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Abstract

Through case studies involving Cluster waveform observations, solitary waves in the form
of bipolar and tripolar pulses have recently been found to be quite abundant in the near-
Earth dayside magnetosheath. We expand on the results of those previous studies by
examining the distribution of solitary waves from the bow shock to the magnetopause using
Cluster waveform data. Cluster’s orbit allows for the measurement of solitary waves in the
magnetosheath from about 10 Rg to 19.5 Re. Our results clearly show that within the
magnetosheath, solitary waves are likely to be observed at any distance from the bow

shock and that this distance has no dependence on the time durations and amplitudes of
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the solitary waves. In addition we have found that these same two quantities show no
dependence on either the ion velocity or the angle between the ion velocity and the local
magnetic field direction. These results point to the conclusion that the solitary waves are
probably created locally at, or very near, the location of the spacecraft and that the
generation mechanism is most likely not solely related to ion dynamics, if at all. To gain
insight into a possible local generation mechanism, we have examined the electron
differential energy flux characteristics parallel and perpendicular to the magnetic field, as
well as the local electron plasma and cyclotron frequencies and the type of bow shock that
Cluster is behind, for several time intervals where solitary waves were observed in the
magnetosheath. We have found that solitary waves are most likely to be observed when
there are counterstreaming (~ parallel and anti-parallel to the magnetic field) electrons at or
below about 100 eV. However, there are times when these counterstreaming electrons are
present when solitary waves are not. During these times the background magnetic field
strength is usually very low (< 10 nT), implying that the amplitudes of the solitary waves, if
present, would be near or below those of other waves and electrostatic fluctuations in this
region making it impossible to isolate or clearly distinguish them from these other emissions
in the waveform data. Based on these results, we have concluded that some of the near-
Earth magnetosheath solitary waves, perhaps in the form of electron phase-space holes,
may be generated locally by a two-stream instability involving electrons based on the
counterstreaming electrons that are often observed when solitary waves are present. We
have not ruled out the possibility that the solitary waves could be produced by the electron

acoustic mode or through processes involving turbulence, which is almost always present in



the magnetosheath, but these will be examined in a more comprehensive study in the

future.

1 Introduction

The multi-spacecraft Cluster mission is providing insight into numerous geophysical
processes occurring in the vicinity of Earth (e.g., refer to Annales Geophysicae, special
issue Volume 19, Nos. 10/12, 2001 and Volume 22, No. 7, 2004 focused on Cluster).
Among the new results provided by Cluster are those devoted to or including observations
of electrostatic solitary waves in the near-Earth magnetosheath, auroral zone/near-Earth
plasma sheet and magnetopause (Pickett et al., 2003, 2004a,b; Cattell et al., 2003), and in
association with SLAMS (Short Large Amplitude Magnetic Structures) observed in the
quasi-parallel foreshock region (Behlke et al., 2004). The magnetosheath solitary waves
are of particular interest because their pulse time durations are significantly shorter than
those found in the other regions around Earth (Pickett et al., 2004b). These isolated
pulses, primarily bipolar (one positive peak and one negative peak) and tripolar (two
positive peaks and one negative peak, or vice versa), are of the order of tens to a few
hundreds of ps in duration in the near-Earth magnetosheath. This is in contrast to the
distant magnetosheath where the solitary waves observed by Geotail were found to have
pulse widths of order 1-2 ms (Kojima et al., 1997). However, it is doubtful that the plasma

wave instrument on Geotail would have measured solitary waves with time durations of 10s



to 100s of us since the instrument had a sampling frequency of 12 kHz and a bandwidth of

only 10 Hz to 4 kHz .

The generation of solitary waves and the role of solitary waves in other geophysical
processes taking place in the magnetosheath have not been explored in depth.
Understandabily, it is extremely difficult to untangle all of the wave modes observed in the
magnetosheath because the spectra, both at low and high frequencies, are usually
dominated by turbulence or turbulent-like features, both in the wave electric and wave
magnetic fields. Some progress on uncovering the wave modes in the magnetosheath low
frequency measurements has led to some quite surprising results using the wave telescope
and k-filtering techniques, e.g., see Glassmeier et al. (2001) and Sahraoui et al. (2003).
The latter have found that at any one frequency, there can be a superposition of more than

one mode, e.g., dominant mirror mode and Alfvén and slow modes.

At higher frequencies, the magnetosheath spectrum is usually dominated by what was
previously termed Broadband Electrostatic Noise (BEN). Rodriguez (1979) used plasma
wave measurements from the Imp 6 satellite to characterize BEN observed in the
magnetosheath at Reg < 30 (similar to Cluster) as being almost continuously present with
broadband (20 Hz to 70 kHz) rms field intensities. They found that the BEN usually
consisted of three components: 1) a high frequency (= 30 kHz) component peaking at the
plasma frequency, 2) a low frequency component with a broad intensity maximum below

the nominal ion plasma frequency, and 3) an intermediate component in the range from the



ion plasma frequency up to the electron plasma frequency. We now know that part of the
BEN, at least some of the higher frequency part extending up to as much as 40-60 kHz,
which is also near or higher than the typical electron plasma frequency in the
magnetosheath, is a result of the isolated solitary waves imbedded in the wave field as
detailed in Pickett et al. (2003). The remainder of the wave electric field usually consists of
waves with frequencies around 1-3 kHz, the mode identification of which has still not been
made, as well as short bursts of lion roars around a few Hundred Hz (also clearly seen in
the wave magnetic field data) (Tsurutani et al., 1982; Maksimovic et al., 2001) and electron

cyclotron waves around the local electron cyclotron frequency.

