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[1] Wave-particle interactions can play a key role in the process of transfer of energy
between different electron populations in the outer Van Allen radiation belt. We present a
case study of wave-particle interactions in the equatorial source region of whistler-mode
emissions. We select measurements of the Cluster spacecraft when these emissions are
observed in the form of random hiss with only occasional discrete chorus wave packets,
and where the wave propagation properties are very similar to previously analyzed
cases of whistler-mode chorus. We observe a positive divergence of the Poynting flux
at minima of the magnetic field modulus along the magnetic field lines, indicating the
central position of the source. In this region we perform a linear stability analysis based on
the locally measured electron phase space densities. We find two unstable electron
populations. The first of them consists of energy-dispersed and highly anisotropic injected
electrons at energies of a few hundreds eV to a few keV, with the perpendicular
temperature more than 10 times higher than the parallel temperature with respect to the
magnetic field line. Another unstable population is formed by trapped electrons at energies
above 10 keV. We show that the injected electrons at lower energies can be responsible
for a part of the waves that propagate obliquely at frequencies above one half of the
electron cyclotron frequency. Our model of the trapped electrons at higher energies gives
insufficient growth of the waves below one half of the electron cyclotron frequency

and a nonlinear generation mechanism might be necessary to explain their presence even

in this simple case.

Citation: Santolik, O., et al. (2010), Wave-particle interactions in the equatorial source region of whistler-mode emissions,
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1. Introduction

[2] The equatorial region of the Earth’s magnetosphere is
a natural laboratory where we can observe strong interac-
tions of different particle populations with electromagnetic
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and electrostatic waves. Several types of natural wave emis-
sions are generated in this region, for example equatorial
noise below the local lower hybrid frequency [e.g., Horne,
2007; Meredith et al., 2008; Shprits, 2009, and references
therein], electron cyclotron harmonic waves [e.g., Meredith
et al., 2009, and references therein], and whistler-mode
chorus [e.g., Burtis and Helliwell, 1969; Dunckel and
Helliwell, 1969; Burton and Holzer, 1974; Tsurutani and
Smith, 1974; Santolik, 2008; Meredith et al., 2009; Omura
et al., 2009; Nunn et al., 2009].

[3] The latter type of wave emissions, whistler-mode
chorus, has been suggested to act as an accelerator of MeV
electrons in the outer Van Allen radiation belt [e.g., Horne
and Thorne, 1998; Summers et al., 1998; Horne et al.,
2005; Li et al., 2007; Horne, 2007, Omura et al., 2007,
Albert et al., 2009; Kasahara et al., 2009]. The mechanisms
and effects of this process have been recently reviewed by
Shprits et al. [2008] and Vainio et al. [2009]. Chorus is
generated by instabilities of electron populations at energies
from a few keV to a few tens of keV [e.g., Tsurutani and
Smith, 1974; Trakhtengerts et al., 2007; Katoh and Omura,
2007; Omura et al., 2008, 2009; Nunn et al., 2009]. Two
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possibilities for unstable features of electron phase space
distributions have been analyzed in the source region: a large
temperature anisotropy [e.g., Omura et al., 2009; Nunn et al.,
2009] or a step-like deformation of the electron velocity
distribution in the direction parallel to the terrestrial magnetic
field [ Trakhtengerts et al., 1996, 2004, 2007]. Based on early
experimental results [Burton and Holzer, 1974], studies on
generation of chorus often assume that the waves are gener-
ated with quasi-parallel wave vectors with respect to the
terrestrial magnetic field. However, both theoretical [Bell,
1984, 1986; Albert, 2008; Shklyar and Matsumoto, 2009]
and experimental [Parrot and Lefeuvre, 1986; Tsurutani et
al., 2009; Verkhoglyadova et al., 2009; Chum et al., 2009;
Santolik et al., 2009] studies suggest that oblique propagation
might be important, at least in some cases.

[4] Whistler-mode chorus is usually composed of discrete
wave packets but it is often accompanied by a random
shapeless hiss at lower frequencies or in the chorus fre-
quency band [Dunckel and Helliwell, 1969; Burtis and
Helliwell, 1976; Cornilleau-Wehrlin et al., 1978; Koons,
1981; Hattori et al., 1991]. Alternating time intervals of
hiss and discrete chorus elements have also been observed
[Tsurutani et al., 2009; Santolik et al., 2009]. While the
analysis of the source mechanism of the discrete wave
packets requires a nonlinear theory [e.g., Trakhtengerts and
Rycroft, 2008; Omura et al., 2009; Nunn et al., 2009], it can
be possible to explain the associated hiss emissions using a
linear or quasilinear stability and diffusion analysis
[Cornilleau-Wehrlin et al., 1985; Solomon et al., 1988]. The
aim of the present paper is to investigate linear wave-par-
ticle interactions in the equatorial source region of whistler-
mode emissions. Our analysis is based on observations of
the Cluster spacecraft mission. We select a case of wave
emissions which predominantly occur in the form of weak
random hiss. The source is determined from the divergence
of the measured Poynting flux.

