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Abstract Electromagnetic ion (proton) cyclotron (EMIC) waves and whistler mode chorus are
simultaneously detected in the Earth’s dayside subsolar outer magnetosphere. The observations were
made near the magnetic equator 3.1°-1.5° magnetic latitude at 1300 magnetic local time from L = 9.9
to 7.0. It is hypothesized that the solar wind external pressure caused preexisting energetic 10—100 keV
protons and electrons to be energized in the T, component by betatron acceleration and the resultant
temperature anisotropy (T, > T,) formed led to the simultaneous generation of both EMIC (ion) and chorus
(electron) waves. The EMIC waves had maximum wave amplitudes of ~6 nT in a ~60 nT ambient field

B,. The observed EMIC wave amplitudes were about ~10 times higher than the usually observed chorus
amplitudes (~0.1-0.5 nT). The EMIC waves are found to be coherent to quasi-coherent in nature.
Calculations of relativistic ~1-2 MeV electron pitch angle transport are made using the measured wave
amplitudes and wave packet lengths. Wave coherency was assumed. Calculations show thatin a ~25-50 ms
interaction with an EMIC wave packet, relativistic electron can be transported ~27° in pitch. Assuming
dipole magnetic field lines for a L = 9 case, the cyclotron resonant interaction is terminated ~+20° away
from the magnetic equator due to lack of resonance at higher latitudes. It is concluded that relativistic
electron anomalous cyclotron resonant interactions with coherent EMIC waves near the equatorial plane

is an excellent loss mechanism for these particles. It is also shown that £ >1 MeV electrons cyclotron
resonating with coherent chorus is an unlikely mechanism for relativistic microbursts. Temporal structures
of ~30 keV precipitating protons will be ~2-3 s which will be measurable at the top of the ionosphere.

1. Introduction

Electromagnetic ion cyclotron (EMIC) waves (0.1-5 Hz) are generated by T, /T > 1 anisotropic 10-100 keV
protons [Cornwall, 1965; Kennel and Petschek, 1966], where T, and T, indicate the perpendicular and parallel
particle temperatures relative to the background magnetic field B, respectively. The general scenario for the
generation of these waves is injection of the energetic ions from the nightside plasma sheet during magnetic
storms or substorms [Cornwall and Schulz, 1971; Vasyliunas, 1975]. The particles are thought to go most unsta-
ble when their gradient and curvature drift into the duskside plasmaspheric bulge, where the wave phase
speed is the lowest [Thorne and Kennel, 1971; Fraser and McPherron, 1982; Horne and Thorne, 1998; Meredith
et al., 2003; Halford et al., 2010]. EMIC waves are greatly enhanced during magnetic storms with typical wave
amplitudes in the range 1-10 nT [Erlandson and Ukhorskiy, 2001; Turner et al., 2014].

In a similar way, magnetospheric electromagnetic chorus (100 Hz-10 kHz) is generated by anisotropic
10-100 keV electrons with T, /T, > 1 [Kennel and Petschek, 1966; Tsurutani et al., 1979]. The typical source of
these electrons and their anisotropies are the same as for protons, particle injection from the nightside plasma
sheet during magnetic storms [Tsurutani et al., 1975; Delport et al., 2012], or substorms [Thorne et al., 1974,
1977; Tsurutani and Smith, 1974, 1977; Hayakawa et al., 1986; Koons and Roeder, 1990; Meredith et al., 2001,
2012; Liet al., 2013]. However, electrons drift from midnight through dawn, in the opposite sense as the pro-
tons. It has been shown that chorus is generated close to the geomagnetic equatorial plane or in minimum
B field pockets [Tsurutani and Smith, 1974, 1977; LeDocq et al., 1998; Lauben et al., 2002; Omura et al., 2008] by
the electron temperature anisotropy instability [Kennel and Petschek, 1966; Tsurutani and Lakhina, 1997].
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Energetic electrons drift from midnight through dawn to noon, and chorus is typically observed in these
local time sectors [Thorne et al., 1974; Tsurutani and Smith, 1977; Verkhoglyadova et al., 2009]. Chorus is most
frequently observed at local dawn. The physical cause of chorus from dawn to noon is believed to be the
upwelling of plasma due to sunlight heating of the upper atmosphere. This leads to the lowering of the local
wave phase speed and thus enhancement of the instability [Brice and Lucas, 1971; Jentsch, 1976; Tsurutani and
Smith, 19771. This is the same mechanism as for protons, but on the opposite side of the magnetosphere.

Another possible means of generating energetic proton and electron temperature anisotropies is by the
impingement of interplanetary shocks [Olson and Lee, 1983; Kennel et al., 1985; Papadopoulos, 1985; Tsurutani
et al., 1988] or other types of solar wind pressure pulses onto the magnetosphere. Fast forward shocks have
density jumps comparable to their magnetosonic Mach numbers [Kennel et al., 1985; Tsurutani et al., 2011a]
and thus the enhanced ram pressure leads to a rapid compression of the magnetosphere. As the pressure
pulse hits the magnetosphere, betatron acceleration of remnant 10— 100 keV protons and electrons will have
their perpendicular temperatures raised and thus their temperature anisotropies T, > T increased, possibly
leading to plasma instabilities.

