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SUMMARY

The dynamics of Saturn's magnetosphere are driven internally by thésplanet
strong magnetic field, rapid rotation rate, and inmagnetosphere plasma source, and
externdly by the solar wind. We use a multifluid magnetohydrodynamic simulation of
Saturn's magnetosphere to investigate the production and transport of new plasma, the
dynamics of Saturn's magnetotail, and response to seasonal variation. Saturn's closely
aligned magnetic dipole and rotational axes are inclingd@2elative to the plane of its
orbit. As a result, the magnetospheric morphology is strongly influenced by the solar
wind; the plasma sheet is deformed into a "basin" at solstice, with decreasirgreuaga
the planet approaches equinox. Internally, mexter grougplasma is produced by
ionization of Saturn's distributed neutral cloud, while chargehange collisions between
magnetospheric ions and neutrals result in a loss of momentum from the.pkesm
plasma is accelerated towards corotation by the magnetic field, while centrifugal stresses
cause it to move radially outward. In order to prevent runaway inflation of the
magnetosphere, this plasma must eventually escape, either through therfldmks the
magnetotail.

The Saturn multifluid model features three ion species (protons, water group ions,
and a heavy tracer), allowing us to track the dynamics of each ion species, as well as the
evolution of the electron pressure. We have modifiedithalation to include neutral
cloud interactions, specifically photoionization, electron impact ionization, and
symmetric charge exchange, enabling simulation of fwaghng as a function of local

plasma variableOur 3D multifluid global simulation prodes global context for isitu

XiX



observations, which, while valuable, only provide data from a single spatial location at a
given time.We use this model to study the production and outflow of plasma in the inner
magnetosphere, as well as the characteristics of inmaxing outermagnetosphere
injection fingers. We alsmvestigatehe impact of seasonal changestoaglobal
magnetosphe configuration andlynamics as well as thplasma production and
transporfprocesses the inner and middle magnetosphere. Finallyjrwestigate the
evolution of plasmoids and their possible role in remg inner magnetosphere plasma

We validate ar results using data from the Cassini Plasma Spectrometer and

Magnetomeer instruments (CAPS and MAG).

XX



CHAPTER 1

INTRODUCTION

1.1 Anatomy of a magnetosphere

Depending on whorone asksastrophysicistand space plasma physicists will
variously state that the percentage of the observable universe thatscofsiggnetized
plasmas is between 99% and 99.Wile rarely a visible part of everydéfe outside
of very hot flames, lightning, arglectric acs, the physics of plasmas isttdmendous
importance tanodern civilization particularly the flows of plasma in Earth's
magnetosphere. Our magnetosphere is formed due to the interaction of the solar wind, the
magnetized plasma flowing radially outwafdsm the Sun, and the Earth's magnetic
field. We therefore begin by briefly describing the structure and important boundary
layers of magnetospheres, using Earth's as an archetypal example.

Figure 1.1 shows hotheaction of theLorentz forcsls 7 F 1 | ., where
g andv are the charge and velocity of a charged particle FaawadB are the electric and
magnetidield vectors) acts to defleains and electrons encountering a magnetic field in
opposite directions. When the solar wind encountersreefslsy magnetic field, the
differential chargegbarticle flow that results forms the Chapnfagrraro current system.
This current system maintains the subsolar boundary separating the solar wind and its
Interplanetary Magnetic Field (IMF) from the cavityrdinated by the planetary

magnetic field and its associated pladtoas. We call this cavitythe magnetosphere.
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Figure 1.1 Deflection of charged particles encountering a magnetic field by the Lor
force(sourceNishida[1987))

Figure 1.2 shows schematic of a magnetosphere (in this case, Eantlts)
important boundaries and features labeldte magnetopause the boundary separating
the interior of the magnetosphere from the solar wind and IMF. Since the solar wind
flows at supersonic and supg&fivénic speeds (400 km/sw,, < 1000 km/sthe Aflvén
wave is a magnetohydrodynamic wave that propagates thtbeghasmpaa shock is
formed in front of the magnetopause. Between this bow shock and the magnetopause lies
the magnetosheath, a region of hot,-giilvénic solar wind plasma and pilagp IMF
field lines.It is bounded on the begide by the ChapmalRerrao current system
described abovd&.he flow of the solar wind past the magnetopaimsapresses the anti
Sunward planetary magnetic field into a I@igicture known as a magnetotail. Currents
arise due ta || forces, whictflow across the center of the magnetotail between dawn
and dusk, in the region where the oppositely directed field lines (Sunward and anti

Sunward) are closest, which reinforce the structure of the magnetotail.
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Figure 1.2 Schematic of Earth's magonsphere along the dayght meridian (Source:
modified fromhttps://www.nasa.gov/mission_pages/ibex/news/spaceweathgr.htmi

The magnetic field lines originating from the planet may be etthen or closed.
Open field lines are found near the poles, where they extend out of the magnetopause and
close elsewhere, or in the lobes, where #agnd far downtail but remain within the
magnetotail until the structure dissipates entirely. The psosbsreby a close field line
opens, or open field lines close is known as magnetic reconnection. We generally assume
that space plasmas obey the "froa@hcondition, whereby a fluid particle of plasma is
constrained to move with the magnetic flux tubdield line it is associated with.
However, during reconnection the froz@ncondition breaks down and plasma diffuses
across oppositely directed field lines, and the field lines reconfigure (e.g.: at the neutral

point show in Figure 12). When this ocas, energy is released and the newly



reconfigured field lines accelerate away from one ano8war wind plasma can enter
the otherwise clogemagnetosphere through reconnection

The magnetic field is quasiipolar close to the earth, where the distortcaused
by the interaction with the solar wind is minimized. In this regkmown aghe
plasmaspherghe plasma tends to corotate with the planet (i.e.: it moves azimuthally
around the planitrotation axist the same angular velocityhe individwal charged
particles gyrate along the magnetic field lines, executing bounce and drift motions. If
their velocities along the field line are high enough, they emagr the Earth's
atmosphere, colliding with the molecules and producing the colorful dsskieywn as
the Aurora Borealis and Australis. In addition to the bulk azimuthal velocity in the
corotation direction, the magnetic field gradient and the curvature of the field lines close
to the Earth cause the electrons positively charged ions tondofppositedirections,
creating the ring current, which flows around the planet. The direction of flow is such
that it reduces the surface magnetic field strength.

There are numerous other phenomena that are of great interest in the Terrestrial
magnetospere, such as the important currents that link distant regions of the outer
magnetosphere, the dynamics of substorms and the Dungey cycle, and the radiation belts.
However, br the purposes of providing a simple description of the structure and
importantbehaviorfound in magnetospheres in general, the above will suffice. We will
describesome of the relevant phenomena that affect Saturn's magnetosphere in greater
detail in Chapter 2. For thosmoking for a more rigorousitroduction we direct the
readerto some of the numerous and excellent textbooks on the subject, such as

Dougherty[2009, Lyons[1984], andBaumjohann and Treumaph99qg|.



1.2 Comparative magnetospheres

Table 1.Comparison of Earth, Jupiter, and Saturn and their magnetospheres

Earth Jupiter Saturn
Orbital distance 1 AU 5-5.5 AU 9-10.1 AU
Radius 1Re=6,400km 1R;=71,000km 1 Rs=60,000km
Rotation rate 24 hrs 9.925 hrs 1Ts& 1076
Equatorial Bfield 31,000 nT 428,000 nT 21,000 nT
Solar wind density 5/cnt 0.5/cn? 0.1/cn?
Dipole tilt 10° 10° >0.1°
Axial tilt 23.8 3.I° 26.7
IMF 5nT 1nT 0.5nT
Standoff distance 10 R 45100 Ry 20-40 Rs
Internal plasma source No Yes (o) Yes (Enceladus)

"see Section 2.4 for discussion on uncertainty in measurements of rotation rate

Having described the basic structure of a magnetosphese@pw instructive to
examinethe three besstudiedmaghetospheres in the Solar System aodsidethow
they differ from one anber. Thus, Table 1 lists some of tiedevant parameters
governing the magnetospheres of Earth, Jupiter, and Satummany ways, Saturn and
Jupiter are very similar planets: both are gas giants with similar bulk compositions, a
large system of moons, @mternal sources of plasnfi@ in the case of Jupiter; the
neutral cloud sourced from Enceladus in the case of Saftilney are both also fast
rotators with relatively strong magnetic fields, though Jupiter's equatorial field is an order
of magnitude sbnger than Saturn'ds such, both giant planet magnetospheres
experiene significant internal driving. The weaker solar wind conditions at 10 AU

compared to 5 AU mean that even though Saturn’s internal field is much weaker, its



subsolar magnetopause staff distance is still almost 50% as large as Jupjtand both
planets have an extended magnetodisc configuration when solar wind dynamic pressures
are relatively low.

However, Saturn is much more than simply an intermediate case between Earth
and Jupter, and exhibits many unique behaviors, as shown in the schematic in Figure 1.3
The close alignment of the planet's spin and dipole axes meaitdhtembeen thus far
impossible to accurately determine the planet's rotationaatewhile Saturn emits
periodic signalg¢the Saturn Kilometric Radiation, or SKRjat may be close to the
rotation rate, there is sufficient variability in these to disqualify them as exact proxies.

The close alignment of the rotationabadlipole axes, combined with its largxial tilt

>

Solar Wind
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Satellite & interchange instability

Ring Neutrals

Curved asymmetric
magnetosdisk
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Neutral Torus

Drifting i
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S ié s
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i 5%
radiation belt Enceladus § ring current P4 the nitrogen
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Y
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—
Solar Wind Boy, Shock

Figure 1.3Schematic of Saturn's magnetosphere displaying important boundary le
and phenomena (Sourddombosi and Ingersol201Q))



results in warping of Saturn's plasma sheet and magnetodisc as the planet transitions from
equinox to solstice, producing a "bowl" morphology that is unique in the Solar System.
Saturn'lasmaneutral interactions are also akgt interest. Unlike at Jupiter, where 1o

is bathed in a plasma torus with relatively low abundances of neutrals, neutral water
group molecules are far more abundant than plasma in Saturn's inner magnetosphere.
This in turn has implications for how thedral transport processes function at Saturn, as
plasmaneutral collisions are far more frequent in this environnfelaismaneutral
interactions are also important further from the planet at Titan, where collisions between
plasma constituents and the maathick, dense atmosphere were expected to contribute
large plumes of ionized nitrogen to the magnetosphere, a phenomenon that has as yet
proved elusive to distinguish from tivesitu data. Finally, Saturn's ringdso play a role

in magnetospheric intecaons. While they are a minor source of neutrals, they also act to

absorb plasma in their vicinity, "quenching” flows of charged particles in their vicinity.
1.3 Scope ofdissertation

1.3.1 Topics of interest

In this dissertation wenvestigatehe dynamics of Saturn's magnetosphere using
resultsfrom an updated version of the Saturn multifluid model incorporating the effects
of plasmaneutral interactionsThisallows us to simulate the production of new plasma
in Saturn's inner magnetospharel theeffect of the neutral cloud on bulk plasma flows
in this regionin a selfconsistent manneWhile there are numerous open questions
across a wide range of topics concerning Saturn's magnetosphere, we concentrate on
three major topics here:

1) The poduction and transport of plasma in Saturn's magnetosphere



2) The effect of seasonality on the global morphology and dynamics of Saturn's
magnetosphere, and the seasonal impact on tlkeigron and transport processes
3) The dynamics of Saturn's magteil, focusing on thelowntail loss of water group
plasma (W+) sourced from the inner magnetosphere.
1.3.2 Importance of multifluid simulations

The Cassini probe hasllectedan enormous volumef in situdata on Saturn's
magnetosphere over the last @ée, and as a result there have been numerous studies
investigating magnetospheric phenomena ranging from corotatioo thg
characteristics of Saturn's plasmoids. However, instrument data from a single spacecraft
like Cassini is limited to observatiofr®m a single trajectory. The investigators who
work onin situdata use a variety of tools, theories, and hypotheses to investigate various
phenomena and integrate observations into cohesive pictures of how various processes
function at Saturn, but it still enormously difficult to develop a global understanding of
its magnetosphere. 3D globabdelslike the Saturn multifluid modegdrovide global
context to observations, aatlow us to simulate largecale phenomena that are hard to
resolve with datérom single trajectories. Unfortunately, simulations rely on various
approximations, which means that under certain conditions or in some domaiasethey
no longer able to provide reasonable fidelity to the observations. Our updated multifluid
model allovs accurate simulation @ahe inner magnetosphere for the first time. This is
where massand momentunrfoading processes occur, and thus it is essential to
understanding the internal driving of Saturn's magnetospBatern's magnetosphere is
unigue, beingotationally driven like Jupitdout also much less energetic, with neutrals

dominating over ions and electrons in the inner magnetosphere. By investigating the



above topics, we therefore not only contribute to the corpus of knowledge on Saturn's
magnetopheric dynamics, but also to the understanding of how plasuaal

interactions affedbulk flows of plasmas.

1.3.3 Outline of document

We have modified the Saturn multifluid modKidder et al, 2009 Kidder et al,
2017 to include massand momenturtoading interactions between the neutral cloud
and the plasma, specifically electrimnpact ionization and photoionization of the neutral
cloud, as well a elastic chargexchange collisions betwegrater grougons and
neutrals. The extended neutral cloud is incorporated into the simulation as a static
representation, based on work by H.T. Smith (unpublished model, 2015). We have used
the updated model favestigate the rate of plasma production and radial toahspthe
inner magnetosphere.

Chapter 2 provides the relevant background that is necessary to understanding the
dynamics of Saturn's magnetosphere, as well as the Cassini spacecraft instumoeénts
provide the data that we have used to validate our model. We discuss the physics of
rotationallydriven magnetospheres, how Saturn's magnetospheric structure changes over
the course of its orbit, and conclude with a brief overview of the variousdperi
phenomena that occur inside the magnetosphere.

Chapter 3escribs the Saturnmultifluid model and the specific modifications
that lave been made to incorporate plasmeatral interactiondNe discuss in detail how
the multifluid equations have bearodified to include source terms, as well as how those
terms are modeleid orderto incorporate electreimpact ionization, photoionization,

and elastic chargexchange collisions interactions with the Enceladus neutral cloud.



In Chapter 4wevalidatethe results of our model, lmpmpaimg them to Cassini
Plasma Spectrometer (CAPS) and Magnetometer (MAG) observatbomshe Cassini
prime mission. We present model output for Saturn's southern hemisphere solstice, which
corresponds to Saturn's orbitalgition just prior to Cassini's Saturn Orbital Insertion
(SOI) phase, comparing our results for inner magnetosphere plasma propertias with
situ data, a region that previous investigators were unable to simulate accurately.

Chapter Flescribes in detaihe production of new plasma in the inner
magnetosphereas well aghe radial transport process in Saturn's inner and middle
magnetospherat southern hemisphere Solsti¢ée discusghe temporal and spatial
variability of the glob&aproduction of newvater grougplasma, as well as the structures
that transport this plasma out of the inner magnetosphim@ata inChapters 4 anfl are
from the same 45 hour time interval (4.25 Saturn rotations

Chapter 6 is a discussion of the effects of seasonalbiféty, focusing on the
differences between the two seasonal extremes of equinox and southern hemisphere
solstice. We describe how the global morphology of the plasma sheet is affected by
Saturn's orbital location, both in terms of the average shapggdugiven season as well
as the motion of the plasma sheetiorescals of minutes to hours. We also discuss
whether seasonality drives inner magnetosphere dynamics, and thus whether it exerts an
influence on the massand momentunrtoading processes thact there.

Chapter 7 is a brief discussion of an exploratory investigation into the dynamics
of Saturn’'s magnetotail, focusing on tk&y phenomena: the downtail loss of plasma
transported outwards from the inner magnetosphere, and the productiosnodipksdue

to the Dungey cycle when the IMF is directed antiparallel to the planetary magnetic field.

1C



We close this dissertation with ChapterrBwhichwe discuss broad conclusions
and implications of this work, as well as possible directions of futwestigationsWe
also include supporting material Appendix Ain the form ofboth figures and
animationgcaptions only; animation files can be found at smartech.gatech.edu). The
animations are intended providethe reader with morelarity on the dpamics of
Saturn's inner magnetosphere tlstatic images alone can provideénally, Appendix B

briefly covers some of the lessons learned in dealing with large legacy physics codes.
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CHAPTER 2

SATURN'S MAGNETOSPHERE

2.1 Rotationally driven magnetosphers

2.1.1Internal driving of Saturn's magnetosphere

There are two known rotationally driven magnetospheres in the Solar System:
Saturn's and Jupiter's. For a magnetosphere to be driven internally the ftatjgianet,
three prerequisite conditions mus satisfied
1) a strong planetary magitetield and fast rotation rate;

2) a conductive ionosphere;
3) an internal source of plasma.

Corotation, or thernforced motion of plasma with the planet's rotation, is a
consequence of the fact that tierged particles comprising the magnetospheric plasma
and magnetic field lines arérzen i one another in most situations. The ions undergo
cyclotron, bounce, and drift motion, but barring unusually high gradients they are
constrained to execute thisotion about the field lines they are associated with. As such,
motion of the plasma can deform field lines, while motion of the field lines can transport
plasmaHill [1979 states that the imposition of corotation as the result of viscous
coupling between the conductive ionosphere aadh#utral atmosphere. The collision of
ions tied to the field lines with neutrals results in an imposition of an electric field in the
magnetosphere that causes the plasma to move at the same angular velocity as the

ionosphere. An alternate interpretatisrof rotation of the magnetic field and hence the
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plasma tied to it, but the essential feature is thmiraiteportion of the rotational kinetic
energy of the planet is passed to the plasma around it.

