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Abstract

In this study, by simulating the wave-particle interactions, we show that sub-relativistic/relativistic electron microbursts form
the high-energy tail of pulsating aurora (PsA). Whistler-mode chorus waves that propagate along the magnetic field lines at
high latitudes cause precipitation bursts of electrons with a wide energy range from a few keV (PsA) to several MeV (relativistic
microbursts). The rising tone elements of chorus waves cause individual microbursts of sub-relativistic/relativistic electrons and
the internal modulation of PsA with a frequency of a few Hz. The chorus bursts for a few seconds cause the microburst trains
of sub-relativistic/relativistic electrons and the main pulsations of PsA. Our simulation studies demonstrate that both PsA and

relativistic electron microbursts originate simultaneously from pitch angle scattering by chorus wave-particle interactions.
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Key Points:

e We demonstrate that sub-relativistic/relativistic electron microbursts are the high-energy
tail of pulsating aurora electrons.

e Our simulation studies demonstrate that both pulsating aurora and relativistic electron
microbursts originate simultaneously.

o Pulsating aurora electron and relativistic electron microbursts are the same product of
chorus wave-particle interactions,
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Abstract

In this study, by simulating the wave-particle interactions, we show that sub-
relativistic/relativistic electron microbursts form the high-energy tail of pulsating aurora (PsA).
Whistler-mode chorus waves that propagate along the magnetic field lines at high latitudes cause
precipitation bursts of electrons with a wide energy range from a few keV (PsA) to several MeV
(relativistic microbursts). The rising tone elements of chorus waves cause individual microbursts
of sub-relativistic/relativistic electrons and the internal modulation of PsA with a frequency of a
few Hz. The chorus bursts for a few seconds cause the microburst trains of sub-
relativistic/relativistic electrons and the main pulsations of PsA. Our simulation studies
demonstrate that both PSA and relativistic electron microbursts originate simultaneously from
pitch angle scattering by chorus wave-particle interactions.

Plain Language Summary

Pulsating aurora electron and relativistic electron microbursts are precipitation bursts of electrons
from the magnetosphere to the thermosphere and the mesosphere with energies ranging from a
few keV to tens of keV, and sub-relativistic/relativistic, respectively. Our computer simulation
shows that pulsating aurora electron (low energy) and relativistic electron microbursts (high
energy) are the same product of chorus wave-particle interactions, and relativistic electron
microbursts are high-energy tail of pulsating aurora electrons. The relativistic electron
microbursts contribute to significant loss of the outer belt electrons, and our results suggest that
the pulsating aurora activity is a proxy of the radiation belt flux variations.

1 Introduction

[1]

Pulsating auroras (PsA) are caused by the intermittent precipitation of electrons with energies
ranging from a few keV to ~100 keV from the magnetosphere to the upper atmosphere (e.g.,
Sandahl, 1980; Miyoshi et al., 2010). Lower-band chorus (LBC) waves cause the precipitation of
these electrons through pitch angle scattering (e.g., Miyoshi et al., 2010; Nishimura et al., 2010;
2020; Jones et al., 2009; Lessard, 2012; Jaynes et al., 2013; Kasahara et al., 2018). Miyoshi et al.
(2015a) have proposed a model to describe the relationship between the energy spectrum of the
precipitating electrons in PSA and the frequency spectrum of LBC. The intermittent
precipitations of energetic electrons occurring every few seconds, which are responsible for the
main modulations of the PsA, are caused by the LBC bursts. The internal modulations with a
frequency of a few Hz are caused by rising tone elements of LBC embedded in each LBC burst.
This model has been confirmed by recent conjugate observations (Kasahara et al., 2018; Ozaki et
al., 2019; Hosokawa et al., 2020) by the Arase satellite (Miyoshi et al., 2018) and ground-based
instruments. Miyoshi et al.(2015a) have also shown that stable precipitations from multi-hundred
eV to ~ a few keV are caused by the upper-band chorus (UBC) waves.

[2]

Relativistic electron microbursts are a short-lived burst of precipitation of electrons having
energies ranging from a few hundred keV to MeV (Imhof et al., 1992; Nakamura et al., 1995;
Blake et al., 1996, Tsurutani et al., 2013, Blum and Breneman, 2020). The typical spatial scale of
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these microbursts is on the order of tens of kilometers (Shmuko et al., 2018). The duration of the
individual bursts is ~100 ms, which belongs to the same time scale as the internal modulations of
the PsA and the rising tone of LBC. Anderson and Milton (1964) first reported aurora
microbursts based on X-ray observations and showed that the microbursts tend to occur in
“trains”, where a series of 3 to 15 microbursts occur in a periodic sequence that typically would
span several seconds. Recent observations have shown that these microbursts are caused by the
pitch angle scattering from chorus waves (Brenemann et al., 2017; Shumko et al., 2020).

