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Abstract.The plasma sheet boundary, at distances
intermediate between the auroral acceleration region and the
regions where energy conversion associated with substorms
occurs, is very dynamic with clectron and ion beams, ficld-
aligned currents and many types of waves and non-linear
structures. We discuss electric and magnetic fields
observations of waves occurring at two very different time-
scales. At the longer scales (10’s of seconds), Wygant et al.
(2000) have shown that the observed fields are associated
with Alfvenic fluctuations which have their largest electric
field normal to the average plane of the plasma sheet (8Ey).
The simultaneously observed magnetic field perturbations
arc azimuthal{8B-), resulting in a Poynting lux along the
geomagnetic field. The observations are consistent with an
incompressible, transverse electromagnetic surface shear
Alfven mode at the surface of the plasma sheet boundary.
The local 8E,/3B; is consistent with V,. The waves provide
an intense earlthward Poyniing flux sufficient to provide the
energy necessary for the energization of auroral clectron
beams. In addition, the large amplitude surface waves are
magnetically conjugatc (to within 1 degree) to intense
auroral emission as determined from the UVI imager,
whereas weak aurora arc correlated with small amplitude
electric fieids. Particle detectors simultaneously observe
ions flowing up the field line away from the earth, providing
further cvidence that low altitude acceleration is occurring
on conjugate magnetic field lines. At small scales, large
amplitude solitary waves arc frequently observed, and ion
acoustic, lower hybrid, and Langmuir wave packets are
somenimes seen. There are clcar differences between the
solitary wave observations at the plasma sheet boundary and
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in the low altitude auroral zonc. At high altitudes, only
electron mode solitary waves have been identified and they
occur both in regions of upward and downward field-aligned
current, in contrast to the auroral zone where ion solitary
waves occur in upward currents and electron solitary waves
occur primarily in downward currents. This ditference may
because the growth of ion accustic solitons requires that the
plasma be strongly magnetized (f./ £, >>1) which is not the
case for lhe observed high altitude plasma sheet boundary
crossings. The high altitude events are associated with a
wide variety of electron distribution types, whereas the low
altitude cvents occur in regions of tlat-top clectron beam
distributions. Preliminary evidence suggests that the high
altitude events may be BGK electron holes, as has been
shown for the low altitude events. For the parameler regime
usually observed at high altitudes, electron holes would be
stable. In addition, initial work on electron acoustic solitons
suggests that these compressive waves would occur only lor
a limited range of parameters, so they are unlikely to explain
the high altitude solitary waves. © 2001 Elsevier Science Lid. All
rights reserved

1 Introduction

The piasma sheet boundary is a very dynamic region which
often contains ion and clectron beams, field-aligned currents,
spiky electric fields and strong waves. It is generally thought
to be on magnetic field lines that map to the poleward
boundary of the night-side auroral zone, as well as to the
more distant portions of the geomagnetic tail wherce cnergy
conversion processes associated with reconnection occur.
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Understanding the wave processes which occur at
intermediate radial distances (~4-7 Re) on the plasma sheet
boundary is important for understanding auroral acceleration
and its relationship to the dynamics of the plasma sheet. In
this paper, we describe observations of a variety of waves
observed in time domain electric and magnetic field data
obtained by the Polar satellite. We will focus on waves
observed at two very different time scales - solitary waves
and Langmuir wave packets at millisecond time scales

(Cattell et al., 1998; 1999), and Alfven waves with time
scales of 10°s of seconds (Wygant et al., 1999; Keiling et al.,
1999).

The observations at high altitudes on the plasma sheet
boundary will be compared to low altitude, aurcral zone
measurements made by Polar and FAST. Similarities and
differences hetween measurements of solitary waves by
Polar, at the plasma sheet boundary, and FAST, in the
auroral zone will be used to elucidate wave generation
mechanisms and dynamic effects. The observations were
made in very diverse plasma regimes which allows us to
examine a namber of parameters including foef Tpe from
~0.1 to >10, Te/Ti. a broad range of plasma densily and
composition, as well as the presence or absence of cold
particles and of various possible free energy sources
including inrn heams, electron beams and field-aligned
currents. We will discuss whether the observations are
consistent with the occurrence of two of the basic types of
solitary waves (ion acoustic and electron acoustic), in
addition to BGK electron holes, and provide constraints on
possible generation mechanisms. The correlation between
large amplitude Alfven waves at high altitudes and the
energy flux associated with auroral electron beams, as
inferred from the UVI instrument, will also he addressed in
order to understand the processes which power auroral
acceleration.

