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Abstract

ERG/Arase satellite observations show a simultaneous enhancement of whistler-mode chorus emissions and electron flux asso-
ciated with toroidal mode ultra-low frequency (ULF) waves. The satellite observed the intensification of both chorus emissions
and electron flux in the energy range satisfying the cyclotron resonance condition during the westward oscillation phase of the
toroidal mode ULF waves. A model for the observed periodic variations is proposed. We consider the modulation of the drift
speed of energetic electrons to be the drift due to the radial component of the wave electric field and the ambient magnetic field
. Assuming a wave phase variation of the toroidal mode ULF oscillation in the azimuthal direction, we expect the accumulation

of energetic electrons at locations corresponding to a specific phase angle, consistent with the observed phase relationship.
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Key Points:

e ERG/Arase satellite observation of the simultaneous enhancement of whistler-mode
chorus, toroidal mode ULF waves, and energetic electron flux

e Flux enhancement of 20-50 keV electrons is observed at the timing of the specific phase
angle of the toroidal mode ULF waves

¢ A model for the modulation of the drift speed of energetic electrons by toroidal mode
ULF waves is proposed
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Abstract

ERG/Arase satellite observations show a simultaneous enhancement of whistler-mode chorus
emissions and electron flux associated with toroidal mode ultra-low frequency (ULF) waves. The
satellite observed the intensification of both chorus emissions and electron flux in the energy
range satisfying the cyclotron resonance condition during the westward oscillation phase of the
toroidal mode ULF waves. A model for the observed periodic variations is proposed. We
consider the modulation of the drift speed of energetic electrons to be the Ex X B drift due to
the radial component of the wave electric field Ey and the ambient magnetic field By. Assuming
a wave phase variation of the toroidal mode ULF oscillation in the azimuthal direction, we
expect the accumulation of energetic electrons at locations corresponding to a specific phase

angle, consistent with the observed phase relationship.

Plain Language Summary

Whistler-mode chorus emissions, interacting with energetic/relativistic electrons in the very wide
energy range from a few keV to MeV, have been intensively studied for more than a half decade
because of their significance in producing radiation belts and auroral electrons. Chorus emissions
have been known by their periodic enhancement in the time scale of a few seconds to minutes,
although physical processes governing the periodicity have not been fully understood. This paper
analyses the ERG/Arase satellite observation of the simultaneous enhancements of both chorus
emissions and electrons flux under the presence of toroidal mode ULF waves. The enhancement
of both chorus emissions and electron flux is identified at a timing corresponding to the

westward phase of the toroidal mode oscillations. We propose a model considering the
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47 modulation of the drift speed of energetic electrons, which consistently explains the observed
48  phase relationship between electrons and ULF waves.

49
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1 Introduction

Whistler-mode chorus emissions play significant roles in the acceleration and the loss of
energetic electrons in the terrestrial magnetosphere. Previous studies revealed that chorus
emissions are generated through non-linear wave-particle interaction processes with energetic
electrons (e.g., Omura et al., 2008, 2009; Omura, 2021). It was also revealed that chorus
emissions cause the periodic precipitation of energetic electrons into the atmosphere through
wave-particle interactions, contributing to diffuse and pulsating auroras (e.g., Coroniti and
Kennel, 1970; Nishimura et al., 2010; Miyoshi et al., 2010, 2015, 2021; S. Kasahara et al.,
2018a). While the mechanism controlling the periodicity of the chorus wave generation is one of
the important problems unsolved in magnetospheric physics, the roles of ultra-low frequency
(ULF) waves have been discussed for several decades. Previous studies focusing on the
compressional ULF waves suggested that modulations of the linear growth rate of whistler-mode
waves are responsible for the periodic enhancements of chorus emissions (e.g., Coroniti and
Kennel, 1970; Li et al., 2011; Xia et al., 2016). The modulations of chorus emissions caused by
poloidal and toroidal mode ULF waves are also reported (Jaynes et al., 2015; Liu et al., 2019;
Zhang et al., 2019), while the modulation mechanism by only poloidal mode waves has been
explained based on the drift resonance theory (e.g., Southwood and Kivelson, 1981). Although
the roles of poloidal and compressional ULF waves have been revealed, it is still unclear how
energetic electrons are modulated by toroidal mode waves. Based on the drift resonance theory,
Elkington et al. (1999) discussed the modulation mechanism of MeV electrons caused by
toroidal mode ULF waves assuming that the electron drift path is asymmetric between the noon
sector and the midnight sector due to the compression of the magnetopause. However, how

toroidal mode ULF waves can modulate the distribution of energetic electrons has not been fully
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understood. In the present study, we analyze substorm-related toroidal mode ULF waves, chorus
emissions, and energetic electrons simultaneously observed by the Exploration of energization
and Radiation in Geospace (ERG, also called Arase) satellite (Miyoshi et al., 2018a) and propose

a model explaining how toroidal mode waves modulate energetic electrons.

