white curve.
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Figure 5.14: Contours of the magnetosonic speed in the z = 0 (YZ) plane (A-C) and in
the y = 0 (XZ) plane (D-F) for different solar wind dynamic pressures. The current sheet is
highlighted as a solid white curve.
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Note that the wave speeds for semi-relativistic MHD do not have closed form expressions,
so in these calculations we apply a simple correction to the conventional wave speeds as
v :=yv where y =1/ Jl—l—?z/c2 , and assume that regions in the middle magnetosphere and
beyond have wave speeds much smaller than the speed of light and can be analyzed using
the conventional expressions for the Alfven and sound speed. The maximum contour line
shown in Figures 5.11 and 5.14 (deep red) is 10000 km /s which is still only 3% of the speed
of light and occupies a small region located at » < 15 R; in the polar regions of the planet.

The contours of the magnetosonic speed are similar to those observed for the Alfven speed,
which is not surprising as the Alfven speed is much larger than the sound speed in the inner
and middle magnetosphere. Like the Alfven speed, it is smallest near the oscillating current
sheet and increases in regions with large magnetic field strength i.e. the magnetotail lobes
and the near-planet regions. Increasing solar wind dynamic pressure from 0.011 to 0.053 nPa
and ultimately to 0.267 nPa, is seen to decrease the magnetosonic speed at all locations in
the magnetotail, including at the regions where the sound speed exceeds the Alfven speed.
For example, at x+ = —100 R; and z = —50 R, the magnetosonic speed decreases from
422.67 km/s to 340.26 km/s and 283.23 km/s respectively for the three different cases.

A comparison of plasma properties at a fixed location in the magnetotail is shown in
Table 5.5. In the next section we will discuss the implications of these results and their

influence on the current sheet parameters obtained in the previous sections.

5.4 Discussion

Figures 5.5 and 5.6 show that the speed of the current sheet wave, which propagates outward
from the planet, decreases as the solar wind dynamic pressure is increased. This is also seen
physically in panels D, E and F or Figure 5.8, which show that the during periods of high
solar wind dynamic pressure (0.267 nPa), the current sheet is more wavy than for periods
during low solar wind dynamic pressure (0.011 nPa). At the same time, the degree of hinging,
inferred by the maximum extent of the current sheet in the positive and negative z directions,
remains roughly the same. However, the simple constant value for U is a construct for the

given form of the empirical models, and in reality the current sheet oscillations are a result
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Solar-wind Dynamic Pressure pg = (pu?)s, (nPa) | 0.011 | 0.053 | 0.267
Density p (amu/cm?) 0.028 | 0.089 | 0.196

Magnetic Field Strength B (nT) 3.242 | 4.346 | 4.149
Temperature 1" (eV) 48.57 | 1520.57 | 3937.7
Alfven Speed vy (km/s) 422.11 | 317.88 | 205.14
Sound Speed vg (km/s) 21.69 | 121.35 | 195.29
Magnetosonic Speed vyrs (km/s) 422.67 | 340.26 | 283.23

Ratio of Alfven to Sound Speed (v4/vg) 19.46 2.61 1.05

Table 5.5: Plasma properties at a point located at x = —100R;, y = 0 and z = —50R; in
the magnetotail at the simulation times shown in Figures 5.8-5.14.

of the interaction of many large scale MHD waves which originate from the planet due to
the time-varying internal field. Nevertheless, the decreasing value of U suggests that wave
speeds in the magnetosphere are affected due to the solar wind compression.

In Figure 5.8, we showed that during periods of high solar wind dynamic pressure, the
density in the magnetosphere increases by a factor of 10 to 20, which reduces the Alfven
speeds in the magnetotail lobes (Figure 5.11) despite a slight increase in the magnetic field
strength (Figure 5.10) due to the solar wind driven compression. This behaviour is replicated
in the fast mode speed (Figure 5.14), as the Alfven speeds in magnetotail are usually much
larger than the sound speed (Figure 5.12).

Based on these findings, we suggests that an increase in solar wind dynamic pressure,
which has always been commonly assumed to increase the magnetic stress in the magnetotail
lobes and hence the Alfven speed, may reduce the wave speeds for the Alfven and the fast
mode. This could have a direct implication on the wavy-ness of the current sheet, as lower
values of U would decrease the effective wavelength of the up-down oscillations.

No correlation is seen between the hinging distance and solar wind dynamic pressure,

and the model fits show a broad distribution of possible values (Figures 5.6 and 5.7).

5.5 Summary

The non-axisymmetric internal magnetic field of Jupiter introduces a 10-hour periodicity to
the magnetosphere, which has been observed in the form of periodic current sheet crossings by

in-situ spacecraft. Various empirical models have been constructed to describe the oscillating
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motion of the current sheet, focusing mainly on three parameters - the speed at which the
current sheet wave propagates from the planet, the source location for the wave, and the
distance beyond which the current sheet is hinged, i.e. its excursions in the z-directions do
not fully follow the dipole equator but are limited to smaller z values. These models were
the first to suggest that solar wind dynamic pressure was directly responsible for the hinging
of the current sheet; a phenomena that limits the current sheet oscillations at large radial
distances.

Using time-accurate simulations of the Jovian magnetosphere that include the 10° dipole
tilt of Jupiter’s internal dipole relative to its rotation axis, we have investigated the influence
of solar wind dynamic pressure on the oscillations of the tail current sheet by systematically
introducing different upstream conditions. As the current sheet location is sensitive to small
differences in dipole phase and other wave properties, we do not compare the current sheet
location directly with the previously published empirical models, which have been seen to
represent the current sheet well only during intervals for which they were originally fitted.
Instead, we use the functional form of the empirical models and fit them to the current
sheet locations extracted from the MHD simulation, which allows us to extract the hidden
parameters such as the wave speed and hinging distance in our model.

We find that despite large changes in the solar wind dynamic pressure (from 0.011 nPa
to 0.267 nPa), the hinging distance in the MHD simulation does not exhibit a clear trend
toward increasing or decreasing values.