As Saturn has eelativelystrong magnetic field, highly conductive ionosphere,
and a high rotation raf{gsee Table 1)azimuthal plasma flondomimate much of the
magnetospherdHowever, corotation is dependent on ionospheric conductivity, which is
finite due to the impedance resulting from-eeutral ollisions in the ionosphere. The
creationof new plasma from the neutral cloud results in increased mass carried by the
tubes of magnetic flux, which in turn requires a greater torque to be exerted at the
ionosphere. The finite ionospheric conductivity mehat at a certain radial distance
away from Saturn, corotation must break down and flux tubes containing plasma beyond
this distance will start lagging behind the corotating inner fliet, 1979 Eviatar and
Richardson1984. This is dependent on the rate of mass loading, the ionospheric
Pedersen conductivity, the radius of Saturml te strength of its planetary magnetic
field. At Saturn, this breakdown in corotation occurs betvieén 4  a (the L-sbBell 5
value is defined as the locus of the dipole magnetic field lines which pass through a given
radial distance from the planet'snter at the equator, e.g.: L = 2 defines the field lines
which intersect withh = 2 Rsatz= 0). This phenomenon has considerable influence on
the overall magnetospheric dynamics.

2.1.2 Saturn'sneutral cloud

Saturn':eutral cloudthe dominansource of new plasma produced in the inner
magnetospherayas first discovered in 199Broughanalysis Hubble Space Telescope's
Faint Object Spectrograplata Shemansky et all993. From the highest density region

in the vicinity of Enceddus the cloudextends inwards to less than 2fRom Saturn and
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outwards to over 10 Ras well ago 2 Rs above and below thege of the equator
[Jurac et al, 2003. The primarysourceof the neutral clouds the icy moon Enceladus,
orbiting at adistance of =4 Rs. This tinysatellite(Ren, & 260km) experiencesigorous
cryovolcanic activity near its southern palengthe secalled "tiger stripes”, a series of
long, parallel depressions in the surfaognibiting elevated temperaturidorco et al,
2006 Spenceket al, 2004. Large plumes of solid and gaseous matesi@ observe to
emanatdrom these features. Mile most of the particulate matter falls back to the
surface approximately 1810° kg/s of water vapor escapes to enter Saturn's orbit and
form theneutral torugHansen et a).2006 Waite et al. 2006 Burger et al, 2007. The
neutral torus is a narrowly confined region close to Enceladus' orbit with abundant water
vapor, while the neutral cloud is the expanded structure containimpidielissociated
products of the expelled water vapor, O, and OH, as well as the torughktsstiman et
al., 201Q. The existence of the expanded cloud is due to interactions between the
neutrals and the magnetospheric plasma: the relativelyniaging ions collide with the
slow moving neutrals, as discussed in Section 3.4.2, resultingahteansfer of energy
from the plasma to the neutral cloud. Some of these neutrals gain sufficient energy to
escape thener magnetospheentirelyin the form of energetic neutral atoms (ENAS)
but many ofthese fasmoving neutrals collide witslowerneutraé, thus imparting their
energy to the rest of the cloud and causing the entire structure to assume an expanded
configuration[Johnson et a].2006 Cassidy and Johnsp201Q Smith et al.201Q.

The neutral cloud is therimarysource oimass and momenturtoading, with
newwater grougons being produced by photoionization and elecingpact ionization

of thewater groumeutras [Pontius and Hil] 2006 Tokar et al, 2006 Pontius and Hil)
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2009. This newlyproduced plasma is cold and slowoving, and must be accelerated to
corotation by Saturn's magnetic fiefsaturn has a strong magnetic field, a conductive
ionosphere, andr@pidrotation rateso azimuthal plasma flondominate much of the
magnetospher&Vhile the exact rotation rate is unknown due to the close alignment of
the spin and magnetic dipole axes, using the Saturn Kilometric Radiation §SKR)
proxy yields a rapid rotation period approximately 1@-10.8hours[Gurnett et al,
2009 Gurnett et al. 201Q. Since the azimuthal velocities of the plasma exceed the
Keplerian orbital velocities outside of 1.9 R;, the resliant centrifugalstresses act to
accelerate innemagnetosphere plasma radiadiytwards The constant mass loading
from continuous production of new plasma and Saturn's finite ionospheric conductivity
result in the centrifugal stresses overwhelming tagmetic field's ability to radially
confine the plasma, causing flux tubes loaded with inner magnetosphere plasma to move
radially outwardgHill, 1979 Eviatar and Richardsqri984.
2.1.3 Plasma transport in the inner magnetosphere

Conservation of magnetic flux requires that the cold imagnetosphenglasma
moving radially outwardsust in turn be balanced by the inward movement of it a
tenuous outemagnetosphere plasmad their associated flux tubdsis process is
known as the centrifugal interchange process or instafsiy Figure 2.1)and is the
primaryprocess which &msports plasma out of the inner magnetosphejection events
or "fingers" of hot rarefied plasntave been observed numerous times by the Cassini
spacecrafas close in as 58rom Saturn, and are the strongest evidence for the
interchange process the Saturnian magnetosphéBairch et al, 2005 Hill et al., 2005

Mauk et al, 2005. The magnetopause boundary acts as a baoribe outward moving
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Figure 2.1 Schematic of the centrifugal interchange instability, showing the inward
injection of hot plasma to conserve the flux lost through outward movement of flux
containing cold inner magnetosphere plagBaurceRymer et al[200§))

flux tubeson the daysidebut when this plasma rotates around the nightside, there is no
such boundindorce. Theflux tubes mayhencontinue to distendadially as corotation

lag increases, eventually reconnecting and leaving the magnetospthether most of

the inner magnetosphere plasma escapksde or smaltscaleplasmoids downtailasa
steady "drizzle" down the flanker through KelvinHelmholtz instabilities along the

dusk magnetopause flanissstill atopic ofdebatdBagenal and Delamey011].
2.2 Magnetic reconnection at Saturn

2.2.1 Vasyliunasand Dungeycycles

The identification and studyf plasmoids is of great importance to building a
comprehensive understanding of the dynamics of Saturn's magnetosphere. Plasmoids are
the final stage in the mass flow from the inner magnetospplx@maladen tubes of

magnetic flux distend, resulting reconnection forming plasmoids in the nightside which
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b)

Figure 2.2 Schematic otlosedflux X-line reconnection in the nightside magnetospt
due to distension of plasriaden flux tube by the centrifugal interchange instapbilit
(Source: modified fronVasyliunag1983). Black lines and arrows representgnatic
field lines; blue and red arrows represent field line and plasma motaxamifr
respectively. afompressioof magnetotail field irz causes reconnection as frozérx
condition breaks down, thus forming letype plasmoid; energy released results in
acceleration of field away from reconnectiodiXe. b) plasmoid has advected tailwarc
out of frame, while closed field lines accelenat@netward.

are then convected downtail. This process is known as the Vasyliunag\asjdiunas
1983, a schematic of which is shown in Figure 2.2. This is an example of closed flux
magnetic reconnection, where both ends of a field line that is undergoing reconnection
terminate m the planet. The other major reconneciiliven process is the Dungey cycle
[Dungey 1961, which involves the erosion of dayside magnetic flux when the IMF and
planetary magnetic fields are antiparallel. The resulting open field lines are advected
antisunward by the solar wind, and then compressed in the magnetotail. Theseelopen
lines eventually reconnect on the night side, thus this is an example of open flux
reconnection. There is evidence that magnetopause reconnection at Saturn's subsolar
magnetopause is rarer than at Jupiter or Earth, as a result of the high gragé&gsa

I (ratio of plasma pressui® magnetic field pressure) across the magnetopause and

magnetosheatfMasters et al.2013. It has been hypothesized that reconnection for the
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Dungey and Vasyliunas cycles occurs in different regadriee magnetotail, with the
former occurring predominantly in the pastdnight sector and the latter in the pre
midnight sectofCowley et al.2003.

Hill et al. [2008 presented observations of plasmoid formation and release in the
magnetotail, confirming that thepntainwater grougons, and thus that thepntain
material originatingrom the inner magnetospheidevertheless, it is unclear if this
plasmoid is due to Dungey or Vasyliunas cycle reconneclioa.reconnection process
results in heating and acceleration of plasma, which in turn releases radratiogsults
in energy in the form of plasma wav8$e pasmoids themselves are of impressive size,
often several planetary radii in length, and the acceleration imparted to them during
reconnection is considerable, with plasmoids moving downtail at spébdadreds of
kilometers per secoridackman et al.200§. It is important to note, however that
Cassini's orbit is ill suited to extensive study of plasmoid formation and release. Thus,
dynamical simulations can be of great importance in building our understanding of these
events and the consequences they have for other magnetospheric phenomena.

Dungey cycle behavior has been observed at Saturn, but the process bthehich
vast majority ofplasma from the inner magnetosphere is lost has yet to be conclusively
established. Previous investigators found that mass loss rates frorsdatg@lasmoids
are far too low to account for the rate at which new plasma is produced in the inner
magnetosphere by one or two orders of magnifBdgenal and Delamer01%

Jackman et al.2014. If either the "dusiside drizzle" or loss via smadlcale plasmoid
hypotheses describedBagenal and Delamef@011] are true, the relative paucity of

observations may be becauZassini has rarely visited this regiplackman et aJ.2014.
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2.22 Plasmoid morphology

Plasmoids possess one of two basic morphologies: loops or flux ropes, as shown
in Figure 2.3Zong et al. 2004 Jackman et al.2014. While a given magnetosphere
may produce both types, it has been found that flux ropes tend to be more common at
Earth, while all observed plasmoids at Saturn exhibit loop morphdlagkman et aJ.
2014. As an aside, we note that all published Saturn global models tend to produce flux
ropes instead of loofdia et al, 2012k Kidder et al, 2013. Figure 2.3 also shows the
expected magnetic field signature recorded by a spacecraft that flies through each type of
plasmoid (loop, flux rope, or loepnclosediux rope). There is a final plasmoid signature
in Figure 2.3, the travelling compression region (TCR). This is what a spacecraft would

see when the its trajectory does not actually intersect with a plasmoid, but a plasmoid

Loop-like plasmoid Flux rope-like plasmoid

Saturn
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Figure 2.3 Schematic ilistrations and magnetic field signatures of plasmoids and T
Dashed red arrows represent spacecraft trajectory relative to plasmoid or TCR (Si
Jackman et all2014], modified fromZong et al[2004])
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passes close by instead, compressing the open field lines in the lobes. These signatures
were measured relatively frequignat Saturn during solstice, sinpasmoids travel
along the curved magnetodisc (see Section 2.3 below), and thus did not often intersect

with Cassini which typically orbited below the plasma sheet at this part of its mission.
2.3 Global morphology and asonal variability

Saturn's magnetosphere is driven both externally, by the solar wind, and
internally, by the planet's rotation and the outward flow of ngwbduced plasma. The
seasonal impact of solar wind forcing on gross morphology is nowuvd#stood:

Arridge et al.[2008 showed that the "bowl"rd'basin” shapedurrent sheet during
southern solstice was due to the solar wind dynamic pressure acting upon the southern
magnetopause boundags show in Figure 2.3vhile Sergis et al[2011] observed

reduction incurvaturewith decreasing angle of attaak Saturn approached equinox.

Current/Plasma Sheet

Distorted
Magnetic Field Lines

P
Sun

Dipole Magnetic Equator

Figure 24 Deformation of Saturn'siagnetosphere due to solar wind dynamic press
and the planet's significant obliquigSourceArridge et al.[2008])
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2 4 Periodicities

While the investigation of the various periodic phenomena observed in Saturn's
magnetosphere is beyond seope of this investigation, the importance of periodicities
to Saturn's magnetospheric dynamics as well as to the overall history of the inquiry into
this topic requires that we briefly discuss the topic here. The close alignment of Saturn's
dipole and rtational axes means that, unlike Jupiter, there is no precession of the
magnetic field which reveals the plasdtue interior rotation rate.

Historically, the Saturn Kilometric RadiatidBKR), a signal with a period of
approximately 10.6 hrsrst obseved by the Voyager probdsas been treated as the
approximate rotation rate. However, this is complicated by the fact that there are in fact
two different sources, one in the northern hemisphere, and one in the southern
hemispher¢Zarka 199§, each of which has a slightly different period which drifts over
time[Gurnett et al. 2009 Lamy, 2011 Cowley andProvan 2015. By the beginning of
the Cassini epoch (20gztesent), the period of the stronger (southern) SKR conmpone
was approximately 10.8 hrs, while the northern component was at around 10.6 hrs. As
shown in Figure &.from Cowley and Provaf2015, by 2010 both periods had drifted to
around 10.7 hrs, at approximately the same time as the emergence of the Great White
Spot, a planespanning storm in the Saturn's northern hemisphere that lasted over 200
days[Sanche#d.avega et al.2012 SanzRequena et 3l2013. The drift of the SKR is
far too great for it to be directly correlated with an interior rotation rate, which means that
the latter is still a mystery.

Numerous phenomena in Saturn's magnetosphere have been observed to oscillate

at approximagly the SKR period. Consequently, the investigation of these periodicities
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Figure 25 Strength and period of northern and southern SKR components over th
Cassini era (Source: modified frodowley and Provaf2015)

system has become important to understanding the dynamizidrebithe

magnetosphere, in addition to any light such inquiries might shed on the planetary
rotation rate. Periodicities in charged particle populations were among the earliest to be
investigated during the Cassini epq€larbary et al, 2007k Carbary et al, 200734, with
density variations in both ions and electrons being observed at a period of approximately
10.8 hrs early in the missio@arbary et al[2009 later showed that both the northern

and southern SKR periods could be discerned in the energetic electron population.
Saturn's magnesphere also produces periodicities on a very large scale, with the
magnetopause and bow shock "breathing” (oscillating towards and away from the planet)

at approximately the SKR peri¢@larke et al, 2010h Clarke et al, 20104. Indeed,
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many of the previous periodic phanena can be understood in the context of periodic
motion of the plasma sheet with a specific phase relationship with one or both
components of the SKRArridge et al, 2011a Carbary, 2013.

There have been numerous hypotheses about what causes these periodicities, but
thus farevery hyothesis has had fatal flaws. Some investigators favor the camshatft
model, in which they postulate the existence of a longitudinally rotating magnetic
anomaly that perturbs the magnetic field, thus transmitting periodic s{gsdmosa et
al., 2003 Achilleos et al.201Q. Unfortunately no magnetic anomaly has been located
that satisfies these requirementsoftrer hypothesis has been advancediayet al.

[20124, involving rotating ionospheric vortices, fBiith[2014] asserts that such

vortices are energetically unfeasilteirthermoreWinglee et al[2013 show that

periodicities may originate due to interactions between the centrifugal interchange
instability and Titan. This is an important possibility to consider in light of the fact that
thatRussell et al[2008 have shown that Titan may exert a significant influence on

certain aspects of Saturn's glob@gnetospheric dynamics. In summary/aaesult of

the complexities and competing hypotheses surrounding this issue, we have chosen not to
tackle this topic headn, and instead merely introduce it here so that the reader
understands the nature of thisbéte.

2.5 Cassini at Saturn

While the Voyager probes provided a wealth of data on the Saturnian system, it
was the 2004 arrival of the Cassini probe that began the present era where we have
collected and analyzed vast amounts of data about Saturn,atspand its

magnetosphere. With that has come a new understanding of a uniqgue magnetosphere that
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many previous investigators assumed combined the characteristics of Jupiter's and
Earth's. Of particular interest to us are the data from the Cassini MagitetdMAG)

and Plasma Spectrometer (CAPS) instruments, which we use to validate our simulation.
In this section, we therefore give a brief overview of the Cassini spacecraft and mission,
and the MAG and CAPS instruments

The Cassini spacecraft was laungie 1997, and entered Saturn orbit (Saturn
Orbital Insertion, or SOI) on 1 July 2004. It has spent the last eleven years orbiting Saturn
and gathering a wealth of data on the planet, its moons, and its magnetosphere. The
period from 20042008 is known athe Prime Mission, during which it has helped make
numerous exciting discoveries, including the discovery of the Enceladus tiger stripes and
plumesthe curvature of Saturn's plasma shaet thdanding of the Huygens probe on
Titan, the first human crafo land on a body in the outer Solar System. S20@8, the
Cassini mission has been extended twice. Cassini has traveled on a variety of trajectories,
sampling most of Saturn's magnetosphere , including some passes as closéran5 R
Saturn and othe into the deep magnetotail, and has therefore contributed immensely to
our understanding of these regions. The end of the mission is drawing close however: in
2017, Cassini will be plunged into Saturn's atmosphere to ensure that it does not
eventually ctlide with one of Saturn's moons, thus contaminating its surface.

TheMAG instrumentis actually comprised of two separate magnetometers, both
mounted on an 11 m boom extending from the Cassini spacecraft: a fluxgate
magnetometer (FGM) is mounted halfwalgng the boom, while a scalar/vector helium
magnetometer (S/HVM) is mounted at the end. The overall MAG instrument uses both

magnetometers together to obtain low noise and high dynamic range measurements of the
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magnetic fields in and around Saturn's magsghereThe high dynamic range and
sensitivity enables the instrument to accurately measure magnetic fields throughout the
magnetosphere, from within a few B the planet all the way to the deep magnetotail.
For a detailed discussion of the construtiamd function of MAG, we direct the reader
to Dougherty et al[2004].