The data sets used in the study are described in Section 2.
Obscrvalions of large amplitude Alfven waves, the
associated Poynting flux and auroral images are discussed in
Section 3. Solitary waves and Langmuir packels are
addressed in Section 4. Section 5 presents our conclusions
and ongoing studies.

2 Data Sets

The data for this study were obtained as the Polar satellite
crossed the plasma sheet boundary art radial distances of ~4 -
7 Rc at magnetic local times of ~20 — 02. The electric field
and spacecraft potential measurements were made by the
double probe electric field instrument (EFI) on the Polar
satellite (Harvey et al., 1995). The spacecraft potential is
indicative of thermal electron density (Pedersen, 1995). EFL
obtains 3d measurements of the electric field at 20
samples/second and, in addition, obtains bursts {waveform
capture) of high time resolution data in many different
moedes. Electric ficld data sampled al 8000 samples/s are
utilized herein. In addition to the electric field (potential
difference between opposing probes), the delay time

between signals at opposing probes were examined to
estimate the propagation speed of eleciric field structurcs
(see Cattell et al., 1999). Electric field data were rotated into
a magnetic field-aligned coordinate system and the parallel
compoenent was examined for candidate solitary waves.
Timing analysis was limited to events where one of the two
spin plane boom pairs is nearly aligned along the magnetic
field. In these cases, the signal from each single probe was
splined to provide an identical time basis for all signals and
spacecraft potential variations were removed using the
perpendicular boom pair. The time delay between the
observation of the solitary wave signal at opposing probes
was determined using a cross correlation analysis. Coupled
with the projecled probe separation along the magnetic field,
the time delay was used (o estimate the propagation velocity
of the solitary waves. Details of this procedure will be
described elscwhere (Dombeck et al., manuscript in
preparation}. AC magnetic field data were obtained from the
search coils (Gurnett et al., 1995) which were sampled in the
burst memory at the same rate as the electric field. DC
magnetic field data were obtained from the fluxgate
magnctemeters {Russell et al., 1995). Plasma data from the
Hydra instrument (Scudder et al., 1995) and imagces from
UVI (Torr et al., 1995) are also utilized.

3 Alfven waves and the associated Poyuting flux on the
plasma sheet boundary

Wygant et al. (2000) have discussed the relationship
between Alfvenic fluctuations on the plasma sheet boundary
and intense aurora as observed by the UVI imager on Polar.
Figure la (from Wygant et al., 2000) presents 6 second
averaged electric and magnetic field data and 13.8 second
averaged plasma measurements on May 9, 1997 as Polar
moved from the lobe to the plasma sheet from L.=9.4 to 4.8
near 22 MLT. The top panel of Fig. 1 shows the ¢ GSE
(northward} component of the electric field |, approximately
perpendicular to the average plane of the plasma sheel; the
second panel displays the y {casiward) component of the
magnetic field with a Tsyganenko model magnetic field
subtracted; and the third pancl displays the Poynting flux
along the ambient average magnetic field, calculated from
the three components of the perturbation electric ficld and
three components of the perturbation magnetic field. These
perturbation fields were calculated by detrending each
compenent of the field by subtracting a 180 second running
average from the original data. The Poynting flux vector was
then projected along the average magnetic field direction
calculated from the measured magnetic flield vector
averaged over 180 seconds. The fourth panel shows the sum
of the electron and ion energy flux along the magnetic field
(positive is downward) calculated from the Hydra
measurements. The fifth panel shows the electron density.
The bottom two panels present color coded encrgy-time
spectrograms of ion and electron energy fluxes. The vertical
brackets in the top panel delineate time periods when the
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Polar Piasmasheet Crossirg 3/9/97
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Figure la. Measurements from Polar spacecraft crossing of the PSBL on
5/%/1997. The panels show (from top to bottom?} the electron density, the
component of electric field approximately normal (o the plane of the plasma
sheet, the magnetic field {model subtracred) perpendicular to the local
magnetic field in the plane of the plasma sheet and the Poynting flux
component along the magnetic field. The fourth panel is the rotal particle
energy flux along the magnelic field with positive values corresponding to
carthward flux. The fifth panel is the electron density obtained from the
Hydra measurements. The two lower two pancls display Hydra energy flux-
time spectrograms of clectrons and ions,