On the other hand, the speed of the current sheet wave clearly decreases during periods
of large solar wind dynamic pressure, which increases the wavy nature of the current sheet.
This result is counter-intuitive, as it was expected that during periods of compression, the
stressed magnetotail would have large Alfven speeds, which would facilitate the travel of
MHD waves from the planet. However, our results show that due to the increase in plasma
density inside the magnetosphere during a solar wind driven compression, the Alfven speed
and the magnetosonic speed decrease in most regions of the magnetotail. This decrease in

wavespeed, we argue, would reduce the wavelength of the current sheet oscillations.
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Chapter 6

Magnetic Reconnection Observed by

Juno

6.1 Introduction

Magnetic reconnection in the magnetotail results in the formation of helical or loop-like
magnetic structures called plasmoids, which contain strong plasma pressure gradients that
maximize along the central axis and balance the magnetic forces directed inward (Hones et
al., 1984; Kivelson & Khurana, 1995; Slavin et al., 1989). However, a subset of plasmoids,
called “flux-ropes”, lack strong pressure gradients in their interior, and the magnetic force
of the outer wraps is balanced by the strong axial core field present at their center (Moldwin
& Hughes, 1991; Sibeck et al., 1984). Flux ropes in which magnetic stresses are completely
self-balancing are referred to as “force-free” as J x B = Vp = 0. These force-free flux ropes
correspond to the minimum energy state for a plasmoid that all such structures will evolve
toward with increasing time (Priest, 2013; Taylor, 1974). Plasmoids which lack a core field

and possess weak magnetic fields at their center compared to their surroundings are termed

*Parts of this chapter were published in - Sarkango, Y., Slavin, J. A., Jia, X., DiBraccio, G. A., Gershman,
D. J., Connerney, J. E. P., Kurth W. S., & Hospodarsky G. B. (2021). Juno observations of ion-inertial scale
flux ropes in the Jovian magnetotail. Geophysical Research Letters, 48, e2020GL089721
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“O-lines”.

Decades of in situ observations in the terrestrial magnetosphere, together with kinetic
simulations (Drake, Swisdak, Che, & Shay, 2006; Drake, Swisdak, Schoeffler, et al., 2006),
have revealed that magnetic flux ropes in the night-side plasma sheet can range in size from
order 1 to 10 Earth radii (Ieda et al., 1998; Slavin, Owen, Kuznetsova, & Hesse, 1995)
to below the local ion inertial length, which is typically on the order of hundreds of km
(Eastwood et al., 2016; Sun et al., 2019). The latter are produced due to simultaneous
magnetic reconnection occurring at multiple X-lines due to the tearing instability acting
on a current sheet that has thinned to between the ion- and electron-inertial length scales
(Daughton et al., 2011; Drake, Swisdak, Che, & Shay, 2006; Lapenta, Markidis, Goldman,
& Newman, 2015). A similar dichotomy in flux rope size is seen at Mercury (DiBraccio et
al., 2015; Slavin et al., 2009; Zhong et al., 2019), whose magnetosphere is closest to that
of Earth with tail reconnection being driven by a Dungey-type (Dungey, 1961) magnetic
flux transfer cycles, but also possesses differences related to its proximity to the Sun and its
lack of an ionosphere. Small-scale flux ropes play an important role in energizing electrons
and ions, which can undergo both, adiabatic acceleration due to the evolving flux rope
structure (Drake, Swisdak, Schoeffler, et al., 2006; Le, Karimabadi, Egedal, Roytershteyn, &
Daughton, 2012; Zhong et al., 2019) and nonadiabatic acceleration due to electromagnetic

turbulence (Kronberg et al., 2019).

Plasmoids and flux ropes have also been observed at Jupiter (Kronberg et al., 2007,
2008; Russell, Khurana, Kivelson, & Huddleston, 2000; Vogt et al., 2010, 2014; Woch et
al., 2002), Saturn (Jackman, Slavin, & Cowley, 2011), and Uranus (DiBraccio & Gershman,
2019). Especially for Jupiter, Dungey-cycle reconnection is considered to play a minor role
(S. W. Cowley et al., 2008; McComas et al., 2007) and plasmoid release is facilitated pri-
marily by the centrifugal force associated with mass loading and the energization of fresh
plasma. Closed field lines on the Jovian nightside stretch freely, thinning the equatorial
current sheet and in the process initiating reconnection and the release of plasmoids down
the magnetotail (S. W. H. Cowley, Nichols, & Jackman, 2015; Kivelson & Southwood, 2005;
Vasyliunas, 1983). However, single-spacecraft measurements cannot provide reliable esti-

mates on the three-dimensional structures of the Jovian plasmoids. Despite the limitations,
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it was estimated that plasmoids with diameters between 2 and 20 R; and cross-tail width
between 40 and 70 R; (Vogt et al., 2014) could only account for a loss of ~30-210 kg/s,
which is significantly less than the production at Io, estimated to be between 250 and 1000
kg/s. This discrepancy could be a result of the underestimation of the size of the event
(S. W. H. Cowley et al., 2015) or indicate a different loss mechanism altogether-cither a
diffusive “drizzle” across weak magnetotail field lines or recurring release of small plasmoids

(Bagenal, 2007; Kivelson & Southwood, 2005).

Plasmoids and flux ropes observed so far in the Jovian magnetosphere have been fairly
large. The mean duration of the observed plasmoids and flux ropes observed by the Galileo
spacecraft at Jupiter was determined by (Vogt et al., 2014) to be 6.8 min and by (Kronberg
et al., 2008) to be between 10 and 20 min (The two studies use different definitions for the
duration of a plasmoid event). (Vogt et al., 2014) estimated the average diameter of the
plasmoid to be ~2.6 Ry (where 1 R; = 71492 km) or 1.85 x 10° km, though they note
that because of single-point measurement limitations, these plasmoid sizes could be larger.
Assuming that the equatorial plasma density at a distance of 90 R; downtail is ~ 0.01 cm™3
(Bagenal & Delamere, 2011) and that the plasma is made up of mostly ST, ST+ O% and
H* ions (Kim et al., 2020), we can approximate a mass of 16 amu for the average singly
charged ion and estimate an ion inertial length (d; = c/w,;, where w,; = /€2Z%n;/egm; is
the ion plasma frequency) of ~10% km, which is at least an order of magnitude smaller than
the diameter of the plasmoids seen by Galileo. Considering that the Galileo magnetometer

had a cadence of a few seconds per vector, it would have been difficult to detect sub-ion

scale flux ropes or O-lines, whose in situ signatures would last only a few seconds.

The dichotomy seen at the other planets and in simulations of reconnecting fields leads
to a natural question of whether ion-scale flux ropes exist in the Jovian magnetotail and if
they can be identified using the high-resolution capabilities of the Juno instrument suite.
Recent plasmoid observations by the Juno spacecraft reported by (Vogt et al., 2020) have
corroborated the Galileo observations, in that large plasmoids lasting several minutes on
average were observed. In this work, we extend upon previous Galileo and Juno investigations
and discuss our search for ion-inertial scale flux ropes in the Jovian magnetotail. We show

examples of promising candidates in the form of magnetic field, waves and energetic particle
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observations, and construct of survey of ion-inertial scale events to compare with previously

published work.

