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Abstract

We explore the hypothesis that electron precipitation curtains such as those observed by the AeroCube-6 satellite pair can

be produced by electron microbursts. Precipitation curtains are latitudinal structures of stable precipitation that persist for

timescales of 10s of seconds or longer. The electrons involved have energies of 10s-100s of keV. The microburst formation

hypothesis states that a source region in the equatorial region produces a series of very low frequency chorus wave emissions.

Each of these emissions in turn produces a microburst of electron precipitation, filling the drift and bounce loss cone on the

local field line. Electrons in the drift loss cone remain on the field line and bounce-phase mix over subsequent bounces while also

drifting in azimuth. When observed at downstream azimuths by a satellite equipped with an integral energy sensor, no bounce

phase structure remains, or, equivalently, the same time profile is present when two such satellites pass by many seconds apart.

The spatial structure that remains reflects the pattern of microburst sources. Statistical studies of where and when curtains

occur have indicated that some, but not all, curtains could be caused by microbursts. We use test particle tracing in a dipole

magnetic field to show that spatially stationary source regions generating periodic microbursts can produce curtain signatures

azimuthally downstream. We conclude that one viable explanation for many of the curtains observed by the AeroCube-6 pair

is the accumulation of drift-dispersed microburst electron byproducts in the drift loss cone.
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satellites 20 

• We use test particle tracing to investigate the origin of curtains 21 

• Curtains can be caused by microbursts, which are transient, smaller-scale 22 

structures 23 

 24 

Abstract 25 

 26 

We explore the hypothesis that electron precipitation curtains such as those observed by 27 

the AeroCube-6 satellite pair can be produced by electron microbursts. Precipitation 28 

curtains are latitudinal structures of stable precipitation that persist for timescales of 10s 29 

of seconds or longer. The electrons involved have energies of 10s-100s of keV. The 30 

microburst formation hypothesis states that a source region in the equatorial region 31 

produces a series of very low frequency chorus wave emissions. Each of these emissions 32 

in turn produces a microburst of electron precipitation, filling the drift and bounce loss 33 

cone on the local field line. Electrons in the drift loss cone remain on the field line and 34 

bounce-phase mix over subsequent bounces while also drifting in azimuth. When 35 

observed at downstream azimuths by a satellite equipped with an integral energy sensor, 36 

no bounce phase structure remains, or, equivalently, the same time profile is present 37 

when two such satellites pass by many seconds apart. The spatial structure that remains 38 

reflects the pattern of microburst sources. Statistical studies of where and when curtains 39 

occur have indicated that some, but not all, curtains could be caused by microbursts. We 40 

use test particle tracing in a dipole magnetic field to show that spatially stationary source 41 

regions generating periodic microbursts can produce curtain signatures azimuthally 42 

downstream. We conclude that one viable explanation for many of the curtains observed 43 

by the AeroCube-6 pair is the accumulation of drift-dispersed microburst electron 44 

byproducts in the drift loss cone. 45 

 46 
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Plain Language Summary 47 

 48 

The pair of low altitude, polar AeroCube-6 satellites observed stable small-scale structure 49 

in the electrons present in low Earth orbit (LEO). Even when the two vehicles are 50 

separated in time by over a minute, both measure roughly the same structured time 51 

profile of radiation intensity, offset by the time separation between vehicles. Individual 52 

features in this stable structure are known as curtains. We test whether the curtains could 53 

be formed by accumulation of electrons from short-lived microbursts of radiation 54 

intensity, which individually last less than a second. Accordingly, each microburst adds 55 

electrons to the population that reaches LEO but does not enter the atmosphere before 56 

drifting into the atmosphere in the South Atlantic Anomaly. Because microbursts contain 57 

many energies, over time the sub-second temporal structure will spread out during the 58 

bounce and drift motion of the electrons. Further, if the microburst source repeatedly 59 

produces bursts in the same location, fluxes from new and old bursts will eventually 60 

overlap. Thus, it is possible that satellites in LEO with wide-energy sensors to see a 61 

stable temporal profile reflective of the spatial structure of the microburst source 62 

locations. We demonstrate this hypothesized mechanism by tracing electrons in a dipole 63 

magnetic field. 64 

 65 

Keywords 66 

Radiation belts, particle precipitation, electron microbursts, chorus 67 
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1 Introduction 69 

 70 

In Blake and O’Brien (2016), we described the observation of persistent fine-scale (~tens 71 

km, >60 sec duration) electron precipitation structures observed in low Earth orbit. 72 

Because atmospheric losses play a major role in determining the state of the radiation 73 

belts, we wish to test this hypothesis to understand better the underlying loss 74 

mechanisms. The curtain observations were made using the AeroCube-6 (AC6) pair of 75 

CubeSats. We hypothesized that the stable fine-scale structures were produced by 76 

accumulation of microburst fluxes in the drift loss cone which, after many drifts, had 77 

bounce-phase mixed to the point that the flux appears steady in a sensor with an integral 78 

or broadband response. AC6 carries dosimeters that have quasi-integral energy response, 79 

and the curtains were observed in the DOS1 low energy dosimeter. In this paper, we 80 

investigate this hypothesis using test particle tracing. We note that Shumko et al. (2020a) 81 

introduced an additional hypothesis involving parallel electric fields lowering the mirror 82 

point altitude, but we will not test that hypothesis here. 83 

 84 

The top of Figure 1 depicts how microbursts from a near and far sources place particles in 85 

the drift and bounce loss cones. The drift loss cone (DLC) consists of particles that are 86 

destined to enter the atmosphere upon drifting into the South Atlantic Anomaly. The 87 

existence of the DLC arises because of the offset of the Earth’s dipole magnetic field 88 

from its center of mass. The bounce loss cone (BLC) consists of particles that will enter 89 

the atmosphere before completing a full bounce motion. (In the Earth’s field, the northern 90 

and southern bounce loss cones are not the same size due to the dipole offset.) Only 91 

particles in the drift loss cone can be seen from the drift-conjugate source far from the 92 

observing satellite, whereas the sensor can observe particles from bounce-conjugate near 93 

source in both the drift and bounce loss cones. For particles from the near source, all 94 

energies arrive nearly simultaneously at the sensor producing temporal features on 95 

timescales shorter than the bounce period (<~1 second). For particles from the far source, 96 

over the course of multiple bounces between the source and the sensor, the particles 97 

bounce phase mix, stretching out the initial packet in time and space. If enough time 98 

passes between the source and the sensor, a sensor that integrates over a broad energy 99 

range will not be able to distinguish the remaining energy-time structure in the stretched-100 

out packet. As packets are drawn out to greater and greater extent, the sensor will see a 101 

continuous count rate on the drift shell connecting it to the far source region. In this 102 

manner, the count rate observed at the sensing spacecraft represents the intensity and 103 

distribution in drift shell (latitude or L shell) of far sources in the form of curtains, with 104 

possible microbursts from near sources superimposed.  105 

 106 

The bottom of Figure 1 takes a larger view, showing how the drifting particles eventually 107 

enter the atmosphere at the South Atlantic Anomaly (SAA). It is noteworthy that a 108 

