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[1] We describe the results of a statistical survey of Wind-Waves data motivated by the
recent STEREO/Waves discovery of large-amplitude whistlers in the inner
magnetosphere. Although Wind was primarily intended to monitor the solar wind, the
spacecraft spent 47 h inside 5 R and 431 h inside 10 Ry during the 8 years (1994-2002)
that it orbited the Earth. Five episodes were found when whistlers had amplitudes
comparable to those of Cattell et al. (2008), i.e., electric fields of 100 mV/m or greater. The
whistlers usually occurred near the plasmapause. The observations are generally
consistent with the whistlers observed by STEREOQ. In contrast with STEREO, Wind-
Waves had a search coil, so magnetic measurements are available, enabling determination
of the wave vector without a model. Eleven whistler events with useable magnetic
measurements were found. The wave vectors of these are distributed around the magnetic
field direction with angles from 4 to 48°. Approximations to observed electron
distribution functions show a Kennel-Petschek instability which, however, does not seem

to produce the observed whistlers. One Wind episode was sampled at 120,000 samples s

1

and these events showed a signature that is interpreted as trapping of electrons in the
electrostatic potential of an oblique whistler. Similar waveforms are found in the
STEREO data. In addition to the whistler waves, large amplitude, short duration solitary
waves (up to 100 mV/m), presumed to be electron holes, occur in these passes,
primarily on plasma sheet field lines mapping to the auroral zone.

Citation: Kellogg, P. J., C. A. Cattell, K. Goetz, S. J. Monson, and L. B. Wilson III (2011), Large amplitude whistlers in the
magnetosphere observed with Wind-Waves, J. Geophys. Res., 116, A09224, doi:10.1029/2010JA015919.

1. Introduction

[2] The importance of whistler mode waves to under-
standing the variability of the trapped energetic particles in
the Earth’s radiation belts has long been recognized [Kennel
and Petschek, 1966; Roth et al., 1999; Horne et al., 2005;
Millan and Thorne, 2007, and references therein]. Stimu-
lated by the discovery of large amplitude whistlers with
STEREO/Waves [Cattell et al., 2008] we have searched for
similar events in the data from Wind-Waves, which carries
similar instrumentation [Bougeret et al., 1995, 2008], but
which also carries a search coil for magnetic fields in the
whistler frequency range. Although Wind was primarily
intended to monitor the solar wind, the spacecraft spent 47 h
inside 5 Ry and 431 h inside 10 Rz during the 8 years that
it orbited the Earth. A computer search of the entire part of
the mission in Earth orbit found five episodes in which
whistlers had large electric field amplitudes, defined as
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exceeding 100 mV/m and several more with amplitudes
within an order of magnitude of those found by Cattell et al.
[2008].

[3] Most of the waveforms of intense whistlers show a
characteristic distortion, which we interpret as trapping of
electrons. A full demonstration that this interpretation is
correct involves use of both STEREO/Waves [Bougeret
et al., 2008], and Wind-Waves data and is published in
another paper [Kellogg et al., 2010].

[4] It is generally believed that whistlers may play an
important role in the energization and loss of electrons in
the magnetosphere [e.g., Roth et al., 1999; Omura et al.,
2007; Millan and Thorne, 2007; Cattell et al., 2008;
Bortnik et al., 2008], but the details are still uncertain. A
better understanding of whistler wave properties is critical
to an understanding of energetic particle acceleration and
loss in the radiation belts of the Earth. Such understanding
is already being developed as the Cattell et al. [2008]
observations and similar observations from THEMIS [Cully
et al., 2008] are used in modeling [e.g., Bortnik et al.,
2008].

[5] The search also found, at greater radial distances on
plasma sheet field lines mapping to the auroral zone, epi-
sodes of intense solitary waves with properties consistent
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Table 1. Characteristics of the Five Episodes of Large Amplitude
Whistlers

Period AE TDSS f,kHz f.kHz Ratio
11/13/1998, 18:10-18:22 NA 3E 145 12.9 0.089
04/10/2000, 02:45-03:15 604,609 3E 90 4.7 0.055
05/25/2000, 22:30-24:00 468,742 3B 85 38 0.045
08/15/2000, 18:00-19:00 118,146 3B 140 11.0 0.079
10/10/2002, 02:30-02:45 393,405 3B 28 14.0 0.5
10/10/2002, 02:59 same 3B 5 8.1 1.6

with electron holes similar to those studied by Ergun et al.
[1998a, 1998b] and others.

