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Abstract This study reports a relation between electron flux modulations and chorus emissions by
using correlation analysis. On April 18, 2017, Arase observed an enhancement of electron fluxes and
intensification of banded chorus emissions at the same time. A result of the analysis shows that both the
upper-band and lower-band chorus emissions have good correlations with field-aligned electron fluxes
that satisfy their resonance conditions. This indicates simultaneous interactions with both the emission
bands and electrons, resulting in electron pitch-angle scattering toward the magnetic field direction.

In addition, low-energy electron fluxes in the perpendicular direction also show positive correlations
with the chorus intensities, probably because the chorus emissions are modulated by a fluctuation of
perpendicular low-energy electron fluxes.

Plain Language Summary Scientists have believed that pulsating auroras in the polar
regions originate in precipitating electrons that are caused by a wave-particle interaction in the
magnetosphere. Recent observational studies show direct evidence that chorus waves near the magnetic
equator scatter local magnetospheric electrons, which are then streaming along the field line down to

the ionosphere to generate aurora pulsation in response to modulation of the chorus emissions. Chorus
waves usually have two distinct frequency bands, that is, upper band and lower band, but it had not

been investigated that how two emission bands interact with electrons. In this study, we analyzed Arase
satellite’'s observation data and identified good correlations between field-aligned electron fluxes and
intensities of the upper-band and lower-band emissions. This result indicates that pitch-angle scattering of
electrons takes place by both chorus emission bands simultaneously.

1. Introduction

It has been believed that pulsating auroras originate in precipitating electrons that are pitch-angle scattered
by chorus waves in the magnetosphere (e.g., Ni et al., 2016; Nishimura et al., 2020). Nishimura et al. (2010)
studied a relation between chorus waves and pulsating auroras by using Time History of Events and Mac-
roscale Interactions during Substorms data. They identified the foot point of the field line of the satellite
by searching the pixel of ground-based aurora images that maximizes a correlation coefficient with chorus
intensities, and showed that the chorus waves in the magnetosphere and the pulsating aurora in the iono-
sphere were highly correlated with coefficients of ~0.88 or ~0.71 during time periods of several minutes.
Such good correlations between pulsating auroras and chorus intensities sometimes last for an hour or even
longer (Kawamura et al., 2019; Nishimura et al., 2018). Hosokawa et al. (2020) extended the chorus-aurora
correlation analysis down to a sub-second time scale by using Arase (exploration of energization and ra-
diation in geospace) (Miyoshi, Shinohara, Takashima, et al., 2018), and revealed that chorus elements and
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internal modulations of the pulsating aurora were highly correlated with each other. This result has been
predicted by Miyoshi et al. (2015).

It was expected that electrons are scattered into the loss cones by pitch-angle scattering due to chorus waves
to generate a pulsating aurora in the ionosphere. Recently, S. Kasahara et al. (2018) presented an excellent
correlation between chorus emissions and electron fluxes inside the loss cone using Arase's data. The result
is the first in-situ measurement that indicates direct evidence of pitch-angle scattering by chorus waves.
As another type of chorus-electron interactions, Landau resonance can occur with a parallel electric field
component of oblique chorus waves. Agapitov et al. (2015) identified a plateau of the electron distribution
at the Landau resonance energy for more than 6 h, simultaneously with chorus emissions.

Although the direct cross correlation analyses of chorus waves have already been reported with pulsating
auroras (Nishimura et al., 2010) and with loss cone electrons (S. Kasahara et al., 2018), their analyses were
only made for lower-band chorus (LBC) emissions. However, upper-band chorus (UBC) can also interact
with electrons (Gan et al., 2020; Miyoshi et al., 2015). Simulation studies on hour-long evolution of electron
distributions indicate that interactions by both UBC and LBC are needed to reproduce observed electron
distributions (Ma et al., 2016; Tao et al., 2011).

Modulation of chorus emission intensity by density variation is also an interesting topic on the chorus-elec-
tron relation. Li, Bortnik, et al. (2011) showed chorus modulation events, in which a chorus intensity
was enhanced by a total density increase. Similar events were reported by Nishimura et al. (2013) and Ni
et al. (2014). Effects of cold electron density to growth of whistler waves were theoretically investigated (Wu
et al., 2013).