Satellite in the northern hemisphere on field lines conjugate to the SAA will see only 109 

particles scattered on the local field lines – it is entirely in the bounce loss cone. When 110 

curtains are observed in this location, the microburst origin hypothesis cannot apply 111 



 

 4  

because there is no time for particles to bounce phase mix before being measured by the 112 

satellite. Shumko et al. (2020a) did observe some such cases, meaning that the hypothesis 113 

under study here cannot be the only true explanation for curtains. 114 

 115 
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 116 
Figure 1. Top: Schematic of microburst formation by a near source and curtain formation 117 

by a far source. Bottom: Schematic of quasi-trapped particles in the drift loss cone until 118 

they strike the atmosphere in the South Atlantic Anomaly (SAA). 119 
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For our numerical experiment, we need to know the size and spectrum of microbursts, as 120 

well as their temporal properties: “on” time and pulse repeat period. We have in situ 121 

observations to support estimates of most of these parameters. However, in some cases, 122 

we will need to rely on properties of chorus waves and their source region to provide 123 

additional constraints, relying on the well-supported connection between chorus and 124 

microbursts (e.g., Lorentzen et al., 2001a; Breneman et al., 2017; Kawamura et al., 125 

2021). For the size of the microburst source regions, we rely on Shumko et al. (2020b) 126 

who found that most microbursts had a diameter less than 200 km (radius < 100 km) 127 

when projected to the magnetic equatorial plane, but some were quite a bit larger. A 128 

radius less than 100 km is consistent with the phase coherence scale of chorus and small-129 

scale plasma irregularities (Santolik et al., 2004; Agapitov et al., 2011;2017;2018;2021 130 

Hosseini et al., 2021). Because the curtains are hypothesized to superimpose many 131 

microbursts, a larger spatial scale is also relevant: the amplitude coherence scale length of 132 

chorus in the equatorial plane. This scale has most recently been estimated to be ~300 km 133 

in radius (Agapitov et al., 2017; 2018; 2021), with larger values possible for lower chorus 134 

amplitudes. We will vary the size of the equatorial source region to replicate observed 135 

count rates at AC6. However, when performing parametric surveys, we will adopt a 136 

reference radius of 75 km, following Shumko et al. (2020b). 137 

 138 

For the spectrum of microbursts, there are two main estimates, an exponential spectrum 139 

with an e-folding of 20-40 keV depending on activity level form Lee et al. (2005), and a 140 

more recent estimate 40-150 keV from Johnson et al. (2021). We adopt 70 keV, the mode 141 

from Johnson et al. 142 

 143 

Borrowing from the chorus hypothesis, we estimate the temporal “on” time of the 144 

microbursts to be about 0.1 s, based on the time duration of a chorus riser (e.g., Santolik 145 

et al., 2004; Nishimura et al. 2010; 2011 and references therein). The repeat time for 146 

microbursts is also taken from chorus, and is adopted as 0.7 s, after Shue et al. (2015). 147 

 148 

In the remainder of this paper, we will examine the in-situ particle data used, then 149 

describe the test particle tracing, next we will use the simulation to examine idealized and 150 

real cases. Finally, we will discuss our results, which show that microbursts can produce 151 

curtains, consistent with the hypothesis from Blake and O’Brien. 152 

 153 

2 Data 154 

 155 

The primary data we use for this mission is the DOS1 sensor from AeroCube-6 (O’Brien 156 

et al., 2016). The AC6 pair, designated AC6-A and AC6-B, was launched 19 June 2014 157 

and regularly collected data through 2017. The orbit is approximately 620 × 700 km with 158 

an 98° inclination. The spacecraft separation varied over the course of the mission, but in 159 

the case studied here, the AC6-B spacecraft was about 65 seconds behind the AC6-A 160 

spacecraft. Each spacecraft carries three dosimeters. DOS1 is a dosimeter with an 161 

electronic threshold of 30 keV for a particle to register, and 263.5 Rads per count 162 
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(O’Brien et al., 2016). Figure 2 shows the DOS1 response (O’Brien et al., 2019) to 163 

electrons along with weighted responses for exponential spectra. The other two 164 

dosimeters on each satellite are not used in this study. While the dosimeters record data at 165 

1 Hz and 10 Hz, 10 Hz data are intermittent and not used here.  166 

 167 

 168 

 169 
Figure 2. DOS1 response to isotropic electrons. The black trace is the response itself, 170 

while the colored traces (arbitrary units) indicate the response weighted by an exponential 171 

spectrum. Triangles indicate the peak of each weighted response, while circles indicate 172 

the midpoint energy, below which 50% of the counts originate for such an exponential 173 

spectrum. For steeper spectra (smaller Es) the response is dominated by electrons closer 174 

to the ~30 keV threshold response. 175 

Supporting data for this study come from NASA’s Van Allen Probes. The probes were in 176 

a near-equatorial elliptical orbit with low altitude perigee and apogee slightly inside 177 

geostationary orbit. We use the merged electron spectrum product from the Radiation 178 

Belt Storm Probes (RBSP) Energetic Particle Composition and Thermal Plasma (ECT) 179 

suite (Boyd et al., 2019). We also use plasmapause locations identified by the wave suite, 180 

Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) 181 

(Kletzing et al.,2013). 182 

 183 

The merged RBSP ECT product provides spline fits to selected, cleaned, spin-averaged 184 

flux channels from ~15 eV to 20 MeV. We convolve the splines with the DOS1 energy 185 
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response to estimate what a DOS1 sensor would see at the equatorial orbit of Van Allen 186 

Probes at the same L shells as AC6. 187 

 188 

3 Dipole Particle Tracing Simulation 189 

 190 

We implement a test particle simulation in a dipole magnetic field with no electric field. 191 

Each test particle (electron) is traced backwards in time from its encounter with AC6, 192 

accumulating source contributions until it strikes the atmosphere or leaves the azimuth 193 

range of the sources. In a pure dipole there is no drift-loss cone, only a bounce loss cone. 194 