CAPS is likewise canprised of separate instruments, the Electron Spectrometer
(ELS), the lon Mass Spectrometer (IMS), ahd ton Beam Spectrometer (IBS). The
entire CAPS instrument is mounted on an actuplatfiorm that moves in azimuth in
order to provide as wide a field of view as possible. ELS measures electrons between 0.6
and 28 keV in logarithmic energy bins, while IM&asures the ions in hot, diffuse
plasmas between 1 and 50 keV/g. The mass/charge ratio range that IMS can measure
extends from 1 to 400 amu/@APS is intended to complement the MIMI instrument:
together they can measure particles at energies fromd £WieV (18 MeV for ions).
IBS is intended to observe narrowmibeams, and is therefore not relevant to the topics
that we cover in this dissertatiodowever, thenquisitivereader can learn about CAPS

in depth fromYoung et al[2004].
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CHAPTER 3

THE SATURN MULTIFLUI D MODEL

3.1 Modeling Saturn'smagnetosphere

With its large size and enormous variations of characteristic length scales and
velocities, Saturn's magnetosphere is a difficult system to model numerically, second
only to Jupiter's among Solar System magnetosphéfieide numerous publistd models
have addressed certain aspects of Saturn's magnetosphere, global models have been
relatively rare. The two most notable global Saturn models are the BATSRUS single
fluid magnetohydrodynamic (MHDyodel, and the multifluid multiscaMHD model
from the University of Washington, Seattle. Our model is descended from the latter.

The BATSRUS model was first applied at SaturrHansen et al[2005, who
very early on showed that the external conditions at equinox are such that the plasma
sheet should be warped, hinged at both the bow andteadge et al.[200§ later
showed that this was indeed the case, with definitive evidence of-ttedled "bow!"
morphology of Saturn's plasma sheet and magnetddiser, Zieger et al.[2010
conducted a numerical investigation into open flux reconnection and the release of
plasmoids, finding that there were strong relationships between the upstream conditions
and the rate of production of largeale flux rope plasmoids Baturn's magnetotail.

Most recentlyJia et al.[2012H, Jia et al.[20124, Jia and Kiveton[2017], and
Kivelson and Jid2014 have published an updated version of the BATSRUS Saturn
model, focusing on the implications of ionospheric vortices inside the inner boundary

driving the SKRrelated periodicities in Saturn's magnetosph@Ael SRUSIs a mature
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and highly optimized model with a wide range of numerical schemes at its disposal, and

has thus been a pillar in the modeling community for over a decade. However, the fact

that the largescale Saturn model is singfl@id only means that therare important

regions and behaviors in Saturn's magnetosphere that it is unable to simulate effectively.
By virtue of its separate ion fluid components and ability to track the electron

population characteristics, theuttifluid model is much better ged to simulating the

inner regions of Saturn's magnetospheité its populations of ion species of with

significantly different mas$o-charge ratiosMultifluid MHD was first presented in a

global model of Earth's magnetosphpiénglee 1999, and has since been extended to

several other solar system bodies, including Ganyrfiealy, 2004, Titan[Snowden and

Winglee 2013, and SaturfiKidder et al, 2009 Kidder et al, 2013. The model utilizes

a nesteeyrid structure, which enables it to simulate complex radéle, multibody

interactions, such as the Satdrmtan interactiorfWinglee et al.2013. The ability to

track individual plasma components means that it is possible to incorporate self

consigent plasmaneutral interactions such as electiorpact ionization and icneutral

charge exchange collisions, pioneeredSlnpwden and Wingld2013 in investigating

the Titan's interaction with magnetospheric plasma flows. Tlsaphwas so

successful that ivas later adopted yubin et al[2015 at Europa usin@ATSRUS's

multifluid schemeEarly versions of the Saturn multifluid model were among the first to

produce outflow and injection fingers, but like many previous MHD models they

experienced severe supercorotation in certain regions of the magnetosphere where this

has not been observeg spacecraft instrumenikidder et al, 2009. In this paper, we

discuss the results of a modified and extended version &atlien model incorporating
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plasmaneutral interactions, thus enabling simulation of the effdatsass and
momentum loadingn the global magnetosphere

One other notable model is the Rice Convection Model, or RGivet al,
201Q. This is a 2.5D model (infinite inalong Saturn's rotational axis) which has been
used to study the centrifugal interchange instability at Saturn, focusing on the production
of outflow strictures and injection finger#t is thus the only other model to produce
these structures at Satuifhe RCM results show good qualitative results in terms of
corotation lag and the development of the interchangebitistabut the overall number
and azinuthal coverage by the injection fingers is quite different from what has been
observed at Saturn, a likely consequence of the 2.5D geometry. It is nevertheless an
extremely useful tool that has provided excellent insights into the processes governing

Satun's magnetospheric dynamics.
3.2The multifluid multiscale model

The multifluid technique is a generalization of the vkelbwn single fluid MHD
techniquewhere each positive ion species with the same or similarto@bsrge ratio
can be treated as an individual fluidnfodelcan include an arbitrary number of ion
fluids, while the electrons are treated aesrmasdfluid that flows instantaneously to
neutralize charge. Multifluid MHD thus enables stwdiyhe dynamics oindividual ion
speciesand produces more accurate behavior in regions with diverse ion species of
varying abundancesuch as in Saturn's inner magnetosphEne ability to track the
properties of each major plasma component also makes the multifluid technique ideal for
thesimulationof plasmaneutral interactions, which are of great importance teghe

process irthe vicinity of the Enceladus neutral cloud
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The updated Saturn modetorporates three singlsharged ion species with the
following mass/charge ratios: 1amu(protonsor H+, comprising the bulk of the solar
wind and also sourced from Saturn's ionosphere); 17 arfweger group ionsr W+,

e.g: HO", OH", O', sourcedprimarily from ionization of the neutral cloud, with a

smaller ionospheric source); and 32 amuadow-abundance heavy ion included as a
tracer. In addition to tracking the pressure, density, and velocity of these species, the
modified multifluid equatias (seeSection 3.3 also tracks the evolution of theater
groupfluid due to photoionization and electron impact ionization of the neutral cloud, as
well as momentum exchange due to elastic collisions between water group ions and
neutrals. The current seed grid comprises six boxes with resolution decreasing by
factors of two from the innermost (0.2%)Ro the outermost box (84R as shown in
Figure3.1 (box 6 omitted due to size). The innermost box contains the planet and most of
the inner magnetosptes The finegrid spacingn theinnermost boxallows the model to
resolvesmall-scale features and theref@ecurately simulatplasmaneutral interactions,
while the magnetopause boundary and much of the magnetotail is captured-at a still
reasonable 1 &grid spacing, thus permitting reasonable computational performance by
using coarser spacing farther from the planet.

The origin ofour coordinate system is at the center of Saturn, witlz thes
aligned with the planet's rotational and dipole axeg.yldxis points in the direction of

the planet's orbital motion, and tkexis is perpendicular to both and points nominally in
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Figure 3.1Schematic of the nesteagtid structure of the Saturn multifluid model (Soul
modified fromWinglee et al[2009)

the antiSunward directionThis is similar to one of the standard inertial frames used at
Saturn, the Kronocentric Solitagnetic (KSMAG) frame described Arridge et al.
[2011H, except that the KSMA& andy axes point in the opposite directions from our
coordinate system. To transform from KSMAG to our system involves a simple 180°
rotation around the-axis. The incoming solar wind conditions can be varied to simulate
different angles of attack, and therefore seasonal conditions (e.g.: during equinox, the

solar wind flows in the positivedirection, as th& axis at this point in Saturn's orbit




points directly in the antisunward direction). In this paper we will often teeesfer to
features that are at some stated radial distance away from the planet's spin axis. Thus, we

will also often refer to a cylindrical coordinate system with an iderttiaals, radius

i ®w w,and> AOA @¥id.
3.3Governing multifluid equations

Equations 19 are the multifluid equationdVinglee 1998 Kidder et al, 2009,
modified to irclude the effects of neutral cloud interactipaowden and Winglee
2013. These equatiorgovern the evolution of th@lasmavariables velocity/, mass
density}, and pressur for the ions and the electrons (denaotedde respectively), as
well as the electric fieldnd magnetic field& andB, and currentlensityJ. Variablesm,
g, andn; are the masgharge and number densityf ion species, andois the ratio of
specific heat¢cy/c,& 1. 67, as s u rea thonatamicadpapgadouationsalt
and 2 are the mass and momentum conservation equations for ion gpehiks3is the

eqguation of state

— 9" 0O (1)
n _T A 0) n 4 o4

<L At | 0 —"» 08 8 (2)
— 30y 1 pE0 BO (3)

Terms A, B, and C, described in Equation 4, Bnd from Equation 3are the
modifications made to the governing plasma equations to incorpgbeagffects of
neutral cloud interactionsn the ion fluidsTerm A is the change in density of species
due to the local sourdenassloading)and loss rates§ andL;. Term B is thenomentur

loading terms, which describes ttlgange in momentum of speciedue to elastic
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chargeexchange collisions between gand neutrals, whegg, is the ionneutral
collision frequency ant, is the neutral velocity. Term C is the change in momentum
due to the creation of new plasma moving at the velocity of the neutrals. Fihallyjs

the heat addition term due to paaneutral interactions.

5 Y 0 & (4a)
6 "+ & T (4b)
6 aYs T (4c)

We assume that all negative charge carriers are electrons. The conservation of
mass for electrons is satisfied by the assumphliahtie plasma is quasieutral,
B ¢ & .Thelow mass of the electrons relative to the ions results in a very high
electron gyrofrequencies, and hence very small charactenséscals, thus we
consider only thelrift velocity of the electrons. The dymécs oftheelectons are
therefore entirely determined by Equations 5 and 6 which are respectively the equation of
state for theelectrons, and modified Ohm's lawdescribing the evolution of the electric
field, where— » is the local resistivity (onlypon-zero in the ionosphere). The final
plasmaneutral interaction term B0  in Equation 5, the electron fluid heat addition
termwhich couples the plasmeutral interactions to the evolution of the electron fluid
Prgl 0 BO (5)

IL
FoB—p | L — —»t ©

Equation 7 is Faraday's law of induction, which is solved for evolution of the magnetic
field while Equation 8, Ampere's law, is used to calculate the current density. Equation 9,
useshe definition of current as the differential motion of chartgesbtain the bulk

electron velocity anthusclosethe system of equations.
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3.4Modeling neutral cloud interactions

Terms A B, andC,B0 ,andB0 must be modeled as functionstbé plasma
properties and the density and velocity of the neutrals in order to successfully capture the
temporal and spati&ariability of the plasmaneutral interactiondRather thanansider
the full list of all possible plasmaeutral and photeneutral reactions that may occur, we
begin with a subset of the most important interactions, shown in Zables subsetvas
compiled on the basis of which species were most abundant acid iehctions had the
fastest ratefBurger et al, 2007 Fleshman et a).201(. Saturn's neutral cloud is
primarily composed of OH, whicdls producedrom the photodissociatioof H,O
sourced from Enceladus' cryovolcanic plumesQHlgY OH + H) . Photodi s
mayalso give rise to atomicO (@ +hgY O H4OHH Y O +H,Bidominates
within 0.5 R; of Enceladus' orbit, but its density rapidly falls with increasimstatice
(H.T. Smith, personal communication [2015]). Outside of this regientelative
abundances of the main water group neutralsarcloud is OH:O:HO = 10:10: 3
[Fleshman et a).201(. Because of the dominancewsditer groumeutrals and W+ ions
in Saturn's inner magnetosphere where the neutral cloud interactiomasilgriake place,

we restrict our modifications of the multifluid equations to the W+ fluid alone.

We model the interactionisted in Table becausé¢hose areéhe most important

in terms of governing the global dyners of Saturn's magnetosphermwever, here are
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Table 2List of neutral cloud interactions incorporated into modified multifluid model

Reactions Type

OH+hgY OH¢€ photoionization

O+eY O+2¢ electronimpact ionization
OH+€eY OH 2e electronimpact ionization
HO+€eY D" +2¢e electronimpact ionization

H,O + OH Y H,O" + OH elastic charg@xchange collision
H,O + H,O' Y H,O" + H,0O elastic charge@xchange collision

also otheplasmaneutral interactions that occur in Saturn's magnetosphere that are
important tocertainregions of interesOne particular interaction the charging of
nanacale grains of ice and dubkatoriginaie from the Enceladus pluméslorooka et

al., 201]. The pesence of negatively charged dias important implications for the

flow of plasma in the vicinity of Enceladus, as describe&iggel et al.[2011] and

[Simon et al.201]. However, these effectgenerally acbn length scales fdrelow what
we can resolvesing the global model and grid described in this document. As a result,
we neglect these effects in ttrodel resultslescribe herein, leavirggudies orthe

implications of these effects on global dynamics to fuitawestigators
3.4.1 Source terms

Together, photoionization and electron impact ionization make uprtdtesses
thatcomprisethe source terng in terms AandC of Equations 1 and Based on the
significantly smaller rate constants for loss procegaasd byFleshman et al[2010,
we have assumed that the loss tais generally much lowahroughout most of the

inner magnetospheralso, since we are only considering the reactions in Table 2, only
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source rate we are interested in is the volumetric rate ofgedap (W+) ion

production, of'Y
Photoionization

We have simplified our modddy treating the neutral cloud as becgnposed
entirelyof OH for the purposes of simulating photoionizatidhus photoionization is
treated aveing dependent solely on the rate coefficient for ionization of OH by UV
photors (see Table 19t 9.6 AU forthe quiet Sunky, = 3.7 % 10%/s, asobtainedrom
Huebner et al[1997. The model allows us to easityodify therate coefficiento reflect
differentconditions such as solar maximamSaturn's apheliorfreating all three major
constituents of the neutral cloud as OH is reasorahéethe rate coefficients fahe
photoionization of O, OH, andJ® areall within approximately 50% of the stated value
above[Fleshman et a).201Q, and the global rate of photoionization is an order of
magnitude smaller than electranpact ionization, making it a significantly weaker

driver of magnetospheric dynamics.
Electron impact ionization

Electron impact ionization of the neutral cloud is hbiytfelargestcontributor to
global masdoadingin Saturn's magnetosphefinhe electron ionizatiofrequencyge is
dependent upon the loaakctron density,, and the rate constasd and is given by

¢ I "Y.To go fromg to the actual source rate per unit volume, we multiply by

the local neutral density:

Yog (10)
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The rate constant is dependent on the impact ionization-seationl, and the

temperature of the local electron population, shown in Equatioelbivb
"y _, “YO'QU Qu (11

wherev is the electron thermal velocity, af(d) is phasespace thermal velocity
distribution.Recent work has shown that the distribution that best models the plasma in
Saturn's inner magnetosphere may be a Kappa distrijiftierrard and Lazay201Q

Carbary et al, 2014. This is a nofthermal distribution, a modification of the

Maxwellian distribution which allows for an increased abundance of higengy

paricles in the tail of the distribution. Neverthelesg assume a Maxwellianstead of

a Kappa distributiorfior f(v) for two major reasons: 1) it simplifies the computatiomof

at each grid point, since the Kappa distribution requires numerical integrand would
slow the simulation to untenable levels, and 2) using a Kappa distribution would require
assigning a fixed value for the kappa parameter to each grid point, which would have to
be drawn from previous studies and which would prevent our ationlof electron

impact ionization from being setfonsistent. Wexaminedcrosssection data for the
electronimpact ionization of each major speciesJohnson et a/.2003, OH

[Tarnovsky et al.19994, and HO [Itikawa and Mason200 (see Tabl&) and

determined that across most of the range of int¢t8st50 eV), the crossectional

values at a given energyere all within 33% of one anothexs shown in Figure 3.2Ve
therefore made another simplifying assumption, @&t the crossection values for OH

for the electroAimpact ionization calculations for all water group neutrals.
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[2009), and b) OH (Sourcérarnovsky et al1998)
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3.4.2 lon-neutral elastic collisions

Elastic collisions between water groups ions and neutrals (i.e.: collisions resulting

in symmetric charge exchange) result in a net loss of momentumtieoiornt fluid. The

effects of these interactiomseexpressed in ter of Equation 2. The local time

dependent rate of these collisiaRsdepends upon the collision cressctiond,, the

neutral andon numberdensites,n, andn;, and the relative speed between the ions and

neutralsw w S

T 9
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Figure 3.3Charge exchange cross section (Sourediawa et al[199(Q)

. €& 3w (13)
We calculate the velocity difference at eagiu pointandtime step, assuming that the

neutrals are traveling at Keplerian velocitieshawa et al[1990 showed that not only

were the collision crossections very close for both chargechange reactions shown in
Table 1, but also that across the range of collision energies, theseasas were
relatively unchangeds shown in Figure 3.3Ve therefore used a mean crssstional

value ofli, = 8 x 10™ cn?, greatly simplifying the calculation.
3.4.3 Heat addition terms

The addition of new plasma from the neutral cloud results in @s®bIf energy density

from the plasma fluid, as the newly created ions are at essentially the same temperature as
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the neutralsracticallyzerg compared to the bulk ion temperature). Furthermore, elastic
ion-neutral collisions result in energy exchangean the plasma to the neutrals, with a
fast (corotational) ion and a neutral at Keplerian speeds becoming a slow ion and a fast
neutral. We employ thexpressiorused bySnowden and Winglg¢2013 to incorporate

the change iW+ ion and electroriluid energy due t@lasmaneutral interactions, the
termsB0O andB0 from Equations 3 anflabove, and refer the reader to tretailed

discussion in that source.
3.4.4 A note onapproximations

As we have explained above, Wave mad& number of approximatioms order
to reduce the total number of interactions that need to be incorporated into our model to
manageable levels. Thus, in addition to the effects of discretization that affect all
numerical fluid models, there are also utamties thaarisefrom these approximations
which primarily manifest within the masand momentustonservation equations, as
well as the equations of state (Equationy.IMost of this uncertainty arises from our
averaging of the electrempact ioniation crosssections described in Section 3.4.1
above, and our treating the individual wageoup neutral and ion species (i.e.: O, OH,
H,O; O', OH', H,O") as a single neutral or W+ ion species. There are likewise
uncertainties arising from the assumptadra single changexchange collision cross

section as described in Section 3.4.2.