The primary purpose of this paper is to carry out a survey in which we characterize the
solitary waves observed by Cluster within the magnetosheath from the bow shock to the
magnetopause in terms of numbers, amplitude and time duration. Complementary to this
we will look at these same quantities in relation to the local ion velocity and the angle of the
ion velocity to the magnetic field direction. By analyzing these characterizations, we will be
in a position to argue whether these solitary waves are being locally produced and whether
their generation is controlled by ion dynamics. The outline of our paper is as follows. The
primary instrumentation involved in making the measurements pertinent to this study will
first be discussed. This will be followed by the presentation of a sample event in which
many solitary waves are observed in the magnetosheath, with supporting wave, electron
density, ion, electron and magnetic field data also being provided. The results of the survey

discussed above from a few magnetosheath passes are given in the next section. This is



followed by an analysis of the survey results and a discussion of the implications of those

results. We end with a summary of our results and conclusions.

2. Instrumentation

In order to observe the short time duration bipolar and tripolar pulses (solitary waves) in the
near-Earth magnetosheath, we require a waveform receiver with wide bandwidth and high
time resolution. Cluster's Wideband (WBD) Plasma Wave Receiver (Gurnett et al., 1997,
2001) is particularly well-suited for these measurements since one of its modes is a 77 kHz
bandpass filter with a sampling frequency of 219.5 kHz which is achieved primarily through
the use of downlinking the data directly to a receiving station on the ground. In this mode
the waveforms are continuously sampled for ~ 9.9 ms, followed by a gap of 69.5 ms,
comprising a total cycle time of 79.4 ms. Because of viewing limitations of the receiving
ground stations, the typical measurement period for any WBD operation is on the order of
1-4 hours. Thus, WBD data are not usually obtained from bow shock to magnetopause in

one data interval.

WBD’s measurements are made along one axis only, that being within the spin plane of the
spacecraft. Cluster WBD was hard wired to measure only the average potential between
the two spheres on one antenna, thus preventing the possibility of making interferometry
measurements on just one spacecraft. Interferometry measurements are typically made by

comparing the two waveforms obtained by measuring the potential between each sphere
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and the spacecraft where the spheres are located at or near the end of a single electric field
antenna boom. Since WBD cannot be operated in an interferometry mode, this means that
the instrument on one spacecraft is unable to provide velocities of the solitary waves, and
thus their parallel widths, as has been done for several studies found in the literature (e.g.,
Franz, et al., 1998; Ergun et al., 1998; Cattell, et al., 1999). On the other hand, most
waveform receivers that make interferometry measurements in the magnetosheath do not
have the capability of the wider bandwidth required to see such short time duration pulses,
or if they do, take them in short duration bursts that does not allow for continuity of
measurement across large expanses of the magnetosheath. Although Cluster WBD could
carry out an interferometry measurement by using two separate spacecraft and noting the
propagation time of a solitary wave from one spacecraft to the next, we believe the
distances between the two spacecraft are far too great based on our initial attempts to do
this. The reader is referred to Pickett et al. (2004a) for a discussion of a study where

limited success was achieved in doing this in the auroral zone.

The WBD instrument employs an AGC (automatic gain control), implemented in hardware,
which provides 75 dB of selectable gain in addition to the 48 dB of instantaneous dynamic
range for its measurements. Gain updates are made, as necessary, in order to keep the
wave amplitude in the mid-range of the instantaneous dynamic range. Gain is
automatically added or subtracted in steps of 5 dB, with a possible 15 steps (0 to 75 dB).
The gain update rate is always set at the fastest rate, i.e., every 1/10 of one second, in the

magnetosheath where short duration waves, such as solitary waves are often dominant.



Receiver saturation can occur at the input at the 2 V level, providing a maximum peak-to-
peak measurement of about 73 mV/m, with 0 dB gain added and assuming an effective
antenna length equal to the physical length of 88 m, before clipping occurs at the output.

To minimize nonlinear effects due to saturation of the amplifiers, the amplifiers were
designed so that their maximum amplitude range is greater than the maximum range of the
digitized signal output by the A/D converter. Thus waveforms may be clipped (not fully
resolved by the 8 bits available) even though the receiver is not in saturation. The lowest
amplitude measurement possible is on the order of 0.001 mV/m peak-to-peak. However
due to the ever present electrostatic fluctuations that are found in the magnetosheath, the
lowest possible solitary wave that could be resolved in the magnetosheath is on the order of

0.01 mV/m peak-to-peak.

The filters employed in the 77 kHz bandwidth mode allow for the detection of pulses up to
at least their RC-constant around 500 microseconds without confusing filter effects, such as
slow responses to pulses, ringing of filters caused by pulses, and relaxation of filters after
the pulse has passed, which have been thoroughly tested on the ground in order to
substantiate that the pulses observed in space are geophysical (D. Kirchner, private
communication, 2004). Since the magnetosheath pulses are usually of the order of 0.01 to
1 mV/m (Pickett et al., 2004b, Figure 3a), the likelihood that many pulses will be missed
due to clipping or saturation of the receiver is relatively low. On the other hand, several
pulses could be missed because of a low amplitude near the level of other electrostatic

fluctuations, but we will discuss this point further when describing the actual measurements.



Supporting data for the WBD measurements are provided by the Cluster Fluxgate
Magnetometer, FGM (Balogh et al., 1997), the Spectrum Analyzer of the Spatio-Temporal
Analysis of Field Fluctuation experiment, STAFF (Cornilleau-Wehrlin et al., 1997), the
Whisper Sounder (Décréau et al., 1997), the Plasma Electron And Current Experiment,
PEACE (Johnstone et al., 1997), and the Cluster lon Spectrometry experiment, CIS (Réme
et al, 2001). We use the magnetic field vector provided by the FGM experiment at spin
resolution (~4 seconds) to obtain total magnetic field strength, the value of the electron
cyclotron frequency and the angle between the electric field antenna and the magnetic field.
In its normal mode, the STAFF-SA experiment provides the 3-axis magnetic (from tri-axial
search coil magnetometers) and 2-axis electric (from the EFW electric field antennas)
spectral matrix every 4 seconds in the frequency range 8 Hz to 4 kHz. From these data the
wave normal and Poynting vectors can be obtained, as well as the ellipticity and planarity of
the waves. The Whisper Sounder provides the electron plasma frequency, and thus
electron density, every 52 s in the range of 2 kHz to 80 kHz by means of a relaxation

sounder.