2. Search Method

[6] A full description of the Wind-Waves experiment is in
Bougeret et al. [1995]. In this paper we use measurements
from the Time Domain Sampler (TDS) subsystem which
makes rapid digitized samples of waveforms from the
electric antennas and magnetic search coils. Waveforms are
sampled at two rates, called TDSF (fast) and TDSS (slow).
On-board algorithms select sets of samples, called “events,”
for telemetry to ground. The sampling rates may be as
high as 120,000 samples per second, with event lengths of
2048 samples, and so only a tiny fraction of the data thus
obtained can be telemetered. For TDSF, the on-board selec-
tion algorithm simply chooses the event with the largest
amplitude. The triggering of TDSS was sometimes keyed to
the fast trigger, but generally TDSS was given less telemetry.

[7] There were 3 electric dipoles, X, Y, and Z. X was
composed of two wire monopoles 50 m long, Y was two
wire monopoles 15 m long, and Z was a pair of 6 m long
tube monopoles. The TDSF was always connected to two of
the electric antennas, the connection being chosen by
command. There was also a three axis search coil for
magnetic measurements. The TDSS was connected to four
of the six possible antennas, with an additional possibility of
using a DC coupled preamplifier which responded down to
zero frequency on the electric antennas. In operation, the DC
preamp was most commonly used by the TDSS for the
electric antennas, but the connections alternated between
3 electric antennas and one component of the search coil,
and the opposite, 3 components of the search coils and one
electric antenna.

[s] Some difficulty was experienced in finding a com-
puter algorithm which reliably picked out whistlers from the
8 year data set without too many false positives. The early
searches sought whistlers in the magnetic field data from
TDSS, and these produced far too many false positives due
to various “glitches,” from magnetic interference. In the end,
it was decided to look for events whose presentation was
similar to those of STEREO, that is, to use the TDSF
measurements of electric field. The following criteria picked
out a set with about 90% false positives, but which was
small enough for visual inspection of the plotted waveforms
in the course of a few days. The algorithm required that
(1) Wind be within 15 Earth radii, (2) a hodogram of the X
and Y electric fields had an eccentricity larger than 0.2y
(ratio of the largest eigenvalue of the variance matrix to
the smallest, note that eigenvalues are amplitudes squared)
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and (3) amplitudes on both X and Y antennas greater than
10 mV/m.

[s] It was then found that a large number of the false
positives were electron holes, and these will also be dis-
cussed in section 6. The fact that the electric field of an
electron hole is often unipolar in one direction and bipolar in
an orthogonal direction imitates the eccentricity of a whis-
tler, and the amplitudes of those we found were quite large.

[10] When a true whistler episode was identified, visual
inspection of the waveforms for a few hours around the
identified whistlers usually turned up a few more. A
majority of the misses were due to a failure to telemeter the
measurements in the X and Y directions in successive
packets, required for the eccentricity calculation, and were
not due to significant failure of the search criteria.

[11] These criteria identified five episodes with large
amplitude whistlers. Although five episodes seems like a
small number of events for a spacecraft which spent 8 years
in orbit around the Earth, it is a significant fraction of the
17 perigees which were within 5 R, so that such large
whistlers are not rare. In a statistical survey of 13 Wind
perigee passes performed by eye, 12 were found to have
large amplitude whistlers [Wilson et al., 2011]. Note that, in
addition to the Cattell et al. [2008] STEREO observation of
large amplitude whistlers, THEMIS [Cully et al., 2008]
has observed whistlers with amplitudes of 100s of mV/m.
Cluster [Santolik et al., 2003] observed waves with ampli-
tudes of 10 s of mV/m. After the conditions for the occur-
rence of whistlers were better understood, several episodes
of whistlers in the 10 mV/m range were found. Although
they are quite common they will not be further discussed in
this paper.

[12] Table 1 summarizes some of the characteristics of the
five episodes. The first column gives the times of the epi-
sodes of strong whistlers, the second gives the AE index for
the hour before and the hour during the observations. The
third shows the configuration of the TDSS (3E indicates a
mode with 3 electric antennas and one search coil, 3B
indicates 3 search coil components and one electric com-
ponent). The last columns give the plasma frequency, the
electron cyclotron frequency and their ratio.