[5] Section 2 presents our measurements of electromag-
netic waves, and section 3 shows results of initial analysis of
wave properties with the in-situ measurements of plasma
parameters. Based on the measured electron phase space
densities, presented in section 4, we show that obliquely
propagating waves at frequencies above one half of the
electron cyclotron frequency (% fee) are consistent with a
linear instability of highly anisotropic electrons at energies
of a few hundreds eV to a few keV. Our model of electron
phase space densities, however, results in insufficient linear
convective growth of waves below % fee- A companion paper
by Schriver et al. [2010] shows that for the parameters of
this event, non-linear mechanisms can transfer power from
the wave above % fee to lower frequencies by a wave-wave
Interaction.

2. Observations of Whistler-Mode Emissions
in the Equatorial Source Region

[6] Figure 1 shows an overview of measurements of
whistler-mode waves during a passage of the Cluster
spacecraft through the equatorial region on 24 July 2003.
The data are shown for Cluster 4 but all the four Cluster
spacecraft provide us with a similar global picture since they
are located within a few thousands of km apart. In this case
the equatorial region is investigated just outside of the
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plasmapause in the afternoon-sector, during a moderate
geomagnetic activity with the maximum Kp index of 3+
and with the minimum DST index of —25 nT during the
preceding 24 hours. The substorm activity is, however,
non-negligible, with the AE index of 210 nT, reaching
=700 nT four hours before the measurement, similar to
events of High-Intensity Long-Duration Continuous AE
Activity (HILDCAA) [Tsurutani et al., 2009].

[7] A frequency-time power spectrogram of the electric
field fluctuations (Figure 1a) has been obtained from the
waveform measurements of the wide-band data (WBD)
instrument [Gurnett et al., 2001]. It demonstrates the pres-
ence of intense whistler-mode wave emissions in the
beginning of the analyzed time interval. Most of the
observed wave power is found between 1 and 4 kHz, which
means below the locally measured % fee shown as a white
line in Figure la. After 1:00 UT the wave intensity in this
band decreases and other weaker wave emissions occur in
the band above % fee- After 1:30 UT the upper band decreases
its frequency and after 1:50 UT it joins the lower band
below % feor At lower frequencies of a few hundreds of hertz
a steady wave emission is present during the entire analyzed
interval. All these waves are right hand polarized (not
shown) and thus consistent with propagation in the elec-
tromagnetic whistler mode.

[8] Figure 1b represents the sum of three power spectra
based on measurements of three-axial search-coil antennas
processed by the onboard spectrum analyzer of the spatio-
temporal analysis of field fluctuations (STAFF) instrument
[Cornilleau-Wehrlin et al., 2003]. The vertical white stripe
occurring after 01:15 UT corresponds to a data gap. The
resulting frequency-time power spectrogram of the magnetic
field fluctuations demonstrates the electromagnetic nature of
the observed waves in the lower frequency band below %fce.
The parallel component of the Poynting vector normalized
by its standard deviation (Figure 1c¢) has been calculated
from the STAFF data based on measurement of both the
electric and magnetic antennas. It shows that, before 1:24 UT,
waves between 1 and 4 kHz (upper frequency limit of
the instrument) propagate with a significant component
antiparallel to the magnetic field direction, and that, after
1:24 UT these waves have a significant parallel component
of the Poynting vector. As the spacecraft moves from the
Southern hemisphere through the magnetic equator to the
North, the observed properties correspond to a positive
divergence of the Poynting flux around 1:24 UT where we
expect the central position of the source region of the
observed waves.

[9] This result can be compared to the position where the
magnetic equator is detected using four-point vector mea-
surements of the static magnetic field (By) by the fluxgate
magnetometers (FGM) onboard the four Cluster spacecraft
[Balogh et al., 2001]. This position is defined by the min-
imum of the magnetic field strength along the field line. We
use a method described in the appendix of Santolik et al.
[2009] and we find the zero derivative of the magnetic
field strength at 01:24:21 UT for Cluster 4 (see Figure 1f),
which means at the same time when we detect the central
position of the source region from the Poynting vector
measurements. At that position Figure 1d shows a small
angle Ogx between the wave vector and By. This angle is
calculated by the singular value decomposition method
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Figure 1. Measurements of Cluster 4 on 24 July 2003. (a) Power-spectral density of one component of
electric field fluctuations in the plane perpendicular to the spacecraft spin axis; (b) sum of power-spectral
densities of three orthogonal components of magnetic field fluctuations - the vertical white stripe occur-
ring between 0115:00 and 0118:30 UT corresponds to a data gap; (c) parallel component of the Poynting
vector normalized by its standard deviation; (d) angle between the wave vector and By supposing the
plane wave model; (e) electromagnetic planarity; (f) spatial gradient of IByl| projected on the local field
line from four-point measurements; Solid lines plotted over Figures 1a—1le show one half of the electron
cyclotron frequency from local measurements of the static magnetic field. Position of Cluster 4 is given on
the bottom: R - radial distance in Earth’s radii, \,, - magnetic dipole latitude in degrees, MLT - magnetic

local time in hours.