The CIS instrument consists of a Hot lon Analyzer (HIA) and a time-of-flight COmposition
and Dlstribution Function analyzer (CODIF), which together provide the full three-
dimensional ion distribution with one spacecraft spin (about 4 seconds) resolution. HIA has
large energy and angular resolutions adequate for ion-beam and solar wind measurements,

but without mass resolution. CODIF measures the distributions of the major ions with
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energies from about 0 to 40 keV/e with medium angular resolution. The PEACE instrument
provides the electron distribution function in the energy range from 0.6 eV to ~26 keV with
an integration time of one satellite spin period (~4 seconds). The PEACE instrument
consists of two sensors: LEEA (Low Energy Electron Analyser) is designed to specialize in
coverage of the very lowest electron energies (0.6-9.45 eV) and HEEA (High Energy
Electron Analyser) is specialized in the upper end of the electron energy spectrum,
although both sensors can cover the full energy range. In certain circumstances, PEACE
can obtain a 3D phase space distribution of particles at one-half spin resolution (~2
seconds); however, the normal mode is spin resolution. Because the resolution of the
electron and ion data are not sufficient to investigate the generation of the solitary waves at
the micro scale (time scale of the solitary waves), we will take the macro scale approach to
investigate their generation, i.e., analyze data over several minutes or hours duration from

several events and look for consistent patterns.

Finally, interplanetary magnetic field and plasma data along with a 3D bow shock model are
used to determine quasi-perpendicular and quasi-parallel regions of Earth's bow shock.
Magnetic field data from the Wind MFI (Lepping et al., 1995) and ACE MAG (Smith et al.,
1998) experiments were propagated to Earth using a delay time simply given by t = d/vsy,
where d is the distance between Wind or ACE and Cluster and v, is the average solar
wind speed in the x direction over the intervals of solitary waves from Wind SWE (Ogilvie et
al., 1995) or ACE SWEPAM (McComas et al., 1998). A 3D bow shock model was

constructed from the original Fairfield (1971) 2D model corrected for pressure and with axial
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symmetry assumed. If the angle, 8g,, between the local shock normal and IMF is < 45° (>

45°) the region is quasi-perpendicular (quasi-parallel).

3 Sample Event

Figure 1a shows a 35-minute spectrogram of data obtained by WBD on 26 March 2002 on
two of the four Cluster spacecraft (SC3 and SC4) as they crossed the bow shock at about
03:19 UT from the solar wind into the magnetosheath at about 15 Rg, 13-14° geomagnetic
latitude, and 10:30 Magnetic Local Time (MLT). This spectrogram has increasing time, in
UT, plotted on the horizontal axis and frequency, in kHz, on the vertical axis with color
indicating power spectral density, in V2/m?/Hz. The spectrogram was created by taking
1024 samples of the time series and transforming these data to the frequency domain by
using a Fast Fourier Transform. The local electron cyclotron frequency was around 1 kHz
as determined from FGM data and the plasma frequency as determined from the Whisper
sounder was 35 kHz (shown as an overplotted white line in Figure 1(a), both panels). Thus
Cluster is in a weakly magnetized region of space. Figure 1(b) shows a 4 ms line plot of
the waveforms beginning at 03:26:22.181 UT. These waveforms were obtained by WBD on
SC4 during the 35-minute interval seen in the spectrogram (Figure 1a, bottom panel). The
line plot in Figure 1(b) has increasing time, in seconds from 03:26:22.181 UT, plotted on the
horizontal axis and electric field amplitude, in mV/m, plotted on the vertical axis. The total
angle of the electric field antenna used by WBD to the local magnetic field using

transformed FGM data, in degrees, is shown on the right vertical scale. During the time
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interval in Figure 1(b), we see that the antenna was nearly aligned with the magnetic field
direction. The spectrogram at the time of the waveform in Figure 1(b) shows only a
broadband signal ranging in frequency from the lower cutoff of the filter around 1 kHz,
where its greatest intensity is observed, up to about 50 kHz, where a much lower intensity
is observed. The broadband signal results from the fact that the pulses observed in the
waveforms in Figure 1(b) contain all frequencies. When one or more of these pulses are
dominant in a 1024 point sample and are transformed to the frequency domain via Fast
Fourier Transform, the expected result is a broadband signal as observed. Thus, the
broadbands seen in Figure 3(a) throughout the magnetosheath interval (~03:20 — 03:50 UT)

indicate that solitary waves are present continuously after crossing the bow shock.

In order to better appreciate the context in which the solitary waves are observed, below we
present some Cluster lower frequency wave, particle and magnetic field data for the event
highlighted in Figure 1. We start by showing the wave data in the frequency range of 8 Hz
to 4 kHz obtained by the STAFF-SA instrument on SC4 on 26 March 2002 in Figure 2. The
various panels contain the following: (a) the sum of the power spectral densities of the two
orthogonal electric components in the spin plane of the spacecraft, (b) sum of the power
spectral densities of the three orthogonal magnetic components, (c) estimate of the ratio of
lengths of the minor and major axes of the magnetic field polarization ellipse obtained using
the SVD analysis (Santolik et al., 2003), where the sign reflects the sense of polarization
with respect to the ambient magnetic field, negative being left-hand and positive right-hand,