In this paper, we analyze correlations between banded chorus emissions and electron fluxes for a ~2-h-long
time period, in terms of wider spatial and temporal scales of chorus-electron interactions. The correlation
analysis is also applied to an electron energy domain for understanding contributions of UBC and LBC
emissions to the interactions with electrons.

2. Data Sets

Low-energy (<~20 keV) electrons are measured by the LEPe instrument onboard Arase (Kazama et al., 2017).
In this analysis, we use pitch angle (PA) distribution data sets with 11.25° and 5° resolutions. The 5° PA
distributions are obtained by the fine channels of the instrument. The time resolutions of the data are
both 8 s (spin period). Chorus waves are measured by the Onboard Frequency Analyzer (OFA) (Matsuda
et al., 2018). An OFA frequency spectrum is obtained every second. For total plasma density, we carefully
read upper-hybrid resonance (UHR) frequencies every 30 s measured by the High Frequency Analyzer
(HFA) (Kumamoto et al., 2018). The density values were then verified by comparing with spacecraft poten-
tial and hot electron influx to the spacecraft. Both OFA and HFA belong to the Plasma Wave Experiment
(PWE) instrument suite (Kasahara, Kasaba, et al., 2018). The Magnetic Field Experiment (MGF) measures
magnetic fields (Matsuoka, Teramoto, Nomura, et al., 2018). A magnetic field data with 8-s time resolution
were used for calculating a magnetic field fluctuation and electron cyclotron frequency.

3. Observation and Analysis

In this report, we analyze a chorus wave event observed at postmidnight on April 18-19, 2017. Observations
of the event are summarized in Figure 1. The satellite was located at L, ~6 in the southern hemisphere
(MLAT ~ —5.6°) at 23:00 UT, moved to the northern hemisphere and reached at MLAT ~ +5.8° at 01:00 UT.
Here, L, is the Mcllwain's L-shell parameter derived from the International Geomagnetic Reference Field
model. The magnetic equator crossing was at 23:59 UT.

Arase first measured an increase of electron fluxes with energies below ~600 eV, mainly in the perpendicu-
lar direction at ~23:30 UT. Around 23:40 UT, a sudden enhancement of fluxes occurred in an energy range
from ~100 eV up to 20 keV both in the parallel and perpendicular directions. This flux enhancement was
probably related to an electron injection during a substorm that appeared at ~23:45 UT as an energy disper-
sion of electrons with energies <200 keV (not shown). This indicates that a new electron population came
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Figure 1. Overview of the event observed by Arase on April 18, 2017. (a and b) Electric and magnetic field

wave spectrograms measured by Onboard Frequency Analyzer, with local gyrofrequency (dashed line) and half-
gyrofrequency (dotted line), (c) Parallel (PA = 0°-11.25°) and (d) Perpendicular (PA = 78.75°-101.25°) electron energy
fluxes, (e) Total plasma density based on upper-hybrid resonance frequencies measured by HFA, (f) Magnetic field
fluctuation, detrended by subtracting running averages with a 10-min time window.

to the observation location. Phase space density (PSD) distributions of the electrons were of the pancake
type throughout the event period. Such electron anisotropy, flux prominent in the perpendicular direction,
can trigger linear growth of whistler mode waves (Kennel & Petschek, 1966). In fact, weak emissions of
banded chorus waves were observed before the flux enhancement, and then intensified in response to the
injection of the new electron population. The newly injected electrons are also accompanied by a magnetic
field oscillation as indicated in Figure 1f. The oscillation occurred in the Pi2 frequency range. The particle
injection and the Pi2 magnetic field pulsation are typical signatures of a substorm.

Here, we note that these observational signatures, that is, the electron injection, the chorus emission inten-
sification and the magnetic field oscillation, were measured in a density fluctuation region right outside the
plasmasphere. After Arase passed through the plasmapause outward around 21:50 UT, the plasma showed
density irregularities ranging from a few to several tens electrons/cc. The density fluctuation continued
until the inbound plasmapause crossing roughly at 02:30 UT.

