AN DN BN W N

10
11

12

13
14

15
16
17
18
19
20

21

22
23

24
25

26
27
28

Confidential manuscript submitted to JGR-Space Physics

Sub-MeV Electron Precipitation Driven by EMIC waves in Plasmaspheric
Plumes at High L shells

Murong Qin', Wen Li', Yukitoshi Nishimura', Sheng Huang', Qianli Ma'?, Miroslav
Hanzelka*”, Luisa Capannolol, Xiao-Chen Shen', Vassilis Angelopoulos3, Xin An’, Anton
V. Artemyev’, and Longzhi Gan'

! Center for Space Physics, Boston University, Boston, MA, USA.

2 Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, CA,
USA.

? Department of Earth, Planetary, and Space Sciences, University of California, Los Angeles,
CA, USA

* GFZ German Research Centre for Geosciences, Potsdam, Germany

> Department of Space Physics, Institute of Atmospheric Physics of the Czech Academy of
Sciences, Prague, Czech Republic

Corresponding authors:

Murong Qin (murongqin6@gmail.com)

Wen Li (luckymoon761@gmail.com)

Key Points:

e EMIC-driven sub-MeV electron precipitation is observed by ELFIN, supported by
conjugate THEMIS wave observations in the afternoon sector.

e Sub-MeV electron precipitation occurs at § <L < 10.5 in plasmaspheric plume regions,
where trapped MeV electrons are nearly absent.

e Quasi-linear modeling suggests that a high f,../fc. ratio in plume at high L shells is critical
for driving sub-MeV electron precipitation.
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Abstract

Electromagnetic ion cyclotron (EMIC) waves are known to be efficient for precipitating > 1 MeV
electrons from the magnetosphere into the upper atmosphere. Despite considerable evidence
showing that EMIC-driven electron precipitation can extend down to sub-MeV energies, the
precise physical mechanism driving sub-MeV electron precipitation remains an active area of
investigation. In this study, we present an electron precipitation event observed by ELFIN
CubeSats on 11 January 2022, exclusively at sub-MeV energy at L ~ 8-10.5, where trapped MeV
electrons were nearly absent. The THEMIS satellites observed conjugate H-band and He-band
EMIC waves and hiss waves in plasmaspheric plumes near the magnetic equator. Quasi-linear
diffusion results demonstrate that the observed He-band EMIC waves, with a high ratio of plasma
to electron cyclotron frequency, can drive electron precipitation down to ~400 keV. Our findings
suggest that exclusive sub-MeV precipitation (without concurrent MeV precipitation) can be
associated with EMIC waves, especially in the plume region at high L shells.

Plain Language Summary

Energetic electrons precipitating from the Earth’s magnetosphere have a significant influence on
the ionosphere and upper atmosphere, including modulating ionospheric conductance and
producing aurorae. As one of the major drivers of energetic electron precipitation, EMIC waves
are reported to be efficient in precipitating > 1 MeV electrons. Recently, multiple studies, including
both observation and modeling, showed that electron precipitation driven by EMIC waves can also
extend down to sub-MeV energies. However, the precise physical mechanism by which EMIC
waves drive sub-MeV electron precipitation is still under investigation. In this study, we present a
sub-MeV electron precipitation event driven by EMIC waves in plasmaspheric plumes at high L
shells (L ~ 8-10.5), where trapped electrons at > 1 MeV are nearly absent. The Electron Loss and
Fields INvestigation (ELFIN) CubeSats, which provide high energy and pitch angle resolution
electron measurements, are utilized to identify EMIC-driven precipitation signatures. Conjugate
wave and plasma measurements are obtained from the Time History of Events and Macroscale
Interactions during Substorms (THEMIS) satellite near the magnetic equator. Our results
demonstrate that EMIC waves in plasmaspheric plumes at high L shells could play an important
role in driving sub-MeV electron precipitation.