Poler Plasmashaet Crossing 5/9/97 (4.7 Re. 22 MUY, L=.7)
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Figure Ib. Hydra electron and ion encrgy fluxes sorted into pitch angle bins

foot of the spacecraft magnetic field line mapped to within
one degree of the regions of intense ( >16 ergs/cm’s) auroral
emission determined from the UVI images shown in Fig. 2.
The particle data show that Polar entered the plasma sheel
boundary at 5:37 UT at a geocentric distance of about 4.9
Re. The cntry into the plasma sheet is most clearly indicated
by the order of magnitude increases in the 2-20 keV
clectrons. The clectric field enhancements are located on the
high density side of a jump in density from about 0.1 ¢m™
on the lobe side o 0.4 cm™ on the plasma sheet side.

The electric field data show a series of three fluctuations
ranging between -100 mV/m and 140 mV/m. This five
minute time interval coincides with the passage of the
spacceraft through an upward current shect as indicated by a
shift in the dc level of By. Superimposed on this shift are
three ~20 nT fluctuations in the magnelic field. These
transverse magnetic ticld fluctuations are similar in wave
form to those in the electric field. The total magnitude of the
magnetic field (not shown) has fluctuations on the order of 1
nT over similar time scales during these waves. Thus the

-transverse variations in the magnetic ficld strongly dominate

over the compressional variations. The net Poynting flux
calculated (rom the detrended electric and magnetic fields
consists of contributions from Alfven waves propagating
towards dnd away from the earth along the background

“magnetic field. The fact that the Poynting flux is directed

towards the earth indicates that the energy flux due the
Allven waves propagating towards the earth is larger than
that from waves propagating away from the carth. The
existence of waves propagating away from the earth can be
deduced from the observed phase differences between the
electric and magnetic fields, as will be discussed later. The
net Alfven wave power for this crossing is directed towards
the earth with amplitudes ranging up to 0.6 to 1 ergs/cm’s.
The scale on the right side of the Poynting flux plot, which
gives the magnitude as mapped to 100 km altitude, shows
that the mapped Poynting flux has values from ~ 24 to 100
ergs/em’s. This mapped Poynting flux is much larger than
the Poynting flux previously measured in situ at lower
altitudes in (or below) the auroral acceleration region, which
suggests that a significant portion of this energy flux is being
dissipated through particle acceleration hefore it reaches the
ionosphere.

Figure |b presents the electron and ion energy flux as a
function of energy (or pitch angles between 0 and 30
degrees. 75 and 105 degrees, and 150 to 180 degrees. The
data show that the electric field structures and earthward
Poynting flux coincide almost exactly with 1-10 keV up-
going ions (labeled “UFI” } which have been accelerated at
lower altitudes in the acceleration region. They are located at
the outer boundary of the plasma sheet and last for about 3
minutes. These ions are almost completely field aligned,
providing evidence that the Polar spacecraft is magnetically
conjugatc to the auroral acceleration region. There is aiso
evidence for field-aligned electron beams traveling both
towards and away from the Northern Hemisphere’s
ionosphere. The electron beams, visible in the first and third
panels of Fig. 1b, vccur during the interval labeled “E.B.”.
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Figure la. Mcasurements from Polar spacecraft crassing of the PSBL on
5/9/1997. The panels show (from top to bottom) the electron density, the
component of electric field approximately normal to the plane of the plasma
sheet, the magnetic fietd (model subtracted) perpendicular to the local
magnetic field in the plane of the plasma sheet and the Poynting (lux
component along the magnetic field. The fourth panel is the 1otal particle
energy flux along the magnetic ficld with positive values corresponding o
earthward flux. The fifth panei s the electron density obtained from the
Hydra measurements. The two lower iwo panels display Hydra energy flux-
time spectrograms of electrons and ions.
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Figure Ib. Hydra electron and ion energy fluxes sorted into pitch angle bins

foot of the spacccraft magnetic field line mapped to within
one degree of the regions of intense ( >16 ergs/cm®s) auroral
emission delermined from the UV] images shown in Fig. 2.
The particle data show that Polar entered the plasma shect
boundary at 5:37 UT at a geocentric distance of about 4.9
Re. The entry into the plasma sheet i1s most clearly indicated
by the order of magnitude increases in the 2-20 keV
electrons. The electric field enhancements are located on the
high density side of & jump in density from about 0.1 ¢m’”
on the lobe side to 0.4 cm™ on the plasma sheet side.

