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Abstract

We report on the relationship between pulsating aurora and relativistic electron microburst using simultaneous observations of

ground-based fast auroral imagers with the FIREBIRD-II CubeSat for the first time. We conducted a detailed analysis of an

event on October 8, 2018 and found that the occurrence of a pulsating aurora with internal modulations corresponds to the

flux enhancement of electrons with energy ranging from 219.7 to 984.95 keV detected with Flight Unit 4, one of FIREBIRD’s

CubeSat, with a time delay of 525 ms. Assuming that the pulsating aurora was produced by 10-keV electrons, we suggest that

this time difference of 525 ms is consistent with the theory by Miyoshi et al. (2020) that a pulsating aurora and microburst

occur due to the chorus waves at different latitudes along the same field line.
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Key Points: 22 

 We simultaneously identified a pulsating aurora and relativistic electron microburst 23 

for the first time 24 

 We theoretically explain the detected time delay between a relativistic electron 25 

microburst and optical pulsation 26 

 We confirm that relative to low-energy electron precipitations are commonly caused 27 

by chorus waves propagating along the same field line  28 

Abstract  29 

We report on the relationship between pulsating aurora and relativistic electron microburst using 30 

simultaneous observations of ground-based fast auroral imagers with the FIREBIRD-Ⅱ CubeSat 31 

for the first time. We conducted a detailed analysis of an event on October 8, 2018 and found 32 

that the occurrence of a pulsating aurora with internal modulations corresponds to the flux 33 

enhancement of electrons with energy ranging from 219.7 to 984.95 keV detected with Flight 34 

Unit 4, one of FIREBIRD’s CubeSat, with a time delay of 525 ms. Assuming that the pulsating 35 
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aurora was produced by 10-keV electrons, we suggest that this time difference of 525 ms is 36 

consistent with the theory by Miyoshi et al. (2020) that a pulsating aurora and microburst occur 37 

due to the chorus waves at different latitudes along the same field line.  38 

 39 

Plain Language Summary 40 

It is thought that chorus waves generate low-energy electron precipitation that causes pulsating 41 

aurora and simultaneously generate a microburst, but there has been a lack of observational 42 

evidence. In this study, we detected a simultaneous pulsating aurora and microburst from 43 

coordinated ground-based and satellite observations for the first time. The velocity dispersion 44 

estimated in different energies matched the model curve. We suggest that the high-energy 45 

microburst and low-energy electron precipitation that cause a pulsating aurora are generated by 46 

chorus waves along the same magnetic field-line.   47 

1 Introduction 48 

A pulsating aurora is a type of diffuse aurora usually occurring on the morning side (Akasofu, 49 

1968) and characterized by brightness modulation in both space and time. The modulating period 50 

of a pulsating aurora has a hierarchical structure. A few to a few-tens of second modulation is 51 

called the main pulsation, and a ~3-Hz modulation embedded within the main pulsation is called 52 

the internal modulation. A pulsating aurora is produced by the precipitation of magnetospheric 53 

electrons with energies ranging from a few to ~100 keV through pitch angle scattering due to the 54 

whistler-mode chorus waves near the magnetic equator (e.g., Sandahl et al., 1980, Miyoshi et al., 55 

2010). Miyoshi et al. (2015a) proposed a model in which the main pulsations are caused by the 56 

pitch angle scattering with lower-band chorus (LBC) bursts, while the internal modulations are 57 

caused by the rising tone elements embedded in a single burst of an LBC. Direct evidence of the 58 

proposed model is obtained from the Arase satellite (Miyoshi et al., 2018) and ground-based 59 

observations (Hosokawa et al., 2020). Kasahara et al. (2018) investigated the electron flux inside 60 

the loss cone and confirmed that the pitch angle scattering due to an LBC causes the main 61 

modulation of a pulsating aurora. Hosokawa et al. (2020) confirmed that the internal modulations 62 

