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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: 20 

 We demonstrate that sub-relativistic/relativistic electron microbursts are the high-energy 21 

tail of pulsating aurora electrons. 22 

 Our simulation studies demonstrate that both pulsating aurora and relativistic electron 23 

microbursts originate simultaneously.  24 

 Pulsating aurora electron and relativistic electron microbursts are the same product of 25 

chorus wave-particle interactions,  26 



Confidential manuscript submitted to replace this text with name of AGU journal 

 

Abstract 27 

In this study, by simulating the wave-particle interactions, we show that sub-28 

relativistic/relativistic electron microbursts form the high-energy tail of pulsating aurora (PsA). 29 

Whistler-mode chorus waves that propagate along the magnetic field lines at high latitudes cause 30 

precipitation bursts of electrons with a wide energy range from a few keV (PsA) to several MeV 31 

(relativistic microbursts). The rising tone elements of chorus waves cause individual microbursts 32 

of sub-relativistic/relativistic electrons and the internal modulation of PsA with a frequency of a 33 

few Hz. The chorus bursts for a few seconds cause the microburst trains of sub-34 

relativistic/relativistic electrons and the main pulsations of PsA. Our simulation studies 35 

demonstrate that both PsA and relativistic electron microbursts originate simultaneously from 36 

pitch angle scattering by chorus wave-particle interactions.  37 

 38 

Plain Language Summary 39 

Pulsating aurora electron and relativistic electron microbursts are precipitation bursts of electrons 40 

from the magnetosphere to the thermosphere and the mesosphere with energies ranging from a 41 

few keV to tens of keV, and sub-relativistic/relativistic, respectively. Our computer simulation 42 

shows that pulsating aurora electron (low energy) and relativistic electron microbursts (high 43 

energy) are the same product of chorus wave-particle interactions, and relativistic electron 44 

microbursts are high-energy tail of pulsating aurora electrons. The relativistic electron 45 

microbursts contribute to significant loss of the outer belt electrons, and our results suggest that 46 

the pulsating aurora activity is a proxy of the radiation belt flux variations. 47 

 48 

1 Introduction 49 

[1] 50 

Pulsating auroras (PsA) are caused by the intermittent precipitation of electrons with energies 51 

ranging from a few keV to ~100 keV from the magnetosphere to the upper atmosphere (e.g., 52 

Sandahl, 1980; Miyoshi et al., 2010). Lower-band chorus (LBC) waves cause the precipitation of 53 

these electrons through pitch angle scattering (e.g., Miyoshi et al., 2010; Nishimura et al., 2010; 54 

2020; Jones et al., 2009; Lessard, 2012; Jaynes et al., 2013; Kasahara et al., 2018). Miyoshi et al. 55 

(2015a) have proposed a model to describe the relationship between the energy spectrum of the 56 

precipitating electrons in PsA and the frequency spectrum of LBC. The intermittent 57 

precipitations of energetic electrons occurring every few seconds, which are responsible for the 58 

main modulations of the PsA, are caused by the LBC bursts. The internal modulations with a 59 

frequency of a few Hz are caused by rising tone elements of LBC embedded in each LBC burst. 60 

This model has been confirmed by recent conjugate observations (Kasahara et al., 2018; Ozaki et 61 

al., 2019; Hosokawa et al., 2020) by the Arase satellite (Miyoshi et al., 2018) and ground-based 62 

instruments. Miyoshi et al.(2015a) have also shown that stable precipitations from multi-hundred 63 

eV to ~ a few keV are caused by the upper-band chorus (UBC) waves. 64 

 65 

[2] 66 

Relativistic electron microbursts are a short-lived burst of precipitation of electrons having 67 

energies ranging from a few hundred keV to MeV (Imhof et al., 1992; Nakamura et al., 1995; 68 

Blake et al., 1996, Tsurutani et al., 2013, Blum and Breneman, 2020). The typical spatial scale of 69 
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these microbursts is on the order of tens of kilometers (Shmuko et al., 2018). The duration of the 70 

individual bursts is ~100 ms, which belongs to the same time scale as the internal modulations of 71 

the PsA and the rising tone of LBC. Anderson and Milton (1964) first reported aurora 72 

microbursts based on X-ray observations and showed that the microbursts tend to occur in 73 

“trains”, where a series of 3 to 15 microbursts occur in a periodic sequence that typically would 74 

span several seconds. Recent observations have shown that these microbursts are caused by the 75 

pitch angle scattering from chorus waves (Brenemann et al., 2017; Shumko et al., 2020).  76 