The electric field data show a series of three fluctuations
ranging between -100 mV/m and 140 mV/m. This five
minute time interval coincides with the passage of the
spacceraft through an upward current sheet as indicated by a
shift in the dc level of By. Superimposed on this shift are
three ~20 nT fluctuations in the magnctic field. These
transverse magnetic field fluctuations are sumilar in wave
form to those in the electric field. The total magnitude of the
magnetic field (not shown) has fluctuations on the order of 1
nT over similar ime scales during these waves. Thus the

transverse variations in the magnetic field strongly dominate

over the compressional variations. The net Poynting flux
calculated from the detrended electric and magnetic fields
consists of contributions from Alfven waves propagating
towards dnd away from the earth along the background
magnetic field. The fact that the Poynting flux is directed
towards the earth indicates that the e¢nergy flux duc the
Alfven waves propagating towards the earth is larger than
that from waves propagating away from the earth. The
existence of waves prapagating away {rom the earth can be
deduced from the observed phase differences between the
electric and magnetic ficlds, as will be discussed later. The
net Alfven wave power for this crossing is directed towards
the earth with amplitudes ranging up o 0.6 W | ergs/cm’s.
The scale on the right side of the Poynting flux ploi, which
gives the magnitude as mapped to 100 km altitude, shows
that the mapped Poynting flux has values from ~ 24 to 100
ergs/cm’s. This mapped Poynting flux is much larger than
the Poynting flux previously measured in situ at lower
altitudes in (or below) the auroral acceleration region, which
suggests that a significant portion of this energy flux is being
dissipaled through particle acceleration before it reaches the
ionosphere.

Figure 1b presents the electron and ion energy flux as a
function of epergy for pitch angles belween 0 and 30
degrees, 75 and {05 degrees, and 150 to 180 degrees. The
data show that the electric field structures and carthward
Poynling flux coincide altost exactly with [-10 keV oup-
going 1ons (labeled “"UFI” } which have been accelerated at
lowcr altitudes in the acceleration region. They are located at
the outer houndary of the plasma shect and last for about 3
minutes. These ions are almost completely field aligned.
providing evidence that the Polar spacecralt is magnetically
conjugale o the auroral acceleration region. There s also
evidence for field-aligned clectron beams traveling both
towards and away from the Northern Hemisphere's
ionosphere. The electron beams, visible in the first and third
panels of Fig. Th, cceur duning the interval labeled "EB..
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brightest auroral emission features. The peak values of the
Poynting flux are up to a factor of 3 larger than the energy
flux duc to precipitating electrons as estimated by the
imager. The mapped Poynting flux is about 100 ergs/cm?s,
while the energy flux associated with the region of bright
auroral emission is typically 20 ergs/cm’s in the rcgion
conjugate to the spacecraft position. The incident Poynting
flux must account not only for the energy flux of
precipitating clectrons, but also for ionospheric Joule
heating, and ion acceleration. In addition, the
spatial/temporal scales over which the Poynting flux varics
are much smaller than those resolved by the images. The
images average over ionospheric spatial scales of about 0.5
degrecs. This is much larger than the 0.1 to 50 km spatial
scales of discrete auroral arcs. Under these circumstances,
the peak value of the Poynting flux measured by the higher
resolution satellite measurements should be an order of
magnitude larger than the value of the electron energy flux
inferred from the averaged images. The comparison of the
Poynting flux measurements at high altitude to the UVI
images suggests that the Poynting flux is in part being
converted to particle energy in the acceleration region-
probably by parallel fields associated with the several
hundred mV/m to one V/m localized perpendicular electric
field structurcs first observed by the 53-3 spacecraft over
twenty years ago and now resolved routinely by the Polar
and FAST spacecraft.

These observations are strong evidence thatthe  Poynting
flux due to Alfven waves is responsible for powering the
acceleration of auroral elcctron beams and is a major
mechanism for transporting energy from the tail to the
ionosphere. These observations further suggest that Poynting
flux through the radiation of large amplitude Alfven waves
may be a significant energy sink for energy release processes
in the tail such as reconnection since in our ¢xamples, at
Polar altitudes, the Poynting flux was comparable or larger
than the total cnergy flux duc to electrons and ions. The
geometry of these electric and magnetic field fluctuations is
sometimes similar to the shear mode Alfven surface waves
first proposed by Hasegawa (1976) as a mechanism for
powering the aurora. Wygant et al. (2000) and Keiling et al.
(2000) present more examples of such conjunctions and a
more detailed discussion of the observations and
interpretation, as well as relevant theoretical models.