1 Introduction

Electromagnetic ion cyclotron (EMIC) waves (0.1-10 Hz) are electromagnetic waves that
typically occur in multiple distinct bands: H" band, He" band, O" band, H"" band, O"" band, and
N' band (e.g., Anderson and Fuselier, 1993; Bashir and Ilie, 2021; Bogdanov et al., 2003;
Engebretson et al., 2018; Kozyra et al., 1984; Lee et al., 2019; Usanova et al., 2024; Yu et al.,
2021), with frequencies below the corresponding ion gyrofrequencies. They are typically
generated by temperature anisotropy of injected ring current ions during enhanced geomagnetic
activities (Fraser et al., 2010), compression of the dayside magnetosphere (Anderson and Hamilton
1993; Liu et al., 2019; Usanova et al., 2012) or through the change in the flux and pitch-angle
anisotropy of the resonant ion population caused by large-amplitude ULF oscillations (Thorne et
al., 2006 and references therein).

EMIC waves are known to be efficient for precipitating ~MeV electrons and producing the fast
loss of radiation belt electrons (e.g., Bruno et al., 2022; Lyu et al., 2022; Mourenas et al., 2016;
Qin et al., 2018, 2019, 2020, 2024; Shumko et al., 2022; Xiang et al., 2017; Zhang et al., 2016).
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Meredith et al. (2003) statistically investigated the minimum resonance energy (Emin) for quasi-
linear interactions between EMIC waves and electrons using Combined Release and Radiation
Effects Satellite (CRRES) data and suggested that only a small fraction (~11.3%) of the observed
EMIC waves can drive electron precipitation below 2 MeV. By considering the finite width of the
EMIC wave frequency spectrum, Ukhorskiy et al. (2010) showed that E, can be as low as 400
keV, when there is sufficient wave power close to the ion gyrofrequencies. However, the
appreciable wave power crossing fige reported by Ukhorskiy et al. (2010) requires sufficient hot
He" populations. This leads to a finite wave number at ~ fi1. frequency and consequently results
in an Eni, of a few MeV (Chen et al., 2011). Chen et al. (2019) conducted a 5.5-year analysis of
data from the Van Allen Probes measurements and showed that only less than 1% of H-band EMIC
waves can resonate with sub-MeV electrons, and none of the He-band EMIC waves can do so.

Recent studies have provided strong observational evidence that EMIC waves can precipitate
electrons with energies well below 1 MeV (Capannolo et al., 2019, 2021; Hendry et al., 2017). In
particular, Hendry et al., (2017) suggested that EMIC-driven electron precipitation has a peak flux
predominantly at ~240 keV. Such low Eni, can be achieved through non-resonant interactions
(Chen et al., 2016; An et al., 2022, 2024), nonlinear fractional resonance with oblique waves
(Hanzelka et al., 2023, 2024), or a sufficiently high ratio of plasma frequency to electron
gyrofrequency (fye/fce) through cyclotron resonant interactions (Li et al., 2007; Summers et al.,
2003). Usanova et al. (2013) and Grison et al. (2021) found that EMIC wave occurrence rate in
duskside plumes (12-16 MLT) increases toward the magnetopause, reaching up to
~20%. Additionally, Darrouzet et al. (2008) found that plasmaspheric plumes have a high
probability of being detected in the afternoon sector (15-16 MLT) at 6 < L < 9. Such plumes at
high L shells could be characterized by high values of f,./fcc due to their high electron density and
low magnetic field strength, potentially lowering Enin, which enables EMIC waves to scatter sub-
MeV electrons. Recent statistical studies have shown that while EMIC-driven precipitation events
are most commonly observed from dusk to pre-midnight at L ~ 5—7, a second class of events
occurs at higher L-shells at ~7—12 (Angelopoulos et al., 2023; Capannolo et al., 2023), with Epin
decreasing as L increases (Angelopoulos et al., 2023; Grach et al., 2024). Additionally, at such
high L-shells, the trapped flux at >MeV energies is likely too low to be detected, suggesting that
EMIC waves may predominantly drive only sub-MeV electron precipitation at high L shells in
plumes. However, despite these insights, the precise role of EMIC waves in driving sub-MeV
electron precipitation at higher L-shells in plumes remains elusive.

