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ABSTRACT

The plasma wave instrument on board the Galileo spacecraft is used to determine
the electron density in Jupiter's magnetosphere. Ordinary mode radio waves are detected
in the form of non-thermal continuum radiation trapped in the magnetosphere at
frequencies above the electron plasma frequency. By identifying the low-frequency
cutoff of continuum radiation as the plasma frequency, the local electron density can be
calculated. This technique is used with plasma wave data from the Galileo primary
mission to generate an electron density data set with approximately 37-second time
resolution. The density data set is used to examine the electron density profile of the
Jovian plasma sheet between radial distances of 20 and 140 R; from Jupiter. The average
electron density in the plasma sheet decreases with radial distance according to a power
law that scales as ( 1.-’1'}2'“. With the addition of data closer to Jupiter, one sees a change
to a steeper power law, approximately (1/r)** inside about 20 R;.

The density data is used in conjunction with data from the Galileo magnetometer
instrument and a model of Jupiter's plasma sheet to study pressure balance across the
plasma sheet. Assuming the plasma sheel is in a quasi-static state, and the magnetic field
lines in the plasma sheet have negligible curvature, the sum of magnetic and particle
pressures across the plasma sheet should stay constant. By varying the temperature
parameter, best fits for the constant total pressure and corresponding temperature are
determined. These values yield pressure and temperature profiles of Jupiter's plasma
sheet between approximately 20 and 140 R;. Typical temperatures determined using this

technique are about 10® K, corresponding to energies of about 10 keV. The average total
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pressure decreases with radial distance from Jupiter as a power law proportional to
(1/r)*®, Density and pressure may vary by a factor of 2 or more from these averages.

The scatter is likely due to short time-scale variability of density and pressure in the

magnetosphere.
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CHAPTER I: INTRODUCTION

The study of the Jovian magnetosphere began when low-frequency radio noise
was detected in the area of the sky around Jupiter [Burke and Franklin, 1955]. Jupiter is
an incredibly powerful radio source. The magnetosphere of Jupiter, as observed from
Earth, has an angular size on the sky equivalent to four full moons. Jupiter’s
magnetosphere is a very large and complex system characterized by interactions of
charged particles with strong electric and magnetic fields. It is these interactions which
generate lthe intense radio emission observed coming from Jupiter. One of the key
characteristics to understanding these electrodynamic processes is the plasma density.
Jupiter's nearest moon, lo, ejects about 1000 kg of sulfur, oxygen, sodium, and potassium
each second. This gas is quickly ionized by solar radiation. It is believed that because of
this source of plasma deep within the system, the magnetosphere of Jupiter behaves very
differently than Earth's magnetosphere. By contrast, much of the plasma in the Earth's
magnetosphere is ionized hydrogen and helium from the solar wind. This plasma is
believed to enter from outside the magnetosphere at the magnetopause boundary. This
external source provides the dominant fraction of plasma at the Earth.

Because spacecraft made previous measurements of density near Jupiter during
brief flybys of the planet, little is known about the long-term behavior of the plasma and
dynamics in its magnetosphere. Density data were available only at limited locations
within the Jovian system and only over a time interval of several days. The Galileo
spacecraft (Figure 1) however, is making multiple orbits of Jupiter over a period of

several years. The plasma wave instrument is collecting data at radial distances from the



planet beyond about 10 Jovian radii (R;), and at all longitudes. The trajectory of the
spacecraft for the primary mission can be seen in Figure 2. A density data set obtained
from the plasma wave data allows examination of the Jovian plasma environment on long
time scales, and comparison with global models of Jupiter's magnetosphere. With such a
data set, a better comparison of the structure and dynamics of the magnetospheres of
Jupiter and the Earth may be made. An important subject this data set can address is the
ultimate fate of the plasma that is produced near the moon Io: Where does the plasma
from Io go? It is assumed likely that this plasma somehow leaves the system down
Jupiter's long magnetotail (sometimes extending as far as the orbit of Saturn), but it not

yet well understood how the plasma is transported.



Figure 1. The Galileo spacecraft. The plasma wave instrument utilizes the

electric dipole antenna elements mounted at the end of the magnetometer boom.
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Figure 2. Galileo's primary mission trajectory. Galileo made eleven orbits,
including ten encounters with the Galilean satellites of Jupiter. During this primary
mission, the spacecraft encountered radial distances between 10 and 150 R}, and all

longitudes.
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CHAPTER II: PLANETARY MAGNETOSPHERES

Understanding the global picture of plasma transport at Jupiter draws upon
several different areas of magnetospheric physics. Pieces of the global transport puzzle
involve magnetospheric interaction with the solar wind, magnetic substorms, and small-
scale plasma motions in both the inner and outer magnetosphere. While magnetospheric
convection is partially understood at the Earth, studying plasma motions at Jupiter proves
to be a greater challenge. Three important differences make the Jovian system much
more complicated: Jupiter's magnetic field is much stronger than the Earth's magnetic
field, Jupiter spins much faster on its axis than the Earth, and Jupiter's moon Io, located
deep inside the magnetosphere, provides a large plasma source. It is not yet well
understood what effect these differences have on the global dynamics of the system. The
Galileo measurements, taken over longer time scales and larger regions of the
magnetosphere, may allow better understanding of these dynamics.

Magnetospheric Physics at the Earth

The solar wind is a hot, tenuous, ionized gas that flows outward from the Sun in
all directions. Near the orbit of the Earth, the solar wind has a mean velocity of about
350 km/s, a temperature around 10° K, and typical plasma densities on the order of 10
particles per cubic centimeter of space [Tascione, 1988; Kivelson and Russell, 1995]. A
weak interplanetary magnetic field (IMF) convects outward with the solar wind. This
field is variable in direction and magnitude because its source, the solar magnetic field, is
also variable. As the solar wind plasma flows outward, the IMF is carried along with it,

because of the high electrical conductivity of the plasma. This "frozen-in-flux" condition



allows the IMF to sweep past the Earth's magnetosphere as the solar wind expands into
interplanetary space. When the IMF impinges on the Earth's intrinsic magnetic field, a
coilpling with the Earth's field takes place. Because the plasma is carried along with the
field lines of the IMF, such an interaction allows the deposit of solar wind plasma
(mainly protons, electrons, and alpha particles) into the Earth's magnetosphere. The
boundary of influence of the Earth's magnetic field is known as the magnetopause.
Figure 3 shows a simplified model of the main components of a typical magnetosphere.
On the sunward side of the Earth, the magnetopause is located an average of about 10 Rg
away from the Earth, though this stand-off distance varies with solar wind activity.
Several mechanisms have been proposed which may individually, or in combination,
allow the plasma to enter the magnetosphere at the nose of the magnetopause: merging of
magnetic field lines [Vasyliunas, 1975], diffusion of particles across the magnetopause,
and electromagnetic drift of particles across the boundary [Hill, 1983].

Once inside the magnetosphere, the Earth's intrinsic magnetic field (which rotates
at the same rate as the Earth rotates about its axis) governs the motions of the plasma. In
addition to particles from the solar wind, fresh plasma is slowly supplied by the high
altitude ionosphere and plasmasphere of the Earth [Tascione, 1988; Kivelson and Russell,
1995]. Within about 4 or 5 R of the planet's center, plasma co-rotates with the Earth's
field, according to the same frozen-in-flux principle. The Van Allen radiation belts are
one example of this type of trapped particle population. In the outer magnetosphere, as
the influence of the magnetic field decreases, inertial and electrodynamic effects diminish
the effect of co-rotation. Plasma motions in the magnetosphere generate large-scale
electric potentials. These huge potentials, in turn create complex current systems, which
result in the bulk transport of charged particles. Mega-ampere currents flow in the

magnetosphere and in the ionosphere, according to the electrical conductivity of the



medium, but move most easily along field lines. With a steady-state flow of solar wind
plasma and embedded IMF, these complex currents and convection patterns form
complete closed circuits. Cartoon maps of these currents and convection patterns can be
seen in Figures 4 and 5. These composite pictures of plasma convection at the Earth are
the general results of multiple models and theoretical predictions [Tascione, 1988;
Kivelson and Russell, 1995]. The launching of numerous rockets and satellites since the
1950's, along with ground based instruments and detectors have experimentally verified
that these general convection patterns do exist in the Earth's magnetosphere and
ionosphere.

The Jovian Magnetosphere

Jupiter is located 5.2 astronomical units (AU) from the Sun. One AU is the
average distance between the Sun and Earth. The temperature and average speed of the
solar wind at Jupiter's orbital distance are roughly the same as near the Earth. The
electron and proton densities decrease with radial distance from the sun according to a
(1/r)2 power law. At the distance of Jupiter's orbit, there are about 0.4 particles per cubic
centimeter of space. If the solar wind is still present at the orbital distance of Jupiter, and
if Jupiter also has a magnetic field, then we should expect to see a magnetosphere around
Jupiter. This is, indeed the case, however there are three major differences between
Jupiter and the Earth that make Jupiter's magnetosphere very unique.

The intrinsic magnetic field of Jupiter is different than the Earth's in some
important ways. Jupiter is believed to have a great mantle of liquid "metallic” hydrogen.
Tupiter’s tremendous size and gravitational pull compresses the hydrogen in its mantle
until electron shells overlap such that it behaves as a metal. This metallic hydrogen acts
as an electrical conductor and produces a magnetic dipole moment of 1.6 x 10" Tesla-

km®, compared to 8.0 x 10° Tesla-km® at the Earth. The slightly less substantial solar
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wind at Jupiter and the large difference in planetary field strengths combine to create an
immense magnetospheric cavity in the solar wind that is about 100 times the size of the
Earth’s magnetosphere [Dessler, 1983]. The magnetic axis of Jupiter is tilted almost 10
degrees from the spin axis. The Earth's magnetic axis is tilted about 12 degrees from its
spin axis. Jupiter's magnetic field however, happens to be "upside down" compared to
the Earth's. Jupiter's north magnetic pole is in the northern geographic hemisphere, while
the Earth's north magnetic pole is in the southern hemisphere.

Jupiter has a very rapid spin rate, and completes one rotation about every 10
hours. Due to frozen-in-flux effects similar to those in the solar wind, plasma in Jupiter's
magnetosphere generally tends to be locked into rotation at the same rate as the planet.
As is the case at the Earth, this co-rotation is not perfect, but has been shown to be more
rigid at smaller radial distances [Hill, 1979; 1980; McNutt et al., 1979]. At the Earth, the
spin rate and the resulting "centrifugal” force is much less; the solar wind is the dominant
energy source for driving plasma motions. The dynamics of the Jupiter system are driven
by the kinetic energy imparted to the plasma by the rapid rotation of the planet and its co-
rotating magnetic field.

Of Jupiter's four Galilean satellites, Io orbits closest to Jupiter. lo is located deep
inside the magnetosphere, about 5.9 R; from the planet. Because Io is so close to Jupiter,
it is subject to tremendous gravitational tidal stresses. These stresses knead and heat the
interior of Io, producing numerous volcanoes and geysers, which are routinely observed
on its surface. Earth based telescopes have long detected clouds of sulfur, oxygen,
sodium and related chemical compounds around Io. Close up photographs from the two
Voyager spacecraft have even revealed volcanoes in the act of erupting. Io is the most
geologically active object in the Solar system and routinely resurfaces itself through

volcanic eruptions. Because of the low escape velocity at the surface of Io, much of the
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material ejected from these volcanoes escapes into orbit around Jupiter. When solar
ultraviolet light interacts with these molecules, photo-ionization occurs, and provides a
source of fresh plasma deep in the interior of Jupiter's magnetosphere. About one ton of
newly ionized material is produced every second in the vicinity of Io. This material
forms a donut shaped structure around Jupiter at the orbital distance of Io, and is called
the Io plasma torus [Dessler, 1983]. The Earth's magnetosphere has no such structure,
nor is there a large, localized plasma source deep inside the magnetosphere. Plasma in
the Earth's magnetosphere is supplied by the solar wind, with some plasma also coming
from the plasmasphere.
Large-scale Plasma Processes

At the Earth, the main source of plasma and kinetic energy is believed to be the
solar wind. As the solar wind streams past Earth at about 350 km/s, interactions take
place at the nose of the magnetopause and allow energy and particles to be transmitted
across the magnetopause boundary into the magnetosphere [Tascione, 1988; Kivelson
and Russell, 1995]. The two major models are the "open" magnetosphere and the
"closed" magnetosphere. Rough sketches of the difference between these two models are
depicted in Figure 6. When the interplanetary magnetic field is oriented with a northward
component, little interaction with the Earth’s intrinsic field takes place at the nose of the
magnetopause. When the IMF is oriented in a southward direction, as in the open model,
energy is transferred through a process known as magnetic reconnection [Dungey, 1961;
1965]. The Earth's field and the solar wind field can merge with each other at an "X-
line", allowing some of the solar wind field lines to become connected to the Earth.
These are called open field lines, and allow solar wind particles direct access to the
magnetosphere. In the closed model, there is no connectivity between the Earth's field

and the solar wind magnetic field. In this model, particles may enter the magnetosphere
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by simple diffusion, or by magnetic field drift across the magnetopause boundary. The
open model is well supported by observation, because magnetospheric activity and the
plasma flow described previously seem to be well correlated with the north-south
orientation of the IIMF and solar wind activity [Tascione, 1988; Kivelson and Russell,
1995]. Since the main sources of both plasma and energy at Jupiter are inside its own
magnetosphere, it is unclear if a solar wind interaction plays an important role in
magnetospheric dynamics there.