We made the decision to use these approximations because, as noted earlier, the
variability in crosssectional values for the above reactions is on the order or 33%sor les
This isgenerally muchess than the observed variability in important quantities such as

plasma densities, pressures, and temperatures, and magnetic field strengths and directions
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throughout most of the Saturn's magnetosphere. As a result, we bletietleet effects of

our approximations on the physics are likelyléms important than the variability

produced by the dynamic behavior in our simulation domain. Moreover, as we go on to
show in the remainder of this dissertation, the results of our @fions$ incorporating

these modifications exhibit excellent agreement withrtstu data. Thus the

uncertainties introduced by these approximations appear to be well constrained and do

not inhibit the accurate simulation of Saturn's magnetosphere.
3.5Empirical representation ofthe neutral doud

We began our simulations with an azimuthajynmetric empirical
representation of the neutral cloud basedherésults byurac et al[200F. We have
since generalized the model to enable the inclusion of any neutral cloud morphology. For
the purposes of this investigation, w&e a representation from H.T. Smith (personal
communicatiorf2015]), which is an updated version of the neutral cloud model from
Smith et al[2010. This representation is the result of populatimginner
magnetosphere with neutrals using a Monte Carlo method, ejeciihgidiecules from
Enceladus and then calculatitigir trajectoriesdased on the plsical and chemical
processes acting upon thehike the older representation, this is azimuthally symmetric,
as shown in Figur8.2. Compared tahe model fromjurac et al[2002, this version has
much higher densities in the vicinity of Encelddubit, and is both more confined
radially, and more expanded in z. In bo#presentations, neutral densities rapidly decay
to zero inwards of = 4 Rs, due toabsorption by the rings. Since the neutral cloud varies

on much longer timescales th#mose relevant to the plasma (e.g.: corotation, advection,
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andreconnectioriimescales), we treat the cload a static source of new iongh

unchanging distribution in time.
3.6 Interior boundary and solar wind conditions

The inner boundary of the Saturn model is located at 2s2f0R the center of
the planet, outside the main rings. The interior dipole field is initialized in the
"ionospherenodes, just inside the inner boundaych thaBe(r = 1 Rs) = 21,000 IT.

The rotation rate is set by restricting the plasma in the pdrese nodes to mowe strict
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corotationwith Saturn(i.e.: a rotation period of 1gJ. We do not presently maintain a
nonzero ionospheric resistivity. As a result magnetosplaresphere coupling is not
current limited (i.e.: fielealigned currents whitclose through the ionosphere are not
affected by the- » Lterm in Equation 6)The lack of a curredimited ionosphere has
often led to physicallynaccurate supercorotatiom models of large rotationaHlgriven
magnetospherddloriguchi et al, 2008 Kidder et al, 2009 Jia and Kivelson2013.

Chané et al[2013 suggest potential solution whereby they impleméma inner

boundary bymodeling the interaction of the plasma with the neutrals in the ionosphere.
By doing so, theyave produced thierst global MHD model accurately depicting
corotation lag in the Jovian magnetosphesimg this methode note that our self
consistent incorporation of plasmautral interactions with the Enceladus neutral cloud
is similar in concept, and we show im&pter 4 that the net effect of the new physics is to
produce much better agreement with corotation lag profiles obtainedrfreito data.
Neverthelesshie inclusion of a physicalyepresentative ionospheric conductance in the

model is a topic of ongng work.

The boundary formulation allows outward ion flux from the interior, but
maintains the interior densities and pressures at the same levels. Thus, outward flux at the
boundary is driven by pressure gradients and numerical diffusion. Our origaralweas
to set W+ density in the interior at a negligible level. However, in order to avoid both
untenably high Alfven speeds close to the inner boundary which would adversely impact
simulation performance, and very large density gradients which wourlel ekcess
numerical diffusion, it was necessary to specify a reasonablyaggr grougon

density both inside and on the inner boundary. As a result, we still maintain an interior
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W+ source. This is the primary W+ source for previous iterations ofgherSmultifluid
model, but in this version it is much reduced, allowing the neutral cloud to dominate the

production of newlasma(seeFigure5.6 for magnitude of ionospheric soujce

For all results presented @hapters 4 and, 3he incoming solar wind and IMF
conditionswereset to values appropriate to Saturn at southern hemisphere solstice, and
are constant in time. The solar wind velocity is 450 km/s, and flows roughly anti
Sunward at a 26° angle from tkg plane ¢r =[4000,200 km/s). This washeangle
of attack(AOA) of the solar wind relative to Saturn in 202804, shortly before
Cassini's Saturn Orbital Insertion (SOI) phase. Thus, our simulatiomdatse chapters
can be reasonably comparedrisitu obsevations from the Cassini prime mission. The
solar wind is composed primarily of protons, with negligible W+ and hvy+ components
(required, since the fluid density cannot be zero), with a density of 0> hocha
temperature 0140 eV. The only noizero IMF componenin these chapteis B, =-0.25
nT, parallel to the interior field at the magnetopause, thus producing a closed
magnetospheric configuratiofhe simulationsare run for as long as possible (usually
several ), with the time at the point thgtiastequilibrium has been reached designated

as 0 hrs UT.

In Chapter 6, we consider timapact of seasonal variability as expressed by
changes irthe solar wind AOA. We maintain the solar wind density, temperature, and
speed at previous values, as wslklae same IMF, but change the incoming solar wind
velocity vectoro  to select a particular AOA value (e.g=: =[450,0,0] km/s at
equinox). Once again, we wait for the magnetosphere to reach sequddrium state

before beginning Hdepth observations.
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In our study of tail dynamics in Chapter 7, algtainedall our data for the
equinox case, as the mean ptassheet is aligned with the rotation equator anc-the
plane, which makes visualization and the placement of virtual spadasgadific points
on the grid from which a range of data is collected at every timeateph simpler
task.We applied a sfp-change in théMF B, component from0.25 nT to 0.25 nT
(parallel [closed] to antiparallel [open]). We designated the time at which we applied this

flip as O hrs UT for this instance of the simulation.
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CHAPTER 4

VALIDATION OF SIMULA TION RESULTS

4.1 dobal morphology of Saturn's magnetosphere

Due tothe large number of modifications made to the basic multifluid model, we
begin by presenting a series of comparisons to data to demonstrate both the model's
fidelity to CAPS and MAG datas well as thoseegions in which the model results
diverge from observations. Previousdaebresults, including both the University of
Mi chi gands BAHassBne)2008ddeldd t he University of
multifluid code[Kidder et al, 2009 have successfully reproduced the curved plasma
sheet configuration observed at solstligure4.1a showsx-z plane H+ pressure
contours and Saturn's magnetic field in the-deyt meridian, illustrating the typical
global configwationof Saturn's magnetosphextsolsticeNote that the simulation
maintains the curvature of the plasma sheet after the addition of photoionization,
electronimpact ionization, and elastic iexeutral collisions. The subsolaragnetopause
standoff disance denoted byhe bluestar, islocated at approximately 22sRon the
lower end of the range given Byhilleos et al[2008], who found @imodal distribution
of standoff distancesith peaks at 22 and 27sRThe equatorial plane (Figudelb
shows a typical flow field for the bulk plasma for all modeled plasma spgegigs,

(r B” -H-FWB " ). The inner magnetosphere is dominated gnathal flows, both
ant-Sunward and crogsil flows are visible on the dawn flank, the latter enforcing the
azimuthal flow in this region, while the dusk flank is largely characterized by anti

Sunward flows. The benrblack of most of the magnetic
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field lines in the inner magnetosphere implies a largelycaubtational flowfield (see
Figure4.4 andaccompanying descriptionJhe apparent innenagnetosphere pressure
enhancement observed on the nightsd®ot a permanent structure, rather it is a

dynamic feature that develops and dissipates with the evolving flow field.
4.2 Comparison with in situ data

Having examined the peoduction of the largscale structure of Saturn's
magnetosphere, we now explore the plasma parameters in the inner and middle
magnetosphere, comparing the model output to Cassini data. The comparisons between
simulation data anth situobservations bele are only made possibly by both the use of
a multifluid model, which allows differentiation between the properties of different ion
fluids, and the incorporation of safbnsistent neutratloud interactions, which
dynamically evolves the local plasmaiadies in response to the production and
transport of plasma. FigureXdshows simulation results for density, pressure, and
temperature in the equatorial plane of the two major ion fluids, protonsated group
ions. The black lines represent the mean data, while the red bars represent the range of
values at each radial location. The data have been averaged in both time and space, over
approximately 4.25 Saturn rotations (45 hrs) with data sampled ten timexdgien,
and radially along the noemidnight and dawsdusk meridiansWe have overlaid the
simulation results on the lelatitude, corotation fielebf-view CAPS data fronThomsen
et al.[2010 for comparisonThe CAPS data are given as a function -@hell We
restrict our comparison to CAPS data from passes where the instrument is pointed into
the caotation fieldof-view and when the spacecraft is at low latitudes in order to obtain

the best representative comparison to our simulation results.
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Figures 42a and b showadial equatoriaplane density and pressure profiles of
the protons and W+ ions. Proton density decreases exponentially as radial distance
increases, in agreement with the CAPS data throughout the range of radial locations. In
general, the simulation nes are on the higher end compared to the instrument data, a
consequence of needing to maintain a high enough densities inside td BrBvent
extremely high Alfven speeds in thisgion (se&ection3.5). The simulated mean W+

density peaks at arour®$-30 cmi® slightly outside of the location of Enceladus' orbit
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Figure 4.2 (continued)) proton and g) W+ tim@averaged radial temperature profiles
z= 0 overlaid on CAPS datay L-shell)from Thomsen et a[2010Q

(i =4 R). The location of the peak is consistent with obatons, while the density
profile forr < 8 Rsis in reasonable agreement wiithsitu data: somewhat lower than the
mean CAPS values but within the bouimsitu data. Qualitatively, the simulation
results show that W+ is the dominant ion species ifntner magnetosphere. The
simulation and CAPS data are in excellent agreement outwardssof 8 R

The simulated radial pressure profiles for protons, W+, and the total ion

population (Figures 4.2b, ¢, and d) are likewise in excellent agreement with the CAPS
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data throughout the inner and middle magnetosphere. The proton pressure is in excellent
agreement with spacecraft data, with values betweer00DB nPa observed throughout
the inner and middle magnetosphétét plasma pressure peaks at approximately 0.2 nPa
in the vicinity of Enceladus' orbit, with a broad region wHage > 0.1 nPa extending
between 4 R<r <9 Rs. Consistent with observations, the simulation data clearly shows
that W+ pressure dominates tlo¢gal plasma pressune the inner and middle
magnetospherdon temperatures are derived from the density and pressure data,
assuming an ideal gas law relationship. The simulation temperature results (Figures 4f
and g) are therefore also reasonably coasisvith the CAPS data, with the W+ plasma
data showing excellent agreement. Proton temperatures inside6oRs are lower than

the observed values but this is expected, since the Higiieaverage simulated proton
densities in this region would act depress the temperature.

Figures 4.3a and b show the magnetic pressure and electron temperature profiles
respectively. Figure 4.3a is overlaid on the Rev 20 data lfeliett et al.[2011], which
shows that our magnetic pressures are consistent with those measured by the MAG
instrument early in the Cassini mission, further confirming that our model captures the
overall conditions of Saturn's inner and middle magnetosphere. Figure 4.3b may be
compared against innenagnetosphere electron temperature data Rensoon et al.

[2009, which shows that our electron temperatures are in good overall agreement with
the observed values. This is of great importance to the accurttey wpdated model, as
the electron temperature profile directly impacts the rate of plasma production due to

electronrimpact ionization, and therefore the maasd momenturtoading processes.
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Figure 4.3a) magnetic pressure and b) electron tempeeaimeaveraged radial profile
atz= 0. Magnetic pressure data is overlaid on CAPS and MAG data for Cassini R
from Kellett et al.[2011]]. Blue linein a) represents the magnetic pressure derived fr

MAG data.

The final stage of validating the updated model is comparing the corotation lag
exhibited by the simulation with results deriviedim CAPS data. Figure 4.4 shows the
time-averaged (same interval as Figures 4.2 and 4.3) radial corotation/\gg)
profiles at dawn, noon, dusk, and midnight. Moderate supercorotagiond:< 1.2) is
evident between 78 r < 12 R; at bah midnight and dawn, but the rest of the inner and
middle magnetosphere is subcorotatioSaipercorotation at dawn may also be the result

of intermittent highspeed return flowsased on findings fromasters et al[2011].
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Figure 4.4 Corotation lag radial profiles at daw@6:00 hrs SLT), noon (12:00 SLT),
dusk (18:00 SLT) and midnight (24:00 SLT)

Furthermore, when compared with CAPS data fiitson et al[2009, the lag

exhibited by our model is similar (~220D% between 5 R<r < 10 Rs at noon and dusk).
The largely subcorotational magnetosphere, coupled with the presence ebaalept

flow structures is strong qualitative evidence that the updated multifluid model is a valid

representation of Saturn's magrsgtoere.
4.3 Summary of findings

We have compared the output of our updated multifluid model with published
CAPS and MAG data from the Cassini prime mission, and have shown that the

simulation is in good agreement withsitudata. In particular, theaner magnetosphere
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radial profiles from thenodeloutputexhibit a fidelity to instrument data that has thus far
not been achieved by previous investigators, implying that the inclusjdasrha
neutral interactions is essential for theantitativelyaccurate simulation of Saturn's inner

magnetosphere dynamics
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CHAPTER 5
PLASMA PRODUCTION AN D RADIAL TRANSPORT I N

SATURN'S INNER AND M IDDLE MAGNETOSPHERE

5.1 Water group plasma production

28

28

275 -

W+ production rate [1/s]

27 I I I ! ! \ \ \
0 5 10 15 20 25 30 35 40 45

UT [hrs]

Figure 5.1 W+ ion production rate (blue solid line is timstantaneous rate in blue soli
line; cyan dashed line represents taweraged rate over the displayed interval)

New plasma in Saturn's magnetosphere is produced primarily by eleopant
ionization and photoionization of the neutciud In this section, we examine maasd
momenturAloading during southern hemisphere sobstFigure 5.1showsglobal W+
production due to electrempact ionizatiorover45 hours of simulation time4(25
Saturn rotationsafterthe model haachieved equilibrium. The mean rate of plasma
production due to electreimpact is2.83x10?"/s (-80.5kg/s), approximatelifteen
times the rate of production due to photoionizatia82410%%/s, ~5.5kg/s). Thetime-
variability of electronimpact ionization over this interva relatively low,less thar5%.
There have been a wide rarafeestimates fortte total, globally integrated rate of mass

loading based on analyses of Hubble Space Telescope and Cassini data, from as low 10
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kg/s to as high as ~300 kg[dyrac and Richardsqr2005 Sittler Jr et al, 2008 Cassidy
and Johnson201Q Fleshman et a).201Q). Our simulation results are thus consistent
with observations, falling towards the lower end of this range.

Figure5.2shows an equatorial time sequeKze 0) of the innermagnetospere
electron temperatuyelectronimpact ionization frequencyy, see section 2.2)1and
volumetric W+ productionfY ) due to electron impa@bnizationfor theinterval
17.22 hrs €< 26.71 hrs UT (0.9 J.. The sphere in the center represents the inner
boundary, while the white circle at 4 Rs represents the location of Enceladus' orbit.
The inner magnetosphere may be divided into two separate regions in tepasadfesd
temporal variability in the ratof electroimpact ionizationr <5 Rs, where the
variability in ionizationrateis negligible andr > 5 Rs, where significant spatial and
temporal variability existlt is in the lowvariability region 8 Rs<r <5 Rs) where the
vast majority of newV+ plasma iproduced Y > 10* cm>s?), despite the low local
impactionization frequencyn this region ¢ < 1 x 10°s). SinceTe < 10 eVin this
region, only the suipopulation of the tail of the thermal electron distribution is capable
of ionizing thewater groumeutrals Te > 13.2 eV), implying that the high plasma
production in this region is due simply to the very high local ele@nshneutral
densities. The radial extent of this maximal production region is consistent with
observations, confirming that it is the thermal electrons that are responsible for the bulk
of new plasma production from the neutral cloud.

