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University of Washington

Abstract

Kinetic Processes in the Plasma Sheet Observed during Auroral

Activity
by Matthew Owen Fillingim

Co-Chairs of Supervisory Committee:

Professor Emeritus George K. Parks
Geophysics Program

Research Associate Professor Michael P. McCarthy
Geophysics Program

In this dissertation we analyze plasma sheet magnetic field and plasma data observed
during varying levels of auroral activity from very small, isolated events known as
pseudobreakups to large, global events known as substorms. The plasma and mag-
netic field data are taken from instruments onboard the WIND spacecraft while it
traverses the near-Earth plasma sheet. Simultaneous global auroral images from PO-
LAR/UVI allow us to determine the auroral activity level. The goal of this disserta-
tion is to provide the most complete set of plasma sheet observations during auroral
activity currently available. The kinetic aspects of the plasma dynamics which have
largely been ingnored in other works are emphasized here. We have the capability
to resolve changes in the three dimensional ion distribution functions with a time
resolution comparable to or faster than the local ion gyroperiod. In addition, we con-
sider the typically neglected electron dynamics when relating plasma sheet processes

to the aurora. We find that the plasma sheet signatures of both pseudobreakups



and substorms appear very similar. During both types of events, increases in auroral
precipitation into the ionosphere are associated with large amplitude, high frequency
magnetic field fluctuations, large Earthward ion (v), increases in the fluxes of high
energy ions and electrons, and hardening of the electron spectrum. Both ion and elec-
tron distributions appear to be composed of multiple components. Electromagnetic
waves with power at frequencies up to and above the local proton gyrofrequency area
also observed. Additionally, the ion distributions can change significantly in one gy-
roperiod. Together, these results imply that the microphysical processes occurring in
the plasma sheet during pseudobreakups and substorms are the same and that kinetic
effects are important. Therefore, magnetohydrodynamics (MHD) cannot adequately

describe the physics occurring during large ion (v) events.
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Chapter 1

INTRODUCTION

Auroral displays can be very dynamic and can transfix an auroral observer for
hours. The active aurora is just one manifestation of activity which occurs through-
out large regions of Earth’s magnetosphere. The auroral ionosphere acts like the
television screen of the magnetosphere. Energetic particles from the magnetosphere
are guided by Earth’s magnetic field toward high latitude regions where they collide
with the atoms and molecules of the atmosphere. The excited atmospheric atoms and

molecules then emit light similar to the phosphor which coats television screens.

The plasma sheet is the part of the magnetosphere that is magnetically linked
to the auroral regions. There is evidence that the dynamics of the plasma sheet
are intimately associated with the aurora [Hones et al., 1976; Fairfield et al., 1999].
However, the causal relationship has not been established. Therefore, in order to
understand the aurora, we need to understand the processes in the plasma sheet
that give rise to the aurora. The current understanding of the plasma dynamics in
the plasma sheet is based on observations of the behavior of macroscopic plasma
parameters, such as density, velocity, and temperature [Baumjohann et al., 1990;
Angelopoulos et al., 1992; Fairfield et al., 1999]. These parameters are normally
obtained on time scales as long as tens of seconds, much longer than the typical
plasma time scales. With the exception of Hada et al. [1981], most previous work
has also ignored the electron behavior. These data to not give a full picture of the

processes responsible for the dynamics of the plasma sheet. It is becoming increasingly



clear that it is important to base our understanding of the plasma sheet dynamics on
higher time resolution data and also to include the behavior of the electrons.

The purpose of this dissertation is to contribute to the understanding of the plasma
sheet behavior during different kinds of auroral activity from very small, isolated
events to large, global events. To this end we systematically analyze the plasma in
the near-Earth plasma sheet with a resolution and detail not previously done so that
a more comprehensive picture of the dynamics is obtained. We emphasize the kinetic
aspects of the plasma and do not just focus on the bulk properties as is usually the
case. In addition, we include the often neglscted electron behavior in our analysis.
We begin by studying the plasma sheet during small, isolated auroral events known as
pseudobreakups [Elvey, 1957]. Then we compare these observations with those from
expansive auroral events known as substorms [Akasofu, 1964], looking for similarities
and differences in the plasma sheet dynamics.

A detailed examination of the processes occurring in the plasma sheet during
periods of active aurora can lead to a better understanding of the physical mechanisms
which give rise to these processes. By studying the plasma behavior during different
levels of auroral activity, we can investigate the effects of the local plasma sheet
properties on the size of the aurora. These effects are associated with how mass
and energy are transported throughout the magnetosphere and how plasma sheet
processes are related to the generation of the aurora.

In the following sections, we will briefly survey the large scale structure of the
magnetosphere and discuss how different magnetospheric regions are connected. Then
we will introduce the concept of a substorm using both auroral and magnetospheric
observations. We contrast observations of substorms with those of pseudobreakups
and describe several of the prevailing theories attempting to explain the differences
between these two types of auroral phenomena. Finally we will discuss some of
the differences between the kinetic and fluid approaches to describing the plasma

dynamics and some of the limitations associated with the fluid formulation.



1.1 Farth’s Magnetosphere

Earth’s magnetosphere is that region of space which is carved out of the solar wind
by Earth’s magnetic field. Figure 1.1 shows a simplified diagram of Earth’s magneto-
sphere. Pertinent regions of the magnetosphere have been labeled. As the supersonic
solar wind impinges upon Earth’s magnetic field, it slows to subsonic speeds at the
bow shock. The slowed, thermalized solar wind plasma flows around Earth through
the magnetosheath between the bow shock and the magnetopause, the boundary of
the magnetosphere. On the side facing the Sun, the magnetosphere is compressed;
on the nightside, it is stretched out to form a long magnetotail. Observations of
oppositely directed magnetic field in the northern and southern portions of the mag-
netotail indicate that a current sheet exists near the equator separating these two
hemispheres. The region of hot plasma near the equator that encompasses the cur-
rent sheet is known as the plasma sheet. The lines of magnetic force that thread
the plasma sheet map down to the ionosphere in the auroral regions. Active auroral
displays are created when the energetic particles of the plasma sheet are brought close

to Earth and collide with the atoms and molecules of the atmosphere.

The Sun is the ultimate energy source for the magnetosphere’s dynamics. The
solar wind transfers energy to the magnetosphere, although the exact processes by
which this occurs are not well understood. Magnetic and plasma energy stored in
the magnetotail are episodically released and brought toward Earth, commonly in a
series of events known as a magnetospheric substorm (see Section 1.3). This energy
is then dissipated in processes resulting in active auroral displays and atmospheric
heating at high and middle latitudes and in processes leading to the formation of the
radiation belts at equatorial latitudes. What causes this “explosive” energy release,

and how the energy is transported Earthward are subjects of intense study.

As shown in Figure 1.1, the auroral region is linked magnetically to the distant

regions of the magnetosphere and plasma sheet. Global auroral images can thus
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Figure 1.1: A simplified diagram of Earth’s magnetosphere. The X-axis points toward
the Sun. Earth’s magnetic dipole axis lies in the X-Z plane. The arrows indicate the
direction of the magnetic force.



provide a global perspective of activity in the plasma sheet not available from single
point in situ measurements. However, in situ satellite measurements are necessary
for a detailed look at the physical processes occurring in the plasma sheet. To try to
understand what active processes in the magnetosphere are associated with aurora,
we combine global auroral images with plasma and magnetic field observations made

in the near-Earth plasma sheet.

1.2 Auroral Substorm

A ground or space-based observer of the aurora will notice, after an adequate length
of time, a somewhat repeatable global pattern of increasing intense auroral emission
followed by subsidence. This global pattern was first described by Akasofu [1964],
and is termed an auroral substorm.

Figure 1.2 illustrates some of the features of an auroral substorm. This early
picture was derived from multiple, simultaneous, ground-based observations. The
pattern begins with the aurora in a quiescent state (A). From the ground, an ob-
server may see a serles of stable auroral arcs. From space, the aurora appears as
a rather diffuse band encircling the entire polar region known as the auroral oval.
Occasionally, typically one or more times per day depending upon solar activity, the
equatorward-most portion of the aurora brightens abruptly near local midnight (B)-
This is termed the “breakup” or onset of the expansive phase. The region of intense
emission then rapidly expands in latitude and longitude in tens of minutes (C, D).
Intense currents flowing through the ionosphere, which can be measured with ground
based magnetometers, are associated with the bright auroral emissions. Once the
region of intense auroral emission reaches its maximum size and ceases its poleward
expansion, the substorm is said to have entered the recovery phase (E, F). During
the recovery phase, the intensity of the auroral emission decreases and the region of

emission retreats equatorward over the course of a few hours. In some cases, auroral
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Figure 1.2: A schematic diagram illustrating the phases of an auroral substorm (from
Akasofu [1964]).



activity may continue in the poleward portions of the auroral oval, and additional
intensifications similar to and as intense as the onset of the expansive phase may
occur during the recovery phase.

A modern version of the observations summarized in Figure 1.2 is shown in Fig-
ure 1.3, where a sequence of global auroral images taken by the UltraViolet Imager
(UVI) onboard the POLAR spacecraft on 12 January 1997 is presented. As in the
previous figure, the images are in magnetic coordinates with the Sun toward the top
of the page and local midnight at the bottom. The aurora is not continuous on the
dayside in the last three images because the entire auroral region does not lie within
the UVI field of view at these times. Compare the images with the drawings in Fig-
ure 1.2. The top left image shows the global aurora in the quiet state. The initial
brightening occurs in the top right image near 07:25 UT. Over the next several min-
utes, the aurora expands poleward and in longitude. Several intensifications occur
during the next hour or so. Near 08:14 UT the region of intense emission reaches its
most poleward point. The intensity of the emission decreases as the aurora begins
to retreat equatorward. In this example the region of moderate emission persists at
high latitudes on the dawnside. Several hours after onset, the aurora returns to its
quiescent state.

Later researchers noticed that the entire auroral region can move equatorward
during the hour or so before the initial onset. The original two phase description
of the auroral substorm by Akasofu [1964] was then amended to include a “growth
phase” [McPherron, 1970] immediately preceding the expansive phase.

1.3 Magnetospheric Substorm

Once the “Space Age” began with the launch of Earth orbiting satellites, it was pos-
sible to study the magnetospheric environment in situ. Over the past several decades,

many studies have been done relating the magnetospheric plasma and magnetic field
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Figure 1.3: A sequence of global auroral images showing the phases of an auroral
substorm.



properties to auroral substorm phase. Early on it was noted that a wide variety
of magnetospheric processes were correlated with auroral substorms, hence the term
“magnetospheric substorm” [Coroniti et al., 1968] (as mentioned in Section 1.1) was
coined to describe the accompanying magnetospheric processes.

The magnetospheric processes described here will be limited to those observed in
the near-Earth plasma sheet, X ~ —10 to —20 Rg near the equatorial plane, since it
1s in this region that the data presented in this dissertation are observed. This region
plays an important role in the development of substorms. Magnetic field models show
that the location of the initial auroral brightening maps to this region in the equatorial
magnetosphere. This is also the region of the magnetosphere where the magnetic field
transitions from “tail-like” tailward of this region to dipolar Earthward of this region,
as can be seen in Figure 1.1. This transition region figures prominently in several
models of substorm initiation and development.

During the growth phase when the quiet aurora is drifting equatorward, particle
instruments often detect decreases in both the electron and ion fluxes known as “par-
ticle dropouts” [Hones et al., 1967]. At the same time, the direction of the magnetic
field becomes predominantly in the X-direction, that is, the magnetic field is said
to become more “stretched” and “tail-like” [McPherron, 1972]. These two observa-
tions are interpreted to imply that the plasma sheet thins and the cross tail current
becomes more intense during the growth phase [Kaufmann, 1987].

At the onset of the expansive phase, the particle fluxes recover very rapidly. Usu-
ally, energetic particles fluxes recover to more intense levels than pre-dropout levels.
The Z-component of the magnetic field increases and the X-component of the mag-
netic field decreases leading to a “dipolarization” of the tail field. Often there is an
accompanying perturbation in the Y-component [Cummings et al., 1968]. More re-
cent studies [Angelopoulos et al., 1997; Fairfield et al., 1999] have suggested that a
substorm onset is also accompanied by intervals of fast ion velocities in the plasma

sheet known as bursty bulk flows (BBFs) [Angelopoulos et al., 1992]. These authors
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have proposed that BBF's are responsible for the Earthward transport of mass, energy,
and magnetic flux from the tail.

For a more detailed look at what happens in the magnetosphere during a magne-
tospheric substorm, the reader is referred to the review article by McPherron [1979]

and the references contained therein, to Sauvaud et al. [1987], and to Parks [1991].

1.4 Pseudobreakup Aurora

Not every type of auroral activity is classified as an auroral substorm. An observer
of the aurora will notice that occasionally the aurora may abruptly brighten, but,
instead of rapidly advancing poleward, it will fade over the course of a few minutes.
This is termed a “pseudobreakup” and was first described in the scientific literature
by Elvey [1957]. Both FElvey [1957] and Akasofu [1964] noted that a pseudobreakup
was usually the result if the initial brightening was not at the equatorward edge of the
aurora; that is, pseudobreakups usually occur poleward of substorm onset. However,
this is not always the case. For example, Nakamura et al. [1994] reported that a major
expansion onset on January 8, 1986, occurred poleward of the pseudobreakup region
which was active 5 to 10 minutes earlier.

In Figure 1.4 another set of UVI images shows a pseudobreakup followed by a
substorm. The initial auroral brightening occurs near 07:19 UT. The aurora brightens
over the next few minutes, reaching maximum intensity near 07:22 UT. Then, rather
than expanding as a substorm, the region of intense emission decreases in size as the
aurora fades.

The aurora brightens again at 07:47 UT, nearly 30 minutes after the initial bright-
ening. This brightening appears very much the same as the first brightening in terms
of scale size and location. This time, however, the region of intense emission contin-
ues to expand, reaching its maximum extent in about an hour. Comparing the image

taken at 08:39 UT in Figure 1.4 with the image taken at 08:13 UT in Figure 1.3, it is
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noted that there is not much difference between the area covered by intense emission
and only a minor difference in the intensity; they appear quite similar.

In the aurora, a pseudobreakup appears as an auroral substorm onset, or breakup,
which is not followed by a global expansion. Often pseudobreakups are noticed before
a substorm expansion during the growth phase and are typically discussed as growth
phase phenomena [McPherron, 1991]. However, pseudobreakups are also seen in the
auroral data during relatively quiet periods [Berkey and Kamide, 1976; Fillingim et
al., 2000} and during substorm recovery and periods of enhanced continuous activity
[Sergeev et al., 1986; Aikio et al., 1999]. These observations show that pseudobreakups
and the magnetospheric processes associated with them occur over a wide variety of

magnetospheric conditions.

1.5 Magnetospheric Observations of Pseudobreakups

Several case studies [Sergeev et al., 1986; Koskinen et al., 1993; Ohtani et al., 1993;
Nakamura et al., 1994; Rostoker, 1998; Atkio et al., 1999] using both ground and satel-
lite based observations have shown that pseudobreakups are associated with many of
the same features as substorm onsets. On the ground, weak magnetic deflections
indicative of currents flowing through the ionosphere have been observed, as well as
weak magnetic pulsations. In the magnetotail, magnetic field dipolarizations, ener-
getic particle injections, and fast ion velocities both Earthward and tailward have
been measured. However, these features are much more localized and short lived in
the case of pseudobreakups than for substorm onset.

Many of these results have suggested that, in the right location in the magnetotail,
pseudobreakup signatures can be as intense as those seen at substorm onset. However,
the effects fall off rapidly with distance. Therefore, from a single point measurement,
it is impossible to tell whether a pseudobreakup or a substorm is occurring. Several

authors also noted that the physical process responsible for pseudobreakups is the
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Figure 1.4: A sequence of global auroral images showing a pseudobreakup followed
by a substorm.
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same as that for substorm onset, and that the only observable difference between
pseudobreakups and substorm onset is the size and duration of the auroral features
and the global magnetospheric consequences.

A natural question arising from this comparison is what physical mechanism pre-
vents a pseudobreakup from expanding globally. Several phenomenological models
have been put forward to explain the absence of an expansion phase during a pseudo-
breakup. These can be divided into three broad categories: solar wind-magnetosphere

coupling, magnetosphere-ionosphere coupling, and internal magnetospheric control.

1.5.1 Solar Wind-Magnetosphere Coupling

Since it is generally regarded that the transfer of momentum and energy from the solar
wind to the magnetosphere provides the energy to power magnetospheric phenomena,
the pseudobreakup observed by Koskinen et al. [1993] was inferred to have occurred
before sufficient energy was input into the magnetosphere to power a substorm ex-
pansion phase onset. They observed a period of enhanced solar wind input, signified
by a southward directed interplanetary magnetic field (IMF), punctuated by a brief
northward excursion of the IMF and followed by a pseudobreakup. Following the
pseudobreakup, an even higher solar wind energy input rate followed by a northward
turning of the IMF and a substorm expansion was observed. Similarly, Nakamura
et al. [1994] concluded that the amount of energy stored in the magnetotail is the
dominant factor in determining whether an onset will expand globally (a substorm)
or remain localized (a pseudobreakup), though they stated that the release of energy
is triggered by an internal magnetospheric instability.

In contrast, calculations by Pulkkinen [1996] suggest that there is always enough
energy present in the magnetotail to power a substorm expansion phase. In a later
work, Pulkkinen et al. [1998] hypothesized that continuing energy input into the mag-
netosphere may somehow play a role in quenching the growth of whatever instability

process is responsible resulting in a pseudobreakup rather than a substorm. Rostoker
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[1998] also suggested that pseudobreakups occur during periods of increasing energy
input from the solar wind into the magnetotail while substorm onset is associated
with a decline in the rate of energy input into the magnetotail.

Arballo et al. [1998] reported a sequence of several pseudobreakups shortly after
the arrival of a solar wind pressure pulse with a northernly directed magnetic field.
The Y- (duskward) component of the solar wind magnetic field following the pressure
pulse oscillated with a quasiperiod of about 10 minutes. They suggested that the
solar wind By may have been related to the quasiperiodicity of the pseudobreakup
sequence. All of these theories imply that solar wind-magnetosphere energy coupling

may play the dominant role in preventing a pseudobreakup from expanding globally.

1.5.2 Magnetosphere-lonosphere Coupling

It has been suggested that the ionospheric conductivity may play an important role
in determining whether a pseudobreakup or substorm expansion will occur. Theories
proposed by Kan et al. [1988] and by Lu:i [1991] explicitly include the occurrence of a
pseudobreakup during conditions in which the ionospheric conductivity and gradients
in the ionospheric conductivity are insufficient to allow the development of a strong
current system in the ionosphere associated with substorm onset and expansion.
Nakamura et al. [1994] asserted that ionospheric conductivity, being the result of
auroral precipitation, would have only a secondary effect. Observations of Aikio et al.
[1999] do not show any evidence of a change in ionospheric conductivity from pseudo-
breakup to substorm. However, they did not measure gradients in the conductivity,
which is one of the important parameters in the model presented by Kan et al. [1988].
In the model proposed by Erickson et al. [1996], the ionospheric conditions must
be such that an Alfvén wave launched from the equatorial region of the magnetosphere
be reflected in phase for a substorm to expand. If the reflection from the ionosphere is
out of phase, growth is quenched and a pseudobreakup is the result. Koskinen et al.
[1993], Ohtan: et al. [1993], and Pulkkinen [1996] did not rule out the possibility that
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the condition of the ionosphere may play a role in inhibiting the global expansion of

a substorm.