Several major models currently exist which attempt to describe large-scale spin-
periodic motions in Jupiter's magnetosphere [Hill, et al., 1983; Vasyliunas, 1983].
Because this dissertation involves plasma density measurements, the fashion in which
these models address plasma density is of particular interest. Because the plasma source
(Io) is in the plane of Jupiter's rotational equator, most of the material starts out confined
there. Upon ionization, however, electromagnetic forces play a large role in the
subsequent motion. For example, the tilt of Jupiter's magnetic field with respect to the
spin axis can alter particle orbits, and change the latitudinal distributions of plasma away
from that expected due to direct injection from Io.

One of the simplest models for periodic plasma motions in Jupiter’s
magnetosphere is the disc model, or offset tilted dipole model, which describes a plasma
disc that is centered along the magnetic equatorial plane, and therefore tilted 10 degrees
from the spin equatorial plane. As the disc rotates, it appears to wobble up and down.
An observer in the spin equatorial plane would encounter the so-called magnetodisc twice
per rotation period as it rotates past: once as the disc sweeps past from north to south, and
once from south to north [Hill et al., 1983]. This rigid magnetodisc model is depicted in
Figure 7. There is some dispute among more detailed models as to whether this

magnetodisc is rigid, bent, warped, or wavy. Differences in magnetodisc models depend
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on the relative strengths of magnetic, gravitational, and centrifugal forces. Each of these
forces can play a role in distributing the plasma to different latitudes and fadial extents.
For example, the magnetic forces tend to confine the plasma along the magnetic equator,
but centrifugal forces due to Jupiter’s rapid rotation tend to redistribute the plasma
toward the rotational (jovigraphic) equator. There are also uncertainties about the
longitudinal symmetry of the magnetodisc. Differences in Jupiter's dayside and nightside
magnetosphere at larger radial distances may be réﬂectecl in plasma densities and
distribution in the magnetodisc. By examining the plasma density data, we can place
observational constraints on the thickness of the disc at different longitudes, magnetic
latitudes, and radial distances.

The magnetic anomaly model, or co-rotating active sector model shown in very
basic terms in Figure 8, describes a situation in which particular, persistent
magnetospheric phenomena are observed to co-rotate with the planet. A stationary
observer at the jovigraphic equator would see these phenomena rotate past his position
once per rotation. In this model, observed higher order moments in Jupiter's magnetic
tield produce an area of weaker surface field. This area of weaker field, being tied to
Jupiter's intrinsic field, is fixed in longitude with respect to the interior of the planet [Hill
et al., 1983]. This fixed longitude system is called System-III longitude, and is set up so
that Jupiter's dipole field is tilted toward a System-III longitude (A7) of about 200
degrees. The so-called active sector, or weak-field anomaly is located between about 160
and 320 degrees AIT], and is observed even at large radial distances from Jupiter. The
anomaly is characterized by higher plasma densities, higher plasma temperatures, and
increased radio emissions from the active sector [Hill, et al., 1983].

A large-scale plasma convection model related to Jupiter's asymmetric magnetic

field called the co-rotating convection model [Hill et al., 1981; Hill and Dessler, 1991]
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assumes a global pattern of plasma transport and neglects smaller scale variations of
plasma density. Within the active sector, the plasma density in the Io torus is somewhat
greater than at other longitudes. This model, shown in Figure 9, assumes a greater flux
tube content in the active sector, resulting in increased radial outflow in that region as
compared with other longitudes. Less dense, slower moving plasma flows inward on the
opposite side of the planet, as viewed in the co-rotating reference frame. The dense
plasma makes its radial trip to the outer magnetosphere on time scales of a few Jupiter
rotation periods. At large radial distances, the plasma is lost to a "planetary wind" due to
spin periodic openings of closed field lines to the magnetotail. An advantage of this
model is that the convection pattern provides a large portion of the energy required to
power observed magnetospheric phenomena, and provides a possible explanation for
plasma transport from the Io torus to the outer regions of the Jovian system.
Substorms

At Earth, a phenomenon known as a magnetospheric substorm is frequently
observed [Akasofu, 1968]. A substorm occurs when a magnetic “x-line” forms in the
equatorial region of the magnetotail. This reconnection causes plasma to be accelerated
sunward, populating the inner magnetosphere and the ring current [Tascione, 1988;
Kivelson and Russell, 1995]. This sudden increase in high energy plasma can lead to
spectacular auroral displays as particles precipitate along the magnetic field lines into the
high latitude atmosphere of the Earth. Such events also increase the electrical activity in
the magnetosphere, and can interfere with communications satellites as well as power
generating stations on the ground. A similar acceleration process on the more distant side
of the x-line sends a blob of plasma anti-sunward, allowing plasma to leave the
magnetosphere and escape back into the solar wind down the long magnetotail. This

substorm phenomenon cycles plasma from solar wind magnetic field lines, through the
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Earth's magnetosphere, and back into the solar wind. It is the dominant global plasma
transport mechanism at the Earth.

The "growth phase" model of substorms suggests that the magnetosphere goes
through several phases before releasing the stored up energy provided by the solar wind.
In the growth phase, solar wind magnetic field lines undergo magnetic merging at the
nose of the magnetopause. These field lines, and the plasma associated with them are
convected from the front of the magnetosphere back toward the tail as the open ends are
dragged anti-sunward by the solar wind. As the field lines are piled upon each other in
the Earth's magnetotail, the magnetic field strength in the tail increases, storing a large
amount of energy. The field lines become more stretched and the plasma sheet becomes
thinner. This phase can last up to an hour. The expansion phase, which follows, lasts
only a few minutes and is triggered when instabilities in the tail result in magnetic
merging similar to the merging that occurs at the magnetopause. If an x-line forms in the
tail, as depicted in Figure 6, the stored magnetic field energy can be quickly released and
plasma can be very suddenly accelerated sunward, injecting high energy plasma into the
inner magnetosphere, but sending much of the plasma in the opposite tailward direction.
After expansion, the magnetosphere returns to a more relaxed state during the recovery
phase. After recovery, the magnetosphere appears much as it did prior to the original
growth phase and the process can repeat. Because magnetic merging is important in this
model, growth phase substorms are more efficient during times of southward IMF, and
are well explained using an open magnetospheric model [Tascione, 1988; Kivelson and
Russell, 1995]. It is unknown whether Jupiter experiences substorms in this same
manner. Because the dominant energy source in Jupiter's magnetosphere is its rapid spin
rate rather than the solar wind, the presence of substorms seems unlikely. There has,

however, been evidence of Jovian auroral enhancements, energetic particle populations,
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and other phenomena that are attributed to substorm activity at the Earth. With an
orbiting spacecraft that can study these phenomena over long time periods, more careful
study of these phenomena may be made.
Small-scale Structure

The use of the density data set to identify small-scale structures in the Jovian
magnetosphere is another part of this research project. As the plasma at Jupiter is spun
around like a centrifuge, a radially outward directed "centrifugal" force opposes a radially
inward gravitational force. The radial distance at which the two forces are equal, is given

by the relation:

GMm

2
r

= mer (D

where G is the universal gravitational constant, M is the mass of Jupiter, m is the mass of
a particle in Jupiter's gravitational field, r is the radial distance from the center of the
planet, and €, is the rotational frequency of Jupiter. Simple substitution shows that at
radial distances beyond about 2.2 Ry, the outward force dominates. This situation is
analogous to a Rayleigh-Taylor gravitational instability. Since the source of plasma (Io)
is located at 5.9 R; from the planet, this denser plasma in the inner region of the
magnetosphere must flow radially away from the planet. There, presumably a less dense
medium flows inward, taking the place of the denser plasma, which is eventually
convected out of the system. The exchange of radial position of these different density
plasmas is known as interchange, and the entire process is called "interchange instability"
because the distribution of plasma is unstable [Thorne, 1983; Richardson and McNutt,
1987]. The denser plasma is in a higher potential energy state in the centrifugal-

gravitational potential.
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There are theoretical predictions about how the interchange motions take place.
A theoretical eddy-diffusion model [Siscoe and Summers, 1981] involves small-scale
motions of closely neighboring flux tubes about 6 - 8 Ry from Jupiter (just outside the Io
plasma torus). Flux tubes, situated at different radial distances and containing different
amounts of plasma change places by way of random, turbulent eddies. The size scale of
these eddies is estimated to be about 0.1 - 0.2 R;j based on the "graininess" seen in
Voyager 1 plasma measurements [Bagenal et al., 1980]. Because the flux tubes are
immediately exposed to the next adjacent neighbor, they continue these turbulent
exchanges until the dense plasma has moved outward from its source in the Io torus and
the less dense plasma has moved inward. The lifetimes of these eddies are found to be
independent of their size.

The transient convection model [Pontius et al., 1986; Pontius and Hill, 1989] is a
different model, in which individual flux tubes move outward individually through the
less dense medium. In this model, instead of diffusively exchanging plasma with
immediately neighboring tubes through turbulent eddies, the flux tubes retain their basic
structure and plasma content while moving steadily, radially outward. Their individual
plasma content is generally different from the longitudinally independent averaged values
assumed by the other models. The same equations that govern plasma transport in the
larger-scale corotating convection model are used in this transient convection picture.
The radial and azimuthal dimensions of the elliptically shaped transient flux tubes
assumed by the Pontius and Hill [1989] model are between 0.01 and 0.1 Jovian radii near
the Io plasma torus. A cartoon illustration of this process is shown in Figure 10. In this
figure, blobs of plasma (flux tubes of finite width and length) are shown detaching from

the rotating Io torus, and moving radially outward through Jupiter’s magnetic field.
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Yang et al. [1992, 1994] approach the problem of small-scale plasma transport
using a computational interchange simulation. They use numerical computer simulations
of an asymmetric torus and show evidence of discretely forming "fingers" of plasma
moving outward under the influence of Jupiter's centrifugal acceleration. The
simulations use a computer code called the RCM-J (the Earth-oriented Rice Convection
Model modified for application to Jupiter) [Harel et al., 1981; Wolf, 1983; Wolf et al.,
1991]. The simulation region is limited to the equatorial plane at radial distances
between 5 and 20R;. This computer code assumes ideal magneto-hydrodynamics to
calculate particle trajectories by mapping the two dimensional magnetospheric equator
onto a two-dimensional ionosphere assuming perfectly conducting magnetic field lines.
The simulations employ an outer torus density boundary that decreases by steps with
radial distance from Jupiter, and a longitudinal density asymmetry based on the magnetic
anomaly model. Runs of the computer code that include an energetic particle population
and a coriolis force show development of higher density "fingers" of plasma, shown in
Figure 11, that reach outward from the Io torus and move through the surrounding lower
density medium. These fingers form predominantly in the denser region of the
asymmetric torus and have scale sizes of about 1 Ry at a distance of 9 R; from the planet.
The best estimate of separation between finger structures is about 15 degrees of
longitude, or about 25 minutes of Jupiter rotation. In the computer simulations, this
outreaching of plasma fingers constitutes the primary means of plasma transport [Yang,
1994].

There is also some experimental evidence of small-scale plasma motions at
Jupiter. The Galileo plasma wave technique described for determining the electron
density was previously performed at the Earth [Gurnett and Shaw, 1973; Gurnett, 1975],

and also at Jupiter with Voyager plasma wave data [Gurnett et al., 1981; Ansher et al.,
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1992; Ansher 1994]. Those analyses seemed to support the model of discrete flux tubes
of differing plasma density participating in interchange motions. The density data from
the Voyager plasma wave instruments, displayed in Figure 12, showed small-scale
density structures less than one R; in size. Their properties were similar to those
expected in heavily loaded plasma flux tubes. Ansher et al. [1992] analyzed a power
spectrum of the observed size scales of the density structures, and concluded that there
were no preferred scale sizes. The power spectrum was not suggestive of a fully
turbulent process like the eddy-diffusion model predicts. A turbulent process would
likely have produced a Kolmogorov spectrum, with power proportional to frequency to
the -5/3 power. Instead the spectrum seemed to be proportional to (1/f) which was more
indicative of discrete, square-wave like density structures.
Summary

Using the density measurements from the Galileo mission, global models of
Jupiter's magnetosphere, can be tested by mapping the electron density in the
magnetosphere. Features such as the magnetodisc should be clearly identifiable in the
data. The general properties of Jupiter's plasma sheet, tail lobes, and other major
magnetospheric features can be described with the constructed data set. Theoretical
models based upon our understanding of the physics at work at Jupiter, and predictions
for the structure and dynamics of these important components of the Jovian system can
be compared with our data. There are already some limited, direct in-situ measurements
of the density in these regions from the brief flybys by the Voyager [Ansher et al., 1992;
Bridge et al., 1979; Gurnett et al., 1979; 1981; McNutt et al., 1981, Scarf et al., 1979],
Ulysses, and Pioneer missions. But only Galileo, and its extended mission in orbit
around the giant planet, can provide enough measurements to test these theories and

predictions thoroughly. The use of Galileo's plasma wave instrument to create a density



data set assists in understanding the large-scale motions, small-scale structure, and time
dependent behavior. The large structures such as the magnetodisc, and the tail lobes will
be examined at many different radial distances and longitudes. Density is a key indicator
of the location of the plasma sheet and magnetodisc.