[13] In most cases, the plasma frequency was determined
from densities given at the NSSDC from the 3DP experi-
ment, but in a few cases it was possible to see the plasma
and upper hybrid lines in the radio spectrum so these were
then used. Note that several of the episodes are concurrent
with large AE index, indicating a substorm in progress or
just finished.

[14] As described above, the successful search method
used the measurements of electric fields, and these from the
higher frequency channel of the TDS (TDSF). Each of the
large whistler episodes was then examined for TDSS events.
Of the five episodes of strong whistlers, TDSS waveforms
with 3 components of the search coils were only available
for three. In all, 13 TDSS events with 3 component search
coil data were found. Of these, 11 were suitable for analysis.
The advantage of 3 component magnetic field measure-
ments is, of course, that the direction of the wave vector, k,
can be determined directly from the measurements by
finding the minimum variance direction, rather than by
inference from the dispersion relation, observed density, and
the consequent theoretical values for the fields. These
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Figure 3. A whistler event showing that the increase of frequency is not due to the usual whistler

dispersion.

measurements showed that the determination of obliquity
from the eccentricity of the electric field hodogram in the
plane perpendicular to B is not always accurate, though it is
a reliable indicator that the whistler is strongly oblique.

3. Observations

[15] Figure 1 shows the regions where large amplitude
whistlers were observed. Diamonds indicate TDSF events
and triangles indicate TDSS events. Most of the whistlers
were observed in a region similar to those of STEREO,
namely at about 5 Rz on the post midnight sector of the
nightside, and near the edge of the plasmasphere as deter-
mined from the plasma frequency as well as the location.
However, whistlers were also observed at some surprising
places, as the late events of 2002/10/10 which were sunward
of the Earth and at higher latitude. The late events of this
series were somewhat smaller than the rest, reaching only
30 mV/m and had higher frequency compared to the
electron cyclotron frequency.

[16] Figure 2 displays, in the top panel, one component of
the electric field waveform of one of the largest whistlers
observed by TDSF. These observations are similar to those
made on STEREO [Cattell et al., 2008], that is, they are
observations of the electric field. As with the STEREO
whistlers, the signals are extremely bursty, and the most
intense part of the signal lasts only a few msec. The second
panel shows the frequency obtained from the intervals
between zero crossings, showing that the frequency
increases during the strongest part of a burst. The lowest
panel shows the power spectrum for the entire event.

[17] Many, but not all, of the events show this increase
which does not seem to be due to the dispersion of whistler
signals. For whistlers below 1/4 of the cyclotron frequency,
the higher frequencies have a higher group velocity and
should arrive first. More accurately, the criterion should be
1/4 of the cyclotron frequency multiplied by cos 6. For the
event shown in Figure 2, the frequency may be greater than
1/4 £, cos 6. The observations of Figure 2 were made when
Wind was at a magnetic latitude of 1.3°N, very close to the
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Figure 4. (top) Electron distribution during the event of
Figure 2, from the 3DP experiment. (bottom) Cuts through
the distribution together with calculated functions from a
two bi-Maxwellian approximation. Temperatures are given
in units of mc?.

region where whistlers are often thought to be generated, so
there perhaps has been little distance for dispersion Figure 3
shows a similar event, but one which argues again against
dispersion as the explanation for the frequency increase. The
frequency is about 1.6 kHz when it starts to increase. The
angle k to B is not measured in this event, but no event has
been found for which the angle exceeded 48°. This would
give 1/4 f.. cos 6. equal to 2.0 kHz ((see Table 1). As the
observed frequency is lower, higher frequencies would
arrive first. Increasing frequency of whistler mode signals,
notably in chorus and in stimulated emission, is often
observed in ground based observations, [Helliwell, 1965] as
well as space-based [Hikishima et al., 2009; Verkhoglyadova
et al., 2009]. Breneman et al. [2009] also found that dis-
persion did not account for the frequency rise, or not all of it.
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This frequency rise has been the subject of theory and
simulation also [Hikishima et al., 2009]. It appears likely
that the frequency increase is not due to dispersion. Theory
and simulations of frequency increase due to nonlinear
effects have been presented by several authors [Omura
et al., 2009; Hikishima et al., 2009].

[18] It should be noted that the X antenna system saturates
at about 100 mV/m peak, so that a few of the waveform
excursions are saturated. The Y and Z antennas, with
effective lengths a factor of 10 smaller but different gains,
would saturate at about 500 mV/m, but such a large signal
has not been observed.