In this study, we present a fortuitous case of simultaneous observations of EMIC waves and
electron precipitation occurring down to ~100s of keV for five consecutive orbits in plumes at high
L-shells. By leveraging the high-energy and pitch-angle resolution measurements from the
Electron Loss and Fields INvestigation (ELFIN) mission (Angelopoulos et al., 2020) for multiple
orbits at Low Earth Orbit (LEO), we identify clear EMIC-driven signatures of the observed sub-
MeV electron precipitation. We conduct quasi-linear diffusion modeling to determine if EMIC
waves observed by Time History of Events and Macroscale Interactions during Substorms
(THEMIS) (Angelopoulos, 2008) satellites can drive the observed electron precipitation to sub-
MeV energies. Finally, we quantitatively compare the modeled precipitation ratio with the
observations.
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2 Observations
2.1 Data

In this study, electron measurements from the ELFIN CubeSats are utilized to analyze the electron
precipitation at LEO. The ELFIN mission, which consists of dual probes, was launched at an
altitude of ~450 km on September 15, 2018, with an orbital period of ~1.5 hours. The electron
head onboard the Energetic Particle Detector (EPD) measures electrons from ~50 keV to 6 MeV,
with an energy resolution of AE/E <40%. The spin axis of each CubeSat is maintained
perpendicular to the orbital plane, providing full pitch-angle resolution of electrons twice per spin
(~3 s). The measurements in each spin are subdivided into 16 bins, yielding a pitch-angle
resolution of ~22.5°. Such pitch-angle and energy-resolved measurements are critical for
identifying the driver of energetic electron precipitation.

We also utilize conjugated measurements of waves and plasmas from THEMIS satellites located
near the magnetic equator. Specifically, the Fluxgate Magnetometer (FGM) instrument (Auster et
al., 2008) is used to measure low-frequency magnetic field fluctuations (up to 64 Hz). To compute
the spectral density of EMIC waves, a fast Fourier transform method is applied, using a window
size of 256 s and employing a shifted time window of 32 s. Additionally, the magnetic spectral
density observed by the Search Coil Magnetometer (SCM) (Roux et al., 2008) is adopted to
analyze whistler mode wave properties. The total electron density is inferred from the spacecraft
potential (Pedersen et al., 2008) measured by the Electric Field Instrument (EFI) (Bonnell et al.,
2008). The potential derived density is also compared with density measured by electrostatic
analyzer (ESA) (McFadden et al., 2009).