1.5.8 Internal Magnetospheric Control

Finally, another group of theories specifies that the conditions in the magnetosphere
are responsible for controlling the growth of magnetospheric instabilities which lead
to substorm phenomena, or, if growth is inhibited, pseudobreakups. Even though
the ultimate energy source for magnetospheric processes is the solar wind, Pulkkinen
(1996] stressed that the local conditions in the tail are important in the development
of a large-scale instability leading to substorm expansive phase onset. Similarly, Parks
et al. [2002] argued that the local properties such as the amount of free energy con-
tained in the ambient plasma distributions determine the size and intensity of auroral
and plasma sheet disturbances. Ohtani et al. [1993] proposed that the magnitude
and spatial gradients of magnetic distortions in the magnetotail may be sufficient
to quench the growth of an instability and thus prevent a global expansion. The
mechanism, however, by which magnetic distortion inhibits instability growth was
not proposed. It is very difficult to test these types of hypotheses with single point
in situ measurements since the local properties in the plasma sheet vary from place

to place with unknown spatial scales.

1.6 Magnetohydrodynamics (MHD)

In order to completely describe the plasma dynamics in the magnetosphere, it is
necessary to know the position and velocity of every particle. Therefore, we have 6N
variables, where N is the number of particles, plus time and the electric and magnetic
fields. Even in a region as sparsely populated as the magnetotail where densities are
of the order of one particle per cubic centimeter (1 cm™3) or less, this requires an

unrealistically huge amount of data and computational power. To simplify matters,
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moments of the velocity phase space distribution function are commonly used to
describe the plasma dynamics. This simplification reduces the 6N variables to three

quantities:

e scalar density (n(r,t) = [23 f(r,v,t)dv, where f(r,v,t) is the distribution

function);
e mean velocity vector ((v) = 1 [ vfdv); and

e mean square velocity tensor ((ww) = i[> (v — (v))(v — (v))fdv, where

w = v — (v)), which can be related to pressure and temperature.

(For an in depth description of the velocity phase space distribution function and
moments of the distribution function, the reader is referred to Parks [1991].)

This averaging of the distribution function necessarily involves a loss of informa-
tion as 6N variables are reduced to 10 (the mean square velocity tensor is symmetric,
composed of only 6 independent variables). By using moments of the distribution
function, the plasma, a rarefied collection of charged particles interacting via electro-
magnetic forces, is, in effect, described as a fluid. The study of this magnetized fluid
is known as magnetohydrodynamics (MHD). Fluid behavior usually arises due to
the effects of collisions between particles. Space plasmas, in general, are collisionless.
However, particles can interact though electromagnetic “collisions,” e.g., long range
interactions due to the Coulomb force.

Inherent in the MHD formulation is the assumption that the plasma can be accu-
rately described by the three parameters density, velocity, and pressure (or tempera-
ture). That is, the plasma must be composed of a single component and behave as a
fluid in the usual sense. Consider the case of two counter streaming beams of equal
intensities and moving at equal but opposite speeds. By only looking at the moments,

the conclusion is that the plasma is stagnant with a zero (v) and has a physically
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meaningless temperature. An MHD analysis would miss the presence of these beams
and give an incomplete picture of the plasma dynamics.

Another limitation of MHD is the problem of closure. The reduction in the number
of variables also requires a reduction in the number of equations relating the variables.
As a result, in the MHD formulation, there are fewer equations than unknowns; the
system is indeterminate. Additional, sometimes quite restrictive, properties of the
fluid must be assumed to close the set of equations.

The typical hydrodynamic formulation for ordinary fluids is only valid over time
scales greater than the time between collisions and over length scales longer than the
distance a particle travels between collisions. Since space plasmas are usually colli-
sionless, these criteria are insufficient. The MHD formulation for space plasmas does
not follow the trajectories of individual particles; the gyro motion of charged particles
about the magnetic field are “averaged out.” Hence, in the MHD formulation, the
temporal scales must be longer that the gyroperiod and the spatial scales larger than
the gyroradius. Therefore, if the region of interest is smaller than the gyroradius or
if the time interval of interest is shorter than the gyroperiod or if the plasma doesn’t
behave as a single fluid, then the MHD description is not accurate.

MHD calculations and simulations have reasonably described the global features
of Earth’s magnetosphere. Plasma sheet dynamics are also often described and in-
terpreted in the MHD framework. Many authors justify this interpretation by citing
the work of Nakamura et al. [1991]. Nakamura et al. [1991] analyzed several distri-
butions observed in the plasma sheet near the current sheet. They concluded that
even though the mean bulk velocity, (v), can be very large as noted previously by
Baumgjohann et al. [1990], the plasma is typically composed of a single component. In
a later study, Nakamura et al. [1992] found that, during periods of large ion (v), the
plasma in the outer portion of the plasma sheet (the plasma sheet boundary layer,
PSBL) is not composed of just a single component, in agreement with previous work

[Eastman et al., 1984; Takahashi and Hones, 1988].
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Since the plasma is assumed to be composed of a single component, and since
a significant fraction of the mean velocity is directed perpendicular to the ambient
magnetic field [Baumjohann et al., 1990; Angelopoulos et al., 1992}, bursty bulk flows
(BBF's) are thought to be caused by large duskward directed electric fields. The
resulting velocity, v = E x B/B?, is primarily in the Earthward direction. This leads
to a net transport of mass, energy, and magnetic lux toward Earth from the tail to
fuel the aurora.

More recent observations suggest that the single component assumption may not
always be valid in the plasma sheet [Chen et al., 2000a, b; Parks et al., 2001). Chen
et al. [2000a] have studied the plasma distributions near the current sheet and have
shown that the plasma, at times, may be composed of multiple components. Ad-
ditionally, Chen et al. [2000b] have shown that only a fraction of the total ion (v)
during some BBF's is in the E x B direction. Similarly, Parks et al. [2001] argued
that the large (v) observed during BBFs are due to a highly anisotropic high energy
ion component, not E x B flows.

As is nearly always the case with experimental physics, with new and better
instrumentation, new unanticipated and unexplained features are seen in the data.
These new features suggest that MHD does not accurately describe the plasma sheet

dynamics and that a kinetic approach is warranted.

1.7 Scope of this Dissertation

As noted earlier, the current understanding of plasma sheet behavior during auroral
activity is based on observations of the bulk ion moments. These observations are
limited by the fact that they only take into account the ions, assume the plasma acts
as a single component fluid, and only consider changes in the dynamics on time scales
much longer than the local proton gyroperiod. However, recent findings of Chen et

al. [2000a, b] and Parks et al. [2001] suggest that the plasma can often be composed
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of multiple components, and, therefore, MHD cannot accurately describe the plasma
sheet behavior. Additionally, Fillingim et al. [2002] have shown that the ion plasma
distributions can change dramatically on kinetic time scales. The present picture of
plasma sheet dynamics during auroral activity is based on incomplete observations.

Our goal in this dissertation is to provide the most complete set of plasma sheet
observations during auroral activity currently available. We go beyond previous work
by emphasizing the kinetic aspects of the plasma dynamics which have largely been
ignored since Nakamura et al. [1991]. Our primary sources of particle data are the
three-dimensional distribution functions rather than moments of the distributions.
In addition, we have the capability to resolve changes in the ion dynamics with a
time resolution comparable to or faster than the local ion gyroperiod. Here we also
pay considerable attention to the electron behavior when relating plasma sheet pro-
cesses to the aurora. This makes sense since it is the electron interactions with the
atmosphere which are responsible for most of the auroral emissions. For a complete
picture of how the plasma sheet behaves during auroral activity, we include both ion
and electron observations at the highest time resolution available.

We work toward achieving this goal by analyzing coincident plasma sheet and
global auroral data. The plasma and magnetic field data were obtained by instruments
onboard the WIND spacecraft when it was in the near-Earth plasma sheet (X ~ —10
to —20 Rg). During these intervals, the UltraViolet Imager (UVI) [Torr et al., 1995
on the POLAR spacecraft was imaging the entire northern auroral region. We begin
by analyzing the plasma sheet dynamics during an interval when UVI recorded a
series of pseudobreakups. By comparing these observations with observations taken
during substorm intervals, we try to determine if there is any difference in the plasma
sheet dynamics during different types of auroral activity.

In Chapter 2 we briefly cover the attributes of the instrumentation used in this
research. UVI, which has the capability to image the entire northern auroral region

continuously for several hours with high spatial and temporal resolution, allows us to
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directly compare auroral activity, morphology, and location to plasma sheet processes.
In the plasma sheet, the three-dimensional plasma and energetic particle investigation
(3DP) on the WIND spacecraft measures the three-dimensional particle distributions
for both ions and electrons over an energy range from a few eV up to several hun-
dred keV with unprecedented sensitivity and temporal resolution [Lin et al., 1995].
The ambient magnetic field in the plasma sheet is measured by the WIND Magnetic
Field Investigation (MFI) [Lepping et al., 1995].

In Chapter 3 we present coincident auroral and plasma sheet observations from
July 26, 1997. During the WIND perigee pass of July 26, 1997, UVI observed several
pseudobreakup events. The position of the auroral emission mapped to the equatorial
magnetosphere coincides very closely with the position of WIND. Using this favorable
conjunction, we focus on this interval in order to learn about the behavior of the
plasma sheet plasma during pseudobreakups.

This is an especially fortuitous interval because during several pseudobreakup
events 3DP was operating in “burst mode,” collecting three-dimensional ion and elec-
tron distribution functions every three seconds. This integration time is comparable
to the proton gyroperiod in the plasma sheet. We are able to directly observe the ion
behavior on kinetic time scales with unprecedented resolution.

Chapter 4 compares the plasma and magnetic field behavior observed during pseu-
dobreakups with observations from other perigee passes when substorms were ob-
served. The plasma sheet signatures of both kinds of auroral activity appear very
similar. During both types of events, increases in auroral precipitation into the iono-
sphere are associated with large amplitude, high frequency magnetic field fluctuations,
large Earthward ion (v), increases in the fluxes of high energy ions and electrons, and
hardening of the electron spectrum. Both ion and electron distributions appear to be
composed of multiple components. Electromagnetic waves with power at frequencies
up to and above the local proton gyrofrequency area also observed. Additionally, the

ion distributions can change significantly in one gyroperiod. Together, these results
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imply (1) that the microphysical processes occurring in the plasma sheet during pseu-
dobreakups and substorms are the same and (2) that kinetic effects are important,
hence MHD cannot adequately describe the physics occurring during large ion (v)
events.

Finally in Chapter 5, we summarize our observations and put them into context
with previous observations and theories. Lastly, we address some of the issues which
remain unresolved by this work and identify some areas in which future research may

be directed.
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Chapter 2

INSTRUMENTATION

2.1 POLAR/UVI

Global images of the aurora presented in this dissertation are taken by the UltraVi-
olet Imager (UVI) [Torr et al., 1995] onboard the POLAR spacecraft. POLAR was
launched in early 1996 into a high inclination, highly eccentric, polar orbit. The
apogee of POLAR is 8 Earth radii (Rg) above Earth’s surface, and perigee is just
under 1 Rg above the surface of Earth. Initially, apogee was above Earth’s north
pole. The instrument has an 8° field of view and is mounted on a pointable despun
platform which permit simultaneous imaging of the entire auroral oval as the space-
craft rotates. These attributes allow UVI to continuously look down on the northern
auroral region for a significant fraction of POLAR’s 18 hour orbit.

An 8° field of view divided by about 200 pixels in each dimension yields a per
pixel angular resolution of about 0.04° or 0.7 milliradians. At apogee 8 Rg above
the surface, this translates into a resolution of roughly 35 km in the ionosphere at an
altitude of 100 km. This is equivalent to about §° in latitude and a little less than 1°
in longitude at auroral latitudes (60 to 70°) which corresponds to about 4 minutes of
local time. Away from apogee, of course, the imager can detect smaller spatial scales.

Due to the unsuccessful deployment of one of the electric field booms, the POLAR
spacecraft “wobbles” with a period of about 6 seconds. Since the nominal image
integration time is about 37 seconds, the effect of the wobble is to smear the images
by 10 pixels in the wobble direction. This greatly reduces the resolution in the wobble

direction; the resolution perpendicular to the wobble direction is unaffected. Note that
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the images shown in Chapter 1 have been dewobbled. Since the present dewobbling
algorithm is not flux conserving, quantitative analysis must be done with uncorrected
images leading to reduced spatial resolution.

UVI images the aurora in the ultraviolet region of the spectrum using four narrow
band filters. The images shown in this dissertation are all taken with a filter which is
sensitive to the wavelength range from 160 to 180 nanometers (nm), in the wavelength
region of the Lyman-Birge-Hopfield (LBH) system of emission bands. The auroral
LBH emissions are the result of excitation of molecular nitrogen (N,) by electron
impact. Since these emissions in the wavelengths passed by the filter are not signif-
icantly absorbed by the atmosphere, the intensity of the emission is nearly directly
proportional to the electron energy flux into the ionosphere [Torr et al., 1995; Ger-
many et al., 1998]. Therefore, we obtain a spatial image of the total electron energy
flux. Multiplying by the area covered by each pixel, we are able to derive a quan-
titative spatial map of the electron energy deposition rate (power) into the auroral
ionosphere.

For a more complete description of the UVI instrument, the reader is referred to

Torr et al. [1995].

2.2 WIND/3DP

The main goal of the WIND spacecraft, launched in 1994, is to monitor and study the
upstream solar wind. For this reason, a majority of each orbit is outside of Earth’s
magnetosphere. However, during perigee, WIND passes through the magnetosphere
in the vicinity of the near-Earth plasma sheet at distances of about 10 to 20 Rg from
Earth. During this time, the three-dimensional plasma and energetic particle inves-
tigation (3DP) [Lin et al., 1995] provides high time, angular, and energy resolution
measurements of the magnetospheric plasma.

The 3DP experiment is made up of three detector systems: the ion (proton)
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electrostatic analyzers (PESA), the electron electrostatic analyzers (EESA), and the
semi-conductor detector telescopes (SST). Together, these instruments are able to
measure the full three dimensional ion and electron distributions in the energy range
from a few eV to > several hundred keV (up to MeV energies for ions) in one spacecraft
spin, about 3.14 seconds. Typically, the distributions that we use are averaged over
several spacecraft rotations.

3DP is the ideal platform for studying plasma kinetics. Compared to currently
operating and previously flown plasma instruments in the magnetosphere, 3DP has
unprecedented sensitivity and temporal resolution. Table 2.1 compares some of the
attributes of 3DP with those of other recent magnetospheric plasma instruments. The
geometric factor of 3DP is several times greater than that of previously flown instru-
ments. Additionally, full three-dimensional particle distributions can be obtained in
one three-second spacecraft rotation — comparable in time scale to the proton gyrope-
riod in the near-Earth plasma sheet.

The detector systems can operate in several different modes depending upon the
spacecraft location and scientific objectives. In the following subsections, we describe
each of the detector systems; however, the pertinent attributes that are quoted (tem-
poral, angular, and energy resolutions) apply only to the modes of operation when
WIND is in the magnetosphere. A more detailed description of the 3DP instrumen-
tation can be found in Lin et al. [1995].

2.2.1 PESA

PESA is made up of two ion electrostatic analyzers with widely different geometrical
factors: PESA-L with a low geometrical factor, and PESA-H with a geometrical factor
about 100 times larger. The use of dual analyzers increases the range of fluxes that
can be measured without detector saturation.

Both PESA-L and PESA-H (as well as EESA-L and EESA-H to be discussed later)

are symmetrical spherical section electrostatic analyzers [Carlson et al., 1982]. This
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Table 2.1: Attributes of some selected magnetospheric particle instruments

Spacecraft/ Energy Angular Geometric Time resolution
instrument range resolution factor 3-D distribution
(degrees) (cm? sr eV /eV) (seconds)
WIND/3DP [Lin et al., 1995]
PESA-H (it) 3 ev-30 keV 22.5%x22.5° 0.015 3
EESA-H (e”) 100 ev-30 keV  22.5x22.5% 0.1 3
POLAR/HYDRA [Scudder et al., 1995]
it 2 ev-35 keV 10x10 0.0066 6
e” 2 ev-35 keV 10x10 0.0066 6
POLAR/TIMAS [Shelley et al., 1995]
it 15 ev-32 keV 11.25x11.25 0.015-0.1 3
GEOTAIL/CPI [Frank et al., 1994]
it 1.3 ev-48.2 keV 40x45° 5.1x10~* 3 (18)°
e~ 1.3 ev-48.2 keV 40x45° 1.3x1074 3 (18)°
GEOTAIL/LEP [Muka:i et al., 1994]
it 32 ev-39 keV 22.5%22.5 0.008 12
e” 8 ev-38 keV 22.5x22.5 0.002 12

? For PESA-H and EESA-H the angular resolution is 5.6x5.6° within +22.5° of

the ecliptic plane, 11.25x11.25° to #45°, and 22.5x22.5° beyond.

b Typical value. The angular resolution depends upon the instrument mode.

® CPI is designed to measure 3-D distributions in 3 seconds, but due to telemetry

constraints, the operational time resolution is typically 18 seconds.
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Table 2.1: (continued)

Spacecraft/ Energy Angular Geometric Time resolution
instrument range resolution factor 3-D distribution
(degrees) (cm? sr eV /eV) (seconds)
AMPTE IRM/plasma instrument [Paschmann et al., 1985]
it 20 ev-40 keV  22.5x22.5¢ 1.6x107* 4
e” 15 ev-30 keV  22.5x22.57 1.1x10™* 4
AMPTE UKS/ion experiment [Coates et al., 1985]
it 10 ev-20 keV  22.5x22.5° 0.0056 5
AMPTE UKS/electron experiment [Shah et al., 1985]
e” 6 ev-25 keV 28x 36 0.0013 5
ISEE 1, 2/FPA [Bame et al., 1978]
it 70 ev-40 keV  27.5%x22.5 24
e” 10 ev-20 keV  27.5x22.5 24
ISEE 1, 2/LEPEDEAS [Frank et al., 1978]
it 1 ev-45 keV 23x22.5 0.001 128
e~ 1 ev-45 keV 23x22.5 1.5-7x10"* 128

1 Typical value. The angular resolution depends upon the instrument mode.

® The angular resolution is 11.25 (polar angle)x22.5° (azimuthal angle) within

+22.5° of ecliptic plane.
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type of instrument measures the energy per charge (E/q) of the incoming particles.
Throughout the analysis, all particles are assumed to be singly charged. This is
typically a good assumption in the magnetosphere and allows us to directly relate the
instrument response to particle energy. Additionally, all positively charged particles
are assumed to be protons, and all negatively charged particles are assumed to be
electrons.

Since the main purpose of the experiment is to study the solar wind, PESA-L is
operated in a mode which gives a detailed picture of the solar wind plasma without
wasting telemetry. The angular resolution of PESA-L is very good (5.625° x 5.625°),
but the total angular coverage is small compared to the unit sphere (28° x 28° = 2% of
unit sphere). In addition, since the geometrical factor is low, few particles are detected
in the magnetosphere. Therefore, we do not use PESA-L data in our analysis and do
not discuss its attributes further.

PESA-H has an operational field of view of 180°. As the spacecraft spins, a full 47
steradians is covered in one rotation (3.14 seconds). Typically the integration time is
8 or 16 spacecraft rotations (25 or 50 seconds) due to telemetry limitations. When the
instrument is in “burst mode,” three-dimensional distributions are obtained during
each spin. Due to the large increase in the amount of data to be telemetered, the
angular resolution during burst mode is somewhat decreased.

The angular resolution of PESA-H is non-uniform. The angular resolution is
finer in the Sunward pointing direction near the equator to provide better coverage
of the solar wind plasma when WIND is outside the magnetosphere. There are 120
different angular bins with varying sizes from 11.25° x 11.25° to 45° x 90° (elevation x
azimuth). During burst mode, the number of angular bins is decreased to 56 because
of the reduced angular resolution. Again, the angular bin size during burst mode is
non-uniform; Sunward pointing bins are smaller.