[19] Table 1 shows that several of the episodes are con-
current with large AE index, indicating a substorm in
progress or just finished. No AE index is available for the
episode in 1998. The two with AE indices below 450 nT are
those which are sunward of the Earth in Figure 1. At these
positions it would require several hours for electrons of the
energy that may possibly excite the waves to drift from an
injection point near midnight to the observed position. The
highest AE preceding the 2002/10/10 event was 366 nT,
reached 12 h earlier, while for 2000/08/15, AE reached
402 nT eight hours before the whistler event, so that both of
these are also likely to have been preceded by substorms.

[20] Many whistler events show two frequency bands, as
in Figure 2. Since several resonances are possible for
electrons of a given velocity, it might be thought that the
upper band is a separately generated signal. Instead it is the
harmonic of the lower band and such a harmonic is
observed in most of the events. Note, however, that the
whistler in Figure 3 does not show a harmonic signal. In
section 7, some evidence will be presented that the har-
monic is due to distortion of the waveform by electron
trapping in the electrostatic potential of an oblique whistler.
Further, and conclusive evidence in our opinion, is given in
a separate paper which combines STEREO and Wind data
[Kellogg et al., 2010].

4. Generation of These Whistlers

[21] It would be of considerable interest to see the electron
distributions in the region where the whistlers are generated
and to see if they are unstable to whistlers like those
observed. The event shown in Figure 2 was thought to be a
good candidate, as Wind was about 1.2°N in GME coor-
dinates and chorus is generated near the magnetic equator
[Goldstein and Tsurutani, 1984; LeDocq et al., 1998;
Santolik et al., 2005; Breneman et al., 2007, 2009; Omura
etal., 2008, 2009; Agapitov et al., 2010]. At the outset there
is not much hope of recognizing instability from the plasma
data, as the observed whistlers grow and decay in a few
milliseconds and it takes 3 s for the Wind plasma experi-
ment, 3DP [Lin et al., 1995], to gather a distribution func-
tion. It will be seen that these fears are borne out.
Nevertheless we have analyzed the 3DP data for instability
at the time of the whistler in Figure 2, and found an insta-
bility with several interesting properties, but which may not
be generating the whistlers at the place where they are
observed.

[22] Figure 4 displays this electron distribution function
from the 3DP plasma instrument on Wind. Contours relative
to the magnetic field direction (horizontal axis) are shown in
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Figure 5. Frequency and growth contours for the bi-Max-
wellian distributions of Figure 4.

the upper panel. This distribution is “pancake” shaped at the
higher energies. The distribution has been approximated by
the sum of two bi-Maxwellians, a low energy distribution
which is elongated along field lines, (Tpar = 25 ev, Tperp =
18 ev, fractional density = 0.55), and a high energy pancake
distribution (Tpar = 200 eV, Tperp = 300 eV, fractional
density = 0.45). In the lower panel are shown parallel and
perpendicular cuts through the distribution data (diamonds)
and these approximations by the two bi-Maxwellians (solid
lines). It can be seen that the approximation is not very
good, as electron distributions are known to be not very
Maxwellian.

[23] Pancake distributions are unstable, with the free
energy coming from the excess of perpendicular energy.
Brice [1964], referring to Stix [1962] gave an elegant picture
of these effects. Kennel and Petschek [1966] worked out a
more complete criterion. For comparison with Kennel and
Petschek, the average parallel and perpendicular tempera-
tures are 142 and 208 eV. When these temperatures are put
into the Kennel-Petschek criterion for instability [Kennel
and Petschek, 1966, equation 2.21]:

TL_TH> 1
I

w

the left hand side is 0.46 and the right hand side is smaller,
indicating instability, for f = w/27 less than 1.0 kHz. The
maximum of the spectrum of Figure 2 is at 1.25 kHz but the
spectrum extends above it. 1.25 kHz corresponds to the limit
using the hot temperatures alone. In what follows we will
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cast doubt on the idea that the whistlers are locally gener-
ated, and so we would not expect full consistency with the
Kennel-Petschek criterion.

[24] This fit to the distribution has been used with our
warm plasma dispersion relation solver “OSCARS” to
determine both the real and imaginary parts of the fre-
quency. Figure 5 shows contour plots of the real and
imaginary parts of the frequency in the kpar, kperp plane
obtained from these solutions. The green line shows zero
imaginary part, and the red lines show positive imaginary
part. Only three of the negative contours are shown. In order
to check, we have also run the popular dispersion solver
WHAMP [Ronnmark, 1983]. WHAMP is not as accurate as
our OSCARS, especially for weak growth, but the growth
rate agreed with OSCARS to within 10%.