We have selected a high solar wind pressure event during the Cassini near-Earth flyby on 18 August 1999
to study this type of event in detail. Cassini flew close to the Sun-Earth line through the dayside magneto-
sphere. The Cassini magnetic field wave data will be analyzed in detail. Section 2 describes the data used and
the methodology for wave mode analyses used in this work. Section 3 gives the interplanetary conditions
during the event, a detailed analysis of proton cyclotron waves and the occurrence of whistler mode chorus
waves. Cyclotron resonant wave-particle interactions and the pitch angle transport of relativistic electrons by
the EMIC waves are calculated in section 4. Sections 5 and 6 give a brief discussion of the results and
concluding remarks.

2. Data and Analysis Method

2.1. Satellite Trajectory and Data

Figure 1 displays the trajectories of the Cassini spacecraft during the Cassini near-Earth flyby. The trajectories
are in GSM (geocentric solar magnetospheric) coordinates in the (top) X-Y and (bottom) X-Z planes. The GSM
coordinate system has its X axis from the Earth to the Sun and the Y axis defined to be perpendicular to the
Earth’s magnetic dipole so that the X-Z plane contains the dipole axis. The positive Z axis is chosen to be
in the same sense as the magnetic pole (positive north). Hours in UT are marked along the trajectory in the
figure. Model bow shock and magnetopause locations are also marked in the background. Cassini-Huygens
flew past Earth on 18 August 1999, on its way to Saturn with a unique trajectory through the subsolar point of
the Earth’s magnetosheath and magnetosphere. The flyby along the Sun-Earth line provided an opportunity
to study the magnetospheric plasma waves in detail. Our study considers the time interval 0226 UT to 0240
UT, 18 August 1999, when Cassini was in the Earth’s outer magnetosphere. The satellite crossed L shells from
L = 10to L = 7 near the magnetic equator from 3.1°-1.5° magnetic latitude (MLAT), an ideal trajectory to
possibly detect ion and electron plasma waves.

The 32 sample/second high sampling rate fluxgate magnetometer data from Cassini is used to identify
the wave events present in the Earth’s outer magnetosphere. Chorus waves are identified from the
Cassini RPWS (Radio and Plasma Wave Science) search coil magnetometer data. The solar wind and
interplanetary magnetic field data at 1 min time resolution are obtained from the OMNI website
(http://omniweb.gsfc.nasa.gov/). The interplanetary convection time from the spacecraft to the magne-
topause has already been time adjusted; hence, no further adjustments were made to the OMNI data used
in this study. One minute AE indices and 1 h Dst data were obtained from the World Data Center for
Geomagnetism, Kyoto, Japan (http://wdc.kugi.kyoto-u.ac.jp/). The integrated fluxes of electrons with energies
E>2.0 MeV were collected by the Geostationary Operational Environment Satellites instrumentation
(GOES-8) (http://www.ngdc.noaa.gov/stp/satellite/goes/dataaccess.html).

2.2, Methodology

A new program called the Rosetta Automatic Wave Analysis (RAWA) has been developed to analyze the plasma
waves in space plasma regions [Tsurutani et al., 2013a; Remya et al., 2014]. The raw magnetic field vectors are
first low-pass filtered. A Butterworth filter was used. A cutoff value for the Cassini wave interval of 30 mHz
was applied. This cutoff frequency was below the dominant power region of the waves. The low-pass val-
ues are used for the background magnetic fields and the high-pass-filtered data are used as the wave fields.
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Figure 1. Cassini Earth swing-by trajectory projected onto (top) the GSM X-Y equatorial plane and (bottom) the GSM
X-Z noon-meridian plane. Hours in UT are marked along the trajectory. Model bow shock and magnetopause locations
are also shown. (taken from Southwood et al. [2001, Figure 1]).

Wave cycles are selected from the high-pass-filtered data, and minimum variance analysis (MVA) [Sonnerup
and Cabhill Jr., 1967; Smith and Tsurutani, 1976] is performed on individual wave cycles. Eigenvalues 4,, 4,, and
A3 and their corresponding eigenvectors are calculated. The eigenvectors represent the maximum, interme-
diate, and minimum variance directions of the field components. The wave magnetic fields are rotated into
minimum variance coordinates B,, B,, and B, where the B vector points along the direction of minimum
variance and hence the direction of the wave vector k (with 180° ambiguity) [Verkhoglyadova et al., 2010]. See
section 2 of Remya et al. [2014] for the detailed analysis technique.

The frequencies and polarizations derived using the above technique are in the spacecraft (s/c) reference
system. Since the present study focuses on the magnetosphere where the plasma flow speed is quite low
compared to the wave phase speed, the wave frequency Doppler shift is negligible and can be ignored. The

REMYA ET AL.