4 Solitary waves

One type of structure, observed in electric field waveform
data, which has received much study is solitary waves.
Solitary waves, which were interpreted as negalive potential
pulses traveling up the magnetic field, were first observed in
the aureral zone (Temerin et al., 1982, Bostrom et al., 1988).
These solitary waves, which occur in association with ion
beams propagating away from the ionosphere, have been
associated with the ion acoustic mode and have been
identified as ion holes. Later, lower amplitude solitary
structures, interpreled as electron holes, were identified in
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Figure 3. Plasma and electric and magnetic field data for plasma sheet
boundary crossing on May 5, 1997. From top to bottom the panels show
electron distribution function for two intervals at the burst time, the electron
energy time spectrogram, two ion distribution functions, the ion energy-
time spectrogram, the east-west component of the magnetic field (indicative
of filed-aligned currents). and the field-aligned component of the electric
field for the burst.

the distant plasma sheet (Matsumoto et al., 1994). Utilizing
data from the FAST spacecraft, Ergun et al. (1998) have
identified a new type of solitary wave, associated with cold
electron beams, which propagates in the beam direction at
~4500 km/s. These waves have an electromagnetic signature
and are interpreted as electron holes traveling with the beam.
Similar structures in the low altitude Polar data were
described by Mozer ct al. (1997) and Bounds et al. (1999).
Preliminary results from Polar have also provided evidence
for similar fast moving solitary waves at high altitudes
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(Cattell et al., 1998; 1999; Franz et al, 1998). Observations
by Wind at the bow shock (Bale et al, 1999) have also
identified large amplitude solitary structures interpreted as
electron holes. in addition, Dubouloz et al. (1991) postulated
that negative potential electron acoustic solitary waves were
the source of the broadband electrostatic noise obscrved in
the low altitude dayside auroral zone. These and many other
similar observations indicate that solitary waves are
ubiquitous in naturally occurring plasmas.

Theoretical work on solitary waves initially focussed on
ion acoustic solitons, which, for a simple system with one
ion and one electron species, were shown to be compressive
(positive potential) structures propagating slightly faster than
the ion acoustic speed. Such solitons have not vet been
observed; the observed ion solitons are rarefractive. Many
more complex, multi-component systems have been studied,
analytically, numerically and via simulations, providing
information of propagation velocities, growth and stability,
and structure {compressive or rarcfractive) in varicus rcgions
of parameter space. Similar studies made of electron
acouStic solitary waves, indicate that, for most plasma
models, the structures are negative potential and propagate
above the clectron acoustic speed. Posilive potential
structures occur only in a very restricted parameter space.
The most commeon theoretical explanalion for the [ast
moving solitary waves is an electron hole mode, such as
analytic BGK modes (Muschietti ¢t al., 1999) or evolution
of a bump on tail instability or electron two stream
instability (Omura ct al., 1996; Motlez et al., 1997;
Matsumoto et al., 1999; Goldman et al., 1999; and
references therein).

The plasma sheet boundary crossing shown in Fig. 3
occurred on May 5, 1997 at a radial distance of 5.3 Re and at
22 MLT, in a region of upward field-aligned current. The
top panel shows 2 electron distribution functions, the second
panel shows the electron energy spectrum, the third panel
shows the ion distributions, the fourth panel presents the ion
energy spectrum, and the fifth pancl plots the component of
the electric field parallel to the geomagnetic field for the 6s
burst. The observations are similar to those which are seen
in low altitude auroral zone upward current sheets in that
there are upgoing ion beams, as well as downgoing electron
beams (peaked at a velocity of ~10,000 km/s) and a clear
upgoing eleciron loss cone signature in the electron
distributions. The solitary waves had paralle] elcciric ficlds
up to~80 mV/m peak-lto-peak, with the bipolar spike
pointing first along the magnetic ficld into the ionosphere
and ther out of the tonosphere. For the observed downward
propagation, this corresponds to a positive potential
structures (i.e. ion enhancemenls or electron holes). The
speeds were generally >2000 km/s. Although the solitary
waves werc moving in the same direction as the electron
beam, their speeds were much slower, more consislent with
the electrons in the core. Large amplitude waves polarized
primarily perpendicuiar to the magnetic field were observed
at a [requency of ~140 Hz (near the lower hybrid frequency).
Waves of this type are often seen in the plasma sheet
boundary cressings (Cattell et al., 1998). The solitary waves
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Figure 4. Piasma sheet crossing on March 28, 1997. Same format as Fig. 3.

often had a reperition rate similar to the frequency of the
perpendicular waves.