[25] From Figure 5 it can be seen that the maximum growth
rate w; = 0.226 107 Wy, growth time 1/w; = 0.08 s, occurs for
ke/w, = 0.631 and w/w, = 0.0156. {l/w, = 0.055 so that the
resonant velocity for cyclotron resonance (£2 — w)/k = 0.0624
¢=1.87 10*km s, or at an energy of 973 eV. This speed is
shown as vertical lines in Figure 4.

[26] However, this instability may not be generating the
whistlers that are observed. An analysis of a TDSS event
which is close in time to the event of Figure 2 shows that the
angle between the wave vector and the magnetic field is 61°.
The unstable region of Figure 5 extends only to about 10°.
In addition, the observed whistlers grow and decay in a few
milliseconds, while this instability is much slower.

[27] Owing to the 3 s accumulation time of 3DP, it is not
clear that the observed electron distribution function is an
accurate representation of the unstable plasma. We earlier
reported that we thought we had found the generation region
[Kellogg et al., 2008] but we now think that identification
was not correct. It seems most likely that the whistlers were
generated elsewhere and propagated to our observations
region. However, this idea will be pursued further below.

[28] We have made similar analyses on three other events,
chosen because their wave vectors were nearly parallel to B.
In one case the distribution appeared to fail to satisfy the
Kennel-Petschek criterion for instability locally. Another,
which will be shown later as Figure 11, showed a low
energy beam. During this event the plasma density is quite
low, so that kHz whistlers are too fast to have the expected
Landau resonance with this low energy beam at anywhere
near the observed frequency and it cannot provide a source
for whistlers. The third is the event shown in Figure 3. We
do not have accurate wave vector direction for this event,
but the absence of a harmonic signal indicates nearly par-
allel propagation [Kellogg et al., 2010]. This event also
occurred at a low magnetic latitude, 2.9°, but at 3.6 Rz was
rather closer to the Earth than most events. The instability
analysis gave no appreciable instability (growth rate within
the errors), though the two bi-Maxwellian approximation
did satisfy the Kennel-Petschek criterion for frequency less
than 1.8 kHz. Some manipulation of parameters could
probably give growth at something like the observed fre-
quency, but the growth would not be as fast as the millisecond
variations observed. We therefore have not found a case
where the instability analysis agrees both in frequency and
wave vector direction with the observations, and therefore no
evidence that any of the observed whistlers were generated
where we observed them.
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Figure 6. Frequency and growth contours for an extremely
anisotropic distribution.

[20] Because the time required for 3DP to collect an
electron distribution, 3 s, is so long compared to the duration
of these large amplitude whistlers, we speculate on possible
instabilities that are consistent with the observations. It
seems reasonable that the rapidly growing whistler might
feed on the perpendicular electron velocity, and that there-
fore the observed distribution function has been strongly
isotropized by pitch angle scattering [Horne et al., 2003].
We are led, therefore, to consider a (short-lived) more
strongly anisotropic distribution. If the parallel temperature
of the hot component is taken to be the same (30 eV) as that
of the cold component, and the rest of the hot energy is put
into the perpendicular temperature, the perpendicular tem-
perature is then 390 eV, an extreme case. Figure 6 shows the
growth and frequency contours for this case. Both the
growth rate and the pitch angle for growth are strongly
increased. Maximum growth occurs for a frequency of
3.5 kHz, and the growth time, 1.5 m sfl, is very much
shorter than found in Figure 5. Growth continues out to
wave vector-B angles of 60°. The frequency, of course,
does not correspond to the observed frequency. Further,
even though the extreme case allows growth near the
observed pitch angle, nevertheless the fastest growth is for
parallel whistlers. However, it seems that this idea, that the
observed distribution functions are only the remnants of the
generating distribution, might be further pursued. At pres-
ent, it seems most likely that the whistlers are generated
elsewhere, perhaps even by a different process such as by a
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beam, and continue to be amplified as they pass through the
observation region.