of a pulsating aurora are caused by the rising tone elements. Fukizawa et al. (2018, 2020) 63 

indicated that electrostatic cyclotron harmonic waves also contribute to a pulsating aurora. On 64 

the other hand, the upper-band chorus waves (Miyoshi et al., 2015a) cause background stable 65 

precipitations (Evans et al., 1987). 66 

A microburst (about a few tens of keV) was first reported from X-ray emission fluctuations 67 

observed during a balloon experiment (Anderson and Milton,1964). A microburst is a periodic 68 

precipitation of sub-relativistic or relativistic electrons (Blake et al., 1996). Such highly energetic 69 

electrons in the range of a few MeV show a series of intermittent precipitations called “trains”. 70 

Previous studies suggested that such intermittent high-energy precipitations are caused by the 71 

pitch angle scattering with the whistler-mode chorus waves in the morning side (e.g., Brenemann 72 

et al., 2017), and with electromagnetic ion cyclotron waves in the dusk sector (e.g., Miyoshi et 73 

al., 2008, Blum et al., 2015). 74 

Previous studies suggested that, in accordance with the variation in the first order cyclotron 75 

resonance condition along a field line, an LBC scatters electron, causing a pulsating aurora near 76 

the magnetic equator while resonating with sub-relativistic/relativistic electrons. This causes 77 
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microbursts in a region away from the magnetic equator (Miyoshi et al., 2010, Saito et al., 2012, 78 

Miyoshi et al., 2015a). Miyoshi et al. (2010) also suggested that sub-relativistic to relativistic 79 

electrons take longer time to reach the atmosphere from the modulation region. Therefore, 80 

electrons arrive in the atmosphere in the order of middle energy electrons, sub-relativistic 81 

electrons, and low-energy electrons. Miyoshi et al. (2020) proposed a hypothesis stating that 82 

relativistic electron microbursts have the same origin as a pulsating aurora. That is, chorus waves 83 

cause electron scattering in a wide energy range from a few keV to more than several MeV 84 

simultaneously if the chorus waves can propagate to higher latitudes. Kurita et al. (2015) 85 

conducted simultaneous observations of a diffuse aurora (non-pulsating) and precipitating 86 

relativistic electrons using the data obtained from the SAMPEX satellite and an all-sky imager at 87 

Syowa station, Antarctica. Miyoshi et al. (2015b) demonstrated that a few-hundred-keV 88 

electrons precipitate into the mesosphere during a pulsating aurora, and the characteristics of 89 

chorus waves simultaneously observed by Van Allen Probes well explain such wide-energy 90 

electron precipitations. Grandin et al. (2017) and Tsuchiya et al. (2018) showed that tens-of-keV 91 

electrons simultaneously precipitate into the upper atmosphere from ground-based observations.  92 

Temporal variations of a pulsating aurora and microburst had not been compared directly in the 93 

sub-second time scale. To reveal the relationship between these two sub-second-level 94 

phenomena, we conducted simultaneous observations of these phenomena by combining high-95 

speed Electron Multiplying CCD (EMCCD) cameras in Scandinavia and observations from the 96 

FIREBIRD satellite. We also clarified if the observed energy dispersion signature is consistent 97 

with the model proposed by Miyoshi et al. (2020) by comparing with the theoretical time-of-98 

flight (TOF) model. 99 

2 Instruments 100 

To observe sub-second variations of a pulsating aurora, we used data from two all-sky EMCCD 101 

imagers (ASIs) at Sodankylä (SOD) (67.37∘N, 26.63∘E in geographic coordinates) and Tjautjas 102 

(TJA) (67.31∘N, 20.73∘E in geographic coordinates). The technical details of this system are 103 

given by Hosokawa et al. (2021). The ASIs mainly capture auroral N2
+
 1st negative-band 104 

emission at 427.8 nm and N2 1PG band emissions with the BG3 glass filter (Samara et al., 2012). 105 