CYCLOTRON WAVES: PITCH ANGLE SCATTERING 7538



@AG U Journal of Geophysical Research: Space Physics 10.1002/2015JA021327

3
=z
o
M
o
@
o
-100 F + } + } + { + | + } + } + - 2000
[ 1 w
3 ok MMt SNA N o iy T 1% <
(/\\ImUMWW ) ) ) | ) | . ]
L

227 228 229 230 231 232 233 234
Day of year 1999 (August)

Figure 2. Interplanetary and geomagnetic parameters during 15-22 August 1999 (day of year (DOY) 227 -234).
From top to bottom, the panels show the variations of (first panel) solar wind speed (Vj,, in km s 1), (second panel)
plasma density (N, in cm™3), (third panel) solar wind ram pressure (Psy in nPa), IMF magnitude (fourth panel) (B, in nT)
and (fifth panel) B, (nT), (sixth panel) By (nT) and (seventh panel) B, (nT) components in the GSM coordinate system,
and the (eighth panel) Dst (nT) and (ninth panel) AE (nT) indices, and (tenth panel) E > 2 MeV relativistic electron
fluxes (cm=2 s=1 sr=1) from GOES-8, respectively. The blue and black curves are 1 min and 1 h time resolution data,
respectively. In the By panel, the horizontal arrow indicates the CIR interval from middle of 15 August to end of 16
August. The vertical red line at 0226 UT, 18 August is the time of the wave event.

frequencies and polarization measured in the spacecraft frame will be the same as those in the plasma frame,
to first order. The direction of the magnetic field is automatically incorporated into the minimum variance
hodograms so the wave handedness can be easily visualized.

The wave coherency has been examined. Groups of wave cycles (wave packets) are selected from the wave
data. The B, and B, wave components are cross correlated to determine the level of wave coherency. Highly
coherent waves will have a cross-correlation coefficient of 1.0 at approximately zero (}; wavelength) lag and
>0.95 at +1 lag. For example, see Tsurutani et al. [2011b] for highly coherent electromagnetic chorus in the
Earth’s magnetosphere. For lesser coherent waves, the peak correlation coefficient at zero lag can be signifi-
cantly less than 1.0 (say 0.5) with further decrease in correlation coefficient values at larger lags. Waves with
these characteristics have been called “quasi-coherent”. Incoherent turbulence will have little or no correlation
between the B, and B, wave components.

3. Magnetospheric Waves

3.1. Interplanetary Conditions

We examine different interplanetary parameters upstream of the interplanetary shocks to identify the condi-
tions under which the magnetospheric waves were generated. This is shown in Figure 2. From top to bottom
are the solar wind speed, the density, solar wind ram pressure, magnetic field magnitude, and the three
components of the field in GSM coordinates. The two panels near the bottom are the Dst and AE geomag-
netic indices. Figure 2 (tenth panel) is the E > 2 MeV electron flux. The entire interval of 15-22 August 1999 is
shown so that the reader can see the conditions before, during, and after the wave events.

This is a typical high-speed solar wind interval [Tsurutani et al., 1995, 2006]. The solar wind starts at 300 km/s
at the beginning of day 227 and increases to a peak speed of ~756 km/s at 1239 UT on day 231. A corotating
interaction region (CIR) [Smith and Wolfe, 1976; Pizzo, 1985; Balogh et al., 1999] is present from 1043 UT day
227 to 00 UT day 229. This structure is indicated by a horizontal arrow in the B, panel. The CIR does not cause
a magnetic storm in this case. The Dst value stays well above > —50 nT.

During the remainder of the high-speed stream from 00 UT day 229 to day 231, there are large-amplitude
IMF (interplanetary magnetic field) B, fluctuations (fourth panel from the bottom). These are the outward
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propagating Alfvén waves which are embedded within the solar wind [Belcher and Davis, 1971]. Intense
auroral activity occurs during the high-speed stream proper. The activity is nearly continuous from the begin-
ning of 17 August until the end of 21 August. Although this interval does not follow all of the four “strict”
criteria of high-intensity, long-duration, continuous AE activity (HILDCAA) [Tsurutani and Gonzalez, 1987], the
long-duration and intense auroral activity seems to be remarkable. This geomagnetic activity is caused by
sporadic magnetic reconnection [Dungey, 1961; Gonzalez and Mozer, 1974] between the southward
components of the IMF B, components of the Alfvén waves and the Earth’s northward dayside magnetopause
magnetic field.

The high auroral activity interval is associated with enhancements in the fluxes of relativistic £>2 MeV
electrons at the geosynchronous orbit, shown in Figure 2 (tenth panel). The flux enhancement exhibits a lag
of ~1.5 days from the initiation of intense auroral activity. This is in agreement with the findings of Hajra et al.
[2013, 2014, 2015].

The Alfvén wave negative B, components cause dayside magnetic reconnection at the Earth’s dayside magne-
topause. Subsequent nightside reconnection in the form of substorm/convection events cause the injection
of energetic ~10-100 keV electrons into the nightside magnetosphere [Deforest and Mcllwain, 1971; Horne
and Thorne, 1998]. The temperature anisotropy of the heated electrons leads to plasma instability [Kennel
and Petschek, 1966], generating electromagnetic plasma waves called “chorus.” Resonant interactions of the
chorus with ~100 keV electrons lead to their acceleration to relativistic energies [Inan et al., 1978; Horne and
Thorne, 1998; Thorne et al., 2005; Summers et al., 2007b; Thorne et al., 2013].