2 Data and Instruments

The ERG satellite was launched on 20 December 2016 into an elliptical orbit with apogee
and perigee altitudes of 32,000 km and 460 km, respectively, with an inclination angle of 31
degrees (Miyoshi et al., 2018a). We analyzed data obtained by the High Frequency Analyzer
(HFA; Kumamoto et al., 2018; Y. Kasahara et al., 2018d), the Onboard Frequency Analyzer
(OFA; Matsuda et al., 2018; Y. Kasahara et al., 2018c), and the Electric Field Detector (EFD;
Kasaba et al., 2017; Y. Kasahara et al., 2018b) of the Plasma Wave Experiment (PWE; Y.
Kasahara et al., 2018a), the Magnetic Field Experiment (MGF; Matsuoka et al., 2018a; Matsuoka
et al., 2018b), the Medium-Energy Particle Experiments — Electron Analyzer (MEP-¢; S.
Kasahara et al., 2018b; S. Kasahara et al., 2018c) and the High-Energy Electron Experiments
(HEP; Mitani et al., 20184, 2018b, 2018c) aboard the ERG satellite, which were provided from
the ERG science center (Miyoshi et al., 2018b).

The OFA processes signals in the frequency range from a few Hz to 20 kHz detected by
both triaxial magnetic search coils (Ozaki et al., 2018) and two pairs of wire probe antennas
(WPT; Kasaba et al., 2017) to produce frequency spectra and spectral matrices of wave
electromagnetic fields. The HFA analyzed signals from WPT in the frequency range from a few
kHz to 10 MHz to produce frequency spectra of the wave electric field. The HFA spectra are
examined to determine the upper hybrid resonance (UHR) frequency and thereby estimate the

plasma density by referring to the electron cyclotron frequency derived from the MGF
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measurements. The MGF measures the ambient magnetic field vector. The MEP-e provides the
differential fluxes of electrons in the energy range from 7 to 87 keV. The HEP measures
electrons in the energy range from 70 keV to 2 MeV. We used the wave electromagnetic field
spectra, the ambient magnetic field vector, and the spin-averaged electron flux data with a time

resolution of 8 s.

3 Results

We identified a simultaneous enhancement of both ULF waves and whistler-mode chorus
emissions during the recovery phase of a magnetic storm on March 27, 2017, which was caused
by the arrival of a corotating interaction region (CIR). The minimum Dst index for this storm
was -74 nT. Figure 1 shows the time series of the solar wind parameters from 18:00 to 24:00
Universal Time (UT) on March 27, 2017. Figures 1(a)-(e) show the solar wind speed, dynamic
pressure, proton density, and the z-component of the interplanetary magnetic field (IMF) in the
Geocentric Solar Magnetospheric (GSM) coordinate system, and the AL index, respectively.
Figure 1(a) indicates the arrival of the high-speed coronal hole stream (cf. Miyoshi and Kataoka,

2011), whose speed exceeds 600 km/s. The solar wind speed, the dynamic pressure, and the

proton number density did not fluctuate significantly during this time interval (Figures 1a-c). On
the other hand, Figure 1d shows Alfvénic fluctuations in the Z-component of IMF, contributing
to the long-lasting intermittent enhancements of substorm activity (Figure 1e), a typical signature
of CIR-driven storms (e.g., Tsurutani et al., 2006; Miyoshi et al., 2013). The AL index decreased
to less than —1430 nT at 20:18 UT, indicating the development of an intense substorm.