Both nitrogen emissions are called prompt emissions; thus, we do not need to consider any time 106 

delay between the electron precipitation and optical emission. The frame rate is 100 Hz with a 107 

time accuracy of ± 10 ms (Hosokawa et al., 2021), which is sufficiently high to detect ~3-Hz 108 

internal modulations of a pulsating aurora. 109 

FIREBIRD is a series of CubeSats missions (Johnson et al., 2020). The second mission of 110 

FIREBIRD (FIREBIRD-Ⅱ), which consists of Flight Unit 3 (FU3) and Flight Unit 4 (FU4), was 111 

launched into 632-km apogee, 433-km perigee, and 99∘ inclination orbit on 31 January 2015 112 

(Crew et al., 2016). We used the collimated detector on FU4 to observe electron fluxes in six 113 

energy channels from ∼220 keV to >1 MeV with a field-of-view of 54∘. FIREBIRD‐II's high‐114 

resolution (HiRes) electron-flux data are gathered with an adjustable sampling period of 18.75 115 

ms by default and can be as fast as 12.5 ms. FIREBIRD’s time accuracy to the ground-116 

observation is ± 55 ms in the event of this paper. This error is calculated from a measurement 117 

error and a time correction method error. 118 
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3 Observation and Results 119 

We examined a conjunction event at SOD and TJA from ASIs and FU4 on October 8, 2018, 120 

during which the collimated detector on FU4 was operated with the HiRes mode at ~00:27:30 121 

Universal Time (UT). This event occurred during the early recovery phase of a magnetic storm 122 

caused by a high-speed coronal hole stream. The Z component of the interplanetary magnetic 123 

field was large (from -15 to 10 nT) during the main phase, and the solar wind speed was still 124 

high (~600 km/s) during the recovery phase. The provisional AE index was ~700 nT. Pulsating 125 

aurorae appeared in the equatorward half of the fields-of-view of the ASIs after 23:50 UT on the 126 

previous day (around 3.4 magnetic local time (MLT)). 127 

 128 

 129 

Figure 1. (a) Mosaic image of all-sky images captured at SOD and TJA at geographic 130 

coordinates at 00:28:17 UT on October 8, 2018. Red line indicates trajectory of FU4 from 131 

00:27:02 to 00:29:32 UT. Mapped altitude was 90 km. (b) Successive all-sky images at SOD 132 

and TJA at intervals of 3 s from 00:28:14 to 00:28:20 UT on October 8, 2018. Solid line 133 

indicates trajectory of FU4, and red crosses indicates magnetic footprint of FU4. Dashed 134 

red circle is pulsating auroral patch we focused on in this study. 135 

 136 
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FU4 passed over the field-of-view of the ASIs at ~2.5 min intervals from 00:27:30 to 00:29:30 137 

UT. During this period, FU4 was located at an altitude of ~525 km operated with Campaign 18, 138 

and the HiRes data were sampled at an interval of 50.0 ms. Figure 1a is a mosaic all-sky image 139 

obtained at SOD and TJA at 00:28:17 UT, where the trajectory of FU4 mapped at an altitude of 140 

90 km in the geodetic coordinates is shown. This mapping altitude was chosen so that the 141 

pulsating aurorae in the two images smoothly connected. Although this altitude was relatively 142 

lower than the normal auroral height, past studies suggested that the altitude of a pulsating aurora 143 

is generally lower than that of a discrete aurora, and the current mapping altitude was probably in 144 

the range (Kataoka et al., 2013). The 13th International Geomagnetic Reference Field (IGRF) 145 

model (Alken et al., 2021) was used for tracing the location of FU4 along the field line.  146 

We observed that FU4 passed over a pulsating aurora in the equatorward half of the field-of-147 

view after ~ 00:28:02 UT. Figure 1b shows successive images from SOD and TJA with intervals 148 

of 3 s from 00:28:14 to 00:28:20 UT. This figure also shows a pulsating auroral patch from both 149 