Future examination of the data set may help explain the true shape (rigid, bent or
wavy), and dynamics of the magnetodisc. Persistent longitudinal variations in density
would appear in the density data as well. Such measurements may help evaluate the
accuracy of some of the models proposed to explain longitudinal asymmetries in Jupiter's
magnetosphere. Careful analysis of the data set may help determine if Jupiter
experiences magnetospheric substorms as the Earth does. The long time periods that
Galileo has spent in Jupiter's environment assures that the spacecraft has visited some of
the same locations more than once. In this way, time dependent phenomena may be
studied.

It is intended that future study of this density data will answer some of the
questions involving what happens to the plasma as it is distributed throughout Jupiter's
system. The high time resolution of the density data may help explain which of the
small-scale transport models (if any of them) best approximates plasma motion at Jupiter.
That type of comparison may also give insight into changes in the Jovian system over
time since the 1979 Voyager encounters. It should be noted that other instruments on
board Galileo are also capable of (and have been designed for) measuring plasma density
at Jupiter. The value of the electron density data used in this research is that the time
resolution is higher than that of the other plasma instrument on board, and it provides

additional measurements of the density which can be used for comparison.



Figure 3. A simple cartoon of Earth's magnetosphere. Shown are several of the
boundaries in the magnetosphere, caused by the interaction with the solar wind. From

Tascione [1988].
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Figure 4. A more detailed cartoon of the Earth's magnetosphere. This diagram
shows electric currents, and generalized plasma flow through the system. From Tascione

[1988].
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Figure 5. A general picture of plasma convection at the Earth. Plasma moves
primarily sunward in the inner magnetosphere, and close to the equator. Plasma flows
generally anti-sunward closer to the magnetopause, and in the distant tail. A substorm

occurs when magnetic field lines in the tail merge. From Tascione [1988].
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Figure 6. A comparison of magnetic field lines. This cartoon shows field lines in
the closed (top) and open (bottom) models of the magnetosphere. In the open model, the
interplanetary magnetic field merges with the Earth's field at an "x-line" near the nose of

the magnetosphere. From Tascione [1988].
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Figure 7. The disc model of the Jovian magnetosphere. An observer at "o" in this
time sequence of four diagrams would "cross" the magnetodisc twice in the ten-hour
rotation period depicted. The disc would sweep past the observer once from north to
south, and once from south to north. The rotational axis of the planet is vertical, and the

magnetic dipole axis is tilted, and indicated by an "M". From Dessler [1983].
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Figure 8. The co-rotating active sector model. In this model of the Jovian
magnetosphere, an observer at "o" in each diagram would only encounter the active

sector (shaded) once per ten-hour rotation period. From Dessler [1983].
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Figure 9. The co-rotating convection model. This is a model of plasma flow at
Jupiter. As the denser active sector co-rotates with Jupiter, the plasma outflow is
enhanced in this sector, while a return flow occurs at other longitudes. From Hill and

Dessler [1991].
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Figure 10. The transient convection model. This is another model of plasma flow
at Jupiter. Higher density blobs of plasma break off from the Io torus and flow outward
through a less dense medium. The blobs are limited in radial and longitudinal extent.

From Hill, [1994].
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Figure 11. Fingers of dense plasma. This figure shows blobs of plasma breaking
away from the dense Io plasma torus as shown in a numerical computer simulation.

From Hill, [1994].
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Figure 12. Electron density at Jupiter. These values are derived from Voyager 1
plasma wave data using the same technique employed in this project. The other data
points with error bars are the actual density data measured by the plasma science

instrument on board the spacecraft. From Ansher et al. [1992].
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CHAPTER III: CONTINUUM RADIATION CUTOFF TECHNIQUE

The Role of Continuum Radiation

The technique used for determining electron density with the Galileo plasma
wave instrument is a variation on a procedure used at the Earth [Gurnett and Shaw, 1973;
Gurnett and Frank, 1974; Gurnett, 1975], and also at Jupiter with Voyager plasma wave
data [Gurnett et al., 1981; Ansher et al., 1992; Ansher 1994]. The procedure involves
using the individual spectra from the Galileo plasma wave instrument to observe a
particular type of radio emission from Jupiter called continuum radiation. The plasma
wave instrument's dipole electric antenna samples the frequency range 5.62 Hz to 5.65
MHz once every 37.33 seconds. The magnetic component of plasma waves is also
measured between 5.62 Hz and 160 kHz using two search coil magnetic antennas. Using
both electric and magnetic measurements together determines whether the detected waves
are electromagnetic or electrostatic. These waveform data are then Fourier transformed
and displayed on a color plot such as the one in Figure 13. This frequency-time
spectrogram shows the frequency scale on the vertical, and the power or intensity of the
emission on a relative color scale where red is the most intense emission, and dark blue is
the least intense. The time is indicated on the horizontal scale. For this plot, 24 hours of
data are displayed. The broadband feature that persists across the entire 24 hours of data
shown between about 1 kHz and 10 kHz is known as continuum radiation.

Continuum radiation consists of a mixture of ordinary (L-O) and extraordinary
(R-X) mode radiation. The shaded regions in Figure 14 show the frequencies and indices

of refraction at which these (and two other) electromagnetic wave modes can propagate
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in a magnetized plasma. The solid and dashed curves correspond to directional
propagation limits from O (parallel to) to 90 degrees away from (perpendicular to) the
direction of the local magnetic field. Different modes have propagation cutoffs at
different frequencies, as seen along the horizontal axis. The ordinary mode has a low-
frequency propagation cutoff at the electron plasma frequency, denoted by wp. Although
there is also an extraordinary mode component to planetary continuum radiation, the
cutoff for that mode, wg-o, is slightly higher than for the ordinary mode. Therefore, the
low frequency cutoff of the continuum radiation is at the plasma frequency.

Continuurmn radiation has been commonly observed in the magnetospheres of
Earth and Jupiter [Gurnett and Shaw, 1973; Gumett, '1975; Scarf et al., 1979] as well as
the other outer planets. This radiation exists in the radio region of the electromagnetic
spectrum and usually consists of two components. A trapped component pfopagates in
the magnetospheric cavity at frequencies below the solar wind plasma frequency, and an
escaping component propagates away from the planet at frequencies above the solar wind
plasma frequency. The trapped radiation is reflected at the magnetopause because the
solar wind density is too high for the trapped component to propagate out into that
medium. The trapped component has a sharp low-frequency cutoff at the electron plasma

frequency, which can be used to determine the local electron density using the relation:
1 neez 172
P 2mlem, | @)

In this expression, n. is the electron density, e is the electronic charge, & is the

permittivity of free space, and m, is the mass of the electron. When each of these

constant values is substituted into the formula, it can be expressed as:

£, =898 \n, kHz 3)
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where 1e is the electron density in cm-3. The frequency, f, in these expressions is related
to the angular frequency, @, by a factor of 2n. For the free space mode in question, only
waves with frequencies greater than f;, are valid solutions to the formula for refractive

index:

2 m1-de ©

Waves at frequencies lower than f, would result in an imaginary index of refraction and
cannot propagate in the plasma. The experimental manifestation of this theoretical cutoff
is a sharp drop-off in intensity of the continuum radiation detected by the Galileo plasma
wave instrument. The sharp edge seen in the plasma wave data will usually be referred to
as the plasﬁla frequency, but it should be noted that a difference could exist between the
theoretical cutoff and the experimental cutoff seen in the data, due to measurement errors.
In addition, the few cases where the low frequency cutoff is not perfectly sharp may
indicate that the density is not perfectly local. Based on agreement with independent
density measurements, there is good evidence that the calculated density is probably
local.

The Voyager plasma wave receiver expériment [c f. Scarf and Gurnett, 1977],
hereafter PWS, first discovered continuum radiation at Jupiter [Scarf et al., 1979] where
it dominates the low-frequency radio spectrum. Gurnett et al. [1979, 1981] first used data
from the PWS receivers on board Voyager 1 and 2 to determine the electron density
profile there. The same technique has been modified for use in this study. With the
Galileo plasma wave receiver, multiple frequency filters are used to sample the spectrum
from 5.62 Hz to 5.62 MHz. These frequency channels overlap some, in order to cover

the entire spectrum of interest, however, because of finite channel widths, some waves
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may be indicated in a particular channel that does not correspond exactly to the wave
frequency. For this reason, there is approximately a 5 or 6% uncertainty in the
_ determination of the plasma frequency using this continuum cutoff technique.
Continuum radiation is detected by the Galileo plasma wave instrument inside the
magnetosphere of Jupiter at all radial distances beyond about 20 R; The reason it cannot
be detected inside of 20 R;is that the plasma density closer to the planet is higher, and
continuum radiation cannot propagate into that region. Since trapped continuum
radiation does not propagate above the solar wind plasma frequency, the radiation is
reflected at the magnetopause, where the density approaches the solar wind density. Itis
similarly reflected at high-density regions close to the planet. The continuum radiation
makes multiple reflections inside the magnetospheric cavity much like microwaves in a
microwave oven. This phenomenon is demonstrated in Figures 15 and 16. In Figure 15,
the noon-midnight meridian plane of a cartoon magnetosphere is shown with the
magnetopause and plasma sheet (high density boundaries) reflecting the trapped radiation
multiple times, while it freely propagates through the low-density magnetospheric lobes.
Figure 16 shows continuum radiation on a hypothetical graph of frequency and density
versus distance from Jupiter inside the magnetosphere. There is often an escaping
component of the continuum radiation that propagates at frequencies higher than the
plasma frequency in the magnetosheath. It can escape the magnetosphere and propagate
through the magnetosheath and out into the solar wind. This escaping component can be
seen on some of the frequency-time spectrograms, at frequencies slightly higher than

those of the trapped continuum.

Electron Density From
Galileo Plasma Wave Data

An examination of all of the plasma wave data from the Galileo primary mission

has been made. Out of 350 days of available data from the primary mission, a substantial
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fraction (over 85%) of the days contain continuum radiation features of sufficient clarity
that the electron density can be calculated. The remaining days of data either contain no
continuum radiation, or they exhibit interference from other radio emission at frequencies
near the low-frequency edge of the continuum radiation, making it difficult to accurately
determine the cutoff. Time periods where the cutoff is not clearly determined are given a
quality flag that indicates this uncertainty. This visual inspection of the plasma wave
data, though time-consuming, has provided an overview of the entire data set. It has also
prompted questions and revealed features that formed the basis for the projects and
analyses pursued herein.

A semi-automated processing procedure was developed and implemented to
calculate the density whenever a well-defined low frequency cutoff exists in the
continuum radiation spectrum. This processing has been carried out primarily by ten
student hourly employees who were trained to locate the continuum radiation feature on
both a color (frequency-time) spectrogram (Figure 13), and on an individual line
spectrum, which relates frequency and intensity of emission (Figure 17). After locating
the continuum feature, the students would choose the low-frequency cutoff of that feature
by using a semi-automated computer program that displays individual power spectra and
a movable cursor. The value of plasma frequency was chosen to be the steepest portion
of the sharp cutoff. Earlier work with Voyager plasma wave data [Ansher et. al, 1992]
indicated that the bottom point of each cutoff produced a density that was systematically
slightly lower than density measured by the other Voyager instruments. It was decided
that the steepest portion of the cutoff slope provided the best identification of the plasma
frequency. The steepness of the cutoff in most cases and the fact that the continuum
radiation seems to “fill in” all the small density cavities (evidenced on the color

spectrograms by the small variations of the low frequency cutoff), we have a high degree
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of confidence that the cutoff does indeed occur at the plasma frequency. Each plasma
frequency value chosen in this way is assigned a data quality flag based upon the
appearance of the continuum feature on the power spectrum. A description of the criteria
used in assigning this quality flag can be found in Table 1. The quality flag also
characterizes the sharpness of the cutoff. The steeper the cutoff is, the more likely it
represents the plasma frequency local to the spacecraft, and not some region along the
propagation path to the spacecraft. Only the best 2 quality indices have been used in the
analysis of the density data.

A numerical study was carried out to assess the consistency of the students' work.
Multiple students were given the same data to process. After processing, the frequency
values chosen as the cutoff were compared. There is typically a 5 - 6% difference
between plasma frequency values chosen by multiple students working on the same data.
This is of the same order as the uncertainty associated with the frequency channel widths
of the plasma wave instrument. Based upon this comparison of the data processed by the
students, it is believed that the processing procedure as implemented by the different
students yielded consistent results with an accuracy for determining the cutoff at the
plasma frequency of about + 6%.