2.2 Electron precipitation observed by ELFIN

Figure 1 shows an overview of sub-MeV electron precipitation observed by ELFIN. The top and
middle panels in Figures la—e show locally trapped and precipitating electron energy fluxes,
respectively. The precipitation ratios, determined by the ratios of precipitating energy flux to the
locally trapped energy flux, are shown in the bottom panels of Figures 1a—e. When calculating the
precipitation ratio, we removed the data with low trapped electron counts (counts < 4/s) which lead
to unphysically high ratios. Both ELFIN-A and B observed electron precipitation from all five
consecutive duskside orbits during the 3-hr time interval of 04:09—-07:19 UT on 11 January 2022.
Specifically, the intervals with electron precipitation likely driven by EMIC waves are marked by
the bars with different colors in Figures 1a—1le. During these intervals, the precipitation ratio is
above ~0.2 for energies ranging from ~200 keV to < 1 MeV and increases as energy increases.
The latter feature suggests that the prevailing wave and plasma conditions are conducive to EMIC
waves to drive the observed sub-MeV electron precipitation. This is consistent with the fact that
EMIC-driven precipitation becomes progressively more efficient with increasing energy and is
most effective at ~MeV energies (Angelopoulos et al., 2023; Capannolo et al., 2023). Modest
precipitation was also observed for electrons below 200 keV at lower L shells (L < ~8), with a
precipitation ratio below ~0.3, and the precipitation ratio decreases as energy increases, likely
driven by whistler-mode waves (e.g., Shen et al., 2023). In this work, we mainly focus on electron
precipitation associated with EMIC-driven signatures. The energy range of the EMIC-driven
electron precipitation varies from orbit to orbit. For precipitation ratios >0.1, the lowest cutoff
energies of electron precipitation range from 60 keV to 300 keV, and the highest cutoff energies
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range from ~600 keV to ~1 MeV. This feature, characterized by electron precipitation exclusively
below 1 MeV, is reasonable as the trapped relativistic electron flux level >1 MeV was too low,
thus little electron precipitation above 1 MeV was observed. The locations of ELFIN during
observed EMIC-driven signatures are shown in Figure 1f. It is evident that electron precipitation
occurs at very high L shells, ranging from 8 to 10.5 on the duskside (MLT~ 16.4—17). Interestingly,
the outer boundary of the precipitation moves inward over time, from L ~ 10.5 at 04:12:00 UT to
L ~8.5 at 07:18:40 UT, suggesting the corresponding evolution of the wave-particle interaction
region. It is worthwhile to note that the corresponding L-shell of the ELFIN satellites was
calculated using the TS05 model (Tsyganenko & Sitnov, 2005). Fortunately, THEMIS-A, D and
E were in a conjugate location with ELFIN-A in both time and space during the first orbit (Figure
1f), enabling a direct comparison between the observations of waves and electron precipitation.
The THEMIS observations can also test the hypothesis that EMIC waves alone can drive the
observed electron precipitation.

2.3 Conjugated plasma waves observed by THEMIS

The waves and plasma parameters measured by THEMIS-A, D and E near the equator are shown
in Figure 2. Figures 2a and 2b show the locations of THEMIS-A (black) and ELFIN-A (blue).
ELFIN-A was located at L ~ 10.7 and MLT ~ 16.4 at the time of the precipitation observation
(04:12 UT). THEMIS-A was located at MLT ~15-15.5 and L ~ 9—10 when EMIC waves were
observed. THEMIS-A (03:30-04:30 UT), D (02:00-03:40 UT) and E (04:10-05:00 UT) all
recorded intense quasi-parallel propagating EMIC waves (Figures 2c¢, 2d, 2j, 2k, 2q and 2r), with
intense wave power in the He-band and modest wave power in the H-band. THEMIS-A, D and E
also observed whistler-mode chorus between 0.1 f.. and 0.5 f.. and broadband hiss waves (Figure
2¢, 21 and 2s), with chorus waves located at lower L-shells than those of the EMIC waves. These
locations are consistent with the ELFIN observations of chorus-driven electron precipitation at L
< ~8 and EMIC-driven precipitation at L > ~8. Additionally, whistler-mode hiss waves occurred
simultaneously with EMIC waves. The black lines in Figures 2f, 2m and 2t show the total electron
density inferred from the spacecraft potential. It is evident that both EMIC waves and hiss waves
intensified within the high-density plume region, where the density shows a localized increase at
L~8-10. The plume region was observed shortly after the transient magnetopause crossings (L ~
11) on the duskside, which might be associated with the enhanced convection electric field during
periods of elevated geomagnetic activity (e.g., Darrouzet et al., 2008; Goldstein et al., 2004, 2014).
The highest density was detected by THEMIS-A, corresponding to an exceptionally high value of
foo/fee of about 30 (Figure 2g). The density measured by ESA (from a few eV to ~30 keV, not
shown) exhibits a similar trend to the density inferred from spacecraft potential. However, the
overall electron density calculated from the ESA measurement is lower, likely because electrons
with energies below a few eV are not detectable by the ESA instrument. We adopt the most intense
wave power for EMIC and hiss waves (marked by two dashed vertical magenta lines) for a further
analysis.