[30] As mentioned above, the telemetry devoted to the
slow TDS, TDSS, was less than that devoted to TDSF.
Hence three useable components of magnetic field are
available for only 11 events of the 5 large amplitude epi-
sodes. From these, the direction of the wave vector, k, with
respect to the magnetic field could be determined. Since the
whistlers consist of a mixture of waves, none of the eigen-
values of the variance matrix are actually zero. As is usual
practice, the direction of k has been taken to be the direction
of the eigenvector corresponding to the smallest eigenvalue.
A histogram of these directions is shown as Figure 7. It will
be seen that the directions are principally at small angles, an
effect which would be even more prominent if the histogram
had been normalized to available solid angle, which was not
done. The largest angle found was 48°. Although the
directions are clustered around the magnetic field direction,
they still cover a wider range than would be expected from
the contour plots of growth of Figures 5 and 6, which are
strongly indicative of small angles. Again it may be that the
wave vectors have been changed to larger angles during
propagation from their source to the observation point, or it
may be that the distribution function is changing rapidly.

[31] Cattell et al. [2008] found even more oblique wave
vectors for their observations. This question of propagation
versus local generation remains unanswered.

5. Acceleration of Electrons

[32] Fields of 100 mV/m present evident possibilities for
acceleration of electrons. A number of authors [Summers
et al., 1998; Horne and Thorne, 1998; Horne et al., 2005;
Bortnik et al., 2008] have considered the cyclotron reso-
nance, in which the electrons can remain in the associated
electric field for many revolutions and gain considerable
energy. As the rate of energy gain is eE.v, where v is the
electron velocity, the process is more effective on initially
energetic particles than on thermal particles. A 250 eV
electron in a 100 mV/m whistler, and with the field para-
meters of 2002/10/10 will gain 60 eV per revolution, and so
will not be a 250 eV electron for long. Roth et al. [1999] as

31
: 22.5 degree bins
o i N
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o 4l :
O I
2t ]
Ol !
0 20 40 60 80
angle to B

Figure 7. Histogram of angle between the wave vector k
and the magnetic field B.
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Figure 8. Time series of two episodes of electron holes. These represent some extremes of observed

occurrence rates.

well as some authors quoted above, have combined this
mechanism with the divergence of B in the Earth’s dipole
field to reflect electrons and to accelerate electrons to MeV
ranges. Recently, Omura et al. [2007] have extended this
work, showing that electrons of hundreds of keV can be
accelerated to the MeV range. Cattell et al. [2008] also
simulated the interaction of whistlers like those observed
here and also showed that electrons could be accelerated by
these whistlers to MeV energies in a very short time (frac-
tions of a second). Further studies of this mechanism are in

-50 50

EX rgv/m

progress by various groups, but further consideration here is
beyond the scope of this work.

6. Electron Holes

[33] Adjacent in time to the regions where whistlers were
observed Wind-Waves observed large numbers of what are
believed to be electron holes. The large whistlers were often
“sandwiched” between hole episodes. This phenomenon as
observed by frequency domain instruments was first
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Figure 10. Locations of electron holes (red) and whistlers (blue) for the episodes of Figures 2—6 and

Figure 7.

described as Broadband Electrostatic Noise (BEN) [Gurnett
and Frank, 1977], and was later recognized as a series of
“spikes” using the time domain instrument on GEOTAIL
[Matsumoto et al., 1994]. Similar observations have been
reported by a number of authors [e.g., Carlson et al., 1998;
Andersson et al., 2009]. Studies which include a more
complete discussion of the physics of such holes, including
identification and electron BGK modes, have been made by
Ergun et al. [1998a, 1998b]. Observation of electron holes
in various regions of the magnetosphere have been dis-
cussed by Cattell et al. [1999, 2001a, 2001b, 2003]. A
recent study has been made with Cluster instruments
[Pickett et al., 2004]. The observations presented here are of
considerably higher amplitude than those observed by
Pickett et al. The TDS instrument picks out the largest
signal among a series of events, the TDS saturation level is
higher than that of the Cluster instrument, so that it is not
clear that there is any inconsistency. Two examples, to
demonstrate the extremes of occurrence rate and of ampli-
tude, are shown in Figure 8. It will be noted that these are
quite similar to the events reported by Ergun et al. [1998a,
1998b]. One has the impression from the right panel of
Figure 8 that the repetition rate of the holes is regular, and
that the holes are spaced by roughly 2 msec. Confirming
this, the spectrum shows a peak at the corresponding 500 Hz.
This frequency is close to the lower hybrid frequency, as was
earlier found by Ergun et al. [1998b]. In Figure 9 are shown
two dimensional hodograms of four of the strongest signals
of Figure 8 showing the characteristic signature of traversal
of holes by a spacecraft, bipolar in one direction and
monopolar in the other.