[3]

Figure 1(a) shows typical pulsating aurora electrons of 8 keV from the low-altitude Reimei
satellite (Asamura et al., 2004). The optical camera onboard the Reimei satellite (Sakanoi et al.,
2004) detected PsA along the footprint of the satellite. The main modulations and the internal
modulations are seen in the precipitating electrons. Figure 1(b) shows >30 keV electrons
measured by LEICA (Mason et al., 1993), >450 keV electrons measured by PET (Cook et al.,
1993) and >1 MeV electrons measured by HILT (Klecker et al., 1996) of Solar, Anomalous, and
Magnetospheric Particle Explorer (SAMPEX) . The time resolutions of the data are 1 sec (b) , 50
msec (c) and 20 msec (d), respectively. The precipitations of each energy range are concurrently
observed. At Figure 1 (c) (d), the individual microbursts are clearly seen. Along with the
individual microbursts, the trains, each of which is a series of several bursts, are seen in this
observation.

pulsating aurora electrons

_ ex10%
w
>
[}
(@) §~: REIMEIL: EISA 8.6 keV
>
A
:35:35 :35:40 :35:45 :35:50
UT from OCT 18, 2007 11:35:33 UT
precipitating electron burst (tens keV/sub-relativistic/relativistic electrons)
2 103 E
by £y 4 SAMPEX: LICA >30 keV
(¥} 102
p— 1200 i
B3 0 SAMPEX: PET >450 keV
o E
€S 1000
© g2 F
800
10°g
9. F
Cg 1
2 102 § SAMPEX: HILT >1 MeV
(@) g= :
10

:10:15 :10:20 :10:25 :10:30
UT from NOV 13, 1998 23:10:11 UT

Figure 1. Variation of the precipitating electron flux with respect to time at an altitude of ~100
km. (a) Typical variations of the precipitating electrons associated with the pulsating aurora
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measured by Reimei. The corresponding energy is 8.7 keV. (b) Typical variations of
precipitating electrons of > 30 keV, (c¢) >450 keV and (d) >1 MeV measured by SAMPEX. The
time resolution of each data are 1 sec (b), 50 msec (c) and 20 msec (d), respectively.

[4]

Although the relationship between PsA and microbursts has not been clearly understood, they are
believed to originate from electron scattering by LBC. Sandahl et al. (1980) showed that ~140
keV electrons simultaneously precipitate into the ionosphere during PsA by a sounding rocket
experiment. Jones et al. (2009) showed enhanced ionization at altitudes <100 km using PFISR
observations during PsA. Miyoshi et al.(2015b) and Oyama et al.(2017) have shown, by using
the EISCAT radar observations, that sub-relativistic and relativistic electrons precipitate into the
atmosphere at altitudes <70 km in association with PsA. The microbursts of relativistic electrons
are also observed above the diffuse aurora (Kurita et al., 2015). These observations suggest that
sub-relativistic/relativistic electron microbursts often occur simultaneously with PsA and diffuse
aurora. Moreover, we expect that microburst trains are related to sub-second modulations
embedded within the main pulsation of PSA, because both variations have the same time scales.

[5]

When LBC propagate to high latitudes along the field lines, the resonance energy of the chorus
waves becomes high because of variations of the wave dispersion relation (Horne and Thorne,
2003). Miyoshi et al. (2010; 2015b) have proposed a model for wide energy precipitation of
electrons having energies ranging from a few keV to several MeV by LBC propagating along the
field line. Saito et al. (2012) have shown the possible energy dispersion curve for precipitating
electrons by considering relativistic effects using a test-particle computer simulation.

[6]

Considering these previous studies on PsA and microbursts, we propose a hypothesis that PSA
and microburst originate simultaneously from the LBC wave-particle interactions, when LBC
propagates to high latitudes along the field line. To confirm this hypothesis, we conducted a
computer simulation for the wave-particle interactions and the resultant precipitation of wide
energy electrons. We investigated the full-energy spectrum of the precipitating electrons for the
first time associated with the chorus wave-particle interactions.