 77 

[3] 78 

 Figure 1(a) shows typical pulsating aurora electrons of 8 keV from the low-altitude Reimei 79 

satellite (Asamura et al., 2004). The optical camera onboard the Reimei satellite (Sakanoi et al., 80 

2004) detected PsA along the footprint of the satellite. The main modulations and the internal 81 

modulations are seen in the precipitating electrons. Figure 1(b) shows >30 keV electrons 82 

measured by LEICA (Mason et al., 1993), >450 keV electrons measured by PET (Cook et al., 83 

1993) and >1 MeV electrons measured by HILT (Klecker et al., 1996) of Solar, Anomalous, and 84 

Magnetospheric Particle Explorer (SAMPEX) . The time resolutions of the data are 1 sec (b) , 50 85 

msec (c) and 20 msec (d), respectively. The precipitations of each energy range are concurrently 86 

observed. At Figure 1 (c) (d), the individual microbursts are clearly seen. Along with the 87 

individual microbursts, the trains, each of which is a series of several bursts, are seen in this 88 

observation. 89 

 90 

 91 

 92 

 93 

 94 

 95 

 96 

 97 

 98 

 99 

 100 

 101 

 102 

 103 

 104 

 105 

 106 

 107 

 108 

 109 

 110 

 111 

 112 

 113 

Figure 1. Variation of the precipitating electron flux with respect to time at an altitude of ~100 114 

km. (a) Typical variations of the precipitating electrons associated with the pulsating aurora 115 
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measured by Reimei. The corresponding energy is 8.7 keV. (b) Typical variations of 116 

precipitating electrons of > 30 keV, (c) >450 keV and (d) >1 MeV measured by SAMPEX. The 117 

time resolution of each data are 1 sec (b), 50 msec (c) and 20 msec (d), respectively. 118 

 119 

[4] 120 

Although the relationship between PsA and microbursts has not been clearly understood, they are 121 

believed to originate from electron scattering by LBC. Sandahl et al. (1980) showed that ~140 122 

keV electrons simultaneously precipitate into the ionosphere during PsA by a sounding rocket 123 

experiment. Jones et al. (2009) showed enhanced ionization at altitudes <100 km using PFISR 124 

observations during PsA. Miyoshi et al.(2015b) and Oyama et al.(2017) have shown, by using 125 

the EISCAT radar observations, that sub-relativistic and relativistic electrons precipitate into the 126 

atmosphere at altitudes <70 km in association with PsA. The microbursts of relativistic electrons 127 

are also observed above the diffuse aurora (Kurita et al., 2015). These observations suggest that 128 

sub-relativistic/relativistic electron microbursts often occur simultaneously with PsA and diffuse 129 

aurora. Moreover, we expect that microburst trains are related to sub-second modulations 130 

embedded within the main pulsation of PsA, because both variations have the same time scales. 131 

 132 

[5] 133 

When LBC propagate to high latitudes along the field lines, the resonance energy of the chorus 134 

waves becomes high because of variations of the wave dispersion relation (Horne and Thorne, 135 

2003). Miyoshi et al. (2010; 2015b) have proposed a model for wide energy precipitation of 136 

electrons having energies ranging from a few keV to several MeV by LBC propagating along the 137 

field line. Saito et al. (2012) have shown the possible energy dispersion curve for precipitating 138 

electrons by considering relativistic effects using a test-particle computer simulation.  139 

 140 

[6] 141 

Considering these previous studies on PsA and microbursts, we propose a hypothesis that PsA 142 

and microburst originate simultaneously from the LBC wave-particle interactions, when LBC 143 

propagates to high latitudes along the field line. To confirm this hypothesis, we conducted a 144 

computer simulation for the wave-particle interactions and the resultant precipitation of wide 145 

energy electrons. We investigated the full-energy spectrum of the precipitating electrons for the 146 

first time associated with the chorus wave-particle interactions.  147 

 148 

2 Simulations 149 

 150 

[7] 151 

We used the geospace environment modeling system for integrated studies-radiation belt with 152 

wave-particle interaction module (GEMSIS-RBW) test particle simulation (Saito et al., 2012), 153 

which simulates the wave-particle interaction process between LBC propagating along the field 154 

line and the bouncing electrons. The simulation estimates the temporal variation of the energy of 155 

the precipitating electrons at an altitude of 100 km. The momentum changes associated with the 156 

wave-particle interaction are given by the following equation of motion: 157 

  
d

q
dt

   e ep E v B δB , 158 
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where / em e ev p  is the electron velocity, B  is the background magnetic field vector, ep is 159 

the electron momentum, q  is the charge of an electron, me is the electron rest mass,   is the 160 