We focus on the time interval from 21:30 UT to 22:00 UT, indicated by blue and red
vertical lines in Figure 1. The ERG satellite was located in the range of Mcllwain’s L-value

(Mcllwain, 1961) from 6.3 to 6.1, the magnetic local time from 04:00 to 04:12, and the magnetic
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latitude from -12.7 to -7.4 degrees. Figures 2(a) and (b) show the electric and magnetic field
spectra, respectively, observed by OFA. The white and the red curves represent the local electron
cyclotron frequency (f,.) and 0.5 £, respectively, derived from the total magnetic field intensity
observed by MGF. We find periodic enhancements of lower-band chorus emissions with a period
of ~2-3 minutes propagating parallel to the ambient magnetic field line (Figure S1). Figure 2(c)
shows the time series of the magnetic field strength observed by the MGF, indicating the
temporal variation from 145 nT to 130 nT with periodic fluctuations. Figures 2(d) and (e) show
the time series of the three components of the magnetic field fluctuations observed by MGF in
the Mean Field Aligned (MFA) coordinate system (cf. Takahashi et al., 1990), in which the Z
component is taken toward the direction of the ambient magnetic field, B, defined as the 200-s
running averaged data of the magnetic field vector, the Y component is aligned to the direction
of B, X r, where r is the position vector of the satellite taken from the center of the Earth, and
the X component is taken in such a way that they form a right-handed orthogonal system, where
the X- and Y-axes direct radially outward and eastward, respectively. Figure 2(d) represents the
Bz component of the magnetic field fluctuations, which dominates the fluctuation of the
magnetic field intensity in this time interval shown in Figure 2(c), calculated by subtracting 200-
s running averages from the time series of the Z-component of the magnetic field. In Figure 2(e),
we find clear sinusoidal oscillations in the By component and weaker oscillations in the By and
B, components with periods similar to each other. The fluctuations in the By component (green
line in Figure 2e) reached over 5 nT in amplitude with a period of ~2-3 minutes. These results
indicate that the observed periodic fluctuations in the magnetic field are toroidal mode Pc4-5
ULF waves. Since the time interval corresponds to the recovery phase of the strong substorm, the

generation process of the observed ULF waves is thought to be related to the substorm. The
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comparison between Figures 2(a), (b), and (e) indicates the one-to-one correspondence between
the observed chorus emissions and the toroidal mode ULF waves; chorus emissions are enhanced
during the westward (ABy < 0) phase of the toroidal mode oscillations. Figure 2(f) shows the X
and Y components of the electric field in the MFA coordinate system measured by EFD, where
we assume E - B = 0 to obtain the electric field in the spin axis. The electric field also shows
fluctuations of frequency similar to that of the magnetic field.

Figure 2(g) shows the omnidirectional electron number fluxes in the energy range from
12.0 keV to 87.5 keV measured by MEP-e. We find flux oscillations in the energy range of 35.0-
60.4 keV. In order to examine these flux oscillations quantitatively, we calculate the residual flux
(c.f. Claudepierre et al., 2013) given by (J — J5)/Jo, Where ] and ], are the observed flux and its
200-s running average, respectively. Figure 2(h) shows the residual fluxes in the 35.0-60.4 keV
energy range. The periodic oscillations in the residual fluxes are well correlated with both
waveform of the ULF waves and the intensity of the chorus emissions; the fluxes of energetic
electrons enhanced at the timings of the westward phase of the toroidal mode ULF wave
oscillation and the enhancements of chorus emissions. Figure 2(i) shows the pitch angle
distribution of the electron flux in the energy range from 48.3 keV to 52.3 keV. We find that the
periodic enhancements of the electron flux in the pitch angle range perpendicular to the
background magnetic field occurred at the timings closely correlated with the ULF waves and
chorus emissions. Such periodic variations of the pitch angle distribution appear not only in the
50 keV but also in some neighboring energy ranges (Figure S2). The observed flux increase
perpendicular to the magnetic field implies the enhancement of the temperature anisotropy of

electrons.
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4 Discussion and Summary

We showed the ERG satellite observation that the simultaneous enhancements of chorus
emissions and electron flux occurred under the presence of the toroidal mode ULF waves. In
order to understand the mechanism of the periodic enhancement of the observed chorus
emissions, we analyzed the cyclotron resonance condition between whistler-mode waves and
energetic electrons by referring to the plasma environment during the event. Previous studies
suggest that chorus emissions are generated near the magnetic equator and then propagate away
from the equator. Since the wave normal angle analysis by OFA shows that the observed chorus
emissions propagated almost parallel to the ambient magnetic field line (Figure S1), we assume
that the source region of the observed chorus emissions was located near the magnetic equator
along a field line of the ERG satellite. We estimated parameters at the magnetic equator for the
evaluation of the resonance condition. First, we computed the location of the equator along a
field line of the satellite using the Tsyganenko-Sitnov 2005 model (Tsyganenko and Sitnov,
2005) with the observed solar wind data for the field line tracing and then estimated the ambient
magnetic field intensity at the equator. Second, we estimated the plasma density to be 1.46 /cc at
21:40 UT and 1.96 /cc at 21:50 UT based on the UHR frequency identified in the spectra
observed by HFA. Assuming that the plasma density is uniform along the magnetic field line
from the location of the satellite to the magnetic equator, we used the estimated number density
for the evaluation of the resonance condition. The first-order cyclotron resonance condition is
considered for the resonant interaction between energetic electrons and whistler-mode waves
propagating parallel to the background magnetic field. We estimated the resonant energies for a
certain pitch angle of electrons for the time intervals of 21:40 UT and 21:50 UT. For the case of