However, we can emulate a drift loss cone by limiting the azimuth range of the 195 

simulation. We first assume that sufficiently far backward in azimuth there is an 196 

unstructured source of “background” flux. To each scene simulated, we add equatorial 197 

sources that contribute phase-space density (PSD) to particle trajectories that pass 198 

northbound through the equator. The sources we use will be pulsed in time. 199 

 200 

To trace a particle, first we determine whether it is in the bounce loss cone. All particles 201 

with a dipole mirror point below ℎ𝑙𝑐 = 100 km are considered in the BLC. For such 202 

particles, we determine whether they are heading northward away from the equator on 203 

their first half-bounce. If so, then the equatorial crossing is found and any sources at that 204 

location contribute to the particle’s PSD. Otherwise, the particle carries zero flux, as it 205 

will be lost to the atmosphere before encountering a source during the backtrace. For 206 

particles that are not in the BLC, they are assumed to be in the DLC, and the tracing code 207 

finds each northward equatorial crossing and adds PSD from any sources at those 208 

crossings. DLC particles are traced backward until they leave the azimuth range where 209 

sources have been placed. 210 

 211 

The following mathematical treatment is synthesized from Northrop and Teller (1960), 212 

Schulz and Lanzerotti (1974), section I.4, Walt (1994) chapter 2, and Orlova and Shprits 213 

(2011). The simulation uses dipole coordinates: field line label 𝐿, magnetic colatitude 𝜃, 214 

and longitude 𝜑. In some cases, we will use magnetic latitude 𝜆 =
𝜋

2
− 𝜃 in place of 215 

colatitude. The magnetic field is given by: 216 

�⃗� (𝐿, 𝜃, 𝜑) = −
𝐵0

𝐿3

(2�̂� cos 𝜃 + 𝜃 sin 𝜃 )

sin6 𝜃
 217 

Here 𝐵0 = 31,000 nT is the adopted value of the equatorial field strength at the surface 218 

of the Earth, and �̂� and 𝜃 are the radial and colatitude unit vectors (there is no azimuthal 219 

component for a dipole field, which would have unit vector �̂�). The guiding center 220 

longitudinal drift in a dipole field is given by: 221 

�⃗� 𝑑 =
𝑚0𝛾

𝑞𝐵3
(
𝑣⊥

2

2
+ 𝑣∥

2) �⃗� × ∇⃗⃗ 𝐵 =
𝑑𝜑

𝑑𝑡
�̂� 222 

Here 𝛾 = 1/√1 − (𝑣/𝑐)2 is the relativistic factor for velocity 𝑣 and speed of light 𝑐, 𝑞 is 223 

the signed electron charge, 𝐵 is the local magnetic field magnitude, 𝑚0 is the rest mass, 224 

𝑣⊥ = 𝑣 sin 𝛼 is the perpendicular velocity, and 𝑣∥ = 𝑣 cos 𝛼 is the parallel velocity, and 225 

𝛼 is the particle’s local pitch angle. 226 

 227 
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The bounce motion is given by: 228 
𝑑𝜃

𝑑𝑡
=

𝑣∥

(
𝑑𝑠
𝑑𝜃

)
𝐿

= −
𝑣∥

𝐿𝑅𝐸(1 + 3 cos2 𝜃)
1
2 sin 𝜃

= −
𝑑𝜆

𝑑𝑡
 229 

where 𝑅𝐸 = 6371 km is the adopted radius of the Earth. 230 

 231 

First, we compute the mirror magnetic field strength 232 

𝐵𝑚 =
𝐵(𝐿, 𝜃, 𝜑)

sin2 𝛼
 233 

Next, we compute the equatorial pitch angle 𝛼𝑒𝑞: 234 

sin2 𝛼𝑒𝑞 =
𝐵(𝐿, 𝜋/2, 𝜑)

𝐵𝑚
 235 

Then we compute the mirror latitude, 𝜆𝑚 by solving: 236 

sin2 𝛼𝑒𝑞 =
cos6 𝜆𝑚

√1 + 3 sin2 𝜆𝑚

 237 

To determine whether the particle is in the BLC or DLC, we need to know the loss cone 238 

latitude 𝜆𝑙𝑐, which is given by: 239 

cos2 𝜆𝑙𝑐 =
𝑅𝐸 + ℎ𝑙𝑐

𝐿𝑅𝐸
 240 

This equation arises from the radius of the particle: 𝑟 = 𝐿𝑅𝐸 sin2 𝜃 = 𝐿𝑅𝐸 cos2 𝜆. A 241 

particle is in the BLC if 𝜆𝑚 > 𝜆𝑙𝑐, and in the DLC otherwise.  A BLC particle can only 242 

reach the spacecraft from an equatorial northward source region if it reaches the 243 

spacecraft in the northern hemisphere (𝜆 ≥ 0) with an acute local pitch angle (𝛼 < 𝜋/2), 244 

otherwise it would strike the atmosphere between its source region and reaching the 245 

spacecraft.  246 

 247 

Whether a particle is in the DLC or BLC, the next thing we need to know is when and 248 

where it last crossed the equator passing northward. The travel time between the equator 249 

and a latitude 𝜆 for a particle with mirror latitude 𝜆𝑚 is given by: 250 

𝑇(𝜆; 𝜆𝑚, 𝐿, 𝑣) = ∫
𝑑𝑡

𝑑𝜆/𝑑𝑡

𝜆

0

=
𝐿𝑅𝐸

𝑣
𝑉(𝜆; 𝜆𝑚) 251 

where 𝑉(𝜆; 𝜆𝑚) is: 252 

𝑉(𝜆; 𝜆𝑚) = ∫
cos 𝜆 (1 + 3 sin2 𝜆 )

1
2

(1 −
(1 + 3 sin2 𝜆 )

1
2

𝐶(𝜆𝑚) cos6 𝜆
)

1/2
𝑑𝜆

𝜆

0

 253 

𝐶(𝜆𝑚) =
(1 + 3 sin2 𝜆𝑚 )

1
2

cos6 𝜆𝑚
=

1

sin2 𝛼𝑒𝑞
 254 

The particle’s bounce period is then 255 

𝜏𝑏 = 4𝑇(𝜆𝑚; 𝜆𝑚, 𝐿, 𝑣) 256 

During the travel from the equator to a latitude of 𝜆, a particle drifts in azimuth 257 

Δ𝜑(𝜆; 𝜆𝑚, 𝐿, 𝑣) = ∫
𝑑𝜑/𝑑𝑡

𝑑𝜆/𝑑𝑡
𝑑𝜆

𝜆

0

=
𝑀

𝐿𝑅𝐸𝛾𝑞𝑣
𝑊(𝜆; 𝜆𝑚) 258 
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𝑀 is the first adiabatic invariant: 259 

𝑀 =
𝑝2

2𝑚0𝐵𝑚
 260 

with 𝑝 = 𝑚0𝛾𝑣 being the momentum, and 𝑊(𝜆; 𝜆𝑚) is: 261 

𝑊(𝜆; 𝜆𝑚) = ∫
3(1 + sin2 𝜆)

cos3 𝜆 (1 + 3 sin2 𝜆 )

(1 − 2
𝐵𝑚

𝐵(𝜆)
)