Lorentz factor, and δE  and δB  are the electric and magnetic field perturbations that satisfy the 161 

dispersion relation of the parallel propagating whistler mode wave. When electrons interact with 162 

the waves, the equation of motion is numerically solved with the time step t  during t , where 163 

t  is chosen to resolve the gyromotion and t  is the time step chosen to solve the adiabatic 164 

guiding center motion. After calculation of the momentum change in t , the first adiabatic 165 

invariant of the electron at t t is calculated using the background magnetic field intensity at 166 

the electron position. Simultaneously with the scattering process, the electron guiding center 167 

position is advanced, in keeping with the first and second adiabatic invariants. GEMSIS-RBW 168 

has previously been applied for simulating PsA (Miyoshi et al., 2015a; b), relativistic electron 169 

microbursts (Saito et al., 2012), and relativistic electron acceleration (Saito et al., 2016). 170 

 171 

[8] 172 

For the perturbation components, which are the same as that reported in Miyoshi et al. (2015a), 173 

LBC are included in the model as Figure 2 (a). The minimum frequency and the maximum 174 

frequencies are 1.3 kHz (0.2 fceq, where fceq is the electron cyclotron frequency at the magnetic 175 

equator) and 2.5 kHz (0.4 fceq), respectively. The LBC bursts appear every 3 s and three rising 176 

tone elements are embedded in each burst. The repeat frequency of the rising tone elements is 3 177 

Hz, which is a typical modulation frequency of the internal modulations of PsA (Royrvik and 178 

Davis, 1978; Miyoshi et al., 2015a). The propagation latitudes of the chorus waves are essential 179 

parameters that control the maximum energy of the resonant electrons (Miyoshi et al., 2010; 180 

2015b; Saito et al., 2012). Considering the average propagation latitude of chorus waves from 181 

the Cluster observations (Santolik et al., 2014), we assume that LBC can propagate to 30° 182 

magnetic latitudes along the field line. 183 

 184 

[9] 185 

To evaluate the flux from the test particle, we utilized the simple energy spectrum of trapped 186 

electrons in the equatorial plane defined as 187 

0 0exp( / )j j E E  , 188 

where j  is the differential electron flux, 0j  is the differential flux at the characteristic energy 0E189 

, and E is the electron energy. In this study, 0j  is 10
7
/cm

2
 s str keV at 0E = 200 keV. The ambient 190 

electron density n is assumed to be a constant ( 3n  /cm
3
) along the field line of L-shell of 5.2. 191 

The wave amplitude of LBC is 100 pT. 192 

 193 

3 Results 194 

[10] 195 

Figure 2 (a) shows the frequency-time diagram at the magnetic equator. As we have mentioned, 196 

we put two bursts of LBC that include three rising tone elements. Figure 2 (b) is the full energy 197 

spectrum of the precipitating electrons at the ionospheric altitudes. Two precipitations are clearly 198 

observed in association with the two LBC bursts. Firstly, we observed the faint precipitations 199 

that show the expected energy spectrum, where the low energy electrons arrive after the high 200 
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energy electrons at t=100 ms. These electrons are not resonant with the chorus waves and are 201 

scattered into the loss cone without the resonance. Subsequently, we observed precipitations with 202 

large flux. Electrons of energy of ~30 keV are observed at t=500 ms, and subsequently higher 203 

and lower energy electrons arrive.  204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

Figure 2. (a) Frequency-time diagram at the magnetic equator. There are two lower-band chorus 241 

bursts that include three rising tones in 5 seconds. (b) Variation of the precipitating electron flux 242 

with time at an altitude of 100 km calculated by the GEMSIS-RBW simulation. The color 243 

indicates the precipitating electron flux  244 

 245 

 246 
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[11] 247 

Figure 3 shows variations of the flux of the precipitating electrons at different energies with 248 

respect to time. As another characteristic of the precipitating electrons, individual burst elements 249 

are clearly found at more than 100 keV. These burst element signatures with sharp enhancements 250 

and short durations are similar to the microbursts of sub-relativistic/relativistic electrons. In this 251 

simulation, each rising tone element causes each precipitation burst element. Two burst trains 252 

that include three individual burst element precipitations are also seen. Since LBC bursts are 253 

assumed to appear every three seconds in this simulation as shown in Figure 2(a), burst trains 254 

also appear in the same time scale as the chorus bursts. 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

