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ABSTRACT

We present Polar plasma wave data during cusp energetic particle (CEP) events at 6-9 Rg. These data suggest the
presence of coherent electrostatic structures that are highly localized and that have typical velocities on the order of
hundreds to thousands of km/s along the ambient magnetic field. Some of the wave signatures are solitary waves and
some are wave packets. The Polar wave instrument also provides evidence that some of the bursts of electromagnetic
waves (with frequencies of a few hundred Hz and just below the electron cyclotron frequency around 800 Hz to 1-2
kHz) that are observed are coherént and propagating both up and down the field lines. Electron cyclotron harmonic
(ECH) waves are often detected but their duration is usually short (< 1 5). Low Frequency (<1 kHz), broadband, bursty
electromagnetic waves are also present. The Polar wave data results are used to obtain a better understanding of the
macro/microphysics during a CEP event that takes place on September 11, 1996, by correlating various Polar (~ 7.0
Rg) and Akebono (~ 1.4 Ry) data while both spacecraft are in or near the cusp/cleft region and nearly on the same field
line, and magnetometer data from the Canadian Intermagnet and Canopus ground stations, which lie near the base of
the magnetic footprint passing through Polar. Solar wind and magnetic field data from the interplanetary medium and
magnetosheath are provided by the Geotail and IMP-8 satellites, respectively. Some of the cusp waves may be
indicators of the reconnection process taking place through the cusp, the result of mixing of magnetosheath with
magnetospheric plasma, and the consequence of an anisotropic electron population in a depressed magnetic field. The
low frequency electromagnetic waves are still under study to determine their role, if any, in the heating and acceleration
of the MeV He ions during CEP events. ©1999 COSPAR. Published by Elsevier Science Ltd.
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INTRODUCTION

Intense, bursty, broadband electromagnetic waves spanning the range from a few Hz to a few kHz (low frequency
magnetic noise) have been observed by the Polar Plasma Wave Instrument (PWI) (Gurnett ez al., 1995) in and near the
dayside cusp of the Polar orbit. These waves are not seen every orbit, nor are they seen consistently throughout the
year. In addition, MeV He™ ions have been observed by Polar CAMMICE (Charge and Mass Magnetospheric Ion
Composition Experiment) in the cusp, the so-called Cusp Energetic Particle (CEP) events (Chen et al., 1998), that
appear to be correlated with a decrease in the total ambient magnetic field as measured by the Polar MFE (Magnetic
Field Experiment) instrument (Russell et al., 1995), and with an increase in the low frequency magnetic noise as
measured by Polar PWL. To better understand the CEP events, a detailed study of waves observed in the cusp and their
role, if any, in the global system was undertaken.

Below we present in detail some of the wave emissions (the microphysical processes) that are seen in the cusp during
CEPs with the PW] on the Polar spacecraft. Following this, we review some macrophysical processes occurring during
a cusp event that took place around 22:00 UT on September 11, 1996, by presenting various spacecraft and ground
data. The present work is not meant to be a rigorous investigation of the macrophysical processes taking place, but
rather a top level appraisal of what we believe to be occurring based on the in situ and remote sensing data.