(1 − 𝐵(𝜆)/𝐵𝑚)1/2
𝑑𝜆

𝜆

0

 262 

𝐵(𝜆)

𝐵𝑚
=

(1 + 3 sin2 𝜆 )
1
2

𝐶(𝜆𝑚) cos6 𝜆
 263 

Northbound particles take time 𝑇(𝜆; 𝜆𝑚, 𝐿, 𝑣) to reach the spacecraft at 𝜆 in the northern 264 

hemisphere, while southbound particles take an addition 3𝑇(𝜆𝑚; 𝜆𝑚, 𝐿, 𝑣). Likewise, 265 

northbound particles travel Δ𝜑(𝜆; 𝜆𝑚, 𝐿, 𝑣) to reach the spacecraft, while southbound 266 

particles take an additional 3Δ𝜑(𝜆𝑚; 𝜆𝑚, 𝐿, 𝑣). Over a complete bounce period, the 267 

particle drifts: 268 

Δ𝜑𝑑 = 4Δ𝜑(𝜆𝑚; 𝜆𝑚, 𝐿, 𝑣) 269 

 270 

We can use these equations for equations for 𝑇 and Δ𝜑, 𝜏𝑏, and  Δ𝜑𝑑 to compute the time 271 

and location of the most recent northward equatorial crossing given an initial latitude and 272 

pitch angle. Then each prior northward equatorial crossing is one bounce period earlier 273 

and is displaced in longitude by −Δ𝜑𝑑. At each northbound equatorial crossing, we add 274 

PSD to the test particle for any sources that overlap its equatorial crossing. We note that 275 

because the particles do not change momentum over the course of their motion, we can 276 

accumulate unidirectional differential flux (𝑗) rather than PSD (𝑓 = 𝑗/𝑝2). 277 

 278 

Our source regions are isotropic and circles in the equatorial plane, and it is helpful, then 279 

to be able to compute the distance between the particle’s equatorial crossing (𝐿, 𝜋/2, 𝜑) 280 

and the source region’s center (𝐿𝑠, 𝜋/2, 𝜑𝑠). We perform this distance calculation in 281 

cartesian coordinates using the general transform: 282 

𝑥 = 𝑟 sin 𝜃 cos𝜑 283 

𝑦 = 𝑟 sin 𝜃 sin𝜑 284 

𝑧 = 𝑟 cos 𝜃 285 

When relating this system to AC6 data, 𝜃 and 𝜑 are taken to be geographic coordinates, 286 

since the dipole tilt is small, and all longitudes are relative in the simulation. 287 

 288 

Altogether, this mathematical framework allows us to place sources at the equator and 289 

sum up their contributions to particles reaching the AC6 location. We do this for particles 290 

with energies spanning 𝐸1 to 𝐸2, and for local pitch angles 5° to 175°. The energy limits 291 

𝐸1 and  𝐸2 are chosen such that the sensor response weighted by the exponential 292 

spectrum is at least a factor of 100 of its peak value; this ensures that the integral captures 293 

>99% of count rate without including unneeded energies and slowing down some of the 294 

calculations. For an exponential spectrum with characteristic energy of 70 keV, these 295 

energy integral limits are ~30 keV to ~300 keV. Similarly, we exclude pitch angles 296 

within 5° (
𝜋

36
 radians) of the field-line to avoid computational singularities for field-297 

aligned particles; at AC6, such particles are deep within the loss cone and constitute a 298 

very small solid angle.  299 
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 300 

Each particle arrives at AC6 with an accumulated unidirectional different flux. We 301 

convert that to omnidirectional flux (𝐽) using: 302 

𝐽(𝐸) = 2𝜋 ∫ 𝑗(𝐸, 𝛼) sin 𝛼 𝑑𝛼

𝜋
2
−

𝜋
36

𝜋/36

 303 

 We convolve that with the energy response 𝑅DOS1(𝐸) of the DOS1 sensor on AC6. The 304 

count rate in DOS1 is: 305 

𝑐DOS1 = ∫ 𝐽(𝐸)𝑅DOS1(𝐸)𝑑𝐸
𝐸2

𝐸1

 306 

We perform this calculation for every time point along the AC6 trajectory. 307 

4 Simulation Results 308 

 309 

Each of our simulations involves placing one or more microburst sources in the 310 

equatorial plane, and then flying AC6-A and AC6-B through that scene. For initial test 311 

cases, we will use circular sources with a given center (𝐿𝑠,𝜑𝑠) and radius (𝑟𝑠). Each 312 

source has a source size (𝑟𝑠), energy scale (𝐸𝑠), pulse period (𝑇𝑠) and pulse width (∆𝑇𝑠), 313 

and an isotropic differential flux spectrum 𝑗𝑠𝑒
−𝐸/𝐸𝑠 . These sources will have constant flux 314 

within their spatial extent, and all start their first pulse at zero seconds into the 315 

simulation. For the real scene, we will use a Gaussian source described below, with pulse 316 

phase randomized for each source. 317 

 318 

4.1 Simulations of idealized sources 319 

 320 

We perform a set of idealized simulations to determine how different parameters of the 321 

source regions affect the dosimeter count rate at AC6. In each such simulation the AC6 322 

vehicles fly along 𝜑=0 longitude, and sources are place at negative longitudes so that 323 

their electrons will drift toward the AC6 trajectory. To understand source placement and 324 

its consequences, we need to examine the drift and bounce periods for electrons that 325 

stimulate DOS1 on AC6. Figure 3 shows that for an 𝑒−𝐸/𝐸𝑠  spectrum with 𝐸𝑠 = 70 keV, 326 

the particles that drive the DOS1 response have energies ~30-300 keV. At 𝐿 = 5 and 327 

𝛼𝑒𝑞 = 45°, the ratio of bounces per degree of drift for such particles is in the ranges from 328 

~48 at low energy to ~14 at higher energy. The bounce period runs from just over a 329 

second down to half a second, while the drift time ranges from ~55 down to ~7 seconds 330 

per degree. For a source with a radius 𝑟𝑠 = 75 km at the equator at 𝐿𝑠 = 5, the vehicle 331 

takes about a second to traverse the source, and the source has a longitudinal extent 332 

(across the diameter) of about 0.25°. 333 

 334 
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 335 
Figure 3. Drift and bounce periods for electrons counted by DOS1. Top: the number of 336 

bounces per degree of drift. Middle: the normalized, weighted DOS1 response, with peak 337 

and 50th percentile responses marked. Bottom: Bounce and drift periods. All calculations 338 

are performed at 𝐿 = 5, 𝛼𝑒𝑞 = 45°. 339 

For our first experiment, we will place sources 0°, 0.1°, 0.2°, 0.5°, and 1° west of the 340 