[34] Definitive identification of these solitary waves as
electron, and not ion, holes, requires knowledge of the
direction in which the hole is crossing the spacecraft and
physical scale sizes and potential amplitudes require
knowledge of the structure speed. In all respects the solitary
waves observed in these Wind passes are essentially the
same as those reported by Ergun et al. [1998a, 1998b] and
Cattell et al. [1999], who did identify the solitary waves as
electron holes using measurements of the structure velocity.

[35] In Figure 10 are shown the locations, on one partic-
ular orbit, where these holes were observed by Wind-Waves
together with the large whistlers described above. The red

symbols indicate holes and the blue symbols indicate
whistlers. It is fairly certain that the region of electron holes
extends both earlier and later than shown, but the sampling
rate before and after the intervals shown had been changed
to a rate too small to clearly resolve the holes. As these are
typical it appears that the large whistler episodes are often
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Figure 11. An electron distribution function near the
period of part of Figure 9.
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Figure 12. Waveforms showing a distortion due to trapped electrons.

preceded and/or followed by episodes of electron holes.
This association may occur because the free energy sources
for both phenomena are associated with substorms.

[36] Electron holes are often associated with current, or
Buneman, instabilities. Even very early simulations showed
the process of overturning and trapping in such an insta-
bility. Figure 11 shows an electron distribution function
during this episode of electron holes corresponding to the
time of the left hand panel of Figure 8 and of Figure 9. It
shows a directed electron beam at about 13000 km s '
(46 eV), as well as a loss cone, corresponding to expecta-
tions for electron hole formation.

7. Trapping

[37] During the episode of 2002/10/10, events were cap-
tured which have some other very interesting characteristics.
Some example waveforms are shown as Figure 12. During
these events, the sample rate of the fast TDS, TDSF, was set
to its fastest rate, 120 ksamples s '. This was, unfortunately,
the only episode where the fastest rate was in use during
these five Wind episodes. It will be seen that there is a
strange distortion of the negative peaks of the waveforms.
This distortion is much less severe in the X antenna. In
another paper [Kellogg et al., 2010] it is shown that the
distortion is due to electrons trapped at a certain phase of the
whistler. These electrons then form a sheet which moves
with the whistler, and generate a linearly polarized electro-
static field which is aligned with the wave vector. The
distortion signal then must be more closely aligned with the
Y antenna.

[38] These effects are also observed in the STEREO/
Waves events. Figure 13 shows a short section of data
during the episode reported by Cattell et al. [2008]. The
upper curve shows that whole event, and the lower panels
show the signals in a coordinate system aligned along B. It
will be seen that again the signature of electron trapping is
stronger on one of the antennas. It is presumed that this
signature is from an electron bunch trapped at a certain wave
phase. The electric field of such trapped electrons would be
expected to be parallel to the wave vector, and so it can be
used to determine the direction of the wave vector from
electric field data.

[39] Two kinds of electron trapping by whistlers have been
discussed in the literature. Electron trapping was discussed
by Matsumoto and Omura [1981] and by Omura and
Matsumoto [1982], but was discussed earlier in the context
of stimulated emissions by Nunn [1971]. One kind is trap-
ping in a certain phase at the cyclotron resonance, where the
electrons see a rotating electric field which can accelerate or
decelerate them. This trapping has received the most atten-
tion [e.g., Matsumoto and Omura, 1981; Bortnik et al., 2008]
as it may be possible to impart considerable energy to elec-
trons that can make many revolutions before leaving the trap.

[40] Here we are seeing a different trapping. [e.g.,
Kumagai et al., 1980]. These electrons see a DC field. We
show in another paper [Kellogg et al., 2010] that the dis-
tortion is trapping of electrons at the maxima of the electric
potential associated with the longitudinal electric component
of an oblique whistler. That the distortion is due to an
electric field resulting from charge and not from induction is
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Figure 13. Waveforms observed by STEREO-S/WAVES showing the same electron-trapping distortion.

shown in Figure 14 which displays a whistler of the same
episode captured by the TDSS, which at this time was
connected to one electric antenna, and to the three axes of
the search coils. It will be seen that the harmonic of the main
signal is present on the electric antenna, but absent on the
search coil, so that the distorting field is electrostatic. We
interpret the harmonic, here as well as in Figure 2 (and its
absence in Figure 3) as due to electron trapping (or a lack of
it). We note that a majority of the Wind whistlers show this
distortion, although the sampling rate was often not suffi-
cient to resolve the trapping feature clearly, and so such
trapping is quite common. Since they are trapped at a
potential energy minimum, only limited acceleration is
possible while they remain trapped. Whether they gain or
lose energy in being trapped will depend on the relative
number of faster and slower electrons in the original dis-
tributions, as it does for Langmuir wave generation, for
example.