SOD and TJA and a diffuse aurora around the patch. The FU4 footprint passed through the 150 

pulsating aurora patch at around 67.1∘N, 23.1∘E (L = 5.4).  Animations are available as Movie S1 151 

and S2 in the supporting information. In addition to the main pulsation with a period of ~2s, the 152 

internal modulation with a period of ~300 ms was clearly observed in the pulsating auroral patch 153 

in these animations.  154 

 155 

 156 
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Figure 2. Summary plot of pulsating aurora and electron data from 00:28:10–00:28:20 UT 157 

on October 8, 2018. (a) and (b) Auroral emission counts at SOD and TJA, respectively. 158 

White dash line indicates trajectory of FU4. (c) and (d) Auroral intensities at SOD and TJA 159 

at locations of magnetic footprints of FU4. We plot relative variation by subtracting mean 160 

value for 3 s at each data point after averaging for 100 ms. (e) to (i) Electron energy fluxes 161 

in five energy channels at 219.7–283.4, 283.4–383.6, 383.6–520.3, 520.3–720.7, and 720.7–162 

984.95 keV, respectively, obtained from FU4. In these panels, variation components are 163 

plotted from subtraction of mean value similar to (c) and (d). 164 

 165 

Figure 2 shows the summary plot of optical and electron observations. Figures 2a and b indicate 166 

the auroral intensities at SOD and TJA, respectively, sampled along the geodetic north-south 167 

meridian including the instantaneous footprint of FU4. We focus on the pulsating auroral patch 168 

around 00:28:17 UT. Figures 2c and d show auroral intensities at the FU4 footprints with the 169 

field-of-view of SOD and TJA, respectively. Figures 2e-i show the precipitating electron fluxes 170 

at the five energy channels ranging from 219.7 to 984.95 keV obtained from the collimated 171 

detector with the HiRes mode of FU4. These data are the relative variation derived by 172 

subtracting a running average value (3-s window) after averaging for 100 ms. The electron fluxes 173 

enhanced at all the energy channels concurrently with the pulsating aurora at around 00:28:17 174 

UT. The existence of sub-second modulation superimposed on the enhanced fluxes was also 175 

observed.  176 

 177 
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 178 

Figure3. Same as Figures 2(c) – (i) but expanded for 3 s from 00:28:16–00:28:19 UT. In 179 

each plot of electron flux, data with higher counts than surrounding data points and 180 

background data (observed from 00:28:12–00:28:15) is indicated in blue. Error bar is 181 

determined from square root of counts assuming random error. 182 

 183 

We compared the timing of the electron-flux variation observed from FU4 with the variation of a 184 

pulsating aurora. Figures 3a and b show the variations of auroral intensities at the magnetic 185 

footprints of FU4 observed at SOD and TJA. Figures 3c–g show precipitating electron-flux data 186 

in the five energy ranges measured from FU4, and the peak flux is indicated in blue. The timing 187 

of pulsating auroral emission was observed 525 ms later than that of electron precipitations. 188 

Regarding the variations of electron fluxes, however, the time differences in the five energy 189 

channels were not clear. Therefore, we estimate the energy dispersion by comparing between the 190 

observed timing from FU4 and EMCCD camera and theoretical dispersion (Miyoshi et al., 2010, 191 

Saito et al.,2012) as described in the next section.  192 

4 Discussion 193 

We examined the difference in the timing of electron precipitation using the time-of-flight (TOF) 194 

model (Miyoshi et al, 2010, Saito et al., 2012). We found that the time difference between the 195 

high-energy precipitations obtained from FU4 and the pulsating auroral emission was 525 ms. 196 
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We assumed that the pulsating auroral emission was caused by electron precipitation at an 197 

energy of 10 keV, which is based on past rocket observations of a pulsating aurora, and 198 

precipitating electrons of several 10 of keV effectively cause ionization at an altitude of about 90 199 

km (Sandahl et al., 1980, Rees, 1963). 200 

We were not able to distinguish the time differences in the five energy channels of FU4 because 201 

of the insufficient time resolution of the detector (50.0 ms). To solve this problem, the timing 202 

difference between the channels was estimated from the instantaneous phase difference derived 203 

from electron-flux data using the Hilbert transform. 204 

 205 

 206 

Figure 4. (a) Electron energy flux in energy range of 219.7–283.4 keV. (b) and (c) 207 