AC6 trajectory. AC6-B trails AC6-A by 59.75 seconds, at 𝐿 = 5. 341 

 342 

In Figure 4 we see the results of running this simulation with 100 local pitch angles and 343 

50 Hz time sample, averaged to 1-second averages. The nearest sources are bounce 344 

conjugate to the AC6 trajectory, and they produce spikes from bounce loss cone flux 345 

contributing to the DOS1 rate. We also see that a gradual increase in the level of the non-346 

spike DOS1 rate from the 0 to 0.2° sources. As with microbursts, the spikes are at 347 
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different times (locations) for the two satellites (i.e., at different times even after AC6-B 348 

is shifted by a time corresponding to its trailing distance). The non-spike portion is the 349 

same at both spacecraft, as observed for curtains. The far sources at 0.2° or more west of 350 

the source are only drift conjugate to the AC6 trajectory, and they produce curtain-like 351 

steady-state DOS1 rate at AC6. The steady state rate 𝑐𝑠𝑠 (formulated below) also 352 

resembles the circular shape of the source region, as the flux reaching AC6 is 353 

proportional to the path length of the drift trajectory through the source region. 354 

Neglecting the slight curvature of the drift path through the source region (𝑟𝑠 ≪ 𝐿𝑠𝑅𝐸), 355 

the path length through the region is: 356 

 357 

∆ℓ ≈ 2√𝑟𝑠2 − (𝐿 − 𝐿𝑠)2𝑅𝐸
2, |𝐿 − 𝐿𝑠| <

𝑟𝑠
𝑅𝐸

 358 

For a Gaussian source that extends to 3𝑟𝑠, having an intensity dependence 𝑒−
1

2
(𝑑/𝑟𝑠)

2

, 359 

where 𝑑 is the distance from the source’s center, the equivalent path length is: 360 

∆ℓ ≈ √2𝜋𝑟𝑠𝑒
−
1
2
(𝐿−𝐿𝑠)

2𝑅𝐸
2

𝑟𝑠
2

erf (√
9

2
−

1

2

(𝐿 − 𝐿𝑠)2𝑅𝐸
2

𝑟𝑠2
) , |𝐿 − 𝐿𝑠| <

3𝑟𝑠
𝑅𝐸

 361 

where erf (z) =
2

√𝜋
∫ 𝑒−𝑡2

𝑑𝑡
𝑧

0
 is the Gauss error function. 362 

 363 

At 𝐿 = 5, in the time it takes to travel 0.2°, particles driving the DOS1 response under an 364 

𝐸𝑠 = 70 keV spectrum will have been drifting for ~1-11 seconds and have bounced ~2-365 

10 times. That is a significant amount of bounce dispersion, and even slightly more 366 

occurs in the time to drift from one side of the source region to the other. The pulsing of 367 

the source supplies new flux for 0.1 seconds repeating every 0.7 seconds, which is about 368 

every bounce period. The pulsing sustains and further smooths out the fluxes downstream 369 

of the source region. Non-repeating sources would also contribute flux, but their flux 370 

would presumably decrease with distance from the source as drift dispersion stretches out 371 

the initial source flux. 372 

 373 

 374 
Figure 4. Single sources on a drift shell at 𝐿 = 5. Left: the scene as viewed in the 375 

magnetic equator. Sources are small circles, to scale. Gray rings indicate drift shells every 376 

0.5 𝐿. Right: Dosimeter count rates computed at AC6-A and -B for the scene on the left, 377 
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with AC6-B shifted by 59.75 seconds. By 0.2° from the center of the source region, the 378 

flux has reached steady state. The estimated steady state rate (𝑐𝑠𝑠) is proportional to the 379 

path length through the source region, which is given by ∆ℓ. 380 

For our next test case, we have sources on three drift shells, 𝐿𝑠 = (4.9,5,5.1), and 381 

otherwise repeat the setup. Figure 5 shows how such a setup produces persistent curtain-382 

like structures at drift shells conjugate to each of the 3 sources when sources are far 383 

away. Microburst-like spikes are superimposed when AC-6 is bounce conjugate to a near 384 

source. As before, the time and location of the spikes is different for the two satellites 385 

even when AC6-B is shifted in time to line up the satellite locations. 386 

 387 

 388 
Figure 5. A three-source scene in the format of Figure 5. On the right, the time profile 389 

includes microburst-like and curtain-like signatures, depending on the placement of the 390 

sources relative to the AC6 trajectory. Far sources produce curtains, near sources produce 391 

microbursts. 392 

Next, we look at how the DOS1 rate at AC6 depends on the properties of the source 393 

region. We use the same setup as the previous tests, except we have moved the three 394 

source region drift shells a bit closer together (𝐿𝑠 = (4.95,5,5.05)) to expand the 395 

temporal features within each pulse on a narrower time axis. Figure 6 shows studies for 396 

the source size (𝑟𝑠), energy scale (𝐸𝑠), pulse period (𝑇𝑠) and pulse width (∆𝑇𝑠). Panel (a) 397 

shows that the DOS1 response is propotional to 𝑟𝑠 in both amplitude and width. The 398 

amplitude dependence arises from the longer path length through the circular source 399 

region. The width dependence arises from the larger span of drift shells conjugate to 400 

AC6. We also note that microburst-like spikes are present farther from the center of the 401 

larger source region because even at 0.2°, the 𝑟𝑠 = 150 km case is still bounce conjugate 402 

with the simulated AC6 trajectory. 403 

 404 

In panel (b) we show the energy dependence for for the DOS1 rate at AC6. In order to 405 

show the curves on the same axis, we have scaled the flux for each source to have the 406 

same equatorial DOS1 rate (𝑐eq): 407 

𝑐eq = ∫ 𝑗𝑒−𝐸/𝐸𝑠𝑅DOS1(𝐸)𝑑𝐸
𝐸2

𝐸1

 408 
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1

𝑗𝑠
= ∫ 𝑒−𝐸/𝐸𝑠𝑅DOS1(𝐸)𝑑𝐸

𝐸2

𝐸1

 409 

This normalization causes the BLC flux (spikes) to be approximately the same order of 410 

magnitude for all three spectra. The steady state flux exhibits a residual energy 411 

dependence that scales with the ratio of the drift to bounce period, when those periods are 412 

evaluated at the 50% level of the weighted energy response shown in Figure 3 and at 𝐿𝑠, 413 

and for equatorial pitch angles that mirror at AC6. The dependence on the ratio of periods 414 

arises from the fact that the initial microburst packet must spread to fill the bounce path 415 

while also spreading in azimuth to fill the gap in the drift phase: the more bounces per 416 

drift required, the lower the steady-state flux. Also, there is a hint that the flatter spectrum 417 

requires more drift to settle into the steady-state half-circle. This would be consistent with 418 

the lower number of bounces per unit drift for higher energy particles. Finally, the spikes 419 

at 𝜑𝑠 = 0 (blue) have the same amplitude across all three sources, accounting for the 420 

equatorial flux. That is because the spikes are in the BLC and do not have the phase-421 

mixing ratio dependence that applies only to the steady state rates. The 𝜑𝑠 = 0.1° spikes 422 