3 Comparison of modeled electron precipitation and observations

To evaluate whether the sub-MeV electron precipitation can be driven by the observed waves, the
pitch angle scattering rates driven by He-band EMIC waves (over 03:35-04:00 UT), H-band EMIC
waves (over 03:35-03:50 UT) and whistler-mode hiss waves (03:35-04:00 UT) observed by
THEMIS-A were computed using the Full Diffusion Code (Ma et al., 2019, 2020, 2021; Ni et al.,
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2008, 2015; Qin et al., 2021, 2024). Figures 3a—3¢ show the corresponding bounce-averaged pitch
angle diffusion coefficients (< Dy, >), which were calculated based on the averaged wave
spectral distributions and plasma parameters measured by THEMIS-A during the above intervals.
The lower (upper) cutoff frequencies are 0.27 (0.48) for' for H-band EMIC waves and 0.53 (0.98)
ferie' for He-band EMIC waves, obtained by requiring the wave intensity to be above the instrument
noise level. The total electron density is derived from the spacecraft potential (Figure 2f) measured
by THEMIS-A and assumed to be constant along the field lines. The corresponding value of fpe/fce
is ~32. It is worth noting that such a high value of f,¢/fce, Which can efficiently reduce the minimum
resonant energy, has been rarely reported. For EMIC waves, the cyclotron harmonic resonance
numbers considered in the calculation are from -5 to 5, including the Landau resonance. The waves
are assumed to be quasi field-aligned at the equator, consistent with the observed wave normal
angle values shown in Figure 2d, 2k and 2r, and become oblique at higher latitudes, similarly to
the latitudinally-varying model by Ni et al. (2015). Cold ion compositions are assumed to be 70%
for H", 20% for He", and 10% for O". The averaged wave amplitudes for H-band and He-band
EMIC waves are 75 pT (over 03:35-03:50 UT) and 410 pT (over 03:35-04:00 UT), respectively.
In this event, H-band EMIC waves have no contribution to electron precipitation below 10 MeV
(not shown). However, He-band EMIC waves can efficiently precipitate >400 keV electrons, with
bounce-averaged pitch angle diffusion coefficients (< D,, >) ranging from 10 to 102 s near
the loss cone (Figure 3a). This is comparable to the minimum energy of the electron precipitation
observed by ELFIN (~60-300 keV) and indicates that He-band could potentially be responsible
for the observed electron precipitation down to ~400 keV. The potential effects of non-linear
fractional resonance (Hanzelka et al., 2023, 2024) and non-resonant scattering (An et al., 2022,
2024; Chen et al., 2016) can cause electron precipitation below the minimum resonance energy
and may also account for the weak precipitation below 400 keV observed by ELFIN; however,
this comparison will be a subject of future investigation. For hiss waves, 10 orders of resonant
harmonics and Landau resonance are included to calculate the diffusion coefficients. The bounce-
averaged diffusion coefficients show that hiss waves can scatter energetic electrons mainly below
~20 keV near the loss cone. However, they can interact with > ~100 keV electrons with equatorial
pitch angle >45° and thus move the electrons towards the smaller pitch angles, where EMIC waves
can take over to further precipitate the electrons into the loss cone.

Using the pitch angle diffusion coefficients at the loss cone, denoted as < D, > |, we further
quantify the electron precipitation ratio driven by He-band EMIC waves and hiss waves with the
loss cone filling index, denoted as y(E) (Ma et al., 2020; Ni et al., 2014; Shen et al., 2023). This
index is defined as the ratio of electron flux just outside the loss cone to the electron flux near the
center of the loss cone under the diffusion equilibrium state (Kennel and Petschek, 1966) and can
be estimated as follows:

2 [T 1o[Zo(B)T)T-dT
E) = Zh
x(E) 0lZo ()]

(1)

Here I is the modified Bessel function of the first kind and Z, = ﬁ , where Dg, is the
aa- |ILC

strong diffusion limit, and 7 is an integration variable.