[Santolik et al., 2003] from the STAFF magnetic field
measurements. If the underlying hypothesis of the presence
of a single plane wave is valid, the results at the central
position of the source region would correspond to quasi-
parallel propagation with gy < 15°. Note that Ok increases
significantly further out from the central position of the
source region.

[10] The electromagnetic planarity [Santolik et al., 2003]
is also low (Fg < 0.2) in the source region (see Figure le).
This parameter characterizes the degree of similarity of the
wave polarization with the ideal polarization of a single
plane wave. Our results therefore indicate simultaneous
presence of plane waves propagating in different directions.
F increases above 0.8 further out from the central position
of the source region, where the waves only propagate in the
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Figure 2. Parameters of waves analyzed in their source region by the STAFF instrument on 24 July
2003. Average values for the frequency range 1.6—4 kHz. (a) Sum of power-spectral densities of the
two measured components of the electric field fluctuations in the spacecraft spin plane; (b) sum of
power-spectral densities of three orthogonal components of the magnetic field fluctuations; (c) angle
between the wave vector and By; (d) parallel component of the Poynting vector normalized by its standard

deviation; The data from the four Cluster spacecraft

are color-coded according to the legend on the left-

hand side of Figure 2d. The vertical solid lines drawn over Figures 2a—2d show the times when each
spacecraft passes through the measured magnetic field minimum along the field line. Dipole magnetic
latitude () in degrees is given on the bottom for the four Cluster spacecraft.

direction outward from the source. Note that waves at fre-
quencies below 1 kHz show an inverse propagation pattern
in Figure lc, i.e., they propagate toward the magnetic
equator. This most probably corresponds to magneto-
spherically reflected chorus described by Parrot et al.
[2003, 2004].

[11] Figure 2 shows average values of wave character-
istics in the frequency range 1.6—4 kHz for all four Cluster
spacecraft. The results are plotted in a narrower time interval
centered around the passages of the four spacecraft through
the minima of the magnetic field modulus along the

corresponding field lines. The minima are shown by vertical
lines and occur at a dipole magnetic latitude of 1.6°. They
are again calculated separately for each spacecraft from the
four-point FGM measurements using the method from the
appendix of Santolik et al. [2009]. Cluster 1, 2, 3 and 4
respectively pass through these minima at 01:20:23,
01:22:54, 01:21:55, and 01:24:21 UT. The largest time
separation occurs between Cluster 1 and Cluster 4, and
corresponds to their separation of approximately 1000 km
along the magnetic field line. The separation of the space-
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Figure 3. (a—d) High-resolution spectrograms of the power-spectral density calculated from the electric
field waveforms recorded by the WBD instruments on board the Cluster 1-4 spacecraft on 24 July 2003.
Angle o between the electric antenna and the xssg direction is given on the top of each spectrogram. The
selected 6-s time interval corresponds to the passage of Cluster 2 through the central position of the
source region. The solid lines plotted over the spectrograms show one half of the electron cyclotron fre-
quency from local measurements. Magnetic dipole latitudes () of the four spacecraft are given on the

bottom.

craft across the magnetic field lines is smaller, between a
few tens and a few hundreds km.

[12] In Figures 2a and 2b we can notice the final part of
the decrease of the wave power before the passage of the
individual spacecraft through the central position of the
source. At that position we observe weak waves with elec-
tric-field power-spectral densities between 6 x 10”7 and 2 x
10°° mV* m 2 Hz ' (Figure 2a), while the magnetic-field
power-spectral densities are roughly estimated as 2-8 x
10° nT? Hz ' (Figure 2b). These values give the dimen-

sionless ratio of the magnetic to electric power, ¢?BY/E2 =
90—1200, where c is the speed of light, and E is the electric
field component perpendicular to the spacecraft spin axis.
[13] Figure 2c clearly shows that fgg obtained from
measurements of each of the spacecraft reach their minimum
values of 7° when the respective spacecraft pass through the
central position of the source. Finally, Figure 2d demon-
strates for each spacecraft separately that this position
indeed corresponds to the point where the parallel compo-
nent of the Poynting vector passes through zero. This pat-
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Figure 4. Frequency-time spectrogram of the electric field in the frequency range from 2 to 80 kHz
obtained on 24 July 2003 by the WHISPER instrument onboard Cluster 1. White line shows an estimate

of the local plasma frequency.

tern, both for gk and for the Poynting vector, is remarkably
repetitive for the successive passages of the four spacecraft
through the minima of the magnetic field modulus.

[14] To investigate details of the frequency-time evolution
of the wave power in the source region we process the high-
resolution waveforms of the electric field acquired by the
WBD instrument. The results are shown in Figure 3 over a
short time interval of 6 s when Cluster 2 passes through the
central position of the source region. Similar results have
been obtained for other time intervals inside the source
region, for example when the other three Cluster spacecraft
pass through the central position of the source region.