The interval of the waves under study (red vertical line) is an interval with a slight solar wind speed increase
(Figure 2, first panel) and slight solar wind density decrease (Figure 2, second panel). The overall solar wind
pressure (Figure 2, third panel) is more or less constant. Any pressure variations must be due to small solar
wind fluctuations that have temporal scales smaller than those shown here. The relativistic E> 2 MeV fluxes
have a minor decrease at the time of the wave events.

3.2. Proton Cyclotron Waves

Figure 3 displays the magnetic field components in GSM coordinates. This interval (0226-0240 UT) corre-
sponds to the outer region of the dayside subsolar magnetosphere from L = 9.9 to L = 7. The magnetopause
was located at L ~10.0. The magnetic field magnitude increases from ~45 nT at the magnetopause crossing
(~0226 UT) to ~72 nT in the magnetosphere at ~0239 UT. At ~0227 UT the transverse wave amplitudes are
~6 nT. The ambient magnetic field is ~60 nT. The satellite was close to the magnetic equator and covered
3.1°-1.5° MLAT during this interval.

As described previously, the magnetic data were filtered, keeping both the low-pass and high-pass parts of
the data. These are presented in Figures 4 and 5, respectively. Figure 4 shows the low-pass data. This is used
for both the ambient magnetic field direction and also for its magnitude. The first will be used to calculate
the wave k direction relative to B, and the second for the instantaneous ion cyclotron frequency. The data in
Figure 5 are used for the detailed wave analyses. Wave cycles are identified from this high-pass data, and MVA
are applied on individual cycles for wave mode analyses.

Figure 6 shows some pertinent results from the minimum variance analyses performed on various individual
wave cycles. The ratio 4, /4, is the ratio of the maximum to intermediate eigenvectors. A value of 1.0 indicates
circular polarization and infinity, linear polarization. The angle Ors, is theangle of wave propagation relative to
the ambient magnetic field. The sense of rotation or polarization in the spacecraft frame (same as the plasma
frame) is also given in the panels corresponding to individual cycles. The direction of the ambient magnetic
field is set such that it always points “out” of the plane and is indicated by the symbol “O” in each panel of
the figure. LH(E)/RH(E) indicates left-hand circular (elliptical)/right-hand circular (elliptical) polarizations. The
beginnings and ends of each wave cycle are indicated by “b” and “e,” respectively. This is done so that the
reader can easily identify the clockwise or anticlockwise rotation of the wave.

Figure 6 gives the wave cycles for 0229:06.4-0229:08.4 UT (top left), 0229:53.1-0229:54.9 UT (top right),
0232:20.1-0232:22.8 UT (middle left), 0232:20.1-0232:22.8 UT (middle right), 0237:07.9-0237:10.8 UT
(bottom left), and 0237:35.9-0237:38.5 UT (bottom right). The wave cycles shown are all LH polarized.
The waves are circularly to slightly elliptically polarized. The waves are determined to be propagating
parallel/quasi-parallel (6,5, < 30°) to the ambient magnetic field.
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Figure 3. Cassini: Temporal behavior of the Earth’s magnetospheric magnetic field in GSM coordinates for the interval
02:26-02:40 UT on 18 August 1999.

A total of 99 wave cycles were analyzed from the data set. A total of 77/99 (~78%) of the waves were found
to be left-hand (LH) polarized, approximately 21% (21/99) were right-hand (RH) polarized, and about ~1%
(1/99) was linearly polarized. The remainder of the analyses and discussion will be devoted to the LH-polarized
waves. Analysis of the RH waves will be postponed for a later publication.

A histogram of 8,5  is presented in Figure 7a for the LH waves. The majority of the waves (~78%) were prop-
agating parallel/quasi-parallel (6,5 < 30°) to the ambient magnetic field, ~22% with 30° < 65 < 60°. Only
one event had s, > 60°. The waves were circular to elliptically polarized.

Figure 7b depicts the histogram of the LH wave frequency, normalized to proton gyrofrequency f,. The
observed waves were found to have frequencies less than or close to proton (ion) cyclotron frequency
(fp) in the spacecraft frame with maximum distribution around half the proton gyrofrequency f.,/2. It
can be concluded from this result and the others that the LH-polarized waves are propagating in the ion
cyclotron mode.

The waves analyzed were found to be compressional. The compression factors are calculated using the
relationship (Biax — Bmin)/Bmax Where B, and B, are the maximum and minimum field magnitudes,
respectively. The compression factors as described above varied between 0.3 and 0.9 relative to the wave
amplitude.

Figure 8 shows the coherence of the EMIC waves. The figure shows B, — B, components of Cassini waves for
the time interval 0232:17.5-0232:47.3. The wave packet duration is ~30 s. Figure 8 (top) gives the B, and B,
values as a function of time. Figure 8 (bottom) displays the B, - B, cross-correlation result. The peak correlation
coefficientis 0.78 at ~ —320° lag and decreases with greater lags. In comparison to magnetospheric chorus at
the equator [Tsurutani et al., 2011b], we would say that the Cassini ion cyclotron waves are close to coherent
or are quasi-coherent in nature.