(red) are actually higher because the include significant DLC flux that adds to the BLC 423 

flux spikes. 424 

 425 

Panel (c) shows that the less frequent the pulse, the lower the DOS1 rate. The steady state 426 

DOS1 rates scale inversely proportional to the pulse period 𝑇𝑠, as one would expect for a 427 

steady-state condition: the pulse “on” time fraction decreases with 1/𝑇𝑠. The third source 428 

(𝑇𝑠 = 5 s) produces no spikes because the vehicles are not bounce conjugate during any 429 

of its pulses.  430 

 431 

Panel (d) shows that the peak DOS1 rates scale proportionally with the pulse width ∆𝑇𝑠. 432 

This is also explained by the fact that pulse “on” time is proportional to the pulse width.  433 

 434 

Taken together, the steady-state profile at AC6 is given approximately by: 435 

𝑐SS =
∆ℓ

2𝜋𝐿𝑠𝑅𝐸

∆𝑇𝑠

𝑇𝑠

(4𝜋 cos 𝛼𝑙𝑐)
𝜏𝑑

𝜏𝑏
𝑐𝑒𝑞 436 

The first ratio represents the fraction of the drift orbit covered by the path length through 437 

the source. The second ratio is the fraction of time the microburst pulse is on. The factor 438 

in parentheses is the solid angle at AC6 in the drift loss cone, where 𝛼𝑙𝑐 is the loss cone 439 

local pitch angle: 440 

sin2 𝛼𝑙𝑐 =
𝐵(𝐿, 𝜃, 𝜑)

𝐵(𝐿,
𝜋
2

− 𝜆𝑙𝑐, 𝜑)
 441 

The drift to bounce period ratio accounts for how much of a drift is covered by each 442 

bounce. Finally, 𝑐𝑒𝑞 is the DOS1 rate at the center of the equatorial source. This method 443 

of estimating 𝑐SS is used in Figure 4-Figure 6. 444 

 445 
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 446 
Figure 6. Parameter studies. (a) Comparison of different source region sizes (𝑟𝑠). (b) 447 

Comparison of different source region energy scales (𝐸𝑠). Note that the source fluxes are 448 

normalized so that the equatorial DOS1 rate is constant. The numbers in parentheses are 449 

the number of bounces per degree of drift. (c) Comparison of different pulse periods (𝑇𝑠). 450 

(d) Comparison of different pulse widths (∆𝑇𝑠). Estimated steady-state rates 𝑐SS are 451 

provided for each source in black. 452 

 453 

4.2 Simulations of a real scene 454 

 455 

Next, we consider a real scene observed by AC6. We selected the interval from Figure 2 456 

of Blake and O’Brien (2016) because it was confined to a range of 𝐿 shells somewhat 457 

commensurate with the Van Allen Probes data. (The event in Figure 1 extended to 𝐿~15, 458 

well outside the observational reach of the probes.) The pass covers the time interval 459 

20:11-20:15 UT on 7 February 2015 for AC6-A, with AC6-B following 65 seconds 460 

behind. DOS1 rates observed by both AC6 vehicles are shown Figure 7. In the 1 Hz data 461 

shown (which is all that was available for this pass), no microbursts can be observed, but 462 

several curtain features are present as most of the temporal structure observed by AC6-A 463 

is observed 65 seconds later by AC6-B. AC6-A rates are scaled up by a factor of 4 to 464 

match AC6-B. This scaling varies between passes through the radiation belts and is a 465 

consequence of AC6-A and -B not actually having identical sensor responses while also 466 

sometimes not having the same pitch angle orientation (we neglect the pitch angle 467 

response of AC6 throughout this work). 468 
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 469 

 470 
Figure 7. Time profiles observed by AC6. Note the AC6-A DOS1 rate has been scaled up 471 

by a factor of 4 to line up with AC6-B. Likewise the AC6-B time profile has been shifted 472 

65 seconds, the in-track lag between the two spacecraft passing the same latitude. 473 

 474 

In order to reproduce this scene, first we establish a “background” count rate that 475 

represents particles in the drift loss cone from pitch angle scattering at longitudes west of 476 

the scene we are constructing. Based on the 𝐿 profiles of AC-6, we generated the 477 

following background as a function of 𝐿: 478 

𝑐bg = 60 × 10−((𝐿−5.5)/2)
2

+ 40 × 10−((𝐿−8)/2)
2

 479 

In this formula, we use a dipole 𝐿 as above. Figure 8 shows the implied DOS1 count rates 480 

at RBSP-A and -B as well as the observed AC6-A and -B rates, along with the 481 

background rate. In the figure, the abscissa is 𝐿𝑚,𝑂𝑃𝑄, which is McIlwain’s L shell 482 

parameter in the Olson-Pfitzer Quiet (OPQ) field model (McIlwain, 1961; Olson and 483 

Pfitzer, 1977), but the background is evaluated at the dipole 𝐿 value from the vehicle 484 

location, 𝐿 = 𝑟/ sin2 𝜃 = 𝑟/ cos2 𝜆. We see that for 𝐿𝑚,𝑂𝑃𝑄 < 5.5 the equatorial DOS1 485 

count rate would be about ~30 times the rate at AC6-B. However, at higher 𝐿, RBSP 486 

passes through what is probably a convection boundary and sees a sharp drop in the 487 

inferred DOS1 rate followed by spikey rates that are likely a consequence of poor spline 488 

fits in the merged flux product. Since RBSP is at local times near midnight, while AC6 is 489 
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at local times near 0700, the RBSP rates are not necessarily representative of the flux 490 

available to be scattered into the DLC and BLC at AC6. As such, the RBSP rates and 491 

their underlying fluxes cannot be used as the basis of setting fluxes in the source regions, 492 

and the background level at AC6 must be used instead. 493 

 494 

We have also indicated in Figure 8 the location of the plasmapause as observed by RBSP 495 

EMFISIS. Fine scale structures are observed at AC6 inside the plasmapause at about 496 

Lm,OPQ~4, with no apparent discontinuity in their size or occurrence frequency. Chorus 497 

and microbursts are rarely observed inside the plasmapause; nonetheless, for the 498 

simulation, we will assume microbursts are present both outside and inside the 499 

plasmapause. We will revisit this inconsistency in the discussion and interpretation 500 

section below.  501 

 502 

 503 
Figure 8. DOS1 count rates observed at AC6 and inferred at RBSP as well as the 504 

background rate. Plasmapause crossings by RBSP are indicated as well near Lm,OPQ~4. 505 