(d) angle between the wave vector and the ambient magnetic field obtained from
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polarization of the magnetic field fluctuations using the SVD method, and (e) parallel
component of the Poynting flux normalized by its standard deviation. White or black lines
overplotted on the spectrograms show the local electron cyclotron frequency. Note that
the seeming lack of data above about 100 Hz in panels (c) through (e) is related to the fact
that the analysis is being done with only the magnetic components and a threshold has
been set near the noise floor of the receiver to prevent confusing results associated with the
analysis of background noise. Panels (a) and (b) clearly show that there are broadband
waves, both electric and magnetic, up to about 100 Hz after the bow shock is crossed at
03:19 UT. Using only the magnetic components from panel (b), there is no consistent
polarization of these waves as shown by panel (c), nor is there a consistent wave normal
angle (panel d) or propagation direction (panel e), clearly suggesting that these waves are
not whistler mode. Not surprisingly, this also suggests that the spacecraft are immersed in
a very turbulent medium. On the other hand, short duration whistler mode lion roars begin
to appear at about 03:37 UT, identified by their polarization being right-handed and in the
frequency range 200-400 Hz (0.2-0.4 fce). They are at lower wave normal angles (~30
degrees), consistent with the results of Maksimovic et al. (2001), but these angles may be
artificially increased by fluctuations of Bo. In addition we can see in panel (c) that they are
propagating with a significant parallel component of the Poynting vector. We note that the
presence of lion roars may indicate that an electron anisotropy exists (Thorne and Tsurutani

etal., 1981).
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We now look at the particle data, beginning with the electrons. Figure 3(a) covers the same
time period as Figures 1 and 2 with PEACE electron data shown only for SC4. In Figure
3(a), the panels, from top to bottom, are the differential energy fluxes according to the color
bars on the right observed parallel to B, perpendicular to B, and anti-parallel to B,
respectively form both the LEAA and HEAA sensors of PEACE. The vertical axis contains
the center energy scale from 10 eV to 25 keV, with time plotted on the horizontal scale. It is
evident that the bow shock is crossed at bout 03:19 UT. Once the spacecraft enters the
magnetosheath, electrons are seen to be counterstreaming (the top and bottom panels at 0
and 180 degrees to B, respectively) at energies primarily at or below 100 eV. Some
electrons are observed perpendicular to B (middle panel, 90 degree pitch angle), but the
flux is weaker. A phase space distribution obtained over a spin period starting at
03:26:22.089 UT, a time that encompasses the observation of the solitary waves seen in
Figure 1(b), is shown in Figure 3(b). This representation of the distribution function is
constructed from the PAD, or pitch angle data, which is created on-board. To the extent that
the distribution function is gyrotropic, PAD data provides a good representation in 2D of the
3D distribution. The polar plot goes from field aligned (0 degrees) to backward streaming
fluxes at 180 degrees. The left hand side is constructed from LEAA and the right hand side
from HEAA. The differences reflect slight differences in calibration as well as differences in
the portion of the spin during which data from the two sensors was collected (the two
sensors reside on opposite sides of the spacecraft). The differences in azimuth for the two
sensors during the collection time are indicated on the plot. PAD data represent a single

sweep of the sensors (of order 10 ms) with a cadence of 4 sec. The electron distribution
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peaks near 0 and 180 degrees with velocities of 5000-6000 km/s. Slices of this distribution
at 0 degrees and 90 degrees show that the counterstreaming in not due to true beams.
Beams are sometimes seen close to the bow shock. Nonetheless, one would not expect
strong beams to persist, since they should be highly unstable to the excitation of
electrostatic waves/structures such as the observed solitary waves. The slice of the
distribution function more closely resembles a state of marginal stability, although more

analysis would be required to be certain.

The ion data, from the CIS instrument, and magnetic field data, from the FGM instrument,
for the same time period on 26 March 2002, but for SC3 as opposed to SC4, are shown in
Figure 4. SC3 was chosen rather than SC4 because the HIA instrument on this latter
spacecraft was not operating. Since the spacecraft are only separated by about 100 km at
this time, the ion data from SC3 would be indicative of what is measured on SC4. The
panels from top to bottom in Figure 4 are as follows: 1) Energy-time spectrogram of all
ions, with color indicating ion energy flux, 2) ion velocity, in km/s with the components VX,
Vy, Vz in the GSM coordinate system plotted in black, red and blue, respectively, with 12 s
resolution, 3) magnetic field, in nT, with the components Bx, By, Bz in the GSM coordinate
system in black, red and blue, respectively. The bow shock crossing is quite obvious in all
three panels at 03:19 UT with major changes in the character of all data products in the
magnetosheath vs. the solar wind. The ions have a broad energy spread, ~10 eV to 10,000
eV, and are quite intense in the magnetosheath. The ion velocity is greatly reduced in the

magnetosheath from that of the solar wind, predominantly directed along the Vx and Vz
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directions, and the magnetic field strength greatly increases with dominant By and Bz
components up to about 03:37 UT, then becoming dominated by the By component. It
seems that the appearance of the lion roars around 03:37 UT may be associated with this
change in the magnetic field, although there is no effect on either amplitudes or time

durations of the solitary waves due to the change in the magnetic field direction.

To summarize the event of 26 March 2002, solitary waves with time durations of a few tens
to a few hundreds of us and peak-to-peak amplitudes of several hundredths to a few tenths
of mV/m are seen immediately after crossing the bow shock at about 03:19 UT and
continuously for the 30 minutes to the end of the provided time period. A substantial
amount of electrostatic fluctuations and magnetic turbulence below 100 Hz,
counterstreaming electrons below about 100 eV, ion fluxes covering a very broad energy
range, electron plasma frequency around 35 kHz, and magnetic field strength around 35-45

nT are observed during this same 30-minute period.

4 Survey Results

Table 1 presents the time periods over which the primary solitary wave survey was
conducted. This table shows the number of unclipped bipolar and tripolar solitary waves
observed during each time period, as well as Ephemeris data for each interval. The
locations of the Cluster spacecraft in the magnetosheath during the time periods listed in

Table 1 are shown in Figure 5 along with the model bow shock (Cairns et al., 1995) and
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magnetopause (Sibeck et al., 1991) in a GSE coordinate system. We have used an
average solar wind pressure (1.8 nPa) as input to both of these models for all of the events.
Thus, the locations of the bow shock and magnetopause as shown in Figure 5 should be
taken as rough estimates of these boundaries only since the solar wind pressure varies
across all of our events. We have verified that all of our events lie within the
magnetosheath by looking at various Cluster instrument data. For example, the event that
looks to be outside the bow shock in Figure 5 is in fact the event shown in Figures 1
through 4 starting at 03:20 UT, which is clearly inside. Our goal was to choose intervals so
as to cover all distances from the bow shock to the magnetopause. For this primary study,
we have primarily chosen time intervals in which many solitary waves are observed since
our objective is to discover whether the nature of the solitary waves themselves change as
the spacecraft travels from the bow shock to the magnetopause. The fact that we can
easily find examples of numerous solitary waves at all distances from the bow shock to the
magnetopause implies that solitary waves are likely to be found in great numbers anywhere

in the near-Earth dayside magnetosheath.