6.2 Methodology

We use high-resolution magnetometer data in the Jupiter De-Spun Sun (JSS) coordinate
system. The 7 axis for the JSS system is aligned with Jupiter’s north pole, X points toward
the sun and Y completes the right-handed coordinate system. Also used are the correspond-
ing magnetic field components in the spherical polar JSS system (B,, By, By) referring to
the radial, co-latitudinal and azimuthal directions. The Juno Magnetometer investigation
measures the magnetic field strength and direction ambient to the spacecraft using boom-
mounted fluxgate magnetometers (J. E. Connerney et al., 2017) and measures at rates of
16-64 vectors/second. These high cadence rates are significantly greater than what was
returned by the Galileo magnetometer (between 24 and 60 s per vector, e.g., Vogt et al.,
2010, 2020) and they allow us to study smaller scale structures durations down to ~100 ms.
We also use data from the Juno Waves instrument (Kurth et al., 2017), which measures
the fluctuations in the electric field between 50 and 40 MHz and in the magnetic field from
50 and 20 kHz. We use the low frequency cutoff for the continuum radiation to infer the
electron density (Barnhart et al., 2009).

The magnetic field observations are also supported by plasma observations made by the
JEDI energetic particle detector (Mauk, Haggerty, Jaskulek, et al., 2017), which measures
fluxes of the electrons in the energy range between 25 keV to 1 MeV, protons in the range
of 10 keV to 2 MeV and oxygen and sulphur ions in the range of 45 keV to 10 MeV. Three
JEDI instruments are located on the Juno spacecraft. Each instrument contains 6 solid-state
detectors (SSDs), which measure the flux and can provide an estimate of the particle travel
direction. The Juno spacecraft’s primary mission was to understand the near-planet polar
regions, and hence, JEDI data rates for the outer magnetosphere are lower to accommodate
data transfers during this portion of the Juno orbit (Mauk, Haggerty, Jaskulek, et al., 2017).

Juno orbits Jupiter in a highly elliptical trajectory, with each perijove pass separated by

~53 days. However, Juno spent a reasonable amount of time in the equatorial region (Figure
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Figure 6.1: The trajectory of the Juno spacecraft in the Jupiter system is shown in panels
a, b, and c. Superimposed on panel b are magnetic field lines extracted from the MHD
simulation described in previous chapters. The location for two flux rope events are identified
and the directions of minimum, intermediate and maximum variance are highlighted via
arrows. In panel d), we show the expected magnetic signature of a tailward moving O-line
versus a flux rope.
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6.1), which enabled it to capture multiple current sheet crossings on every inbound pass.

In this study, as in Vogt et al. (2010, 2014), positive values of By indicate a field pointing in
the negative Zjgg direction at the equator. In the quiet state with Jupiter’s magnetic moment
pointing north, the equatorial magnetic field is primarily in the positive By (negative Zjss,
assuming no current sheet tilt) direction. The magnetic signature of a tailward-moving
plasmoid passing over a spacecraft near the equatorial plane is primarily observed in the
By component as a slight increase and subsequent reversal to negative values (e.g., Figure
6.1d for the signature of a tailward moving plasmoid). As the plasmoid passes over the
spacecraft, the return to positive values can either be symmetric, hinting at reconnection
occurring in closed field lines, or gradual, indicative of a postplasmoid plasma sheet that
is formed when reconnection has progressed to the tail lobes (Jackman et al., 2011; Jia et
al., 2012). Conversely, planetward moving plasmoids would exhibit the opposite signature,
that is, an increase of By in the negative direction and a reversal to positive values. If the
plasmoid possesses a core field, it should typically be identified by a peak in the cross-tail
component, either B, or B, as well as a corresponding peak in the magnetic field strength
which roughly matches the time where the reversal in By is observed. Most plasmoids
observed in Jupiter’s plasma sheet (e.g., Vogt et al., 2014, 2020) lack an axial core field and
are identified as O-lines. This result is similar to what has been observed at Saturn (Jackman
et al., 2011) and could be due to large plasma pressure in a high /5 plasma and their primary
role of carrying plasma away from these planets and balancing the plasma derived from their

moons (S. W. H. Cowley et al., 2015; Kivelson & Khurana, 1995).

Using the high-resolution Juno data, we searched for bipolar variations in the By compo-
nent in proximity to current sheet crossings to identify flux rope signatures which are roughly
1 min or less in duration. Current sheet crossings (identified by a reversal in B,.) are observed
only during the planet bound phase of Juno’s trajectory with a periodicity of roughly 10
h, which reduces the search duration. As reported by (Vogt et al., 2020), Juno frequently
observed bipolar variations in By close to current sheet crossings. This is more evident in the

high-resolution data and we show two promising examples in this study (Figures 6.2-6.4).
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6.2.1 Minimum variance analysis

The minimum variance analysis (MVA) can be used to identify the orientation of a flux rope
with respect to the magnetotail (Sonnerup & Cahill, 1967). For the given time interval, the

covariance matrix M?>*3 is first estimated as,

Mi; = (BiB;) = (Bi)(B;) i,j € {z,y,2} (6.1)

The eigenvectors of the covariance matrix, M - xy, x5, and Xy, represent the directions
of minimum, intermediate and maximum variance, respectively. For magnetic flux ropes,
which possess a helical field on the outside and a unidirectional axial field on the inside, the
axial direction can be inferred using the eigenvector of intermediate variance (x57). There
are additional criteria required to identify a flux rope using MVA: A bipolar signature in the
maximum (By) varying component should be present and the eigenvector of the maximum
variance should be predominantly in the direction normal to the current sheet. The ratio
of maximum to intermediate (A;/Ay/) and intermediate to minimum (Ay;/Ay) eigenvalues
must be relatively large (ideally larger than 3 or 4, e.g., Lepping, Jones, & Burlaga, 1990)
for the orthogonal coordinate system to be well-defined. A rotation should be observed in
the By; - By hodogram. An almost zero By indicates that the spacecraft passed close to
the center of the flux rope or O-line. For a flux rope, the core field should be seen as an
enhancement in the Bj; component, whereas for an O-line, a local minimum in the B,

component would be seen.

Recently, Rosa Oliveira, da Silva Oliveira, Ojeda-Gonzélez, and De La Luz (2020) have
put forward a new metric to verify the degeneracy of the eigensystem using a single parameter

P and suggest that P > 4.5 is sufficient to verify the consistency of the MVA analysis.