[41] In these observations with Wind-Waves, there are
two pieces of evidence in favor of our interpretation that the
distorting signal comes from charge sheets trapped at a
certain phase of the longitudinal part of an oblique whistler,
one that the distortion is electrostatic (Figure 14) and so
involves some charge which moves with the whistler, and
two that nearly parallel propagating whistlers (Figure 3) do
not show the signature which we interpret as trapping.

[42] Further investigation of this trapping process has
been done with the STEREO data, which measures electric
fields in three dimensions [Kellogg et al., 2010].

8. Summary and Conclusions

[43] We have described the results of a statistical survey
of large amplitude (hundreds of mV/m) waveforms in the
magnetosphere inside ~10 Re. Two types of waves were
found to frequently occur: (1) nearly monochromatic whis-
tler waves primarily at radial distances inside ~6 Re and
near or within the plasmasphere and plasmapause, and
(2) solitary waves at larger radial distances on plasma sheet
and auroral field lines. The Wind-Waves observations of
the whistler waves have provided two new results to the
previous studies of large amplitude whistlers by Cattell
et al. [2008] and Cully et al. [2008]. Out of 17 perigees,
large amplitude whistlers (~100 mV/m in electric field)
were seen in five, showing that these whistlers are fairly
common. The whistlers are very bursty, with large ampli-
tudes only lasting msec. The harmonic distortions of the
electric field waveforms have been shown to be consistent
with trapping of electrons in the whistlers [Kellogg et al.,
2010]. In addition, because Wind-Waves obtained 3D
search coil measurements for some events, the wave vectors
could be directly determined for large amplitude whistlers.
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Figure 14. Electric and magnetic spectra showing that the harmonic distortion is purely electric.

The observed waves propagated at angles varying from
parallel to the magnetic field to very oblique (48°).

[44] Simultaneously observed electron distributions were
used as inputs to a warm dispersion solver to examine insta-
bility mechanisms. In at least one case, the magnetospheric
plasma was shown to be unstable to a Kennel-Petschek type
instability locally, but the wave vector angle and frequency
suggested that the observed whistler had come from elsewhere,
or that the electron distribution function had significantly
altered during 3 s, or both. As the instability found here tends to
create whistlers with a smaller angle to B than the observed
angles up to 48°, it seems that this angle must generally have
increased during propagation from a more distant source.

[45] Our observations are consistent with the widely
accepted picture that electrons are injected from the plasma
sheet of the magnetotail during substorms, and that they
diffuse while conserving magnetic moment, at least par-
tially, and so those diffusing inward form an energized
pancake distribution [Kellogg, 1959].

[46] Evidence of significant trapping of electrons in these
whistlers is presented. Most of the waveforms show a large
distortion shown by the presence of harmonics in the
spectrum. For one Wind episode and all of the STEREO
episodes, the sample rate was large enough to display the
nature of this distortion clearly, and it is consistent with
trapping of electrons at a fixed phase of the whistler. These
trapped electrons occur only for obliquely propagating
whistlers, and are elsewhere shown to be due to trapping in
the electrostatic part of an oblique whistler [Kellogg et al.,
2010]. Phase trapping, in which the electrons are uni-
formly distributed in space but are non-gyrotropic would
not be consistent with the observations.

[47] These large whistlers are considered to be capable of
accelerating electrons to considerable energies, as discussed
by Cattell et al. [2008] and others, and perhaps account for
the most energetic electrons of the radiation belts. The
interaction of whistlers with weakly relativistic electrons has
also been recently invoked as an acceleration mechanism by
Omura et al. [2007]. That process, which is nonlocal, is,
however, different from simple trapping.

[48] In many cases, the episodes of intense whistlers are
preceded and/or followed by episodes of intense electro-
static solitary waves, interpreted as electron holes. The holes
are found before and after the whistlers, and at times have
high repetition rates. Examples are presented and one
example is shown to be the result of electron beams, but the
relation of these holes to the physics of the magnetosphere is
not pursued further.
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