Figure 6 shows the results of our primary survey, that being the amplitudes and time
durations of the bipolar solitary waves (black dots) and tripolar solitary waves (green dots)
vs. distance from the model bow shock (again using an average solar wind pressure of 1.8
nPa), 0 being at the bow shock with positive distances being downstream. Distance from
the bow shock is defined as the distance along the Xgse axis from the point where the Y-

Zgse position of the spacecraft intersects the bow shock surface. In Figure 6, the amplitude
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of the detected solitary waves is plotted in a logarithmic scale on the vertical axis (in mV/m
peak-to-peak) in the top panel and the time duration of the pulses in a logarithmic scale on

the vertical axis (in milliseconds) in the bottom panel.

An automatic detection algorithm was used to obtain the times of isolated bipolar and
tripolar pulses during only the first 5 seconds out of every 52-second period as described in
Pickett et al. (2004b). Any pulse picked up by this automatic detection routine whose
waveform was clipped (its amplitude is too large to be resolved within the available dynamic
range provided by the gain state) would have been disqualified from being plotted in this
survey. On average the percentage of non-clipped pulses to total pulses detected is about
75-85% in the magnetosheath. Note that the general reduction in solitary wave detections
around 0.5 to 2.5 Re in Figure 6 is a result of less WBD data coverage in that region from

our chosen events and is thus not physically significant.

It is clear from Figure 6 that there are solitary waves at all distances and that there is no
trend for the amplitudes or time durations to increase or decrease as the spacecraft transit
from the bow shock to the magnetopause as might have been expected. Rather, both of
these quantities show a tendency to remain constant within a 1-2 order of magnitude
window throughout the magnetosheath. A similar result (not shown) to that in Figure 6 is
obtained when we plot the distance from the magnetopause into the magnetosheath. The
implication of this is that the solitary waves are being generated locally, but this topic will be

discussed later.
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Having found that magnetosheath solitary waves are likely to have the same amplitudes
and time durations no matter where they are observed in relation to the bow shock, at least
for Cluster’s orbit in the magnetosheath, we decided to see whether these same two
quantities were ordered by either the ion velocity or the angle of the ion velocity to the
magnetic field (cone angle). The latter quantity was chosen because in 1994, Coroniti, et
al. (1994) concluded that the occurrence of the plasma waves from several hundred Hz to 5
kHz observed by ISEE-3 in the distant magnetosheath are nearly absent when the cone
angle is large. To perform this secondary survey, we added some time periods in which
very few solitary waves were present and some in which hundreds were present, as shown
by Table 2 (same format as Table 1). Figure 7 thus shows the results of the solitary wave
amplitude, in the top panel, and pulse duration (bottom panel) on the vertical axis (same
format as Figure 6) vs. the ion velocity obtained by the CIS instrument, in km/s, on the
horizontal axis. There is perhaps a slight tendency for the solitary wave amplitudes to
increase with increasing ion velocity, but we do not stress this because ion velocities above
200 km/s are less probable. There is certainly no tendency for the time durations of the
solitary waves to either increase or decrease with increasing ion velocity. These results
thus suggest that ions do not play a singular role, if any, in the generation of the solitary

waves.

Figure 8 is the same format as Figure 7, except that the cone angle, the angle between the

magnetic field direction and the ion velocity direction is plotted on the horizontal axis. Here
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it is eminently clear that solitary waves are observed at all cone angles with the exception of
those around 0 and 180 degrees. These results show that the solitary waves, at least in
the near-Earth magnetosheath of Cluster’s orbit, are clearly not absent at larger cone
angles, nor are they less intense, thus not agreeing with the Coroniti et al. (1994)
conclusion. We conclude, therefore, that the magnetosheath waves that are nearly absent
at large cone angles in the Coroniti et al. (1994) study are waves other than the solitary
waves, or that the magnetosheath waves in the distant magnetosheath are much different
than those in the near-Earth region. We believe that the former is probably the case, and
that it is the waves around a few kHz (usually less than 5) that are seen in the
magnetosheath with the largest intensities that may be the waves that are sensitive to the
cone angle. Pickett et al. (2003) found for their magnetosheath case study that the solitary
waves seemed to decrease in intensity at large cone angles, but their conclusion was
based on assuming an ion velocity direction along Xgsg since ion data were not available.
Further, it is clear from the current survey that the solitary wave amplitudes can vary over at
least two orders of magnitude at large cone angles, so that the conclusions of Pickett et al.
(2003) are not in disagreement with the results shown in Figure 8 since smaller intensities
are allowed at large cone angles. One further trend to note in Figure 8 is that if solitary
waves are present at all, there is a higher probability for them to be observed when the
cone angle is around 90 degrees. This may be an effect of the sampling periods used in
this survey, i.e., magnetosheath intervals unintentionally weighted towards 90 degrees, or
simply due to the fact that for a completely random distribution, the occurrence rate of a

cone angle a should be proportional to sin a, so the rate would be small around 0° and
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180° and large around 90°. This needs to be explored in more depth in future statistical

studies.