[15] At low frequencies below 1 kHz all the four space-
craft observe intense emissions of equatorial noise and
reflected whistler-mode waves. At frequencies above 2 kHz
weaker whistler-mode waves show up as shapeless hiss
without any clear modulation or discrete structures. This
type of wave is present in the frequency range from 0.2 to
0.5 fee, with a maximum wave power around 0.3 f... At and
slightly above 0.5 f.. we observe a narrow band of decreased
wave intensity that is often present in whistler-mode chorus
emissions, and whose origin is a subject of active investi-
gation [Bell et al., 2009; Omura et al., 2009].

[16] At higher frequencies, in a band between 0.5 to
0.8 fi., the emissions become more structured. Intense
chorus wave packets with a growing frequency embedded in
the background hiss occasionally occur in this band. The
peak of average wave power is found around 0.65-0.7 f..
Note that the difference of frequencies observed on the
different spacecraft is negligible, unlike the previously
observed shifts of chorus wave packets in frequency and
time which were found in other cases [e.g., Gurnett et al.,
2001; Inan et al., 2004; Platino et al., 2006; Chum et al.,
2007; Breneman et al., 2009; Chum et al., 2009; Santolik
et al., 2009].

[17] Intensity of background hiss above % fee shows a
regular modulation by the spacecraft spin. The minima
systematically occur for the antenna orientation within a few
tens of degrees from the sunward and/or anti-sunward
direction. This modulation leads to the maximum power that
is approximately 3—4 times larger than the minimum power,

if we integrate the spectrograms in Figure 3 over the upper
frequency band from 4.5 to 8 kHz. Note that we are unable
to examine the ratio of the electric to magnetic field wave
amplitudes, since the magnetic field is not measured at
frequencies above 4 kHz.

3. Analysis of Wave Polarization and Propagation
Properties

[18] The modulation pattern of the electric-field power
observed by a spinning antenna in a band between 0.5 to
0.8 f.. can be explained by an elliptical polarization of the
wave electric field, by an inclination of the normal to the
polarization plane from the spacecraft spin axis, or by a
combination of the two effects. For instance, if we first
assume a nearly circular polarization, the normal to the
electric field polarization plane would be inclined by
approximately 55°—60° from the spacecraft spin axis to
explain the observed modulation depth. As the measured B,
is only at =~10°-15° from the spin axis, the normal to the
electric field polarization plane would be also highly
inclined from B,. However, in this situation we cannot
reasonably assume the circular polarization. This simple
example demonstrates that, to be able to infer the propaga-
tion properties from the observed spin pattern, we need a
theoretical estimate of the expected wave polarization as a
function of the wave vector direction. As the first step we
use the cold-plasma theory [Stix, 1992] with experimentally
observed parameters of the plasma medium: the electron
cyclotron frequency obtained from magnetic field mea-
surements by the FGM instrument [Balogh et al., 2001] and
the plasma frequency estimated from passive and active
measurements of the WHISPER sounder [Décréau et al.,
2001].

[19] Figure 4 shows a frequency-time spectrogram of
the electric field obtained by WHISPER onboard Cluster 1.
The frequency range from 2 to 80 kHz allows us to detect
the plasma frequency (f,), which is identified as a resonance
in WHISPER sounder’s signatures, and as the lower cut off
of locally enhanced background noise in the frequency band
Jp - fun, where fyy is the upper hybrid frequency [Canu et
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Figure 5. Results of the theoretical analysis of a whistler-mode wave at a frequency of (a) 6 kHz, and
(b) 2.85 kHz in a cold plasma as a function of the angle gk between the wave vector and By. (top panel)
the refractive index; (second panel) angle fgs between the group velocity and B, — negative values are
used for the opposite azimuth compared to the wave vector; (third panel) ratio of two components of
the electric field power in the plane perpendicular to By; (fourth panel) ratio of the magnetic field power

versus the electric field power perpendicular to B.

al., 2001]. The f, estimate is shown by the white line in
Figure 4. For the time interval from Figure 3 this estimate
gives a plasma frequency of 52 kHz, corresponding to the
plasma number density of 34 cm . For the same time
interval the FGM instrument gives a magnetic field strength
0f 330 nT corresponding to the electron cyclotron frequency
fee = 9.2 kHz.

[20] The results of our calculations for the upper band of
whistler-mode emissions are shown in Figure 5a. We use
the wave frequency of 6 kHz (0.65 f..) which is the
observed peak of the average wave power in this band. The
refractive index increases with the angle gy from N =11.9
for the parallel propagation and diverges when gy is at the
resonance angle 6 = 48.9°. The wave frequency above % Fee
implies the monotonically increasing angular inclination 6gg
of the group velocity vector from B,.