For thoroughness, a comparison of this technique was made by applying the same
: procedﬁre to selected time periods where high rate plasma wave data were available. The
instrument operates in a high rate mode for a small fraction of the mission. In this mode,
it provides waveforms, which are then Fourier analyzed. More high-rate mode operation
of the instrument was expected, but telemetry issues related to the failure of the high-gain
antenna to completely deploy prevented frequent use of the instrument in this mode. In
the high rate mode the instrument records more data in a smaller time and has

significantly larger telemetry requirements. The plasma frequencies recorded using the
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high rate data, were compared to those recorded using the same time p.eriod in the low
rate data. Aside from the differing time resolutions, the two data sets agreed with each
other to within the same 5 - 6% as when different operators processed the same low-rate
time period. The use of high rate data did not improve the ability to locate the low
frequency cutoff of the continuum radiation, as it is subject to the same user-dependent
uncertainties. It was determined that using the continuum cutoff technique with the low
rate data was sufficiently accurate and adequate for identifying the continuum cutoff on
the color spectrograms. Combining the 6% uncertainty in determining the frequency
from the instrument and the 6% uncertainty due to the user’s choice of the cutoff on the
power spectra, it can be calculated that there is an overall uncertainty of about 8.5% in
determining the value of the plasma frequency.

Additional software tools have been used to validate the accuracy of the plasma
frequency values chosen. One tool plots the plasma frequency values returned by the
user, as a white trace on top of the color spectrograms (Figure 18). This tool helps to
visually determine if the frequency variations produced by the user match the variations
in the low-frequency cutoff of the continuum radiation visible on the spectrograms. It
also provides a simple check for accuracy in the recorded frequency values, and they can
be displayed efficiently using any desired time interval. If there are discrepancies, they
can be quickly noticed, and if necessary, corrected. All of the data in the data set has
been appropriately inspected in this manner, and where necessary, corrected by a second
round of processing. This thorough treatment combined with the data quality flag gives
us high confidence in the accuracy of the plasma frequency values, and hence, the density
measurements presented. This accuracy is necessary before the data set can be offered to

the general research community.
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Some of the time periods demonstrate multiple wave mode signatures in the
frequency range of interest, such as Z-mode, or whistler mode waves. One such time
period is shown in Figure 19. Some different techniques have been applied to try to
decipher the overlapping and intermixing of these different wave modes, and the manner
in which they are displayed in the color spectrograms and on the power spectra. This is
done so that the continuum radiation (the wave mode that is the source for our density
determination technique) can be distinguished from other wave modes present at the
same frequencies. If the multiple wave modes cannot be distinguished from one another,
the low-frequency edge of the mode we are interested in is difficult to determine. The
overlap of these modes occurs when the low frequency cutoff of the continuum (the
electron plasma frequency) drops below the upper cutoff of the whistler mode radiation
(the electron cyclotron frequency). This problem affects approximately 10% to 15% of

the entire data set. It is therefore a significant concern. The electron cyclotron frequency

is given by:

1

_1|eB
2

me

Je ()

where e is the electronic charge, B is the magnetic field magnitude, and m, is the electron
mass. Because of differing opinions as to the interpretation of the location of different
cutoffs in the data when such overlapping of modes exists, it is difficult to accurately
determine the density in these regions. The data in these cases have been assigned a
quality flag appropriate to the level of uncertainty in determining the plasma frequency.
If the quality flag indicates high uncertainty (a flag of 2 or 3, as described in Table 1),
then these data are not used in the analyses. Additionally, if the plasma frequency is
known to be less than the cyclotron frequency (or if the cyclotron frequency is

unavailable), these data are also omitted from the analyses. These precautions ensure that



49

only the highest quality data in the data set are analyzed. Because of the relationship
between electron density and plasma frequency expressed in equation (3), propagation of
errors indicates an uncertainty in the calculated density values of about 17%.

Initial analysis of some of the more interesting time periods in the data set show
clear indications in the color spectrograms of familiar, identifiable magnetospheric
features. Plasma sheet crossings are most clearly evident in the middle magnetosphere,
though they frequently occur less conspicuously throughout the data set. They are
identified by a rapid (a fraction of an hour) increase and subsequent rapid decrease in the
low frequency cutoff of continuum radiation as seen in the color spectrograms. These
changes in plasma frequency are related to the change in density as the spacecraft
encounters the higher density plasma sheet. Clear examples of plasma sheet encounters
can be seen in Figure 20 at 07:00, 10:00, 16:30, and 20:30. Other features such as entries
of the spacecraft into the tail lobes of the magnetosphere are found throughout the data
set, and are characterized by the overlap of different wave modes as described previously.
This overlap is likely due to the fact that the electron density is very low in the lobes, and
therefore, the plasma frequency is dropping below the electron cyclotron frequency.
When this happens, whistler mode waves, which have their upper cutoff at the cyclotron

frequency, enter the frequency bands occupied by the continuum radiation.
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Quality Flag Confidence in Plasma Description of Criteria Used to Identify
Frequency Identification Plasma Frequency from Cutoff of
Continuum Radiation

0 Excellent Clear, sharp cutoff

1 Good Clear, slightly less sharp cutoff

2 Fair Cutoff apparent, but clear identification
hindered by waves, interference, or data

gaps near plasma frequency
3 Poor No identifiable cutoff

Table 1. Data Quality Flags
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Figure 13. A sample 24-hour color spectrogram. This plot shows data from
Galileo's plasma wave instrument. The broadband feature between 800 and 10000 Hz is
continuum radiation. The color indicates relative intensity. This plot shows time on the

horizontal axis.
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Figure 14. A diagram of index of refraction versus frequency. The shaded
regions correspond to the four electromagnetic wave modes that can propagate in a
magnetized plasma. The free space L-0 mode has a lower cutoff at the plasma frequency,

allowing the electron density to be calculated.
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Figure 15. A simple cartoon of continuum radiation. This diagram shows a
magnetospheric cavity and the continuum radiation trapped inside. This continuum
radiation is reflected multiple times at the cavity walls, as well as the higher density

interior regions, and is detected by the plasma wave receiver as broadband radio waves.
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Figure 16. The electron plasma frequency at Jupiter. This plots the plasma
frequency as a function of radial distance in the Jovian magnetosphere, The trapped
continuum is indicated inside the magnetopause. It remains inside the magnetosphere

because it cannot propagate into the higher density solar wind.
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Figure 17. A sample power spectrum from Galileo. This data is from the same
day as Figure 13. The tall, broadband feature between about 600 and 9000 Hz is the
continuum radiation. The arrow indicates where the plasma frequency is. One of these

spectra is produced every 37.33 seconds.
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Figure 18. A spectrogram with the plasma frequency. This is the same 24-hour
color spectrogram as in Figure 13, with the overlaid plasma frequency in white. The

plasma frequency is chosen by looking at spectra like the one shown in Figure 17.
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Figure 19. An example of wave superposition. This shows a 4-hour spectrogram
in which there are several radio wave modes superimposed near the low frequency edge
of the continuum radiation. Note that this intensity drop-off marking the plasma
frequency (near 800 Hz, seen between 00:00 and 00:30), is soon masked by high intensity
(yellow) emission at several hundred Hz, and higher intensity (red) emission near 100

Hz. This extra emission is likely Z-mode or whistler mode waves.
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Figure 20. Plasma sheet crossings. This 24-hour color Spﬂdh‘ngrafﬁ shows
Galileo's path through the plasma sheet. The plasma sheet is crossed several times in this
plot, most notably at 07:00, 10:00, 16:30, and 20:30. As seen by the plasma wave
instrument, the plasma sheet is characterized by a rise in the plasma frequency, indicating
a higher plasma density. Even from this basic survey plot, aspects of some
magnetospheric models are apparent. For example, the plasma sheet is crossed twice in

each ten-hour period, as predicted by the disc model (depicted in Figure 7).
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CHAPTER IV: ELECTRON DENSITY PROFILE AND SURVEY

Radial Density Profile of the Plasma Sheet
Two analysis tools, the radial profile tool and the global density display tool have been
developed to observe the electron density at Jupiter in specific contexts. The first global
view of the electron density profile at Jupiter involved plotting the Eia_ta as-a function of
radial distance from the planet. This type of a plot confirms the bﬂﬁaviur of the plasma
frequency exhibited in Figure 16. The first radial profile of density produced from this
data set exhibited that there is indeed a wide range of densities found in Jupiter's
magnetosphere (Figure 21). This was expected, as electron density is known to vary over
seven orders of magnitude between the Io torus and the outer magnetosphere. In order to
make the data set easier to work with, the following reduction procedures were applied.
First, as with all the data discussed in this document, only the two highest quality indices
were used, and only data for which the plasma frequency is higher than the electron
cyclotron frequency were used. Next, the data were subjected to ten-minute averages.
The highest ten-minute average value for each Jovian rotation (every ten hours) was then
recorded and displayed on the plot. The reason for this "rotation selection” criterion was
to identify the peak electron density in the plasma sheet. Since the density is expected to
be much higher near the center of the plasma sheet than the northern or southern lobes,
this method ensures that density values characteristic of the central plasma sheet are
selected and plotted as a function of radial distance. A least-squares best fit to all of the
data (Figure 22) shows a decrease of the electron density in Jupiter's plasma sheet beyond

14 0.0

about 20 R; proportional to (1/r) 2 . A discussion of the error associated with this
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fit, as well as comments about the quality of the power law fit is included at the end of
this section. Although the technique of using continuum radiation to determine the
plasma frequency does not usually work for r < 20 Ry, electron density can be determined
at smaller radial distances using the upper hybrid frequency. The upper hybrid frequency

is related to the plasma frequency and the cyclotron frequency by the relation:

fou =85+ F2 (6)
When f, >> . (close to Jupiter), the f. term can be neglected, fyy = f,, and electron
density can be calculated as before. Because Galileo went as close as 5 Ry to Jupiter on
its closest pass, the upper hybrid method can provide density measurements all the way in
to the Io tours. This technique, carried out as part of a different study, produced
additional density values, which can be added to the density values from the continuum
study. When density values computed using the upper hybrid frequency from r < 30 R,
are added, the entire profile looks like Figure 23. The best fit power law to the upper
hybrid data (Figure 24) scales as (1/)**** ®%, It is uncertain what causes this (1/r)®
dependence, but it is known that the dipole magnetic field magnitude decreases as (1/r)’.
If the density were related to B” in some way in that inner region of the magnetosphere,
then this would produce a similar dependence of (1/r)°.

Note the difference in slopes between the density data profile calculated from the
upper hybrid frequency and the density data profile from the plasma frequency. The
power law seems to change at about 20 - 25 R;. This may be for several reasons. First, at
about 25 or 30 Jovian radii from the planet, co-rotation is known to begin to break down.
It takes a finite amount of time for information about the rotation of Jupiter to be
transmitted via Alfven waves to the distant plasma. Beyond about 25 or 30 Ry, the
plasma begins to lag behind co-rotation speed [Hill, 1979]. Also, just beyond this

distance, there is believed to be a "hinge” or bend in the plasma sheet or magnetodisc. At
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this distance, too, the dipolar nature of Jupiter's magnetic field begins to stretch into a
more tail-like radial configuration. Each of these factors may have some influence on the
density profile changing its appearance here. Because the data used in this profile were
taken over the course of multiple orbits, it is likely that this break in the power law is a
persistent global feature in the density profile, and describes a long-term trend.

With regard to the quality of the power law fits to the density data, there are
clearly discernable trends in the density over radial distance. The best-fit curves were
determined by applying a linear regression analysis in logarithmic space, where a power
law appears as a linear relationship. A careful statistical analysis, using ll";é Proper errors
to weight the data, show that the Pearson’s R values for linear correlation were high in
both cases, indicating a high probability of correlation between the density and radial
distance. However, the large minimum y” values indicated that there is a low probability
that the density values, when taken together, are described by the specific power law that
was the best fit to the data. The density values are seen to vary by a factor of 2 or more
above and below the power law best fit. As a result, the standard deviation (the +/- error)
in the value for each power law slope is not particularly valuable because of the large
scatter in the data. The physical interpretation we draw from this analysis is that while
there is a high degree of correlation between the density and the radial distance, the
likelihood is small that any given snapshot of the density profile at Jupiter would
reproduce the specific best-fit power law. Our data are an aggregate representation of the
global trend of density at Jupiter, taken during multiple orbits, and over a time exceeding
2 years. The variability in the system at Jupiter due to solar wind influence and plasma
production at Io (which both occur on much shorter time scales) make it difficult to
accurately fit our data to a specific functional form. Nevertheless, we report the best-fit

values as indicative of general average trends in Jupiter's magnetosphere. The R-values
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for both fits of density vs. radial distance indicate a higher than 99.9% confidence that the
quantities are correlated (i.e. they are not random). The power law exponents, along with
values of R and reduced y* are all summarized in Table 3 at the end of this document.
Global Density Display

Another useful programming tool was developed, called a "global density
display". This tool plots the PWS derived electron density in color onto a spatial two-
dimensional space representing Jupiter's magnetosphere. The horizontal coordinate used
in these plots is the distance from Jupiter along the x-axis in Jupiter-centered solar
magnetospheric coordinates (+x points toward the sun, +z is north out of tﬂc ecliptic
plane, and +y completes the right-handed system). The vertical axis shows the distance
above or below a model predicted plasma sheet center, located at z=0. The model that
predicts the location of the center of the plasma sheet is the Khurana 1998 Current Sheet
Model.