4 Analysis and Discussion

We have concluded above, based primarily on the results of Figure 7, that the solitary
waves are most likely being generated locally (near) the spacecraft location at all points in
the magnetosheath sampled by Cluster. This conclusion is based primarily on the
observation that no matter how far away the spacecraft gets from the bow shock, solitary
waves are observed with the same basic characteristics. If the solitary waves were being
generated at only one or two specific locations, at the bow shock and magnetopause, for
instance, and propagating across the magnetosheath, we would expect their characteristics
to change since solitary waves are known to be unstable and thus probably incapable of
propagating great distances without growing, decaying or coalescing. This is not a
surprising conclusion since the magnetosheath is a turbulent region which implies that local
generation of waves is highly probable. Having made this conclusion, it is now necessary
to investigate whether any of the supporting data suggest that a local generation
mechanism is possible. Since Cluster particle data are not available with the same high
time resolution as the waveform data, unlike the FAST mission (e.g., Ergun et al., 1998), it
is not possible to associate single isolated solitary wave events with a particular energetic
particle flux, whether electron or ion. Thus, we looked at several events where solitary

waves are present most of the time to see if there is a common electron flux or distribution
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during these times. In addition we looked at a few events where solitary waves are not
observed to any great extent to see if we can explain why they are not there. Note that we
have excluded ions from this course of investigation since the data presented in the surveys
of Figures 7 and 8 appear to suggest that ions are not singularly involved in the local

generation of the solitary waves observed by WBD in the magnetosheath.

Encouraged by the electron data presented in Figure 3, i.e., the presence of
counterstreaming electrons at about 0 and 180 degrees to B at or below 100 eV, we looked
at the electron data from all of the events included in Tables 1 and 2. Table 3 shows the
results of this investigation. It is immediately obvious that counterstreaming electrons
around 100 eV are present for almost all of the events. For those where they are not
present, parts of April 2, 2002 and all of May 13, 2002, for example, solitary waves are still
observed but in fewer numbers as noted in Tables 1 and 2. On the other hand for the Feb.
15-16, 2002 event, the counterstreaming electrons are present, yet WBD observes very few
solitary waves. We thus look to the magnetic field strength for the answer. For the Feb.
15-16, 2002 event we see that the magnetic field strength is very low for most of the event.
Why is this important? Pickett et al. (2004b) showed that there was a general trend for the
amplitudes of the solitary waves to increase as the local magnetic field strength increased.
Their results show that solitary waves in the magnetosheath are usually not observed below
about 10 nT even though solitary waves in the solar wind can be observed down to about 6
nT. Does this mean that solitary waves are not generated in the magnetosheath in

magnetic fields less than 10 nT? The answer to this question is that they may be generated
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in regions of magnetic field strength less than 10 nT, but due to the overall higher level of
turbulence in the magnetosheath over that in the solar wind, it is not possible for our solitary
wave detection algorithm to isolate them or distinguish them from other emissions. As
further strength to this argument, we note that solitary wave amplitudes at magnetic field
strengths below 10 nT, based on Figure 3(a) of Pickett et al. (2004b), are expected to be
below about 0.05 mV/m, which is near the amplitude level of the other waves and
electrostatic fluctuations always observed in the magnetosheath. Thus, we believe that for
the Feb. 15-16, 2002 event, even though counterstreaming beams were observed, WBD
failed to measure many solitary waves because the magnetic field strength was too low for

much of the event.

Why are the counterstreaming, electrons often present in the magnetosheath during solitary
wave events? We have briefly looked into this question since it might help in the
identification of the generation mechanism of the solitary waves. It has been suggested by
Feldman et al. (1983) that a field-aligned electrostatic instability driven by field-aligned
electron beams acts to produce the relatively flat-topped electron distribution f(V/) out to an
energy, Eo, usually in the range of 30 to 150 eV. There are sometimes two small peaks at
the edge of the flat tops making them appear concave upward. Gosling et al. (1989) have
reported that suprathermal (greater than ~ 1 keV) electrons are commonly found
downstream from perpendicular and quasi-perpendicular portions of the shock, but not
downstream from quasi-parallel portions. Below about 60 eV the distributions for both

quasi-parallel and quasi—perpendicular were found to be roughly flat-topped, with the phase
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space density slightly greater for the quasi-parallel shock, while above 60 eV the spectra
diverge considerably such that at energies above ~300 eV the electron phase space
density for the quasi-perpendicular shock was approximately a factor of 10 higher than that
for quasi-parallel shock. This is the motivation for our study of the type of bow shock
(determined to first order) which Cluster sits behind during our solitary wave events. The
results of Table 3 clearly show that the type of shock has little or no bearing on either the
presence of counterstreaming, electrons at or below 100 eV or the presence of solitary
waves. Another possibility for the presence of counterstreaming electrons in the
magnetosheath could lie in the process that Tsurutani et al. (2003) and Lakhina et al.
(2004) proposed for a cusp case using Polar data. This proposal suggests that the parallel
electric field component of obliquely propagating electromagnetic proton cyclotron waves
can provide a mechanism for bi-directional heated electron beams. The proton cyclotron
waves arise through the loss cone instability as a result of an anisotropy in the particles
caused by greater heating of the electrons than ions by phase-steepened Alfvén waves.
We are just starting to get results from Cluster that Alfvén waves are present in the
magnetosheath (Sahraoui et al., 2003), so it remains to be investigated whether these
Alfvén waves are capable of setting in motion the instability needed to create proton
cyclotron waves in the magnetosheath, and thus the further instability to create
counterstreaming electrons, or whether the Alfvén waves can lead to the generation of the

counterstreaming electrons through another method.
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How do counterstreaming electrons generate solitary waves? It has been shown by several
theorists and simulators that electron beam instabilities, of which the two-stream instability
is one, can adequately generate solitary waves, usually in the form of electron phase-space
holes, with the characteristics of those observed in the magnetotail and auroral acceleration
region (Omura et al., 1996; Goldman et al., 1999; Singh et al., 2000; Newman et al., 2001;
Jovanovié et al., 2002). Thus, the significant presence of counterstreaming electrons
observed in the magnetosheath for most of our events certainly bears investigation as a
local source of generation of the solitary waves. Another possible local generation
mechanism that needs to be explored is that of the electron acoustic mode. Ashour-
Abdalla and Okuda (1986) proposed that electron acoustic waves in the distant magnetotail
could be produced by an ion beam propagating along the magnetic field in the presence of
two populations of electrons (cold and hot). The spectrum of these electron acoustic waves
could extend above fpe and appear broadbanded. Dubouloz et al. (1991) also proposed
that the high frequency part of the broadband spectrum that extended above fpe and
observed on the Viking satellite in the dayside auroral zone could be the result of electron
acoustic solitons passing by the satellite. This was a theoretical investigation, but it points
to the need to investigate this mode with respect to the solitary waves observed in the
magnetosheath by Cluster since their spectral extent often exceeds fpe. Whether a cold
electron population necessary to excite electron acoustic solitons is present in the
magnetosheath is still under investigation since it is hard to identify such a population in the
electron data in the magnetosheath due to other effects. One final consideration for the