MICROPHYSICAL PROCESSES

Whistler Mode Waves

An example of one type of wave emission observed in the cusp/cleft is seen in Figure 1(A). During this time, the Polar
spacecraft was at approximately 8.6 Ry, 80 degrees ILat (Invariant Latitude), 1236 MLT (Magnetic Local Time), and
61 degrees MLat (Magnetic Latitude). This example shows a series of wave packets covering a time period of
approximately 160 ms in each of the three orthogonal electric channels (top three panels) and of the three orthogonal
magnetic channels (bottom three panels) obtained by the PWI High Frequency Waveform Receiver (HFWR). The
time, in decimal seconds, of 01:47:44 UT on September 11, 1996, is plotted on the horizontal axis. The vertical axis
contains the magnitude of the electric field, in mV/m, for the first three panels and the magnitude of the magnetic field,
in nT, for the last three. The data were calibrated by
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degrees), in this case away from the earth, below the electron cyclotron frequency, f, (~1.1 kHz), and above the lower
hybrid resonance frequency, f|;x (~26 Hz), which means they are most likely whistler mode waves. The index of.
refraction plotted in Figure 1(B) is consistent with this. The HFWR data confirm that bursts of narrowband whistler
mode waves similar to those in Figure 1 are frequently seen in the cusp traveling both up and down the field lines
(within about 30 degrees) at frequencies of a few hundred Hz and at frequencies just below f,. Occasionally, they are
seen almost continuously (several seconds). ’

Although these whistler mode waves have not been reported to have been observed before in the cusp, we believe that
they may have been detected but not resolved by the receivers making the measurements. The waves occurring around
a few hundred Hz often get masked by the low frequency, broadband, magnetic waves described below. Gurnett and
Frank (1978), using a wave receiver on Hawkeye I, observed similar whistler mode waves, lion roars, in the
magnetosheath where the broadband magnetic noise is not present.

Electron Cyclotron Harmonic Waves

Another emission frequently observed in the cusp is the narrowband wave that occurs just above the electron cyclotron
frequency and its harmonics. An example is shown in Figure 2(A). The data were captured in the time domain and
transformed to frequency space by means of a 4096 point FFT spanning 0.13 s. The data are taken from a snapshot
obtained on September 11, 1996, at 01:52:01.749 UT while the spacecraft was at about 8.5 Rg, 80 ILat, 1239 MLT and
60 degrees MLat. This figure shows power spectral density vs. frequency up to only 15 kHz, although the filter cutoff
is 25 kHz. The fundamental frequency is seen to peak around 1.1 kHz in each of the three electric (top three panels)
and three magnetic channels (bottom three panels). The first harmonic is seen in all channels, however weakly in the
magnetics. Higher harmonics are observed only in the electric channels and most prominently in the Ev and Ez
channels up to about 20 kHz for this example. At this time f, is about 1.0 kHz (based on Polar MFE data) and f,,, about
21.8 kHz (based on Polar Hydra data). Thus, we see that these narrowband waves lie just above f., and its harmonics.
The magnitude of the harmonic peaks falls off with increasing frequency. Although the emissions are observed up to
about f,, and f;;,;z, we cannot draw any conclusions based upon this since the peak intensity is near the noise floor of
the receiver at that frequency. The reason for the broadening of the Eu peaks is unknown. Shown in Figure 2(B) is
the index of refraction vs. frequency for this example. The sharp depressions seen in the index of refraction occur at
the peak frequencies observed in Figure 2(A), and are indicative of electrostatic waves. The observation that the
depressions associated with the fundamental and first harmonic are not as deep as the second harmonic is consistent
with the influence of the magnetic components.

Further analysis of the magnetic components of
the waves occurring at the fundamental
frequency was performed using the Means
method (1972) (LeDocq, 1998). The results
show that the k-vector is nearly perpendicular
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Fig. 2. (A) Power Spectral Density and (B) index of refraction of
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waves are electrostatic. The narrowband waves shown in Figure 2(A) are typical of those encountered in the cusp re-
gions during CEP events, although the magnetic components are not always present, perhaps because they are weak
and fall below the noise floor of the receiver. The location of the harmonic bands in frequency space is a function of
density, temperature and field strength.