Most of the variabity occurs in the region> 5 Rs, with transient structures in
the W+ production rate contours developing and dissipating over a matter of hours. An

example is the protrusion at approximately 21:00 hrs Saturn Local Time (SLT) visible at
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Figure 5.2 Equatorial time serie& = 0, looking down on Saturn's north potegplaying
(from L to R) electron temperature, electron impact ionization frequency, and W+
production rate for 0.9 Saturn rotations, a)pl) 0.3 &, ¢) 0.6 5,d) 0.9 &
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0 Ts (Figure 5.2a), which roughly corotates with the planet and then dissipates before
reaching midnight prior to 0.3 Figure 5.2b)From Equation 10 and the fact that our
neutral cloudepresentation is statiany variability that does arise must therefore be due
to either changes in the local electron density or temperdteedynamics of these
features are therefore governed by the flows of warmer elecifprslQ eV) from the
middle magnetosphere. One example of this is effect of the band of warm electrons that
has just moved into the inner magnetosphere at a distanceldf R; at approximately
06:00 hrs SLT in Figure 5.2@ his, together with sufficiently high electron dewsit this
region, produces the increased ionization frequencies in this region at the same time step,
which in turn produces a docated and very pronounced "bulge" of increased ionization
at 06:00 SLT. At 0.6 d; this warmelectron region has advancedaaproximately 15:00
SLT, the region of increased electron impact frequency and ionization has dissipated as it
passed through the dayside. We observe that the largest ionization frequendes tend
occur on Saturn's nightside, which corresponds with dlyside densities of the hotter
electrons sourced from the middle and outer magnetosphere being somewhat lower.
Please refer téigure AL.1 in Appendix Al for an animation of Figurg.2 over the given
time interval.

Note that the electron impaitinization frequenciege shown in Figuré.2 are
derived from assuming the electron temperatures have a Maxwellian distribution and are
isotropic (see sectidd4.1). Therehas been debate in the community about the role of
hot electrons in producing plasma: the density of hot electrons in the inner
magnetosphere, where neutral density peaks, is relativelpySomippers et al.2009,

but thelarge ionizatiorcrosssections that they produce may be sufficientdmpensate
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for this. In order to investigate the effects of hot electrons on ionization rates, we
implemented a datmformed constanthightemperature electron population in our
model [T = 200 eV). This hot populatiotensity was treated agadially-dependent
fraction of the overakklectronpopulation as a function of-thellusing a profile from
Schippers et a[2008. We found that this simpleepresentation of theot population
produced veryew W+ ionscompared to the thermal populati@lue to hefact that the
hot electron densitfor r < 9 Rs (where neutrals were@st abundant) was extremely
low. Since theeffect oftheincreased ionization crosectioral valuesof thehot
populationwas unabléo compensate sfi€iently for its low abundance, we therefore

negleciedthis phenomenon in our otherodel runs
5.2 Radial transport

While the global rate of production exhibits little overall variation,rdesal
transport of plasma is a highly dynamic process, with flow features rapidly developing
and decaying otime-scales much shorter than the planetary rotation pefidder et al.
[2009 described radial transport in terms of the evolution of "fingers" of outward
flowing innermagnetosphere plasma, using results feoversion of the multifluid
model featuring a constant source rate of new water group plasma. In this section, we
present an updated description and analysis of this phenomenon using our model
featuring selconsistent neutral cloud interactions.

We begin with a qualitative description of the radatflow of water group
plasmafrom the inner magnetosphefggure5.3is an equatorial time sequence showing
the azimuthal and radial flow of the cold, dense inner magnetosphere W+ plasma,

coveringapproxmatelythe same time interval as Figls with threetimes the

6C



temporal resolution. The contours represent the plasma density, which peaks in a band
extending between 3.5sR r > 5 Rs, consistent with the region of highest W+ production
(see Figurel.3). As in Figure 8, the inner circle represents the location of Enceladus’
orbit, while the outer circle at= 15 Rsis relevant to the calculation of radial flux in the
next section. The purple arrows show the radial component of the total (density
weighted) plasma velocity.

Figure5.3shows that the outward flow of W+ plasma is a dynamic and highly
variable process that operates primarily through the formation of outflow structures.
These are regions of cold, higksnsity, innetmagnetosphere W+ plasma which grow
radially outwards oer time. The radial velocity of plasma inside these regions is
predominantly positive, thus transporting irmeagnetosphere plasma outwards. These
structures are similar to the "fingers" describeKimder et al.[2009, but with much
greater azimuthal extent and exhibiting markedly different behavior as they evolve. The
primary forces acting upon a massded flux tube are the magnetic field attempting to
accelerate the plasma azimuthally and confine the plesdmaly, and the outward
centrifugal acceleration of the plasma, which is moving at speeds far in excess of
Keplerian orbital velocities throughout most of Saturn's magnetosphere. Since the mass
loading processes are continuous, the centrifugal strdsegnate the magnetic field's
ability to confine the plasma, resulting in the radilyward flow of W+ ions observed
in the outflow regions of Figure 5.3he continuous rate of W+ production also prevents
the plasma from reaching corotation velocitigbjch therefore lags behind the planetary
rotation rate. This &bct is also evident in Figure 5.8 which the outflow structures

display a distinct "swegback" morphology. The amount of lag increases with the age
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and therefore radial extent of theustiure, consistent with our earlier results on

corotation lagsee Figuret.4) showing the rate of corotation lag increasing with radial
distance. While the dayside magnetopause ( 2 $on tRe dayside in Figuf®3, not

shown) acts to radially confinee growing outflow structures, the inability of the

magnetic field to arrest radial flow results in the outwauaving innermagnetosphere
plasma and their associated magnetic flux tubes eventually reconnecting and leaving the
magnetosphere on the nightsjdvhich is required to avoid inflating the plasma sheet
indefinitely. While we do not track the location of reconnection, Figu3shows a

stable region at approximately 21:00 hrs LT where the direction of radial flow changes
from negative to positivediween 15 R<r < 18 Rs. It is in this vicinity that we observe
parcels of innemagnetosphere plasma detaching and flowing tailward, strongly
suggesting that this is how mass is shed from Saturn's inner magnetosphere. Finally, note
that radial velocitiesre very small inside of 10sRabsence of vector implieg< 10

km/s), and increase radially outwards of this region. This is consistent with findings
obtained from CAPS observations, both from forward modeling plasma mojwérssn

et al, 200§ as well as inference based on the statistics of hot injection rd@lbes et

al., 201Q.

The behavior of the outflow structures themselves is highly complex. We
therefore qualitatively describe the initiation, development, and destruction of these
structures ovelrhis time period, focusing on four specific outflow regions that are
denoted by the colored markers: Regions 1 (purple), 2 (green), 3 (red), and 4 (yellow).
Each structure is identified and marked by inspection. The markers are therefore intended

to providequalitative information about the development of a given outflow finger, and
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do not represent the trajectory of a given fluid parcel over the time sequence. At the
begnning of the sequence (Figure & ® Ts), Regions 1, 2, and 3 are visible, each at a
different stage of development. Region 1 is at the beginning of its development, visible as
a slight outward bulge of the main inraagnetosphere plasma distribution. Centrifugal
forces cause this structure to steadily grow in radial extent, with shaksignifying
increasing corotation lag becoming apparent by @.@Figure5.3c), as the structure

moves through the dawdusk meridian. Region 1 continues to grow radially as it rotates
around the planet, until it is confined by the magpause on the gaide (Figure 5.8q,
0.4-0.6 Ts). Sweepback continues to increase over this period, as shown by the long,
rarefied tail extending from Region 1. By 0.9 (Figure5.3), the bulk of Region 1 has
crossed the dawdusk meridian on the dusk side, and haswgrto extend more than 25
Rsin the radial direction. Between 1.0 and 1gl(Rigures5.3-j), the distended Region 1
enters the area of stable radial flow reversal at around 21:00 hrs LT described above,
whereby the bulk of its plasma outside of 1&sReams radially away from the planet.

The evolution of Region 1 may be viewed as typical of the lifecycle of an outflow
structure: most begin to grow in the late midnight/early dawn sector, and lose much of
their mass as they pass 21:00 REgion 2 (green), an outflow structure with well
developed sweepack in the dusk sector at @, Tevelops in a similar manner, expiring
between 0.3 and 0.4having shed much of its mass. However, more complex behavior
can arise as exhibited by Regidand 4. At the beginning of the time sequence, Region
3 (red) is already in the process of sweeping through the dayside sector. Unlike Region 1,
this structure does not simply grow through increased radial extent andlsaeetut

instead appears to Iafe over time. As a result, by the timencounters the reversed
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Figure 5.3(continued)y) 0.6 s, h) 0.7 &,i) 0.8 T5,j) 0.9 Ts, k) 1.0 Ts, ) 1.1 Ts



flow area at 21:00 hrs SLT (Figure 5:8f its plasma does not simply stream away, but
instead detaches from the main inn@gnetosphere structure in a wedifined "bubble”,
shown distinctly in Figure 5.3i, which the local velocity field then adviect®th the
corotation andailwarddirections, thus presenting an alternate route by which-inner
magnetosphere plasma may be lost. Region 3 exhibits yet another interesting behavior:
while in the process of shedding the bubble of plasma, the $aeptportion of the
outflow structure ingleofr & 1 fperdists. This then forms the nucleus of a new
outflow structure, Region 4 (yellow), which then begins growin@gats, before the
bubble detaches from the main structéer. furtherclarity, please refer térigure A1.2
in Appendix Alfor a combined animation of the equatorial W+ density and electron
temperature contours over this timer interval, showing how outflow structures evolve
alongside injection fingers.

Having described in detail the evolution of radial outflow regions and hasg m
is shed from the inner magnetosphere, we now examine the mean awvdnying rates
of radial W+ ion flux normal to Saturn's spin and dipole a&esshown in Figuré.4a
for the same interval over which we examined the rate of W+ produttias derived
from the multifluid output by calculating the flux of ions through the surface of a cylinder
of radiusr = 15 R; with an axis aligned with the rotational and dipole axes and

symmetric across the equatorial plankg <z< 4.5 R):

¢ 7. &0iQ.Qd 14)

The use of a cylinder height off® allows us to compensate for both the finite thickness

and the curvature of the plasma shéét.restrict our discussion to flows in tley plane,
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Figure 5.4Radial number flux at= 15 R;, over a) 4.25 §, and b) 1.1 §(sametime
interval as Figure 5.3)

since owof-plane velocities are significantly lower thanglane velocities in the inner

and middlemagnetosphe region.

The mean outward radial flux at 15R 4.79 x 16'/s over the given 480ur
time interval (136 kg/s), which is approximately within a factor of two of the 280 kg/s

value obtained bZhen et al[2010 from CAPS measurements. Compared to the rate of
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W+ production, the variability of radial flux is much greater, with a maximum deviation
from the mean of about 63%. This is consistent with the time sequence inF§ure

which demonstrates the dynamic nature of the evolution of the outflow structigne® F
5.4b shows a subset of the total radial flux daderesponding to the Figure Sifhe
sequence. The dashed lines represent the radial fluxes for individual Saturn Local Time
sectors: dawn (03:009:00 SLT), noon (09:0@5:00 SLT), dusk (15:6@1:00SLT), and
midnight (21:0003:00 SLT). Note the peak at dawn betweet21&rs UT. This

represents the outflow of Region 1 in Figbr8as it moves through the dawn sector. The
leading edge of this region enters the noon sector between 19 and 20 hrd BXitsan

after approximately 24 hrs UT. It is clear that the highest rate of outflow in Region 1
occurs during its passage through the noon sector. This behavior is repeated by Region 4,
which grows faster in the noon sector (26 hrs UT onwards) than iirdtdss dawn

sector (2427 hrs UT). Note that the rates of radial flow at15 Rs are substantially

lower at dusk and midnight, with some inward flow apparent at dusk. This is consistent
with our earlier results showing that most of the plasma in dloaustructure outside of

r = 15 R; escapes in the vicinity of 21:00 SLT.

Since the total radial flux is the sum of the fluxes from each seatomay infer
that each peak in the total flux signal represents the development of a large outflow
structure A Fast Fourier Transform (FFT) analysis of the total radial flux signal from
Figure5.4a reveals two stronfjequencies, at 2.89 x PMHz (1.11/%) and at 6.89 x 1D
Hz (2.63/Ts), as shown in Figure 5.3Ne do not suggest that these frequencies are
sorrehow related to the SKR frequencies that govern many periodic phenomena in

Saturn's magnetosphere, nor do we suggest that there are fundamental physics driving the
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Figure 5.5Absolute value of Fourier coefficients in frequency space from FFT aga
of signal in Figure 5.4a

evolution of outflow structures on these timescales. In the absence of longer intervals of
data, we simply use them as a way to quantify the production of outflow regions. Thus,
depending on the phase relationship betwthe two frequencies, our results show that
outflow structures develop and shed mass at the approximate rate gf B&AEver,

there is considerable variability in this rate, whied inferbothfrom the spread of

frequencies in the FFT analysis anginspection of Figuré.4a.

We previously calculated an average combined rate of W+ production rate due to
bothelectrorimpact ionization and photoionization of the neutral cloud of 3.02%s10
(85.9 kg/s). This is too low to account for the mean tadienber flux of 4.79 x 1%/s
(136.2 kg/s), which in turn implies an ionospheric source rate of 1.77'4s {80.3 kg/s).

Combined with the mean mass of the plasma sh@stallows us to calculate a
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Sources Storage Sink

Neutral cloud
2.851 10?/s N3%
(85.9 kg/s)

Outflow structures
4.791 1077/sN63%
(136.1 kg/s)

Plasma sheet
2.011 10%3N5%
(5.711 107 kg)

lonospheric W+ )
1.941 10%7s >
(55.1kg/s) J \- J

Figure 5.6 Conceptual model of plasmaprodachn and transport
middle magnetosphere

characteristic residence time of W+ plasma in the inner magnetosphere plasma sheet.
Integration over a cylindrical region extendidgb Rs < z< 4.5 R;in height and with

radial extent 5 R<r < 15 R; gives an mean plasma sheet W+ ion content of 2.08% 10
(5.71 x 16 kg). Incidentally, integration over the radial distance use@wn et al.

[2010] gives a mass of 2.7 x 1Rg, once again approximately hdikir calculated value.
Figure 5.6thus shows the resulting conceptual model of imagnetosphere plasma
transport: mass enters the inneagnetosphere plasma sheet from both the ionospheric
source as well as through setinsistent ionization of the neutral cloud, flows throthgh
plasma sheet, and is eventually lose through outflow structures. Assuming steady input
and output at the mean values, the charactetistisportime over this intervaiwould

therefore be 116 hrs, or approximately k1 T

Havingdescribedn detail ioth the qualitative and quantitative aspects of the
outward transport of inner magnetosphere plasma, we now dmaoussulation results

onthe injection of hot plasma into the inner magnetospligescribed in section 1).

7C



Figure 12shows equatorial et¢ron temperature contours and radial flow vectors at 23.93
hrs UT. Injections of hot plasma{> 30 eV) penetrating the inner magnetosphere are
clearly visible between regions of strong outward radial flow which correspond to the
outflow gructures identied in Figure 5.3 This hot plasma mostly originates in the

region between midnight and dawn, outside of15 Rs, and may be heated by
reconnection events in this region. As these hotter regions move azimuthally around the
planet, they also move radiainwards, driven by ther || drift. The maximum

penetration of the injections in our results is relatively shallow, with the fingers' radial
motion stopping ata 1 fcorRpared tan situ data which shows injections reaching
between 5 R<r <10 Rs;[Burch et al, 2005 Hill et al., 2005 Mauk et al, 2005 Chen et

al., 201Q. Moreover, the simulation also produces fewer fingsith greater radial

extent. Some of these issues may be because the maximum grid resolution in the inner
and middle magnetosphere ranges between 0.25 ang,0Mhigh likely restricts the
minimum size of a developing injectioflease refer téigure AL.2 in Appendix Alfor a
combined animation afquatoriaM+ density contourand electron temperatuoger the

above time interval

To verify that the characteristics of the simulated injection fingexsimilar to
those observed by Cassini, we takeagettory through one of the fingers in Figbré,
denoted by the arrow at= 12.5 R.. This trajectory begins at 12:00 hrs SLT and
terminates at 14:45 SLT, for a total arc length of $8TRe synthetic spectrograms from
this trajectory for all ions, prohs , and W+ ions are shown in Figute8a- ¢ while
Figures5.8d and e show the variation in magnetic pressure and radial plasma velocity.

The dashed vertical lines denote the boundaries of the injection finger that intersects with
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this arc (~12:458.4:30SLT, determined by inspection). When compared to the CAPS
data presented Burch et al[2005, Figure5.8a exhibits similar qualitative trends,
showng the presence of two distinct ion populations outside of the injection region. The
lower energy component of both populations drops out inside the injection, leaving only
hotter, lowdensity plasma sourced from the middle and outer magnetosphere. The
individual spectra of the major ion constituents show that the lewergy species is, as
expected, the protons, with the higher energy species beimgathegrougons. Figure

13d shows that the magnetic pressure within the injection finger is somewhed sl
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Figure 5.8 Synthetic spacecraft data across injection finger shown in Figdgre
synthetic spectra for a) total plasma, b) protons, and c) W+ ions, d) magnetic pres
e) radial velocity profiles across injean finger

inside the injection region, in agreement with previous studies that have identified

reduced magnetic pressures or total field strengths in flux tubes with hotterdemssty
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plasma that are involved with the interchange prop&sdré et al. 2005 Leisner et al.