For the data shown here, the PESA-H counts are binned into 15 logarithmically

spaced energy channels from 70 eV to 30 keV. During burst mode intervals, the
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energy coverage and the number of energy channels remains the same.
o o O

2.2.2 FEESA

Similar to PESA, EESA is composed of two electrostatic analyzers with different
geometric factors. The geometric factor of EESA-L is 10 times smaller than that of
EESA-H.

Both instruments have operational fields of view of 180° and sweep out 47 steradi-
ans in one spacecraft spin. The fields of view of the EESA-L and EESA-H are offset by
90°. The integration time for both instruments is typically one spin (3.14 seconds).
As noted later, this makes it possible to look at two dimensional electron spectra
with sub-spin time resolution. However, except during burst mode intervals, EESA-L
distributions are only transmitted once every 16 spacecraft rotations (25 seconds).
Similarly, EESA-H distributions are transmitted once every 16 or 32 spacecraft ro-
tations (25 or 50 seconds). During burst mode intervals, EESA-L distributions are
available for each spacecraft spin, so we have continuous data. In the data presented
here, there is no change in EESA-H for the burst mode of operation.

The angular resolutions of EESA-L and EESA-H are very similar to each other and
are much more uniform than the angular resolution of PESA-H. Both instruments
have 88 angular bins in each of the 15 logarithmically spaced energy channels. EESA-
L covers energies from 7 eV to 1 keV. The lowest energy channeis, less than about
100 eV, are usually contaminated by photoelectrons. The energy range of EESA-H
i1s 100 eV to 30 keV. There is some overlap in the energy ranges of EESA-L and
EESA-H. This allows for the comparison of the two instruments in the overlapping

energy range.

2.2.3 SST

The SST system is composed of three arrays of two double-ended semi-conductor

detector telescopes for a total of six telescopes and 12 semi-conductor detectors. One
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end of each telescope is covered with a thin foil to stop ions with energies up to
400 keV; electrons pass through the foil relatively unperturbed. On the other end
of each telescope, a broom magnet is mounted which sweeps away electrons with
energies up to 400 keV but leaves ions unaffected. Therefore, in the absence of higher
energy particles, the foil covered detectors measure only electrons while the open

ended (magnet) detectors measure only ions (assumed to be protons).

Each end of each telescope has a 36° field of view. Five telescopes are arranged to
cover 180°. As the spacecraft rotates, the five foil detectors (as well as the five open
detectors on the other end of the telescopes) cover 4w steradians in one spin. The
sixth telescope points in the same direction as one of the other five, but its geometric

factor is reduced by a factor of 10 to accommodate the most intense fluxes.

Due to telemetry limitations, the integration time of the detectors is typically two
to four spacecraft rotations. During burst mode, three dimensional distributions are
obtained for each spin. As a result, higher energy channels can have very few, if any,

counts.

There are a total of 48 angular bins for the foil detectors and 48 for the open
detectors. In each case 8 bins are from the sixth, low geometric factor detectors and
are redundant. Therefore, 40 bins for each set of detectors, foil and open, cover the

unit sphere.

The foil detectors measure electrons in the energy range from 20 keV to about
600 keV. Protons in the energy range from 70 keV to 7 MeV are measured by the
open detectors. Particles with energies above the stated energy ranges are able to
penetrate through the semi-conductor detectors. Two of the double-ended telescopes
have a third semi-conductor detector sandwiched between the other two detectors
which are able to measure penetrating electrons up to > 1 MeV and penetrating
protons up to 11 MeV. Due to limited spatial coverage and low counts, data for

penetrating particles are not used.
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2.3 WIND/MFI

Magnetic field data used in this dissertation are measured by the WIND Magnetic
Field Investigation (MFI) [Lepping et al., 1995]. MFI is a dual triaxial fluxgate mag-
netometer with a well tested, flight proven design. The instrument has a variable
resolution depending upon the range of operation. There are 8 different ranges from
+4 nT to £65,536 nT incremented by factors of 4. The resolution is 0.025% of the
maximum field detectable in each range. In the magnetosphere, the range of MFI
is typically £16 nT or £64 nT with a resolution of +0.004 nT and +0.016 nT, re-
spectively. Magnetic field vectors are supplied by the MFI Science Team with a time
resolution of 3 seconds. During interesting intervals, usually when 3DP is operating
in the burst mode, the MFI Team provides us with magnetic field vectors with a time

resolution of 46 milliseconds. For an in-depth discussion of MFI, see Lepping et al.

[1995].
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Chapter 3

PSEUDOBREAKUP OBSERVATIONS

This chapter examines the auroral and plasma sheet observations during the
WIND perigee pass on July 26, 1997. During this interval, POLAR/UVI recorded a
series of quiet-time pseudobreakups unaccompanied by a globally expanding substorm
while WIND was monitoring the near-Earth plasma sheet. We focus on this event
because it serves as a “typical” example of the plasma dynamics seen on the plasma
sheet during auroral activity. It exemplifies many of the features observed during
the numerous WIND perigee passes through the near-Earth plasma sheet. First, an
overview of five hours of data from 03:00 to 08:00 UT is presented and the important
main features are highlighted.

Next, to get a better understanding of the processes involved, we take a detailed
look at one hour of data. We go beyond the extent of previous work by not just
considering the bulk plasma moments. We also consider the energy and pitch angle
spectrograms for ions and electrons, respectively, and examine in detail the parti-
cle distribution functions. We also investigate the relative timing between auroral
brightenings and the plasma and magnetic field changes in the plasma sheet. Ad-
ditionally, by mapping the region of intense auroral emission out to the equatorial
magnetosphere, we can estimate the size of the disturbed region in the plasma sheet.

Lastly, we examine the plasma behavior on kinetic time scales using high resolution
(46-millisecond) magnetic field data and three-second resolution plasma data, which
is comparable to the proton gyroperiod in the plasma sheet. We also stress the
importance of high time resolution data by showing how the structure in the data is

smeared out by time averaging, and how this changes the subsequent interpretation
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of the plasma dynamics.

3.1 Overview

3.1.1 Awuroral Observations

Figure 3.1 shows a sequence of UVI images taken on July 26, 1997, as POLAR was
passing through apogee. The integration time of each image is nearly 37 seconds, and
the time between images is about 3 minutes. The images have been transformed into
magnetic apex coordinates [Richmond, 1995]. Local noon is at the top and midnight
is at the bottom. It is clear that the auroral intensity caused by electron precipitation
is confined to a few degrees in latitude and a few hours in local time. Additionally, the
period of intense emission lasts for only about 10 minutes. Due to the short duration
and localization of the auroral emission, this event is classified as a pseudobreakup.

The POLAR spacecraft wobble is mostly in the noon-midnight direction at this
time. Because of this, the latitudinal extent of the aurora is exaggerated by 1.5°
(5 pixels) or 180 km at both the equatorward and poleward edges. The longitudinal
extent is accurate to about 35 km or one degree in longitude at these latitudes.

The position of the WIND spacecraft magnetically mapped down to auroral alti-
tudes using the model of Tsyganenko [1989] for a quiet magnetosphere (K, = 1) is
shown on each UVI image. One can see that WIND maps to the region of intense
auroral emission.

Figure 3.2 gives an overview of the auroral activity covering a 5 hour period, from
03:00 to 08:00 UT, on July 26, 1997. The top panel shows a “keogram” constructed
from UVI images. It shows the latitudinal profile of the auroral activity over a range
of local times as a function of time. The energy deposition rate due to electron
precipitation, which is proportional to the auroral intensity as mentioned in Chapter
2, was binned into %° magnetic latitude by i— hour magnetic local time bins. These

were then summed over local times from 21 to 03 MLT to produce the top plot. The
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1997-07-26 05:41:09 UT 1997-07~26 05:44:13 UT 1997-07-26 05:47:17 UT

Figure 3.1: A sequence of UVI images from July 26, 1997, showing a pseudobreakup.
The magnetic footprint of WIND is also shown.

line just below 70° latitude shows the latitudinal position of the footprint of WIND

throughout this period.

The second plot, showing auroral activity as a function of local time and UT, was
produced by summing the binned data over magnetic latitudes from 60 to 90°. Local
times from dawn toward midnight are on the bottom half of the plot, and local times
from midnight toward dusk are on the top half of the plot. Note that only local times
from the nightside hemisphere, 18 MLT to 6 MLT, are included in this plot, since
we are concerned with auroral activity that maps to the nightside plasma sheet. The
magnetic local time position of the WIND footprint throughout this interval is shown
by the black line. At the beginning of this interval at 03 UT, the footprint of WIND



34

Uvl: 1997-07-26/03:00:00 — 08:00:00

LR Q)
N O ouo

Latitude
Power (GW)

I'lllll'lll

-~ b_.. Dusk

Dawn

o
Illllll

o
|l|l||||
I

Power (GW) MLT (hours)

03:00:00 04:00:00 05:00:00 06:00:00 07:00:00 08:00:00
uT

Figure 3.2: Overview of auroral imagery data. From top to bottom: “keogram,”
auroral intensity as a function of latitude and Universal Time; auroral intensity as a
function of magnetic local time and Universal Time; energy deposition rate (power)
from precipitating electrons.

is near 21 MLT. At the end of this interval at 08 UT, the footprint is just past local
midnight.

The bottom panel of Figure 3.2 shows the energy deposition rate due to precipitat-
ing electrons into the entire nightside quadrant of the ionosphere. The binned energy
deposition rate data is summed over local times from 21 to 03 MLT and over latitudes
from 60 to 90°. Summing of this area includes all of the active aurora during this
interval. As expected, as the aurora becomes more intense and expands in latitude
and longitude, the energy deposition rate increases.

Starting shortly before 07 UT, it appears as though the equatorward edge of the
auroral emission moves poleward. At the same time, the auroral emission appears to

be increasingly confined to the dusk sector. Neither of these effects are physical, but
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are the result of the auroral oval moving out of the UVI field of view. Therefore the
latitudinal position, local time position, and energy deposition rate after 06:45 UT is
not accurate. However, it is clear that limited auroral activity is continuing.

Each of the auroral brightenings is small, only a few degrees in latitude and a few
hours in local time, and short-lived, a few minutes to a few tens of minutes for the
largest events. Additionally, the energy deposition rate into the nightside ionosphere
is low, just over 15 GigaWatts (GW) for the strongest event. UVI routinely observes
substorms which have energy deposition rates of nearly 100 GW. Therefore, these
auroral brightenings are interpreted as pseudobreakups. It should be noted that
since these are subjective criteria, others may argue that these are actually small
substorms. However, there is a lack of accepted, quantitative criteria to distinguish
between pseudobreakups and substorms [Rostoker, 1998; Aikio et al., 1999]. Later
it will be argued that there is no difference in the magnetospheric dynamics during

pseudobreakups and substorms, so the distinction will become a moot point.

3.1.2 Plasma Sheet Magnetic Field Observations

On July 26, 1997, the WIND spacecraft was making a perigee pass through Earth’s
magnetosphere. Figure 3.3 shows the orbit of WIND. The left hand plot shows
the projection of the orbit in the X-Y plane in the geocentric solar ecliptic (GSE)
coordinate system (looking from the north toward the south), where the X-axis points
from toward the Sun and the Y-axis points toward dusk. Also shown in this figure
is the average location of Earth’s bow shock and magnetopause. The heavy black
line emphasizes the position of WIND during the five hour interval between 03 and
08 UT.

The middle plot shows the projection of the orbit in the GSE Y-Z plane (looking
from the Sun toward Earth), where the Z-axis is northward and perpendicular to the
ecliptic plane. Since structures within Earth’s magnetosphere are often constrained

by the internal magnetic field rather than the solar wind, the gray curve represents the
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Figure 3.3: Orbit of the WIND spacecraft on July 26, 1997. From left to right:
position in the X-Y plane; position in the Y-Z plane; position in the X-Z plane at
06:00 UT.

projection of the WIND orbit in the Y'-Z plane in the geocentric solar magnetospheric
(GSM) coordinate system. The only difference between the GSE and GSM coordinate
systems is a rotation about the X-axis in the direction of Earth’s magnetic pole. Since
Earth rotates once per day, the GSM Y-Z plane oscillates with respect to the GSE
Y-Z plane once per day.

Finally, on the right hand side of Figure 3.3, is the position of WIND in the GSM
X-Z plane at 06:00 UT. Also plotted are several lines of magnetic force calculated
using the model of Tsyganenko [1989] showing the configuration of Earth’s magnetic
field at this time. Together these plots show that WIND was very deep in the mag-
netosphere and near the equatorial plane throughout this interval.

Figure 3.4 compares the UVI auroral data with the magnetic field recorded by
MFTI in the plasma sheet. The first two panels are identical to the top and bottom
panels of Figure 3.2. The third panel shows the GSM components of the magnetic
field along with the magnitude of the magnetic field (uppermost black curve) at
three second time resolution. The next panels displays the azimuth and the elevation
angle of the magnetic field in GSM coordinates. The black dotted lines show where
the azimuth (elevation) angle equals 90° and 270° (+45°). The red line indicates
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Figure 3.4: Comparison of auroral imagery data with plasma sheet magnetic field
data. From top to bottom: keogram; energy deposition rate; magnetic field in GSM
. coordinates; azimuth (black) and elevation (red) angle of the magnetic field; time
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field.
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where the elevation angle equals zero and where the azimuth angle equals 180°. The
fifth plot shows the time derivative of the magnitude of the magnetic field with three-
second time resolution. The root-mean-square (rms) deviation of the magnitude of

the magnetic field within each three-second data point is shown in the bottom plot.

Throughout most of this interval, the dominant component of the magnetic field
is the X-component. The X-component is negative indicating that WIND is in the
southern hemisphere below the current sheet in agreement with the modeled magnetic
field in the previous figure. It is clear from this figure that during times of auroral
activity, the magnetic field in the plasma sheet can be rapidly changing. Large ampli-
tude, high frequency fluctuations in all three components of the magnetic field occur
during periods of intense auroral emission. The magnetic field signatures are not
simple dipolarizations (step-wise increases in the Z-component). The Z-component
increases and the magnitude of the X-component decreases, but it appears as though
high frequency fluctuations are superposed on dipolarization trends. Close inspection
shows that the amplitudes of the fluctuations can be as large and larger than the am-
bient magnetic field magnitude. This indicates that the responsible processes involve
may nonlinear effects.

The dipolarization trends are also apparent in the elevation angle curve. After
05 UT, the elevation angle begins to steadily decrease. Some fluctuations are appar-
ent at 05:30 UT, which interrupt the elevation angle decrease. The elevation angle
then resumes its decrease and continues to decrease until 05:45 UT at which point it
increases in conjunction with large fluctuations in all three components of B and a
brightening of the aurora. The elevation angle increases even further again accompa-
nied by large fluctuations in B and a sudden brightening of the aurora near 06 UT.
Once the magnetic fluctuations stop, elevation angle steeply decreases until 06:30 UT.
Then the elevation angle tends to increase amid large fluctuations throughout the du-
ration of the auroral brightening. The behavior of the plasma sheet magnetic field

elevation angle undergoing a steady decrease punctuated by a dipolarization, is similar
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to that observed during substorms [Cummings et al., 1968] and implies a restructur-
ing of the plasma sheet currents on rapid time scales [ Kaufmann, 1987].

The fifth plot, which shows 9|B|/8t, gives a quantitative measure of the magnetic
field fluctuations. Since 8B/t = —V x E, this quantity is also related to the induced
electric field present in the plasma sheet. Typical values of ~ 5 nT/s yield induced
electric fields of a few mV/m at length scales comparable to the thermal proton
gyroradius. The rms deviation of the magnitude of B within each three-second data
point, shown in the bottom plot, gives an indication that 8|B|/dt can be much larger
than what is shown here. There can be considerable variation within a three-second
sample, especially when the magnetic field is strongly fluctuating. This suggests that

there are variations present in the magnetic field on time scales shorter than 3 seconds.

3.1.8 Ion Observations

Figure 3.5 compares the plasma data taken by 3DP in the plasma sheet with the
magnetic field data and auroral data presented earlier. The first two panels of Fig-
ure 3.5 again show the keogram and energy deposition rate derived from UVI images.
The third panel contains the three-second resolution magnetic field data in GSM co-
ordinates. The next three panels show the first three moments calculated from the
PESA-H ion distribution functions: density, velocity, and temperature. The three
components of velocity and temperature are shown in GSM coordinates. In this case
the distribution functions were measured for ions with energies from 70 eV to 30 keV
with a resolution of either 25 or 50 seconds depending upon the PESA-H instrument
mode.

There are several interesting features to notice in this figure. Again, note that
rapid, large amplitude fluctuations in all three components of the magnetic field
occur at the onset of the auroral brightenings. Sharp decreases in the ion density
can occur during the magnetic field fluctuations and auroral intensifications, most

notably in the intense events occurring after 04:50 UT. The density recovers between
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Figure 3.5: Comparison of auroral imagery data with plasma sheet magnetic field
data and ion moments. From top to bottom: keogram; energy deposition rate; mag-
netic field in GSM coordinates; ion density; ion velocity in GSM coordinates, ion

temperature in GSM coordinates.
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the decreases when B is steady and the aurora is fading.

Also, increases in the ion velocity moment, (v), particularly the X -component,
correspond very well to fluctuations in the magnetic field, and, as a result, auroral
brightenings. Large (v) coincide with the onset of auroral brightenings, but the
magnitude of (v) is not correlated with the intensity of the aurora. Similarly, the
magnitude of (v} is not correlated with the intensity of the fluctuations in the magnetic
field. However, every magnetic field fluctuation is accompanied by an increase in (v),
usually in the positive X- (Earthward) direction. There is sometimes a significant
component of (v) in the negative X-direction (near 04:55 UT) or in the positive or
negative Y-direction. While a one-to-one correspondence is not present, the density
generally decreases during large (v); this is especially apparent after 04:50 UT.

The behavior of the ion temperature is a little more complicated. After 04:50 UT
increases in the ion temperature are also associated with auroral brightenings, fluc-
tuations in the magnetic field, decreases in density, and increases in (v). During the
two high (v) events immediately before this time (just after 04:30 and 04:40 UT),
the temperature decreases slightly. Between 05:10 and the temperature increase at
05:45 UT (except for a brief increase at 05:30 UT), the ion temperature is decreasing.
During the same interval, |B|, |Bx|, and density are all increasing and steadily ap-
proaching their local maximum values. This may suggest that the distance between
the WIND spacecraft and the current sheet was temporarily increased. A similar
effect is noticed just before 06:30 UT as well. At the 05:45 UT auroral brightening
(and again at 06:30 UT), large fluctuations in the magnetic field are observed, By in-
creases as |Bx| decreases, the density decreases, large Earthward ion (v) are present,
and the temperature increases. The density and temperature appear somewhat anti-
correlated throughout this interval. However, since the density decreases are larger
than the temperature increases, the plasma pressure (P = nkT) is not constant. In
general during this period, the plasma pressure decreases during times of plasma sheet

activity.
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Next we go beyond looking at only moments. In Figure 3.6 we again show the
auroral keogram and the plasma sheet magnetic field and ion (v) in GSM coordinates
for comparison. In addition, the fourth panel shows the ion omnidirectional flux (in
units of (cm? - s - eV - ster)~!) at selected energies from 3 keV up to 1 MeV. The curves
at 100 keV, 300 keV, and 1 MeV have been multiplied by factors of 100, 1000, and
3000, respectively, for clarity. The bottom four panels show the Earthward (fifth and
sixth panels) and tailward (bottom two panels) energy spectrograms from ~ 70 eV to
> 1 MeV. The Earthward (tailward) energy spectrograms were made by averaging
the fluxes within 45° of the Sun-Earth line in the Earthward (tailward) direction.

Increases in the fluxes of high energy ions from about 30 keV to several hun-
dred keV appear to correlate well with the large ion (v), magnetic field fluctuations,
and subsequently, with auroral brightenings. For the most intense events, ion flux
modulations are seen at energies up to 1 MeV. At energies about 10 keV and below, a
different behavior is seen. Fluxes of ions below about 10 keV typically decrease when
fluxes of more energetic ions are increasing.