Electrostatic electron cyclotron (Bernstein mode) waves occurring just above f., sometimes with a weak harmonic,
have been reported in the cusp by Gurnett and Frank (1978). Electrostatic electron cyclotron waves in the central part
of the cusp have also been reported by Pottelette ef al., 1990. This may be the first time these waves have been
observed in the cusp with the electric field component having so many harmonics and with a magnetic field component
with at least one harmonic. Shaw and Gurnett (1975) observed a weak magnetic component associated with
electrostatic noise bands in the outer magnetosphere. However, the magnetic component was detected in only 8 cases
in their survey of the IMP-6 wave data. Matsumoto and Usui (1997) reported the observation of ECH waves at the
dayside equatorial magnetopause region using Geotail data. These waves appear very similar to the ones reported here
(narrowband, multiple harmonics with a magnetic component) and were termed "totem pole"” emissions.

Coherent Electric Field Structures

A type of waveform typically seen by Polar PWI in the cusp is the bipolar pulse as shown in the PWI interferometry
data of Figure 3, top two panels. These data were taken on September 22, 1996, during a CEP event and comprise a
small portion of the 1.2 s. snapshot taken at 01:14:42.8210 when the spacecraft was at 8.5 R, 80 degrees ILat, 1155
MLT, and 60 degrees MLat. Elapsed time since the start of the snapshot is plotted on the horizontal axis. The baseline
of the interferometer is 50 m which is the distance between each of the Ev+ and Ev- antenna spheres and the spacecraft
body. During the time interval shown in Figure 3, the interferometer baseline (Ev+ and Ev- antennas) was nearly
parallel with the magnetic field (within 20 degrees). This allows us to calculate the velocity and parallel widths with
less error. Using the cross correlation technique employed in Franz et al. (1998) and LaBelle and Kintner (1989), the
delay time of -196 microseconds from when Ev+ detects the wave in relation to Ev- (bottom panel of Figure 3), and
the fact that Ev- sees the wave first in this particular configuration with respect to B, tells us that the wave is a positive
structure traveling down the field (toward the earth) with a velocity of about 200 kmy/s and has a parallel width on the
order of 60 m. This is a one dimensional picture of the wave since only the electric v-antenna is in the interferometry
mode (see Franz et al., 1998). An FFT of these pulses is what produces a typical broadband spectrum in the electric
field with no discernible magnetic field component, the so-called Broadband Electrostatic Noise (BEN). Gurnett and
Frank (1978) observed BEN in the cusp using the Hawkeye 1 data but did not associate it with the bipolar, solitary type
structures recently observed in the cusp and various other regions of the magnetosphere (Franz et al., 1998, Tsurutani
et al., 1998, Pottelette and Treumann, 1998, Mozer et al., 1997, Matsumoto et al., 1994, Ergun et al., 1998).

Low Frequency Waves

POLAR 9/22/96 01:14:42.8210
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and around 200-300 Hz, which are obscured by the broadband Polar Magnetic Fiald Power Spectral Density  5/11/86
waves, as described above. The broadband low frequency
waves are the ones that Chen et al. (1998) reported as usually
being correlated with the CEP events.

T2

We have not yet identified the mode of the waves seen in
Figure 4 since waveforms are not available from the MCA.
However, LFWR data covering the low frequency range of
the MCA (<25 Hz) show that the waveforms are not sinusoi-
dal and sometimes appear pluse-like. Thus these emissions
may be an indication of structures associated with Alfven, ion
cyclotron or lower hybrid waves, which occur in this frequen- =0 ki s j .
cy range. Pfaff et al. (1998) have identified similar ULF-VLF ~ Fig. 4. Wave magnetic field spectrogram showing
(< few Hz) waves in the cusp using measurements from the ~ bursty, broadband low frequency waves.

Polar electric and magnetic field experiments, and have

tentatively identified them as Alfven waves. D’Angelo et al. (1974) reported observations from Ogo 5 in which ULF
magnetic fluctuations were detected at the polar cusp boundaries and probably due to the Kevin-Helmholtz instability.
Gurnett and Frank (1978) reported the presence of a band of ULF-ELF magnetic noise extending from a few Hertz to
several hundred Hertz almost every cusp pass using Hawkeye I data. They stated that this noise can be used as a
reliable indicator of the polar cusp region. They speculated that since this noise cuts off just below f_, that it must
consist of whistler mode electromagnetic waves. Similar waves detected along auroral field lines (Gurnett ez al., 1984)
were tentatively identified as Alfven waves.
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MACROPHYSICAL PROCESSES

We now examine a specific dynamic cusp event on September 11, 1996, around 22:00 UT. Figure S provides a
schematic of the locations of the various spacecraft with respect to the magnetopause and bow shock of Earth.