The calculated loss cone filling index is shown as the solid black line in Figure 3d, which is overall
consistent with the observed precipitation ratios from ELFIN. The colored lines with error bars



244
245
246
247
248
249
250
251
252
253
254
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
286
287

Confidential manuscript submitted to JGR-Space Physics

show the uncertainty of the measurements, determined from the standard deviation of the
precipitation ratio during each interval at each energy channel. Both the observed and modeled
precipitation ratios are close to 1 at energies above 500 keV and tend to decrease as energy
decreases. It is also worth noting that even though the modeled electron precipitation ratio is ~1.0
for electrons above 1 MeV, no precipitation was observed at the MeV energy except during
05:45:00-05:45:39 UT (green line). This is due to the fact that there were few trapped electrons
available to be precipitated at such high energy and high L shells. The quantitative analysis
demonstrates that the observed electron precipitation above 400 keV can be well explained by He-
band EMIC waves through quasilinear theory. The modeled Ep, is ~400 keV, while the observed
lowest cutoff energy where precipitation ratios are > 0.1 ranges from 60 to 300 keV. The upper
bound of the observed range (300 keV) is within 25% of the modeled value, which is reasonable
given the energy resolution of the instrument. However, the model does not account for
precipitation in the lower energy range (60-300 keV), which warrants further investigation. We
also evaluate Ep;, , which is the energy corresponding to half the peak in the measured
precipitation ratio below its peak, as a proxy for the theoretical minimum resonance energy
corresponding to significant wave-driven scattering toward the loss cone (Angelopoulos et al.,
2023). As shown in Figure 3, most values of E};,, (colored diamonds) range from ~300 keV to
~450 keV, which is close to the modeled result. The observed E,;,, from 05:39:06 UT to 05:39:13
UT is lower (~150 keV), potentially attributed to the spatial and temporal evolution of EMIC wave
properties.

Considering the uncertainty in electron density derived from the spacecraft potential, we calculated
the diffusion coefficients based on half and double values of the measured density (Figures 4a and
4b). Emin decreases to ~100 keV with double values of the measured density and increases to ~700
keV with half values of the measured density. The corresponding loss cone filling index is shown
as the dashed and dotted black lines in Figure 4c. The modeled loss cone filling index with double
(half) density also agrees well with the upper (lower) boundary of the observed precipitation ratio.

As EMIC wave-driven electron precipitation may also be sensitive to cold ion compositions (Qin
et al.,, 2019; Ross et al., 2022), we model electron precipitation under varying cold plasma
compositions. Figure 5 shows the pitch angle diffusion coefficients and precipitation ratios for
varying cold ion compositions, with the same density as used in Figure 3. Comparing Figure 3c to
Figure 5a, it is shown that En;, changes only slightly as the O" composition increases by 10%
(from H": He": O = 0.7:0.2:0.1 to 0.6:0.2:0.2). However, when the percentage of He" increases
(Figure 5b, H: He: 0" = 0.6:0.39:0.01), Emi, decreases to approximately 200 keV near the loss
cone, aligning more closely with observations. Conversely, when the cold ion composition is
dominated by H (Figure 5c, H": He": O" = 0.99:0.005:0.005), Eniy increases significantly to ~2
MeV.

4 Summary

In this study, we report a direct observation of sub-MeV electron precipitation by the ELFIN
CubeSats, characterized by an increasing precipitation ratio as a function of energy (a clear EMIC
wave-driven signature) and EMIC waves observed in the conjugate equatorial region by THEMIS.
In particular, EMIC waves occurred in the duskside plume at very high L shells (L ~ 8-10.5). The
associated electron precipitation occurred primarily below 1 MeV and lasted at least for three hours.
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The lowest cutoff energies of the electron precipitation range from 60 keV to 300 keV and the
highest cutoff energies range from ~600 keV to ~1 MeV.