[21] The observations of the spin modulation in this band
can be compared to the theoretical estimate Eﬁ/Ef, where E,
and E, are two electric field components in the plane per-
pendicular to By. The E, component is in the direction of the
projection of the wave vector onto this plane, while E,, is
perpendicular to both the wave vector and By. The polari-
zation is circular with E,%/Eﬁ = 1 only for the parallel
propagation. For larger fgx the polarization changes to
elliptical and E2 significantly increases compared to E}. The
observed depth of spin modulation, with 3—4 times higher
maximum wave power compared to the minimum, is
reached for Ok between 25° and 30°.

[22] The spin modulation would quickly become much
deeper for higher fgk if the spin axis was exactly aligned
along By. This is not exactly fulfilled in our case and we
therefore cannot exclude that the real gy is larger than 30°,

possibly even very close to the resonance angle. In that case,
the electric field is linearly polarized along the wave vector,
and the observed depth of spin modulation can still be
explained by the existing deviation of the spin axis from
By by 10°-15°. Our analysis nevertheless shows that fgx
cannot be lower than =25°, which means ~0y/2.

[23] The dimensionless ratio of the wave magnetic field
power to the power of the electric field component per-
pendicular to By, csz/Efcy is plotted on the lower-most panel
of Figure 5a. It shows a strong relative decrease of the
magnetic field fluctuations for higher fgx. We are unfor-
tunately unable to compare this parameter with measure-
ments since we do not measure the magnetic field spectra in
the upper band of whistler-mode emissions, but we have
these measurements at frequencies below 4 kHz.

[24] Figure 5b shows the same information as Figure 5a
but for the frequency of 2.85 kHz (0.31 f..), i.e., at the
peak of power in the lower band of the whistler-mode
emissions. The refractive index increases with fgx from N =
12.3 for the parallel propagation. It diverges at the resonance
angle g = 71.7°. The wave frequency is below % fee; the
group velocity vector therefore has the same azimuth around
B, as the wave vector at low fgg. This is shown by small
positive fgs. At the Gendrin angle g = 51.2° the group
velocity vector becomes field-aligned with g5 = 0 and then
it turns to negative values demonstrating the opposite azi-
muth compared to the wave vector.

[25] The ratios Ev/E; and ¢’B°/Es, in Figure 5b show
similar behavior as we have discussed previously for higher
frequencies (Figure 5a). However, we can now compare the
calculated values of ¢’B*/EZ, to the observations. From the

Xy
measurements shown in Figures 2a and 2b we find (see
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Figure 6. Dynamic energy spectrograms of differential energy flux of electrons measured perpendicular
to the magnetic field line by the PEACE instruments onboard the four Cluster spacecraft (CL-1, CL-2,
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CL-3, and CL-4) on 24 July 2003.

section 2) a large range of ¢*B%/EZ between ~90 to 1200.
This value cannot be significantly influenced by the slight
misalignment of the spin axis with respect to By. Results in
Figure 5b show that the wave vector in this freguency band
can be parallel to By, where we obtain ¢*?B*/E=, = 150 but
that the observations can be also consistent Wlth hlgher Ok.

However, gk cannot exceed =50°, where csz/E decreases
below 90. For higher 6 we obtain too low relatlve power of
the wave magnetic field which is not consistent with the
observations.

4. Free Energy in the Electron Populations

[26] The obtained information on wave-normal directions
of the observed waves as well as their spectra can be
compared with theoretical properties of linear instabilities of
the electron distribution functions in the source region.
Figure 6 shows their differential energy flux at pitch angles
close to perpendicular to By as a function of UT and energy.
The data were measured by the Plasma Electron And
Current Experiment (PEACE) [Johnstone et al., 1997]
onboard the four Cluster spacecraft.

[27] In the equatorial region, between 0050 and 0150 UT,
an energetic electron population is detected above 10 keV.
This is near the upper edge of the energy range of the

instrument at 26.7 keV, and therefore we observe only the
lowest-energy part of this electron population which is
probably trapped in the terrestrial magnetic field. Between
0115 and 0130 UT we can also notice intense energy-
dispersed structures at energies from a few tens of eV up to a
few keV. These structures occur at pitch angles close to
perpendicular to the local field line. They are observed by
the four spacecraft, though their shape is slightly different
on each of the spacecraft. We have no explanation for the
origin of the corresponding electron population at this
moment since it is not probable that the electrons at these
energies would drift all the way from night-side injections.
The observed energy dispersion can be explained by a
combination of the gradient-B drift with a partial corotation
supposing a dayside source. No clear correspondence is
found with measurements of electrons on the dayside at
geosynchronous orbit (M. Thomsen, personal communica-
tion, 2009) by the Los Alamos National Laboratory MPA
instruments [Bame et al., 1993].

