Pitch-angle scattering of inner magnetospheric electrons caused by
ECH waves obtained with the Arase satellite

Mizuki Fukizawa!, Takeshi Sakanoi!, Yoshizumi Miyoshi?, Yoichi Kazama?, Yuto Katoh!,
Yoshiya Kasahara*, Shoya Matsuda®, Ayako Matsuoka®, Satoshi Kurita®, Masafumi Shoji?,
Mariko Teramoto”, Shun Imajo®, Iku Shinohara®, Shiang-Yu Wang?, Sunny W. Y. Tam?,
Tzu-Fang Jocelyn Chang®, Bo-Jhou Wang?, and Chae-Woo Jun'®

!Tohoku University

Institute for Space-Earth Environmental Research, Nagoya University
3Academia Sinica Institute of Astronomy and Astrophysics
“Kanazawa University

®Japan Aerospace Exploration Agency

SKyoto University

"Kyushu Institute of Technology

8Nagoya University

9National Cheng Kung University

10University of California Los Angeles

November 24, 2022

Abstract

Electrostatic electron cyclotron harmonic (ECH) waves are generally excited in the magnetic equator region, in the midnight
and the morning sectors during geomagnetically active conditions, and cause the pitch angle scattering by cyclotron resonance.
The scattered electrons precipitate into the Earth’s atmosphere and cause auroral emission. However, there is no observational
evidence that ECH waves actually scatter electrons into the loss cone in the magnetosphere. In this study, from simultaneous
wave and particle observation data obtained by the Arase satellite equipped with a high-pitch angular resolution electron
analyzer, we present evidence that the ECH wave intensity near the magnetic equator is correlated with an electron flux inside
the loss cone with energy of about 5 keV. The simulation suggests that this electron flux contributes to auroral emission at
557.7 nm with intensity of about 200 R.
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Key Points:

e We found an event that electron cyclotron harmonic wave intensity correlated with
electron flux in a loss cone with ~5 keV energy.

e The pitch-angle diffusion coefficient of 5 keV is larger than those of other energies when
the electron temperature is 8 eV and the wave normal angle is 88.5°.

e The electron flux correlated with the ECH wave intensity can cause 557.7 nm auroral
emission with ~200 R intensity.
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Abstract

Electrostatic electron cyclotron harmonic (ECH) waves are generally excited in the magnetic
equator region, in the midnight and the morning sectors during geomagnetically active
conditions, and cause the pitch angle scattering by cyclotron resonance. The scattered electrons
precipitate into the Earth's atmosphere and cause auroral emission. However, there is no
observational evidence that ECH waves actually scatter electrons into the loss cone in the
magnetosphere. In this study, from simultaneous wave and particle observation data obtained by
the Arase satellite equipped with a high-pitch angular resolution electron analyzer, we present
evidence that the ECH wave intensity near the magnetic equator is correlated with an electron
flux inside the loss cone with energy of about 5 keV. The simulation suggests that this electron
flux contributes to auroral emission at 557.7 nm with intensity of about 200 R.

Plain Language Summary

Wave-particle interaction via electrostatic electron cyclotron harmonic (ECH) waves is a
promising generation mechanism for precipitating electrons into Earth’s atmosphere and
producing diffuse auroras. However, there is no observational evidence that ECH waves scatter
electrons to cause auroral emissions. In this study, based on observation data obtained by the
Avrase satellite equipped with a high-angular resolution electron analyzer, we identified an event,
during which the ECH wave intensity near the magnetic equator was correlated with the electron
flux that precipitated into the Earth’s atmosphere. Our simulation suggests that this electron flux
contributes to visible oxygen green-line auroral emission.

1 Introduction

In the magnetospheric equator region of the Earth, various plasma waves are excited by injected
plasma sheet particles. Electrostatic electron cyclotron harmonic (ECH) waves play a role in the
generation of pulsating auroral emissions mainly in the morning (Fukizawa et al., 2018; Liang et
al., 2010; Lyons, 1974), besides lower-band chorus (LBC) waves (Hosokawa et al., 2020; S.
Kasahara et al., 2018; Miyoshi, Saito, et al., 2015).