Note that the abscissa is McIlwain’s L in the OPQ field model. 506 

For this case, where we attempt to simulate a real event, we use Gaussian sources with 507 

intensity given by 𝑒−
1

2
(𝑑/𝑟𝑠)

2

, where 𝑑 is the distance from the source’s center. The source 508 

region is limited to 𝑑 < 3𝑟𝑠, beyond which the source flux is zero. We use three methods 509 

for placing sources in the equatorial plane. All three of these methods have been tuned to 510 
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reproduce the AC6-A and AC6-B time profiles, scaling either the number of sources or 511 

the size of sources to the observed AC6 DOS1 rate. 512 

 513 

The first method is the ‘rates’ method in which sources are placed randomly 5-20° west 514 

of the AC6-trjaectory. Each source has a radius 𝑟𝑠 = 75 km, and the number of sources 515 

placed is the integer 𝑁 nearest 𝑁goal =
𝑐𝐵

𝑐bg
− 1, where 𝑐𝐵 is the DOS1 rate at AC6-B, or 1, 516 

whichever is larger. That is, the multiplicity of sources scales with the ratio of the 517 

observed AC6-B rate to the background rate. The source flux is 𝑗𝑠𝑒
−𝐸/𝐸𝑠 , where 𝑗𝑠 is: 518 

𝑗𝑠,rates =
1.8𝑁goal(𝐿𝑠/8)

4.5

𝑁 ∫ 𝑒−𝐸/𝐸𝑠𝑅DOS1(𝐸)𝑑𝐸
𝐸2

𝐸1

 519 

The 1.8 and (𝐿𝑠/8)
4.5 factors were determined empirically to produce a good match 520 

between the rate computed at AC6 and the rate observed by AC6. The integral in the 521 

denominator normalizes by the integrated response if there were no losses from the 522 

equator to AC6, and the ratio of N’s corrects for the round-off errors when placing a 523 

discrete number of sources. 524 

 525 

The second method for placing sources is the ‘peaks’ method, in which local maxima are 526 

found in the ratio of the observed AC6-B DOS1 rate to the background rate. The size of 527 

each source is scaled to the size of that ratio: bigger sources should produce higher rates, 528 

in proportion to the radius of the source. Starting with the highest peak in the ratio, its 𝐿𝑠 529 

is recorded as a source location and then the next peak is found by finding the next 530 

highest value in the ratio that is not within 0.05 𝐿 of any prior sources. The locations of 531 

the sources are shown in Figure 9. Note that sources are generated until the entire time 532 

series is covered within 0.05 𝐿 of at least one peak, so that some sources are not at local 533 

maxima, but merely fill in between others. For each source, the longitude is randomly 534 

selected 5-20° west of the AC6-trjaectory, with:  535 

𝑟𝑠,peaks =
100𝑐B(8/𝐿𝑠)

𝑐bg
 536 

𝑗𝑠,peaks =
0.4(𝐿𝑠/8)

5.5

∫ 𝑒−𝐸/𝐸𝑠𝑅DOS1(𝐸)𝑑𝐸
𝐸2

𝐸1

 537 

The radius scales with 𝐿𝑠 and the ratio of observed DOS1 rate to the background rate. 538 

The flux intensity scales only with (𝐿𝑠/8)
5.5. As before, these scaling were determined 539 

empirically to obtain a good fit to the observed DOS1 rate at AC6-B. We note that the 540 

combined 𝐿 dependence of 𝑟𝑠,peaks × 𝑗𝑠,peaks is (𝐿𝑠/8)
4.5 as with the ‘rates’ method. 541 

 542 
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 543 
Figure 9. Background and sources identified by the 'peaks' method. The abscissa is dipole 544 

L. 545 

 546 

The final method is the ‘clusters’ method. It follows the ‘peaks’ method, but each large 547 

source is replaced by a collection of smaller sources with radii 𝑟𝑠,clusters~75 km. The 548 

smaller sources are distributed randomly across the original Gaussian source in 549 

proportion to the local flux, except that as the sources are created, new sources are 550 

randomly rejected if they overlap old sources. Sources at the exact same center are 551 

always rejected, with the probability of rejection decreasing linearly to zero as the 552 

distance between centers drops to 75 km. Once sources are placed, their radii are scaled 553 

so that the total luminosity (flux integrated over area) of the cluster of sources matches 554 

that of the corresponding large source from the ‘peaks’ method. 555 

 556 

With these three methods in hand for deploying sources in the equatorial plane, we 557 

perform the particle tracing simulation using 18 pitch angles (5° spacing) and trace 558 

particles backward every 0.1 second, then we compute 1-second averages for comparison 559 

to the AC6 observations. Figure 10 shows the setup and results of these simulations. 560 

Panel (a) shows many small sources distributed randomly in azimuth but with their 561 

concentration in L modulated by the observed AC6-B rate. Panel (b) shows that this 562 

spatial distribution of sources readily reproduces at both AC6-A and AC6-B the time 563 

profile observed at AC6-B. Panel (c) shows the sources for the peaks method, where the 564 
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smaller number of sources now have their size modulated by the observed AC6-B rate. 565 

Panel (d) shows that this distribution of sources can produce curtain-like features. Panel 566 

(e) shows the sources from panel (c) broken into clusters of smaller sources. Finally, 567 

panel (f) shows that the clusters of sources can also produce curtain-like features. 568 

Although the results in (d) and (f) do not fit as well as in (b), that is surely just a matter of 569 

fine tuning the method for placing sources. Qualitatively, all three source methods exhibit 570 

curtain-like features. 571 

 572 

 573 
Figure 10. Scenes and resulting AC6-A and AC6-B simulated rates for three source 574 

generation methods. Left panels indicate the location of sources, with circles indicating 575 

the extent of each Gaussian source, at 3𝑟𝑠. In panel (e), larger circles indicate the extent 576 

of each cluster. Right panels indicate the observed AC6-B DOS1 rate and the simulated 577 

AC6-A and AC6-B rates. DOS1 rates are 1-second averages. 578 
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 579 

Next, we confirm that these source patterns also produce microbursts. For these 580 

simulations, we sample at 50 Hz and compute 0.1 second averages, which is 581 

representative of the AC6 high-rate data that has been shown to detect microbursts (e.g., 582 

Shumko et al., 2020b). Figure 11 shows the results for the three source methods shown in 583 

Figure 10 for a vehicle that flies along the black trajectory through the source region. We 584 

again simulated AC6-B being 65 seconds behind AC6-A. The left panels show the entire 585 

interval – there are fewer curtains because many sources are to the east of the trajectory. 586 