2005 André et al. 2007. Finally, Figure 5.8e shows that radial flow inside and outside
the injection region is predominantly inwards and outwards respectively, in accordance
with our assertion that this structure is simitarjection fingers that have been observed

in situ. Note that quantitatively, while the spectra and magnetic pressures in Figure 5.8

are somewhat different from the CAPS and MAG results referred to above, they are fully
consistent with the fact that ooreasurements are at a significantly greater radial

distancegr = 12.5 Rvs. 5 <r < 10 R; for the availablén situdata)
5.3Summary of findings

Our results show that the overall rateagiter grougplasma production is
relatively steady in both time and space, with a mean rate of 86 kg/s, 92% of which is due
to electronimpact ionization. Moreover, without considering more exotic electron energy
distributions with heavier tails (e.g.: the Kapparilsttion) , we find that a small hot
population accounts for very little ionization, and that the vast majority of new W+ ions
are produced by the thermal electron population inside a radial distance of 6 R-S.
Conversely, the radial flux rate is much mueegiable, depending on the development,
growth, and destruction of outflow regions which transport kmagnetosphere plasma
radially outwards. The mean radial flux rate at 15 RS is 136 kg/s and displays variability
exceeding 60%. The imbalance betweenrtdial outflow and the mass produced from
the neutral cloud is accounted for by an ionospheric source of W+ which is included to
ensure that the model's computational performance is acceptable. The simulation also
shows that the growth of outflow struods and how they shed mass is a complex and

dynamic process. Outflow structures typically develop over the course of a single
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rotation, and shed plasma when passing through 21:00 hrs SLT. The shed plasma
typically flows radially away and down the tail, buty also flow azimuthally as well,
depending on the timearying local flowfield. The remnants of outflow structures from
previous rotations can act as the nucleus of new structures. Most of the growth and

inflation of these structures takes place ay 8weeep through the dawn and noon sectors.
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CHAPTER 6
IMPACT OF SEASONAL V ARIABILITY ON SATURN 'S

MAGNETOSPHERE

In the previoushapter we examined the production and radial transport of mass,
processes with characteristimescals on the order of thglanet's rotation period (~10.6
hrs) or lessWe also introduced a secotighescale that of the radial transport of inner
magnetosphere plasma (~100 hfskingle Saturnian year lasts approximately 29.5
years, with an aphelion of 10.1 AU, and a perilreldd 9 AU. Saturn's significant axial
tilt (approx. 26°) combines with the close alignment of its magnetic dipole and rotational
axes to producmarked seasonal variability over the course of an orbital pertod.ig
most apparent in thehange in curvaire of the current sheet as the planet moves from
equinox to solstice and back: the angle of attack (A@#e effective angle between the
dipole axis and the oncoming solar wind floveyies from 0° at equinox, resulting in
little to no curvature, to 268t Northern and Southern solstice, when the magnetosphere
is deformed into a "bowl" or "basin" shapiridge et al, 2008 Sergis et al.201]. In
this chapter, weise the Saturn multifluid MHD to investigate the changes in
magnetospheric morphology and dynamics that result from seasonal vagaposssed
as a function of AOAModel outpuis used to study theelationship of plasmsheet
curvaturewith the solar wind AOA as a function of local time, as well as the implications
of changes in plasma sheet curvatimreproduction and transport of plasma in the inner

and middle magnetosphere.
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6.1 Mean gasma sheet curvature

Solar wind

— --=--- -————>

Figure 6.1 Schematic showing four meridional planes (red dashed arrows) along w
plasma sheet position is calculated. Filled red circle represents starting point of ec
profile, arrowhead represents end. (1}pre on  -¥hi gme ght , ( 2),
@)predusk -yawne (4) dusk Y dawn.

The bowl morphology of Saturn's magnetosphere is-@stliblished, and major
modeling efforts have been successful in reproducing the curvedgpthsafHansen et
al., 2005 Kidder et al, 2009. We likewise demonstrated in Chapter 5 that the Saturn
multifluid model, when modified with the inclusion of selinsistent plasmaeutral
interactions, was likewise able to demonstrate the curved plasma sheet, as visualized in
the dawndusk meridian (seEigure 4.1a)We now investigateéhe curvature of Saturn's
plasma sheeaisa function ofbothseason (i.e.: AOA) and local time, using faadialy
symmetricplanesasshown in Figure 6.1Eachplane is coincident with a specific

meridian (i.e.: passes through Saturn's rotationa) axid is aligned with the following
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local times: (1) pr@moon e¥i pni ght [09: 00 Y 21:00 hrs

mi dnight [12:00 Mdu24: dap8eTN5:09) YpiO&8: 00

dawn Y dusk [ 18 W6 @btaillthedpéofiledobthePlasmai sheedin
given planeby designating théargest valuef & & for every radial point, alongthe
length of the planas the center of the shdet -25 Rs<r <25 Rs.

Figure 6.2 shows theesultant plasma sheet profiles for the magnetosphere at
solstice (a, AOA = 26°), at AOA = 15° (b), and at equii@xAOA = 0°).The red solid
lines show the mean position of the plasma sheet &dime interval of ~45 hrthe
mul tifluid simulation output, whil,andt he
are thus represent the envelope within which 95%gilasma shedbcationsin zmay
be found. The dashed red lines represent an analytic solution &rape of the
magnetodisc fromArridge et al.[2008, reproduced below:
a i YOAT & OA+ (15)
G is the current sheet locationZyr is the radial distance from the rotation arishe
equatorial plane— is the angle of attack, am}, is the hinging distance,
characteristic distance which determiagsvhich radiughe curvature becomes
significant.Using Cassini MAG data from a series of trajectories reaching deep into the
inner and middle magnetosphere (June 208dril 2006; 25° >— > 20°),Arridge et
al. [2008 found that a value d®; = 29 Rs gave the best prediction efficiency
(percentage of correct identificatiorfey Equation6.1, while Arridge et al.[20114
found that 16 B< Ry < 32 Rs. Notethatthevalue fromArridge et al.[200§ is intended

to encompass data over a range of AOA values and local tivhés the range inades

local time dependence and is used to analyze periodic motion of the plasma sheet, a topic
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Table 3Hinging distances for each half of the four meridional plasma sheet profile
(see Figure 6.1)

Profile Ru(r <0) [Ry Ru(r >0) [Rd]
(1) prenoonY  p-mienight 15 45

(2) noon Y midnl1l9 [-]30
(3)pred us k -dawp r e 22 20

(4) dusk Y dawn45 15

which is beyond the scope of this investigation (see sectionNbt also thathere

exists a broad range Bf; values for which prediction efficiency is greater thaP9We
havethuschosen amRy value for each half of each meridional profile in Figu2(6e.:

forr <0 andr > 0), selected by inspection based on how closely it matched the model
results for meaplasma sheet at solstice, shown in Téblé/e use thérridge et al.

[2008 analytic formulation fothreeprimaryreasonsl) to quantify the

dependence of hinging distance and therefore the degree of curvature of the plasma sheet
with local time, 2) to provide a comparison betweiemuation data and observations
within a range oRy values with high prediction efficienciésr in situdata, and 3) to
enable comparison of model results for different seasonal conditions. We note fat the
values selected by inspectionTiable 6.1 all have prediction efficiencies > 90%.

Figure 6.2a shows that tipkasma sheet curvature, 'toow!" morphology is very
pronounced at most local times, with the greatest curvature (smallest radius of curvature)
most pronounced on the dayside (0618000 hrs SLT). This is likely due to the direct
effect of the solar wind exertirgnorthward stresson the southern beside
magnetopause at this angle of attack. Note, however, that the mean plasma sheet profile
at midnight exhibits a noticeable negative (southwards) curve. In this case, we have

mirrored the analytic profile from Equation 6.1 in thg plane in order to approximate
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Figure 6.24a) Plasma sheet curvature at southern hemisphere solstice (AOA = 26°

and blue lines represent simulation output mean positio2and envel ope
red dashed lines represent analytic sotufrom Arridge et al.[200§.

the model outputThissouthwardnmeancurvature is unusual comparedhe overall
northward curving morphology, but it is important to note the plasma sheet is a dynamic
structure, and has been observed to exhddiavior such as "flapping" (northward and

southward periodic motiofArridge et al, 20114) which results in excursions of the
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Figure 6.2(continued)) Plasma sheet curvature at AOA = 15°

plasma sheet south of the rotational equator. We will resume our discussion of the

southward curvature at midnight in section 6.2, when we describgnlentts of the

pl asma sheet. |l nspection of the 20 envelop
reveals that the greatest variability in plasma sheet location is on the dayside, specifically

between 09:00 and 15:00 hrs SLT. This may be due to themudtibe bowside
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Figure 6.2 (continued c) Plasma sheet curvature at equinox (AOA = 0°)

magnetopauseyhenthe inward and outward moving boundary causes the curvature of
the plasma sheéehind it to intensify or abate. We direct the readdfigure A2.1 in
Appendix A2 withan animation of the magnetosphere inxfeplaneshowing how the

moving magnetopause affects the plasma sheet curvaiterestingly, there is also
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substantial variability in the midnight plasma sheet, with extreme positions ranging from
slight positive curvature to extreme negative curvature.
The range of motion at midnight is significantly larger than at the local time profiles on
either side (21:00 and 03:00 hrs SLT).

The effect of reducing AOA from solstice to equinox values (26° to ¥i¥iisle
in Figures 6.2b and c. While Figure 6.2 is based on ~45 hours of data for all AOA values,
we emphasize that the increased smoothness of the profiles at equinox and solstice is due
to the increased frequency of model output (3% of the output at 15° AGAJharefore
a greater number of data files that were averaged to obtain the mean profiles. Taking that
into account, we nevertheless see that Figure 6.2b (AOA = 15°) exhibitduced
curvature at all local timesvhile the plasma sheet is largely #atall local times in
Figure 6.2c (equinoxgonsistent wittobservationshat the curvature of the bowl
morphology decreases as Saturn transitions from solstice to equinox. Both figures also
show that the regions of greatest variability in plasma sheatibn remain the same
(dayside and at midnight), suggesting that the processes that cause increased plasma sheet
motion at these local times remain present regardless of changing AOA. We also note
that the analytic prediction for plasma sheet morphofally well within the variability
envelope for all local times at both equinox and 15° AOA, but it is also clear that
solutions with numerous values for hinging distance would satisfy the model outputs, and
hence that the hinging distances may changefgigntly during Saturn's orbit.
Interestingly, the best match between the analytic solution and the model observations is
found along the dusilawn meridian. In both cases, we also see that there is a southwards

deflection of the plasma sheet at midnight.
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6.2 Nightside plasma sheetlynamics

In the previous section we saw that, while the mean plasma sheet curvature
decreases with AOA, the sheet moves through a wide range of motion at all seasons. We
now investigate the instantaneous morphology of the @lagraet and examine how it
behaves over time for both southern solstice and equinox. We restrict outsehes
nightside plasma sheet in box 2 of our simulation domainx 8 25 R, -25 <y < 25 R,

-12.5 <z< 12.5 R), since this magnetopause does not encroach in this region, and thus
allows the plasma sheet to be easily defined as those points with the largest W+ densities.
It is important taunderstandhatsimulations are invaluable to understandimg global

motion of the plasma sheehe nature of spacecraft data means that investigators are only
able toexamine events along a trajectory, and therefore cannot easily relate them to
phenomena occurring in otheegions of the magnetosphere, whereasymael resubk

can provide instantaneous snapshots of how the plasma sheet structure evolves in time.

Figure 6.3 shows two such instantaneous snapshots at solstice and ,equinox
exhibiting the typical nightside plasma sheet morphologies during both seékens
plasmasheet is bounded on the northern and southern edges by the purple surfaces, the
red lines represent the magnetic field inside the magnetosphere, and the contours
represent the proton pressure inxhe x-z, andy-z planes.Theinstantaneouplasma
sheetis extremely flat inside af = 10 Rs at both equinox and solstice, consistent with
Figure 6.2 which shows that the mean sheet is essentially flat and exhibits very little
variability inside of this distance. Outside of 1@, Ehe nightside plasma shedétmlaysa

significantlyrugose or "wrinkled" texturdespite this texture, the average bowl
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morphology at solstice is readily discerned, whiledbainoxplasma sheet is clearly
moving around a flat mean position.

While the instantaneous plasma sheet morphologies are in goothagteeith
thein situdata and mean simulation output, it is necessary to exanime gequence in
order to understand the motion of this structliteerefore, we present Figures 6.4 and
6.5, showingequatorialx-y) time sequences of thasma sheedt solstice and equinox
respectivelyAs before, the contours represent proton pressure (see Figure 6.3 for color
bar) while the nightside plasma sheet is denoted by the purple sliréatesequence is
approximately (L7 Tsin duration approximately theame as the timescale for plasma
sheet motion depicted in Figures 6.4 and Arbadvantage of examinirthe nightside
plasma sheen the equatorial plane is that when the plasma shpetelow the
equatorial planez(= 0), itshows up as a "gap" indlstructure, allowing for easy
identification of vertical motion.

At 0 Ts (Figure 6.4a), the solstice plasma sheet mainaimsrphology similar to
Figure 6.3ai(e.: flat inside of = 10 Rs, northward curvature and rugose texture outside
of this disance). There ia noticeable southward excursion of the sheapptoximately
19:00 hrs SLT and= 20 Rs. Thislocalized tatures typical of many northward and
southward excursions thatcur at all local time sectorare greater in amplitude than the
typical rugose texture of the plasma sheet, and which grow and dissipate on the timescale
of a few hoursMoreover, these features also tend to move azimuthally around Saturn, in
approximate corotation with the planetcaanting for the local lag (see sectibi,

Figure 4.4. Over the course of the next 1.42 hrs (Figure 6.4e, Os),.3hisregionof the

plasma sheet moves northward and the laefeectionlocal motion endsThese features
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Figure 6.4Equatorial time serie®f nightside plasma sheet motion at solstice 6vE8
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are transient: they are formed and then move across the surface of the plasma sheet for a
few hours before dissipating. They are thus likely due to fluctuations in the local
magnetic field and plasma population. Amgriodic perturbations would therefore be
imposed on this motion (see section 2.4).

The formation and dissipation of a much larger and more localized southward
excursion of the solstice plasma sheet is visibl&e vicinity of midnightn Figure 6.4
(b-e). Unlike the previous case, this motion is strongly confined to 2831000 SLT and
r > 10 R;, and involves a largscale southward deflection of the plasma sheet below the
z= 0[equatorial]plane followed by a northward recovery, a motion that may be
described as "flapping". The midnight plasma sheet dips beloegth&torial planat
0.033 T, reaching as far southwardas -2 Rs (seeFigure A2.2 inAppendixA2 for y-z
plane view ofsolsticeplasma sheet at 0.033)Tandremains there fgust over0.1 Tg
before recovering northwards. We note that this is roughip@dent with a short period
of increased plasmavelocities in thevicinity. However, our examination of numerous
southward excursions of the midnight plasma sheetdvasled no sm#ic combination
of local plasma or magnetic field conditions that correlate specifically with these events.

Figure 6.5 shows that the plasma sheet at equinox experiences largely similar
behavior.The sheet exhibits the same rugose texture in the maddl®uter
magnetosphe, while there are larger southwards excursions at all local times on the
nightside(e.g.: at 21:00 and 03:00 Sl Figure 6.3. There isalsoa notably persistent
southward deflection of the plasmaeshin the vicinity of midnightwhich remains
confined to this region and does not corotate the plaiiet the similar feature observed

at solstice, his deflection of the plasma sheet in this regidsp reaches = -2 Rs before
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Figure 6.5Equatorial time seriesf nightsideplasma sheet motion at equinox 00et8
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moving northward again, similar to the "flapping” motion observed at solstice. The
overall duration of this motiois generallya few hoursbut it does not display obvious
periodicities Note that hose southward excuoss at solstice that cross the 0 plane
would necessarily have tee larger thamvhat would beequiredat equinox. However, an
inspection of the nightside plasma sheet inytaglane reveals that both those
deflections at midnight asell asthose bhat are visible at other local times tend to be of
the same sizésee Figure A& in Appendix A2 fory-z plane view ofequinoxplasma
sheet at A33Ty).

While the plasma sheet is always in motionrfer10 R;, the rugose texturia
this regionremainsat both seasonal extremes, and is similarly absent inside this distance
Furthermoreit is clear that in qualitative terms, the dynamics of the plasma sheet at
either seasonal extreme remain unchanged, except for the overall mean curvature that is
preset at solsticeFinally, the mean southward curvature of the plasma sheet at midnight
discussed in section 6.1 appears to be the result of highly confined an intermittent
"flapping" of the plasma sheet ini$ region, which results in medeflection of tke
plasma shedielow the equatorial plane in the vicinity of this local tjeis disrupting
the "bowl!" morphologyHowever, southward excursions of the plasma sheet during
southern solstice is a wadktablished observation, though these are due tsthiéaton
of the plasma sheet related to Saturn's periodi¢itigsdge et al, 20114. These
midnightexcursions areccasionally associated with aberatedailwardflows in the
immediate vicinity but are generally do not correlated with a specific magnetic
configuration or plasma distribution. Note that "flapping” generated by Saturn's

magnetospheric periodicities will be imposed on the plasma sheet riwidraeen
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described in this section, and thus may either mask or completely override the

phenomena observed here.
6.3 Inner magnetosphere plasma productiorand transport

6.3.1 Global W+ production

The dynamics of the plasma sheet tell us how Satwmametosphere responds
globally to changes in seas@ince the curvature of the plasma sheet in turn determines
the overall curvature of the magnetosphere. In this section use our model results to
examine whether the overall curvature of the plasma sjuaditatively or quantitatively
affects the maskading and radial transport processes in the inner and middle
magnetospheré&igure 66 showsglobal W+ production irBaturn's magnetosphere at a
range of different AOA values spanning equinox to soutkelstice.The blue dots
represent the meagiobal W+ production ratesver at least 40 hours (~4)Tonce the
individual simulations have reached a queguilibrium state (determined by inspection),
the bars represent t he%afall resultsfal withipe (i
envelopg, and the red line is the result of a lesgtares regression through the mean
values The raw datadlobal W+ productiorvs.t line plots) are included in Appendix2
for reference (Figure 24).