Maggetoxsphere

A one hour plot from 21:30 to 22:30 UT on September 11, 1996, of data from various science instruments on POLAR
is presented in Figure 6. From top to bottom the panels
are: 1) high time resolution (54 Hz) total magnetic field
data from MFE, in nT; 2) 0.52-1.15 MeV He™™ flux from
CAMMICE, in (cm2-sr-s)'l; 3) and 4) flux of mass re- o
solved H" and He*" ions, respectively, from over 98% of i GEOTALL —> x IMAGNETDSHEATH)

the full solid angle over the energy range 15 eV/e to 33 r (OLAR WD)
keV/e in logarithmically-spaced steps denoted by energy 2~ I .
steps 0-27 on the left side from TIMAS, Toroidal - BOW SHOCK —, MAGNETOPAUSE

® €~ INTERBALL TAIL {NIGHTSIDE
Imaging Mass-Angle Spectrograph (Shelley ez al. 1995), MAGNETOSFHERE)
in units of (cm2-sr-s-keV/e)'1; 5) total electron flux over
the full solid angle using 12 discrete sensor modules in
the energy range 12 eV to 18 keV from Hydra (Scudder
et al., 1995), in units of (cm2 S sr keV)'I; 6) power
spectral density of one of the electric components (Eu) in
the spin plane for waves in the frequency range 5.6 Hz to
311 kHz from PWI, in (V/m)*/Hz. 20} T .
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The TIMAS ign and Hydra electron data show that Polar - 1
was in the cusp until about 22:28 UT based on the pre- L .
sence of solar wind origin ions of several keV/e and w0l o SPEI DR
several tens of eV electrons, respectively. Note that the hd » Xege -2 0
color white in the TIMAS data (panels 3 and 4), indicates

. P ted ii dintensiti Fig. 5. Locations of various spacecraft with respect to
regions of uncorrected non-linear response and intensities the bow shock and magnetopause.




28 J. S. Pickett et al.

greater than that of red. Relative TIMAS fluxes in other regions are accurately indicated by the color bar on the right.
Polar was also in a diamagnetic cavity from 21:58 to 22:05 UT during which time the magnetic field was depressed,
the wave electric field, BEN, was decreased in intensity and frequency, and the ions and electrons appeared more in-
tense and covered a broader energy range. The flux of MeV ions (panel 2) also rapidly increased. The reduction of
the BEN and magnetic field is more representative of the cusp interior or proper. The sudden change at ~21:58 UT
may thus indicate that the cusp has expanded (or that its boundary has shifted), allowing Polar to observe the more
intense interior cusp ions and electrons in the absence of the strong electric field waves typically seen on the
boundaries. Also, we note the presence of auroral kilometric radiation (AKR) throughout the hour which becomes very
intense beginning around 22:05 UT at frequencies above about 100 kHz and continuing quite strong through most of
the remainder of the plot. The dc electric field (not shown) as measured by EFI, Electric Field Instrument (Harvey et
al., 1995) during the hour in both the spin plane and perpendicular to it was near zero and noisy (most perturbations
x5 mV/mp-p). To complete the picture at Polar’s location, images taken with the VIS Earth Camera (Frank ez al.,
1995) at 130.4 nm show a substorm onset at about 21:57:18 UT (previously the aurora had been quiet) near dusk at
approximately 18 MLT. At~ 22:05:15 UT, the aurora is in expansion as the oval brightens poleward.