Figure 4 {same format as Fig. 3 with the addition of a panel
containing the Fourier spectrum of the burst data) presents
plasma and clectric field data from a crossing on March 28,
1997 at an altitude of 6.3 Re and 01:30 MLT. A large-scale
view of this plasma sheet boundary crossing is shown in Fig,
2 of Cattell et al. (1999), The waveform burst occurred at a
transition between downward and upward current. In the
first distribution, there is a strong electron beam moving
down the magnetic field peaked at ~10,000 km/s and a less
intense beam flowing up the field. In the second distribution,
the beams have spread in the parallel direction resulting in a
flat-top distribution similar to those observed by FAST at
low altitudes. No clear features are observable in the ions.
The packets of spiky parallel ficlds (with broad spectra) arc
solitary waves. The solitary wave field is first negative
(upward) and then positive {(downward) with amplitudes up
to >50 mV/m. Since the measured time delays correspond to
upward velocities (of ~1000 — 2500 km/s). the solitary
waves are positive potential structures. In addition, two
bursts of Langmuir waves can be seen at ~23:20:29. The
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Langmuir wave packets are lower amplitude (~10 mV/m
peak-to-peak) than the solitary waves, and occur in a region
which is much lower in wave activity than the rest of the
burst. Because the duration of this region is less than 1s, it is
not possible o determine whether there was a simultaneous
change in the electron distribution function.

Very large amplitude solitary waves (up to 200 mV/m
peak-to-peak) also occurred at the edge of an intense
downward current during a plasma sheet boundary crossing
on March 6, 1997, at a radial distancc of ~5 Re and 2.5
MLT. The electron distribution on the left, taken at the time
of the burst, shows an intense energetic electron beam
flowing out of the ionosphere {consistent with the downward
current). By the time of the next 12s distribution, the beam
direction had changed (consistent with a briel region of
upward field-aligned current). Both ion distributions show
evidence of perpendicular heating. As was the case in the
lwo previous events, the solitary wave velocity was ~1200-
>2500 km/s, much slower than the observed electron beam.
For the largest solitary waves in this event, large magnetic
signatures were observed. Preliminary comparisons to the
magnetic field of a moving charge clump, as observed for
the FAST electron holes (Ergun et al., 1998), are not
consistent with this interpretation.

For all the plasma sheet boundary crossings described
above, as well as other cases which have been examined, the
solitary waves are positive potential structures, travelling
along the magnetic field with velocities of 1000->2500 km/s.
‘The solitary wave velocities are usually in the same direction
as simultaneously observed electron beams. The speed is
much less than the electron beam, but is consistent with the
core electrons. In addition to the bipolar parallcl electric
field, there are often unipolar perpendicular fields, indicating
that the solitary waves are not one-dimensional, as has been
observed at low altitudes by FAST (Ergun et al., 1998) and
for the small amplitude high altitude events on Polar (Franz
et al., 1999). The parallel scale sizes are 10°s of Ay, and, for
the largest amplitude structures, e®/kT.>~1. Note that there
are also many smaller amplitude solilary waves observed in
each burst with e®/kT,<1. It should be noted that there were
no signatures of the solitary waves observabic in the AC
magnetic field for most of the events. Only the very largest
solitary waves have magneltic signatures.

The question of whether the observed solitary waves could
be clectron acoustic solitons has been addressed by looking
at the regions in paramcler space where compressive solitary
waves can occur. To obtain compressive solutions, the ions
must be hot, i.¢. the soliton speed must be less than the ion
thermal speed. This is not consistent with the observations
which show that the ion thermal speed is always much less
than the solitary wave specd. Notc that Dubouloz et al.
(1999) stated that, for drifting populations, compressive
solutions could occur for a large region in parameter space.
Muschietti et al. (1999) have shown that electron holes are
stable when the ratio of the bounce {requency of electrons in
the potential to the electron gyrofrequency was less than 1.
For the range of paramcters observed for the high altitude
solitary waves, this criterion is always met.
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Figure 5. Plasina sheel crossing on March 6, 1997, Same format as Fig. 3.