To investigate chorus-electron relations, we made a correlation analysis between electron energy fluxes and
chorus emission intensities. The result is summarized in Figure 2. Panel a is a magnetic field power spec-
trum expressed in parallel resonant energy of whistler wave (Kennel & Petschek, 1966). Here we assume
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Figure 2. (a) Magnetic field emissions displayed in parallel resonance energy of whistler mode waves, (b) Parallel
(PA = 0°-11.25°) electron energy flux, (c and d) Correlations of parallel electron fluxes with the UBC and LBC
emissions, respectively, (e) Perpendicular (PA = 78.75°-101.25°) electron energy flux, (f and g) Correlations of
perpendicular electron fluxes with the UBC and LBC emissions, respectively. Resonance energies corresponding to
0.5f,. are plotted with dotted lines.
purely parallel propagation of the wave. During the event period, resonant energies were within the LEPe
energy range (~20-20,000 eV) because of the relatively high plasma densities.
In Panel b, electron energy fluxes in the parallel (PA = 0°-11.25°) direction are given. Correlation coefficient
(CC) spectrograms of the parallel fluxes with UBC and LBC are displayed in Panels c and d, respectively. A
chorus intensity was obtained by integrating spectral power over f / f,. = 0.1-0.5 for LBC and 0.5-0.9 for
UBC. Correlations were taken every 3 min with a 5-min time window. Resonance energies for 0.5, are in-
dicated by dotted lines in the panels. Note that the CC spectrograms for the anti-parallel (PA =168.75°-180°)
electrons (not shown) are similar to those for the parallel fluxes. Here, we emphasize that because the UBC
and LBC emissions have already positive correlations with each other (CC ~ +0.5), the CC spectrograms for
KAZAMA ET AL. 40f 10
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the UBC and the LBC have similar patterns of coefficients in time and energy if either the UBC or the LBC
is correlated with electron fluxes.

Overall, we see positive correlations with CCs >~ +0.5 for both the UBC and the LBC from ~23:30 UT to
~01:05 UT, which corresponds approximately to the time period when the intense UBC and LBC emissions
were observed. This suggests an interaction between chorus waves and electrons; if the chorus scatter elec-
trons toward the magnetic field direction through the interaction, the parallel electron fluxes can increase in
the resonance energies, resulting in positive CCs between the chorus intensities and the electron fluxes. The
previous studies by Nishimura et al. (2010) and S. Kasahara et al. (2018) focus on LBC emissions for inves-
tigating chorus-electron interactions, but in this event, the pitch-angle scattering simultaneously occurred
in the energy ranges of both the UBC and the LBC. If chorus waves are well banded, CCs are expected to be
low values at resonance energies for 0.5 f,. band gaps where no intense emissions exist. Looking at the CC
spectrograms closely, we notice that the 0.5f,. resonance energy (dotted line) follow low CC values (white
pixels) from ~23:26 UT till ~00:23 UT. This low CC feature at 0.5f,, can also be seen in the anti-parallel
direction.

As shown in Figure 1la, electrostatic electron cyclotron harmonic (ECH) waves coexisted with the chorus
waves during the event. It is known that ECH waves can also interact with electrons and scatter them in
pitch angle (Fukizawa et al., 2020). According to the correlation analysis, the ECH emissions (f / f,. = 1-4)
and parallel electron fluxes show a CC pattern similar to those for the UBC/LBC emissions but the CC
values of the ECH are mostly negative. These negative CC values are likely to be due to anti-correlations
between the ECH and the chorus waves with CCs ~ —0.3 or —0.4. Therefore, contribution of the ECH waves
to the electron scattering are negligible or at least less significant compared to the chorus waves in the
present event.

As shown in Panels f and g, electron fluxes in the perpendicular (PA = 78.75°-101.25°) direction have pos-
itive correlations with both the UBC and LBC emissions from ~23:29 UT till ~01:05 UT in energies below
several hundred eV, differently from the parallel direction. The result indicates that perpendicular fluxes
of low-energy electrons were fluctuating and the fluctuation had a close relation to the chorus waves. An
anisotropic electron distribution can trigger growth of whistler mode waves (Kennel & Petschek, 1966), and
thus the perpendicular electron fluctuation may modulate chorus intensities through the whistler wave
generation.