VAL~ V) (VA = VW) (VAL = VAw)

P — 100 x
AL

(6.2)
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6.2.2 Force-free flux rope fitting

Under the force-free assumption, pressure gradients and the J x B force are considered to
be negligible. In this case, the Lundquist solutions can be used to model a circular force-free

flux rope (Lepping et al., 1990; Slavin et al., 2003) as

Ba = ByJy (ar) (6.3)
BT = B()Hjl (Oé’l“) (64)

Where B, and Br are the axial and tangential field components, By is the maximum
core field of the flux rope, « is a constant parameter, r is the distance to the center of the
flux rope normalized to its radius and Jy and J; are Bessel functions of the first kind. Since
the velocity at which the plasmoid moves cannot be estimated without making assumptions,
we cannot estimate the radius of the flux rope directly. Instead, we estimate the impact
parameter (I P) defined as the ratio of distance to the center of the flux at closest approach
to the radius of the flux rope. The parameters By, IP, the flux rope orientation (64, ¢4)
and the handedness H are varied so as to minimize reduced y? defined as (Lepping et al.,

1990)

N
1
TZNE:B — Byw)? + (B, — By)* + (B. — Bo)’] (6.5)

Where B,, is the modeled field and N is the number of data points in the reconstruction.
The intermediate direction provided by MVA is used as the initial guess for the orientation of
the flux rope and the minimization is performed in two steps - first using a unit normalized
magnetic field with By = 1 nT and then with B, as a variable parameter to fit the core
field strength. A non-linear least squares minimization is used to fit the different parameters

(Newville & Stensitzki, 2018).
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6.2.3 Automated detection of flux ropes / O-lines

We use an algorithm which detects possible flux ropes and O-lines based on the magnetic field
signatures to construct a list of such events and study their properties, such as, frequency
and region of occurrence and their duration, which provides an estimate of the size of the

plasmoid signature. The algorithm is described below.

In a given magnetometer data file, which typically contains data for the entire day (UTC),
we first identify all times corresponding to a reversal in By, either from positive to negative
values or vice versa. Out of the selected crossings, those which occur beyond r = 100R; and
local time greater than 05 LT are discarded to prevent contamination due to the magne-
topause, where the variability in the magnetic field is quite large. Then, for each By reversal
(o), the corresponding start (t5) and stop (t.) times are determined using the algorithm
used by A. W. Smith et al. (2017). This is achieved by identifying all local extrema in By
near to within a particular window size (dt,,) and finding the maxima-minima (or minima-
maxima) pair that when interpolated using a linear function, maximizes the coefficient of

determination (A. W. Smith et al., 2017).

In order to select changes in the field which are prominent with respect to the background
conditions, we discard all those events where the change in By is less than 2 nT, or less than
the standard deviation of the field for a duration of +/- 5 times the window size, i.e. where
ABy = |By(t.) — Bp(ts)| < 50(Bg(dty)) or ABy < 2 nT. To further improve the quality
of selected events, we also discard those times where the excursion in the positive values

exceeds that in the negative values by a factor of 2 or more (and vice versa).

The event list is further refined based on the minimum variance analysis, which is applied
to each potential event identified using the above criteria. The unit eigenvector of the
variance matrix which provides the direction of maximum change in the field (x;) must
have a z-component larger than 0.8. The ratio of the the eigenvalues corresponding to the
minimum, intermediate and maximum directions must be larger than 3, i.e. Ay /Ay > 3 and

Av/An > 3. The P parameter (described by Equation 6.2) must be larger than 4.5.

We also specify a condition that the component of the magnetic field showing the least

variation (Bp) be less than 2 n'T, to capture only those events which pass through the center
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of the plasmoid structure. Similarly, we place a similar limit on B,, which should be less
than 3 nT, to prevent contamination due to any process in the magnetotail lobes. The latter
condition implies that we only identify events which occur close to the magnetotail current

sheet.

6.3 Results - Case studies

6.3.1 Event 1 — Flux Rope DOY 236 2017

On DOY 236, 2017 Juno was located 74.3 R; away from Jupiter at ~ 04 LT (dawnside
magnetotail) when it encountered a flux rope between 20:21:15 and 20:21:37 UTC. By was
positive before and after this event, but briefly reversed to negative values during the interval
(Figure 6.2). The positive By before and after the bipolar signature is consistent with Juno
being in the near-Jupiter plasma sheet where the inward magnetic stress exerted by the
stretched, closed magnetic field is balanced by the inward gradient in the plasma pressure.
B, is less than 1 nT during the encounter and B, increases (in the negative) by ~ nT, which
is the core field of the flux rope. The difference between the extrema in By is about 4 nT.
The sharp peak in the magnetic field strength, closely aligned with the center of the By
reversal, is a characteristic signature of a flux rope. The flux rope is close to the current
sheet, as evidenced by the reversal of B, from positive-to-negative values before and after
the event. Although there is both a positive-to-negative and negative-to-positive polarity
reversal of By, the core field peak is seen during the negative-to-positive reversal, which hints
that the flux rope was traveling planetward.

After performing the MVA, we find a bipolar variation in the By (maximum) component
and a peak in the By, (Figure 6.2), which is expected for a flux rope with a core field.
The ratio between the intermediate and minimum eigenvalues of the variance matrix is 4.7,
whereas the ratio between the maximum and intermediate values is 28.76. Looking at the
By - By hodograms shown in Figure 6.2, we can observe a rotation of the magnetic field.
Figure 6.2 also shows the magnetic field components of the modeled force-free flux rope (in

blue) in the MVA coordinate system which best fits the data (minimum y? = 0.13). The
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Figure 6.2: Planetward moving flux rope observed by the Juno spacecraft at DOY 236,
2017. Panels a-d show the magnetic field components in the spherical JSS coordinate sys-
tem, while Panel e shows the spectra for the electric field measured using the Juno Waves

By (nT)

instrument for the given time period. The flux rope structure is highlighted within magenta
lines. Panels f-h show the result of the minimum variance analysis and force-free flux rope
fitting. Panels i-j are hodograms of the different components obtained using MVA.
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modeled flux rope has a core field strength of 3.86 nT and an impact parameter of 0.0, which
indicates that the spacecraft passed very close to the center of the flux rope structure. This
is also supported by the extremely low magnitude of Bj, (less than 0.4 nT).

The eigenvectors of the variance matrix in the direction of minimum, intermediate, and
maximum variance are (in the Cartesian JSS coordinate system) xy = (—0.03,0.86, —0.5),
xy = (—0.98,0.12, —0.14) and x;, = (—0.18,—-0.49,0.85). Although flux ropes in the ter-
restrial magnetotail typically have a core field in the Yjsg direction (as provided by x,/), we
find that for this event the direction of intermediate variance is in the Xjgg direction, which
is close to azimuthal direction at the given spacecraft location (Figure 6.1).

In Figure 6.3, we show the measurements taken by JEDI in the 40 minute interval centered
at the occurrence of Event 1. Panels e and f show the dynamic spectra of the ion and electron
flux for all JEDI detectors and Panels g and h show the pitch angle spectra for the protons
and the electrons. An increase in the electron and ion flux is seen after the flux rope event,
which could be due to the proximity to the equatorial plasma sheet as inferred from the low
values of B,. The pitch angle for both ions and electrons is close to 90° prior to the flux
rope interval, i.e. both species have a preferential motion in the direction perpendicular to
the magnetic field. The anisotropy between parallel and perpendicular flux decreases after

the flux rope, with more fluxes in the parallel directions.