[28] Both the trapped energetic electrons and the injected
electron population are co-localized with the source region
of the whistler-mode emissions. To investigate the possi-
bilities of the free energy for the wave generation we have
analyzed complete electron pitch-angle distributions. We
have used the data which are measured by the HEEA sensor
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Figure 7. Electron distribution in velocities parallel (v) and perpendicular (v ) to the magnetic field line
measured by the PEACE instrument onboard the Cluster 2 spacecraft on 24 July 2003 during four seconds
(one spin period) centered at 0122:54. (a) total accumulated counts, (b) phase space density, (c) para-
meters of the fit, and (d) fit of the phase space density.

of the PEACE instrument once per spacecraft spin period
of 4 s. This analysis has been done in the vicinity of the
central position of the source region from 0110 to 0135 UT
using the data from the four Cluster spacecraft. Figure 7
shows the results from Cluster 2 in a 4-s time interval
around 0122:54 UT, which means at the central position of
the source. The wave spectra for this time are presented in
Figure 3b and have been discussed in section 2. The other
electron pitch-angle distributions obtained within the source
region are similar to those shown in Figure 7.

[29] Figure 7a represents counts accumulated by the instru-
ment during 4 s in 13 pitch angle intervals and 30 logarithmic
energy steps. The HEEA sensor collects measurements from
a 180° field of view, divided into 12 zones of 15° each,
every 0.125 s. Twice per spin the magnetic field lies in the
plane of this field of view. The 13 pitch angle zones rep-
resent the minimum subset of the 24 zones which is needed
to fully cover the pitch angle range, but some of the zones
are collected half a spin before the others. The counts in
Figure 7a are plotted as a function of the velocities parallel
and perpendicular to By (v and v, respectively). We
assume a gyrotropic distribution and the plot therefore has a
mirror symmetry with respect to the line v, = 0. We have

removed a background count level due to penetrating radi-
ation which we were able to quantify using data from the
LEEA and HEEA sensors together, taking advantage of their
different sensitivity to plasma but near-identical response to
penetrating energetic particles.

[30] Figure 7a indicates the presence of a low-energy core
electron population and two highly anisotropic electron
populations: the trapped energetic electrons detected in the
highest two energy bins from 16.8 to 26.7 keV (velocities
between 7.7 x 10" and 9.7 x 10" ms '), and the electrons
linked to the dispersed structures at energies below 3 keV (at
velocities below 3.2 x 10" ms™'). These two populations
have much higher v, compared to their vj and the ratio of
perpendicular to parallel temperatures 7', /T} should thus be
significantly larger than 1. The maximum counts in indi-
vidual data accumulations reach nearly 130, and therefore
we have sufficient counting statistics for the estimation of
the phase space density. The result is shown in Figure 7b
using the same type of plot with the same pitch-angle-
energy bins as in Figure 7a.

[31] We estimate parameters of a three-component model
of the electron phase space density consisting of three
superposed bi-Maxwellian functions for three different
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Figure 8. Results of the linear analysis of the wave disper-
sion using the “Waves in homogeneous, anisotropic multi-
component plasmas” (WHAMP) program with the model
of the electron distribution based on measurements by the
PEACE instrument onboard the Cluster 2 spacecraft on
24 July 2003. Solid black lines show the ratio of wave fre-
quency to f. in the plane defined by the wave vector com-
ponents perpendicular and parallel to By. Dotted lines
correspond, from the left, to constant angles Oz, = 10°,
20°, 30°, ..., 80°. The wave growth rate & f/f.. between
107° and 0.001, and the wave damping rate -3 f/f.. between
107> and 0.13 are indicated on logarithmic color scales.

electron populations. We use a non-linear least squares
estimate by a gradient-expansion algorithm based on the
measured data in Figure 7b. The method gives us optimized
values of number densities, 7|, and T,/T) for the three
populations. The resulting model is shown in Figure 7d and
its parameters are given as components 2—4 (“core”,
“injected”, “trapped”) in the table 7c. Since we observe only
the lowest energies of the “trapped” population of energetic
electrons, the full optimization of both 7| and 7,/7) is
difficult to obtain for this component. We therefore manu-
ally adjust 7',/T)| to a fixed value of 4 which well corre-
sponds to the observed shape of the electron distribution and
to other optimization runs with a fixed 7). The relative errors
of the model parameters based on the counting statistics are
3—7% for the number densities and 2—-8% for 7). The lowest
errors are always obtained for the “core” population and the
largest ones for the “trapped” energetic electrons. The
statistical errors of the optimization procedure for T’ /T
are 2% and 4% for the “core” and “injected” populations,
respectively.

[32] The sum of resulting number densities in these three
components corresponds to 6.84% of the total plasma den-
sity which was found by the WHISPER sounder and which
is shown in Figure 4. The reason why this is such a small
percentage of the overall density is because our analysis is
based only on the HEEA sensor which does not measure the
lowest energies below 32 eV. We therefore add 93.16% of
“cold” Maxwellian electrons. Their temperature is estimated
using the data of the LEEA sensor to =3.5 eV. We have also
added 1-eV protons as a neutralizing background to our
plasma model.