If chorus waves scatter electrons toward the magnetic field direction, electron fluxes in the parallel direc-
tion are expected to increase in response to a chorus intensity enhancement. Figure 3b shows flux ratios
J(0°-11.25°) / j(11.25°-33.75°) (where j is an energy flux of electrons), that is, parallel flux values relative
to the neighboring PA fluxes. Data points of low flux values (< 10’ eV/s cm? sr eV) are grayed out. A loss
cone angle in this event is estimated to be about 2°-3° by assuming a dipole magnetic field, which is much
smaller than the PA width of 11.25°. It is clear that there is a good coincidence between the chorus waves
and the flux ratios; no/weak chorus emissions correspond to flux ratios <1 (blue) in time and energy, and
intense emissions to ratios ~1 (white). This suggests that electrons in the parallel direction are originally de-
pressed in flux, but once chorus is intensified, the waves scatter electrons to the parallel direction, resulting
in an increase of the parallel electron fluxes. Here, we emphasize that the electron scatterings happened in
both UBC and LBC energies.

Next, we investigate electron fluxes in/near loss cones by using the fine channel data. Panels ¢ and d in
Figure 3 are flux ratios j(0°-3°) / j(6°-12°) and j(177°-180°) / j(168°-174°), respectively. Since the fields of
view of the fine channels are limited to 45°, flux data are only available in a certain energy range. Points of
“no flux data” are shown in white.

Before ~23:32 UT when the chorus emissions had not been intensified, the flux ratios were mainly <1
(blue) in Panels c and d. This indicates that loss cones were not filled in the both parallel and anti-parallel
directions. As the chorus emissions intensified, the ratios became ~1 (white) because the loss cones were
filled with electrons, especially after 23:40 UT. The loss cone filling was observed both in the parallel and
anti-parallel directions until ~00:22 UT when the intense chorus emissions disappeared. In response to
weakening the chorus, the ratios came back to values <1, except for the periods of the sudden emission
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Figure 3. (a) Magnetic field spectrogram in parallel resonance energy of whistler mode waves, (b) Ratios of parallel
fluxes j(0°-11.25°) / j(11.25°-33.75°), (c) Ratios of parallel fluxes j(0°-3°) / j(6°-12°), (d) Ratios of anti-parallel
fluxes j(177°-180°) / j(168°-174°), and (e) Inclinations of an electron distribution in the field-aligned (PA < 11.25° or
> 168.75°) directions, PSD(E,,)/PSD(E;).
enhancements around 00:36 UT-00:44 UT. Note that the pitch-angle scattering occurred in energies of both
the UBC and the LBC.
The flux ratios show a difference between the parallel and anti-parallel directions after ~00:22 UT; the ratios
in the anti-parallel (away from the Earth, Figure 3d) direction is smaller than those in the parallel (away
from the equator, Figure 3c) direction when no intense emissions were observed. Since the satellite was
located in the northern hemisphere at that time, this may be caused by loss of electrons in the ionosphere,
which results in lower electron fluxes inside the loss cone in the anti-parallel direction. Compared with Fig-
ure 3b, the loss cone flux ratios (Figures 3c and 3d) do not show clear modulations with the chorus waves
from ~23:53 UT to ~00:22 UT. This may be because a diffusion time scale of pitch angle scattering to the loss
cones for the relatively weak and intermittent chorus emissions is longer than the durations of the waves.
Therefore, the loss cone fluxes are not always determined by an instantaneous interaction with waves at the
observation point, and a time history of interactions should be considered.
The chorus waves observed were well banded as distinct UBC and LBC, and thus no emissions existed
at 0.5f,.. If there are no emissions at a half-gyrofrequency, it is expected that electrons at energies corre-
sponding to 0.5f,, do not experience any pitch-angle scattering, which can result in a modulation of PSD
at the half-gyrofrequency. To investigate such modulations, a ratio of PSDs, PSD(E,,,)/PSD(E,) is plotted
KAZAMA ET AL. 6 of 10
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Figure 4. Summary of the observations

of the chorus event in this report.

in Figure 3e, where E is an electron energy. Mostly, the ratios show negative (green) as the distribution
decreases monotonically in energy. However, we see ratios close to ~1 (white) at 0.5f,, from ~23:35 UT to
~00:13 UT (magnetic equator crossing at ~23:59 UT). This indicates that the distribution is of a plateau-like
shape at an energy corresponding to 0.5 f.. near the magnetic equator. We will discuss this point in the next
section.