local generation of solitary waves involves their spontaneous generation out of the
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turbulence (Chen et al., 2003) that naturally exists in the magnetosheath. All of these
possibilities for the local generation of solitary waves will be explored in greater detail in the

future.

5 Summary

We have shown above that solitary waves are continuously seen throughout the
magnetosheath from the bow shock to the magnetopause, and that the amplitudes and time
durations of the solitary waves are about the same no matter how far the spacecraft are
from the bow shock at least for Cluster’s orbit that encounters the magnetosheath at
distances from about 10 Rg to 19.5 Re. We interpreted this to imply that the solitary waves
are being generated locally near the point of measurement since we would expect some
variance in either the amplitude or time duration, or both, as the spacecraft get farther from
the bow shock or closer to the magnetopause (likely sources) since solitary waves are
known to be unstable, i.e., they grow and decay and sometimes coalesce over short
distances and small time periods. We also concluded that the ions are probably not solely,
if at all, responsible for the generation of the solitary waves, as we would have expected
there to be a correlation between either the solitary wave amplitudes and time durations

and the local ion velocity and there was none.
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We concluded that one candidate for the local generation mechanism of the solitary waves
was that of the two-stream instability. This is a type of electron beam instability that has
been shown to lead to the creation of solitary waves usually in the form of electron phase-
space holes. Our conclusion was based on the Cluster observations showing
counterstreaming electrons present over long periods of time when solitary waves are
observed. We speculated that the reason that solitary waves were not observed during one
case where counterstreaming electrons were present was because the background
magnetic field strength was too low. At these times, solitary waves might be generated with
amplitudes comparable to the background electrostatic fluctuations and other waves,
making it impossible to isolate or distinguish the solitary waves. Although we offer the two-
stream electron instability as a likely generation mechanism, we do not rule out the
possibility that there could be a cold electron component present that when combined with
the hot component observed in the magnetosheath could lead to the electron acoustic
instability as the generation mechanism. This possibility, as well as one which involves the
spontaneous generation out of the turbulence observed in the magnetosheath, will be more
fully explored in the future. In addition, a more comprehensive statistical study will be
carried out that includes many more events with simulations of the counterstreaming
electrons to see analytically whether they are capable of generating the solitary waves with

the characteristics observed.
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Figure Captions

Figure 1: (a). WBD spectrogram of plasma waves observed on 26 March 2002 as Cluster
spacecraft 3 (top panel) and 4 (bottom panel) crossed into the magnetosheath at about
03:19 UT. Broadband waves up to and greater than the electron plasma frequency (white
line) are observed in the magnetosheath on both spacecraft. (b) A 4 ms portion of the
waveforms from which the spectrograms in (a) were produced. Note the short duration
bipolar pulses seen throughout the 4 ms interval. These bipolar pulses are the primary

reason for the broadbands seen in (a).

Figure 2: STAFF-SA data for spacecraft 4 for the same time period as shown in Figure 1.
(a) sum of the electric power spectral density from the orthogonal electric field antennas, (b)
sum of the magnetic power spectral density from the three orthogonal magnetic field
antennas, (c) estimate of the ratio of lengths of the minor and major axes of the magnetic
field polarization ellipse (see text for details), (d) angle between the wave vector and the
ambient magnetic field, and (e) parallel component of the Poynting flux normalized by its
standard deviation. White or black lines overplotted on the spectrograms show the local

electron cyclotron frequency.

Figure 3: (a). PEACE energy-time-differential energy flux spectrogram from Cluster 4
showing the flux parallel to the direction of the magnetic field (top panel), perpendicular
(middle) and anti-parallel (bottom) for the same time period as Figure 1. The fluxes in each

panel include data from both the LEAA and HEAA sensors. Note the counterstreaming (to
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B) electrons observed in the top and bottom panels at energies around 100 eV and less. (b)
Phase-space distribution function collected over a single (~ 10 ms) sweep of the sensors
obtained from a single spin starting around 03:26:22 UT, the same approximate time as the
bipolar solitary waves shown in Figure 1(b). The left and right hand sides of the polar
representation of the distribution function come from the LEAA and HEAA sensors,
respectively. This representation as a distribution function assumes gyrotropy. Note that the
counterstreaming electrons are observed at velocities on the order of 5000-6000 km/s

(energies ranging from 10-100 ev).

Figure 4: CIS data (top two panels) and FGM data (bottom panel) from spacecraft 3 for the
same time period as Figure 1 showing the differential energy flux for all ions covering a
wide range of energies from about 10 eV up to 10 keV (top panel), the three components of
the ion velocity in GSM coordinates (middle panel), and the three components of the
magnetic field in GSM coordinates (bottom panel). Note that the direction of the magnetic
field changes at about 03:37 UT, but that this has little or no effect on the ion flux or on the

waves as observed in Figure 1.

Figure 5: Location, in GSE coordinates, of the magnetosheath intervals included in the
solitary wave survey. See the text for a description of the model bow shock and
magnetopause that were used and the explanation for why some intervals appear to lie

outside the magnetosheath.