ECH waves are electrostatic emissions excited in frequency bands between a multiple of the
electron cyclotron frequency fce, and they are sometimes called (n+1/2) f.. waves (Kazama et al.,
2018; Kennel et al., 1970). LBC waves are electromagnetic and right-handed polarized waves
excited in the lower frequency band of 0.5fc. Electrons trapped by the Earth’s magnetic field
precipitate into the atmosphere when their trajectory is changed by plasma waves near the
magnetic equator due to the violation of the first adiabatic invariant. The interaction between
waves and electrons is particularly strong when the doppler-shifted wave frequency in the
guiding center reference frame is nfce, where n is an integer. Electrons whose pitch angles
become smaller than a loss-cone angle strike the atmosphere before bouncing back to the
magnetosphere and consequently contribute to auroral emission. The typical cyclotron resonance
energies of the ECH and LBC waves range from a few hundred to a few keV and from a few to
tens of keV, respectively (e.g., Horne et al., 2003; Kurita et al., 2014; Miyoshi, Oyama, et al.,
2015; Ni et al., 2008) .

In order to determine which plasma waves contribute to electrons scattering into the loss cone, it
IS essential to compare the plasma wave intensity and electron flux inside the loss cone with in-
situ observations. (S. Kasahara et al., 2018) demonstrated one-to-one correspondence between
the LBC wave intensity and 24.5 keV electron flux in the loss cone based on data obtained by the
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Avrase satellite. However, there is no observational evidence that ECH waves scatter electrons
into the loss cone. In the outer magnetosphere where interaction with ECH waves leads to
electron precipitation and diffuse auroral emissions, the loss-cone angle near the equatorial plane
is too small compared to the inner magnetosphere, and therefore a spacecraft cannot measure the
electron flux in the loss cone. In this study, we investigate whether ECH waves scatter electrons
into the loss cone in the equatorial region of the inner magnetosphere by comparing electron
fluxes in the loss cone with wave amplitudes and calculating pitch-angle diffusion coefficients.

2 Instrumentation

To measure electrons and plasma waves over a wide range of energies and frequencies, four
particle experiments and Plasma-Wave Experiments (PWE) (Y. Kasahara et al., 2018),
consisting of four subcomponents were conducted by the Arase satellite (Miyoshi, Shinohara, et
al., 2018).

The low-energy particle experiment—electron analyzer (LEPe) measures electrons with energies
from ~20 eV to ~20 keV (Kazama et al., 2017). To obtain the pitch-angle distribution, LEPe
measures three-dimensional electron fluxes every spin (~8 s). There are two different types of
channels: coarse channels for observing the electron’s parallel and perpendicular temperature
and pitch-angle distributions with a pitch-angle resolution of 22.5°, and fine channels for loss-
cone measurements with a pitch-angle resolution of 3.75°. Only data from fine channels are used
in this study.

The onboard frequency analyzer (OFA) (Matsuda et al., 2018), which is one of the PWE’s
receivers, obtains signals from two pairs of dipole wire-probe antennas (WPT) (Kasaba et al.,
2017) and tri-axis magnetic search coils (Ozaki et al., 2018), and it produces a single-channel
power spectrum for the electric and magnetic field (OFA-SPEC). The frequency range of OFA-
SPEC is from 64 Hz to 20 kHz. During the time interval used in this study, the OFA provided
132-point frequency spectra with a time cadence of 1 s.