4. Summary and Discussion

In this study, we investigated a relation between electron fluxes and chorus emissions by using Arase's ob-
servation data. The results of the data analysis can be summarized as follows:

1. Arase observed chorus wave intensifications when a new electron population were injected to the satel-
lite location

2. The intensities of the UBC and LBC emissions were positively correlated with (a) the parallel electron
fluxes and (b) the perpendicular low-energy electron fluxes

3. Parallel electron fluxes increased and loss cones were filled with electrons when the chorus waves were
intensified.

Here is our interpretation that can explain the results. See also Figure 4.

1. A dense and anisotropic electron population is injected and trigger generation of whistler mode waves,
which finally become banded chorus emissions

2. A fluctuation of perpendicular electron fluxes in low energies changes the anisotropy and/or the density
of electrons, resulting in modulating the chorus emission intensities

3. The chorus waves scatter electrons toward the magnetic field direction, and consequently electron fluxes
in the parallel direction increase and the loss cone is filled with electrons.

We emphasize that both the UBC and the LBC simultaneously interact with electrons at their resonance
energies for more than an hour, according to the correlation analysis.

In this report, we calculated resonance energies under assumption that the chorus wave propagated purely
along the field line. A wave normal angle analysis indicates that the LBC emissions observed from 23:30
UT to 00:10 UT have ~0°-15° of propagation angles, and thus the parallel propagation assumption is rea-
sonable. For the other emissions, we could not estimate wave normal angles accurately because of small
planarity of the waves. In fact, even although the wave normal angle is 30°, a significant difference of
resonance energy appears only in f / f.. >~0.8 (see Figure 1 in Artemyev et al., 2016), corresponding to
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electron energies below ~10 eV in the case of this event. Therefore, we think that the assumption of parallel
propagation is applicable here.

As seen in Figure 3e, electron PSD distributions sometimes show a plateau-like feature at 0.5f,. in the
parallel direction, simultaneously with intensified banded chorus emissions near the equator. Recently Li
et al. (2019) reported plateau features in electron distributions observed by the Van-Allen Probes, and con-
clude that such feature results from Landau resonance of electrons with whistler waves excited initially at
the equator. Once a plateau has been formed in the distribution, the electron anisotropy at the plateau’s
energy is reduced and further wave growth is suppressed at 0.5f,., which finally causes banded chorus
emissions. Thus, the plateau feature observed by Arase can be attributed to the generation process of band-
ed chorus, according to their report. Once a whistler wave has grown to be a banded chorus wave, both the
UBC and LBC emissions scatter electrons toward the magnetic field direction, and then parallel electron
fluxes increase, as shown in this study. As a consequence, parallel PSDs under/above the 0.5f,. energy are
enhanced, which may suppress the plateau in the distribution. This implies that an effect of the electron
scattering by chorus waves may contribute to developing the chorus waves themselves.

Another possibility of generating a plateau distribution is proposed by Artemyev and Mourenas (2020), in
which a plateau is formed by electron acceleration due to kinetic alfvén waves or time domain structures,
or by ionospheric outflow. This may agree with the plateaus existing continuously even during the time
periods when no chorus was observed (e.g., 00:12-00:14 UT, 00:40-00:42 UT). According to Artemyev and
Mourenas (2020), generation of slightly oblique LBC waves is favored if their Landau resonance energies
are at the plateau because the Landau damping is suppressed (Note that in this event, the minimum Lan-
dau resonance energy is almost same as the energy of the cyclotron resonance with 0.5f,., dotted line in
Figure 3e). Based on this interpretation, the intense LBC emissions from ~23:40 UT to ~23:55 UT and more
clearly at ~00:36 UT, ~00:44 UT and ~00:58 UT can be explained as a coincidence between the Landau
resonance energy and the plateau energy due to the density variations.