Differences in phase angle to phase angle in energy range of 219.7–283.4 keV calculated 208 

from Hilbert transform. Red dash line indicates peak point of electron energy flux in 209 

energy range of 219.7–283.4 keV. 210 

 211 

Figure 4 shows the difference in the instantaneous phase differences derived by applying the 212 

Hilbert transform analysis to the data in three energy channels (from ~280 to ~ 720 keV). The 213 

time difference was calculated with respect to the time series of the ~220-keV channel. 214 

The data at 720.7–984.95 keV were not used because the noise level was high, as shown in 215 
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Figure 3. The Hilbert transform is given by 216 

 217 

𝐻(𝑡) =
1

𝜋
𝑃∫

∞

−∞

𝑥(𝜏)

𝑡 − 𝜏
𝑑𝜏(1) 

 218 

From the Hilbert transformation analysis, the phase differences of the three channels were 3.5, 219 

6.0, and 26 degrees at a peak flux of ~220-keV electrons (see Figure 4). Negative phase 220 

differences indicate that that the peak of electrons at ~220 keV was observed earlier than ~280 to 221 

~ 720 keV. The time delays of the three channels were derived as 8, 14, and 26 ms. In the 222 

process of calculating these delays, the angular frequency was determined from the instantaneous 223 

phase data of ~220 keV, assuming that all waves had the same frequency (7.4 rad/s). These 224 

results indicate that the timing of the precipitation of the ~ 280-keV electrons for 8 ms, ~ 383-225 

keV electrons for 14 ms, and ~ 520 keV electrons for 26 ms was delayed with respect to the ~ 226 

220-keV electron precipitation. 227 

 228 

We calculated the TOF of precipitating electrons at L = 5.4 to explain the delays estimated above. 229 

The TOF model is used to take into account the wave-particle interactions with whistler-mode 230 

chorus waves propagating from the equator (Miyoshi et al., 2010, Saito et al., 2012). The 231 

resonant energy depends on the magnetic latitudes, so the pitch angle scattering of different 232 

energy electrons can occur continuously as the waves propagate toward a higher latitude along 233 

the field line. The model takes into account the energy-dependent path length and precipitation 234 

start time of the precipitating electrons, as well as the transit time of chorus waves. The resonant 235 

energy depends on the magnetic field intensity, whistler-wave frequency, and ambient electron 236 

density. In this TOF analysis, we assumed that the electron density is constant along the same 237 

field line and used a realistic magnetic field model. According to the TOF model, the 238 

propagation time of the wave increases at higher energy because the higher-energy electrons are 239 

scattered at higher magnetic latitudes in the opposite hemisphere. In addition, we considered 240 

about the sweep rate of chorus. We assume the sweep rate to 2 kHz in this TOF model, with 241 

reference to past research (Shue et al., 2015). 242 

 243 

 244 

Figure 5. A result of TOF calculation at n = 7 /cc with fceq of 0.2 (red), 0.3 (blue), and 0.4 245 