The Khurana model (Figure 25) is more elegant than a simple rigid disc, and can

be described by the equation:

Ze = r{tan(9.6° 22 tanh( - )Jcos(2 —8)) (7)
X X,
where
B Q; r r
d=22"+ Inf cosh{ —)]. (8)
Yo Ty ;

Z. is the distance of the center of the current sheet from the jovigraphic equator (distance
of the current sheet away from the Z=0 plane shown in Figure 25). The variable r is the
radial distance of the spacecraft away from Jupiter (in the Z=0 plane), x is the spacecraft
distance from Jupiter along the Jupiter-Sun line (the X-axis in Figure 25), A is the
System-III longitude of the spacecraft, and €, is the rotational velocity of Jupiter. The

model includes three parameters. X represents the "hinge distance" in the midnight
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sector of the magnetosphere. This hinge in the magnetodisc changes the plane of the disc
from one coinciding approximately with the magnetic equator to one (about 9.6 degrees
away) coinciding more with Jupiter's spin equatorial plane. The hinging is evident in
Figure 25 at about X =-30 R;. The model also includes a corotation delay of the distant
current sheet due to the finite propagation speed (vp) of information (at the Alfven speed)
from the inner magnetosphere to the outer magnetosphere. The parameter ry represents
the distance at which the propagation delay becomes important.

An example of the global density display, using the entire PWS density data set is
shown in Figure 26. The axes indicate radial distance along the Jupitér—Sl;ﬁ line on the x-
axis, and Az, the distance between the spacecraft and the predicted magnetic equator (the
current sheet). This Az is just the perpendicular distance between the location of the
current sheet (Z.; from the Khurana model) and the location of the spacecraft. The data is
limited in Az by the trajectory of the Galileo spacecraft. The tilt of the magnetic field
with respect to the equatorial plane, and the resulting “waobble” of the plasma sheet about
that plane, translates to the spacecraft appearing to be a large "height" above or below the
predicted location of the magnetic equator. In actuality, the spacecraft was never very far
away from the rotational equator of Jupiter. The magnetic equator just rocks back and
forth over the spacecraft, exposing it to a range of about 20 degrees in magnetic latitude.
Depending on Galileo’s distance from Jupiter, and its System III longitude, the spacecraft
can reach no higher than about 20 R; above or below the plasma sheet center.

The data in Figure 26 indicates the higher density plasma sheet clearly. The
highest densities are confined to the area close to the predicted magnetic equator (a
complicated surface in real space, but in this plot, the z=0 axis). The farther away (above
or below) from the magnetic equator (delta-z), the lower the electron density is. Also, as

was seen in the radial density profile, at larger radial distances away from Jupiter, the




electron density decreases. Note also that the extreme low density of the tail lobe regions
and the variations thereof are also evident on the plot. The higher density in the southern
lobe at large radial distances is due to the spacecraft's encounter with the magnetosheath
described earlier.

The coherence of the plasma sheet as a well-defined structure also decreases with
increasing radial distance from the planet. The plasma sheet as a unit is not as easily
recognizable beyond about 50 R;. This phenomenon is noted in the collection of
frequency-time spectrograms as well. In the middle magnetosphere, the variation in the
low frequency edge of the continuum radiation due to plasma sheet I.I‘:EWE-TLS.Eﬂ is clearly
identifiable, but at large radial distances from the planet, this variation is absent. The
transition is different for each orbit, but the change occurs somewhere between 50 and 70
Jovian radii from the planet. As seen in Figure 26, the plasma sheet loses its identity as a
denser plasma region at radial distances beyond about 50 R;. This may have something
to do with plasma transport in this region of the magnetosphere, or may be due to a
boundary layer, as described by Gurnett, et al. [1980]. The aspect ratio has been
stretched in Figure 27 to make the plasma sheet easier to see. The expanded scale allows
clearer identification of the location of the plasma sheet boundary. At small radial
distances, the inner plasma sheet and extended Io torus can be more clearly seen in red
and orange.

The overlay of actual crossings of the central plasma sheet can be added to the
global density displays. These plasma sheet crossings are shown as black points in
Figure 28. These actual crossings are determined by the reversal of the radial component
of the magnetic field, as measured by the magnetometer onboard Galileo. Since the
magnetic field lines in Jupiter's middle magnetosphere are highly stretched, above the

center of the plasma sheet, the field lines are pointing nearly radial outward, and below
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the sheet, nearly radial inward. The change in sign of this radial component signifies the
crossing of the center of the plasma sheet. Using the actual crossings of the central
plasma sheet on such a plot can assess the accuracy of the Khurana model.

One potential application of this global density display (beyond the scope of this
work) is that individual orbits or passes through the magnetosphere can be observed and
compared to one another. For example, a single inbound pass in the pre-dawn sector may
be compared to the inbound pass on the subsequent orbit (in the same general region of
the magnetosphere). If there has been any significant change in the configuration of the
plasma sheet (thickening, thinning, shift north or south, etc.), such a chzmgé would be
clear in these plots.

Magnetopause Encounters

Although the dynamics of Jupiter's magnetosphere are dominated by the rapid
rotation of the planet, and the strong plasma source in the vicinity of lo, solar wind
variations are known to affect the size and shape of Jupiter's bow shock and
magnetopause. Data from the Voyager 1 and Voyager 2 spacecraft indicated when each
of those spacecraft encountered these boundaries. From that data, models of the
magnetopause and bow shock were developed [Acuiia et al., 1983].

In the process of examining the electron density data set, several clusters of data
points were noticed to have unusually large density values at large radial distances from
Jupiter. It is known that higher density plasma is found closer to Jupiter, near the Io
plasma torus, but the large density values discussed here were located at about 120 R,
from the planet, when the spacecraft was believed to be in the low density lobes of the
magnetosphere. It was hypothesized that these data were attributable to the Galileo
spacecraft encountering the magnetopause on the dawn side of Jupiter's magnetosphere,

and traversing into the higher density magnetosheath.
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To test this hypothesis the time and spacecraft location for each of the large
density values was determined. It was noticed that the data points clustered together in
two seven-day time periods. Color spectrograms of these time periods were inspected to
find the exact times where the plasma frequency rose to near the solar wind plasma
frequency (about 10 kHz). An example of one of these time periods is shown in Figure
29. The times when the large density values were observed correspond to the times that
the plasma frequency increases to nearly the solar wind plasma frequency, and the
continuum radiation is no longer observable by the plasma wave instrument. If the
spacecraft were close to Jupiter, an explanation for this would be that the ;Iectrun density
is too high, and the continuum cannot propagate inward to Galileo's location. However,
during the time periods in question, the spacecraft is over 100 R; from Jupiter. In these
cases, it is suspected that the density has risen (as evidenced by the increase in the plasma
frequency at the lower boundary of the continuum) because the spacecraft has crossed
into the higher density magnetosheath, and the continuum radiation vanishes.

This magnetosheath hypothesis is confirmed by comparing the spacecraft position
to the Voyager based models of the magnetopause, and by magnetometer team
determinations of the magnetopause location. In Figure 30, the model magnetopause
boundaries are displayed in the jovigraphic equatorial plane, along with the locations
where the spacecraft detected the large electron density values.

Further evidence comes from identification of magnetopause boundary crossings
by the Galileo magnetometer instrument. Although the magnetopause is sometimes
difficult to determine from magnetic field data on the flanks of Jupiter [Joy, 2000], the
magnetometer data showed that the spacecraft was in the magnetosheath during the same
time intervals that the continuum radiation vanished from the plasma wave instrument

spectrograms. The magnetosheath is identified as a region in which the magnetic field
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magnitude exhibits higher wave power as compared with data inside the magnetosphere.
This is due to the turbulent nature of the magnetosheath, where shocked solar wind
plasma is decelerated and heated. Other features of the magnetic field components also
indicated that the spacecraft was in the magnetosheath during these time periods [Joy,

2000].



76

Figure 21. Plasma sheet density. This plot displays ten-minute averages of
density data from the Galileo PWS derived data set. After the density was averaged over
ten-minute intervals, the peak value per ten-hour rotation was plotted on this plot. This
ensures that the plasma sheet (peak density) values are displayed. Plasma sheet density

can be seen to decrease with radial distance from Jupiter.
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Figure 22. Fitted plasma sheet density. The same plot as shown in Figure 21, but
with a best-fit power law added to the data. Despite the large scatter about the fit, a trend

shows the average electron density in the plasma sheet decreasing as (1/r) 214*99,
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Figure 23, Jupiter's electron density profile. A profile of electron ;:ii:nsily
throughout the entire Jovian system, calculated using the PWS continuum cutoff
technique. Additional density measurements from another study (upper hybrid frequency
measurements) were added to show the higher densities close to the Io plasma torus at
about 6 R;. These measurements are closer to Jupiter than the continuum radiation study
is able to obtain. Notice the deviation from the previous power law in the middle and

outer magnetosphere (>20 R;). Possible explanations for this are discussed in the text.
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Figure 24. Two different power laws. The same figure as Figure 23, with a
power law added to the upper hybrid density data. The power law is much steeper for the
density measurements made closer to Jupiter. Again, there is a large statistical scatter of

the values about the fit, but the clear trend in the data is evident.
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Figure 25. The Khurana model. This shows a diagram of the Khurana hinged-
magnetodisc magnetic field model. The +X direction (to the left) is in the direction of the
sun. Note the dipolar configuration at small radial distances, the hinge point at about X =

-30, and the more extended tail-like structure beyond X = - 30,
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Figure 26. A global density display. This plot shows electron density above and
below the predicted model location of the current sheet. The prediéted location (vertical
axis) is determined by the Khurana 1998 current sheet model. Radial distance from
Jupiter is indicated on the horizontal axis, and PWS-derived electron density on the color
scale. Red is the densest plasma, while dark blue is the least dense. The plasma sheet is
clearly evident close to Jupiter, and confined about the model Az=0 plane (x-axis). The
high density values around 115 R, and at about Az= -20 are due to spacecraft encounters
with the magnetosheath on an early orbit. This plot represents all the data in the Galileo

primary mission.
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Figure 27. Stretched density display. The same global density display as Figure
26 is shown here with a stretched vertical scale. The higher density plasma sheet is now

expanded and it can be seen more clearly.
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Figure 28. Global density display with crossings. The same figure as Figure 26,
with the addition of actual crossings of the center of the plasma sheet. These crossing
locations were determined from the radial component of the magnetic field using data
from the Galileo magnetometer. The spread of actual crossings away from Az=0is a
result of the Khurana model. It is more accurate in predicting the center of the plasma

sheet at smaller radial distances.
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Figure 29. Magnetopause encounters. This two-day color épech‘ogmm shows the
sporadic presence of continuum radiation. Continuum radiation appears around 0800 of
May 25, vanishes around 1230 on that same day, and reappears around 0200 on May 26.
The vanishing continuum is likely due to the spacecraft crossing the magnetopause and

entering the magnetosheath, where the continuum radiation cannot propagate.
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Figure 30. Model magnetopause locations from Voyager. The spacecraft
location during days 223-230 and days 146-153 of 1996 are indicated. During these time
periods, Galileo was near or outside the model location of the magnetopause. It is during

these times that detection of trapped continuum radiation by the plasma wave instrument

was sporadic, as in Figure 29,
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CHAPTER V: PLASMA SHEET MODELS

Jupiter's magnetosphere has a source of plasma deep inside it (the volcanic moon,
Io). Because the plasma source is in the plane of Jupiter's rotational equator, most of the
material starts out confined there. Upon ionization, however, electromagnetic forces play
a large role in the subsequent motion, The tilt of Jupiter's magnetic field with respect to
the spin axis can alter particle orbits, and change the latitudinal distributions of plasma.