3.3. Whistler Mode Chorus Emissions

Figure 9 shows the dynamic spectra of the magnetic field component B, in the magnetosphere during
the interval 0226-0240 UT, 18 August 1999. Figure 9a plots the magnetic frequency-time spectrogram for
fluxgate magnetometer data covering frequencies up to 4 Hz. The magnetic spectral density is plotted as
a function of frequency and time according to the color bar provided at the right side of the figure. The
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Figure 4. Background magnetic field obtained after a low-pass filtering of the raw data at 30 mHz.

magenta, green, blue, and black lines, respectively, indicate the proton (H*), He?*, He*, and O* cyclotron
frequencies. The figure clearly shows the presence of ion cyclotron waves with frequencies less than or close to
half the proton gyrofrequency. The strong wave bursts are observed at frequencies between the He?* and He*
cyclotron frequencies. It could be because the He?* and He* stop bands are limiting the frequency range of
the observed proton cyclotron waves. Matsuda et al. [2014] have indicated the possible presence of He?* ions
in substantial quantities inside the plasmasphere to create a He?* stop band there. At this time the amount
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Figure 5. Magnetospheric wave fields obtained from Cassini after the removal of low-pass data.

REMYA ET AL.

CYCLOTRON WAVES: PITCH ANGLE SCATTERING

7542



@AG U Journal of Geophysical Research: Space Physics 10.1002/2015JA021327

02:29:06.4 - 02:29:08.4 02:29:53.1 - 02:29:54.9
1 :
08
06 :
05 Doafay =171
LH : =20
04 e - A1 : e"Bo
4 05 0 -1 0 1
02:32:20.1 - 02:32:22.8 02:32:25.5 - 02:32:27.8
1 > 1 : =217
05 | %s, = 18 - 05 :
[
k=3 Wl e ST OIS S (o} EERERERE] CRRREREEE DNLIITTITIRERS. POO%
N
)
05 05
1 ; 1
2 -1 0 1 -2 0 2
02:37:07.9 - 02:37:10.8 02:37:35.9 - 02:37:38.5
! A/, = 2.1 : ! /2, =34 LH
05 {%s, =4 05 |%s, =2
0 .................................... 0 ..................................
05 05
_1 " _1 H
2 1 0 1 -2 0 2

B, (nT)

Figure 6. Cassini: Hodograms of the magnetospheric wave cycles in minimum variance coordinates for the interval
0226-0240 UT.

of He?* in the outer magnetosphere is unknown. However, another possibility for the reduced amplitude of
the waves close to f 2+ or f,/2 could be due to Landau damping, much in the way possible damping of
chorus at f. /2 causes two-frequency chorus [Tsurutani and Smith, 1974]. The magnetopause crossing was at
0226 UT (L = 9.9) and the strong bursts that appear before 0230 UT are the magnetopause boundary layer
waves. To first order, we do not observe any obvious EMIC rising tones.

Figure 9b depicts the Cassini search coil data in the same format as above for frequencies up to 2.5 kHz. The
instrument mode used for the flyby was designed to concentrate on the 2.5 kHz waveform measurements
which can be used to validate the wave normal analysis of whistler mode waves. A red line is used to trace
the electron cyclotron frequency f, in the figure. The spectrum clearly indicates patches of whistler mode
electromagnetic chorus emissions at frequencies below f,. Chorus structures were prominent at
0229-0235 UT. These rising tone chorus shown here were detected at ~1300 MLT (magnetic local time) at

REMYA ET AL.

CYCLOTRON WAVES: PITCH ANGLE SCATTERING 7543



@AG U Journal of Geophysical Research: Space Physics 10.1002/2015JA021327

Cassini Magnetosphere Waves - 18" August, 1999

(@ 39 : l \ i : : : :
2

<

o

>

o

[T

o

S

o

2

£

=

4

0 10 20 30 40 50 60 70 80 90
GkBO (degrees)

(b) 40 : . . ;
8

f=

o

>

o

e

o

@

o

£

=

=z

0 0.2 0.4 0.6 0.8 1
fif
cp

Figure 7. (a) Distribution of the magnetosphere wave propagation directions with respect to the background magnetic
field (b) Histogram of the wave frequencies normalized to proton cyclotron frequency, f/f.,.

L = 9.3. The chorus waves were detected quite close to the equatorial generation region, 2.7° MLAT as has
been discussed earlier.