Using quasi-linear theory with cold plasma assumptions, we demonstrate that the He-band EMIC
waves played a major role in driving the electron precipitation at energies above ~ 400 keV. The
modeled minimum electron energy for cyclotron resonance with helium-band EMIC waves in this
specific case is lower than previous modeled results obtained from quasi-linear resonance studies
in the radiation belt at L < 6 (e.g., Bruno et al., 2022; Hogan et al., 2021, 2023; Qin et al., 2019;
Zhang et al., 2021). For instance, Zhang et al. (2021) showed that most He-band EMIC wave-
driven electron precipitation events have an En;, of 1.0-2.4 MeV. Capannolo et al. (2023)
demonstrated that quasilinear modeling could drive EMIC-driven electron scattering down to 250
keV. However, the simulation was based on statistical observations of EMIC waves at L
~6.5, focusing exclusively on cases with wave amplitudes greater than 1 nT. Capannolo et al.
(2023) also suggested that the statistical properties of EMIC waves in the simulation may differ
from those driving the precipitation observed by ELFIN, emphasizing the need for one-to-one
conjunction analyses to evaluate the quasi-linear effect of EMIC-driven precipitation. The Enin of
approximately 400 keV in this case is attributed to its occurrence in the plume region at higher L-
shells, where the magnetic field is weaker while the density is higher. These conditions result in
high ratios of plasma to electron cyclotron frequency, which subsequently lowers Emin. Given the
fact that the occurrence of EMIC waves peaks over L ~8—10 (Grison et al., 2021; Kim et al., 2016;
Usanova et al., 2013) and the high chance of detecting duskside plumes at such high L-shells
(Darrouzet et al., 2008), our findings imply that resonant interactions with EMIC waves could
potentially play an important role in sub-MeV electron precipitation, particularly when the plume
region extends to very high L-shells.

The modeled Enin is approximately 400 keV, while the observed lowest cutoff energy ranges
between 60 and 300 keV. The upper limit of this range (300 keV) is within 25% of the modeled
value, which is a reasonable agreement considering the energy resolution of the EPD instrument.
However, the model does not account for precipitation in the lower energy range (60-300 keV).
This might be due to the uncertainty in the density measurement or the assumption in the cold ion
composition. To address this problem, we evaluate the sensitivity of Enin to background electron
density (Figure 4) and cold ion compositions (Figure 5) for this specific event at high L-shells in
the plume. When the measured density is doubled, Eyi, decreases to ~100 keV, whereas halving
the density increases Eni, to ~700 keV (Figure 4). In terms of ion composition, a higher percentage
of He" can efficiently decrease Enminto 200 keV near the loss cone, aligning more closely with
observations (Figure 5b). In contrast, when the composition is dominated by H', Ep;, increases
significantly (Figure 5¢). The weak electron precipitation (with a precipitation ratio <0.3) below
400 keV could also be attributed to non-resonant or non-linear effects (An et al., 2022; Chen et al.,
2016; Hanzelka et al., 2023, 2024), which can cause electron precipitation below the minimum
resonance energy. In this case, the averaged wave amplitude is around ~410 pT, less than 1% of
the background magnetic field (~50-70 nT) and is thus unlikely to drive strong non-resonant or
fractionally resonant scattering. However, the peak wave power might be sufficient to cause
notable non-resonant or fractionally resonant scattering. However, evaluating these effects is
beyond the scope of this study and will be investigated in future research. We also evaluate E;,;,, ,
defined as the energy at which the measured precipitation ratio reaches half its peak value below
the maximum. This serves as a proxy for the theoretical minimum resonance energy corresponding
to significant wave-driven scattering toward the loss-cone. Most E,,,;,, values range from ~300
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keV to ~450 keV, aligning more closely with the modeled results compared to the definition of
cutoff energy using precipitation ratios greater than 0.1.

In summary, our findings highlight that EMIC waves can drive electron precipitation exclusively
within the sub-MeV range (without MeV precipitation), particularly in the plume regions at high
L shells, where trapped ~MeV electrons are mostly absent. Future research should focus on
examining the EMIC wave properties in such regions to better understand their role in sub-MeV
electron dynamics and their broader impact on magnetosphere-ionosphere coupling.
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569  Figure 1. Overview of ELFIN-A and B observations during five consecutive orbits on 11 January