In the correlation analysis, positive correlations were found between the chorus intensities and the low-en-
ergy (<~300 eV) perpendicular electron fluxes. This means that the low-energy perpendicular fluxes were
fluctuating in time. We consider that the chorus emissions were modulated by the flux fluctuation through
a parameter that controls the whistler wave generation process. It is not obvious what drove the flux fluctu-
ation of low-energy electrons in the perpendicular direction. Li, Thorne, et al. (2011) and Xia et al. (2016)
reported intensity modulations of whistler mode waves driven by Pc4-5 pulsations. In the present event, a
Pi2 pulsation was clearly observed along with the electron injection. To the authors' knowledge, there are no
studies of whistler wave modulation by a Pi2 pulsation, but the same mechanism can work for Pi2 pulsation
as reported for continuous ULF pulsations. However, we note that the Pi2 pulsation observed is not well
correlated with the chorus intensities (not shown).

Besides ULF pulsations, Li, Bortnik, et al. (2011) pointed out that a density fluctuation can also modulate
chorus waves. Before ~00:25 UT, CCs between the chorus emissions and the total plasma density were
roughly within £0.5 and are not systematic. After ~00:25 UT, the CCs increased up to ~+0.77 (UBC) and
~+0.89 (LBC). Notably, the chorus intensifications and the density enhancements simultaneously appeared
around ~00:35 UT, ~00:43 UT and ~00:58 UT. This simultaneous appearance is similar to the density en-
hancement events shown by Li, Bortnik, et al. (2011), in which a higher plasma density lowers the reso-
nance energy for more electrons to contribute to wave growth. In addition to the density enhancements,
electron anisotropy were also enhanced in low energies (~<500 eV) during the periods of the density en-
hancements (not shown). Both the density and anisotropy enhancements can contribute to the chorus in-
tensification. Furthermore, growth of the chorus waves could also be modulated by decrease/increase of
their Landau damping related to plateau presence/absence in the corresponding energy range as a plasma
density increase/decrease (Artemyev & Mourenas, 2020), as previously observed for highly oblique chorus
waves (Li et al., 2016; Mourenas et al., 2015).

In this study, we showed the observation data that suggested that electrons were scattered in pitch angle
toward the magnetic field direction by both the UBC and LBC simultaneously. As a result of the pitch-angle
scattering, electron fluxes in the loss cone increase in energies corresponding to both the UBC and LBC
emissions. Such loss-cone electrons are then expected to precipitate into the ionosphere to cause a pulsating
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auroras (Hosokawa et al., 2020; S. Kasaharaet al., 2018; Nishimura et al., 2010). Miyoshi et al. (2015) report-
ed two distinct populations of precipitating electrons observed by the low-altitude orbiting satellite Reimei,
simultaneously with pulsating auroras below the observation point. Based on the observations and the
computer simulation, they conclude that downward electrons observed in the higher and lower energies
originate from LBC and UBC activities in the magnetosphere, respectively, and the energy gap between the
two populations corresponds to a gap of the banded chorus emissions. Their conclusion agrees with our
result that banded chorus emissions enhance field-aligned electrons in the two energy ranges. Simultane-
ous observations of electrons at multiple locations such as the magnetic equator and a low altitude will be
future work.

Data Availability Statement

The data used in this study are as follows: LEPe data are level-1a v6 (calibrated, identical to level-2 v02_02
(Wang et al., 2018)), OFA spectral data are level-2 v02_01 (Kasahara, Kojima, et al., 2018), HFA spectral data
are level-2 v01_01 (Kasahara, Kumamoto, et al., 2018), MGF magnetic field data are level-2 v03.04 (Matsuo-
ka, Teramoto, Imajo, et al., 2018), and orbit data are level-2 v03 (Miyoshi, Shinohara, & Jun 2018). All the
data were calibrated/evaluated by the instrument teams. Arase (ERG) data are archived by the ERG Science
Center operated by ISAS/JAXA and ISEE/Nagoya University (Miyoshi, Hori, et al., 2018). The data used in
this study are available at https://ergsc.isee.nagoya-u.ac.jp/data_info/erg.shtml.en. The data were retrieved
by SPEDAS (Space Physics Environment Data Analysis Software) (Angelopoulos et al., 2019).
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