Plasma Sheet and Magnetodisc Models

The first in-situ descriptions of Jupiter's nightside magnetotail, and a structured
magnetodisc come from Pioneer 10 and Pioneer 11 measurements of energetic particles
in the magnetosphere [Northrop, et al., 1974; Van Allen, et al., 1974; Van Allen, 1976:
Goertz, et al., 1976; Van Allen, 1979; and Goertz, et al., 1979]. Additional data were
provided by Voyager 1 and Voyager 2, in 1979 as each spacecraft flew past Jupiter
[Barbosa, et al., 1979; Ness, et al., 1979: Gumett, et al., 1980]. The disc model, or offset
tilted dipole model describes a plasma disc that is centered along the magnetic equatorial
plane, and therefore tilted 10 degrees from the spin equatorial plane. As a result, this disc
of plasma wobbles up and down, and an observer in the spin equatorial plane would
encounter the so-called magnetodisc twice per rotation period: once as the disc sweeps
past from north to south, and once from south to north [Hill et al., 1983]. There is some
dispute among more detailed models as to whether this magnetodisc is rigid, bent,
warped, or wavy. Several of these possible magnetodisc confi gurations are depicted in

Figure 31.
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It is this basic disc model that is best represented in the PWS density data,
especially in the middle portion of the magnetosphere. It is evident from the color
spectrograms and the density data set that the magnetosphere can be described by three
major subdivisions. Other descriptions subdivide the magnetosphere differentl y, but also
into three regions [Dessler, 1983]. Based on the PWS measurements, the inner
magnetosphere (less than about 20 Ry) is characterized by higher density, and lacks any
evident modulation of the continuum radiation (in fact, it often lacks any continuum
emission at all). In this inner portion of the magnetosphere, the field is roughly dipolar:

. 3[’:3}-?,}?":31_ (9)

'Bn'.l'pufr = ',l‘]

The middle portion of the magnetosphere (between 20 and about 60 R;) is highlighted in
the color spectrograms by very regular plasma sheet crossings. These crossings occur
twice per Jovian rotation period, or about twice every ten hours. The plasma frequency
(and therefore the electron density) increases very sharply at the onset of these crossing
events, and peaks near the center of the plasma sheet.

The 60 R; outer boundary of the middle magnetosphere is somewhat variable
from orbit to orbit, but represents an average distance for the transition to the outer
magnetosphere. In the outer part of the magnetosphere (greater than about 60 R;), some
plasma sheet crossings are still evident in the PWS data, but the regularity and classic
appearance of the crossings in the data are no longer present. In their place are
unpredictable, more disorganized density variations. There are still sharp density
gradients, as with the plasma sheet crossings, but they do not appear as symmetrical, and
are rarely bounded by entries of the spacecraft into the tail lobes. This implies that the

plasma sheet may be thicker, more diffuse, or less well confined to the magnetic equator
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at larger radial distances. As the quasi-dipolar magnetic field weakens with larger radial
distance from Jupiter, it is reasonable to assume that the confining nature of the tail field
configuration (nearly radial) is less effective, and thermal motions, as well as the
rotational effects will be more important in governing the plasma motions:
]me,m [ =mrQ;. (10)

The centrifugal effects already dominate gravitational effects outside of 2.2 R;, but
magnetic effects continue to dominate out to at least about 25 R;, where co-rotation
begins to break down.

For the purposes of the next section, I intend to pmceed um:.Ier the assumption
that, at least in the middle magnetosphere, a disc model is the correct picture. Some of
the other models discussed earlier (the magnetic anomaly mode! and the corotating
convection model [Dessler and Hill, 1975; Hill and Dessler, 1991; Hill et al., 1981]) may
be useful in describing particular aspects of the data that have not yet been studied in
detail. However, based on the data examined, the disc model best describes the density
data set.

Identification of the
Plasma Sheet in the Data

It is important to be able to accurately identify the places in the data set where the
spacecraft is encountering the plasma sheet. Several criteria were used to locate the
plasma sheet crossings in the PWS density data set. A visual identification from the color
spectrograms was used to preliminarily locate the plasma sheet. In the middle
magnetosphere the central plasma sheet is marked by the significant increase in the
plasma frequency. The boundaries of the plasma sheet are often marked by a sudden
sharp increase in the plasma frequency, or by a diminishment of the intense wave activity
often detected in the tail lobes. As the spacecraft passes from a lower density region (the

lobes) into the plasma sheet, the plasma frequency becomes greater than the electron
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cyclotron frequency, and the continuum emission is easily distinguished from other wave
modes detected in the low-density regions. The density generally reaches a peak near the
center of the plasma sheet, and drops off near the edges or boundaries, just as the
behavior of the plasma frequency is observed to do.

After a visual identification of candidate plasma sheet encounters is made, further
verification can be achieved using the magnetic field data. In a quasi-dipolar geometry,
the magnetic field magnitude will approach a local minimum as the spacecraft crosses the
magnetic equator. In addition, the radial component of Jupiter's magnetic field as
measured at Galileo will reverse itself. A set of typical plasma sheet crossings along with
the magnetic field data (displayed as the electron cyclotron frequency in black on the
plot) can be seen in Figure 32. The peak density occurs close to the time of the radial
field reversal, and close to the minimum of the field magnitude, The boundaries of the
plasma sheet are also evident by observing the times where the magnetic field changes
from its nearly constant, steady configuration to a more disturbed state.

Use of the Khurana Current Sheet Model

The use of an existing model has proven to be perhaps the most substantially
useful step in this project's progress. A recent model using Jupiter's intrinsic magnetic
field along with other characteristics of a generalized magnetodisc was chosen to help
organize and compare the density data. The Khurana [1992] model used information
about Jupiter's plasma sheet from the Voyager and Pioneer spacecraft flybys to predict
where along the spacecraft's trajectory, it should encounter the current sheet. The central
portion of the plasma sheet, where most of the current is flowing (due to near-corotation
of the denser plasma) is often referred to as the current sheet. It is a very thin structure,
and is marked by the reversal of the radial component of the magnetic field. Recall that

equations (7) and (8) are used to describe the Khurana 1992 model.
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The Khurana 1998 model is a modification of the 1992 version, but uses Galileo
magnetic field data to refine the model from its Voyager/Pioneer bias. An additional
change in the 1998 model makes the location of the current sheet dependent upon the
relative tilt between Jupiter's magnetic axis and the solar wind direction. This
modification implies that the solar wind plays a small but significant role in shaping the
current sheet.

As this model is well suited for comparison with the PWS density data, the
computer code has been obtained from the author and incorporated into a computer
program to plot the electron density from any chosen time interval. The program can
output the times, relevant trajectory information, the PWS density values, and the
predicted distances away from either the 1992 or 1998 model current sheet. In addition,
the user can choose to have the program plot the density values in a spatial coordinate
system based upon the model current sheet, or to output the data to a text file for other
analysis. An example of the plot output of this program is shown in Figure 33.

The results of this computer program have been very helpful in analyzing the
density data. In most cases, the 1998 model predictions are superior to the 1992 model
predictions in locating the central part of the plasma sheet. The 1998 model uses Galileo
magnetic field observations and includes information about the angle between Jupiter's
magnetic field and the solar wind direction. For this reason, the 1998 model results are
used in analyzing the density data. If there are individual cases where the 1998 model
does not adequately represent the data, studying the 1992 model may be useful.

Two of the most useful characteristics that can be determined using the Khurana
models are the plasma sheet thickness, and the shift of the plasma sheet away from its
predicted location. The thickness of the plasma sheet is measured in multiples of

Jupiter's radius, and is easily determined from the conveniently chosen geometry of the
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model's cylindrical coordinate system. The perceived shift of the plasma sheet can be
measured in two convenient ways. The shift can be measured physically in Jovian radii
corresponding to the plasma sheet lying either above or below the predicted location. In
the cylindrical system, the predicted location is placed at z=0. Temporally, the shift can
be quantified by describing the plasma sheet encounter as occurring either before or after
its predicted time. The geometry of the magnetodisc's rotation past the spacecraft is such
that the two views are equivalent, and both descriptions of plasma sheet "position" are
used commonly in the literature.

Because of the time resolution of the PWS density data set, the location of the thin
current sheet can be fairly accurately identified. The reliability of the PWS density data
are proving useful to the model author, just as his model proved useful to this project.
The peak densities from the PWS data set are good indicators of the actual location of the
current sheet. With knowledge of deviations of peak density from the predicted location
of the current sheet, future versions of this current sheet model may be refined further.
Presently, the model works well to predict the location of the current sheet relative to the
spacecraft in the inner magnetosphere. It contains all the major features described by a
hinged magnetodisc and has a good basis in physical reality. It can be simply described
with three variable parameters. The specific predictions by the model regarding where
and when the spacecraft is expected to encounter the center of the plasma sheet have been
very easily applied to the electron density data set. The biggest drawback to the Khurana
model is that it is preferentially accurate closer to J upiter. At larger radial distances,
current sheet crossings do not occur when the model predicts. Further understanding of
the plasma dynamics farther from J upiter, plus a more elegant solar wind interaction term

may improve the model’s accuracy.
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Figure 31. Four different magnetodisc models. Each describes a different shape
and orientation of the magnetodisc. The model that is best represented by the density

data presented here is probably the bent (or hinged) magnetodisc model.
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Figure 32. Density and magnetic field strength. The same fi gﬁre as Figure 20,
only with the addition of the electron cyclotron frequency as a black curve on the plot.
This cyclotron frequency is directly proportional to the magnetic field magnitude
(provided by the Galileo magnetometer team). Note that as the plasma frequency rises
(as the density increases) entering the plasma sheet, there is a corresponding decrease in
magnetic field strength. This diamagnetic effect allows for the computation of an

effective temperature in the plasma sheet.
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Figure 33. One plasma sheet crossing. A display of electron density from a
single plasma sheet crossing (about 2 hours of data) shown in the coordinate system of
the Khurana 1998 current sheet model. The horizontal axis indicates spacecraft distance
(measured in Jovian radii) above or below the predicted location for the current sheet.
Note that the peak density occurs exactly at the location of the current sheet, as predicted

by the model (Az=0).
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CHAPTER VI: PRESSURE BALANCE
ACROSS THE PLASMA SHEET

Magneto-hydrodynamic Pressure Balance

Plasma sheet crossings, as shown in Figure 20, commonly occur throughout the
Galileo mission. As the plasma rotates past the spacecraft at near the co-rotation speed,
the spacecraft makes pairs of crossings through the plasma sheet (and the current sheet at
its center) from north to south and then again from south to north each rotation of Jupiter.
This is because of the ten-degree tilt of Jupiter's magnetic axis with respect to its rotation
axis. If the spacecraft is located above or below the actual spin equatorial plane,
encounters with the plasma sheet will not be exactly periodic but rather, pairs of
crossings will occur closer together than the symmetric five-hour period expected if the
spacecraft were exactly located in the spin equatorial plane. For example, if the
spacecraft were located north of the equatorial plane, the plasma sheet, on its north-
moving pass; would sweep past the observer near its northernmost position, and very
quickly sweep past the observer a second time as it wobbles back toward the south. If the
observer is in the equatorial plane, the crossings will be spaced apart equally in time. |

With the additioﬁ of the Khurana 1998 current sheét model, a plan was developed
to study pressure balance during crossings of the plasma sheet using the electron density
data from this project, and the magnetic field data from the Galileo magnetometer
instrument. The results of displaying numerous plasma sheet crossings in the density
data have yielded a variety of different types of crossings. Most of the time segments
analyzed are five-hour segments bounded by the maximum separation of the spacecraft

from the location of the current sheet, as predicted by Khurana's 1998 magnetic field
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model. From magneto-hydrodynamics (MHD), a relationship can be written down that

expresses all the forces acting on a magnetized plasma:

1 7 ik
+— B-V]B (11

The above relationship is essentially F=ma as it applies to a magnetized plasma.
Time dependent mass flow (the acceleration term) is expressed on the left-hand side of
equation (11), and is the result of pressure and magnetic forces. This term is sometimes

referred to as the convective derivative and written as:

dU aU b i SR E
— T e - 12

The terms on the right hand side of equation (11) represent a particle pressure gradient,
the gradient in magnetic pressure (or energy density of the magnetic field), and a term
describing the tension due to curvature in the magnetic field lines.

It is sometimes the case that the there are no time dependent flows in the region of
interest, or these flows may change on time scales much longer than those which are
required for the spacecraft to encounter the plasma sheet (a few hours). If this
assumption is true, and the acceleration term (U -V)U is also negligible, then the time
derivative on the left-hand side of equation (11) will vanish. If it is also assumed that
there is little curvaturé to the magnetic field lines then the (B-V)B term on the right hand
side also vanishes. This assumption of minimal field line curvature is probably valid for
most locations close to the magnétic equator and in the vicinity of the current sheet in
Jupiter's magnetotail due to the highly stretched and nature of the magnetic field lines
there. This stretched configuration, as contrasted with the near dipolar shape of the field
closer to the planet is due in part to the mass loading of field lines with dense plasma

from Jo. As this plasma is centrifugally slung outward by the rapid spin of the planet, the
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field lines become stretched into a long magnetotail. Jupiter's tail magnetic field
generally points radially inward toward the planet north of the current sheet and radially
outward south of the current sheet. As long as the spacecraft is not close to a magnetic
merging region, frequently called an "x-line", or a region where the field lines are
significantly curved, the field will be generally antiparallel and the field lines straight.