The energy spectrograms give us directional information. During periods of large
(v), the flux of energetic ions from a few 10s of keV to several hundred keV (and to
1 MeV in a few cases) increases in the Earthward direction (fifth panel). A similar
effect is seen at high energies in the tailward direction (seventh panel), but the increase
in flux in the tailward direction is not as large as the flux increase in the Earthward
direction. While the high energy ion flux increases in both directions, there is an
anisotropy present between the two directions with higher fluxes in the Earthward
direction.

Similar anisotropies are seen at energies below about 10 keV, but their character
is different (panels six and eight). In some cases, the fluxes decrease in both direc-
tions with larger decreases occurring in the tailward direction, as seen at 05:45, 06:00,
and 06:30 UT. In other cases, the flux of ions below 10 keV increases in the Earth-

ward direction, while the flux decreases in the tailward direction, as seen during the
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Figure 3.6: Comparison of auroral imagery data with plasma sheet magnetic field and
ion data. From top to bottom: keogram; magnetic field; ion velocity; ion omnidirec-

tional flux; ion energy spectrograms.
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four large (v) in the Earthward direction between 04:00 and 05:00 UT. Just before
05:00 UT, the situation is reversed; the flux in the tailward direction increases while
the flux in the Earthward direction decreases, resulting in a tailward (v). At lower
energies, less than 1 keV or so, the fluxes in the Earthward and tailward directions
are usually equal; that is, the distribution is isotropic at low energies.

In all cases during large (v), the fluxes of ions at high energies (> 10 keV) increase
in both directions, with the Earthward flux increasing more than the tailward flux
during Earthward directed (v). Below this energy, the ion flux in the tailward direc-
tion decreases during Earthward (v), while the Earthward flux can either increase or
decrease. If the Earthward flux does decrease, it does not decrease as much as the

tailward flux. It is the large anisotropy in the ion fluxes that gives rise to the large

(v)-

3.1.4 Electron Observations

We now turn our attention to the electron behavior. Figure 3.7 compares the auroral
activity and plasma sheet magnetic field with the plasma sheet electron temperature
perpendicular and parallel to the ambient magnetic field, the omnidirectional electron
flux from 1 keV to several hundred keV, and the electron pitch angle spectrograms at
selected energies from 1 keV to 100 keV. The omnidirectional flux curves for the 100
and 300 keV electrons have been multiplies by 10 and 50, respectively, for clarity. The
electron temperature was calculated from the three-dimensional electron distribution
functions measured from 100 eV to 30 keV and integrated over 3 seconds.

First, notice that the electron temperature and the electron flux at high energies
(~ 10 keV) increase during the most intense auroral brightenings and magnetic field
fluctuations at 04:55, 05:45, 06:00, and 06:30 UT. At the same time, the flux of lower
energy electrons, with energies below about 1 keV, decreases. This simultaneous
increase in high energy flux and decrease in lower energy flux leads to a hardening

of the electron spectrum. The pitch angle spectrograms also clearly show this effect.
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Figure 3.7: Comparison of auroral imagery data with plasma sheet magnetic field and
electron data. From top to bottom: keogram; magnetic field; electron temperature;
electron omnidirectional flux; electron pitch angle spectrograms.
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Comparing the bottom spectrogram (~ 1 keV) with the other three spectrograms,
we see that when the higher energy fluxes increase, the low energy flux decreases.
Also, when the low energy flux increases, the higher energy fluxes generally decrease,

though this process usually happens more gradually.

The electron temperature plot shows that after large temperature increases the
parallel electron temperature is slightly higher than the perpendicular electron tem-
perature. This is also clearly seen in the pitch angle spectrogram plots. Several
minutes after the temperature and energetic electron flux increases at 06:30 UT, the

pitch angle distributions at all energies from 1 keV to 100 keV are field aligned.

Throughout this interval, the electron distributions at energies above about 10 keV
(top two pitch angle spectrograms) are usually peaked in the field aligned and anti-
field aligned directions. Exceptions occur when the fluxes are rapidly increasing; in
these cases, the distributions are mostly isotropic. At the beginning of the interval,
the pitch angle distributions at energies less than 10 keV (the bottom two panels
of Figure 3.7) are either isotropic or peaked slightly in the perpendicular direction
near 90°. After about 04:00 UT, the distributions become peaked in the field aligned
and anti-field aligned directions. This suggests that the magnetic fluctuations may
play a role in creating field aligned distributions at lower energies (< 10 keV), as was
proposed by Hada et al. [1981]. Again, when rapid changes in the flux are occurring,

the distributions appear isotropic at all energies.

The difference in the behavior of the electrons at high and low energies suggests
that there are at least two populations of electrons present: a high energy population
above about 10 keV and a lower energy component below a few keV, similar to the
ions. The fluxes of these two components appear anti-correlated. Again, whether
these two components are separated by a spatial boundary or a time varying ener-

gization process is unknown.
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3.1.5 Size of Active Auroral Region in the Ionosphere and Magnetosphere

We can derive and estimate of the size of the disturbed region in the plasma sheet
by mapping the area of intense electron precipitation in the ionosphere out to the
equatorial magnetosphere. The present dewobbling routine is not flux conserving, so
quantitative analysis of the auroral energetics cannot use dewobbled images in their
present form. However, dewobbled images are used here to give a more accurate

representation of the size and shape of the region of intense emission.

Most of the smaller auroras observed during this interval on July 26, 1997, have
similar sizes, morphologies, and positions. The top image of Figure 3.8 shows the
dewobbled UVI image at 05:59:33 UT in magnetic coordinates. This image looks
very similar to the images at 03:39:06, 03:51:22, 04:03:38, 04:09:46, 04:55:09, 05:44:13
and 06:30:13 UT. Even though the size, shape, and position of the aurora in all of
these images are similar, the maximum intensity (energy flux) varies from event to
event. The bottom plot in Figure 3.8 shows the approximate region in the plasma
sheet that the aurora maps to (looking down on the nightside plasma sheet from high
above the north pole). The nightside of Earth is shown at the top of the plot. Also
the position of WIND at 06:00 UT is shown.

At 05:59:33, the aurora is confined to a relatively narrow band only a few degrees
wide in latitude located just near 70° magnetic latitude. In local time, it extends from
about 21 MLT toward midnight, less than 3 hours in width. An arbitrary energy flux
threshold of 3.5 ergs/cm?/s was used to delineate the region of intense emission. (The
limit of the UVI sensitivity is about 1 erg/cm?/s.) Emissions above this threshold
covered an area of 240,000 km? in the ionosphere, about 0.006 RZ.

The centroid of the aurora maps to about 13 Rg ([—11.5,6.3,1] Rg in GSM).
A simple magnetic flux scaling suggests that the area should increase by a factor
of 10,000 as the magnetic field decreases from 56,000 nT (at auroral altitudes) to

about 6 nT near the current sheet at this position. A slightly more rigorous method,
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Figure 3.8: The region of intense auroral emission mapped the the equatorial mag-
netosphere. Top: area of emission in the ionosphere. Bottom: projection of area
mapped to the equatorial magnetosphere.
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approximating the aurora as a quadrilateral, mapping the four corners to the plasma
sheet, and calculating the area of the mapped quadrilateral, yields an area in the
plasma sheet of about 60 RZ, covering a total of about about 20 Rg in the X -direction
and a maximum of about 5 Rg in the Y-direction. WIND is located within this region

near the upper right corner at a position of [—11, 3,0] Rg.

At 06:02:37, three minutes after this image, the aurora expands to cover about
700,000 km? in the ionosphere, about 0.02 RZ. This is the largest area covered by
intense emission throughout this five hour interval. A simple magnetic flux scaling
suggests that the region of intense emission should now cover an area of about 200 R%.
As the aurora spreads poleward, the area that the aurora maps to in the plasma sheet
increases very quickly in the X-direction since the field lines are stretched and tail-
like. This suggests that the region of disturbed plasma in the plasma sheet can cover a
large area in the equatorial magnetosphere and that this region can be quite extended

in the X-direction.

The initial brightening of the aurora was noted to have occurred sometime between
05:58:20 and 05:59:33 UT. By 06:00:10 UT, the end of the integration time of the
image shown here, the disturbed region in the plasma sheet is estimated to be 60 R3,
with an extent in the X-direction of ~ 20 Rg. For a disturbance to propagate through
the plasma sheet 20 Rg in 120 seconds, it must travel an average of 1000 km/s. We
note that this speed is approximately equal to the local Alfvén velocity in the plasma

sheet. Also, no large (v) of this magnitude have been observed in this data set.

Finally, these sizes should be regarded only as estimates. It is relatively straight
forward to map things from the plasma sheet to the ionosphere, from a region of
low magnetic field strength to a region of high magnetic field strength. It is much
more uncertain to map features from the ionosphere to the plasma sheet. A small
uncertainty in position in thé ionosphere can result in a large uncertainty in position

in the equatorial magnetosphere.
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3.1.6 FEstimate of Potential Drop Between the Plasma Sheet and Ionosphere

During auroral activity, the electron energy flux into the ionosphere increases, pro-
ducing intense auroral emissions. At the same time, we note that the temperature and
flux of high energy electrons in the plasma sheet increases, increasing the electron en-
ergy flux measured in the plasma sheet. We can thus make a quantitative comparison
of the measured electron energy flux in the plasma sheet to the electron energy flux
into the ionosphere due to precipitating electrons derived from UVI images. If the
two measurements are in good agreement, then the ambient plasma sheet electrons
can provide the energy flux necessary to power the aurora. If there is more energy
flux entering the ionosphere than seen in the plasma sheet, then energy flux must
be entering the loss cone, presumably through the presence of a parallel potential
drop. If there is more energy flux in the plasma sheet than seen precipitating into
the ionosphere, then the plasma sheet energy flux must be prevented from reaching

ionospheric altitudes.

Figure 3.9 makes just such a comparison for July 26, 1997. The top panel shows
the keogram with the WIND footprint marked, as shown before. The second panel
shows electron energy flux into the ionosphere derived from UVI measurements (top
curve) and the electron energy flux measured in the plasma sheet mapped to iono-
spheric altitudes (bottom curve). The bottom panel shows the estimated parallel
potential drop between the plasma sheet and ionosphere necessary to bring the two

measurements into agreement.

The ionospheric energy flux curve was created by computing the energy flux “near”
the WIND footprint. Since the magnetic field model is not perfect, we don’t know
exactly where WIND maps to in the ionosphere. Therefore, we draw a box 10° in
latitude (~ 1000 km) and 2 hours in local time (~ 1000 km at 70° latitude) centered
on the projected footprint. We use the maximum and minimum values of the energy

flux within this box as the upper and lower limits of the ionospheric energy flux. Due
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Figure 3.9: Estimate of the potential drop between the plasma sheet and ionosphere.
From top to bottom: keogram; auroral and plasma sheet electron energy flux; total

potential drop.

to the spacecraft wobble, the peak energy fluxes in the aurora can be diminished by
up to a factor of three. In this case, the UVI energy flux may be regarded as a lower
bound.

The plasma sheet energy flux was calculated by integrating the differential energy
flux measured by 3DP over energy and mapping the fraction of the energy flux in
the loss cone down to auroral altitudes. Since the loss cone in the plasma sheet at
this distance (< 1°) is much smaller than the angular resolution of the detector, we
assume that the energy flux in the field aligned detector bin is evenly distributed over
that bin. In reality, there should be a loss cone present with diminished energy flux
in the field aligned direction, but this loss cone cannot be resolved by the detector.
In this case, the 3DP energy flux can be regarded as an upper limit.

As expected, whenever the intensity increases, the energy flux into the ionosphere
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increases. Throughout this interval, WIND maps “close” to the region of the most
intense auroral emission. There is a significant small amplitude structure in the
plasma sheet energy flux curve. During the brightest aurora, the plasma sheet electron
energy flux increases. These energy flux increases occur at the same times as the
electron temperature and high energy electron flux increases. Therefore, processes
in the plasma sheet associated with auroral activity increase the electron energy flux
incident on the ionosphere. However, even though the UVI energy flux is a lower
limit and the 3DP energy flux is an upper limit, the ionospheric electron energy flux
is always greater than the plasma sheet electron energy flux. During intervals of active
aurora, the difference is even greater, up to an order of magnitude. This suggests that
additional processes are adding energy flux to the loss cone. This is consistent with
a field aligned potential above the active aurora.

Using the ratio of the ionospheric and plasma sheet energy fluxes, we can estimate
the magnitude of the potential drop that would be necessary to bring the energy
fluxes into agreement. As shown in the bottom plot, there is a considerable amount
of structure in the estimated potential, but again we see significant increases in the
potential during auroral brightenings. The values of the estimated potential drop are
of about the same order of magnitude as that determined from low altitude space-
craft particle measurements. The potential drop decreases as the aurora fades and is
generally small during quiet intervals with little auroral activity. Given that the UVI-
derived electron energy flux may be treated as a lower limit and that the measured
plasma sheet electron energy flux may be considered an upper limit, the estimation
of the potential drop should be considered a lower limit.

This technique shows that when the global auroral distribution is being imaged
and when a spacecraft in the plasma sheet maps to the auroral region, the value of
the total potential drop between the plasma sheet and the ionosphere can be remotely
monitored for several hours. This technique is very dependent upon spacecraft loca-

tion and also upon the magnetic field model used to map the spacecraft to ionospheric
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altitudes. Additionally, due to the numerous assumptions inherent in this method,

the results should be regarded as crude estimates only.

3.1.7 Summary of Observations

In summary, we find a good correlation between small scale auroral brightenings
in the ionosphere and high frequency, large amplitude magnetic fluctuations in the
plasma sheet when the footprint of the WIND spacecraft in the ionosphere is in close
proximity to the auroral brightening. There is an increase in the ion (v) during every
magnetic fluctuation often, but not always, in the Earthward direction. The large
(v) are typically associated with decreases in the ion density and increases in the ion
temperature. All of the large (v) are also associated with increases in the energetic
ion flux with energies from several tens of keV to several hundred keV and sometimes
up to 1 MeV. The energetic ion flux increases in all directions simultaneously, but
the fluxes are anisotropic. At the same time, the ion fluxes at lower energies down
to about 1 keV usually decrease and are likewise anisotropic. Below 1 keV or so, the
ion flux is isotropic. It is, in fact, the anisotropic fluxes at the high energy range of
PESA-H from 10 to 30 keV (and extend up into the SST energy range) that is the
cause of the large (v).

The electron temperature and the energetic electron flux with energies from a
few keV to several hundred keV increase during the most intense auroral brighten-
ings and magnetic field fluctuations. The energetic electron distributions are usually
field aligned except during times of rapid flux increase when the distributions are
isotropic. The flux of lower energy electrons decreases when the high energy flux
increases. Finally, the electron distributions at all energies become more field aligned
several minutes after strong magnetic field fluctuations and energetic electron flux
increases. This shows up as an increase in the parallel electron temperature over the
perpendicular electron temperature.

These observations suggest that there are at least two populations present for



54

both the ion and electron distributions. Each species has a low density, high energy
(> 10 keV) component and a relatively high density, low energy (< a few keV)
component. The behavior of these two populations appears anticorrelated. From a
single point measurement, it is impossible to determine whether a spatial boundary
separates the two populations or whether they are the result of a time dependent
energization process.

There is a nearly one-to-one correspondence between the auroral activations and
magnetic fluctuations and large (v) in the magnetotail. This suggests a causal rela-
tionship between them. However, not every auroral brightening is accompanied by
large magnetic fluctuations and an increase in (v), and not every large (v) event
has an associated auroral brightening. It is easy to explain the former as a matter
of spacecraft location; the flux tube of the spacecraft may not be connected to the
region of the ionosphere where the brightening is occurring. For example, looking at
the MLT plot in the middle of Figure 3.2, the auroral activity occurs just eastward
of the WIND footprint at the beginning of the interval. Likewise, near the end of
the period, the auroral activity is mostly occurring westward of the WIND footprint.
Conversely, a large increase in (v) that is not associated with a brightening in the au-
rora (e.g. 04:20 UT or 05:30 UT) suggests that the supposed communication between
the plasma sheet and ionosphere can be disrupted.

Mapping the region of auroral emission to the equatorial magnetosphere suggests
that an area of 60 RZ in the plasma sheet may become disturbed in a few minutes.
Finally, a comparison of the plasma sheet and ionospheric electron energy fluxes shows
that there is an increase in the plasma sheet electron energy flux coincident with
auroral brightenings. However, the ionospheric electron energy flux is always greater
than the plasma sheet energy flux indicating that additional energy flux is entering
the loss cone. An estimation of the parallel potential drop between the plasma sheet
and ionosphere suggests that a total potential of at least several kV is necessary to

explain the ionospheric electron energy flux during auroral brightenings.
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3.2 Detailed Plasma Behavior

3.2.1 Ion Dynamics

Now we take a closer look at the plasma behavior during the one hour period between
05:20 and 06:20 UT on July 26, 1997. Here we will first examine the ion and elec-
tron behavior at coarse (~ 1 minute) resolution in order to directly compare these
measurements to earlier observations with similar resolution. In the next section, we
analyze the plasma dynamics using high resolution data.

Figure 3.10 is similar in format to Figure 3.5 except the energy deposition rate
into the ionosphere is not plotted. During this one hour interval there are three large
(v) events. Each of these events, as pointed out in the last section, is associated
with strong magnetic fluctuations, density decreases and increases in the ion temper-
ature. There are auroral brightenings associated with two of the events, at 05:45 and
06:00 UT. There is no clear auroral brightening associated with the shortest and least
intense event at 05:30 UT.

In the earlier analyses using bulk parameters, these quantities were usually the only
ones that were considered when discussing the plasma sheet ion dynamics. Figure 3.11
moves one step beyond this limited view. Figure 3.11, similar to Figure 3.6, presents
the UVI keogram, magnetic field data, (v) in GSM coordinates and in magnetic field
aligned coordinates, and the Earthward and tailward energy spectrograms covering
energies from 70 eV to about 1 MeV.

It is clear that the large (v) are associated with increases in the energetic ion flux
above 10 keV in both the Earthward and tailward directions, though the increases
during the 05:30 UT event are relatively minor. In all three cases, the increase in
the energetic ion flux is greater in the Earthward direction than it is in the tailward
direction. At lower energies, the flux levels drop in the tailward direction during all
three events. In the Earthward direction, the lower energy ion flux is relatively un-

changed during the 05:30 UT event. The lower energy ion flux drops off dramatically
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Figure 3.10: Comparison of one hour of auroral imagery data with plasma sheet
magnetic field and ion moments. From top to bottom: keogram; magnetic field; ion
density; ion velocity; ion temperature.
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Figure 3.11: Comparison of one hour of auroral imagery data with plasma sheet
magnetic field and ion data. From top to bottom: keogram; magnetic field; ion
velocity in GSM and magnetic field aligned coordinates; ion energy spectrograms.
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during both the 05:45 and 06:00 UT events; however, the Earthward flux is still larger
than the tailward flux for energies greater than a few hundred eV. Notice that after
about 06:00 UT, the flux of ions with energies about 100 eV or so begins to increase
in both directions. While not ubiquitous, this very low energy relatively isotropic ion
component is seen in the plasma sheet quite often [Chen et al., 2000a].

In all 3 cases, even though (v) is primarily directed Earthward, there is a significant
component of the velocity parallel to the magnetic field (third panel). This is due to
the fact that the X-component is the dominant component of B. However, during the
06:00 UT event, initially there is a significant fraction of (v) parallel to the magnetic
field. A few minutes later, most of the velocity is directed perpendicular to the
magnetic field as |Bx| decreases and Bz increases. Throughout the magnetic field
change, however, (v) remains pointed in the Earthward (positive X) direction. This
shows that the direction of (v) is not dependent upon the direction of B but remains

constant as B changes in direction.