3 Data

During the period from 01:10 UT to 01:15 UT on April 15, 2017, in a substorm recovery phase,
the Arase satellite was located in the post-midnight sector near the magnetic equator (L, = 6.1
derived from IGRF, magnetic local time (MLT) = 3.2 h, and magnetic latitude (MLAT) = 0.0°-
0.4°). Figures 1a and 1b show the wave power-spectral density of the electric and the magnetic
field, respectively. The frequency has been normalized by fe in Figures 1a and 1b. We derived fe
from the local ambient magnetic field measured by the magnetic field experiment (MGF)
(Matsuoka et al., 2018). Quasi-periodic intense ECH emissions were observed in the first
harmonic band (f.—2fc.), while the amplitudes of the higher harmonic bands were small (Fig. 1a).
Upper-band (> 0.5f.) and lower-band (< 0.5f) chorus waves were observed throughout this
period, and upper-band chorus waves appeared rather continuously (Fig. 1b).

Figures 1c and 1d show the electron energy flux in the field-aligned direction (with a pitch-angle
range of 0°-3°) and outside a loss cone (with a pitch-angle range of 42°-45°), respectively.
Although the electron flux outside the loss cone was relatively stable, the field-aligned electron
flux had quasi-periodic modulations with a typical period of ~26 s. To visualize the differences
between the electron flux inside and that outside the loss cone, we show the ratio of the electron
fluxes (Fig. 1c, d, e).
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Figure 1 The wave power-spectral density of (a) the electric and (b) the magnetic field. The
black solid lines indicate integer multiples of /. in (a) and 0.5/, in (b). Electron energy flux in
the pitch-angle ranges of (¢) 0°-3° and (d) 42°-45° observed by the fine channel of LEPe. (e)
The ratio of (c) to (d) indicates the difference between the inside and the outside loss-cone
electron flux.

It is difficult for Arase to observe an electron flux of specific energy in the loss cone
continuously and for a long time because its direction relative to the ambient magnetic field
changes. Therefore, we analyzed the available data as a 5-min event, as shown in Fig. 1.

4 Data Analysis and Results

To investigate the relationship between the waves and the electron flux inside the loss cone
quantitatively, we calculate the cross-correlation coefficients between the temporal modulation
of the wave intensity shown in Fig. 1a and 1b and the electron flux ratio shown in Fig. 1e. The
ECH wave intensity is derived by integrating the wave power-spectral density based on the
electric field measurements between f. and 2fc. (Fig. 1a), and then converting it to mV/m. The
LBC wave intensity is derived by integrating the wave power-spectral density obtained with the
search coil magnetometer between 0.3fe and 0.5fc (Fig. 1b), and then converting it to nT. Before
calculating the cross-correlation coefficients, we adjust the temporal resolution of the wave data
(1 s) to that of the electron data (8 s). The downsampling procedure is as follows. We calculate
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the moving average of the wave data with a 9-s window, subtract the average, apply a Hanning
window to perform a fast Fourier transform (FFT), removed the Nyquist effect by applying a
low-pass filter with a cutoff frequency of 1/16 Hz, and perform an inverse FFT.

Figure 2a and 2b shows the temporal variability of the ECH and LBC wave intensities,
respectively, converted to the 8-s values. The loss-cone flux ratio of the 4.8-keV electron, which
is subtracted from the average flux ratio and on which we applied the Hanning window, is
indicated with blue lines in Fig. 2a and 2b. The cross-correlation coefficients between them are
0.48 for ECH and —0.016 for LBC. Although the absolute value of the cross-correlation
coefficient is not very high in the case of ECH, it is still large compared to the value for LBC and
is statistically significant, as indicated by the obtained Student’s t-test values. The estimated p
value for ECH is <3.5 x 10, which is smaller than the significance level of 5.0 x 10 %, whereas
it is <1.0 for LBC. One of the causes of the reduction of the cross-correlation coefficient in the
ECH case is that the loss-cone angle at the position of the Arase satellite is not always larger than
the pitch-angle resolution of the fine LEPe channels. If we assume that the magnetic field
strength in the ionosphere at the Arase footprint based on the magnetic field model TS04
(Tsyganenko & Sitnov, 2005) is 50,000 nT, the loss-cone angle at the Arase satellite is 2.4°,
since the magnetic field strength at the position of the Arase satellite is 88 nT.