Figure 6.6 shows thalhereindeed appears to beasitive correlation between
AOA and the global W+ production rate (correlation coefficient between AOA and
production rate-0.73).However, the least squanegressionine suggests that the
relationshipis not particularly strongwith Saturn's orbital position only weakly
influencing the mean rate of W+ productid¥e also observe that thenge of variability

between seasonal extremes is on the same order of magnitude as the variability in
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Figure 6.6 Global W+ production vs. AOA

production rate a given AOA valueThe overlap in ranges sich that it is not clear if

the two quantities are related linearly or by some other funddoreover, t is also
important toremember that we have obtained these results by running with steady solar
wind and IMFconditions forseveal tens of hours in order to reach equilibrium, which
removes theffects ofupstreanperturbation®nthe magneisphere. Then situdata

show thathesolarwind dynamic pressure and densatySaturnas well aghe IMF
orientation, are constantly changifignese fluctuations, combined with the tioheay
required for these disturbances to travel into the inngnetaspherand produce an

effect wouldthereforemakeit extremely difficult todetermine if this trend holds from
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situ data. For confirmation, we ran the equinox case with antiparallel IMF for several
rotations to see if this produceteasurable chages in production rate. After running the
simulation for a period of approximately 2.5 &fter reversing the IMF, we found that the
mean value ofjlobal productiowas 258 x 18/ s, wi t h a 2¥s<range 2.
production< 2.70 x 167/s. While themean value is very close to the corresponding case
in Figure 6.6, the range of variability is larger, showing both that a change in external
conditions does indeed produce fluctuations, thatirapid changes upstream
conditions would likely prevent thmagnetosphere frosettling to an equilibrium that
would allow this trend to bdiscerned from the Cassini instrument data
6.3.2 Water group plasmaradial transport

Unlike thepreviouscorrelation between AOA and W+ production rate, there
appears to beo such relationship between AOA and the radial flux=all5 Rs, shown
in Figure6.7.A3 n the previous Figure, the blue do
envelope oWariability, while the red dashed line is a least squares fit to the mean value.
The mean valuest all AOA's areapproximatelysimilar, but the range of meaaluesis
substantiallylarger than what we obtained for the global W+ production(datelG'-
5.5 x 13"/s, or 114156 kg/s; approx. 30%)Ve obtained a correlation coefficient of
~0.06, almost zero, confirming that there is no statistical relationship between these two
guantities, which is also reflected by the insignificant slope of the linear regression line.
Theoverallrange of variabitly is large andcomparableacrossAOA values, which is to
be expected, as this is a functiortlué temporal and spatial variability of the initiation
and evolution of outflow structures, which is in turn highly dependent on local plasma

and magnetic fieldonditions. In summary, there appears to be no significant relationship
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Figure 6.7 Radial W+ flux atr = 15 Rsvs. AOA

between radial transport in the inner and middle magnetosphere and Saturn's orbital
position The rawW+ radial flux vs. timedata for these intervaége includedn
Appendix A2 for reference (Figure /3.
An FFT analysis of theadial flux data for the range of AOAs in Figure 6.7
reveals that while thelis acertain range of frequencies th&prominentat severaAOA
values (0.20.4 x 10* Hz), there is no overattendto the frequencgpectrasee
Appendix A2, Figure A2.7. This suggests that there are no underlying fundamental
frequencies at which outflow structures develop and shed mass otiend¢beals that
we have simulation data for (i.e.: different ranges would yield different spectra depending

on the local conditions controlling the development of outflow structure), or that longer
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runs comprising several transport perioBig{s~ 100hrs, see section 5)arerequired to
obtain sufficient data for statistically significant resullsing therange of simulation
data available, weonclude that it is unlikely that the frequencies of outflow structures
are related to thieindamental periodicities observed in Saturn's magnetosghiguee
A2.6in Appendix A2 shows an animation of the equatorial W+ density and electron
temperature contours at equinox to further illustrate that there are few differences
gualitative term$etweerthe evolution of outflow structures at equinox and solstice
(compare td-igure Al.2).
6.3.3Comparison of radial profiles

As we have established that the plasma sheet is largely flat ingideldf R;, the
correlation of W+ production with AOA must be due to second order effects that are not
directly related to plasma sheet curvatUFigure 6.8 shows radialgdiles of electron
temperature as well as proton and water group ion dengty @t(equatorial plane) in
order to understand what might be driving this trend. 8thenox data (blue and green)
are overlaid on the solsticatfrom Figures 4.2 and 4.3 (s8ection 4.1), andghow the
mean values and the envelope containing 95% of all observations. To a first
approximation, the mean profiles and envelopes #0010 R; at both solstice and
equinox are very similar, showingatthe inner magnetosphere is not strongly affected
by seasonal variability, in agreement with our previous statements. The greatest deviation
from occurs for > 10 Rsin the proton and W+ density profiles, but this is due solely to
the plasma sheet cuature: we expect to find higher densities inzke0 plane at

equinox because at AOA = 0° the rotational and magnetic equatorial planes are aligned,
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Figure 6.8Radial profiles of az = 0 (from top to bottom) electron temperature, protc
density, and W+ density at equinox (
solstice (black lines and red bars)
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so the highestlpsma densities would therefore no longer be displacedZrofas they
would be for AOA | O0A.

However, changing curvature outsiderof 10 Rs cannot account for changes in
the global ionization rate, since the density of neutrals outside this @ssamegligible.
Moreover, the electron temperature, which determines the ifgrazation cross section
is close to identical at equinox and solstice, suggesting that this is not driving the trend
seen in Figure 6.6. The same is true for the proton tyebsit at equinox for < 8 Rs, we
do see a small decrease in the mean W+ density. Since our electron density is treated as
the sum of the ion densities (to ensure guasitrality), this small decrease seen at
equinox may be what is driving the changegliobal ionization rate with AOA. However,
this is a very small difference, and well within the envelopes of variability. It may thus be

very difficult to discern this effect from the situdata from Cassini.
6.4 Summary of findings

In terms of overall morphology, the results of the updated multifluid model
incorporating plasmaeutral interactions accurately reproduces the mean curvature of
Saturn's plasma sheet at solstice and, while the decrease in curvature with decreasing
AOA is in good agreement with the analytic formulation frAmidge et al[200§. The
plasma sheet is highly dynamic at all local times, with the greatest variability presenting
at the dayside. The characterigtinescaleof smallscale northwaréndsouthward
plasma sheet motion is on the order of minutes toshevhile the overall dynamics of
the plasma sheet do not change appreciably from solstice to equinox. An interesting
deviation from the mean profile is found at midnight, where the mean plasma sheet

curves consistently southwards at all AOAs (southwardature decreases with AOA).
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Our investigation of the plasma sheet dynamics reveals that the plasma sheet in the
vicinity of midnight experiences substantial "flapping” motions which drive the sheet into
the southermemisphere most of the time. These seattdl excursions are sometimes but
not always associated with acceleragtivard plasma flows in the same region.

While there is a weak but discernible dependence of global W+ production rate on
AOA, there is no such relationship between radial fluxA@&. We conclude that
Saturn's orbital position is not a strong driver of internal dynamics, especially in the inner
and middle magnetosphere. This is reasonable, botbethe mean and instantaneous
plasma sheet morphologies across all AOA values t@stbds chapter show that the
sheet is essentially flat in the inner magnetosphsesuch, radial transport and mass
and momentunrtoading are not significantly affected by changes in ADRBere may be
second order effects (e.g.: whether injections of tiatermagnetosphere plasma change
with AOA, thus changing the inner magnetosphere plasma temperature), but the current
state of the model and our resolution limitations preclude our investigating some of these
effects (see section with injection anagysiMoreover, we have also shownttha
perturbations in upstream conditions are at least as important in producing changes in
behavioras seasonal changes. Timsans that while certain tren@sg.: he seasonal
variability of W+ productiohmay be extraetd from simulation data, amday
furthermoreaccurately reflect how the magnetosphere behaves under steady conditions,
they are unlikely to bextractedrom in situdata due to the fact thtte upstream
conditions are constantly changing.effect, beyond the broad morphological changes
due to the changing angle of attack over Saturn's orbit, we find that there is little evidence

of seasonal variability in Saturn's magnetospheric dynamics.
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CHAPTER 7

MULTIFLUID INVESTIGA TION OF SATURN'S MAGNETOTAIL

We now discusghe results o& short exploratory study of the dynamics of
Saturrs magnetotail using the updated multifluid model. In chapter 2 we described the
two major processes that affect the magnetotails of rotatiedaltgn magnetgzheres,
the Vasyliunas and Dungey cycles (see section Y&/é)focus first on the Vasyliunas
cycle, examining the flow of water group ions in Saturn's magnetotail with an emphasis
on the spatial distribution of W+ flows as well as the rate at which mbsst owntail.
We then briefly describa plasmoid observday a virtual spacecraft placed downtail
midnightand slightly above the mean plasma sheet locasien[40, O, 2] R), the
characteristics of which could be ascribe@itherthe Dungey oWVasyliunas cyclesAll
results in this chapter come from a simulation with steady solar wind conditions, where
AOA = 0° (equinox), and the IMF is antiparaltelthe magnetic field at the bow of the
magnetopaus(—:ﬂ = [0, 0, 0.25] nT), thus allowingeconnection on the dayside. We
chose the equinox viewing geometry as it ensures that any plasmoids produced will
largely remain in the equatorial plane of our simulation grid, simplifying visualization.
7.1 Water group plasmaloss down the magnetotail

Thehighly dynamic behavior anchpid motion of plasmoids makes them very
difficult to visualize, especially if one attempts to obtain time series showing the
development of an individual plasmoidke those of all previous modeling studies, the
plasmoids from our simulation results all have a-loge geometriestigures7.1a and b

showa representativexample of a fluxopeplasmoid in thgre-midnightsector of
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Figure 7.1Snapshot of desloping flux rope plasmoid (red field lines) overlaid on
planetary field (blue field lines), H+ pressure contours, and total plasma velocity, &
equatorial view, b) rotated meridional view (60° rotatioz in corotation direction)
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Saturn's magnetosphefauch flux rope$orm, reconnect, and flow downtail
continuouslyin the dusk sectoiThe curled loop structure of the evolving plasmoid is
visible inboth Figures 7.1a and Wwith the axis othe center of the plasmoid
approximately parallel to theaxis. The axes of the preidnight plasmoids produced by
our simulation are found at various orientations, but are generally aligned with or close to
thex-y plane.Figure 7.1b shows that the developing flux rope is enclosed by closed field
lines originating from the planet, suggesting that this is an example of closed flux
reconnection, and thus part of the Vasyliunas cij¢ssyliunas 1983. Note that the
velocity in the vicinity of the flux rope is predominantly in the positixtgrection,
implying that he plasmoid is being advect&dlward

Given our examination of the evolution of outflow structures and the manner in
which they shed mass as they pass through the vicinity of 21:00 hrs SLT (see section 5.2,
Figure 5.3), we thus expect that plasmoidsied due to closetlux reconnection
between dusk and midnight are responsible for transporting W+ plasma created in the
inner magnetosphere downtdil.order to confirm this, we present Figure 7.2, shovaing
time sequence dhe mass flux of water groypasma in the-directionon they-z plane
(looking Sunwards) at three locations along the magnetetai0, 30, and 40 &Note
the presence of the dusk magnetopdamendaryatx = 20 Rs on the far left of the image
which is absent at= 30 and 40 Rdue to the flaring of the magnetopatske flow of
water group plasma is highly confinsgatially, such thaww+ flows downtail only in the
pre-midnight sectoalong the plasma sheet (iye< 0, s< 10 R)). If we examine a
single time stepve find tha themorphologies of th&V/+ flow structures at each

locationexhibit something resembling salimilarnty. For example, at everylocation in
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Figure 7.2c¢ (0.8 d), the downtail W+ flowcan be separated into two regions, oneithat
very thin inzimmediately beforenidnight, and another extending to the dusk
magnetopause&here the flow is less confingdith bothregionsbeing separated by a
gap aty a -25 Rs. The flow structure evolves in time, thithe morphology changing on a
timescaleof tens of minutes to hours. Over the course of the §s2quence shown in
Figure 7.2, the downtail flow at= 20 Rs evolves from a single structure at 0 hrs UT to
the bifurcated structure at 8.48 UT described above. Despite the seemmgnsadity at
any given time stept is unlikely that these structures stretching tens of Saturn radii
downtail are large plasmoids or flux rop@sey may instead b@omposed of trains of
plasmoidsanging from thosef a similar size to the flux rope Figure 7.1to ones that
are smaller than our simulation can resolve in this regioorder to better illustrate the
dynamicand evolving nature of the taiard W+ flow, we have included an animation of
this process in section3?of the appendiXsee Figue A3.1)

Figure 7.3 shows thieme-averagedinear W+ mass flux across tlyeaxis,
obtained by integrating over the entire duration of the model output (~35 hrs, @) 3.4 T
and then over. This plot is essentially a proxy for the tiraeeraged flow alog the
plasma sheet, and is in broad agreement with the previous figure. Moreover, Figure 7.3
also shows that not only is the downtail W+ flow concentrated in thenjzheight sector,
but the bifurcation of the flow seen in Figure 7.2tycal of the flow field in this
region, with the greatdlow rate found in the segment that is further away fromnight
(y<-12 Rs). On average, the pestidnight sector containgdanetwardlows, which are
much smaller in magnitude. The decreastaémean linear mass flux with increasing

distance is likely due to the flaring of the magnetopause=&0 and 40 B the dusk
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Figure 7.3Linearx-direction mass flux of W+ across ti#@xisatx = 20, 30, and 40 R

side magnetopause boundary is outside the frame of the images in Figure 7.2, thus the
downtail W+ transport in this region would not be included in our calculation.

By alsointegrating acrosg for the entire availdke duration of the simulatiowe
obtain the mean W+ mass flux at eadbcation in Figure 7.2138 kg/s ak = 20 R;, 125
kg/s atx=30 R;, and 110 kg/s at= 40 Rs. These values are in reasonable agreement
with the range of rates of radial transpostttvecalculated irSection 6.32. In Figure
7.4, we show the results of integrating the tgtdirection W+ mass flux at every time
step, which gives an instantaneous value for mass flux through each plane over the
interval under consideration. Consigtevith our observationabout the variability in
radial flux rate at = 15 Rs from Section 6.3.2we find thathetotal rate of mass flux at

eachx location isalsohighly variable, withmaximum values several times that of the
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Figure 7.4 Total x-direction mass flux of W+ plasmaat 20, 30, and 40 R

time-averaged values stated above. This is consistent with a process is highly dependent
on thelocal plasma and magnetic fietdnditions, which is the case both with the

initiation and evolution of the outflow structures, as well as the development and
shedding oplasmoidsFigure 7.4is annotated with the numbers 1 to 4, which indicate

four specific events where th@lwardmass flux spikes above the mean. The-self

similarity that we discussed earlier means that the spike is visible at alkiloesgions,

and is delayed in time with increasiteglwarddistance. We have used these delays, read
as the time between the peakg a 20 and 40 B as an approximation for the travel time
which enables us to calculate transport velocities, if these structures are indeed indicative
of thetailwardflow of a series of smablcale plasmoids. We therefore obtain-gusk

plasmoid velotties of approximately 190 km/s, which is significantly slower than the

largescale loop plasmoids observed in the pogtnight sector by Cassini (~800 km/s,
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Jackman et al2014]). This may be due to the smaller size of these plasmoids, as the
dipolarization and acceleration during reconnection would be less enarggasnoid

sizedecreases
7.2Plasmoid properties

Plasmoids are generally identified using their magnetic field characteristics. As
we discussed irsection 2.43, thereare specific magnetic field signatures for flux ropes
and loops. In this section, vexamine data from a virtual spacecraft placed in the
midnight magnetotail in order wonfirm that we are able to characterize the plasmoid
from magnetic field and plasma dafagure 7.5 shows the particular flux rope of interest
while the pog#tion of the virtual spacecraft genoted by the blue statr € [40,0,2] R).

The developing flux rope itself is the tightlyound loop structure in the vicinity of
midnight extending fronrx = 35 to 55 R, marked by the black circle. This structure is
larger thanhe plasmoid in Figure 7.1 by a factor of two or three, making this a large
plasmoid of the scale studied bgckman et al[2014]. The flux rope has been evolving
prior to the time step depicted in Figure 7.5, but still remains attached to the Pplanet.
axis of symmetry across the flux rope is lies inxtyeplane, as is the case for most of the
largescale flux ropes observed in this regidhe scale and evolution of these plasmoids
is reminiscent of the time series presentedidder et al.[2017].