6.3.2 Event 2 — Flux Rope DOY 338 2017

On DOY 338, 2017 between 01:49:57 and 01:50:59 UTC Juno was located at ~92 R; between
03 and 04 LT and observed a reversal in By from positive-to-negative values, indicating a
tailward moving flux rope (Figures 3a-3d). Unlike the previous example, the magnetic field
magnitude did not peak inside the event interval, despite the presence of an axial core field.
The azimuthal field component remained close to zero.

Performing the MVA provides us with additional information (Figures 3f-3h)—the max-
imum variance is in the Z direction (x; = (—0.07,0.01,1.00)), as expected, whereas the
intermediate and minimum variance directions lie in the X Z plane close to the local radial
and tangential directions. The component of the magnetic field in the minimum variance

direction is close to zero. The intermediate component (B)ys) peaks in the middle of the
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Figure 6.3: The magnetic field observations along with JEDI dynamic spectra for the ions
and electrons. The last two rows show the dynamic pitch angle spectra for the protons and
electrons respectively.
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Figure 6.4: Tailward moving flux rope observed by the Juno spacecraft at DOY 338, 2017.
Same format as Figure 6.2.
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event interval. The B); - By hodograms show a clear rotation of the magnetic field.

The spectra for the electric field as observed by the Waves instrument for Event 2 is
shown in Figure 3e. A broadband intensification can be seen between 1 and 3 kHz for the
duration of this event. Enhanced fluctuations in the electromagnetic field have been seen
inside plasmoid intervals in the past in the terrestrial magnetosphere (Kennel, Coroniti, &
Scarf, 1986). Although the continuum radiation is observed during the first event as well,
no transient intensification was observed due to the flux rope.

Although Event 1 is an isolated flux rope event during the associated current sheet
crossing, that is not true for Event 2. Figure 4 shows the magnetic field observations ~2 h
before and after Event 2. Multiple, alternating By reversals, with peak-to-peak durations of
roughly 2-3 min or more were observed prior to the event, and the continuum radiation can
be seen throughout the ~2 h current sheet crossing interval. For context, during the same
day (DOY 338, 2017), Vogt et al. (2020) also report two large events observed at times 4:15
and 17:47 UTC.

Data from the JEDI instrument for this interval is sparse and cannot be used for further

analysis.

6.3.3 Case studies - Discussion

The duration of the two events discussed in this study, as defined by the time between
extrema in By, is roughly 22 and 62 s, respectively. Using the low-frequency cutoff for the
continuum radiation, which is roughly between 500 and 600 Hz for Event 1 and ~1 kHz for
Event 2, we estimate the plasma densities (Barnhart et al., 2009) during the intervals in
question to be 0.003 and 0.012 cm~3, respectively, which correspond to ion inertial lengths
of roughly 16356 (0.23 R;) and 8178 km (0.11 R;), assuming an ion mass of 16 amu.
Assuming that the plasmoid travel speed is limited by the Alfven speed in the surrounding
lobes (S. W. H. Cowley et al., 2015) which are 489 and 220 km/s (which is calculated based
on the observed magnetic field strength of 5 and 4.5 n'T, respectively and electron density
obtained from Waves), the 22 and 62 s duration of the event would correspond to diameters
of roughly 10771 km (0.15 R; or 0.65 d;) and 13360 km (0.19 R, or 1.67 d;), respectively.

Kronberg et al. (2008) found that most energetic particle bursts corresponding to plasmoid
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events have speeds of roughly 450 km /s, which would provide diameters of 9900 km (0.6 d;)
and 27900 km (3.4 d;) for the two events respectively, comparable to the local ion inertial

length.

After Event 1, when the flux rope has passed over the spacecraft, a reversal in the guide
field (By) is observed from -4 to 2 nT. This reversal of the out-of-plane component of the
magnetic field in close proximity to the reconnection x-line could be due to the quadrupolar
Hall magnetic field (Eastwood et al., 2007; Sonnerup & Cabhill, 1967), which is formed due
to the decoupling of ions and electrons in the ion diffusion region and has been identified by
multiple spacecraft in the terrestrial magnetotail (Nagai et al., 2001). We caution however
that single-spacecraft measurements are unreliable to conclusively determine whether or not
the reversal in By is due to the Hall field. Another possible explanation for the reversal
could be related to the bend-back of the magnetic field, which has been seen as a correlation
between the sign of B, and B,. In the present situation, the latter theory is less likely since

By returns to negative values despite multiple current sheet crossings as seen in B,.

For Event 2, the MVA analysis shows that Juno is sampling the portion of the flux rope
where its axis is almost radial, as determined by the direction of intermediate variance. The
ratio of the maximum to intermediate and intermediate to minimum eigenvalues are quite
large (AL/Ay = 7.97, Ay /An = 81.31), indicating that the coordinate system is well-defined.
Note that observations of flux ropes in the terrestrial magnetotail have shown that many flux
ropes are tilted in the plane of the current sheet (Slavin et al., 2003). However, |B| does not
peak at the center of the interval and the best fit force-free flux rope does not fit the data
well (x2 = 5.9), although the modeled field in the Bj; component looks reasonable, and a
bipolar signature is observed in the By component. While conventionally flux ropes in the
terrestrial magnetotail are seen to possess a strong core field, this has not been the case for
the giant planet magnetospheres. Plasmoids observed at Jupiter and Saturn usually possess
a weak magnetic field at their core, which is likely due to large plasma 3. The force-free
model is based on the assumption that pressure gradients inside and surrounding the flux
rope are negligible, which may not be the case for this event. Another possible explanation is
that this is a flux rope in the early stages of formation and has not yet reached the minimum

energy force-free state.
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Figure 6.5: Multiple reversals in By seen approximately 1 hour prior to Event #2 (the last
positive to negative crossing highlighted in blue).)
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Multiple alternating By reversals, with peak-to-peak durations of roughly 2-3 min or
more were observed prior to Event 2 (6.5, shown in red and blue). There is no clear increase
in the axial magnetic field strength inside these events, which indicates that these north-
south reversals correspond to magnetic O-lines. These observations of recurring north-south
reversals are similar to those expected for sequentially released plasmoids from a reconnection
X-line due to current sheet instabilities, though single-point measurements are not definitive.

Both events are observed in the dawnside magnetotail, where plasma density is relatively
low and the Dungey-cycle flux closure is expected to occur (S. W. Cowley, Bunce, Stallard,
& Miller, 2003). However, without context of the global magnetosphere, it is not possible
to determine whether the reconnection events discussed here were a product of the Dungey
or Vasyliunas cycles. Note that both Dungey and Vasyliunas cycle plasmoid release can be
initiated by reconnection initially within closed field lines, as proposed by theoretical models

(S. W. Cowley et al., 2008) and seen in global simulations (Sarkango, Jia, & Toth, 2019).