3 Discussion and conclusions

Previous studies of the electric fields at the plasma sheet
boundary, which were restricted to measurements of the
component in the ccliptic plane, provided cvidence for large
amplitude spiky electric fields at radial distances from ~4Re
to ~90Re (MoZer, 1981; Cattell et al., 1982; Pedersen et al.,
1985; Cattell et al., 1994; Streed et al., 1999). The Polar
observations show that, in order to understand the physics of
the plasma sheet boundary, it is critical to measure the
component of the clectric ficld perpendicular to the ccliptic
plane. The Polar instrument has provided the first 3d
measurement of the electric field al radial distances up to

~ ~9Re, and, in addition, includes a waveform capture mode

with sample rates up to 8000 samples/s. We have reviewed
observations made utilizing this capability which show that
very large amplitude (up to 100’s of mV/m) electric fields
are often observed at the plasma sheet boundary on many
different time scales from the order of 1075 to 107 5.
Wygant et al. (2000) showed that the longer scales are

associated with Alfvenic fluctuations which have their
largest electric field normal to the average plane of plasma
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sheet (8E). The simultancously observed magnetic field
perturbations are azimuthal(dB7), resulting in a Poynling
fiux along the geomagnetic field. The obscrvations are
consistent with an incompressible, transverse
electromagnetic surface shear Alfven mode at the surface of
the plasma sheet boundary. The local SE/6B+ is consistent
with V,. The waves provide an intense earthward Poynting
flux sufficient to provide the energy necessary for the
cpergization of auroral electron beams. In addition, the
intense surface waves arc magnetically conjugate (to within
1 degree) to intense auroral emission as determined from the
UVI imager, whereas weak aurora are correlated with small
amplitude electric fields. Particle detectors simultaneously
observe ions (lowing up the field line away from the earth,
providing further evidence that low aliitude acceleration is
occurring on conjugate magnelic field lines.

Al the shortest scales, solitary waves arc ubiquitous and arc
detected both in regions of downward and upward field-
aligned current. In the low altitude auroral Zone, both ion
modes and electron modes have heen distinguished. At high
altitudes, however, no ion mode solitary waves have been
definitively identified. Polar high altitude observations have
shown that solitary waves are often very large amplitude
{with parallel electric fields of up 0 200 mV/m and
cD/kT.>~1). The solitary waves are positive potential, fast
moving {>~ 1000 kin/s) structures with scale sizes of 10°s of
Debeye lengths, which are most consistent with an eleciron
hole mode (Cattell ¢t al., 1999). Franz et al. (1998) have
described small amplitude solitary waves which have similar
characteristics.  The low altitude FAST and Polar
observations have indicated that the eleclron hole mode
solitary waves are always associated with flat top clectron
beams, aimaost always flowing up out of the ionosphere, in a
region with £ /f.~ 5-15. Polar and FAST, in addition to
previous §3-3-and Viking data, have shown that the ion
mode solitary waves are associated with upflowing ion
beams and f,/ f, ~10-50. There are several distinctions
belween the high altitude solitary waves described herein
and the electron holes obscrved at low altitudes. The high
altitude events have no preference for the downward field-
aligned current region, while the low altitude ones occur
almost exclusively in the downward current region (although
they are somctimecs observed with very cold beams in
upward current regions}). There is no clear one-to-one
correlation between the types of particle distributions and
the solitary waves observed at high altitudes. Although they
are often associated with electron beams, the solitary wave
velocities are usually much lower than the beam speed. The
low altitude evenls have parallel scale lengths <~24, in
(Ergun el al., 1999), whereas the high altitude evenls are
usually 10°s of A, In addition, the electron solitary waves at
high altitudes have been observed in regions with fee/ fpe
from ~0.1 to >5. Both types of solitary waves at low
altitudes are often associated with large amplitude

electrostatic ion cyclotron waves which are primarily
perpendicular to the geomagnetic field (Temermn et al., 1982
for ion mode solitary waves; Ergun el al., 1999 for electron
inode). In the case of high altitudc observations, the solitary
waves are also often associated with waves which are
primarily perpendicular o the geomagnetic field, but the
wave frequency is near the Jower hybrid frequency, which is
much higher than the local ion cyelotron {requency. Note
that, in both the low and high altitude cases, these
electrostatic waves have Irequencies on the order of 100 Hz.