3.2.2 Electron Dynamics

Figure 3.12 gives us a view of the electron dynamics on an expanded time scale.
Similar to Figure 3.7, Figure 3.12 shows the UVI keogram, the magnetic field data,
the electron temperature, and the electron pitch angle spectrograms at about 1, 10,
30, and 100 keV. Additionally, the third panel shows the ion velocity for comparison
with the electron dynamics.

During the magnetic field fluctuations and the large ion (v) events, the electron
temperature increases (with a very minor increase at 05:45 UT). Also the fluxes of
electrons with energies greater than 10 keV increase while the flux at lower energies
decreases. Shortly after the energetic flux increases, the electron distribution becomes
more field aligned at all energies. As the energetic electron flux gradually decreases af-
ter 06:00 UT, the fluxes at pitch angles near 90° decrease first leaving the distribution
highly field aligned.
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Figure 3.12: Comparison of one hour of auroral imagery data with plasma sheet
magnetic field and electron data. From top to bottom: keogram; magnetic field; ion
velocity; electron temperature; electron pitch angle spectrograms.
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3.2.3 Plasma Distribution Functions and Spectra

Next, in order to better understand the detailed dynamics of the plasma sheet during
large (v) events, we look at representative ion and electron distribution functions
before, during, and after the large (v) events at 05:45 and 06:00 UT. Figure 3.13 shows
the magnetic field, ion distribution functions, and electron distribution functions for
the 05:45 UT large (v) event. The top plot shows the high resolution (46-millisecond)
magnetic field data in GSM coordinates. The middle panels show five consecutive
PESA-H distribution functions each integrated over 50 seconds. The first row shows
isocontours of the ion velocity distribution functions. These are two-dimensional slices
of the full three-dimensional distributions in the B — V' plane in the spacecraft frame
of reference. The horizontal and vertical axes are velocities parallel and perpendicular
to the magnetic field, respectively. The numbers in the upper left, upper right, and
lower right are the magnetic field elevation, azimuth (both in GSM), and magnitude
averaged over the integration time. The small cross in each contour plot indicates the
direction and magnitude of (v). The next row shows cuts of the contour plots in the
directions parallel (red asterisks) and perpendicular (blue diamonds) to the averaged
magnetic field. The horizontal axis is velocity; the vertical axis is the logarithm of the
phase space density in sec3icm~®. The smooth solid red and blue lines represent the
instrument noise level in the particular direction. Since the detector has a variable
angular resolution depending upon look direction, the one-count level depends upon
look direction. The bottom panels show the isocontour plots and one-dimensional
cuts for three consecutive electron distributions. Each distribution is integrated over

3 seconds, and the time between distributions is 1 minute 40 seconds.

The first ion and electron distributions are integrated during a period when the
magnetic field is steady. The distributions are isotropic as shown by the circular,
concentric contours and by the agreement in the parallel and perpendicular cuts.

Near the end of the integration of the next ion distribution, the magnetic field has
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Figure 3.13: Ion and electron distribution functions covering the time interval 05:42:43

to 05:46:54 UT. The magnetic field is plotted for comparison.
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begun to fluctuate. Also, we see a change in the behavior of the high energy ions.
There is an increase in the ion phase space density in the upper left quadrant of the
contour plot at energies above 10 keV (velocities above about 1500 km/s). This also
appears in the 1-D cuts as an anisotropy at high energies. Note that (v) is about
100 km/s at this time (Figure 3.10 and Figure 3.11). The next distribution, which
corresponds to the peak (v) of ~ 300 km/s during this event, is much more complex
and displays multiple components. The increase in the energetic ion component in
upper left quadrant that was present in the last distribution is now much larger.
Also there is a beam directed along the magnetic field centered at about 10 keV.
However, the direction of (v) as indicated by the small cross is almost 180° away
from the beam. Neither the velocity moment nor the energy spectrograms give an
indication of the complexity and dynamical nature of this distribution. In the fourth
ion distribution, the field aligned, energetic beam is still present but not as intense
as in the previous distribution. The phase space density enhancement in the upper
left quadrant is no longer present; however the phase space density in the “positive”
perpendicular direction (that is, the (B x V) x B direction) at the top of the contour
plot is enhanced over the phase space density at the bottom of the plot. In the final
ion distribution, the field aligned beam is no longer present. The distribution appears
much hotter in the perpendicular direction than it does in the parallel direction. An

anisotropy remains at high energies resulting in a (v) of < 100 km/s.

The first electron distribution is isotropic. The second electron distribution, inte-
grated when the magnetic field is fluctuating and when the parallel beam is observed
in the ions, appears very complex. There appears to be two populations present, a
hot one and a lower energy one, that are not organized by the magnetic field but
separated by a line that runs approximately from upper left to lower right. This is
thought to be the result of time aliasing and will be discussed more in the following
paragraphs. The final electron distribution again appears mostly isotropic. This dis-

tribution is composed of two populations: a low energy component that has decreased
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relative to the first distribution and a higher energy component that has increased
relative to the first distribution. They are separated by a break in the spectrum seen
in the 1-D cuts around 1 keV. The low energy component also appears to be slightly
field aligned.

Another way to study the dynamics of these particles is to examine the behavior
of the differential energy spectra. Figure 3.14 shows examples of the ion and electron
energy spectra for the same time interval shown in Figure 3.13. The top row contain
the energy spectra for ions. For each plot there are 120 curves in the energy range from
70 eV to 30 keV corresponding to the 120 look directions of PESA-H and 40 curves
in the energy range from 67 keV to 7 MeV corresponding to the 40 look directions
of the ion SST. Again, the PESA-H spectra are integrated over 50 seconds. The ion
SST spectra are integrated over 6 seconds. Red colors correspond to ion fluxes in the
positive X-direction (Earthward); blue colors correspond to ion fluxes in the tailward
direction.

The second row contains the energy spectra for electrons. For each plot there are
88 curves in the energy range from 100 eV to 30 keV corresponding to the 88 look
directions of EESA-H and 40 curves in the energy range from 22 keV to 7 MeV
corresponding to the 40 look directions of the electron SST. All EESA spectra are
integrated over 3 seconds; electron SST spectra are integrated over 12 seconds. The
integration times of the electron spectra begin at the same time as the ion spectra
above them. For the electrons, red colors correspond to fluxes in the direction of the
local magnetic field, and blue colors correspond to fluxes in the direction opposite of
the magnetic field.

The first panel shows the ion energy spectra representative of the quiet plasma
sheet. There is little spread in the curves indicating that the ion fluxes in all directions
are nearly equal, i.e., the distribution is isotropic (cf. the first ion distribution in
Figure 3.13). In the second panel, there is a slight enhancement in the ion flux at

energies greater than about 10 keV in the Earthward direction. The third panel shows
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Figure 3.14: Ion and electron differential energy spectra covering the time interval
05:42:43 to 05:46:54 UT.

a significant change in the spectrum. The fluxes of ions with energies greater than
10 keV (the SST data and the top end of the PESA-H data) have increased and
are very anisotropic with higher fluxes in the Earthward direction. The fourth panel
reveals the presence of a weak tailward beam centered at a few keV (the tailward beam
was overwhelmed by the flux increase in the Earthward direction in the third panel).
Finally, the fifth panel shows a distribution slightly more isotropic than the previous
two. Below 30 keV, the spectra in the fifth ion spectrum plot are flat. Compared to
the first spectrum plot, the high energy (from > 10 keV up to MeV) flux has increased
while fluxes at lower energies have decreased. These plots clearly show that the ion
flux increases up to MeV energies, and that the directional anisotropies also extend

up to these high energies.
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The first electron plot shows the relatively isotropic electron distribution. At the
lowest energies (~ 100 eV), the electrons appear field aligned. The second electron
panel appears to be a mixture of the spectra from the first and third panels. The
EESA-H spectra are very anisotropic but are not organized clearly by the magnetic
field. The final electron plot shows a spectrum very much changed from the first
panel. The electron flux at energies below a few keV have decreased while fluxes at
energies above a few keV up to several hundred keV have increased. Likewise, the
slope of the spectrum at SST energies has greatly increased.

Figure 3.15 is identical in format to Figure 3.13. Figure 3.15 covers five consec-
utive ion distributions during and after an interval of large (v). The onset of large
(v) occurred about 4 minutes before the first distribution in Figure 3.15 at 05:58 UT.
At 06:02 UT, the ion (v) is roughly 150 km/s. As seen in the first contour plot
and 1-D cut, (v) is directed perpendicular to the ambient magnetic field due to the
anisotropy of the energetic ions in the perpendicular direction. Also notice that there
is a relatively high density, very low energy, isotropic core population. This cold
population is clearly seen in the energy spectrograms in Figure 3.11. There is a large
(almost an order of magnitude) drop in the phase space density in the “negative”
perpendicular direction (the —(B x V) x B direction) in the next distribution, lead-
ing to an even larger anisotropy in the perpendicular direction. The ion (v) increases
to nearly 300 km/s. In the absence of the stagnant low energy component, the (v)
would likely be much higher. The phase space density begins to recover during the
next distribution. During the last two ion distributions in this figure, the ion (v)
drops to less than 50 km/s. These distributions are still anisotropic with the width of
the energetic component in the perpendicular direction slightly larger than the width
in the direction parallel to the magnetic field.

In contrast to Figure 3.13, there are only two electron distributions shown. In
both cases, the distributions are similar to the final distribution in Figure 3.13 and

much hotter than the first electron distribution in that figure. In addition, the low
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Figure 3.15: Ion and electron distribution functions covering the time interval 06:01:58
to 06:06:09 UT. The magnetic field is plotted for comparison.
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energy component appears slightly peaked in the field aligned and anti-field aligned

directions.
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Figure 3.16: Ion and electron differential energy spectra covering the time interval
06:01:58 to 06:06:09 UT.

The differential energy spectra for the distributions in the previous figure are

shown in Figure 3.16. The format of this figure is identical to that of Figure 3.14.

All of the spectra show both low and high energy components. The high energy ion

component is highly anisotropic with higher fluxes in the Earthward direction. These

anisotropies extend up to MeV energies. The broad widths of these spectra in the

vertical direction are associated with strong gradients in phase space density. In the

second ion plot, there are nearly two orders of magnitude separating the Earthward

and tailward fluxes at 30 keV. These large anisotropies at high energy begin to
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decrease in the last two ion panels. The two electron spectra appear relatively similar
to each other and are similar to the electron spectra in the third panel in Figure 3.14.

It is important to point out that there are large magnetic field variations during
the integration times of the particle distribution functions and energy spectra. As a
result, the distributions may be time aliased. As a case in point, let’s examine the
electron distribution from 05:44:23 UT.

The electron distributions are integrated over one spacecraft rotation. EESA-H
and EESA-L instantaneously measure the 2-D electron distribution. As WIND makes
one complete rotation in 3 seconds, the entire 3-D distribution is sampled. This fact
allows us to look at electron data with sub-spin time resolution. Figure 3.17 shows
the electron energy flux (normalized count rate) in four selected energy channels for
one 3.14 second spacecraft revolution. The energy flux has been divided into 16 equal
bins with a resulting time resolution of about 200 msec. The error bars are calculated
from Poisson counting statistics. The two bottom panels show the magnetic field
magnitude and magnetic field azimuth and elevation angles for comparison.

At the beginning of the integration, the energy flux in the 1 keV energy channels
is higher than the energy flux in the 3 and 9 keV channels. About 2 seconds later, the
1 keV energy flux begins to decrease while the 9 keV energy flux begins to increase.
The 3 keV energy flux remains largely unchanged. At the end of the integration time,
the 9 keV energy flux is the highest while the energy flux in the 1 keV channels are the
lowest. This signifies a change in the electron spectrum during the 3 second integration
time. It appears that we are observing the change in the electron distribution from
that seen in the first electron energy spectrum plot in Figure 3.14 at 05:42:43 UT to
that in the third plot at 05:46:04 UT. The spectrum change takes place rapidly, in
about 1 second.

Note that the electron energy flux in the 1 keV energy channel are measured by
both EESA-H and EESA-L. The energy flux in this energy range from both detectors

agree quite well throughout the entire integration period including during the rapid
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Figure 3.17: Electron and and magnetic field data at sub-spin resolution. Top: elec-
tron energy flux in four energy channels. Bottom: magnetic field magnitude, azimuth,
and elevation.

change in spectrum. As mentioned in Chapter 2, the fields-of-view of EESA-H and
EESA-L are offset by 90°. Such good agreement of these detectors looking in different
directions suggests that the change in the electron population occurs simultaneously
in all directions.

During the integration time, |B| rises from its minimum value of 1.4 nT to its
maximum value of 39 nT in just over 2.5 seconds. Additionally, the direction of the
magnetic field changes by nearly 180° while its magnitude is increasing. This yields a
0|B|/8t ~ 15 nT/s and results in a large induced electric field. During the magnetic

field increase, the electron gyroperiod varies from about 1 to 25 milliseconds. Since
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the increase in |[B| occurs on time scales much longer than the electron gyroperiod, the
electrons are expected to behave adiabatically. The proton gyroperiod, on the other
hand varies from about 45 seconds to just under 2 seconds. This suggests that the
protons cannot behaving adiabatically, and that indeed kinetic effects are important.

Figure 3.17 provides good evidence that the electron distribution, integrated over
3 seconds, is time aliased. If so, then the ion distribution, integrated over 50 seconds is
almost certainly time aliased, too. Unfortunately, there is no 3-second ion data at this
time, so there is no way to extract some of the ion time variations like we can for the
electrons. It is possible that the complex ion distribution functions in Figure 3.13 and
Figure 3.15 are the result of time aliasing. For example, in the third ion distribution
in Figure 3.13, it is unknown whether the two components (the paralle] beam and the
enhancement in phase space density in the upper left quadrant) were present at the
same time or whether these two components were sampled during different parts of

the integration.

3.2.4 Relative Timing Between Onset Signatures

Now we will address the issue of relative timing between the onset signatures seen in
the aurora and in the particles and magnetic field in the plasma sheet. We will focus
on the 05:45 and 06:00 UT events as representative examples.

From examining each UVI image, the first brightening of the UV aurora associated
with the 05:45 UT event started between 05:43:00 and 05:44:13 UT. The first signifi-
cant change in ion distribution occurs during the distribution sampled from 05:43:33
to 05:44:23 UT (second ion distribution in Figure 3.13). During this distribution,
(v) > 100 km/s. The first disturbed electron distribution seen with EESA-H occurs
during the integration from 05:44:23 to 05:44:26 UT. However, the previous EESA-H
distribution was integrated from 05:42:43 to 05:42:46 UT, and there was no signa-
ture present during this time. Therefore, the electron distribution must have changed

sometime between 05:42:46 and 05:44:26 UT. Similarly, the first change in the electron
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distribution seen with EESA-L occurs during the 05:44:23 to 05:44:26 UT distribution.
There is no EESA-L data since 05:43:36 UT, so the change in the electron distribution
as seen by EESA-L must have occurred between 05:43:36 and 05:44:26 UT. Deter-
mining the onset time from MFI can be a little bit trickier. One method is to pick out
the start time of the rapid magnetic field fluctuations. However, upon closer exami-
nation, it is noticed that the magnetic field usually begins to slowly vary before the
onset of rapid fluctuations. So here we define the onset time as the time when any of
the three magnetic field components reaches a point three standard deviations away
from the average of that component over the minute (> 1000 data points) before the
fluctuations begin.

Figure 3.18 shows how the time of onset determined from five different instruments
compares. From top to bottom, we show the onset time determined from UVI, PESA-
H, EESA-H, EESA-L, and MFI. The bottom plot also shows the magnetic field
magnitude. The first onset time (vertical line) shows the onset time determined by the
method described above. The second time marks the beginning of the large amplitude
magnetic fluctuations. These onset times differ by about 20 seconds. The remaining
plots simply show the time interval during which either the particle distributions
changed or the aurora brightened.

Within the uncertainties of all of these instruments, of which EESA-H’s is the
greatest since the time between distributions is almost two minutes, all of the signa-
tures present in the plasma, magnetic field, and the aurora are simultaneous.

From our earlier discussion about the electron distribution at 05:44:23, we con-
cluded that we observed the change in the electron distribution in progress, and that
this change occurred two seconds into the three-second integration period at about
05:44:25 UT. This time is over 10 seconds after the increase in the auroral luminosity
as observed by UVI and would suggest that the aurora brightens before the plasma
sheet electrons are affected. However, by comparing the electron spectrum from the

previous EESA-H distribution at 05:42:43 to that during the first two seconds of the
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Figure 3.18: Comparison of onset time from five different instruments for the 05:45 UT
(v) event. From top to bottom: onset time from UVI, PESA-H, EESA-H, EESA-L,
and MFI.
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05:44:23 distribution, we see a noticeable change in the electron spectrum. Electron
fluxes below about 500 eV decrease while electron fluxes above this energy increase.
The change that occurs during the 05:44:23 distribution is much more drastic, how-
ever. Therefore, we conclude that the initial electron distribution change occurs
between 05:42:46 and 05:44:23 UT, and that additional changes can occur later.

The second auroral brightening during this interval occurs between 05:58:20 and
05:59:33 UT. Based on inspection of the particle distribution functions, the ions
change during the PESA-H integration from 05:57:47 to 05:58:37 UT. The electrons as
observed by EESA-H first change between the distribution at 05:57:47 to 05:57:50 UT
and the distribution at 05:59:27 to 05:59:30 UT. For EESA-L, the first change is
seen in the distribution at 05:58:37 to 05:58:40 UT. However, the previous EESA-
L integration ended at 05:57:50 UT, so the electron distribution much have changed
between 05:57:50 and 05:58:40 UT. Finally, MFI shows a gradual change beginning at
05:58:12 UT with the onset of large fluctuations near 05:58:34 UT, about 20 seconds
later.

Figure 3.19 compares the onset times graphically in the same format at Figure 3.18.
Again, within the uncertainties of the instruments, the timing is consistent with all

signatures being simultaneous in the ionosphere and plasma sheet.

3.2.5 Summary of Observations

As mentioned in the last section, this detailed data shown here indicates that auroral
brightenings are associated with large amplitude, high frequency fluctuations in the
magnetic field, decreases in the plasma density, increases in the Earthward ion (v),
and increases in the ion temperature. At the same time, differential energy spectra
show that the energetic ion flux from a few 10s of keV up to 1 MeV increases in
all directions with increases in the Earthward direction larger than increases in the
tailward direction. At lower energies, the ion flux decreases in all directions, but

the fluxes are still anisotropic. Below 100 eV the ion fluxes are isotropic and are
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Figure 3.19: Comparison of onset time from five different instruments for the 06:00 UT
(v) event. From top to bottom: onset time from UVI, PESA-H, EESA-H, EESA-L,
and MFI.
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increased after the 06:00 UT event. Additionally, the electron temperature increases
due to a hardening of the spectrum as high energy (> a few keV) fluxes increase and
lower energy fluxes decrease. As the electron fluxes begin to recover, the distributions
become field aligned.

Examination of the particle distribution functions reveals dynamic and complex
ion and electron distributions. The ion distributions can be composed of multiple
components behaving dynamically differently. The distributions can contain hot
anisotropic components, beams, sharp gradients in phase space density, and a low
energy stagnant component. The electron distribution is seen undergoing a rapid
change in spectrum in 1 second.

The multicomponent nature of the ion distribution functions during intervals of
large (v) shows that the large (v) are not due to an E x B drift as is usually assumed
[Angelopoulos et al., 1997; Fairfield et al., 1999]. For example, the third and fourth
ion distributions in Figure 3.13 show one component of the distribution anisotropic in
the direction perpendicular to the magnetic field in the spacecraft frame. An electric
field vertically out of the page (—V x B direction) could account for the anisotropy;
however, there is also a beam component parallel to B that is not shifted in the per-
pendicular direction. The presence of the unshifted beam component argues against
the presence of an electric field. Likewise, the two component ion distributions in the
second and third distributions of Figure 3.15, one component shifted perpendicular
to B and the other not, argue against the large (v) being the result of an E x B drift.