6.4 Results - Survey of flux ropes and O-lines

In this section, we discuss the results of the survey of plasmoid events detected using the

automated algorithm described previously.

6.4.1 Duration

The algorithm detected 89 flux ropes between DOY 75, 2017 and DOY 301, 2019 which
fulfilled all the criteria specified in section 6.2.3. A histogram of their ‘peak-to-peak’ duration,
i.e. the separation between two extrema in By, is shown in Figure 6.6. The upper limit for
an event was selected to be 300 s, as we focus on studying on the small scale structures. The
lower limit was specified to 10 s to get sufficient data points within the event interval. Most
of the events identified by the algorithm have a duration less than 150 s, with a mean of
65.67 s and median value of 47 s. 16 events were identified with durations between 20 and
30 s.

In Figure 6.7, we show the relative scale of these events with the local ion inertial length.

For this, we assume that the plasma density can be approximated using the empirical rela-
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Figure 6.6: Histogram of the peak-to-peak durations of the plasmoid events identified using
the automated algorithm.

tionship provided by Bagenal and Delamere (2011). The velocity of each event is assumed
to be the Alfven speed during the interaction, for which we use the assumed plasma density
based on the empirical profile and the average field strength observed by Juno +/- 5 minutes
preceding, within and succeeding the plasmoid signature. This allows us to calculate the

diameters of the identified plasmoids (panel c).

D = Az + |vAt]| (6.6)

Where D is the plasmoid diameter, Az is the distance travelled by the spacecraft during
interval At and v is the Alfven speed in the surroundings, which is also assumed to be the
speed at which the plasmoid was travelling. Also plotted is the curve for the predicted
ion-inertial length d; (in black), based on the same density profile.

There is a considerable spread in the plasmoid diameters, ranging from 10% km to 5 x
10* km, but in most cases they are within an order of magnitude of the local ion inertial
length. The mean and median diameters are 10342.77 and 7233.10 km, respectively, which
are roughly 0.7-0.9 times the ion inertial length, which is between 7000 to 9000 km within
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Figure 6.7: a) The empirical density profile by (Bagenal & Delamere, 2011). b) The Alfven
speed during a period +/- 5 minutes preceeding and succeeding the plasmoid interval. c)
Comparison of the calculated plasmoid diameters for each event with the expected ion inertial
length at the corresponding radial location.
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60 to 80 R;. No event was detected beyond 90 R;, as this is close to the specified outer
limit in the algorithm to prevent the detection of By reversals associated with fluctuations

in the magnetosheath.

6.4.2 Location and core field direction

In Figure 6.8, we show the location of the events identified by the algorithm, superimposed
on Juno’s trajectory. The majority of events, except two outliers, were identified during the
planetbound phase of Juno’s trajectory, where z values are relatively low and the spacecraft
is more likely to encounter the oscillating current sheet. Events with a positive-to-negative
reversal in By were assumed to correspond to plasmoids with a tail-ward or radial motion,
whereas the opposite applies for planet-ward moving plasmoids. Inferring plasmoid travel
directions based on their magnetic field signatures has some limitations, as observations
in the terrestrial magnetosphere have shown through combined plasma and magnetic field
measurements that the above assumptions are not always correct.

In this analysis we assumed that the magnetic field signatures for tail-ward and planet-
ward moving flux ropes are consistent with the picture drawn in Figure 6.1. We found that
the majority of events located at radial distances r > 60R; in the dawnside magnetotail
(03-04 LT) had a preference for tailward motion, whereas events which were located closer
to the planet at ~ 40R; near midnight were more likely to correspond to negative-to-positive
reversals, indicating a preference for planet-ward motion in this region.

For further analysis, we separate events into two categories - flux ropes and O-lines.
Those plasmoid events during which the median value of intermediate component in the
minimum variance analysis is larger than the value during the starting and ending epochs of
the interval (in absolute magnitude), are identified as flux rope events. We chose to select
flux rope events based on the intermediate component and not the total field magnitude as
we often found plasmoid intervals which show a strong core field signature which does not
translate into a peak in magnetic field strength due to the near-zero values of the maximally
varying component (By) near the center of the flux rope, which opposes the increase due to
the core field.

In Figures 6.9 and 6.10, we show the eigenvectors obtained via the minimum variance
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Figure 6.8: Location of all plasmoid events identified by the algorithm (with durations less
than 300 s) superimposed on Juno’s trajectory. Tail-ward moving events (colored in red)
correspond to a reversal from positive to negative By, whereas planet-ward events (colored
in blue) correspond to a reversal from negative to positive values.
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Figure 6.9: Location of flux-ropes identified by the algorithm colored by the peak-to-peak
duration. Also plotted in the top and bottom panels are the eigenvectors corresponding to
the directions of intermediate (x;;) and maximum variance (x;) respectively. Also plotted
are 3D magnetic field lines from the Sarkango et al., (2019) MHD model. Note that in this
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Plasmoid type - o-line, N=57

200
20 1 Vectors of xy
0- A 175
: ad | /7&\
~20 L ”
1 150
g 40
> —
] -125 £
-60 1 .5
©
' a
—80 1 L 100
((v]
(O]
- 8
~100 S
p ” M
e -75 O
‘—f’ o
-120
| Vectors of x;
0 - 50
B T T %
N -20 _
Q 25
~40
—-100 -80 -60 —-40 —-20 0 20 40
X [R]

Figure 6.10: Location of o-lines identified by the algorithm colored by the peak-to-peak
duration. Also plotted in the top and bottom panels are the eigenvectors corresponding to
the directions of minimum (xy) and maximum (x;) variance respectively. Also plotted are
magnetic field lines from the Sarkango et al., (2019) MHD model.

139



analysis corresponding to flux-ropes and O-lines. In the case of flux-ropes, we show the
directions corresponding to the intermediate variance (x,;), which indicates the direction of
the core field. For O-lines, we show the eigenvector corresponding to the minimum variance
(xy). Each data point is colored by the duration of the corresponding event.

Our algorithm identified 33 flux rope events, spanning all local time ranges from 00
(midnight) to 04 LT (dawnside), as shown in Figure 6.9. The core field for the majority of
events is skewed in the XY plane. In Figure 6.11-a we show a histogram of the angular offset
between the eigenvector of intermediate variance x;; and the local azimuthal direction. We
find that for the majority of events, the angular offset A® is within 45 ° (or larger than 135
°). The least number of events were seen with offsets of ~ 90 °, indicating that most flux
ropes have core fields in the azimuthal (or anti-azimuthal) direction.