2 Simulations

[7]
We used the geospace environment modeling system for integrated studies-radiation belt with
wave-particle interaction module (GEMSIS-RBW) test particle simulation (Saito et al., 2012),
which simulates the wave-particle interaction process between LBC propagating along the field
line and the bouncing electrons. The simulation estimates the temporal variation of the energy of
the precipitating electrons at an altitude of 100 km. The momentum changes associated with the
wave-particle interaction are given by the following equation of motion:

d
P q(SE+v,x(B+8B)),
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where V, =p, /M,y is the electron velocity, B is the background magnetic field vector, P, is
the electron momentum, q is the charge of an electron, m. is the electron rest mass, , is the

Lorentz factor, and 0E and 0B are the electric and magnetic field perturbations that satisfy the
dispersion relation of the parallel propagating whistler mode wave. When electrons interact with
the waves, the equation of motion is numerically solved with the time step ot during At, where
ot is chosen to resolve the gyromotion and At is the time step chosen to solve the adiabatic
guiding center motion. After calculation of the momentum change in At the first adiabatic

invariant of the electron at t+ At is calculated using the background magnetic field intensity at
the electron position. Simultaneously with the scattering process, the electron guiding center
position is advanced, in keeping with the first and second adiabatic invariants. GEMSIS-RBW
has previously been applied for simulating PsA (Miyoshi et al., 2015a; b), relativistic electron
microbursts (Saito et al., 2012), and relativistic electron acceleration (Saito et al., 2016).

[8]

For the perturbation components, which are the same as that reported in Miyoshi et al. (2015a),
LBC are included in the model as Figure 2 (a). The minimum frequency and the maximum
frequencies are 1.3 kHz (0.2 fceq, where fceq is the electron cyclotron frequency at the magnetic
equator) and 2.5 kHz (0.4 fceq), respectively. The LBC bursts appear every 3 s and three rising
tone elements are embedded in each burst. The repeat frequency of the rising tone elements is 3
Hz, which is a typical modulation frequency of the internal modulations of PsA (Royrvik and
Davis, 1978; Miyoshi et al., 2015a). The propagation latitudes of the chorus waves are essential
parameters that control the maximum energy of the resonant electrons (Miyoshi et al., 2010;
2015b; Saito et al., 2012). Considering the average propagation latitude of chorus waves from
the Cluster observations (Santolik et al., 2014), we assume that LBC can propagate to 30°
magnetic latitudes along the field line.

[9]
To evaluate the flux from the test particle, we utilized the simple energy spectrum of trapped
electrons in the equatorial plane defined as

1= loexp(-E/E,),
where j is the differential electron flux, ], is the differential flux at the characteristic energy E,

,and E is the electron energy. In this study, j, is 10"/cm? s str keV at E,= 200 keV. The ambient

electron density nis assumed to be a constant (N'=3/cm?®) along the field line of L-shell of 5.2.
The wave amplitude of LBC is 100 pT.

3 Results

[10]

Figure 2 (a) shows the frequency-time diagram at the magnetic equator. As we have mentioned,
we put two bursts of LBC that include three rising tone elements. Figure 2 (b) is the full energy
spectrum of the precipitating electrons at the ionospheric altitudes. Two precipitations are clearly
observed in association with the two LBC bursts. Firstly, we observed the faint precipitations
that show the expected energy spectrum, where the low energy electrons arrive after the high
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201 energy electrons at t=100 ms. These electrons are not resonant with the chorus waves and are

202  scattered into the loss cone without the resonance. Subsequently, we observed precipitations with
203 large flux. Electrons of energy of ~30 keV are observed at t=500 ms, and subsequently higher
204  and lower energy electrons arrive.
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241 Figure 2. (a) Frequency-time diagram at the magnetic equator. There are two lower-band chorus
242  bursts that include three rising tones in 5 seconds. (b) Variation of the precipitating electron flux
243 with time at an altitude of 100 km calculated by the GEMSIS-RBW simulation. The color
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[11]

Figure 3 shows variations of the flux of the precipitating electrons at different energies with
respect to time. As another characteristic of the precipitating electrons, individual burst elements
are clearly found at more than 100 keV. These burst element signatures with sharp enhancements
and short durations are similar to the microbursts of sub-relativistic/relativistic electrons. In this
simulation, each rising tone element causes each precipitation burst element. Two burst trains
that include three individual burst element precipitations are also seen. Since LBC bursts are
assumed to appear every three seconds in this simulation as shown in Figure 2(a), burst trains
also appear in the same time scale as the chorus bursts.
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Figure 3. Temporal variation of the precipitating electrons at selected energies.