We present the data from the vatispacecrafin the stack plot in Figure 7.6,
showing how theerturbatiormagnetic field strengte” sandthez-component of the
magnetic fieldB; (i.e.: minus the dipole field valuegnd the number densities of protons
and W+ ionsg¢ and¢ , vary at the spacecraft location. The dashed lines show the

approximate start and end of plasmoid signatiarerder to identify the passage of the
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Figure 7.5Equatorial view of flux rope plasmoid at 5.30 hrs UT (developing flux ro|
enclosed by black circle)

plasmoid, we rely on a number of indicators, specifically a drop in total magnetic field
strength, the turning a specific magnetic field component, and an increase in plasma
density (se&ection 22.2). The event occurring between 4.5 and 6 hrs URigure 7.6
satisfies all these criteria, with a 50% drop in the perturbation magnetic field strength, a

turning in the perturbatioB, component, and a 50% increase over the local mean density
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Figure 7.6 Virtual spacecraft data output vs. UT

of both W+ and protons. Howevavhether this flux rope is part of the Vasyliunas or
Dungey cycle is ambiguous, as its location is such that it could be due to either process,
and the relative abundances of protons and water group iora daiquely indicate if it

results from open or ase flux reconnection.
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7.3Summary of findings

Our brief investigation of the dynamics of Saturn's magnetotail has revealed that
most of the water group plasma flows atinward in the prenidnight sector of the
plasma sheet. This flow is highly varialbut nevertheless continuous. Combined with
the creation of smaBcale flux rope plasmoids in the prednight sector, this suggests
that the Vasyliunas cycle at Satusrcompleted by a stream of smadlale plasmoids
which are formed from constant skdflux reconnection and are then advected
tailwards. Quantification of théailwardflow of W+ reveals excellent agreement with the
radial flux rates calculated in Chapter 5, and exhibits similarly high variability. It is clear
that fortailwarddistancs up tox = 40 R;, most of the water group plasma remains in the
magnetotail, with potential loss mechanisms (e.g.: through thesidsknagnetopause
by the KelvinrHelmholtz instability) either not proving important in this region, or
occurring on scalethat are too small to resolve with the multifluid model.

We have also shown that the updated multifluid model with plasuogal
interactions produces largeale flux rope plasmoids vicinity of midnight and in the
postmidnight sectosimilar tothose of previous investigatar¥irtual spacecraft data
revealed that the passage of a plasmoid can be discerned ushegtaielished criteria.
While these plasmoids are not of the loop type observed at Saturn by Cassini, they are an
important signature dhe Vasyliunas and Dungey cycl@sis lays the foundation for
future studies that will examine how to differentiate between plasmoids produced by
either open or closed flux reconnection from the model results, and therefore determine

how plasmoid contensize, and morphology varies depending on which their role in



Saturn's magnetospheric dynamics. Further examination of the deep tail may also reveal

exactly how water group plasma exits the magnetosphere.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

In this dissertation, we have presented a modified and updated version of the
Saturn multifluid multiscale model that incorporates-selfisistent plasmaeutral
interactions. We have validated this model against CAPS and MAG instrumernodata f
the Cassini probe, and found that the simulation output matches inner magnetosphere
plasma flows andonditions with more accuradigyan any previous attempis/e were
able to reproduce inner magnetosphere plasma density, pressure, and temperdésre profi
within an order of magnitude or less within the ranger¥x<0 R;, where the massnd
momenturAloading processes take place. The incorporation of plasutaal
interactions also minimizes the issue of supercorotation that many previously published
global model®f rotationally driven magnetosphemasfer from(e.g.:Kidder et al.
[2012 andJia et al.[20120). Theself-consistent modeling ahass and momentum
loading termshased on local plasma and neutral conditions therefore allowed us to
simulate neutral cloud interactions such as eledtrgract ionization, photoionization,
and symmetric charge exchange collisions between W+ ions and water group neutrals, as
well as the transport process that moves plasma produced in the inner magnetosphere
radially outwards.

We have used this model to study various phenomena in Saturn's magnetosphere,
beginning with the global production and radial transport of W+ plasma inrteeand

middle magnetosphere € 20 R5). We found that the updated model produces mean
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global W+ production rates (73.1'¥ < 79.6 kg/sacross a range of AOA valyebat

fall well within the range of estimates basedmsitudata and chemical ndeling. The
temporal variability of Y under a given set ateadystate upstream conditions is
relatively small (~10%), due to the fact that most of new W+ plasma is produced in the
region 3 < < 5 R, deep in the inner magnetosphere, wheraéwtral and electron
densities are highest. The spatial and temporal variability of electron densities and
temperatures in this region are very low, resulting in low variability in the rate of ionizing
electronneutral collisions. We briefly examined thigilay of a radiallydependent hot
electron sukpopulation (T =200 eV) based on density profiles fr@ohippers et al.

[2008 to influence the overall rate of ionization, but determined that the densities of
these hot electrons in those regions where naswteteabundantveresimply too low to
produce a significant effect. Most of the ionization is therefore carried out by the tail of
the thermal electron population deep in the inner magnetosphere.

Our simulation results showed that the radial outflow process is highly dynami
with the initiation, growth, and shedding of plasma by the outflow structures being
stronglydependent on local plasma and magnetic field conditMesexamined this
process qualitatively by considering time series of equatorial W+ contours, and
guanttatively by calculating the radial flux of water group plasma=ail5 Rs.

Compared to the production process the radial transport is extremely variable, with a time
averaged mean mass flux of 136 kg/s and an instantaneous flux that deviated from the
meanby up to 60% at southern solstice under parallel IMF conditions. Since radial
transport is dependent on the development of outflow structures, this extreme rate of

variability is not surprising.
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Our investigation of the effects seasonal change on Satnagnetosphere by
varying the angle of attack (AOA) showed that the "bowl" morphology at southern
solsticeis a good approximation of the time averaghdpeof the plasma sheathen
compared to the analytic solution presentedbydge et al.[2008, assuming that one
uses local tim@&lependentalues for he hinging distanc&y. We found that our
simulation results for plasma sheet shape were in reasonable agreement with this analytic
expression, using the, values determined at solstice by inspection, over a range of
AOA values from southern solstice@quinox. However, our simulation also stemlthat
the plasma sheet is considerably more dynamic than the simple "bowl" morphology
suggests. There are perturbations along the plasma sheet surface that cause localized
regions to move northwards or southwards ortithescals of a few tens of minutes.
There is also a region in the nightside magnetotail in the vicinity of midnight which
exhibits a "flapping” behavior, which results in the mean position of the plasma sheet
being deflected below the equator (i.e.: negative curvature compared to tHehest o
sheet). These southward excursions at midnight are present at all tested AOA values and
are sometimes associated with thidvardacceleration of plasma flowslowever,
beyond the curvature, there does not appear to be differences in plasma istuest gt
the seasonal extremes of equinox and solstice. Likewise, the plasma sheet in the inner
magnetosphenmemains remarkably flat in both cases, with the rotational and magnetic
equators being closely aligned at all AOA valuesforl0 Rs. This flatinner
magnetosphere plasma sheet is the most likely explanation for why the W+ production
and radial transport processes are relatively unaffected by changing AOA. The former

increases slightly with increasing AOA, while the latter appears to have nodése
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whatsoever on seasonal changes. While changes in season may have a measurable effect
on some processes in Saturn's magnetosphere under prolongeessgadgnditions,

the large scale fluctuations that occur due to changes in upstream condlitio®s o
development of outflow structures, plasmoids, and other complex, nonlinear global
phenomena are far more important in determining the dynamics of this system.

Finally, we investigatethe behavior of Saturn's magnetotail, focusing on the
Vasyliunasand Dungey cycles. We described the flow of water group plasma up to a
distance of 40 Rdowntail from the planet, showing that #a@wardflows are confined
to the premidnight plasma sheethetailwardmass flux rate is comparable to the radial
flux rate mentioned previously in both magnitude and variability, while the return flows
along the posmidnight plasma sheet are less than 10% of thempdaight flow,
suggesting that essentially all of the W+ transported out of the inner magnetosphere flows
downtail and to exit the magnetosphere. The exact mechanism by which this plasma is
transported is not yet clear. Smadlale flux rope plasmoids are visible in the-pre
midnight sector, and appear to be continuously forming and moving downtail. However,
we have not yet established if these flux ropes are still on closed field lires4i Rs.

Using the downtail flow structure's approximate sthilarity, we have established that
betweernx = 20 and 40 B the flow moves at approximately 190 km/s, sulisiin

slower than the largscale plasmoids observed in the postinight sector by Cassini.
We briefly examined a simulation output for a lasgale flux rope plasmoid in the
vicinity of midnight, and showed that it was possible to use virtual spatdetaftofind

plasmoids using their distinctive magnetic field structure and plasma content.
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In summary, we have used our powerful new model to investigate the dynamics
of Saturn's magnetosphere, and have been able to quantify for the first tipreéesses
like the time rate of production of new W+ plasma from the neutral cloud, the radial flux
of this plasma, and its eventual downtail fldWhile Saturn's orbital location has a
profound impact on the global morphology of the magnetosphere, @astigations have
revealed that seasonal changes do not seem to affect the magnetosphere's dynamic
behavior to a significant degree. We have thus verified that the inclusion of plasma
neutral interactions is vital to understanding the behavior of Saton@s i
magnetosphere, and have also established the accuracy of the model. It should thus prove
useful in a slew of future projects to investigate other unanswered questions about

Saturn's magnetosphere.
8.2 Future work

8.2.1 Further investigation ofplasmaproduction and transport

We have determined that the characteristic timescale of radial plasma transport in
the inner magnetosphere is an order of magnitude longer than the rotation period. As we
have very few instances of the simulation that have ruarzky single radial transport
timescale, we have thus far been unable to quantify the variability in this process, and
whethert drives variability in the frequency or behavior of outflow structures. An
relatively simple extension of our previous workhlilerefore involve running our
simulations continuously for several months of wall clock time in order to collect
sufficient data to examine the variability of plasma production and transport on this

longer timescale. This will be somewhat challengingyasre not only constrained by
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the very long times it takes to run these cases, but also in terms of obtaining sufficient
storage on our cluster to store the output at the required temporal resolution.

Another potential avenue of investigation would bexamine the effects of
treating the thermal electron population in the inner magnetosphere as having a long
tailed temperature distribution (i.e.: Kappa distribution), which would account for the
warm populations observed throughout Saturn's magnet@s8iace this would lead to
increased ionization frequencies, this change would have significant effects eranthss
momenturAloading.We havealwaysassumedhat the electrons haweMaxwellian
distribution, so any attempts to treat the electron population as having a Kappa
distribution will have tanvolve the prescription ad valie or values of Kappa by region.
Moreover, such attempts will also have to include efforts to denasenputationally
tractable way to integrate this distribution at every grid point in the inner magnetqsphere
as this is more difficulthan computing the tail of a Maxwellian as the Kappa distribution
must be numerically integrated. One possible solutdhis would be the use of a look
up table, similar to what we eventually employed for our Maxwellian population in order
to improve performance. However, the simulation would no longer be fully self
consistent, as it would involve tlagpriori impositionof specific values of the Kappa
parameter that would have to be taken from the publications of prior investigators.
Nevertheless, this does not negate the utility and power of this model, and is thus a viable
and valuable potential avenue of investigation
8.22 Secondorder effects of seasonal variation

Saturn's angle of attack relative to the solar wind is the most visible manifestation

of the planet's changing seasonal conditions, but there two other effects that may
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contribute to changes in magnetosphbehavior. Specifically, the change in UV
irradiance over the course of Saturn's year (the difference between aphelion and
perihelion is approximately 10% of the sem&jor axis of the orbit) should drive
changesn the rate of photoionizatiokince wehave obtained photoionization rate
constantgk,n) based on a position migday between aphelion and periheliorhakof-
the-envelope calculation reveals tloatr photoionization rate might vary by up to 15%
from the rates calculated from our simulatresults under quiet Sun conditions.
However, sincave have shown thate overall W+ production due to photoionization
rate is barely 6% of the global W+ production rdies is not a significant change.
However, the more important effect is likely tothe changing solar cycle. Since our
results are based on UV irradiance during quiet Sun conditions, the active period of the
Solar cycle can result in an increaséginof 200-300%. This would result in a much
larger increase in the photoionization cdmiition to W+ production, and would more
importantly have important implications for the photodissociation that occurs in the
neutral cloud. Thus onenportantavenue of investigation may beinvestigatehe
implicationsof changing UV irradiance on bofitasmaneutral interactions and the
neutral cloud over the course of Saturn's year and the solar cycle

Changes in UV irradiance will also change Saturn's ionospheric conductance. We
believe a particularly interesting avenue of investigation would bejiagph latitudinally
varying ionospheric conductance to the inner boundary of our model, such as the one
found inMoore et al[201(. This should impact the corotation lag of the inner and
middle magnetosphere, as the Pedersen conductance plays a vital role in determining the

distance of corotation breakdoyHill, 1979. However, this particular avenue may



prove problematic, as there has been very little work since 2040aoifying the
changes in ionospheric conducanctace with season.
8.23 Response to dynamic perturbations

With the exception of the final chapter of this dissertation, where we created a
step change in the IMF to instigate Dungey cycle gpeareconnetion, all of our data
has come from instances where the simulation has been run long enough to reach a state
of quastequilibrium. However, the utility of theultifluid model isthat it is capable of
accepting timevarying inputs for upstream conditiorihus, it would be very interesting
to subject the simulated magnetosphere to events such as corotating interaction regions,
periodic forcing, or rapid changes in the IMF, all events that have been observed at
Saturn, which result in the kind of fluctuatethat mask trends such as the correlation
that we observed between AOA and global W+ production rate. There exists a substantial
body of literature describing these upstream conditions, as well as numerous publications
in which investigators have usedsitu data to analyze and quantify the response of
Saturn's magnetosphere to these events. It would thus be exciting to see how our model
handles such events, and whether interesting global behavior results that has not yet been
deduced from Cassini data.
8.2.4 Magnetotail dynamics

Our investigation of magnetotail dynamics was exploratory and short in nature.
Thus, there remains enormous scope for future profeats very simple level, it would
be instructive to examine the downtail flow of W+ plasmgraater distances, to
examine how it changes qualitatively and quantitatively. It is also important to

understand the specific nature of downtail transport, i.e.: if this plasma is carried by small
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or large plasmoids from the pmeidnight sector, and if savhere are the reconnection
regions and what are their downtail speeds. Investigating the structure of the plasmoids
themselves will be a challenging task as the flux ropes are not easy to visualize, and the
tools at our disposal make it difficult to tkathe evolution of the single plasmoid over
time as the structure deforms and moves downtail. Similar difficulties await investigators
who are interested in examining the largate posimidnight plasmoids, but it is
important to understand whether thase part of the opefiux or closedflux
reconnection, and what role they have in removing plasma from Saturn's magnetosphere
and transporting magnetic flux
8.2.5 Incorporation of new model physics

Anisotropic ion pressures (i.e.: along and perpendi¢aldre magnetic field)
have long been considered to be important in accounting for the total distribution of
plasma pressures and temperatures throughout Saturn's magnetpsgidess et al.
201Q Sergis et al.201q. Work on another variant of the Saturn multifluid modethe
University of Washington, Seatth®y Tilley et al.[2015 incorporating the effects of
anisotropic pressurdmve successfully simulated injection fingers that reach deeper into
the inner magnetosphere, in better agreement with data. Thus, one extremely promising
new avenue of investigation would be to combine this innovation with the modifications
pioneered in our version of the model, to produce a more accurate depiction of Saturn's
dynamic magnetosphere than has ever been achieved before. However, weetbatimo
both cases it is necessary to either wait until better computational resources become

available, or search for additional ways in which to improve simulation performance, as



currently the performance of both versions of the global Saturn model have bee

adversely impacted by the addition of new physics.
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APPENDIX A

SUPPORTING FIGURES AND ANIMATIONS

Appendix A contains figures that are used to conduct analyses or measurements
that support but are not central to the main text, as well as the captamsations that
are helpful for visualizing Saturn's magnetospheric dynamles.animations can be

downloaded from th€ MARTechthesis depository (smartech.gatech.edu)

Al. Chapter 5 supporting figures and animations

Figure Al.1 Animation of Figure 5.2 from 17.228.53 hrs UT. Fronkeft to right
electron temperature, election ionization frequency, and volumetric W+ production
contourgfilename: figure_&a.1.wmv)

Figure A1.2 Animation ofsolsticeequatorial W+ density contou(eft) from Figure 5.3

alongsde electron temperature contognght) for theinterval 17.2228.53 hrs UT
(filename: figure_&.2.wmv)
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A2. Chapter 6 supporting figures and animations

Figure A2.1 Animation ofx-z plane showing how the moving magnetopause can affect
plasma sheet curvature. Contours are H+ pressure, arrows are the bulk plasma velocity,
and the red lines represent the magnetic field inside the magnet¢filansene:
figure_&.1.wmv)

Figure A2.2 y-zview of solstice nightside plasma sheet at 30.65 hrs UT

Figure A2.3y-zview of equinox nightside plasma sheet at 30.65 hrs UT
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