Out of the 89 identified plasmoid events, 56 did not correspond to an increase in the
component of the magnetic field along the intermediate variance direction, and are classified
as magnetic o-lines. In the case of O-lines, the direction of the core field corresponds to the
smallest eigenvector. Like the flux ropes, o-lines were also identified in a wide range from 04
to 00 LT and between ~ 20 R; and 60R; in the magnetotail, as shown in Figure 6.10. The
angular offset between the core field the local azimuthal direction is shown in Figure 6.11-b.
The majority of o-lines favour large values of A®, peaking at ~ 135°, indicating that the
o-lines are highly skewed in the XY plane.

6.4.3 Discussion - Survey

As seen in Figure 6.6, most plasmoid events detected by our algorithm within the 10 to 300
s specified range, are small and have a duration less than 150 s. Small-scale flux ropes have
been observed to be released more frequently in particle-in-cell simulations, and observations
of flux ropes in the solar wind have found that the flux rope sizes obey a power-law like
distribution, with the most frequent events being smaller in size. Although our sample size
is not that large (N=89), our findings suggest that reconnection does occur in Jupiter’s
magnetosphere on the small scale and produces small plasmoids relatively frequently. Note
that the nature of Juno’s orbit implies that small-scale plasmoids, which typically occur in

close proximity to the current sheet (which is itself oscillating, see e.g. Chapter 5), can only
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local azimuthal direction.
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be observed during limited time intervals.

Most of these small-scale events with durations less than 150 s correspond to diameters
which are on order of magnitude smaller or larger than the local ion inertial length (Figure
6.7), which is close to the expected dimensions of the oxygen ion-diffusion region. A factor
of 2 increase in the Alfven speed (to e.g. 400 km/s) will not have a significant influence on
these findings, due to the wide range of sizes, and the occurrence of many events which are
smaller than the expected ion inertial length.

Using the minimum variance analysis, we estimated the directions of the core field sep-
arately for flux ropes (strong core field) and O-lines (weak core field). Our results suggest
that most flux ropes have core fields which are skewed ~ 45° with respect to the azimuthal
direction, and are least likely to be in the radial direction, which is expected for a flux rope
created due to magnetotail reconnection. However, the axes of the O-lines are found to
have a strong preference for larger angles between 90° and 180°, and are least seen in the

azimuthal direction.

6.5 Summary

Despite differences in magnetospheric dynamics, reconnection occurs in the Jovian mag-
netotail and releases plasmoids, much like at Earth and Mercury. However, unlike at the
terrestrial planets, where plasmoids (or o-lines) and flux ropes are observed in various sizes,
with some at or below the ion inertial length, Jovian plasmoids and flux ropes identified in
previous studies were observed to be fairly large, with diameters of several R; (or an order
of magnitude larger than the local ion inertial length) or an in situ magnetic signature that
is seen to last 6 min on average (Vogt et al., 2014). Potential ion-scale structures, how-
ever, could not have been detected by the Galileo magnetometer, owing to its low temporal
resolution of several seconds per vector.

In this study, we report on observations made by the Juno spacecraft of magnetic flux
ropes and plasmoids in the Jovian magnetotail, whose diameters were comparable to the
local ion inertial length. We show two examples of flux ropes with these small diameters and

analyze them using the minimum variance analysis and force-free flux rope modeling. Also
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seen preceding one of the events are multiple reversals in the north-south component of the
magnetic field, which could be a result of sequential plasmoid release from multiple X-line
reconnection.

We developed an algorithm to detect plasmoids in the Jovian magnetotail based on the
bipolar variation in By and use it to construct a survey of all plasmoids whose magnetic
signatures lasted less than 300 s in the Juno magnetometer data. Our algorithm detected
89 plasmoid events, 33 of which were found to have a core field and were termed flux ropes,
whereas 56 events where found to have weak cores and were considered O-lines.

Out of the 89 identified events, most events which were identified by the algorithm had
a duration of less than 150 s. The relatively frequent observations of small scale events
compared to the larger events (> 150 s) demonstrate that magnetic reconnection occurs in
the Jovian magnetotail through the formation of multiple X-lines, which create plasmoids
on the ion-inertial scale. This result is supported at Jupiter due to the presence of heavy
ions, which increase the relevant length scales.

While the large-scale dynamics of the Jovian magnetosphere may be determined by the
relatively large plasmoids reported by earlier investigations, the observations reported in
this chapter show that ion-scale flux ropes also exist in the Jovian magnetotail, much like
at Earth and Mercury. How these flux ropes influence the mass and energy budget of the
magnetosphere remains an open question, for which additional surveys and plasma data
are needed to more accurately quantify their distribution, size, mass, and frequency of oc-
currence. Moreover, the dusk-side magnetotail has not been explored in detail, either by
Galileo or Juno. An understanding of reconnection, or lack thereof, in this region is crucial

to understanding how logenic plasma ultimately escapes the Jovian magnetosphere.
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Chapter 7

Summary

In this dissertation, we have used a combination of numerical modeling and data analysis
to study the dynamics of the Jovian magnetosphere. The following sections summarize our

findings.

7.1 Summary

We used a global magnetohydrodynamics model to simulate the Jovian magnetosphere and
its interaction with the upstream solar wind as well as with the Jovian ionosphere.

In Chapter 3, we studied the response of solar wind dynamic pressure enhancements on
corotation and corotation-enforcement currents in the ionosphere, which has been suggested
to link closely to Jupiter’s main aurora. Through systematic numerical experiments, we
found that an increase in solar wind dynamic pressure actually decreases the strength of field-
aligned currents on the dayside, with minor enhancement on the nightside. By analyzing the
magnetospheric response, we proposed that this reduction can be explained by the increase
in corotation speed of the magnetospheric plasma near the sub-solar magnetopause. The
increase in plasma azimuthal velocity had been proposed by earlier theoretical models to be
a consequence of angular-momentum conservation due to the solar wind driven compression
of the corotating plasma. Another possible explanation for the increase in azimuthal velocity
is due to returning flows from the tail reconnection site, which merge with and accelerate

the magnetospheric plasma on the dawnside. Our results support existing theory, but the
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MHD model cannot account for high-frequency and kinetic processes such as wave-particle

interactions, which recent observations have shown may play an important role.

In Chapter 4, we investigated the role of magnetic reconnection in the Jovian magneto-
sphere. Unlike the terrestrial magnetosphere, the Jovian magnetosphere was assumed to be
insensitive to changes in the solar wind and interplanetary magnetic field. It was believed
that magnetic reconnection on the dayside magnetopause, even if it did occur, would not
form persistent open field lines, which map to the polar regions of the planet. At the same
time, in situ observations have shown that reconnection does occur in the Jovian magneto-
tail. Moreover, the polar UV aurorae of Jupiter have been observed to be highly dynamic,
varying on much shorter time-scales than the main auroral oval.