Figure 3. Temporal variation of the precipitating electrons at selected energies. 286 

 287 

 288 

[12] 289 

Electrons with energies less than 100 keV do not show clearly separated burst elements because 290 

the velocity dispersion leads to broader distributions. As discussed in Miyoshi et al.[2010], 291 

different frequencies of the rising tone cause resonance of ~keV - tens keV electrons at different 292 
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latitudes, which occur at different timings, so precipitation at the lower energy range is 293 

continuously observed without a significant gap during the time interval of chorus bursts. 294 

Significant electron flux enhancements are seen every 3 s, and flux modulations with 3 Hz are 295 

seen in each burst, which correspond to the main modulations and internal modulations of PsA 296 

electrons (Miyoshi et al., 2015a), respectively. 297 

 298 

 [13] 299 

The results show that the precipitations of PsA electrons with energies of tens of keV and sub-300 

relativistic/relativistic electrons are the same precipitation element. It is clearly shown that 301 

microbursts of sub-relativistic/relativistic electrons are the high-energy tail of PsA electron 302 

precipitation. 303 

 304 

4 Summary and Discussions 305 

[14] 306 

In this study, we have conducted computer simulations for chorus wave-particle interactions to 307 

understand the energy spectrum variations of precipitating electrons associated with PsA. We 308 

confirm the hypothesis that chorus waves cause wide energy electron precipitations with energies 309 

ranging from a few keV (PsA) to more than several MeV (relativistic electron microbursts) 310 

simultaneously.  311 

 312 

[15] 313 

Time variations of precipitating electrons strongly depend on the electron energy. The main 314 

modulations and internal modulations of the PsA electrons are found to have energies from a few 315 

keV to tens of keV, which are related to the LBC frequency spectrum as shown by Miyoshi et al. 316 

(2015a). Precipitation caused by each rising tone element of LBC have a significant duration due 317 

to the velocity dispersion, and therefore, the precipitating electron flux has internal modulations 318 

within the main modulation at tens of keV. At the sub-relativistic/relativistic energy range, the 319 

duration of the precipitating electrons is too short to generate the main modulation that looks the 320 

same as the PsA electrons (Rosenberg et al., 1981, Lazutin, 1986); instead a series of individual 321 

burst precipitations make microburst trains. These variations are consistent with typical PsA and 322 

microburst variations. Note that multi-interactions between relativistic/sub-relativistic electrons 323 

and LBC causes a precipitation pattern like the main modulations, which have been observed 324 

(e.g., Nakamura et al., 1995). 325 

 326 

[16] 327 

The higher energy electrons resonate with the chorus waves at higher latitudes (Horne and 328 

Thorne, 2003; Miyoshi et al., 2015b). According to the model proposed by Miyoshi et al. (2010; 329 

2015b), the higher energy electrons travel the longer distance from the modulation region at the 330 

high latitudes to the ionospheric altitudes at the opposite hemisphere, resulting in the arrival of 331 

the higher energy electrons after the middle energy electrons. In contrast, electrons of the order 332 

of 10 keV arrive later because of the natural time-of-flight effects. Therefore, an  energy 333 

dispersion can be found, i.e, following arrival of tens keV electrons, lower energy electrons and 334 

sub-relativistic/relativistic electron precipitations are found (Miyoshi et al., 2010; Saito et al., 335 

2012). 336 

 337 
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[17] 338 

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

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

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

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

bundle of rising tone elements, correspond to the microburst train of relativistic electrons and the 343 

main modulations of PsA.  344 

 345 

 346 
 347 

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

waves, PsA electrons, and relativistic electron microbursts. 349 

 350 

 351 

[18] 352 

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

resonance energy, which depend on the wave frequency and the magnetic latitudes. According to 354 

the resonance condition (e.g., Miyoshi et al., 2015b), the resonance with PsA electrons occurs 355 

around the magnetic equator, while the resonance with MeV electrons occurs at the higher 356 

magnetic latitudes. The maximum energy of the high-energy tail of PsA, i.e., relativistic electron 357 

microbursts, is determined by the minimum frequency of LBC and the maximum propagation 358 

latitudes of LBC. The minimum energy of precipitating electrons, i.e., the PsA electron, is 359 