With these simplifying assumptions, equation (11) reduces to

= B?
V| nkT +—|=0. (13)
2p,
Integrating this equation gives
B*
- nkT +——=constant ' (14)
24,

where n is the electron density, k is Boltzmann's constant, and T is the particle
temperature. B is the magnetic field magnitude and pio isrthe permeability of free space.
The constant on the right-hand side of equation (14) has units of pressure. This equation
indicates that total pressure across the plasma sheet (more rigorously, the total pressure
directed normal to the plasma sheet) should stay constant across thé: plasma sheet. A
hypothetical idealized graph depicting this relationship is shown in Figure 34.

Because the density data set provides values for n and the maénetic field data
provides field magnitudes for B, there are two free parameters in the equation. The
variable T and the undetermined constant- can be subjected to a least squares fitting

program to calculate the best pairs of values that fit the data.
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The Least-squares Fitting Program

The first thing in accomplishing this was to convert both the magnetic field data
set and the density data set to identical time resolutions in order to add the corresponding
pressures together point by point. This was accomplished by averaging the 24 second
resolution magnetic field data and the 36.67 second resolution density data over cne
minute intervals. Once a given value of T is chosen, the values from each data set can be
used in equation (14) above, to get a total pressure. A least squares fitting program was
developed to choose the value of T and then calculate the corresponding total pressure.
For a given T, a best-fit constant straight line was fit to the total pressure curve and the
chi-squared value was recorded. The program then steps through differing values of T,
and calculates corresponding total pressures, homing in on the value of T that gives the
minimum chi-squared for the best-fit constant pressure. The range of values for T used
by the program was determined ahead of time By ;tuc_lying numerous crossings in the
density and magnetic field data. Based upon the magnetic pressure maximum values
outside the plasma sheet, and maximum densities inside the plasma sheet, an inclusive
range for T was chosen.

An example of the program output can be seen in Figure 35. The plot window
shows a time period of approximately five hours, or one-half of a Jupiter rotation period.
Pressure is indicated on vertical scale. The red curve represents the pressure due to the
particles, and is at every point equal to the product nkT. The blue curve on the plot
indicates the magnetic pressure computed from the magnitude of the magnetic field. The
blgck curve indicates the arithmetic sum of the red and blue curves (point by point) and
the straight line in black represents the best constant value fit to the total pressure. The
temperature T that provides this best fit for the total pressure is recorded in a data file

along with the total pressure itself, and the relevant orbital parameters for each time
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segment. The black triangle at the bottom of the plot indicates the actual location of the
current sheet as determined by the radial component of the magnetic field. The magnetic
field strength is much higher in the plasma-poor lobes of Jupiter's magnetosphere and
reaches a local minimum when the center of the current sheet is encountered. The center
of the current sheet is defined by the location where the value of the radial component of
the field changes sign. This happens as the spacecraft crosses from the region of radially
inward directed magnetic field above the current sheet, to the radially outward directed
configuration below the current sheet.

The five-hour time segments were chosen by using Khurana's 1998 current sheet
model to predict when the spacecraft would be at its maximum distance from the current
sheet. Assuming the model is accurate, a single current sheet crossing should appear at
the center of each five-hour plot. Not every five-hour time segment contains a sheet
crossing, however. In soﬁle cases, the magnetometer registers multiple crossings in a
five-hour period. In other cases, there was no evident crossing at all, or there was a
complicated variation in the magnetic field that made determination of the plasma sheet
crossing difficult. This may have been due tb seve;.'al factors. Availability of both the
magnetic field data and the density data sometimes produces gaps in covérage and
rendered some five-hour time segments unusable. Jupiter's current sheet location may
vary in some cases from the predicted location by the model. There may have been
fluctuations in the position of the plasma sheet relative to the spacecraft over the time
scale in question. Depending on the radial distance of the spacecraft from Jupiter, a clear
plasma sheet crossing is not always evident in the density data. At larger radial distances
the identity of the individual plasma sheet crossings seems to vanish. This phenomenon

has been noted from observing the entire set of color spectrograms, and from global
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density displays of the entire magnetosphere (Figure 27). The significance of this is
discussed in Chapter IV.
‘Analysis of Program Output

Over 1060 of these five-hour time segments were analyzed with the best T and the
best-fit total pressure recorded for each. Each run of the fitting program also computes
the maximum deviation of the data from the best-fit curve, as well as the average RMS
deviation from the best-fit curve. These values can be compared to the maximum
variations in the individual pressures as well as to each other in order to get a numerical
assessment of the quality of the fit. Before inclusion of the best-fit values in the analysis,
a visual inspection of each run of the fit program was made for two main reasons. The
first reason for the visual inspection is that it was necessary to determine if the density
and the magnetic field varied significantly with an opposite correlation as the spacecraft
crosses the plasma sheet. If there is no variation then no valid temperature can be
calculated. This is because the relationship expfessed in equation (14) for the constant
pressure is the result of integrating equation (13)._ If there is no actual variation in the
magnetic or particle pressures, then no useful information regarding T can come from
integrating equation (13). If n and B were bdth constant, then any value of T would
provide a solution to equation (14). The second reason for the visual inspection was to
get a general idea of the quality of curve fits to go along with the numerical chi-squared
values. Five separaté categories were identified in this visual inspection. The categories
are described in Table 2. The first category consisted of plots where the best-fit curve to
the total pressure was good everywhere throughout the time period. On these plots there
were no significant deviations of the data from the best-fit curve. The data were
consistently flat throughout the entire time segment. Category two included data that

were fairly consistent with the best-fit curve everywhere in the plot. There were some
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minor deviations of the data from the best fit but the data could be best described as
variably flat. The third category included data that was variable during much of the time
segment. These plots were usually characterized by one or more significant deviations of
the data from the best fit, or by extended minor deviations from the best fit. The isolated
significant deviations usually occurred near the center of a plot where the magnetic field
was at a minimum. Any extended minor deviations usually occurred both above and
below the best-fit curve. The single term description of these plots was variable. The
fourth category of plots was characterized as a poor fit. These plots exhibited significant
deviation of the data from the best-fit line the route the entire plot. The data were often
chaotic and bore little resemblance to the best-fit curve at all.

The fifth and final category was a miscellaneous category and consisted of plots
that were unusual or difficult to categorize. Some of the problems with these plots
included too much missing data or gaps in the data, too short a time periods to be useful
(not enough data to properly characterize a plasma sheet crossing), otherwise irregular
data, or data that did not resemble plasma ca sheet crossing. Some plots included in
category five indicated time periods where no fit was readily calculable, or where there
was no clear variation in the two éurve_s to reliably compute a temperatlire. Only density
data with the two best confidence quality flags and only data where f;, was known to be
greater than f; were included m the fit program. These category 5 plots represented 24%
of the 1063 time segments and were not analyzed.

Many complicated looking sheet crossings were included in categories 1 through
3. For example, many were multiple crossings. Some of the individual data sets were
interesting in their own right. Some of the plots despite their flatness or variability
indicated that the particle pressure was less than the magnetic pressure consistently

through the plot. There were others where the magnetic pressure was consistently less
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 than the particle pressure. There were also a significant number of plots where the
minimum magnetic field strength and/or the peak density were significantly offset from
the center of the plot, indicating poor agreement with the plasma sheet model for that
particular crossing. Regardless of some of these irregularities, there was a consistent
diamagnetic effect seen in most of the plots. Of the 1063 plots approximately 18% were
category one, 28%were category two, 24% were category three, and 6% were category
four. Approximately half of all of the pressure fits fell in the top two categories and it
was these cases that were retained for further examination. Even after all the restrictions,
designed to increase the accuracy and validity of the fits, were applied, there were still
over 480 cases for which a best fit T, and a best fit total pressuré were determined. In
each of these cases the RMS deviation from the best fit normalized to the total pressure,
was less than 20%. This is indicated in Figure 36.
_ Pressure and Temperature

The results of the temperature calculation can—‘;l;e seen in Figures 37 and 38.
According to the program output, typical temperaf.ures in the plasma sheet are around 10
K, corresponding to energy of just less than 10 keV. Ion energies of 0.1 to 10 keV were
estimated to make dominant contributions to the plasma pressure by Goertz et al. [1979]
based on Pioneer 10 data. The paiticle energies determined by Voyager instruments
ranged from about 1 keV [McNutt et al., 1981], to a range of 20-45 keV [Krimigis et al.,
1981; Krimigis and Roelof, 1983]. It is believed that in the middlé and outer
magnetosphere of Jupiter, the rapid spin of the planet indirectly imparts this energy to the
colder outward-moving Io torus plasma. It should be noted that the parémeter T,
obtained using this computer routine is not the temperature of any individual particle
species. In this analysis, it is assumed that the density n = n. = n;. Since the total

pressure is the sum of the electron pressure and the ion pressure, it follows that T is the
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arithmetic suxﬁ of the ion temperature and the electron temperature. In order to compute
the actual temperatures of any given particle species, the ratio of electron temperature to
ion temperature would be needed, and more information about ion distributions in the
plasma. It should also be realized that the electrons are not assumed to account for the
entire component of the particle pressure in the best-fit program, despite the use of n =n,
in Equation (14). Van Allen [1979], using Pioneer 10 data, reported that the intensity of
energetic electrons was well correlated with the drop in magnetic pressure in the plasma
sheet. However, these energetic electrons provide only a small fraction (about 3%) of the
total particle pressure in Jupiter's plasma sheet. Ions are believed to make the dominant
pressure contribution [Van Allen, 1979; Goertz et al., 1979], as they also do at the Earth.
A description of the ion composition and temperature in the plasma sheet at Jupiter is
necessary for a complete picture of total pressure balance.

From Figures 37 and 38, it is apparent that the temperature of the plasma sheet is
highly variable. The same statistical analysis was done to the temperature and pressure
data, this time using the RMS deviation as a basis for e‘i.f'aluating the uncertainty. The
reduced y° values are high for each fit because of 'the'lérge amount of scatter in the data.
With the pressure profile, it is visually obvious that a general radial trend-e_xists in the
data. In the case of temperature, it is not as clear, but the correlation coefficient, R, for
both pressure and temperature fits indicate that there is a radial relationship in the data
with a confidence- level of 99.9%. The best-fit power law to this data indicates that the
average temperature decreases with radial distance from Jupiter as (1/1)°81 £ 01 though
actual temperature values vary by a factor of 5 above and below this fit. The clearer
trend in the total pressure can be seen in Figures 39 and 40. The average total pressure
scales as a power law proportional to (1/1)%%* %, with about a factor of 2 scatter about

the fit. In order to satisfy the relationship P = nkT (where P is the total particle pressure),
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the exponents on the radial pressure, density, and temperature profiles must satisfy the

relation where

r! o ror?, (15)
If density and temperature have a radial dependence, a and B, respectively, then the radial
dependence of the pressure, v, should be the sum of o and . Because of the high degree
of scatter about the specific power law best fits, it is not surprising that they only satisfy
this relationship to within about 35%. Again, it should be noted that this is frequently the
case with data from Jupiter’s magnetosphere. Because our data set covers multiple orbits
and a long time scale, it is likely that variable conditions produced by solar wind
variations and o plasma production are responsible for the high degree of scatter in the
data. Careful analysis of observations on shorter time scales, supported by other data sets
(such as density or speed of the solar wind at Jupiter) may produce better power laws that
describe specific variations in pressure or temperature with identifiable causes. However,
that is beyond the scope of this work. It is the intent of this work only to identify the
average trends in the whole of the density data set.

Because the total plasma sheet pressure is dominated by the magnetic field in the
high Iﬁagnetic latitude lobes of the magnetosphere, this pressure trend can be used to
describe the magnetic field's influence on the shape of Jupiter's nightside magnetopause.
Some limiting cases for the shape of Jupiter’s ta11 magnetopause can be considered to
place constraints on the magnetic pressure profile. If the magnetic field had a purely
radial configuration in the magnetotail, with a conical magnetopause, as in Figure 41,
then the magnetic field would decrease as (1/1)* with increasing radial distance, and B*
would scale as (1/1)*. If the magnetic field were purely radially away from the planet,
with a cylindrical magnetopause, then thé magnetic field lines in the magnetotail would

be parallel, and B would remain constant with increasing distance away from Jupiter. As
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a result, the magnetic pressure (B%) would also remain constant with distance from the
planet, and would scale as (1/r)°. Because we see that magnetic pressure (which
depends on B?) scales as (1/1)*?, the shape of the tail magnetopause at Jupiter lies
somewhere between that of a cylinder and a cone. As this power law seems fairly

* uniform between 20 and at 140 Jovian radii, it would seem that the flare angle (whicl}

determines the shape of the magnetopause) stays fairly constant in this region.
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Category Quality Description Deviations from best fit Often
1 Very Good | Consistently Flat | Only small (< 10%), brief 18%
deviations from best fit '
2 Good Variably Flat Slightly larger 28%
‘ (< 20%), perhaps longer
deviations from best fit
3 Variable | Some Significant | Some larger deviations 24%
Deviations (generally
20% < d <50%)
4 Poor Chaotic - Very large (> 50%) 6%
' ; deviations or for long
; duration
5 Unusual No fit Unknown 24%

Table 2. Pressure Fit Categories




Figure 34, Idealized pressure balance. An idealized situation showing the sum of
particle pressure and magnetic pressure during a plasma sheet crossing. If the total
pressure is constant, the least squares fit program described in the text is used to get

values of T and total pressure.
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Figure 35. Temperature and pressure. An example of the output of a computer
program designed to compute the best-fit temperature for a given plasma sheet crossing
(about 5 hours of data). The red curve is the particle pressure calculated using the best-fit
temperature, the blue curve is the magnetic pressure, and the black curve is the sum of the
red and blue curves. The straight line is the best-fit constant value to the total pressure
(black curve). The best-fit temperature is indicated in the upper right corner of the plot
window. The black triangles at the bottom of the plot indicate where the magnetometer

identifies the actual crossing of the center of the plasma sheet (the current sheet).
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Figure 36. Deviations from the best fit. These are normalized RMS deviations
from the best-fit total pressure in the best cases used in the temperature study. In nearly
all the best cases, the deviation from the best fit was less than about 20% of the best-fit

value itself (total pressure).
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Figure 37. The best fit temperatures. These values of temperature are from the

cases described in Figure 36, and plotted as a function of radial distance from J upiter.
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Figure 38. Radial temperature profile. The same data in Figure 37, with a best fit
power law to the data. Although there is a great deal of scatter in the data, there is a weak
trend toward lower plasma sheet temperatures with increasing radial distance from

Jupiter. The power law scales as (1/r)"®'* *'.
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Figure 39. Total pressure. The best-fit (constant) total pressures in the plasma

sheet, plotted as a function of radial distance from Jupiter.