0 degree pitch angle, the resonant energy is estimated to be 73-168 keV at 21:40 UT and 33-89
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keV at 21:50 UT. In the case of 45 degree pitch angle, the resonant energy is estimated to be
132-293 keV at 21:40 UT and 62-161 keV at 21:50 UT. While significant periodic fluctuations
do not appear in the electron flux for ~120-550 keV range observed by HEP (Figure S3),
periodic fluctuations are evident in the electrons flux in the 35-60 keV range observed by MEP-
e. Katoh et al. (2018) revealed by a series of electron hybrid code simulations that the condition
required for the chorus generation is controlled by both the temperature anisotropy and the
number density of energetic electrons. A certain level of the number density of energetic
electrons is required for the chorus generation. They also showed that the required number
density of energetic electrons lowers for higher temperature anisotropy. The enhancement of the
electron flux in the pitch angle range perpendicular to the background magnetic field shown in
Figure 2 provides favorable conditions for chorus generation. The observation results suggest
that the toroidal mode ULF waves play an important role in forming the favorable condition for
the enhancements of chorus emissions.

The intensities of chorus emissions and electron flux in the 50 keV energy range,
satisfying the cyclotron resonance condition, are enhanced during the negative (westward) phase
of the toroidal mode oscillations. Figure 3(a) illustrates the phase relationship between the
electromagnetic field waveforms of the toroidal mode ULF waves and the flux of energetic
electrons. Figures 2e-f showed that the radial component of the wave electric field (Ex) delays by
90 degrees in phase from the azimuthal component of the magnetic field (By). The phase relation
between the wave electromagnetic fields observed by the ERG satellite located in the southern
hemisphere suggests that the observed ULF waves are second harmonic standing waves (cf.
Takahashi et al., 1996; 2011). Spectra of the waveform in the electric field indicate that the

fundamental mode is also present; the wave amplitude of the fundamental mode is ~2 mV/m.
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The oscillation of Ex results in the variation of the Ey X B, drift speed depending on the wave
phase of the ULF wave as shown in Figure 3(a), where the labels (A) to (E) represent the wave
phase every /2. The observation result revealed that the residual flux of energetic electrons
maximizes at the minimum of the By waveform, as illustrated in Figure 3(a).

We consider a possible mechanism causing the distribution of energetic electrons
localized at a specific phase angle of toroidal mode ULF waves. Let us assume the spatial
variation of the wave phase of the toroidal mode ULF oscillation in the azimuthal direction.
Considering that the wave phase increases eastward (+Y in the MFA coordinates) and that the
phase relationship shown in Figure 3(a) is the spatial structure locally formed in the inner
magnetosphere, a model for the observed periodic flux variations can be proposed as follows. Let
us convert the time series of the waveforms shown in Figure 3(a) into a spatial structure on the
equatorial plane of the magnetosphere as indicated in Figure 3(b); the wave phases
corresponding to (A)-(E) in Figure 3(a) can be placed azimuthally clockwise along the electron
drift path, as shown in Figure 3(b). The E and the Ey X B, drift velocity vectors at locations
(A) to (E) are also shown. Figure 3(b) indicates that the modulation of the Ey X B, drift due to
the toroidal mode ULF waves tend to converge/diverge energetic electrons azimuthally; the
Ey X B, around (D) converges electrons toward (D) and around (B) sweeps electrons away from
(B). Thus, we expect the enhancement of the electron flux at the specific wave phase of the
toroidal mode ULF waves corresponding to (D). In Figure 2(h), the rectangular variation of the
residual flux with a single peak is found at 21:42 during the westward oscillation phase of the By
waveform, similar to Figure 3(a). The residual flux in the time interval from 21:44 to 21:53 also
maximizes during the westward oscillation phase of By, but the variation is sinusoidal rather than

rectangular. The sinusoidal variation may indicate a transition stage of the convergence of the
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electron flux due to the ULF waves. A rectangular flux variation with a single peak can be
expected in an ideal case that electrons around (B) in Figure 3(a) are completely swept out and
fully converged around (D). A sinusoidal flux variation can be expected during a transition stage
forming a flux peak around (D) with a depletion around (B), corresponding to the eastward
oscillation phase of By. Since a single peak of the flux variation indicated in Figure 3 requires an
ideal situation, sinusoidal variation would be typical in the magnetosphere.