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

typically considered to be around the magnetic equator. In this simulation, the maximum energy 361 

of the high-energy tail of PsA is 3 MeV, which is determined by the maximum propagation 362 

latitudes of LBC and the minimum frequency of LBC. 363 

 364 

[19] 365 
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If LBC can propagate to the higher magnetic latitude, the energy of sub-relativistic/relativistic 366 

electron microbursts becomes higher, and both PsA and sub-relativistic/relativistic electron 367 

microbursts are simultaneously observed. On the other hand, if the chorus waves do not 368 

propagate to the higher magnetic latitudes, the maximum energy of precipitating electrons 369 

becomes small, and it is expected that only tens keV electron precipitations are found. Therefore, 370 

PsA does not always occur concurrently with sub-relativistic/relativistic electron microbursts. 371 

 372 

[20]  373 

Saito et al.[2012] has shown modulation of higher frequencies than the repetition periods of the 374 

LBC elements. They have discussed that these high frequency modulations are due to the 375 

modulation of the pitch angle distribution near the loss cone edge through nonlinear scattering by 376 

LBC. In this simulation, we have found similar high frequency modulations in the all energy 377 

range as shown in Figure 3, and we suggest that nonlinear wave-particle interactions cause the 378 

fast modulations of PsA and relativistic/sub-relativistic microbursts. 379 

 380 

[21] 381 

Recently, it has been proposed that relativistic electron precipitation causes significant ionization 382 

in the middle atmosphere and the consequent depletion of the ozone layer (e.g., Turunen et al., 383 

2016). Our study indicates that the relativistic electron microbursts caused by the pitch angle 384 

scattering of chorus waves are the sub-product of PsA electrons, so that the continuous active 385 

PsA (e.g., Jones et al., 2013) may be a proxy for relativistic electron microbursts and the 386 

subsequent localized depletion of the ozone layer.  387 

 388 

[22] 389 

Blum et al.[2015] examined relativistic electron precipitations by the SAMPEX satellite, and 390 

they identified different microburst precipitations of relativistic electrons with the time scale of 391 

milliseconds and precipitation bands with longer-duration (e.g., Nakamura et al., 2000). Based 392 

on different local time distributions between microbursts and precipitation bands, they suggested 393 

that chorus waves contribute to microburst of relativistic electrons in mainly post-midnight and 394 

dawn side, while electro-magnetic ion cyclotron (EMIC) waves cause precipitation bands in 395 

mainly on the pre-midnight and dusk side. MeV electron precipitation caused by EMIC waves 396 

often occurs associated with the proton aurora at the sub-auroral latitudes (Miyoshi et al., 2008), 397 

and MeV electron precipitation with tens keV proton precipitation and without tens keV electron 398 

precipitation is caused by EMIC waves. We expect that the proton aurora is a proxy of 399 

precipitation bands caused by EMIC waves, while PsA is a proxy of microbursts caused by the 400 

chorus waves. 401 

 402 

[23] 403 

Through this study, we demonstrate that sub-relativistic/relativistic electron microbursts are the 404 

high-energy tail of pulsating aurora electrons. This result will be confirmed by a future sounding 405 

rocket experiment that measures wide energy electron precipitations. The LAMP (Loss through 406 

Auroral Microburst Pulsations) sounding rocket experiment is being prepared to confirm this 407 

hypothesis by measuring the energy dispersion of the precipitating electrons of PsA and sub-408 

relativistic/relativistic electron microbursts.  409 
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Figure 1. Variation of the precipitating electron flux with respect to time at an altitude of ~100 537 

km. (a) Typical variations of the precipitating electrons associated with the pulsating aurora 538 

measured by Reimei. The corresponding energy is 8.7 keV. (b) Typical variations of 539 

precipitating electrons of relativistic microbursts (>1 MeV) measured by SAMPEX.  540 

Figure 2. (a) Frequency-time diagram at the magnetic equator. There are two lower-band chorus 541 

bursts that include three rising tones in 5 seconds. (b) Variation of the precipitating electron flux 542 

with time at an altitude of 100 km calculated by the GEMSIS-RBW simulation. The color 543 

indicates the energy of the precipitating electron flux  544 

Figure 3. Temporal variation of the precipitating electrons at selected energies. 545 

Figure 4. Schematic shows a possible connection between the temporal variations of chorus 546 

waves, PsA electrons, and relativistic electron microbursts. 547 
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