570  2022. The top, middle, bottom panels in panels (a-e¢) show trapped electron energy fluxes,
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precipitating electron energy fluxes and the precipitating-to-trapped ratio, respectively. The dashed
horizontal black lines in panels (a-e¢) show the 1 MeV energy. The color bars above the
precipitation ratio panels show the intervals with EMIC-driven signatures. Panel (f) shows the L-
MLT locations of the ELFIN CubeSats during the observed precipitation intervals (color bars) and
the THEMIS satellites in the conjugate locations. Superimposed thicker lines on the trajectories of
THEMIS represent the intervals when EMIC waves were observed. Diamonds represent the
location of THEMIS when electron precipitation was observed.
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Figure 2. Overview of the waves and background plasma conditions observed by THEMIS-A
(left), D (middle) and E (right). (a) L-shell and (b) MLT of THEMIS (black lines) and ELFIN-A
(blue lines) based on the TS05 magnetic field model; (c) magnetic spectral density over 0.02—2
Hz, where the white lines represent proton, helium, and oxygen cyclotron frequencies; (d) EMIC
wave normal angles; (¢) magnetic spectral density over 404000 Hz, where the white lines
represent the electron gyrofrequency (fc, solid), 0.5 f.. (dashed) and 0.1 f.. (dotted); (f) total
electron density (black line) inferred from the spacecraft potential (Pedersen et al., 2008) and local
magnetic field intensity (blue lines); (g) ratio of plasma frequency to electron gyrofrequency
(foe/fce)- The interval between the two dashed magenta lines is adopted to calculate the quasi-linear
diffusion coefficients of He-band EMIC waves and hiss waves. The interval between the first
magenta line and the dashed black line is adopted to calculate the quasi-linear diffusion coefficients

of H-band EMIC waves. Panels (h)—(n) and (0)—(u) have the same format as panels (a)—(g), but
observed by THEMIS-D and THEMIS-E, respectively.
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Figure 3. Quasi-linear modeling of electron precipitation driven by EMIC waves and hiss waves
observed by THEMIS-A. (a-c) Drift- and bounce-averaged pitch angle diffusion coefficients as a
function of pitch angle and energy for (a) He-band EMIC waves (03:35-04:00 UT), (b) plume hiss
waves (03:35-04:00 UT); (c) combined diffusion coefficients for He-band EMIC waves and hiss
waves; (d) Comparison of the modeled precipitation ratio (loss cone filling index marked by the
black lines) and the ELFIN observed electron precipitation ratio (purple, blue, green, orange and
red lines) corresponding to the intervals with the labeled color bars shown in Figure 1. The black
lines represent the modeled result with 1 (solid), 2 (dashed) and 0.5 (dotted) times of the measured
electron density from THEMIS-A. The colored diamonds represent E}y;,,, at which the measured
precipitation ratio reaches half its peak value below the maximum. The colored error bars
represent the mean error in determining the precipitation ratio from trapped and precipitating
electron counts within the given period.
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(c) Model vs. Observation
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Figure 4. Quasi-linear modeling of electron precipitation driven by EMIC waves and hiss waves
observed by THEMIS-A with various electron densities. The combined drift- and bounce-averaged
pitch angle diffusion coefficients for He-band EMIC waves and hiss waves as a function of pitch
angle and energy with the background electron density of (a) half and (b) double the measured
density. (c) Similar to Figure 3d, except for the two additional black lines representing modeled
precipitation ratio with 2 (dashed black line) and 0.5 (dotted black line) times the measured
electron density from THEMIS-A.
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Figure 5. Quasi-linear modeling of electron precipitation driven by EMIC waves and hiss waves
observed by THEMIS-A with various cold ion compositions. (a-c) Drift- and bounce-averaged
pitch angle diffusion coefficients as a function of pitch angle and energy for cold ion composition
H":He": O" of (a) 0.6:0.2:0.2; (b) 0.8:0.1:0.1; (c) 0.99:0.005:0.005. (d) Similar to Figure 3d, except
for the three black lines representing modeled precipitation ratios with cold ion compositions H':
He™: O" 0f 0.6:0.2:0.2 (dotted), 0.6:0.39:0.01(solid) and 0.99:0.005:0.005 (dashed), respectively.