Using our MHD model, we found that reconnection does occur on the dayside magne-
topause at Jupiter, and thus creates open field lines in the polar cap. By tracing magnetic
field lines in the magnetosphere, we studied the topology of plasmoids, which are products
of magnetotail reconnection. We discovered that plasmoids were created due to internal
processes initially within closed field lines. As time progressed, the plasmoids grew in size
and escaped the magnetosphere via the magnetotail. By mapping the plasmoids to the iono-
sphere, we found that plasmoid release creates a region of closed flux inside the previously
open polar cap, which gradually refills with open flux as the plasmoid travels to the distant
magnetotail. Our results support the hypothesis that the dynamic polar aurora of Jupiter
can be related to distant processes in the magnetotail, while at the same time, remaining
open to the solar wind.

In Chapter 5, we investigated the role of solar wind dynamic pressure on the morphology
of the Jovian current sheet. The magnetotail current sheet at Jupiter oscillates at the
planetary rotation period due to the tilt between the magnetic dipole and the rotation axis.
It was presumed and supported by empirical models that these magnetotail oscillations were
inhibited at distances far from the planet due to the presence of the magnetotail; ultimately a
result of the solar wind’s interaction with the internal field. By incorporating a more realistic
internal field model into our MHD model that includes the 10° dipole tilt, we studied the

behaviour of the current sheet under different solar wind dynamic pressures.

We found that increasing solar wind dynamic pressure, rather than inhibiting the oscil-
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lations of the current sheet, actually increase its wavy-ness by reducing the wavelength of
these oscillations. The wavelength is intricately connected to the speed at which these cur-
rent sheet waves propagate from the planet. Previous models had assumed that an increase
in solar wind dynamic pressure would increase the magnetic pressure in the magnetotail
lobes, which would inhibit the current sheet oscillations. However, by analyzing our simula-
tions, we showed that an increase in solar wind dynamic also increases plasma density and
temperature in the magnetotail. Collectively, these parameters serve to reduce the Alfven
and magnetosonic speeds in the magnetotail lobes, contrary to intuition.

In Chapter 6, we study in situ magnetic field and energetic plasma data from the Juno
spacecraft to form a holistic picture of reconnection in the Jovian magnetotail. Previous ob-
servations and MHD simulations had predicted that plasmoids created via tail reconnection
at Jupiter were large and infrequent (with timescales of several days). By using the high-
resolution magnetometer data from the Juno spacecraft, we identified several candidates for
plasmoids whose in situ signatures last for ~ 1 minute. By using the local Alfven speed and
density, we estimated that these durations correspond to plasmoid diameters comparable to
the ion inertial length, assuming the dominance of heavy ions such as oxygen and sulfur.
The presence of ion inertial scale plasmoids in the Jovian magnetotail suggests that magnetic
reconnection proceeds there via current sheet instabilities, similar to observations at Earth
and Mercury, despite differences in the initial mechanisms which can cause the current sheet

to thin.

7.2 Relevance and Future Work

Our work advances the state of knowledge in Jovian magnetospheric physics and creates new

questions that can be future directions for study.

1. The physical mechanism which leads to the brightening of the Jovian aurora roughly 1
rotation period after the solar wind compression remains a mystery. The discrepancy
between numerical models and observations of the Jovian main aurora cannot be an-
swered conclusively without a solar wind monitor and multi-spacecraft or high-fidelity

propagation of the solar wind from 1 AU to Jupiter’s orbit.
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2. Recent work has criticized the corotation enforcement current system theory (Bonfond
et al., 2020) regarding the formation of the Jovian aurora, yet most MHD models
create this current system self-consistently. The physical origin of Jupiter’s UV aurora
remains a mystery and needs to be investigated on a more fundamental level. Is the
aurora produced due to discrete acceleration and precipitation of electrons, or are

wave-particle interactions more important?

3. The observations of small-scale reconnection can have large implications on mass loss
due to plasmoid release. How frequently does magnetic reconnection occur and what
is the contribution of small plasmoids? How does reconnection occur on the dusk-side

of the magnetotail?

4. Does Jupiter’'s magnetosphere contain open flux, and what does that imply about the

role of the Dungey cycle in its magnetosphere?

5. Why is the degree of magnetotail hinging insensitive to solar wind dynamic pressure,

as seen in the MHD simulations?

Our results illustrate the complexity of the magnetospheric dynamics at Jupiter, which
has been the subject of numerous theoretical studies and is subject to speculation due to the
sparse in situ measurements. In the absence of sufficient empirical data and global coverage,
the task of validation and understanding of various magnetospheric theories falls to numerical
models, which can be used to perform numerical experiments, as we have demonstrated.
While agreement with the in situ data is encouraging, times when the numerical model
disagrees with the in situ observations or the latest theories are also illuminating and should
be studied with equal interest. Global MHD models are complicated tools with many free
parameters, and numerical experiments like the ones we show are crucial to understand why
certain features are seen in the model versus the in situ data and vice versa.

For example, in Chapter 3, we show that sub-corotation of magnetospheric plasma self-
consistently creates a circumpolar ring of field-aligned currents, which has also been shown
in other MHD models. Despite this, observations of the Jovian aurora has found that in

reality, field-aligned currents are weak and filamentary (Kotsiaros et al., 2019). Our results
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raise a crucial question - If field-aligned currents are produced self-consistently in the models,
and the Jovian aurora is linked to field-aligned currents, why does the aurora brighten in
response to solar wind compression when the model results demonstrate otherwise?

Our results also support the observations made by past spacecraft such as Voyager,
Pioneer, Galieo, and also data from the existing orbiter, Juno, as shown in Chapters 5 and
6. The Jovian magnetosphere will be visited in the future by multiple spacecraft, namely
the Europa Clipper to Europa and the JUICE mission to study Ganymede. The results in
this thesis directly contribute to our knowledge of the Jovian environment, which can be
relevant to these missions as well.

The results highlighted in Chapter 6 also support recent observations in the solar wind
and terrestrial magnetosphere and advance our understanding of magnetic reconnection, a
fundamental physical process in all magnetized plasma. The observations of small-scale flux
ropes in the Jovian magnetotail leads to a natural question - Does reconnection in all regions
of the space environment proceed via current sheet instabilities? Additional observations and
advanced numerical simulations are needed to determine the answer.

Lastly, the Jovian magnetosphere is an excellent laboratory for the study of plasma in
an environment that is different and complementary to that of the Earth. An improved
understanding of the Jovian magnetosphere, which is an extreme magnetospheric environ-
ment that can be visited by in-situ spacecraft, is crucial to better understand not only the
terrestrial magnetosphere, but also other regions in the space environment such as the solar
corona, and also the magnetospheres of pulsars and exoplanets, where rotation plays an

important role.
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