[12]

Electrons with energies less than 100 keV do not show clearly separated burst elements because
the velocity dispersion leads to broader distributions. As discussed in Miyoshi et al.[2010],
different frequencies of the rising tone cause resonance of ~keV - tens keV electrons at different
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latitudes, which occur at different timings, so precipitation at the lower energy range is
continuously observed without a significant gap during the time interval of chorus bursts.
Significant electron flux enhancements are seen every 3 s, and flux modulations with 3 Hz are
seen in each burst, which correspond to the main modulations and internal modulations of PsA
electrons (Miyoshi et al., 2015a), respectively.

[13]

The results show that the precipitations of PsA electrons with energies of tens of keV and sub-
relativistic/relativistic electrons are the same precipitation element. It is clearly shown that
microbursts of sub-relativistic/relativistic electrons are the high-energy tail of PsA electron
precipitation.

4 Summary and Discussions

[14]

In this study, we have conducted computer simulations for chorus wave-particle interactions to
understand the energy spectrum variations of precipitating electrons associated with PsA. We
confirm the hypothesis that chorus waves cause wide energy electron precipitations with energies
ranging from a few keV (PsA) to more than several MeV (relativistic electron microbursts)
simultaneously.

[15]

Time variations of precipitating electrons strongly depend on the electron energy. The main
modulations and internal modulations of the PsA electrons are found to have energies from a few
keV to tens of keV, which are related to the LBC frequency spectrum as shown by Miyoshi et al.
(2015a). Precipitation caused by each rising tone element of LBC have a significant duration due
to the velocity dispersion, and therefore, the precipitating electron flux has internal modulations
within the main modulation at tens of keV. At the sub-relativistic/relativistic energy range, the
duration of the precipitating electrons is too short to generate the main modulation that looks the
same as the PsA electrons (Rosenberg et al., 1981, Lazutin, 1986); instead a series of individual
burst precipitations make microburst trains. These variations are consistent with typical PsA and
microburst variations. Note that multi-interactions between relativistic/sub-relativistic electrons
and LBC causes a precipitation pattern like the main modulations, which have been observed
(e.g., Nakamura et al., 1995).

[16]

The higher energy electrons resonate with the chorus waves at higher latitudes (Horne and
Thorne, 2003; Miyoshi et al., 2015b). According to the model proposed by Miyoshi et al. (2010;
2015b), the higher energy electrons travel the longer distance from the modulation region at the
high latitudes to the ionospheric altitudes at the opposite hemisphere, resulting in the arrival of
the higher energy electrons after the middle energy electrons. In contrast, electrons of the order
of 10 keV arrive later because of the natural time-of-flight effects. Therefore, an energy
dispersion can be found, i.e, following arrival of tens keV electrons, lower energy electrons and
sub-relativistic/relativistic electron precipitations are found (Miyoshi et al., 2010; Saito et al.,
2012).
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338 [17]

339  Figure 4 shows a schematic diagram on the relationship between the temporal variations of

340  chorus waves at the magnetic equator, PSA and relativistic electron microbursts. Rising tone

341  elements of LBC cause individual burst precipitations that are observed as microbursts of

342  relativistic electrons and internal modulations of PsA electrons. The LBC bursts, that are a

343 bundle of rising tone elements, correspond to the microburst train of relativistic electrons and the
344 main modulations of PsA.

345
— = chorus burst
Equator: V4 Y/ / rising tone
Chorus waves
freq. }j}
wave particle
— — main modulation interactions
Low Altitudes: /»// >/// internal modulations at equator
Pulsating Aurora
electrons
(~ keV to tens keV) flux . §
chorus waves
burst train wave particle
) J/»// /././ microburst interactions
Low Altitudes: off equator
Microbursts fl
(~ 100 keV to MeV) ux .
_ ‘fchorus waves
346 time
347

348  Figure 4. Schematic shows a possible connection between the temporal variations of chorus

349  waves, PsA electrons, and relativistic electron microbursts.