A magnetic conjunction of Polar and Akebono (1.4 Rg) was predicted to have occurred at about 21:53 to 21:54 UT.
Figure 7 shows particle and wave data for the period 21:48:54 to 2202:14 UT on September 11, 1996. The wave data
shown in the top two panels are from the MCA receiver, which is one of the subsystems of the VLF instrument onboard
Akebono (Kimura et al., 1990). It provides one component of the electric field (top panel) and one of the magnetic
field (bottom panel) at 16 frequency points with color indicating the magnitude of the electric and magnetic field,
respectively. Weak, bursty electric field waves (BEN) are observed from the lowest frequency measured by the
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Fig. 6. One hour plot of Polar science data from 7.0 Rg

during a cusp crossing that contains a diamagnetic cavity.

Fig. 7. Thirteen minute plot of Akebono science data
from 1.4 Rg for the cusp event of Fig. 6.
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detector, 3.16 Hz, to a hundred Hz throughout much of the interval, but a definite end to these waves occurs about
22:01 UT. Intense electromagnetic emissions observed above 1 kHz in both the electric and magnetic channels up to
about 21:58 UT are probably whistler mode hiss. Intense magnetic field waves are observed throughout the entire
interval at frequencies below about 100 Hz. The periodically-spaced spikes seen in the magnetic data are due to
interference from another instrument. The bottom panels of Figure 7 show ion data from the Akebono Suprathermal
Ion Mass Spectrometer, SMS, (Whalen ef al., 1990). The first four panels are the thermal energy (< 25 €V) channels
for H',He", 0" and O ions and the sixth and seventh panels are the suprathermal channels (> 25 eV) for H' and O*.
The vertical axis for these panels corresponds to spin phase, from -180 to +180 degrees, where 0 degrees is defined
as the direction at which ions with smallest pitch angles are observed. The dashed blue line at about 100 degrees is
the phase angle corresponding to the “ram” direction. The SMS panels show primarily thermal H prior to about 21:59
UT. These ions are observed to be roughly oriented upward and in the ram direction. They are believed to be co-
rotating, i.e., approximately stationary in a frame chosen to be co-rotational with the earth. The obvious change
observed in all ion channels at 21:59 UT is most likely due to energetic ions from the radiation belts moving along
closed field lines (consistent with the wave data) at lower latitudes, although another possible reason is noise due to
neutrals because of the low altitude. Because the sudden change occurs almost at the same time as when Polar observes
the diamagnetic cavity, we believe that Akebono most likely encountered closed field lines earlier than expected due
to movement of the field lines. We should note that the micro-channel plate (MCP) detector portion of the SMS is well
past its design lifetime, and as such has shown a steady decrease in sensitivity, reflected in lower overall ion counts.

Several other spacecraft located in Earth’s magnetosphere detected significant increases in particle energy and flux at
approximately 22:00 UT on September 11, 1996. Interball Tail, for example, was located at the nightside magneto-
pause (see Figure 5) and detected unusually strong boundary layer/cleft signatures from 17:00 to 21:00 UT and crossed
the magnetopause/boundary layer around 22:00 UT, the time when Polar and Akebono detected significant disturbances
(S. Savin, Personal Communication, 1998). The state of the magnetosphere as determined by the Kp index was 4+ at
this time. In addition, the Dst index was -39 nT. Both of these indices indicate that the magnetosphere was moderately
disturbed, which is consistent with the auroral images.