(green). Each dot is timing of peak of electron precipitations of 10, 219.7, 283.4, 383.6, and 246 
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520.3 keV. The error bar at the 10 keV electron precipitating timing is ± 65 ms considering 247 

from the time accuracy between FIREBIRD and EMCCD in this event. 248 

 249 

Figure 5 shows the results of the TOF calculation and the fine timing of the peak of electron 250 

precipitation. We assumed that a pulsating aurora is generated by 10-keV electrons. Figure 5 251 

shows the results with n of 7 /cc and fceq of 0.2 (red), 0.3 (blue), 0.4 (green) which are typical 252 

values on this L-shell (Sheeley et al., 2001). The error bar shows ± 65 ms considering of the 253 

relative time accuracy of FIREBIRD and EMCCD cameras. 254 

 255 

During this event, we observed a pulsating aurora (~10-keV electrons) before the high-energy 256 

range electron precipitations (~220 keV). We also found positive energy dispersion in the energy 257 

range from ~220 to ~720 keV. These energy dispersions are consistent with the inverse 258 

dispersion of the TOF model in the point of the energy range and time scale. From this analysis, 259 

observed microburst is consistent with the TOF model (Miyoshi et al., 2010, Saito et al., 2012) in 260 

which propagating chorus waves cause the pitch angle scattering along the field line. Figure 5 261 

considering the TOF model showed that sub-relativistic/relativistic electrons in the energy range 262 

from ~220 to ~720 keV precipitate into the upper atmosphere as observed by FU4. 263 

 264 

The following two points should be discussed regarding the TOF analysis. First, there are several 265 

free parameters (electron density, whistler-wave frequency, and the launch timing of chorus) in 266 

this TOF analysis. We assume the ambient density from the empirical model (Sheeley et al., 267 

2001) and typical lower-band chorus waves. Second, there are uncertainties in detecting the 268 

timing of electron precipitation from observation. The time accuracy of FIREBIRD and EMCCD 269 

to the Universal Time is ± 55 ms and ±10 ms respectively. Therefore, there exists uncertainty 270 

about the timing of EMCCD as shown in Figure 5, the TOF model using the assumed parameters 271 

reproduce overall trend of the observed energy dispersion by FU4 and EMCCD. 272 

As shown in Figures 2c and d, we detected the internal modulations with a typical period of ~300 273 

ms superimposed on the main pulsation. Interestingly, these modulations were also observed in 274 

the high-energy electrons obtained from FU4. This fact is consistent with the theory that the 275 

internal modulation of a pulsating aurora and relativistic electron microbursts are caused by the 276 

same rising tone proposed by Miyoshi et al. (2020). Miyoshi et al. (2020) argued that the 277 

propagation latitude of chorus waves is related to the highest energy of a microburst. 278 

Unfortunately, wave data are not available because there were no satellites at the same magnetic 279 

field line in this case. Further investigation is required to fully understand the latitudinal 280 

dependence of the energy range of precipitating electrons. In the future, Loss through Auroral 281 

Microburst Pulsations (LAMP) rocket campaign is planned to investigate the relationship 282 

between a pulsating aurora and microburst to clarify the spatiotemporal correspondence in more 283 

detail. 284 

5 Conclusions 285 

We found for the first time the simultaneous occurrence of a pulsating aurora and microburst on 286 

October 8, 2018. We observed modulations with a period of less than 1 s in both the pulsating 287 

auroral intensity and relativistic electron microbursts. The time difference between the electron 288 

precipitation and pulsating aurora was 525 ms. The time differences in the four energies from 289 
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~220 to ~ 720 keV were consistent with the model that takes into account scattering of electrons 290 

in a wide energy range by propagating chorus waves. This study confirms the theory that 291 

relativistic electron microbursts are the same product of pulsating aurora electrons caused by 292 

latitudinal-propagating chorus waves. 293 
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Introduction  

 These movies made from the mosaic images taken by EMCCD cameras at 
Sodankylä (SOD) and Tjautjas (TJA) from 00:28:14 to 00:28:20 UT on October 
8, 2018. 

 Solid line indicates trajectory of FU4, and red crosses indicates magnetic footprint 
of FU4. 

Movie S1. A movie made from the mosaic images taken by EMCCD camera at SOD 
 

Movie S2. A movie made from the mosaic images taken by EMCCD camera a TJA 
 