An alternative explanation for these seemingly non-gyrotropic distributions in-
cludes particle gradients. Strong energetic particle density gradients in the V x B
direction (into the page) could reproduce the distributions seen in Figure 3.15.

Another possible explanation is that these distributions may be the result of time
aliasing. The electron distributions show clear evidence of time aliasing during rapid
magnetic field changes. The ion distributions could be similarly time aliased.

Finally, a comparison of the various auroral, magnetic field, ion, and electron
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signatures indicates that the onset of all of the signatures occurs simultaneously within

the uncertainties of the different instruments.

3.3 Plasma Observations on Kinetic Time Scales

During the 06:30 UT auroral brightening and large (v) event on July 26, 1997, PESA-
H, EESA-L, and the SSTs were operating in burst mode, i.e., they measured the
three-dimensional ion and electron distribution functions for each 3 second spacecraft
spin. This allows us to obtain ion data with a time resolution comparable to the local

proton gyroperiod.

3.3.1 Ion and Magnetic Field Behavior

Figure 3.20 shows a detailed look at the ion moments and magnetic field variations
from 06:29 to 06:36 UT. At this time, WIND was at a GSM position of [-11, 2, 0.5] Rg.
The figure shows, from top to bottom, the ion density, components of (v) (plus |v])
and temperature in GSM coordinates, three components of the magnetic field in GSM
coordinates (plus [B|) the time derivative of the magnitude of the magnetic field, and
a dynamic frequency spectrogram of the magnetic field.

The ion moments are calculated from the three-dimensional ion distribution func-
tions integrated over 3.1 seconds (one spacecraft rotation and approximately the local
proton gyroperiod) which were continuously sampled for the entire nearly 7 minute
interval. The magnetic field data has a time resolution of 0.046 seconds. The dynamic
frequency spectrogram was created by computing the Fast Fourier Transform for ev-
ery 10 second interval of magnetic field data. The wave power in nT?/Hz is plotted
as a function of frequency from about 11 Hz (the Nyquist frequency) to 0.1 Hz and
UT. The solid black line represents the local proton gyrofrequency and the red line
represents the local lower hybrid frequency. Note that there is a 3 second sinusoidal

variation most apparent in the X and Y components of B before 06:30 UT due to the
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Figure 3.20: High time resolution magnetic field data and ion moments. From top to
bottom: ion density; ion velocity; ion temperature; magnetic field; time derivative of
the magnetic field; dynamic frequency spectrogram.
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spacecraft rotation. As a result, there is a horizontal band centered on 0.3 Hz and a
weaker band centered on 0.6 Hz before 06:30 UT present in the dynamic frequency
spectrogram.

An important feature in this figure is the large changes seen in the ion density
and (v) on time scales comparable to the proton gyroperiod. After 06:30 UT, the
density increases gradually reaching its maximum value at 06:30:23 UT. Over the
next 15 seconds, the density decreases by over a factor of 3, reaching it minimum
value at 06:30:39 UT. During this interval, |B| passes through its minimum value of
about 2.5 nT, corresponding to a local proton gyroperiod of about 26 seconds.

Before 06:30:12 UT, (v) increases very gradually, primarily in the —Y -direction.
At 06:30:24 UT, the component of the velocity perpendicular to B (mostly in the —Y'-
direction) increases by almost 100% in 3.1 seconds. The X-component of (v) increases
by 50% near 06:30:40. This leads to two peaks in [(v)| within a few gyroperiods of
each other. The first peak is centered about 06:30:24 UT and is directed mainly in
the —Y -direction with a smaller —Z-component. The second peak is centered around
06:30:45 UT and is directed largely in the X-direction.

The ion temperature does not increase much during this interval. However, it is
clear that the temperature is not isotropic during the large (v). The three components
of the temperature that are shown are not equal.

The rapid, large amplitude variations in the magnetic field on time scales faster
than the proton gyroperiod can be clearly seen in the plot of the magnetic field.
Near 06:30:30 UT, By briefly changes sign indicating that WIND may have crossed a
current sheet or encountered strong local turbulence. There is also a brief excursion
of Bz to negative values just after the Bx sign change during the period of Earthward
dominated (v).

9B/38t can get quite large with a peak near —35 nT/s. More typical values are on
the order of 10 nT/s. This translates to induced electric field strengths of several to
10 mV/m at scale lengths of the thermal proton gyroradius (several hundred km).
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The dynamic frequency spectrogram shows significant wave power up to and ex-
ceeding the local proton gyrofrequency for an extended interval. There is also signifi-
cant wave power above the local lower hybrid frequency for a short amount of time as
the magnitude of B passes through a minimum. Since the fastest proton gyroperiod
during this interval is about 2.5 seconds and the more typical value is 4 seconds, the
ions cannot be behaving adiabatically during such large magnetic field changes over
such short time scales.

Figure 3.21 again shows the magnetic field and ion (v) for reference. In addition,
it shows the ion (v) in magnetic cooridantes, the omnidirectional ion flux at selected
energies, and the Earthward and tailward energy spectrograms. In contrast to Fig-
ures 3.6 and 3.11, Figure 3.21 only displays SST data up to 300 keV in the energy
spectrograms due to low counts.

The third panel shows that there are two peaks in the perpendicular velocity and
one large peak in the parallel velocity. The first perpendicular peak corresponds to the
peak in (v) in the Y-direction. The second perpendicular peak and the parallel peak
both correspond to the large peak in the X-component of (v). As the direction of B
changes (dipolarizes), the X-component of the velocity is first directed perpendicular
and then parallel to the magnetic field suggesting that the direction of (v) is not
constrained by the direction of B.

The fourth panel shows two increases in the omnidirectional ion flux at energies
above 20 keV associated with the two peaks in (v). Fluxes below this energy decrease
during the second velocity peak.

The energy spectrogram plots are similar to those we have shown earlier. There is
an increase in the fluxes in both directions at energies greater than a few 10s of keV,
though the flux increase in much greater in the Earthward direction. There is a
large drop in the tailward ion flux at energies from ~ 10 keV to 1 keV. There
is also considerable structure present in these energy spectrograms with alternating

Earthward and tailward anisotropies leading to variable (v).
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Figure 3.21: High time resolution magnetic field and ion data. From top to bottom:
magnetic field; ion velocity in GSM and magnetic coordinates; omnidirectional ion
flux; Earthward and tailward energy spectrograms.



81

3.83.2 Electron Behavior

Electron measurements from this same interval are shown in Figure 3.22. From top
to bottom, this figure shows the magnetic field data, electron density, electron om-
nidirectional flux at three selected energies, and pitch angle spectrograms at two
energies. For this mode of operation, EESA-L only measured electrons with energies
up to 1 keV. EESA-H extends the energy range up to 30 keV, but EESA-H was not
operating in burst mode at this time. Therefore, the omnidirectional electron flux
plot and the top pitch angle spectrogram shows data for 1 keV electrons, the highest

energy channel available.

By comparing the electron density with the ion density of Figure 3.20, we see that
the electron density is typically a factor of two less than the ion density. This indicates
that about half of the electron density is due to electrons with energies higher than
1 keV. After the large ion (v), the density discrepancy is even higher, suggesting that

over half of the electron distribution is over 1 keV.

The electron omnidirectional flux plot and the pitch angle spectrograms support
this conclusion. During intervals where the 1 keV flux drops, the flux at higher
energies increases, showing that the spectrum becomes harder. The pitch angle spec-
trograms show a field aligned distribution at all energies throughout most of this
interval. When the flux levels are rapidly increasing (at high energy) or decreasing

(at low energy), the distributions are more isotropic.

There appears to be a lower flux anti-aligned to the magnetic field (180°) than
there is along the magnetic field (0°) in the 100 keV pitch angle spectrogram. This is
an artifact. During this interval, the magnetic field is pointing mostly in the tailward
direction. Therefore, the anti-aligned direction is in the Earthward and Sunward
direction. However, direct sunlight produces spurious counts that must be removed

from the data, leaving the anti-field aligned direction undersampled.
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Figure 3.22: High time resolution magnetic field and electron data.
bottom: magnetic field; electron density; omnidirectional electron flux; pitch angle
spectrograms.
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3.3.8 Plasma Distribution Functions

Now we will take a closer look at the ion and electron dynamics during the large (v)
event by examining the distribution functions. Ten phase space velocity distribution
functions during the interval of large (v) are presented in Figure 3.23. Ten two-
dimensional slices of the full three-dimensional distribution functions in the B — V|
plane in the spacecraft frame of reference are shown along with one-dimensional cuts
in the directions parallel (red asterisks) and perpendicular (blue diamonds) to the
averaged magnetic field, similar in format to Figures 3.13 and 3.15. The second

contour plot corresponds to the first peak in (v) in Figures 3.20 and 3.21.

The first distribution in this figure appears nearly isotropic in the plasma frame.
There is a shift in the distribution toward the upper left quadrant resulting in a (v)
of just over 200 km/s, but the contours are nearly circular and concentric. It appears
as though two components are present. There is a “ledge” in the distribution near
1000 km/s. It is also apparent in the 1-D cuts as a break in the spectrum. This

feature is seen in earlier distributions as well.

From the first to the second distribution, the [(v)| nearly doubles to over 400 km/s.
The second distribution is much more complex and anisotropic; sharp gradients in
the phase space density are present. There is an enhancement of high energy particles
perpendicular to the magnetic field which gives rise to the first peak in (v) in the —Y'-
direction. A Galilean transformation of an isotropic distribution cannot reproduce
the features seen here. However, the magnetic field is changing during the 3.1 second

integration time, so some time aliasing may be occurring.

Notice that from the fifth to the sixth distribution, there is a large decrease in
the phase space density of high energy particles in the lower right quadrant, which
corresponds to particles traveling in the tailward direction. The phase space density
decreases by an order of magnitude at 10 keV in this direction in one gyroperiod,

about 3 seconds. A careful analysis shows that the decrease in this direction is not
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Figure 3.23: Ion distribution functions.
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as extreme at higher and lower energies.

In the last five distributions, note how the direction of the enhancement in ener-
getic particles and (v) as indicated by the plus sign changes from nearly perpendicular
to B to nearly parallel to B. At the same time, the elevation angle of B changes from
about 40° to 14° while the azimuth angle remains fairly constant. However, also note
that, as shown in the second panel of Figures 3.20 and 3.21, (v) is directed almost
entirely in the X-direction throughout this time interval. (The seventh, eighth, and
ninth distributions represent the second, broad peak in (v) and the peak in the X-
component of (v).) Therefore, the direction of (v) is not changing while the direction
of B is changing. [t appears that the ion dynamics at this point are not controlled
by the local magnetic field.

The corresponding electron distribution functions are shown in Figure 3.24. The
format is identical to that of the previous figure, except that these data were taken
by EESA-L. The lack of a distribution between 06:30:26 and 06:30:29 UT is due to a
data gap. The one-count levels in the 1-D cuts are off the bottom of the plot.

The first three distributions are relatively isotropic. There is some indication of
anisotropy in the third distribution as seen in the 1-D cut. The fourth distribution is
strongly anisotropic with the phase space density depleted at nearly all pitch angles.
The fifth distribution is relatively isotropic, but the sixth and seventh distributions
are highly anisotropic again with sharp decreases in the phase space density. In the
last two contour plots, the distributions have become field aligned.

Both the ion and electron distributions are highly variable and highly dynamic
even at these short time scales. We can use the fact that PESA-H and EESA-L are
sweeping out 360° during each spacecraft spin to look at the ion and electron behavior
with sub-spin time resolution, as shown in Figure 3.25. The top plot shows the PESA-
H ion energy flux at 400 msec resolution (3.14 sec divided into 8 azimuthal sectors)
at 11 keV and 1 keV (divided by 20 for clarity). The second plot shows the EESA-L

electron flux at 200 msec resolution (3.14 sec divided into 16 azimuthal sectors) at
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Figure 3.24: Electron distribution functions.
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1 keV and 100 eV. The vertical lines through these panels delineate each 3 second
sample. The bottom two plots show the magnitude, azimuth (phi), and elevation
(theta) of the magnetic field at 46 msec time resolution.

At the beginning of this interval, the ion energy fluxes are anisotropic at both
energies. The energy flux of 11 keV ions in the tailward direction (the envelope of the
minimum values of the 11 keV ions in the ion plot) drops by an order of magnitude
between 06:30:36 and 06:30:39 UT. This drop is also clearly seen by comparing
the fifth and sixth distributions in Figure 3.23 The Earthward going energy fluxes
(the envelope of maximum values) are slightly affected but remain above their pre-
anisotropy level. The anisotropy becomes much stronger in the 11 keV ions than at
1 keV. We also see the energy flux of the 1 keV ions decreasing, reaching a minimum
near the same time as the electron energy fluxes are at a minimum.

The electron energy fluxes begin relatively constant and isotropic. The electron
fluxes drop sharply during the 3 second interval from 06:30:33 to 06:30:36 UT and
drop even more to their minimum values 3 seconds later. These electron energy flux
decreases correspond to the complex and anisotropic electron distributions seen in
Figure 3.24. Based on the electron distributions shown in Figure 3.13, we suggest
that these distributions are similarly time aliased, and, compared with the electron
behavior shown in Figure 3.17, we predict that the electron energy flux above a
few keV is increasing during the low energy electron decrease. However, we don’t have
any EESA-H data during this time to test this prediction. As the electron energy
fluxes recover, there are two peaks per spin period in the 1 keV channel indicating a

field aligned distribution.

3.3.4 Effects of Time Averaging

Finally, Figure 3.26 investigates the changes in the perceived plasma behavior as
longer time integrations are considered. The horizontal scale is the same as that

for Figures 3.20, 3.21, and 3.22. The dotted line in the top three panels show the
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46 msec resolution magnetic field in GSM coordinates. Time averaged data are shown
as solid black (3.14 s), blue (25 s), and red lines (50 s). The bottom two panels of
the figure show components of the ion velocity moment parallel and perpendicular to
the magnetic field computed from averaged distribution functions. The corresponding

magnetic field averages were similarly used.

As expected, the averaged magnetic field data miss some of the fine scale struc-
ture present in the high resolution data. There is a brief sign change of Bx near
06:30:30 UT. The sign change is missed even when averaging over 3.1 seconds. The
difference between the peak value of Bx using the 0.046 second resolution and 3.1 sec-
ond resolution data is nearly 12 nT. At about the same time as the Bx sign change,
there are several large amplitude fluctuations in By. The peak-to-peak amplitude of
the largest fluctuation is about 14 nT, occurring in about 1.5 seconds. This oscillation
is completely missed in the 3.1 second averages. Similar large amplitude fluctuations
on second time scales are seen in Bz as well. The peak-to-peak amplitude of these

features are systematically underestimated in the longer time resolution data.

Typically, during the normal mode of operation in the magnetosphere, plasma data
from 3DP is integrated over 25 (8 spacecraft rotations) or 50 seconds (16 spacecraft
rotations). For the event shown here, the peak mean velocity computed from 24 second
averages is 70% of the peak |(v)| computed using 3.1 second distribution functions.
The peak using 50 second averages is less than 50% of that using 3.1 second data.
This change of the mean arises because the distribution functions are dynamic and
continuously changing on short time scales. Averaging also smears out structure
present in (v); the multiple peaks seen in the perpendicular component of the velocity
are replaced by a broader, smaller peak in both the 25 and 50 second averages.

This leads to a different and incomplete picture of the plasma behavior during these

dynamic processes.
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3.3.5 Summary of Observations

This section provides further evidence that the plasma sheet properties can change
quite rapidly and that the ions are behaving kinetically. For example, large ion (v)
can contain significant structure, that is, multiple peaks in |(v)| separated in time by
a few proton gyroperiods and abrupt changes (up to 100%) in both the direction and

magnitude of (v) on time scales comparable to the local proton gyroperiod.

At the same time, large amplitude, high frequency magnetic field fluctuations
are seen with |0B/3t| typically reaching 10 nT/s. These magnetic field fluctuations
will give rise to strong, rapidly changing induced electric fields. At scale lengths
on the order of the gyroradius of a 1 keV proton (several hundred km in a 10 to
20 nT field), the induced electric field strength will be on the order of 10 mV/m.
This is at least an order of magnitude larger than typical expected dawn-to-dusk
electric fields of a few tenths of mV/m. This is similar in magnitude to (v) x B
(500 km/s x 20 nT = 10 mV/m), which is usually interpreted as an enhanced con-
vective electric field [Angelopoulos et al., 1997]. However, the induced electric fields,
rather than being quasi-static in the Y -direction for Earthward transport, are rapidly
changing in direction and magnitude as B varies on time scales faster than the proton
gyroperiod. These magnetic fluctuations have significant wave power present at fre-
quencies up to and exceeding the local proton gyrofrequency and, at times, the local

lower hybrid frequency.

The ion distribution functions contain complex features that include large gra-
dients and anisotropies in phase space. These features cannot be reproduced by a
superposition of several Maxwellian distributions. Significant changes also occur in
these distribution functions on time scales comparable to the local proton gyroperiod
indicating that the plasma is very dynamic. It is clear from the rapid fluctuations
in B and from the changes in the ion distribution functions that the ions cannot be

behaving adiabatically. Furthermore, the direction of (v) at times is not affected by
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changes in the direction of B, suggesting that the ions also may not be magnetized.

The electron distribution functions also appear complex and anisotropic. However,
this is most likely due to time aliasing. The electron distributions, while still behaving
adiabatically, can change dramatically on time scales faster than the three second
integration time.

Changing the integration time drastically changes the picture we get of the plasma
dynamics. The magnitude of fast fluctuations in B are usually underestimated and
some are completely missed when integrating over time scales longer than about
1 second. Also peaks in the ion (v) are substantially lower and structure is smeared
out when averaging over several proton gyroperiods. This bursty behavior of (v)
was similarly noted by [Baumjohann et al., 1990] and [Angelopoulos et al., 1992] as
an increase in the peak [(v)| with shorter time resolution. Peak (v) are measured
when the integration time is on the order of the gyroperiod. This suggests that the

(v) are not a bulk plasma phenomenon but are the result of kinetic processes.
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Chapter 4

SUBSTORM OBSERVATIONS

In the previous chapter, we analyzed the behavior of the plasma sheet during
pseudobreakups. Now we will compare those results with the plasma sheet dynamics
observed during larger auroral events. By comparing the plasma sheet observations
for these two different types of auroral activity, we hope to shed some light on what
plasma sheet properties, if any, are different during large and small auroral events.
Both of the substorm intervals shown here have features commonly seen during WIND
perigee passes during auroral activity. In this regard, they can be considered two

different but still “typical” substorms.

First we examine the auroral and plasma sheet behavior during several large sub-
storms on March 27, 1996. The plasma sheet dynamics during this data have been
discussed earlier from both an MHD point of view [Angelopoulos et al., 1997] and
from a kinetic point of view [Chen et al.,, 2000b; Fillingim et al., 2001]. We extend
the analysis of the previous kinetic work and also consider the electron behavior which

has been ignored.

Next we analyze another substorm interval from September 29. 1997. During
this pass, WIND was again in a mode in which ion and electron distributions with a
resolution of 3 seconds were transmitted. With this data we are able to compare the

plasma sheet dynamics during pseudobreakups and substorms on kinetic time scales.
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4.1 March 27, 1996

4.1.1 Auroral Observations

In Figure 4.1, we show a sequences of images taken by UVI on March 27, 1996. The
integration time for each image is about 37 seconds. The time between images is
about 5 minutes, except between the third and fourth images, between which there is
a nearly 20 minute gap. The ionospheric footprint of the Wind spacecraft is marked
on each image. At 14:30 UT on March 27, 1996, Wind was located in the plasma
sheet at a GSM position of [-15,7,1] RE.