[33] This model, together with the measured electron
cyclotron frequency f.. = 9.2 kHz (see section 3) is used for
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theoretical calculations of the wave dispersion and stability
using the “Waves in homogeneous, anisotropic multicom-
ponent plasmas” (WHAMP) program [Ronnmark, 1982,
1983]. The procedure consists in resolution of the hot-
plasma dispersion relation, providing us with a complex
wave frequency as a function of a real wave vector. The real
part of the frequency Rg f then describes wave dispersion
properties and the imaginary part of the frequency < f brings
information on the wave stability. Note that a finer analysis
of & f'can be done using direct anisotropy calculations from
the measured phase space densities [Cornilleau-Wehrlin et
al., 1985; Solomon et al., 1988] or by adding finer details
to the model.

[34] Figure 8 shows the results of the WHAMP program
plotted in the plane defined by the wave vector components
perpendicular and parallel to By, k£, and kj, respectively.
Note that we define these components to have the wave

number k = 27/\ =, /k7 + kﬁ, where ) is the wavelength,

and to have fgx = arctan(k  /k)).

[35] The ratio Rg f/f.. between 0.01 and 0.9 is plotted by
the solid black lines. For frequencies above the lower hybrid
frequency f, = 0.023f.. the dispersion properties are char-
acterized by the resonance cone shown by the oblique lines
of constant frequency at k; > 1 km™'. The lines of constant
Opx between 10° and 80° with a step of 10° are represented
by the system of oblique dotted lines. The shading shows
the ratio & f/f,. that reflects the effects of hot plasma on the
linear growth or attenuation of wave amplitudes.

[36] For quasiparallel propagation at lowest k£, <0.01 km ™'
we first find stable waves at frequencies below 0.1f., then
two regions of wave growth. The first region has a broader
peak in frequency with a maximum growth & fife. = 6.4 x
107 at ky =0.77 km ™', and at a frequency of 0.33f... This
peak is related to the trapped population of energetic elec-
trons. The calculated group speed for the maximum growth is
0.11 ¢, where c is the speed of light. This gives the length
over which the wave amplitude convectively increases e
times (“e-folding” length), L, = 5600 km.

[37] The second, narrower amplification region for qua-
siparallel propagation has a very similar maximum growth
S fffee = 6.6 x 107 at k=22 km™', and at a frequency of
0.80f:.. This peak is related to the injected population at
lower energies. The group speed at this frequency is 0.026 c,
which means that it is lower than in the previous case, and
this corresponds to a lower e-folding length, L, = 1300 km.
At frequencies higher than 0.83f,. the waves start to be
strongly attenuated.

[38] Both peaks are very broad in &k, . The wave growth at
lower frequencies, however, disappears for 6zx > 30-40°.
The peak at higher frequencies further intensifies for
higher k,, closer to the resonance cone. The maximum
growth S ffee = 1.1 x 107 is reached at & = 3.83 km ™' and
k. =3.56 km . This point corresponds to 6z = 43° and to
a frequency of 0.70f... This is close to the resonance angle
0z = 45.1° but still the propagation is not quasi resonant and
the group speed is 0.023 ¢, which is only slightly lower than
for the parallel propagating waves. With the increased
growth rate, however, it gives a low convective e-folding
length, L, = 680 km. At the k) = 3.83 km ' where we find
the maximum growth this peak extends in frequency from
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0.5fcc to 0.8f.. It is again related to the injected population
at energies below a few keV.

5. Discussion and Conclusions

[39] Results shown in section 4 indicate that both the
highly anisotropic injected electrons at energies below a few
keV and the trapped energetic electrons above 10 keV can
amplify whistler mode waves. The energetic electrons
Would give rise to lower-band waves at frequencies below
3 L ., while the mjected electrons would be responsible for
the upper-band emissions above 1 5 Jee» s we show them in
Figure 3. We need, however, to estimate if the obtained
linear wave growth is high enough to explain the presence of
waves. For this rough estimate, we will, based on Figures 1
and 3, assume a reasonable lower limit for the necessary
amplification: 4 orders of magnitude for the increase of
power, which means a factor of 100 for the amplitude
growth. We therefore need at least 4.6 e-folding lengths to
allow the linear convective amplification to increase the
amplitudes by this factor.

[40] For the upper band emissions grown at fzx = 43° and
at a frequency of 0.70f,. it gives us a convective amplifi-
cation length Ligp = 3127 km = 0.5 Rg. This value rea-
sonably compares to the observed size of the source region
parallel to the field lines which is at least 15° in latitude
(Figures 1 and 2), which means its linear dimension is over
1 Rg at a radial distance of 4.5 Rg. L0 is also below the-
oretical estimates of the parallel source size [Helliwell,
1967; Cornilleau-Wehrlin and Gendrin, 1979]. As we
show in Figure 5a, the group speed of the waves at Ogg =
43° is at large angles fgg = 40° from the magnetic field line,
and we need also a similar size of the global source per-
pendicular to the magnetic field lines. We observe the same
source populations on all the Cluster spacecraft, but their
separation is only a few hundreds km perpendicular to the
field line. These direct multipoint measurements therefore
cannot prove that the source populations occur within at
least a few thousands of km transversally to B,. However,
such large transverse dimension of global equatorial sources
have been found in the ray tracing study of whistler mode
chorus by Hayosh et al. [2010] so we can reasonably expect
that the upper-band emissions between 0.5 and 0.8f;. are
locally generated by the observed injected electron popula-
tion. Note that waves with a high 6z are fully consistent
with the observed spin modulation above % fee (Figure 3).
The oblique propagation has also been confirmed by the
Darwin simulation code, as it is described in the companion
paper by Schriver et al. [2010]. Note that in this case, the
first-order cyclotron resonance and Landau resonance (also
known as Cerenkov or zero-order cyclotron resonance)
often play the most important role [Boskova et al., 1990].