Total Pressure (B*/2J, + nkT)

N I - —

AL

] Loe s 4 4 4 i

10°®

=] -
bl i
o o
—— —

(;w/N) aanssaid |eloL U4 Iseg

100

Radial Distance from Jupiter (R))

131



Figure 40. Radial total pressure profile. The same data in Figure 39, with a best
fit power law to the data. There is significantly less scatter in this plot, and the power law

23+ 001
. Since the

indicates that average pressure in the plasma sheet decreases as (1/r)*
particle pressure is nearly zero outside the plasma sheet, this can be thought of as a

measure of magnetic field pressure as a function of radial distance from Jupiter.
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Figure 41. Tail magnetopause geometry. A diagram showing the two bounding
cases for Jupiter's magnetopause configuration. If the magnetic field were radial in the
magnetotail, (a conical magnetopause), magnetic pressure (B*) would scale as (1/r)*, If
the field were everywhere parallel in the tail (a cylindrical magnetopause), magnetic
pressure would be seen to scale as (1/r)°. The data shown in Figure 40 indicate a

situation somewhere in between.
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CHAPTER VII: SUMMARY AND RESULTS

Plasma wave data from the entire Galileo primary mission has been processed and
an electron density data set has been generated with 37.33-second time resolution. This
data set constitutes the first measurements of the global electron density at Jupiter. The
density values are accurate to within about 17% and are a proxy for the ela;:f:lrnn density
at the location of the spacecraft. During limited portions of the Galileo mission, the
plasma wave instrument does not detect continuum radiation, or other wave modes
prohibit accurate determination of the plasma frequency. In regions close to Jupiter
(approximately r < 30 R;), electron density can be determined using the upper hybrid
frequency. When this data is added to the main data set, a radial profile of electron
density at Jupiter can be produced. This radial profile shows a steep power law close to

0.65  0.05

Jupiter proportional to (1/r) , and a more gentle decrease with radial distance for r

> 20 R;, proportional to (1/r)>1* 00!

. This change of power law slope at about 20 R
may be related to the change in the configuration of Jupiter's magnetic field at this
distance from a dipolar field to a more stretched configuration. In addition, the
magnetospheric plasma's departure from co-rotation with Jupiter and the subsequent
azimuthal sweepback of field lines begins to occur at this distance. Though the density
varies by a factor of 2 from the best fits, there is clear correlation between the average
density and radial distance, and these power laws are reported as general trends.

Global displays of the magnetosphere of Jupiter indicate that the plasma sheet, as

identified by the higher electron density close to the magnetic equator, loses its definition

and identity at radial distances r > 50 R;. The electron density close to the magnetic
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equator has values similar to the electron density at higher magnetic latitudes in the outer
magnetosphere. This "vanishing" of the plasma sheet has also been noted by looking at
the plasma wave data itself. The occasional disappearance and reappearance of
continuum radiation at large radial distances from Jupiter indicated that the spacecraft
crossed the magnetopause and entered the magnetosheath several times during the orbit
prior to the first close approach to the large moon Ganymede. Voyager models of the
magnetopause in the region where the spacecraft was located, and magnetometer data
from the same time periods confirm the spacecraft's encounters with Jupiter's
magnetosheath. |

The adoption of the Khurana magnetodisc model to organize the PWS density
data with respect to different regions of the magnetosphere has been generally successful.
The ability of this model to predict the location of Jupiter's current sheet, especially in the
inner magnetosphere, has been utilized to further characterize the plasma sheet
encounters and has helped to place the density data within a context for analysis. The
Khurana model does a good job of predicling plasma sheet crossings in the inner
magnetosphere, but does a significantly poorer job at radial distances r > 50 R;. The
density data from this project preliminarily confirm the hinged-disc quality of the
Khurana model, at least in the inner magnetosphere. However, a more detailed
comparison of density data to specific other predictions of the model would be useful, A
cartoon skeich of Jupiter's magnetosphere based upon the density data and the general
predicted shape from the Khurana model is shown in Figure 42.

Using the Khurana model to find the maximum spacecraft positions away from
the plasma sheet, five-hour half-rotations, each containing a plasma sheet crossing, were
examined to study pressure balance across the plasma sheet. Using magneto-

hydrodynamic equations, a simple relationship between the plasma pressure and
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magnetic field pressure has been derived. This pressure balance equation has been
incorporated into a least squares fitting program designed to calculate temperature and
total pressure parameters through the plasma sheet. Analysis of these output values over
large radial distances provides a pressure and temperature profile in Jupiter's plasma
sheet at radial distances between 20 R; and 140 R,.

The temperatures computed by the least squares fit program are typically around
10° K, which correspond to energies around 10 keV. These values fall within the ranges
for plasma temperatures reported by Pioneer and Voyager at Jupiter. The average total
pressure showed a radial power law fall-off proportional to (1/r)*'** *® The average
temperature was nearly constant, but decreased slowly with radial distance, scaling as a

081001 There is a large statistical scatter about these

power law proportional to (1/r)
best-fit values, but in each case (most clearly with the pressure), there is a 99.9%
confidence that correlation between these quantities and radial distance from Jupiter is
not random. The exponents on the power laws should be considered representative of
global average trends rather than a specific functional dependence.

The pressure change over large radial distances is indicative of the magnetic field
pressure in the lobes of Jupiter's magnetosphere, and affects the shape of the
magnetopause at large distances in the magnetotail. Looking at limiting geometric cases
for the tail magnetopause configuration, constraints can be placed on the expected fall-off
of pressure in the magnetotail. The pressure profile determined herein implies a shape
somewhere between a cylindrical magnetotail and a conical one. This shape is consistent
with spacecraft observations. A summary of the radial profile parameters discussed
throughout the text, and their statistical analysis parameters can be found in Table 3. The

large degree of scatter about the best fit in each of the radial profile plots indicate that

there is a large degree of variability in density, temperature, and pressure conditions in
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Jupiter's magnetosphere. Despite the assumed dominance of internal forces at Jupiter,
this variability is likely caused by solar wind variations or production of plasma at Io
occurring on time scales much shorter than the length of coverage of this dataset. This
may indicate the presence of substorm-like activity, though there is no clear evidence for
that here. Further analysis of this density data set on short time scales (single orbits or

less), rather than overviews of the entire mission, may improve our understanding of this

variability.
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Quantity Symbol | Radial Power Law Reduced 3~ R, Linear
Dependence (best fit) Correlation
Coefficient
Peak Electron
nemeamn | pg -6.55%0.05 12.90 0.98
fram Upper Hybrid
Waves)
Peak Electron n. -2.14 £0.01 19.89 0.80
Density in Plasma
Sheet (Determined
from Continuum
Cutoff)
Best-Fit Total Pioial -2.23 +£0.01 13.00 0.89
Pressure in Plasma
Sheet
Best Fit Temperature T -0.81 £ 0.01 58.25 0.38

in Plasma Sheet

Table 3.

Radial Profile Fit Parameters
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Figure 42. Jupiter’s Magnetosphere. This cartoon depiction of the
magnetosphere in the noon-midnight meridian plane describes many of the major features
observed using the density data set and the Khurana magnetic field and current sheet
model. A bow shock (BS) and magnetopause (MP) are indicated on the sunward side of
the planet. Io is located close to Jupiter, and the plasma torus encircles the planet in the
magnetic equatorial plane. The magnetic field and plasma sheet (large shaded region)
hinge away from the magnetic equator at about 25 Ry, and at larger radial distances lie

more parallel to the ecliptic plane.
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CHAPTER VIII: FUTURE RESEARCH

General Comments About the Data Set

The data from Galileo's primary mission is the focus of this dissertation project,
however with additional funding that was made available, the plasma wave instrument
(PWS) was operated for a large portion of the extended Galileo’Eufuﬁa Miésiﬂn (GEM).
A somewhat smaller data set than that of the primary mission has been available for
analysis. A future project adding the additional GEM density data to the primary mission
analysis is possible. The data will eventually be made available to other members of the
scientific community, and further analysis of the data may be carried out. Specific
regions of interest may be scrutinized, and global orbit-to-orbit features could be
compared, to better understand time-dependent phenomena.

In some cases, multiple radio wave signals exist in the same frequency range as
the plasma frequency. A well-defined method for deriving a density from these time
periods should be developed. This would add a significant amount of density data to the
data set. Many of the regions where the overlapping of wave modes complicates density
determination occur during regions of interest (e.g. plasma sheet boundaries).

Analysis Projects

Time Dependent Phenomena and Substorms

Because of Galileo's unique capability to encounter some regions of the Jovian
system multiple times, it is possible to compare a given region in magnetosphere at
different times to get a time dependent picture of its behavior and structure. Such a time

dependent picture may help us compare Jupiter's magnetosphere to our current working
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understanding of magnetic substorms and magnetospheric convection at the Earth. There
has been some evidence of Jovian auroral enhancements, energetic particle populations,
and other periodic wave phenomena that are attributed to substorm activity at the Earth.
Galileo is making multiple orbits of Jupiter, and can study these phenomena over long
time periods. Some recent papers have been published that try to address the question of
whether Jupiter experiences substorms in a similar manner to the Earth.

Louarn et al. [1998] describe periodic "energetic phenomena” in Jupiter's
magnetosphere. They use the PWS instrument to describe the plasma sheet and the large-
scale magnetospheric structure, but they focus on disturbances in the radio emissions.
Russell et al. [1999] also consider the current sheet, but describe it using the magnetic
field configuration. They are more concerned with small-scale magnetic field structures
and their relationships to explosive reconnection events at large radial distances.

Plasma Transport

The electron density data set can be used in identification of plasma
enhancements and rarefactions in Jupiter's magnetosphere. This information can be used
to test theories of plasma transport. It can be compared to previous work in this area
using Voyager data, and it can also be compared to numerical models. If the data
indicate it is necessary, additions or corrections can be made to existing models, or a new
model of plasma transport could be developed.

Test of Current Sheet Models

A technique that could be developed further is to model the density during the
plasma sheet crossings using a mathematical function. Many of the plasma sheet
encounters have been identified and plotted using the Khurana current sheet model.
There are a wide variety of shapes, sizes, and configurations among the plasma sheet

encounters in the data set. The individuality in appearance makes it difficult to compare
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the crossings without establishing a common system for describing them. One suggested
solution has been to model each crossing mathematically and have a computer algorithm
find the best fit to the density data of each crossing. This database of sheet crossings can
then be drawn upon to make many comparisons. One inbound pass or one orbit can be
studied, and the plasma sheet parameters can be plotted to indicate any trends or
variations in thickness or "vertical shift" of the plasma sheet. The properties of the
plasma sheet represented by the best-fit parameters hold some importance in determining
the large-scale behavior of the plasma sheet, and the magnetosphere as a whole.

There have been recent theoretical predictions about the structure of the current
sheet based upon particular magnetic field configurations [Vasyliunas, 1999]. A
bunching of magnetic field lines at a measurable distance above or below a model current
sheet could affect the predicted location for such a current sheet. The density data set can
be used to test them.
lo Torus Models |

Another possible project is to use the PWS-derived density values to try and
calculate total flux tube plasma content. A flux tube can be described as a volume of
plasma in the shape of a tube that centers on a particular magnetic field line. The total
plasma content of a flux tube should stay constant as it convects through space, and is

given by the expression:

n=[—5ds 16)

where 1 is the plasma content, n, is the electron density, B is the magnetic field
magnitude (a function of position along the field line), and the path integral is taken along

the field line. Because the PWS density measurements are at only a single location along
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the flux tube (near the equator), some model of density along the magnetic field line

would be needed to carry out such an analysis.
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