1996-03~27 14:03:31 UT 1996-03—-27 14:08:26 UT 1996—-03~27 14:13:20 UT

ergs cm’”

Figure 4.1: A sequence of UVI images from March 27, 1996, showing a substorm
expansion. The magnetic footprint of WIND is also shown.

Compare these images with the images taken on July 26, 1997 (Figure 3.1). The
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auroral brightening begins in a localized area, but the region of intense electron pre-
cipitation expands globally in latitude and longitude and persists for nearly an hour

in contrast to the short localized brightenings shown in Figure 3.1.

4.1.2 Ion Observations

Figure 4.2 shows a summary of the auroral activity measured by UVI and of the
magnetic field and plasma behavior measured in the plasma sheet by WIND covering
7 hours on March 27, 1996. The first three panels, the keogram, the local time
extent of the aurora, and the energy deposition rate, summarize the auroral activity
for this day. The fourth panel shows the plasma sheet magnetic field at 3 second
resolution. The bottom four panels show the ion moments computed from the 3-
D ion distribution function: density, velocity in GSM and magnetic field aligned
coordinates, and temperature in GSM coordinates at 25 or 50 second resolution,
depending upon the instrument mode.

The top three panels should be compared to Figure 4.2. Note that the spatial
extent of the intense auroral emission is much greater on this day. At its greatest
extend, the active aurora covers over 20 degrees in latitude and nearly the entire
nightside hemisphere. The energy deposition rate in the ionosphere is more than
double the peak seen during pseudobreakups. Also, since the energy deposition rate
is only integrated over the midnight quadrant from 18 to 06 MLT, the actual energy
deposition rate into the ionosphere is larger than this value. Since WIND is at a
larger radial distance during this day (15 Rg as opposed to 11 Rg on July 26, 1997,
its footprint maps to a higher latitude. Typically the WIND footprint is poleward
of the auroral emission except during periods of large expansion. The large jump
in latitude in the keogram and the jump in the energy deposition rate curve near
14:30 UT is not real but is the result of a 20 minute data gap in the UVI data.

The magnetic field appears highly variable throughout this period. Large ampli-
tude, high frequency fluctuations are usually present when WIND maps to the region
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of intense aurora: from 10:00 through 11:00 UT and again near 14:30 UT. However,
large magnetic field fluctuations are seen at other times as well. There are also sev-
eral large, low frequency magnetic field variation present in the data. Between 12
and 13 UT, the X-component of the magnetic field rapidly changes from positive to
negative and then gradually back to positive again indicating two crossings of the
current sheet. There are several more large amplitude Bx sign changes between 13
and 14:30 UT.

There are several large ion velocity moment events present during this interval as
well, mostly directed Earthward. There are also a few events with a large positive
or negative Y-component. Nearly every large (v) is associated with large magnetic
fluctuations, with the sole exception occurring at 14:10 UT. Also nearly every large
(v) occurs when WIND maps to the region of intense aurora. Exceptions occur near
09:30 and at 14:30 UT. During the 09:30 UT (v) event, the magnetic field is rapidly
fluctuating and auroral activity is present in the same local time sector as WIND, but
WIND maps poleward of the auroral emission.

The seventh panel shows that the components of the velocity parallel and perpen-
dicular to the magnetic field are usually roughly equal during the large (v) events.
Again the sole exception occurs at 14:10 UT, where the velocity is almost entirely
directed parallel to the magnetic field. Also during this event, the magnetic field is
strong (~ 20 nT), dominated by the X-component, and not fluctuating. Based on
these facts, and analysis of the ion distribution functions, we have concluded that
the large (v) at 14:10 UT is a field aligned beam in the plasma sheet boundary layer
(PSBL) and is not present in the plasma sheet proper.

Again, similar to July 26, 1997, the density and temperature appear roughly anti-
correlated. Although there does not appear to be a clear correlation between the
density, temperature, and (v), when (v) is large and the magnetic field is rapidly
fluctuating, there are significant variations in the density and temperature. This is

especially apparent between 10 and 11 UT.



98

Following the same procedure as Chapter 3, we now look at the ion behavior in
more detail. Figure 4.3 again shows the keogram, magnetic field, and ion (v) as was
show in the previous figure. The fourth panel shows the ion omnidirectional flux at
six selected energies. The bottom four panels show the Earthward and tailward ion
energy spectrograms for energies from 70 eV up to greater than 1 MeV.

Figure 4.3 can be directly compared to Figure 3.6. Again during intervals of large
(v), the energetic ion flux increases up to MeV energies. The largest increases occur
just after 10:00 UT and again near 14:30 UT. There is an increase in the energetic ion
flux near 13:20 UT that is not associated with a large (v) event. The energetic ion
fluxes increase in both directions during large (v), but anisotropies in the Earthward
direction are present. Note that during the two large (v) near 10:30 and 10:40 UT, as
the medium energy (1 to 10 keV) fluxes are anisotropic in the Earthward direction,
the fluxes below a few hundred eV appear anisotropic in the tailward direction. Fluxes
below 1 keV are generally relatively isotropic. Finally, after 14:30 UT, while auroral
activity is continuing, the flux of low energy ions below 100 eV increases and is mainly

in the tailward direction.

4.1.3 Electron Observations

The electron behavior on March 27, 1996, is also quite similar to that observed on
July 26, 1997. Figure 4.4 illustrates the electron behavior during March 27, 1996, in
the identical format as Figure 3.7.

When WIND maps to the region of intense auroral emission, the electron temper-
ature increases and can be quite variable. At the same time, the energetic electron
fluxes increase. Near 10:30 UT the lower energy electron fluxes also increase as the
energetic electron fluxes increase, but after 14:30 UT the electron fluxes at energies
below a few keV decrease as the more energetic electron fluxes increase. The latter
behavior is what was typically observed on July 26, 1997. As was noticed in the

ion fluxes, near 13 UT there is an increase in the most energetic electron fluxes that
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Figure 4.3: Comparison of auroral imagery data with plasma sheet magnetic field and
ion data. From top to bottom: keogram; magnetic field; ion velocity; ion omnidirec-

tional flux; ion energy spectrograms.
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occurs when WIND does not appear connected to the region of auroral activity in the
ionosphere. The electron distributions appear mostly field aligned throughout this

time period.

4.1.4 Plasma Distribution Functions and Spectra

In order to compare specific phase space features in the plasma sheet during pseudo-
breakups and substorms, we examine the ion distribution functions. Figure 4.5 and
4.7 shows isocontour plots of phase space densities and cuts of the isocontour plots for
some representative ion distribution functions. These figures are identical in format
to Figures 3.13 and 3.15. Figure 4.5 covers the time interval from 10:30 to 10:35 UT.
In contrast to data from July 26, 1997, there is one three-second electron distribution
for every ion distribution. This figure shows the ion and electrons distributions during
and after the large (v) at 10:30 UT.

The first four ion distributions are very similar. They each contain a broad beam
directed parallel to the magnetic field at a velocity of nearly 1000 km/s, or about
5 keV. There is also a population of anisotropic low energy ions that is slightly shifted
in the anti-parallel direction and elongated in the perpendicular direction. Both the
core and the beam population are displaced from the origin by a few hundred km/s,
indicating that the plasma was being convected by an electric field based on its velocity
independent nature. The resulting (v), as indicated by the small cross, is partly in
the perpendicular direction due to the E x B drift and partly in the parallel direction
due to the parallel beam, but the parallel velocity is less than the beam velocity due
to the presence of the low energy population. In the fifth ion distribution, the beam is
no longer present. The low energy component also appears to have diminished. The
distribution no longer contains sharp gradients and large anisotropies, though there
is a slight anisotropy in the energetic ions in the perpendicular direction leading to a
(v) of about 100 km/s.

The first four electron distributions also appear similar to each other. All four
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Figure 4.6: Ion and electron differential energy spectra covering the time interval
10:30:53 to 10:34:14 UT.

appear isotropic at all energies The distributions seem to be composed of two compo-
nents with a break in the spectrum around 40,000 km/s (~ 4 keV). The last electron
distribution shows a dramatic change in the electron populations. The high energy
component is relatively unchanged, but there is now only a very weak low energy
component at energies below 1 keV.

In Figure 4.6 we again show the ion and electron differential energy spectra for
these distributions. The format of this figure is the same as Figure 3.14 and 3.16. The
only difference is that the SST electron fluxes are integrated over 6 seconds rather
than 12 seconds as on July 26, 1997.

The ion distributions are highly anisotropic. From a few keV up to MeV energies,

the fluxes are peaked in the Earthward direction and are minimum in the tailward
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direction. These anisotropies are due to the large parallel beam. At lower energies,
the ion distributions are peaked in the intermediate directions (green curves). In
the fifth ion spectrum plot, the anisotropy is not as large, but it still extends to the
highest energy channels of the detectors.

The electron spectra clearly show a two component distribution with a break in
the spectrum around a few keV for the first four panels. The low energy electron
flux is enhanced relative to that observed during periods of plasma sheet activity on
July 26, 1997. The flux of low energy electrons drops in the fifth panel, at the same
time as the low energy ion population disappears. Both the ion and electron spectra
are relatively flat out to 30 keV and 5 keV, respectively, in the fifth column. These
spectra are very similar to those seen on July 26, 1997.

Figure 4.7 shows the distribution functions for the large (v) event near 14:30 UT.
During this event, the ion data had a time resolution of 25 seconds while the electron
distributions have a time resolution of 3 seconds but are sampled only once every
50 seconds.

The second and third ion distributions in this plot contain an extremely energetic
component in the positive perpendicular ((B x V) x B) direction and steep phase
space density gradients. The 1-D cuts of these two distributions show a plateau
which extends off the scale (> 30 keV). The energy spectrograms (Figure 4.3) show
that the increase in ion flux (not the plateau, per se) extends to several MeV. In the
fourth and fifth ion distributions in Figure 4.6, the high energy plateau is gone and
the large anisotropy in the phase space density is no longer present.

The first electron distribution appears isotropic. The second electron distribution,
measured during the large perpendicular anisotropy in the ions, is field aligned at
energies below about 4 keV (~ 40,000 km/s) and is peaked in the perpendicular
direction at higher energies. In the third electron plot, the distribution is field aligned
at all energies with the lower energies (below about 10 keV) being more strongly

peaked in the field aligned direction.
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Figure 4.7: Ion and electron distribution functions covering the time interval 14:30:26
to 14:32:32 UT. The magnetic field is plotted for comparison.
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The magnetic field, shown in high resolution in the top plot of Figures 4.5 and
4.5, is variable throughout both intervals, though the amplitudes of the fluctuations
are not as large as those seen on July 26, 1997. In both Figures 4.7 and 3.15, By is
near zero, indicating that the spacecraft is in the vicinity of the current sheet.

Finally, the energy spectra are shown in Figure 4.8. Again, the ion fluxes are
high anisotropic with Earthward fluxes greater than tailward fluxes up to the highest
energy channels of the SSTs. Note that in the second and third panels, the peak of
the spectra lie at (or above) the high end of the energy detection threshold (30 keV) of
PESA-H. This incomplete sampling of the ion population indicates that the velocity
moments calculated from the distribution functions under represent the actual values

of the real population.
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Figure 4.8: Ion and electron differential energy spectra covering the time interval
14:30:26 to 14:32:32 UT.
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There appears to be an energization of the high energy electron component as the
peak in the spectra move to higher energies between the first and second electron plots.
The pitch angle distribution appears very complex in the second electron plot. Below
several keV, the distribution is field aligned. Between several keV and about 100 keV,
the distribution is peaked perpendicular the the magnetic field; above 100 keV, the
distribution appears isotropic. The last electron spectrum plot indicates that bi-
directional, field aligned and anti-aligned electron beams are present at energies below
a few keV. The presence of these beams suggests that the field aligned distributions,
as seen in the pitch angle spectrograms, may be due to narrow, intense field aligned

beams.

4.1.5 Summary of Observations and Comparison to Pseudobreakups

This section shows that the plasma sheet dynamics during large substorms appears
very similar to that observed in the previous chapter during pseudobreakups. When
WIND maps to the region of intense auroral emission in the ionosphere, magnetic
fluctuations, large ion (v), and increases in the fluxes of energetic ions and electrons
are observed. The particle distribution functions observed during large (v) events
during substorms contain many of the same features seen during pseudobreakups,
including multiple components, strong gradients in the phase space density, field
aligned beams (Figure 4.5 and Figure 3.13), and anisotropic plateaus extending to
high energy (Figure 4.7 and Figure 3.15). These similarities suggest that the processes
occurring in the plasma sheet during substorms are the same as those occurring during
pseudobreakups.

The similarity of the plasma sheet dynamics is in contrast to the difference in the
auroral activity for these intervals. The only apparent difference between these events
is the size of the region of intense auroral emission in the ionosphere. The similarities
in the plasma sheet behavior during both large and small auroral events suggests that

the underlying plasma sheet processes are the same.
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In the previous chapter, we saw that the plasma sheet disturbances occurred at
the same time as the aurora brightening, implying a temporal relationship between
the plasma sheet and aurora. Here we see that the plasma sheet disturbances are
observed when WIND maps to the region of intense aurora, not when the aurora
brightens. This shows that a spatial relationship exists as well and suggests that
only limited regions of the plasma sheet are disturbed during auroral activity. This
complex spatial and temporal dependence may help explain why a clear correlation
between auroral activity and plasma sheet disturbances has not been seen earlier.

The conclusions of this section are based on particle distributions integrated over
25 or 50 seconds. The proton gyroperiod in the plasma sheet is typically on the order
of 5 seconds. Therefore, these observations only give us an average picture of the
ion dynamics. In the next section, we will analyze high resolution (3-second) ion and
electron data. We will then be able to compare the plasma behavior observed on

kinetic time scales during substorms to that during pseudobreakups.

4.2 September 30, 1997

4.2.1 Awuroral Observations

Figure 4.9 shows a sequences of images taken by UVI on September 30, 1997. Similar
to the images in the previous section, each image is integrated over 37 seconds. The
time between images is about 5 minutes. The ionospheric footprint of the Wind
spacecraft is marked on each image. At 4:00 UT on September 30, 1997, Wind was
located in the plasma sheet at a GSM position of about [—14,5, —2] Rg.

A large portion of the auroral oval is outside the UVI field-of-view. During this
time, POLAR was in the ascending phase of its orbit and only started imaging the
aurora at 3:53 UT. Even though UVTI’s field-of-view is limited, it is clear that intense
aurora covers a large part of the ionosphere, similar to the images shown in Figure 4.1

from March 16, 1997, and in contrast to the images from July 26, 1997, shown in
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Figure 4.9: A sequence of UVI images from September 30, 1997, showing a substorm
expansion. The magnetic footprint of WIND is also shown.

Figure 3.1. WIND maps to the region of intense emission but is equatorward of the

most intense emission in these images.

4.2.2 Qwverview of Plasma Sheet Dynamics

The first three panels of Figure 4.10 clearly show that a substorm is underway as UVI
starts imaging the aurora. The region of intense emission is still expanding in latitude
and local time. After about an hour or so, the auroral intensity begins to decrease
and the region of intense emission decreases. Activity continues for some time at the
poleward edge of the aurora.

The remaining five panels of Figure 4.10 show the plasma sheet magnetic field
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Figure 4.10: Comparison of auroral imagery data with plasma sheet magnetic field
data and ion moments. From top to bottom: latitude and local time keograms;
auroral power; magnetic field; ion moments (density, velocity, and temperature).
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and ion moments, identical in format to Figure 4.2. Based on the plasma sheet
behavior and what we have learned from the previous chapters and sections, we
predict that substorm onset or a pseudobreakup occurred near 02:20 UT, and that
poleward expansion of the aurora began no later than 02:45 UT, coincident with the
large magnetic field fluctuations and large ion (v) seen at WIND. Ground based
magnetometers located in the Canadian sector (local midnight near 6 UT) show a
small deflection near 3:20 UT and a larger deflection around 3:50 UT. These may
be related to magnetic fluctuations observed at WIND at about the same times.
Magnetometers in the Scandinavian sector also show evidence for activity just after
3 UT and again just before 4 UT. Neither set of observations indicate activity before
this time.

As seen in the previous examples, every large ion (v) is associated with large mag-
netic field fluctuations. The large ion (v) are generally directed Earthward, though
there can be a significant positive or negative Y-component or —X-component. In
general, the density decreases and the temperature increases during intervals of large

ion (v). However, density increases are associated with the first two (v) in this case.

4.2.8 Ion Observations on Kinetic Time Scales

For the remainder of this section, we will focus on the large ion (v) that occurs
just before 04 UT. During this event, 3DP was measuring the ion and electron
distributions with 3-second resolution. These observations allow us to compare the
behavior of the plasma during pseudobreakups and substorms on kinetic time scales

Figure 4.11 shows the ion moments with 3-second resolution, the magnetic field
with 46-millisecond resolution, the time derivative of the magnitude of the magnetic
field, and the dynamic frequency spectrogram.

There is some interesting behavior seen in the ion moments. At the beginning
of this interval, the ion (v) is already elevated (> 100 km/s), pointed mostly in the

Y -direction, and gradually increasing. The density and temperature, which are anti-
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Figure 4.11: High time resolution magnetic field data and ion moments. From top to
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the magnetic field; dynamic frequency spectrogram.
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correlated throughout the 7-minute interval, are gradually decreasing and increasing,
respectively. At about 03:49:45 UT, the density (temperature) decreases (increases)
sharply. A few seconds later, the velocity peaks in the Y-direction followed by an
increase and peak in the —X-component. Coincident with the increase in the —X-
component of (v), there is a brief increase (decrease) in the density (temperature). As
(v)x decreases, (v)y remains above 200 km/s and the density (temperature) decreases
(increases) even further compared to before the —(v)x increase. Throughout this
20 second period, |B| is between 5 and 10 nT, so the entire duration of this —(v)x
increase is just a few ion gyroperiods.

The bottom three panels show that the magnetic field is highly variable during
this interval. Bx changes sign several times between 03:49 and 03:52 UT, indicating
either a crossing of the current sheet or strong local turbulence. The minimum value
of [B| is about 1 nT, indicating that WIND is near the neutral sheet. 3B/8t routinely
reaches values on the order of 10 nT/s. While smaller than the peak values observed
on July 26, 1997, the induced electric field can still be ~ 10 mV/m at length scales of
the gyroradii of the thermal protons. Similar to July 26, 1997, the dynamic frequency
spectrogram shows that there is wave power above the local proton gyrofrequency
throughout this interval. In several instances there is significant wave power above
the local lower hybrid frequency as well.

Figure 4.12 provides us with additional information in the form of (v) broken
down into perpendicular and parallel components, omnidirectional ion fluxes up to
1 MeV, and Earthward and tailward energy spectrograms. This figure can be com-
pared directly to Figure 3.21.

First, notice from the perpendicular and parallel velocity plot that the large ion
(v) is directed largely in the perpendicular direction. There are transient parallel
components mostly due to the changing direction of B. The brief velocity component
pointing in the —X-direction also contributes to the small, varying parallel compo-

nent.
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The omnidirectional ion flux plot shows the ions with energies below a few keV
gradually decreasing in flux as (v) increases. Ion fluxes from > 10 keV up to 100 keV
show a gradual increase at the same time. This trend is interrupted briefly by an
increase in the ion flux at energies below a few keV during the —(v)x followed by
their continued decrease.

The ion population responsible for the —(v)x is clearly identifiable in the tailward
energy spectrogram plot. Near the beginning of the interval, the fluxes of ions from
100 eV to a few keV are slowly decreasing in both directions. Around 03:49:45 UT,
the fluxes at these energies drop dramatically leaving the higher energy component
behind. At roughly 03:50:15 UT, there is an increase in the flux in the tailward
direction between 1 and 10 keV. There is a slight decrease in the flux in the Earthward
direction at the same time. This leads to the —X-component of (v). After this
population disappears, there are only slight anisotropies in the high energy ion fluxes

for the remainder of the interval, similar to July 26, 1997.