Considering that the spatial structure formed by the regions of the enhanced electron flux
moves with the wave phase variation of the ULF waves, we expect that the whole spatial
structure drifts eastward with the phase velocity of the ULF wave. Then we can reconstruct the
time series of the waveforms (Figure 3a) from the spatial distribution (Figure 3b); the flux
enhancement is observed by the satellite at the timings corresponding to the wave phase angle
corresponding to (D) in Figure 3(a). This model suggests that the dense region caused by the
azimuthal inhomogeneity of the Ey X B, drift corresponds to the flux enhancement observed by
the ERG satellite.

The flux enhancement of the proposed model becomes significant in a case where the
Ey X B drift speed is comparable to the magnetic drift speed of energetic electrons. We
estimate the Ex X B, drift speed from the electric and magnetic field data observed by EFD and
MGF. According to the ULF amplitude in the electric field of 2 mV/m and the background
magnetic field intensity of 130 nT, the Eyx X B, drift speed is estimated to be about 15.4 km/s.
On the other hand, the bounce averaged drift period (t;) [sec] of energetic electrons in the dipole

field is given by (cf. Walt, 1994)

2 .
(1g) = —”eflj/RE [1 - é(sin aeq)062], (1)
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where e is the elementary charge, B is the equatorial magnetic field intensity on the surface of
the Earth, about 31,100 nT, R, is the Earth’s radius, L is L-value, W and a,, are the Kinetic
energy and the equatorial pitch angle of electrons, respectively. The drift speed V5 of electrons of

the 90 degree pitch angle is given by

__ 2mLRg _ 2W L2
B (ta) eBg Rg’

(2)

Then Vj of electrons in the energy range of 35-60 keV at L=6 is estimated to be 12.3-20.7 km/s,
comparable to the estimated Ey X B, drift speed. Since the bounce period is much shorter than
both the time scale of the drift motion of energetic electrons and the wave period of the observed
ULF waves, we can neglect the azimuthal motion of energetic electrons during one bounce
period. The bounce period 7, [sec] of energetic electrons in the dipole field is given by (cf. Walt,

1994)
7, = 0117 LE[1 — 0.4635(sina) "], (3)

where v denotes the speed of electron and c represents the speed of light. For electrons of the 60
degree pitch angle in the energy range of 35-60 keV, 7, is estimated to be 0.16-0.2 seconds.

In the higher latitude region away from the equator, where bouncing electrons spend most
of the bouncing period, the effects of the azimuthal inhomogeneity of the Ex X B, drift speed on
energetic electrons are thought to be weaker because the ambient magnetic field intensity is
stronger and the Ey X B, drift speed is slower. The electric field of the fundamental mode at the
equator should be larger than those observed. Thus, the amplitude of the flux variation of
bouncing electrons is thought to be smaller than that of near-equatorially mirroring electrons.

Although quantitative evaluation should be performed in our future study, this difference in the
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flux variation according to the equatorial pitch angle may cause the observed pitch angle
dependence of energetic electrons shown in Figure 2(i).

Finally, we discuss the spatial scale of the interaction region associated with the ULF
waves, chorus emissions, and energetic electrons. The proposed model suggests that the
azimuthally localized electron structure is drifting eastward with the phase velocity of ULF
waves. The longitudinal wavelength is estimated to be 2,310 km using the wave period 150 sec
and the drift speed of 15.4 km/s, corresponding to the m number of ~17. Although the estimated
spatial scale is smaller than those of the externally excited toroidal mode ULF waves typically
observed in the inner magnetosphere [cf. Takahashi, 2016] and is rather comparable to those of
internally driven poloidal mode ULF waves, previous studies reported eastward-propagating
internally driven ULF waves with a similar azimuthal wavenumber during a substorm [James et
al., 2013; Hori et al., 2018]. Validation of the proposed scenario on the modulation of energetic
electrons by toroidal mode ULF waves should be conducted by a statistical survey of the data

and by numerical simulations, which are left for future studies.