Figure 2c shows the cross-correlation coefficients of different energies against the wave intensity
(red dots and solid line: ECH; blue dots and dashed line: LBC). The p value of the cross-
correlation coefficient between the LBC wave and the loss-cone flux ratio of the 8.6-keV
electron is 1.3 x 1072, which smaller than the significance level of 5.0 x 10°%, whereas that for
ECH is 1.5. These results reflect a positive correlation between the ECH wave intensity and the
~5 keV loss-cone energy flux, and between the LBC wave intensity and the ~9 keV loss-cone
energy flux. This is consistent with the general characteristic of the typical resonance energy of
LBC being larger than that of ECH.
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Figure 2 Temporal variability, from 01:10:06 UT, of (a) ECH and (b) LBC wave intensity is
indicated with a red line, whereas the variability of the loss-cone flux ratio of the 4.8-keV
electron is indicated with a blue line. The cross-correlation coefficient between the wave
intensity and the electron influx is shown at the top of each panel. (¢) The cross-correlation
coefficients between the ECH wave intensity and the loss-cone electron flux ratio (shown with
red dots and solid line, respectively), and those between the LBC wave intensity and the loss-
cone electron flux ratio (shown with blue dots and dashed line, respectively) as a function of
electron’s energy.

5 Discussion

To calculate the resonance energy of ECH waves, the hot plasma dispersion relation must be
solved. However, this cannot be easily done, as in the case of LBC. To quantitatively evaluate
whether ECH waves can scatter 5 keV electrons into the loss cone, we calculate the pitch-angle
diffusion coefficient of the ECH waves.

The pitch-angle diffusion coefficient for ECH waves was expressed by Horne & Thorne (2000)
with the following equation

7T1/2 e? |Ew|2 1
2 mZk?,Ak, v°cosa

_ i (me—wksinz a)z exp (D () (1)

sina cosa
n=-—oo

-{exp[—(¢z)?] + exp[— (7)1}

Dyo =
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where i = (wg — nQe)/(Akyv cos @) + kyo/Aky, X = k%v%/(2Q32); k.o and kj, are the
components of the resonant wavenumber vector perpendicular and parallel to the ambient
magnetic field By, respectively; Ak, is the width of the spectrum; Q. = 2nf.. = |eBy/m,]| is the
angular electron cyclotron frequency; wy is the wave frequency as a function of k; |E,, | is the
wave electric field; a and v are the particle pitch angle and velocity, respectively; e/m, is the
electron charge to mass ratio; and I,, is the modified Bessel function of order n. Horne & Thorne
(2000) neglected the parallel group velocity, because it is small compared to the electron parallel
velocity. In addition, they approximated k2 = k%, where k| is the wavenumber k, which is
perpendicular to the ambient magnetic field, since the ECH waves propagate at large angles with
respect to the magnetic field. Assuming that the local diffusion coefficient remains
approximately constant within this narrow MLAT range from —3° to 3°, where ECH waves are
typically excited (Gough et al., 1979; Meredith et al., 2009), and neglecting any variations due to
changes in the pitch angle, the bounce-averaged diffusion coefficient can be approximated as
(Horne & Thorne, 2000)

- Daa J.Aint 2 ds
Ay V COS Qg (2)

= TtracDaa

where Tac = 4LReAint/V cOs agq Ty, is the fraction of time when the particle interacts with the
wave during one bounce period, Ty, is the particle bounce period, a.q is the pitch angle at the

magnetic equator, A;,. is the upper limit of integration in MLAT, and R, is Earth’s radius. We set
Ttac = 1 for electrons with a mirror point smaller than A;,..