4. Resonant Wave-Particle Interactions

When a particle senses that an electromagnetic wave Doppler shifted to its cyclotron frequency or its har-
monics, it can resonate with the waves to either gain or lose pitch angle. The cyclotron resonance condition
for wave-particle interaction is given by the following [Kennel and Petschek, 1966]:

w— kv = 22 ()
Y

where w is the wave frequency, k; and v, are the components of the wave vector k and particle velocity v, par-
allel to the ambient field B, respectively. In the above, Q is the particle cyclotron frequency in radians/sec, nis
the harmonic number (= 0,+1,+2,...),andy = (1— vz/cz)’% is the relativistic factor. In the expression for y, v
is the particle speed and c is the speed of light. For positive (negative) values of n, equation (1) represents the
normal (anomalous) cyclotron resonance condition [Tsurutani and Lakhina, 1997]. For normal (n = 1,2,3,...)
Doppler shifted cyclotron resonance, the waves and particles travel in opposite directions from each other
along the magnetic field and the waves will be Doppler shifted up to the particle cyclotron frequency or its
harmonics in the proton reference frame. In case of anomalous resonance (n = -1, -2, -3, ...), the waves and
particles travel in the same direction with the particles overtaking the waves. The particles sense the waves to
have a polarization opposite to the plasma frame polarization. Since the particles interact with the opposite
polarization waves the term “anomalous” cyclotron resonance has been used to describe this interaction. For
example, ions interact with RH waves and sense them as LH polarized and vice versa, electrons interact with
LH waves and sense them as RH. However, in the later case, because the LH waves have frequencies much
below the electron cyclotron frequencies, resonant electrons must have relativistic parallel kinetic energies
(E; > MeV) [Tsurutani and Lakhina, 1997].
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Figure 8. (top) The B; — B, components of Cassini waves for the interval 0232:17.5-0232:47.3. (bottom) The correlation
coefficient at various data point lags. Peak correlation coefficient is 0.78 at lag —320°.

For the fundamental anomalous electron cyclotron resonance (n = —1) with a left-hand wave, equation (1)
can be simplified for resonant particle velocity:

V) = Vg = Vpr(1 + Q/y) (2)

where v, is the parallel wave phase speed. The relativistic parallel kinetic energy of the resonant electrons is

thus given by , ,
E = }’mv”R 3 J/mvph 1h0 , a)
R= "% = ( /wy)

The particle pitch angle scattering rates due to incoherent electromagnetic or electrostatic waves have been
derived by Kennel and Petschek [1966] and Tsurutani and Lakhina [1997]. However, since the observed EMIC
waves are coherent or quasi-coherent, the wave-particle interaction is considerably stronger. The energetic
electrons will stay in gyroresonance with the wave for more than a wave cycle and may undergo large
pitch angle changes in a single wave-particle encounter. This process has been called pitch angle transport
[Tsurutani et al., 2009; Lakhina et al., 2010]. In this paper we try to obtain pitch angle scattering rates for EMIC
waves from simple physical arguments assuming wave coherence [Tsurutani et al., 2011b].

4.1. Pitch Angle Scattering

The change in the particle pitch angle « of electrons which are in cyclotron resonance with the electromag-
netic ion cyclotron waves can be obtained from the following: tan « = v, /v, where « is the angle between
the particle velocity vector v and the ambient field B, and v, is the perpendicular component of the particle
velocity with respect to B,. The pitch angle diffusion rates for small pitch angles is identical to the expres-
sion for the diffusion rates for large pitch angles [Kennel and Petschek, 1966; Tsurutani and Lakhina, 19971. The
change Aa in particle pitch angle for arbitrary « is obtained as follows:

B

Aa = —QAt ()
BO

The pitch angle diffusion rate is obtained to be [Tsurutani and Lakhina, 1997; Tsurutani et al., 2009]

2 2
Dz(Aa) =9<B£>’1 (5)
o

2At 2
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Figure 9. The dynamic power spectra for the magnetospheric magnetic field observed by (a) Cassini MAG and
(b) Cassini Radio and Plasma Wave Science (RPWS) during the Earth flyby. Figure 9a shows the proton cyclotron
waves and Figure 9b indicates presence of whistler mode chorus structures.

where n = QAt is the fractional amount of time that the particle is in resonance with the wave. In the above
expressions, Q is the electron cyclotron frequency and At is the interaction time between the electrons and
the wave packet.

For the electromagnetic proton cyclotron wave packet considered in Figure 8, we have the following values:
frequency w = 2.25 rad/s, electron gyrofrequency Q, = 1.08 x 10* rad/s, and wave packet amplitude
B = 0.44 nT in an ambient field of magnitude B, ~ 62 nT. The wave is detected at L = 9 and at a geomagnetic
latitude 2.6°. The wave phase speed of the proton cyclotron wave is obtained to be Vpn 2.2 X 10° m/s by
numerical calculations using the Waves in Homogeneous Anisotropic Magnetized Plasma code [Ronnmark,
1982]. By successive iteration using the Newton-Raphson method [Gerald and Wheatley, 2004], the resonant
electron parallel speed is determined to be v ~ 2.88 x 108 m/s. The Newton-Raphson method uses the first
few terms of the Taylor series of a function in the vicinity of a suspected root. The relativistic factor y is calcu-
lated to be 3.7. The proton cyclotron wave packet duration is 29.7 s (10 wave cycles) in the spacecraft frame.
It is assumed that the electrons stay in resonance with the wave while passing through the packet. Assum-
ing the above wave speed, the wave packet spatial length X is obtained as the wave phase speed times the
wave packet duration. The wave packet spatial size is therefore X ~ 6.5 106 m. The interaction time between
the electrons and the wave packet is the spatial length of the wave packet divided by the relative speed of
the electrons with the wave packet. The interaction time is At = 22.6 ms. The electron pitch angle transport
obtained is Aa = 0.48 radians or ~27° in this single interaction. In the above, we have used the relativistic
electron mass for obtaining Q, in equation (4). The maximum diffusion rate is thus obtained tobe D = 5.1 5"
for multiple wave packet interactions. The time of diffusionis T = 1/D ~ 195 ms. If the relativistic electron
stays in resonance with the whole proton cyclotron wave packet (~ 23 ms), then the electrons can be pitch
angle transported 27° in this interaction. Electrons could have several interactions with wave packets dur-
ing a single pass through the wave region, and the angular transport/scattering could be even greater. Note
that the coherent waves shown here and used in the pitch angle transport calculations were for 0.44 nT wave
amplitudes. If the higher amplitude waves are used, the transport will be substantially higher.
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Table 1. Pitch Angle Scattering at Various L Shells