[41] For the lower-band emissions below % fee we find the
maximum growth rate at fzx =~ 0 and at a frequency of
0.33f... The increase of the wave power by 4 orders of
magnitude requires a convective amplification length Loy =
25760 km ~ 4 Rg. This is larger than the expected dimen-
sions of the equatorial source region and our calculation
therefore indicates that the lower-band emissions cannot
grow fast enough from the unstable energetic population.
The problem could be linked to uncertainties of parameters:
the measurement gives us only the lowest energies from this
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population for which 7',/T} is estimated to 4. Our calcula-
tions show that we would need a much larger (approxi-
mately three times) 7,/7) to decrease the convective
amplification length below 1 Rg. The lower-band emissions
therefore do not seem to be generated by a linear convective
process from the modeled energetic population. This result
assumes that the limited time resolution of 4 s and the
limited ranges and resolutions of energies and pitch angles
of our measurements do not prevent us from detecting other
highly unstable features of the energetic electron population
that would quickly disappear when the waves are generated;
for example the step-like distribution functions [Trakhtengerts
et al., 1996; Trakhtengerts et al., 2004, 2007] and/or large
instantaneous anisotropies.

[42] Schriver et al. [2010] came to the conclusion that the
lower frequency wave modes below > Jee are non-linearly
excited from the emissions above 1 3 Jee- The wave vector
directions obtained from the Darwin simulation of this
nonlinear process are at high fpi close to the resonance
cone. This could be a good explanation of the observations
but our results based on the plane wave approximation
(Figures 1d and 2c) show a quasiparallel propagation with
very low 6gg < 10° in the center of the source region. These
results could be, however, biased by the assumption of
the presence of a single plane wave that is used for
estimating Opg.

[43] We have done a preliminary verification of the
validity of this assumption by estimating the distribution of
the wave energy density with respect to the wave-vector
directions, the wave distribution function (WDF) defined by
Storey and Lefeuvre [1979]. A peaked WDF in the direction
of By would mean that the assumption of a single plane
wave is valid. However, our preliminary results rather show
that the wave energy density can be distributed over a wide
range of azimuthal directions around By, forming thus a ring
at fgx = 40-50°. In this case, the analysis based on the
assumption of the presence of a single plane wave could
place the wave vector direction very close to the direction of
By, which means close to the center of the ring. This shape
of the WDF would be consistent with the observed ¢>B*/E>
ratio (see section 3) which gives fgk lower than 50°. The
ring-shaped WDF would also reconcile the results presented
in Figures 1d and 2¢ with the results of the companion paper
by Schriver et al. [2010]. However, the analysis of the WDF
is out of scope of this paper and it will be a subject of future
work.

[44] The summary of our case study of wave-particle
interactions in the equatorial source region of whistler-mode
emissions in the evening-side inner magnetosphere (L = 4.5
and MLT = 15 h) reads as follows:

[45] 1. The observed whistler-mode emissions have most
of the time the appearance of shapeless hiss in both fre-
quency bands below and above . 3 fce, with only occasional
discrete structures observed above 1 5> fee and resembling
chorus wave packets. However, propagation properties of
the waves below % fee are very similar to previously analyzed
cases of whistler-mode chorus: we observe the divergence
of the Poynting flux at the plane where the modulus of the
magnetic field is minimum along the field line; we observe
low values of the electromagnetic planarity in the source
region; we observe low values of the plane-wave estimate of
the wave-vector angle 6zg, with a minimum in the center of
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the source region. This similarity suggests that the genera-
tion mechanism of the observed shapeless whistler-mode
emissions and discrete chorus can have common features.

[46] 2. The measured electron phase space densities show
an injected population at energies of a few hundreds eV to a
few keV. We model this population using a bi-Maxwellian
distribution with very high temperature anisotropies. The
linear theory based on this model shows that whistler-mode
waves in the upper band above % fee can convectively grow
to the observed amplitudes at distances that are lower or
comparable to the size of the source region. The most
unstable waves are at large angles 03k close to the resonance
cone. This is consistent with the observed spin modulation
of the wave power.

[47] 3. The measurements of electron phase space densi-
ties also indicate the presence of trapped energetic electrons
at energies above 10 keV. We use a rough bi-Maxwellian
model of this population and we obtain a linear instability of
quasi parallel propagating waves in the lower band below
% fee- The model, however, results in an insufficient con-
vective growth and a non-linear mechanism suggested by
the companion paper [Schriver et al., 2010] can explain the
observations.
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