The input parameters were |E,,| = 1.0 mV/m, wy = 1.6Q,, and f.. = Q./(21) = 2.5 kHz,
based on OFA and MGF observation data, as shown in Fig. 1a. We also set other parameters as
L = 6.1, A,y = 3.0°, and a = 0-3°. To determine the parameters ko, ko, and Ak, =
k,o/tan(y — AyY) — ko, we need to know k and the wave normal angle 1, which cannot be
obtained from the Arase observations, because PWE measures only two components of the
electric field. Changing the wave normal angle to the background magnetic field from 85.0° to
89.5°, Kyoto University Plasma Dispersion Analysis Package (KUPDAP, Sugiyama et al., 2015)
was used to obtain the k, which corresponds to wy, = 1.6(,. The input parameters for KUPDAP,
i.e., the electron temperature, the electron density, and the loss-cone depth and width, were
determined by fitting the phase space density recorded on the fine LEPe channel with a sum of
five subtracted Maxwellian components, as shown in Fig. 3 and Table 1, in agreement with
previous studies (Ashour-Abdalla & Kennel, 1978; Horne et al., 2003; Liang et al., 2010). The
input parameters of the coldest component (component 1 in Table 1) cannot be obtained from the
Arase observation since the lower-limit energy of LEPe is about 20 eV. It is difficult to precisely
determine the cold electron density from the UHR frequency, because the UHR wave was not
detectable during our interested period. However, we estimate the cold electron density using the
electrostatic (n+1/2) f.. emissions as a diagnostic tool (Hubbard et al., 1979). Hubbard et al.
(1979) found that the maximum value of n depends of the combination on the ratios of cold (<10
eV) to hot plasma density n¢/ny, and of the plasma frequency to the cyclotron frequency fp/fce.
During most of the time shown in Fig. 1a, electrostatic emissions are excited up to (5+1/2) fe. If
we assume that the hot electron density is the sum of electron densities of components 2—4 in
Table 1, then the estimated cold electron density is 1.9/cm®. We also assume that the electron
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Figure 3 (a) Electron pitch-angle distribution recorded on the fine LEPe channel (filled contour
and black solid lines). The phase space density is averaged over a period of 3 minutes from
01:10-01:13 UT. The contour of the modeled distribution is indicated with dashed red lines.
Measured (dots) and modeled (red solid line) electron distribution functions at the pitch angles of
(b) 7.5°-10.5°, (c) 43.5°—46.5°, and (d) 88.5°-91.5° in (a).

194  temperature of the coldest component ranges from 1 eV to 10 eV. To maintain the

195  quasineutrality, the proton’s distribution function is assumed to be the Maxwellian, whose
196 temperature and density are 1 eV and 2.8/cm?, respectively.

197 We calculate the bounce-averaged pitch-angle diffusion coefficients near the loss cone as a

198  function of electron energy by changing wave normal angle of the ECH waves and temperature
199  of coldest electrons. From Fig. 2c, it is expected that the pitch-angle diffusion coefficient of the
200 ECH wave has a peak at 5 keVV. Among the combinations of the electron temperature and the

201 wave normal angle that peak at the pitch-angle diffusion coefficient of 5 keV, the linear growth
202  rate of the first harmonic band of the ECH wave calculated using KUPDAP is largest at 8 eV and

203  88.5°. Under these conditions, it is reasonable that the ECH wave contributes to scattering of
204 electrons for 5 keV.
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Table 1 Parameters of multicomponent subtracted Maxwellian in Equation (1) of Liang et al.
(2010). The parameters of coldest component 1 are not the result of fitting but of assumption.

Component T [eV] T, [eV] n [em?] A B
1 1-10 1-10 1.9 1.0 0.0
2 130 57 0.18 0.90 0.015
3 630 440 0.16 0.82 0.019
4 3.1x10° 350 0.12 0.73 0.010
5 3.7x10° 4.2x10° 0.072 0.63 2.0x10?
6 1.8x10* 5.0x10? 0.33 0.20 0.016

The calculated parallel cyclotron resonance energy of LBC at this time is 4 keV, based on the
first-order cyclotron resonance condition in Kennel & Petschek (1966). The cyclotron resonance
energy of the LBC near the magnetic equator is smaller than the energy that correlates with the
loss-cone flux. However, the LBC waves grow and their resonance energies also increase as they
propagate to the higher MLAT (Miyoshi et al., 2010; Miyoshi, Oyama, et al., 2015), causing
pitch-angle scattering of ~9 keV electrons. The resonance energy of LBC reaches 9 keV at the
MLAT of —3° in this event.