Interplanetary and Magnetosheath

The interplanetary magnetic field as measured by the Geotail MGF instrument (Kokubun et al., 1994) is presented in
Figure 8. According to Figure 5, Geotail was just outside the bow shock, about 27 Ry dawnward of the Earth-Sun line.
The GSM By and By components are seen to be negative and highly positive, respectively, throughout the entire inter-
val from 21:30 to 22:30 UT. However, the B; component is primarily slightly negative until about 22:12 UT, positive
for about 10 minutes and then negative again. IMP-8 in the mag-

netosheath observed the same types of fields with the exception that

B, was positive until 22:12 UT (allowing for a time lag estimated GEOTAIL MAGNETIC FIELD  9/11/96

to be about 11 minutes between the two spacecraft). The reason for
the difference in the sign of Bz as measured by each spacecraft up
to 22:12 UT has not been determined but most likely is related to
the high degree of fluctuation observed in the IMF during that time
(Figure 8) and reconnection at earth. Using Geotail MGF data, we
find that the cone angle, the angle between IMF and the earth-sun
line, throughout the entire hour is 2 50 degrees. In addition, the
dipole tilt angle (angle of the north magnetic pole to the GSM Z-
axis, positive when the north magnetic pole is titled toward the sun)
for the entire interval varies from 7.4 degrees at 21:30 to 4.7
degrees at 22:30 UT. This means that the dayside cusp is somewhat 12
tilted toward the sun, which would allow for easier access of the
solar wind to the cusp. The solar wind as measured by the Geotail o 18
CPI instrument (Frank et al., 1994) was shown to be quite steady :
with a density of about 5-6 cm™, an ion temperature of 3 x 10° 2190 2145 22000 2z:15  22:30 UT
Kelvin, and a speed of about 570 km/s directed along the Earth-Sun  Fig. 8. IMF data from the Geotail spacecraft for
line. This is slightly higher than average. the cusp event of Fig. 6.
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CANOPUS MAGNETOMETER NETWORK - CHURCHILL LINE
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Fig. 9. Latitude profiles from the Canopus magneto-
meter network in Canada for the cusp event of Fig. 6.

Ground Magnetometer Measurements

The base of the magnetic footprint of the POLAR spacecraft
was projected to have been over the Intermagnet geomagnetic
observatory network ground station of Cambridge Bay, Cana-
da (69.1 degrees geographic latitude [under the cleft region],
255.0 degrees geographic longitude) at about 22:00 UT. Data
from this station show that starting at about 20:00 UT, there
is a magnetic signature of eastward ionospheric current across
the noon sector, the so-called DPY current (Belehaki and
Rostoker, 1996). A latitude profile from the Canopus ground
magnetometer network (Rostoker et al, 1995) Churchill line
(one time zone east of the Cambridge Bay meridian) is shown
in Figure 9. The plot shows magnetometer perturbation vs.
Pace Latitude (= invariant latitude) for each of the X, Y and
Z components at five sites at 22:00:00 UT on September 11,
1996. Here we see that the eastward DPY current is centered
at ~ 69 degrees Pace latitude, with an equatorward edge
around 65 degrees North and a poleward edge north of 73 de-
grees North by about 1-2 degrees. Canopus data were also
filtered in the pi 2/pc S frequency band for this same date to
see what, if any, impulsive responses were observed around

22:00 UT. Although not shown here, there was a significant burst of pulsation activity initiated between 22:00 and
22:05 UT as detected by many of the Canopus stations. In fact, there was quite significant pulsation activity throughout
the interval 2000-2400 UT. However, the only time activity is significantly enhanced at high (cleft type) latitudes is
around the 22:00 to 22:05 UT time period. This suggests some dynamic behavior in the cleft region at this time, and

possibly mixed spatial and temporal effects.