Vo Q ® v £, At Aa D T
x 10° (m/s)  x10*(rad/s) (rad/s)  x 108 (m/s) y (MeV)  (ms) (deg) (s7')  (ms)
L=10 2.26 1.077 3.1 2.803 2.8 0.625 48.3 66 13.8 72
L=9 2.19 1.08 2.25 2.88 3.66 0.87 22.6 27 5.12 195
L=8 2.32 1.3 2.6 2.904 3.98 0.954 46.2 25 2.12 472
L=7R 2.37 1.48 3 2.906 4.02 0.965 24.5 24 3.75 267
L=6° 3.49 3.43 3 2.99 13.4 3.4 35.1 11 0.485 2060

2No waves were observed at these L values. Frequency, amplitude, and wave packet duration are assumed values and
are given in the text.

How does this compare to the pitch angle transport of relativistic electrons with coherent chorus? The num-
bers have not been derived for relativistic electrons but have been done for ~23 keV electrons [Tsurutani
etal., 2009]. It has been shown for a specific wave example, ~23 keV electrons could cyclotron resonate with
~0.25 f,, chorus where the wave phase speed was assumed to be ¢/10. The wave amplitude was 0.2 nT. From
equation (4), the change in pitch will be proportional to the wave amplitude B, interaction time At, and the
electron cyclotron frequency. The interaction time is the ratio of the spatial length X of the wave packet to the
particle parallel speed v|. Thus, the change in pitch angle is proportional to BX /mv,. Assuming same chorus
wave amplitude (0.2 nT), the 23 keV electron interactions of Tsurutani et al. [2009] can be compared with 1 MeV
electron interactions. The amount of pitch angle scatter for relativistic ~ 1 MeV electrons then becomes less
than 1°. This indicates that the relativistic electron scattering with whistler mode chorus waves, even if they
are coherent, is minor in comparison.

4.1.1. L Shell Variations

Quasi-coherent EMIC waves have also been detected at other L values along the Cassini pass other than
L = 9. Cassini crossed the L = 10 shell at ~0227 UT and L = 8 shell at ~0239 UT. The pitch angle scattering
rates at these L shells using the measured values of the wave amplitude and other pertinent parameters were
calculated and are displayed in Table 1. For L = 6 and 7, there were no waves found. Thus, for this example,
the wave-particle interactions would all take place at very large L.

In order to have a comparison of pitch angle scattering at various L shells, we assume that relativistic electrons
will cyclotron resonate with EMIC waves of frequency w = 3 rad/s and amplitude B = 0.44 nT at these L shells.
Thirty second duration wave packets were also assumed. The magnetic field magnitude and the densities at
various L shells and at different latitudes are calculated assuming a dipole field model of the Earth.

The resonant energies of the electrons shown in the Table are noted to increase with lower L shells, implying
that proton cyclotron waves can pitch angle transport higher-energy (>1 MeV) electrons at lower L shells
(assuming the wave frequency is constant).

4.1.2. Latitudinal Variations

Plasma densities and the magnetic field magnitude also vary with respect to latitude 4 on a given field line
(L shell). Assuming that the wave frequency and amplitude do not change as the wave propagates along B,
the pitch angle scattering rates at various geomagnetic latitudes are calculated. The results for L = 9 field
line are tabulated in Table 2. The pitch angle transport Aa at the magnetic equator is ~28° and decreases as
one moves to higher latitudes. It is noted that above ~20° geomagnetic latitude the electron parallel speed
must be greater than c (the speed of light) for resonance, so that is a cutoff for wave-particle interaction. Thus,

Table 2. Pitch Angle Scattering at Different Latitudes (L = 9)

p Von Q, o v £ At A« D T
(deg)  x10°(m/s) x10*(rad/s)  (rad/s)  x 108 (m/s) 1% (MeV) (ms) (deg) (s71)  (ms)
0 2.10 0.97 2.25 2.847 3.17 0.73 21.9 28 54 185
10 2.26 1.11 2.25 2.896 3.83 0.91 23.2 24 3.9 256
15 2.38 1.30 2.25 2.930 4.66 1.14 24.1 21 2.75 364
20 2.61 1.63 2.25 3.065 [ 00 - - - -
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EMIC waves are only effective within +20° geomagnetic latitudes. The angular and energy ranges were shown
for illustration assuming a dipole magnetic field. The numbers will change for a dayside flattened field with
minimum B pockets. The numbers will also change with L shell.