Unfortunately, we cannot confirm whether auroral emissions are caused by the electron
precipitation, because the footprint of the Arase satellite is in the sunlit region. We estimated the
column emission intensity of oxygen 557.7 nm aurora at about 200 R based on the electron flux
measured by Arase, which is correlated with the ECH wave intensity. The auroral intensity is
estimated using the electron two-stream model (Ono, 1993). The IRI and MSIS models are used
to evaluate ionosphere and thermosphere conditions at the footprint of Arase. To estimate the
auroral intensity, the downward electron energy flux F at the ionospheric altitudes is estimated as
F = (Bi/Beq)EJeqARAE (S. Kasahara et al., 2018), where B; and B, are the magnetic field
strength at the ionosphere and at the equator, respectively; E is the electron’s characteristic
energy; Jeq is the differential number flux at the magnetic equator; Af2 is the solid angle of the
loss cone; and AE is the energy range of precipitation electrons. We adopt E =~ 5 keV and

AE ~ 2 keV from Fig. 2(c), take B; ~ 50,000 nT, Beq ~ 88 nT, Joq = 4.6 X 10%/s/sr/cm?/keV,
and A ~ 3.7 x 1073 sr, and adopt a downward electron energy flux of approximately 9.7x10’
keV/cm?/s, or 0.15 erg/cm?/s, which contributes to the visible auroral emissions.

6 Summary

In this study, we compared the ECH wave intensity with the electron flux in the loss cone for the
first time. To investigate quantitatively whether ECH waves cause the pitch-angle scattering of
electrons in the inner magnetosphere, we calculated the cross-correlation coefficient between the
ECH wave intensity and the electron flux in the loss cone observed by the Arase satellite. We
found an event during which the ~5 keV electron loss-cone flux is correlated with the ECH wave
intensity. The pitch-angle diffusion coefficient was calculated in order to evaluate whether the
observed ECH wave could scatter 5 keV electrons into the loss cone. The pitch-angle diffusion
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Figure 4 Schematic diagram showing that ECH waves excited in the magnetic equator propagate
in the direction nearly perpendicular to the ambient magnetic field and scatter electrons into a
loss cone, causing electron precipitation into the Earth’s atmosphere, which contributes to auroral
emission.

coefficient for 5 keV electrons is relatively larger than that for other energy electrons when the
electron temperature is 8 eV and the wave normal angle is 88.5°. The observed electron flux
correlated with the ECH wave can cause 557.7 nm auroral emission with brightness of about 200
R. These results suggest that ECH waves propagating nearly perpendicular to the ambient
magnetic field scatter a few keV electrons into a loss cone near the magnetic equator of the inner
magnetosphere, and probably produce diffuse or pulsating auroral emission, as illustrated in Fig.
4. Since this study concerns an event study, statistical analysis is further required.
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Introduction

Datasets S1 is temporarily uploaded for the purpose of review. The data are pitch-angle
distributions (PAD) of the Low Energy Particle instrument — Electron analyzer (LEPe) on
the Arase satellite. The netcdf file format is used to store LEPe PAD data.

Data Set S1. LEPe PAD data in the netcdf format. The coordinates named as “time”,
“energy”, "pa”, "pa_binedges” are time of the beginning of each spin, electron energy in
eV, center of pitch angles of each pitcth angle bin, and boundaries of pitch angle bins,
respectively. The data variable named as “eflux” is electron differential energy flux in
eV/s/cm?/sr/eV and is used in Figure 1c-e and Figure 2a-b.