Data Availability Statement

The present study analyzed PWE/OFA L2-v02_02 data (doi:10.34515/DATA.ERG-08000),
PWE/EFD L2-v05_01 data (doi:10.34515/DATA.ERG-07000), PWE/HFA L2-v01_02 data
(doi:10.34515/DATA.ERG-10000), MGF-L2 8 sec spin-averaged data v03_04
(doi:10.34515/DATA.ERG-06001), MEP-e-L2 3-D flux data vO1_01
(doi:10.34515/DATA.ERG-02000), MEP-e-L2 omniflux data v01_02
(doi:10.34515/DATA.ERG-02001), HEP-L2 omniflux data vO3_01 (doi:10.34515/DATA.ERG-

01001), HEP-L3 pitch angle sorted electron flux data vO1_01 (doi:10.34515/DATA.ERG-
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01002), and Orbit L2 v03 data (doi:10.34515/DATA.ERG-12000). The SPEDAS software

(Angelopoulos et al., 2019) and ERG Plug-in tools were used for data analysis.
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492
493  Figure 1. The time series of (a) the solar wind speed, (b) the dynamic pressure, (c) the density,
494  (d) the Bz component of Interplanetary Magnetic Field (IMF) in the Geocentric Solar
495  Magnetospheric (GSM) coordinate system, and (e) AL index from 18:00 UT to 24:00UT on
496  March 27, 2017. Blue and red vertical lines indicate the start and end time of the time interval
497  shown in Figure 2, respectively.
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Figure 2. Observation results of the ERG satellite from 21:30 UT to 22:00 UT on March 27,
2017. (a) Wave electric field and (b) magnetic field spectra observed by the OFA of the PWE
along with the £, (shown in white) and the 0.5f,, (red) calculated from the magnetic field data
from the MGF. (c) The total magnetic field intensity. (d) The Bz, (e) Bx (blue), and By (green)
components of the magnetic field in the MFA coordinate system. (f) The Ex (blue) and Ey
(green) components of the electric field in the MFA coordinate system. (g) The omnidirectional
electron fluxes from 12.0 to 87.5 keV energy range. (h) the residual fluxes calculated from the
omnidirectional electron number fluxes in the 35.0 keV (black), 42.0 keV (blue), 50.3 keVV
(green), and 60.4 keV (red) energy range. (i) The pitch angle distribution in the 50.3 keV energy
range observed by the MEP-e.
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512 Figure 3. Schematic illustration of (a) the phase relationship among the wave electromagnetic
513  field of toroidal mode standing ULF waves, the Eyx X B drift caused by the wave electric field
514  and the ambient magnetic field, and the fluctuation components of energetic electrons observed
515  and expected to be observed by the satellite and (b) expected spatial structure along the drift path

516  of energetic electrons looked down from north of the Earth.
517



QAGUPUB
Geophysical Research Letters

Supporting Information for

Modulation of the energetic electron distribution caused by toroidal mode ULF
waves in association with periodic enhancement of whistler-mode chorus emissions

A.Ono’, Y. Katoh', M. Teramoto? T. Hori®, A. Kumamoto', F. Tsuchiya', Y. Kasaba',
K. Isono’, Y. Miyoshi®, S. Kasahara?, Y. Kasahara®, S. Matsuda®, S. Nakamura®,
A. Matsuoka®, S. Yokota’, K. Keika* T. Mitani®, I. Shinohara®

1Graduate School of Science, Tohoku University, JAPAN
2 Kyushu Institute of Technology, JAPAN

3 Nagoya University, JAPAN

4 University of Tokyo, JAPAN

5 Kanazawa University, JAPAN

6 Kyoto University, JAPAN

7 Osaka University, JAPAN

8 ISAS/IJAXA, JAPAN

Contents of this file

Figures S1 to S3

Introduction

This paper uses data from multi-instruments aboard the ERG (Arase) satellite. These
supplementary materials are included to indicate the properties of observed whistler-
mode chorus emissions (Figure S1) and the behavior of electrons in the energy range
from 12 keV to 553 keV (Figures S2 and S3).
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Figure S1. (a) The wave magnetic field spectrum, (b) the wave normal angle direction, (c)
the polarization, (d) the planarity, and (e) the Poynting flux direction calculated from the
observation results of PWE/OFA.
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Figure S3. (a) The omni-directional electron differential fluxes in the energy range from
120 keV to 554 keV energy range, and the pitch angle distributions in (b) 553 keV, (c) 457
keV, (d) 378 keV, (e) 313 keV, (f) 259 keV, (g) 214 keV, (h) 176 keV, (i) 145 keV, (j) 120 keV,
and (k) 95 keV energy range observed by HEP.
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