DISCUSSION AND CONCLUSIONS
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The narrowband whistler mode waves detected by PWI at fre-
quencies < 500 Hz and just below f., may be a result of an elec
tron cyclotron instability that is caused by an anisotropic elec-
tron population of shocked solar wind origin. Figure 10 shows
a plot, by panels, of total anisotropy (PyP,, where Pjand P, are
the parallel and perpendicular particle pressures, respectively),
total parallel pressure (black trace) and total perpendicular pres-
sure (red trace), and magnetic pressure (green) and total particle
pressure (black). These pressures were derived from Polar
Hydra and MFE data. This plot shows that a total particle aniso-
tropy does exist during the hour in which the narrowband whis-
tler mode waves are observed. Most of the whistler mode waves
seen in Figure 4 are observed during the periods of time when
PyP, <1 which is consistent with an electron cyclotron instabili-
ty. Similar whistler mode waves are often observed in the mag-
netosheath (Smith and Tsurutani, 1976; Rodriguez, 1985; Zhang
et al., 1998a) and are referred to as “lion roars” and in the
upstream of the bow shock (e.g., Zhang et al., 1998b). We do
not rule out the possibility that these waves are produced by
some other instability, such as the firehose instability, since a
statistical analysis has not yet been performed to determine the
probable instability in all cases. We also do not rule out the pos-
sibility that the instability responsible for the whistler mode
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Fig. 10. Anisotropy and pressure data for the cusp.

event of Fig. 6.
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waves <500 Hz is the same one responsible for those just below f...

The presence of ECH waves in the cusp is an indication that the plasma conditions are changing on relatively short time
scales. In these depressed magnetic field regions with a persistent VB or large field curvature, variations of the electron
pressure anisotropy and gyrotropy are often observed (Scudder et al., 1998), which could generate ECH waves.
Another possibility is that the instability that gives rise to electron Bernstein mode waves might be very sensitive to
an admixture of cold plasma with the hot anisotropic electron distribution (Ashour-Abdalla et al., 1979) as might be
observed in the cusp. Matsumoto et al. (1997) speculated that similar ECH waves at the dayside magnetopause were
an electrostatic X mode and that the weak magnetic component was due to the spatial rotation of the wave electric field
component in the plane perpendicular to Bo.

As we have seen, bipolar pulses in the PWI data are associated with coberent electric field structures that move both
up and down the geomagnetic field, sometimes simultaneously, at velocities the order of 1000 km/s (the velocity of
a 6 eV electron) (Franz et al., 1998). These waves are the ones that contribute to the spectral features of broadband
electrostatic noise that has often been observed in many regions of the magnetosphere. In the low altitude cleft (1-2
Rg) these electrostatic bursts, measured by the wave instrument on Viking have been correlated with 0.1 to 1 keV
electron beams and with small-scale field-aligned currents, and is always associated with low-frequency (~1 Hz)
electric field fluctuations (Pottelette et al., 1990). Perpendicular acceleration of ambient plasma ions occurs in
connection with the bursts. Pottelette and Treumann (1998) state that the BEN emissions appear to be the
“messengers” of the reconnection process occurring along the magnetic field lines which are connected to the
reconnection sites since BEN is always related to field-aligned electron fluxes.

The ULF-VLF waves observed by Polar PWI may be an indication of structures associated with Alfven, ion cyclotron
or lower hybrid waves. Whether these waves would be sufficient to accelerate ions to the energies seen during CEP
events is still under investigation. We note, however, that Chang et al. (1998) have suggested that the MeV He* ions
reported by Chen et al. (1998) in the cusp can be explained by convection and well-known processes occurring at the
Earth’s bow shock. Similar ULF-VLF waves have associated with transverse acceleration of ions from thermal
energies to 32 keV on Polar at altitudes greater than 20,000 km (Huddleston et al., 1998).

Auroral kilometric radiation often seen in the cusp by Polar PWI can usually be associated with auroral substorms.
The onset of intense AKR seen around 22:05 UT is consistent with the substorm expansion onset as determined from
the VIS images. Since the AKR source region is at a much lower altitude, the AKR observed by PWI in the northern
cusp has obviously propagated from an area far beneath the spacecraft. The ground magnetometer data also provide
evidence that prior to the substorm expansion, a DPY ionospheric current was flowing across noon. Based on Belehaki
and Rostoker (1996), the DPY current is an extension of one of the auroral electrojets across noon, in this case eastward
based on a positive IMF BY.
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