Tests of the amplitude/velocity relationship for the low
altitude FAST data (Muschietti et al.. 1999) have shown that
the low allilude cvents are consistent with BGK electron
holes and not with solitons. Muschietti et al. have also
shown that, for the parameter regime nsually observed at
low altitudes, the holes would be stable. Preliminary studies
of compressive clectron acoustic solitons suggests that they
are unlikely to explain the high altitude solitary waves. This
work, combined with the fact that BGK electron holes would
be stable for the range of parameters associated with the
high altitude solitary waves, suggests that the high altitude
events may also he BGK electron holes. The
amplitude/velocity relationship for the Polar data is currently
being cxamined o provide a definitive test.

The evolution of electron holes from electron beam
instabilitics has been addressed by Omura el al. (1996),
Matsumoto el al. (1999), Goldman et al. (1999), Motez et
al,, (1997) and others referenced therein, These authors have
shown that large amplitude solitary waves can result from
the evolution of two counterstreaming electron beams.
Omura ct at. showed that a weak bump on tail resulted in
small amplitude solitary waves. Malsumoto et al. (1999)
suggested that the smail-amplitude solitary waves were due
to a weak beam instability when the thermal electrons were
hot, whereas Langmuir waves were generated when the
thermal electrons were cold. Although the time resolution of
the electron distribution measuremcent 1s comparable to the
length of a waveform capture, we do not find evidence to
strongly support these ideas for the generation of the large
amplitude solitary waves or the Langmuir waves. We are
currently doing simulations based on the observed plasma
distributions.

The fact that ion solitary waves have not been observed in
the high altitude Polar data may be understood by examining
the dependence of the evolution of 1on solitons on the
background magnctic ficld. Simulations by Barnes et al
{1985) have suggested that the growth of ion solitary waves
requires that the plasma be strongly magnetized (f./ £, >>1)
which is not the case for the observed high allitude cvents.
For the plasma sheet boundary crossings. f./ f is usually on
the order of |: for the cusp cases, f./ f.<t. Cattell et al.
(1999) address the issuc of 1on solitons at high altitudes in
maore detatl.

Acknowledgments.Analysis of Polar electric and magnetic field data was supported by the NASA International Solar Terrestrial Program under grants NAG
5-3182 and NAGS-3217. Work at the University of Washington was supported by NASA grant NAG 5-3170. Work at the University of lowa in analysis of



C. Cattell ef al.: Comparison of Solitary Waves and Wave Packets 105

the dependence of the evolution of ion solitons on the
background magnetic ficld. Simulations by Barnes et al.
(1985} have suggested that the growth of ion solitary waves
requires that the plasma be strongly magnetized (f./ £, >>1)
which is not the casc for the observed high altitude events.

For the plasma sheet boundary crossings, f,/ f,, is usually on
the order of 1; for the cusp cases, I,/ f,<I. Caitell et al.
(1999) address the issuc of ion solitons at high altitudes in
more detail.
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FIGURES

Figure la. Measurements from Polar spacecraft crossing of the PSBL on
5/9/1997. The panels show (from top to bottomn) the clectron density, the
component of electric field approximately normal to the plane of the plasma
sheet, the magnetic field (model subtracted) perpendicular to the local
magnetic field in the plane of the plasma sheet and the Poynting flux
component along the magnetic field. The fourth panel is the total particle
energy flux along the magnetic ficld with positive values corresponding o
earthward flux. The fifth panel is the electron density obtained from the
Hydra measurements. The two lower two panels display Hydra energy flux-
time spectrograms of electrons and ions.

Figure 1b. Hydra clectron and ion energy fluxes sorted into pitch angle bins
for 5/9/1997.

Figure 2. Images of the aurora from the UVI instrument on the POLAR
spacecraft on 5/9/1997. The LBH-long filter used in this image provides an

indicator of the total energy deposited in the ionosphere by auroral
electrons. The track of the spacceraft is indicated by the small cross (+).

Figure 3. Plasma and electric and magnetic field data for plasma sheet
boundary crossing on May 5, 1997, From top to bottom the panels show
electron distribution function for two intervals at the burst time, the electron
energy time spectrogram, two ion distribution functions, the ion cnergy-
time spectrogram, the cast-west component of the magnetic ficld (indicative
of filcd-aligned cursents), and the ficld-aligned component of the electric
field for the burst.

Figure 4. Plasma sheer crossing on March 28, 1997, Same format as Fig. 3.

Figure 5. Plasma sheet crossing on March 6, 1997, Sante format as Fig. 3.