Figure 6: Characteristics (peak-to-peak amplitude in top panel and pulse duration in bottom
panel) of the solitary waves observed during the survey interval as a function of distance

from the bow shock, in Re. Note that O Rg is the location of the model bow shock, with
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positive distances lying downstream in the magnetosheath. The points that appear to lie
upstream of the bow shock are actually downstream and a consequence of the model not
being able to predict the bow shock location to better than 1 Re. There is no change in
either the amplitude or time duration of the solitary waves as the spacecraft get farther from

the bow shock.

Figure 7: Characteristics of the solitary waves observed as a function of ion velocity. The
format is the same as in Figure 6. There is no trend for the amplitudes or time durations of

the solitary waves to vary based on ion velocity.

Figure 8: Characteristics of the solitary waves observed as a function of the angle between
the magnetic field and ion velocity directions (cone angle). The format is the same as in
Figure 6. There is no trend for the amplitudes or time durations of the solitary waves to

vary based on the cone angle.



Table 1: Magnetosheath Solitary Wave Events Included in Figure 6

38

Date Time Period’ Cluster Bipolar Tripolar Distance Geomagnetic MLT
(UT) Space- Pulses Pulses from Earth Latitude (hh:mm)
craft Detected Detected (Rg) (Deg.)
(Number) (Number)

Jan. 29, 2002 | 10:59-11:15; 1,3,4 1188 196 129-11.1 | -56.4t0-60.4 | 13:28 - 13:02

11:32-12:15;

12:20-13:15
Feb. 8, 2002 01:15-03:04 4 478 15 11.56-9.9 | -60.5t0-75.0 | 14:33-15:36
Mar. 6, 2002 02:13-04:20 4 792 8 13.8-12.3 | -55.9t0-67.1 | 12:20 — 12:00
Mar. 26, 2002 | 03:20-03:50 3,4 5050 111 15.0-15.3 13.8t012.4 | 10:29 - 10:30
April 2, 2002 00:00-00:42 1,2,4 324 24 10.0-10.7 | 45.0t039.6 | 09:33-09:42
Apr. 22, 2002 15:55-17:30 3,4 1637 22 13.8-12.7 | -40.3t0-48.8 | 09:15-09:42
May 13, 2002 | 15:50-15:56; | 1,2,3,4 79 11 18.3-17.9 | -17.9t0-24.1 | 07:41 - 07:55

16:03-16:24;

17:02-17:15

TOTAL 9966 403

' 5 seconds sampled out of every 52-second time period




Table 2: Magnetosheath Solitary Wave Events Included in Figures 7 and 8

39

Date Time Period’ Cluster Bipolar Tripolar Distance Geomagnetic MLT
(Ut Space- Pulses Pulses from Earth Latitude (hh:mm)
craft Detected Detected (Re) (Deg.)
(Number) (Number)

Jan. 29,2002 | 10:59-11:15; 1,3 568 107 129-11.1 | -56.4t0-60.4 | 13:28 - 13:02

11:32-12:15;

12:20-13:15
Feb. 15,2002 | 23:40-23:58 1,3 28 0 13.6-13.8 | 329t031.0 | 12:15-12:16
Feb. 16,2002 | 00:45-02:35 1,3 75 6 14.3-154 | 26.0t016.4 | 12:20—-12:32
Mar. 26, 2002 | 03:20-03:50 3 2570 52 15.0-153 | 13.8t012.4 | 10:29 -10:30
April 2, 2002 00:00-00:42 1 94 9 10.0-10.7 | 45.0t039.6 | 09:33 —09:42
April 6, 2002 21:35-23:30 1,3 1230 247 129-142 | 31.7t020.5 | 09:25-09:37
Apr. 22, 2002 15:55-17:30 3 727 10 13.8-12.7 | -40.3 t0 -48.8 | 09:15 — 09:42
May 13, 2002 | 15:50-15:56; 1,3 42 6 18.3-17.9 | -17.9t0-24.1 | 07:41 - 07:55

16:03-16:24;

17:02-17:15

TOTAL 5577 449

! 5 seconds sampled out of every 52-second time period
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Table 3: Local plasma and field characteristics and type of Bow Shock during

Magnetosheath Solitary Wave Events

Date Electrons Magnetic fce (Hz) fpe (kHz) Type of Bow Shock
Field
Strength (nT)
Jan. 29, 2002 Counterstreaming at 21-32 588 - 896 19-32 Primarily quasi-
0 and 180 deg. to B perpendicular (~ 1/8
below 100 eV quasi-parallel)
Feb. 8, 2002 Observed at 0, 90 13-65 364 - 1820 23 - 46 Quasi-parallel
and 180 deg. to B at
similar flux levels
around 100 eV
Feb. 15-16, 2002 | Similar fluxes at 0, 90 6-23, 168 - 644 21-41 Quasi-parallel
and 180 deg. to B at primarily
~ 100 eV to 00:40, fluctuating
then counter- around 10
streaming at 0 and
180 deg. to B below
100 eV to end
Mar. 6, 2002 Counterstreaming at 5-35 140 - 980 15-34 Primarily Quasi-
0 and 180 deg. to B parallel (~ 1/4 quasi-
around 100 eV perpendicular)
Mar. 26, 2002 Counterstreaming at 35-45 980 - 1260 26 - 37 Quasi-perpendicular
0 and 180 deg. to B
below 100 eV
April 2, 2002 Counterstreaming at 12-46 336 — 1288 5-32 Quasi-perpendicular
0 and 180 deg. to B
above 100 eV until
00:20, then similar
fluxes at 0, 90 and
180 deg. at ~ 100 eV
to end
Apr. 6, 2002 Counterstreaming at 17-33 476 — 924 28 -40 Quasi-parallel
0 and 180 deg. to B
below 100 eV
Apr. 22, 2002 Weak fluxes around 15-27 420 - 756 15-32 Quasi-perpendicular
100 eV at0, 90 and
180 deg. with
stronger fluxes at 180
deg. around 16:35
May 13, 2002 Observed at 0, 90 11-26 308 — 728 47 - 58 Quasi-parallel

and 180 deg. to B at
similar flux levels
over energy range
30-150 eV
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