5. Discussion and Conclusions

Electromagnetic electron/proton cyclotron waves are excited in the magnetosphere during high solar wind
dynamic pressure conditions. EMIC wave properties and their external causes have been previously reported
by Anderson and Hamilton [1993], Engebretson et al. [2002], and Usanova et al. [2012]. The compression of
preexisting ~10-100 keV electrons and protons induces a temperature anisotropy T, > T, for both particles,
and hence, simultaneous EMIC and chorus waves occur.

EMIC waves are found to be large-amplitude, circular to elliptical polarizations with slightly oblique propaga-
tion relative to the ambient magnetic field. EMIC waves are coherent to quasi-coherent and are believed to be
generated by anisotropic ~10-100 keV ions. EMIC waves should be responsible for the precipitation of the
~10-100 keV ions from the magnetosphere to the ionosphere/atmosphere causing a diffuse proton aurora
[Sakaguchi et al., 2008]. However, here we note that the waves can also anomalously cyclotron resonate with
relativistic electrons and lead to the rapid precipitation of relativistic electrons as well [Miyoshi et al., 2008;
Usanova et al., 2014].

Anomalous cyclotron resonant interaction calculations of EMIC waves with relativistic electrons show that
for a measured EMIC wave packet detected at the equator at L = 9, the pitch angle transport of ~0.9 MeV
electrons will be 27° in a 23 ms interaction. At the same time, the pitch angle scattering of relativistic electrons
resulting from their resonant cyclotron interaction with observed chorus element can be at the most 1°. Thus,
the loss rate of relativistic electrons resulting from their anomalous coherent cyclotron resonance interaction
with an EMIC wave packet is much higher than that of chorus. It is interesting to note that pitch angle transport
of relativistic electron by EMIC wave packets is much higher as compared to that reported for coherent chorus
wave interaction with nonrelativistic electrons which is about 7° [Lakhina et al., 2010; Tsurutani et al., 2009].
Hence, it is anticipated that relativistic electron interaction with coherent chorus waves are unlikely to create
relativistic microbursts. Calculations also show that cyclotron resonance between EMIC waves and relativistic
electrons can only occur within 20° of the magnetic equator. Cyclotron resonance is not possible at large
magnetic latitudes.

Relativistic electron cyclotron resonance with coherent EMIC waves (first shown here) will lead to a loss rate
that is orders of magnitude higher than that for incoherent waves. This is because the individual particles are
phase locked with the coherent signal for distances of many wavelengths and undergo large net pitch angle
changes in a single wave packet-particle encounter. Hence, coherent waves are more efficient in scattering
the particles from the magnetosphere.

Understanding the process of loss of relativistic electrons from the Earth’s magnetosphere will help us unveil
the radiation belt loss mechanisms which is a major topic of study in the present scenario. Apart from chorus,
EMIC waves are long suggested to account for the rapid loss of radiation belt relativistic electrons via cyclotron
resonance [Thorne and Kennel, 1971; Horne and Thorne, 1998; Summers et al., 1998; Albert, 2003; Summers and
Thorne, 2003; Summers et al., 2007a, 2007b; Thorne, 2010]. This paper validates the idea and shows EMIC to be
an efficient scatter mechanism for relativistic electrons as compared to chorus waves.

6. Final Comments

The outer zone, local noon EMIC waves reported here are consistent with a solar wind pressure pulse
generation mechanism accelerating preexisting ~10-100 keV protons in E; with consequential instability
generating the waves [Olson and Lee, 1983; Anderson and Hamilton, 1993; Tsurutani et al., 2001; Engebretson
etal., 2002; Usanova et al., 2012]. The waves shown in this paper lacked obvious rising tone structures. At this
time we do not know if this is the “broadband EMIC” emission that is discussed by Shoji and Omura [2014].
The latter authors speculate that such features may be due to the rapid scattering of energetic protons into
the loss cone, breaking up the coherent rising tones. Our calculations show that there should be ~23 ms
structure in relativistic ~0.9 MeV electron precipitation due to the electron interaction with ~30 s duration
coherent EMIC waves. However, because the EMIC wave packet durations are irregular, the precipitation pulses
will be irregular as well. If we do the same calculation for ~30 keV parallel propagating protons, we get
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interaction times of ~2-3 s. The relativistic electron temporal structure is probably not measurable due to
the low flux levels. However, the proton structures might be measurable by satellites and rockets at the top of
the ionosphere. The proton aurora itself may not show such time structure due to the nature of the excitation
mechanism [Immel et al., 2002; Sakaguchi et al., 2008]. The same general feature is expected for ~10-100 keV
electron microbursts. The interaction time scales between the energetic electrons and chorus subelements
are ~3 ms [Tsurutani et al., 2009, 2013b]. But again, the chorus subelement scale sizes are irregular and thus
the microburst substructures will be as well.
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6. Erratum

In the originally published version of this article, there were several small errors in the text and in Figures 7
and 8. The text and figures have since been corrected, and this version may be considered the authoritative
version of record.
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