4.2.4 Electron Observations

High resolution electron data is shown in Figure 4.13. The format of this figure is the
same as that of Figure 3.22. However, the scale on the 1 keV pitch angle spectrogram
has been changed to improve clarity.

The electron density should be compared to the ion density shown in Figure 4.11.
At the beginning of the interval, the densities are in good agreement. As the plasma
density begins to decrease, the electron and ion density agreement becomes poor. In
fact, the ion density becomes 3 to 4 times greater than the electron density when
the densities are at their lowest. This indicates that at the beginning of the interval,
most of the electrons had energies less than 1 keV. As the density began to decrease,
the bulk of the electron distribution moved to higher energies above the limit of the
electron detector. Similar behavior is seen on July 26, 1997 (Figure 3.22).

This effect is alluded to in the omnidirectional flux plot and the pitch angle spec-
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Figure 4.13: High time resolution magnetic field and electron data. From top to
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trograms, as well. As the flux at 1 keV decreases after the beginning of the interval,
the flux at higher energies increases. Based on the results from Chapter 3, particularly
Figure 3.17, we would expect the transition energy, below which fluxes decrease and
above which fluxes increase, to be around a few keV. The pitch angle spectrograms
also show that the electron distribution can be quite field aligned during and after

these active periods.

4.2.5 Plasma Distribution Functions

Ten three-second resolution ion distribution functions are shown in Figure 4.14. These
distributions cover the time interval of the —X-component of (v). The first two
distributions were taken immediately before the start of the large —(v)x; the second
distribution corresponds to the maximum in (v)y.

The first two distributions are quite energetic with very few particles with energies
below about 1 keV (~ 500 km/s) present. The distributions are anisotropic in the
direction perpendicular to the magnetic field. In the third distribution, the phase
space density of ions with energies around a few keV increases noticeably. This
increase is most clearly seen in the upper right quadrant. This lower energy but
anisotropic component which is responsible for the —(v)x persists for the next six
distributions. Throughout these seven distributions, the direction of the (v) does not
change; it remains pointed duskward and tailward. However, the direction of (V)
as indicated by the small crosses in the contour plots does change as the magnetic
field changes direction. In the final distribution, the high density, medium energy
component begins to disappear leaving the anisotropic energetic component and a
(v)y > 200 km/s behind.

Eight electron distribution functions covering the same time interval as the ion
distributions in the previous figure are shown in Figure 4.15. There is a data gap
from 03:50:21 to 03:50:24 UT and another from 03:50:36 to 03:50:39 UT.

In the first two distributions, there are very few electrons present with energies
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Figure 4.14: Ion distribution functions.
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less that 1 keV. Presumably, most of the electron density is present at higher ener-
gies based on the disagreement between the ion and electron densities. The phase
space density increases at all energies less than 1 keV during the third distribution.
Since the electron population is changing during the integration time, this anisotropic
distribution is most likely time aliased. The last five distributions gradually become
more peaked in the perpendicular direction. This is in contrast to the electron distri-
butions from July 26, 1997, shown in Figure 3.24 which are peaked in the filed aligned
direction. However, the roles are reversed. In Figure 3.24, the low energy population
is decreasing; in Figure 4.15, the low energy population is increasing. Figure 4.13
shows that shortly after this time, near 03:50:40 UT, the low energy electron flux
drops, and the distribution becomes field aligned.

Finally, Figure 4.16 again looks at the ion and electron distributions at sub-spin
time resolution, at 400 and 200 milliseconds, respectively, during the same time in-
terval as covered in Figures 4.14 and 4.15. This figure is in the same format as
Figure 3.25; however, the scale for the particle energy fluxes has been changed for
clarity.

As seen in the top plot, the ion flux, particularly at 1 keV, starts out with very
little anisotropy present. During and after the third frame, the anisotropy grows
larger reaching a maximum amplitude of greater than an order of magnitude at both
energies. This large anisotropy is due to the presence of the tailward going medium
energy (1 to 10 keV) population. The last frame shows a significant decrease in the
amplitude of the anisotropy at 11 keV as the tailward component disappears.

The electron energy fluxes show a gradual increase throughout the third frame in
the second panel. The 100 eV electrons increase by nearly an order of magnitude.
The low energy electron energy flux decreases slightly during the seventh frame, but
otherwise the electron energy fluxes are fairly stable throughout the rest of the inter-
val.

The magnetic field during this interval varies from about 5 to 20 nT. The direction
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Figure 4.16: Ion, electron, and magnetic field data at sub-spin resolution. From top
to bottom: ion energy flux in two energy channels; electron energy flux in two energy
channels; magnetic field magnitude, azimuth (phi), and elevation (theta).
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of B changes from nearly Sun-Earth aligned to vertical as WIND encounters the
current sheet. There are significant perturbations in the Y-direction as well signified
by the azimuth (phi) angle approaching 90 or 270°. During these cases, By dominates
over Bx, though Bz is often the largest component during these excursion as signified

by the large elevation (theta) angle.

4.2.6 Summary of Observations and Comparison to Pseudobreakups

The (v) event shown here is different from the previous events shown in that there
appears to be a (v) embedded within another large (v). A large (v) mainly directed
in the Y-direction is observed associated with a fluctuating magnetic field, a decrease
in density and an anisotropic increase in the flux of high energy plasma as is typically
the case. Within this (v) event, a tailward going, medium energy (1 to 10 keV) ion
component appears, as evidenced by the ion spectrograms and distribution functions,
resulting in an increase in the density, a decrease in the temperature and a large, brief
(v) pointed in the —X-direction.

During this event, WIND approaches the current sheet where |B| can be quite
small, only a few nT. At these small magnetic fields, the gyroperiod becomes long
(~ 10s of seconds) and the gyroradius of the thermal ions becomes quite large (over
1000 km), possibly larger than the scale size of gradients in the magnetic field. Under
these conditions, an average picture of the plasma behavior cannot accurately describe
the ion dynamics.

Many of the same features seen during this event are also seen during pseudo-
breakups. These features include multicomponent distributions, large changes in the
ion distributions on time scales comparable to and faster than the ion gyroperiod,
large, rapidly fluctuating induced electric fields, and wave power at and above the
local proton gyrofrequency. The similarity in the plasma behavior during this sub-
storm event and during pseudobreakups as shown in the previous chapter suggests

that the microphysical processes occurring in the plasma sheet are the same during
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pseudobreakups and substorms.
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Chapter 5

SUMMARY AND CONCLUSIONS

The goal of this dissertation has been to study the highest quality data on hand and
to provide the most complete set of observations of the plasma sheet dynamics related
to auroral activity. First, we find that the plasma sheet behavior appears the same
during a wide range of auroral activity levels from pseudobreakups to substorms. Also,
we have revealed several previously unreported and currently unexplained features.
In spite of these new findings, many aspects of plasma sheet dynamics still remain
unexplained. However, the new results presented in this thesis can be used as a

stepping stone and guide for future work.

5.1 Summary of Ion Dynamics

We find that when WIND maps to the region of auroral activity, the plasma sheet
is very dynamic. Fluctuations in the magnetic field, density decreases, ion velocity
increases (typically in the Earthward direction), and temperature increases all coin-
cident with auroral brightenings are observed. Other researchers, looking exclusively
at ion moments, have reported many of the same features during large (v) increases
including density decreases, temperature increases, and magnetic field variations [An-
gelopoulos et al., 1992, 1997; Fairfield et al., 1999], though their relation to auroral
activity was not as stressed. Based on the work of Nakamura et al. [1991], most of
this previous work considered the plasma sheet plasma as a single component fluid.
Since a significant fraction of the (v) can be directed perpendicular to the magnetic

field [Baumjohann et al., 1990], the large (v) have been interpreted to be E x B flows
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and have been assumed to be the result of an enhanced convection electric field in
the dawn-dusk direction. Due to their intermittent behavior, the large (v) have been
termed “bursty bulk flows,” or BBFs [Angelopoulos et al., 1992].

Even though the large (v) events shown here could be classified as BBF's, we refrain
from using this nomenclature because our results show that that are additional new
features present and that these events are not, in fact, “bulk flows.” Large (v), then,
are a result of anisotropic high energy ions typically with energies above 10 keV.
Coincident with large (v), the fluxes of ions above a few 10s of keV increase in all
directions, though the increase is usually anisotropic. At the same time, fluxes at
lower energies usually drop, indicating a change in the ion population. It is not
possible to know whether this change in population is a temporal effect due to local
particle acceleration or a spatial effect as the spacecraft crosses a particle boundary.

A careful analysis of the ion and electron distribution functions shows that the
plasma can be made up of multiple components including parallel beams, anisotropic
energetic ions, and a low energy core. These different components are often observed
behaving dynamically differently. For example, Figure 3.11 shows ion distributions
containing a parallel beam and an anisotropic energetic component. The calculated
(v) is in the Earthward direction, yet the beam is directed nearly 135° from the Earth-
ward direction. Its presence is missed by only considering the moments. Similarly,
distributions shown in Figure 4.5 also reveal the presence of a beam this time accom-
panied by an anisotropic low energy component. Both the beam and the low energy
component are shifted perpendicular to B by ~ 200 km/s, but the total magnitude
of (v) is > 400 km/s. Hence, the observed large (v) do not adequately describe the
ion dynamics and cannot be completely explained by an E x B drift.

At other times, the ion distributions appear non-gyrotropic (see, for example, Fig-
ures 3.12 and 4.6). In these cases, there is a highly energetic plateau extending off
the scale in the positive perpendicular direction and a steep gradient in phase space

density in the opposite direction with a seemingly stagnant low energy component
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present. Possible explanations for these complex ion distributions include large en-
ergetic particle gradients in the v x B direction, time aliasing due to rapid changes
in the magnetic field and particle distributions during the integration time, and com-
plex, poorly understood ion behavior as a result of large, temporally and spatially

varying induced electric fields.

5.2 Summary of Electron Dynamics

Also during plasma sheet disturbances associated with auroral activity, we observe
changes in the electron population. Typically, the density decreases and the temper-
ature increases as a result of a decrease of a high density, low temperature (< 1 keV)
component and an increase in a low density, high temperature (few keV) component.
The high temperature component extends up to 100s of keV in energy. The transition
energy, above which electron fluxes increase and below which electron fluxes decrease,
is around a few keV. We observe rapid changes in the electron spectrum occurring in
about 1 second. During the rapid flux increase, the electrons are typically isotropic
but become more field aligned at all energies a few minutes afterwards as the fluxes

recover.

Hada et al. [1981] suggested that the field aligned electron distributions were the
result of a Fermi acceleration mechanism due to highly curved field lines in the plasma
sheet. However, this does not explain why the distributions become field aligned a few
minutes after the spectrum change. Associated with the electron spectrum change,
the magnetic field is typically fluctuating rapidly and becoming more dipolar, that
is, less curved. Therefore, one would expect this mechanism to produce field aligned
distributions before onset when the field lines are highly curved rather than a few

minutes after.
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5.3 Summary of Ion Dynamics on Kinetic Time Scales

Observations made on kinetic time scales reveal new, previously unreported features.
For example, the ion moments can contain significant structure, that is, multiple
peaks in [(v)| separated in time by a few proton gyroperiods and abrupt changes (up
to 100%) in both the direction and magnitude of (v) on time scales comparable to
the local proton gyroperiod. Also, new ion components can appear and disappear in

a few gyroperiods.

Directional changes in (v) do not appear constrained by or correlated with the
direction of B. Figures 3.18 and 3.20 show that even though the direction of (v) is
constant (in this case, in the X-direction), (v) is first directed perpendicular to then
parallel along the magnetic field as the direction of the magnetic field changes. This
implies that the ions are not responding exclusively to local magnetic field effects. It
1s possible that the ions in these events are non-magnetized; the local 8 of the plasma
at this time is of order 1. The magnetic field may also be changing in direction or
magnitude over scale sizes of the ion gyroradius, hundreds of km for keV ions in the
plasma sheet. The locally measured magnetic field may not be representative of the
magnetic field that the ions encounter during a significant fraction of their orbits.
Inductive electric fields and time changes in inductive electric fields will additionally

influence particle dynamics.

At the same time, large amplitude, high frequency magnetic field fluctuations
are seen with |0B/0t| often reaching ~ 10 nT/s. These magnetic field fluctuations
will give rise to strong, rapidly changing induced electric fields. At scale lengths
on the order of the gyroradius of a 1 keV proton (several hundred km in a 10 to
20 nT field), the induced electric field strength will be on the order of 10 mV/m.
This is at least an order of magnitude larger than typical expected dawn-to-dusk
electric fields of a few tenths of mV/m. This is similar in magnitude to (v) x B

(500 km/s x 20 nT = 10 mV/m), which is usually interpreted as an enhanced con-
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vective electric field [Angelopoulos et al., 1992]. However, the induced electric fields,
rather than being quasi-static in the Y -direction for Earthward transport, are rapidly
changing in direction and magnitude as B varies on time scales faster than the proton
gyroperiod.

These magnetic fluctuations have significant wave power present at frequencies
up to and exceeding the local proton gyrofrequency and, at times, the local lower
hybrid frequency. Lui et al. [1992] saw similar broadband increases in wave power
at similar locations and interpreted their observations as a signature of a cross field
current instability giving rise to current disruption. Perraut et al. [2000] have also
noted enhanced wave power at and above the proton gyrofrequency at geosynchronous
altitudes which may be related to a parallel current-driven instability.

The ion distribution functions contain complex features that include large gra-
dients and anisotropies in phase space. These features cannot be reproduced by a
superposition of several shifted isotropic distributions. Significant changes also occur
in these distribution functions on time scales comparable to the local proton gyrope-
riod indicating that the plasma is very dynamic. It is clear from the rapid fluctuations
in B and from the changes in the ion distribution functions that the ions cannot be
behaving adiabatically.

The electrons undergo similar changes on 3-second time scales. However, the
electron gyroperiod, which is on the order of milliseconds for typical observed magnetic
field values, is far below our temporal resolution. Unless there are large changes in
the magnetic and electric fields at these short time scales, we expect the electrons to
behave adiabatically.

Lastly, our observations clearly indicate that variations occur on kinetic time
scales. These results highlight the need for high time resolution data. Changing
the integration time drastically changes the picture we get of the plasma dynam-
ics. The magnitude of fast fluctuations in B are usually underestimated and some

are completely missed when integrating over time scales longer than about 1 second.
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Also peaks in the ion (v) are substantially lower and structure is smeared out when
averaging over several proton gyroperiods. This bursty behavior of (v) was similarly
noted by Baumjohann et al. [1990] and Angelopoulos et al. [1992] as an increase in the
peak [(v)| with shorter time resolution. Peak (v) are measured when the integration
time is on the order of the gyroperiod. Clearly, an incomplete picture of the plasma

sheet behavior is obtained using lower time resolution data.

5.4 Relationship of Pseudobreakups to Substorms

By studying additional events including expansive auroral substorms, we find that
the plasma sheet dynamics appears the same regardless of the size of the region of the
ionosphere covered by intense emission. The same features are seen in the ion and
electron distributions during pseudobreakups and large substorms. This similarity
persists down to the shortest time scales observable. On the basis of this similarity,
we conclude that the microphysical processes occurring in the plasma sheet are the
same for pseudobreakups and substorms. We suggest, that, analogous to the aurora,
which is observed with a continuum of spatial and temporal scales and intensities,
plasma sheet disturbances occur with a similar continuum of scales and intensities.

Using a wide variety of ground based, ionospheric, and magnetospheric obser-
vations, Nakamura et al. [1994], Rostoker [1998], and Aikio et al. [1999] have also
concluded that pseudobreakups and substorms are the result of the same physical
processes in the magnetosphere. The only difference is the scale size of the resulting
aurora.

Even though the exact physical processes or instabilities which lead to the dynamic
plasma sheet behavior described above and in turn are related to the mechanisms
which precipitate electrons to generate the intense aurora are unknown, Parks et al.
[2002] have described a phenomenology of how the plasma becomes unstable, based

in part on these results. Given a plasma distribution that is initially in equilibrium
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in an inhomogeneous environment such as the plasma sheet, gradient, curvature and
time dependent electromagnetic forces will modify the distribution. Different regions
of phase space will be transported into different regions of the plasma sheet, and
the original distribution will become altered and more complex as plasmas of differ-
ent origins are mixed. As the plasma evolves in space and time, a non-equilibrium
component can develop locally that contributes to free energy. This would permit a
considerable amount of free energy to be built up in selected regions of the plasma
sheet which instability processes could tap into. How much free energy and over
what regions this free energy accumulates determines the total energy available to
be dissipated and the size and intensity of the resulting aurora. Local properties
of the ambient plasma distributions would then be important in determining what

instability criteria are satisfied.

5.5 Future Work

We have demonstrated that the plasma sheet dynamics are much more complicated
than currently envisioned. Many of the physical causes of the features that we have
shown are not understood. It is clear that kinetic and nonlinear processes are oper-
ating. These features are also not incorporated in existing models of magnetospheric
processes. For example, with the exception of Winglee [1998], current models do not
include the presence of multiple components in the plasma sheet. It is important
that these new features be included in future models so that a comprehensive pic-
ture of magnetospheric process can be developed. In addition, modeling efforts must

incorporate kinetic and nonlinear mechanisms.

This dissertation has not addressed what physical mechanism or instability is re-
sponsible for the observed plasma dynamics. Whatever the processes are, our results
show that kinetic and nonlinear physics are important. Detailed analyses of specific

features in the distributions and their time rate of change correlated with electric and
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magnetic wave data may give us a deeper understanding of the microphysics involved.
For example, what is responsible for accelerating the ions to MeV energies and the
electron to hundreds of keV energies? Separating adiabatic from non-adiabatic fea-
tures to identify the specific acceleration processes is one avenue of possibly fruitful
future research. How important are wave-particle interactions in accelerating parti-
cles and modifying the distributions? Can we identify what these interactions are and
if the plasma distributions are favorable for instability growth? The identification of
particular plasma processes may help constrain or eliminate current competing the-
ories. As a result new models of how the plasma sheet operates and how substorms
develop may be formulated.

Even though we have presented the most complete set of observations currently
available, there are still limitations to the data. There are features that we have not
and cannot address. First, we haven’t addressed the issue of composition. The work
of Chappell et al. [1987] and the recent simulations of Winglee [2000] have suggested
that a considerable amount of ionospheric plasma may be present in the plasma sheet.
As a result, there can be multiple ion species present including He* and O*. Our
analysis has assumed all ions are protons. Since Het* and O* are more massive than
H+ by a factor of 4 and 12, respectively, the gyroperiod of these heavier ions are
longer than the proton gyroperiod by the same factors. If heavier ions are present in
significant quantities, then the conclusions that the ions are not behaving adiabatically
and that kinetic effects are important in describing the particle dynamics would be
further strengthened.

We also don’t have information available about the plasma dynamics below 70 eV.
Typical ionospheric plasma temperatures are on the order of 1 eV. Even if the plasma
is heated during transport to the plasma sheet, the bulk of the ionospheric contribu-
tion may be below the threshold of the instruments.

Additionally, there are still features present in the data that are not time resolved.

Features in the electron and ion data can change on time scales faster than the local
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ion gyroperiod. The electron data as well as the ion data appear time aliased, but
we currently do not have the time resolution necessary to fully describe the processes
responsible for the changing distributions.

Finally, an inherent problem of single spacecraft measurements is one of temporal
and spatial ambiguity. We do not know whether the observed plasma sheet processes
are temporal ones which we see evolving or spatial effects caused by different regions
of the magnetotail passing over the spacecraft. Multispacecraft observations should
help resolve this ambiguity. Observations of these plasma processes by Cluster II or,
in the future, MMS in the near-Earth plasma sheet will most likely play a large role

in the advancement of our knowledge of plasma sheet dynamics.
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