The right panel zooms in on one curtain whose source region is particularly close to the 587 

simulated trajectory. Each case shows that there are several microburst pulses 588 

superimposed on the curtain profile. While the curtain profile is in very good agreement 589 

between AC6-A and AC6-B along this simulated trajectory, the spikes are offset in time 590 

between AC6-A and AC6-B indicating they are temporal features, like microbursts. The 591 

spikes are produced by bounce-loss-cone fluxes that are present only when the source is 592 

pulsed on. With both the realistic scene and this microburst reconstruction in hand, we 593 

can turn to interpretation of these collected results. 594 

 595 
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 596 
Figure 11. AC6 DOS1 rates simulated for a crossing through the source regions shown in 597 

Figure 10 (black trajectories therein). One row for each source placement method. Each 598 

right panel zooms in on a small region of its time profile, where pulsing microburst-like 599 

signatures are seen superimposed on the broad curtain-like feature. DOS1 rates are 0.1-600 

second averages. 601 

5 Discussion and Interpretation 602 

 603 

Our simulations show clearly that it is possible to produce curtains from pulsing 604 

microbursts. There are multiple configurations of microburst source regions, with varying 605 

distribution in size and azimuth, that can produce a given time profile of curtains at AC6. 606 

Within the time profiles produced by these sources, there are microburst-like temporal 607 

features observed on a simulated trajectory through the source region. On account of the 608 

degeneracy in source distribution, it is likely that pulsing sources could be replaced by 609 
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non-periodic or even single-pulse source regions and still produce the profile observed at 610 

AC6. All that appears to be required is a radially structured distribution of microburst 611 

sources a few degrees west of the AC6 trajectory. 612 

 613 

Of primary importance is the radial structure of the microburst source distribution, which 614 

is likely a reflection of the equatorial distribution of chorus waves (e.g., Breneman et al. 615 

2017). The ‘rates’ and ‘clusters’ source methods are consistent with the results of Shumko 616 

et al. (2020b), who found that inferred microburst sizes in the equatorial plane were often 617 

less than 100 km.  The difference between these methods is that in the ‘rates’ method, 618 

there is no azimuthal clustering of the sources. Specifically, the ‘clusters’ ties the 619 

microbursts together into spatially distinct regions such as reported by Shumko et al. 620 

(2017) and Anderson et al. (2017). The ‘peaks’ method source sizes are mainly 621 

distributed from 𝑟𝑠~130 to 450 km with a ~5% tail that extends out to 800 km. That 622 

distribution is consistent with larger (~500 km) sources reported by Crew et al. (2016) 623 

and Shumko et al. (2018). Coherently pulsing aurora map to even larger equatorial scale 624 

sizes, up to ~5000 km (e.g., Nishimura et al., 2010;2011). The variety of scale sizes 625 

present in the literature can partially be resolved by recognizing that there are different 626 

definitions of microburst size based on phase coherence, amplitude coherence, or general 627 

simultaneity, with these three different phenomenological sizes progressing from smallest 628 

to largest in physical extent. In our ‘rates’ and ‘peaks’ simulations the microbursts are 629 

amplitude and phase coherent. In our ‘clusters’ simulations, the cluster itself can be 630 

thought of as an amplitude coherent region, whereas the individual constituent sources 631 

represent phase-coherent sub-regions. The underlying chorus waves have a somewhat 632 

different set of scale sizes, what Agapitov et al. (2011; 2017; 2018 2021) call spatial 633 

extent (1000s km), amplitude distribution (100s km), and coherence extent (< 100 km). It 634 

should be noted that the phase involved in phase coherence is the wave phase for a kHz 635 

wave, whereas for microburst, the phase is roughly the particle bounce phase – particle 636 

sensors typically cannot resolve kHz structure. 637 

 638 

What our simulations do not show is dominant microburst structure over a large L range, 639 

even though this has been reported in many studies (e.g., Blake et al., 1996; Nakamura et 640 

al., 2000; Lorentzen et al., 2001b; Blum et al., 2015, Anderson et al., 2017). This 641 

discrepancy can partially be explained by noting that several of these studies used sensors 642 

with different energy response than AC6. Nonetheless, it is likely that there are many 643 

more sources in the equatorial plane than we have depicted. Additional non-pulsing 644 

sources would easily increase the chance of encountering a microburst without 645 

substantially modifying the results of our study. Likewise, replacing each pulsing source 646 

with multiple non-pulsing sources on the same azimuth will still produce curtains, 647 

although it might not increase the chance of observing microbursts.  648 

 649 

Although our simulation included pulsing microbursts that continue indefinitely, real 650 

microburst only pulse for a few to tens of seconds (see, e.g., Brown et al., 1965; 651 

Anderson et al., 2017; Kawamura et al. 2021, and references therein). However, 652 



 

 25  

presumably as one pulsing source region ceases, others may appear nearby if the nearby 653 

plasma conditions remain conducive to chorus production. 654 

 655 

Another concern with our simulation is the fact that the fine spatial structures appear to 656 

extend into the plasmasphere, where chorus is rare. Perhaps these structures are caused 657 

by hiss emissions, with the amplitude exhibiting small scales or simply the plasmapsheric 658 

density variations modulating the wave-particle resonance. Both hiss and plasma exhibit 659 

the small scales (Agapitov et al., 2018; 2021; Hosseini et al. 2021), but hiss does not 660 

produce microbursts. So, at a minimum, explaining fine structure inside the plasmasphere 661 

would require a reformulation of the source region, not to pulse, but to be a steady, but 662 

spatially-structure, scattering source. To produce identifiable curtains, such a source 663 

would need to be either more intense or more extended in longitude than its neighbors to 664 

avoid being lost in the confusion of other sources. Explaining curtains in the 665 

plasmasphere will be an interesting topic for future work. 666 

 667 

6 Conclusions 668 

 669 

We have verified through numerical simulation that pulsing microburst sources in the 670 

equatorial plane can produce stable fine structure in precipitation observed at low 671 

altitudes. We have been able to verify that microbursts can add up to curtains as 672 

hypothesized by Blake and O’Brien (2016), through accumulated flux in the drift loss 673 

cone. However, we have also learned that AC6 data, at least as we have analyzed it, does 674 

not provide strong constraints on microburst source distributions. The curtains are a 675 

projection of the drift-integrated radial distribution of microburst luminosity, but they do 676 

not discriminate among a variety of possible source distributions. Also, given that some 677 

curtains are observed inside the plasmapause, it seems likely that a hiss-related 678 

mechanism could be necessary. Additionally, if AC6 sampling bias did not confound the 679 

results, Shumko et al. (2020a) showed a local time distribution of curtains not wholly 680 

consistent with a chorus source. Finally, as Shumko et al. (2020a) showed curtains in the 681 

bounce loss cone, the microburst origin hypothesis cannot be the sole explanation for 682 

curtains. Additional research will be required to determine if additional hypotheses are 683 

required or simply more apt than the microburst hypothesis. 684 
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