350

351

352 [18]

353  Differences between relativistic electron microbursts and PsA electrons are caused by the

354  resonance energy, which depend on the wave frequency and the magnetic latitudes. According to
355  the resonance condition (e.g., Miyoshi et al., 2015b), the resonance with PSA electrons occurs
356  around the magnetic equator, while the resonance with MeV electrons occurs at the higher

357  magnetic latitudes. The maximum energy of the high-energy tail of PSA, i.e., relativistic electron
358  microbursts, is determined by the minimum frequency of LBC and the maximum propagation
359 latitudes of LBC. The minimum energy of precipitating electrons, i.e., the PsA electron, is

360 determined by the maximum frequency of LBC and the generation latitudes of LBC that is

361 typically considered to be around the magnetic equator. In this simulation, the maximum energy
362  of the high-energy tail of PSA is 3 MeV, which is determined by the maximum propagation

363 latitudes of LBC and the minimum frequency of LBC.

364

365  [19]
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If LBC can propagate to the higher magnetic latitude, the energy of sub-relativistic/relativistic
electron microbursts becomes higher, and both PsA and sub-relativistic/relativistic electron
microbursts are simultaneously observed. On the other hand, if the chorus waves do not
propagate to the higher magnetic latitudes, the maximum energy of precipitating electrons
becomes small, and it is expected that only tens keV electron precipitations are found. Therefore,
PsA does not always occur concurrently with sub-relativistic/relativistic electron microbursts.

[20]

Saito et al.[2012] has shown modulation of higher frequencies than the repetition periods of the
LBC elements. They have discussed that these high frequency modulations are due to the
modulation of the pitch angle distribution near the loss cone edge through nonlinear scattering by
LBC. In this simulation, we have found similar high frequency modulations in the all energy
range as shown in Figure 3, and we suggest that nonlinear wave-particle interactions cause the
fast modulations of PsA and relativistic/sub-relativistic microbursts.

[21]

Recently, it has been proposed that relativistic electron precipitation causes significant ionization
in the middle atmosphere and the consequent depletion of the ozone layer (e.g., Turunen et al.,
2016). Our study indicates that the relativistic electron microbursts caused by the pitch angle
scattering of chorus waves are the sub-product of PsA electrons, so that the continuous active
PsA (e.g., Jones et al., 2013) may be a proxy for relativistic electron microbursts and the
subsequent localized depletion of the ozone layer.

[22]

Blum et al.[2015] examined relativistic electron precipitations by the SAMPEX satellite, and
they identified different microburst precipitations of relativistic electrons with the time scale of
milliseconds and precipitation bands with longer-duration (e.g., Nakamura et al., 2000). Based
on different local time distributions between microbursts and precipitation bands, they suggested
that chorus waves contribute to microburst of relativistic electrons in mainly post-midnight and
dawn side, while electro-magnetic ion cyclotron (EMIC) waves cause precipitation bands in
mainly on the pre-midnight and dusk side. MeV electron precipitation caused by EMIC waves
often occurs associated with the proton aurora at the sub-auroral latitudes (Miyoshi et al., 2008),
and MeV electron precipitation with tens keV proton precipitation and without tens keV electron
precipitation is caused by EMIC waves. We expect that the proton aurora is a proxy of
precipitation bands caused by EMIC waves, while PsA is a proxy of microbursts caused by the
chorus waves.

[23]

Through this study, we demonstrate that sub-relativistic/relativistic electron microbursts are the
high-energy tail of pulsating aurora electrons. This result will be confirmed by a future sounding
rocket experiment that measures wide energy electron precipitations. The LAMP (Loss through
Auroral Microburst Pulsations) sounding rocket experiment is being prepared to confirm this
hypothesis by measuring the energy dispersion of the precipitating electrons of PSA and sub-
relativistic/relativistic electron microbursts.
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Figure 1. Variation of the precipitating electron flux with respect to time at an altitude of ~100
km. (a) Typical variations of the precipitating electrons associated with the pulsating aurora
measured by Reimei. The corresponding energy is 8.7 keV. (b) Typical variations of
precipitating electrons of relativistic microbursts (>1 MeV) measured by SAMPEX.

Figure 2. (a) Frequency-time diagram at the magnetic equator. There are two lower-band chorus
bursts that include three rising tones in 5 seconds. (b) Variation of the precipitating electron flux
with time at an altitude of 100 km calculated by the GEMSIS-RBW simulation. The color
indicates the energy of the precipitating electron flux

Figure 3. Temporal variation of the precipitating electrons at selected energies.

Figure 4. Schematic shows a possible connection between the temporal variations of chorus
waves, PsA electrons, and relativistic electron microbursts.
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