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Abstract The two most important wave modes responsible for energetic electron scattering to the Earth's
ionosphere are electromagnetic ion cyclotron (EMIC) waves and whistler‐mode waves. These wave modes
operate in different energy ranges: whistler‐mode waves are mostly effective in scattering sub‐relativistic
electrons, whereas EMIC waves predominately scatter relativistic electrons. In this study, we report the direct
observations of energetic electron (from 50 keV to 2.5 MeV) scattering driven by the combined effect of
whistler‐mode and EMIC waves using ELFIN measurements. We analyze five events showing EMIC‐driven
relativistic electron precipitation accompanied by bursts of whistler‐driven precipitation over a wide energy
range. These events reveal an enhancement of relativistic electron precipitation by EMIC waves during intervals
of whistler‐mode precipitation compared to intervals of EMIC‐only precipitation. We discuss a possible
mechanism responsible for such precipitation. We suggest that below the minimum resonance energy (Emin) of
EMIC waves, the whistler‐mode wave may both scatter electrons into the loss‐cone and accelerate them to
higher energy (1–3 MeV). Electrons accelerated above Emin resonate with EMIC waves that, in turn, quickly
scatter those electrons into the loss‐cone. This enhances relativistic electron precipitation beyond what EMIC
waves alone could achieve. We present theoretical support for this mechanism, along with observational
evidence from the ELFIN mission. We discuss methodologies for further observational investigations of this
combined whistler‐mode and EMIC precipitation.

Plain Language Summary Energetic electron precipitation into the upper atmosphere is an
important loss process of outer radiation belt fluxes. Whistler‐mode and electromagnetic ion cyclotron (EMIC)
waves are two of the most important wave modes responsible for energetic electron scattering to the Earth's
ionosphere through wave‐particle interaction. These wave modes typically drive losses of electrons in different
energy ranges (above 1 MeV for EMIC waves and tens to hundreds of keV for whistler‐mode waves), occurring
in different spatial regions. We report the first observations of energetic electron scattering driven by the
combined effect of whistler‐mode and EMIC waves. Our results from equatorial and low‐altitude observations,
and a data‐driven test particle simulation explain the wide energy range of electron precipitation from tens of
keVs to a few MeVs due to the combined whistler‐mode and EMIC waves effect and explain the unusually high
intensity of relativistic electron precipitation at such times.

1. Introduction
Electromagnetic ion cyclotron (EMIC) and whistler‐mode waves are two of the most important wave modes
responsible for energetic electron scattering and precipitation from the Earth's radiation belts into the atmosphere
(see reviews by Li & Hudson, 2019; Millan & Thorne, 2007; Thorne et al., 2021). EMIC waves are mostly
responsible for the precipitation of relativistic (>1 MeV) electrons (e.g., Bashir & Ilie, 2018, 2021; Bashir
et al., 2022b; Blum et al., 2015; Capannolo et al., 2018, 2022; Grach & Demekhov, 2020; Ni et al., 2015; Shprits
et al., 2016, 2017; Usanova et al., 2014), whereas whistler‐mode waves are very effective in precipitating sub‐
MeV electrons (see, e.g., reviews by Artemyev et al., 2016; Ni et al., 2016; Shprits et al., 2008; Thorne
et al., 2021). Resonant scattering of relativistic (>1 MeV) electrons by whistler‐mode waves is most effective at
higher electron pitch‐angles, which may not result in precipitation (e.g., Aryan et al., 2020; Horne et al., 2013).
However, the combined effect of EMIC and whistler‐mode waves may enable a rapid decrease of relativistic
electron fluxes: whistler‐mode waves scatter electrons at higher pitch‐angles toward the lower pitch‐angle range,
where resonance with EMIC waves may quickly scatter these electrons into the loss‐cone (e.g., Bashir
et al., 2022a; Mourenas et al., 2016; Zhang et al., 2017). Therefore, relativistic electron losses by combined EMIC
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and whistler‐mode wave scattering are essential contributions to radiation belt dynamics (Drozdov et al., 2020).
However, in contrast to electron resonance with EMIC waves providing only pitch‐angle scattering (e.g.,
Summers & Thorne, 2003), resonance with whistler‐mode waves can result in both pitch‐angle and energy
(acceleration) scattering (e.g., Glauert & Horne, 2005; Summers, 2005). If such acceleration is sufficiently fast
and efficient (e.g., due to nonlinear resonant acceleration, see Omura et al. (2007) and Summers and
Omura (2007)), EMIC waves may scatter the newly formed relativistic electron population, those accelerated by
whistler‐mode waves, into the loss cone (see discussion in Bashir et al., 2022a). Such precipitation may not
require preexisting relativistic electron fluxes, and would not lead to the decrease of preexisting, for example,
previously stably trapped, relativistic electron fluxes. Near‐equatorial electron flux measurements usually cannot
resolve the loss‐cone (see rare exceptions in Kasahara et al., 2018a, 2018b), and the most promising approach to
investigate precipitation mechanisms relies on the analysis of low‐altitude measurements, which can easily
separate pitch‐angles of precipitating and trapped particles (see, e.g., Y. Chen et al., 2014; Li et al., 2013; Ni
et al., 2014). In this study, we utilize low‐altitude electron measurements from the ELFIN CubeSats, which
provide energy and pitch‐angle resolved electron distributions (Angelopoulos et al., 2020). More importantly for
us, the energy resolution of ELFIN measurements is sufficiently high to distinguish precipitating patterns
associated with energetic/relativistic electron scattering by EMIC waves and patterns associated with energetic
electron scattering by whistler‐mode waves (see discussion and examples in Angelopoulos et al., 2023).
Therefore, by comparing ELFIN measurements during EMIC‐only precipitation patterns and patterns showing
the combined effect of whistler‐mode and EMIC waves, we can unveil the efficiency of such a combined
mechanism.

To provide a new population of relativistic electrons for subsequent EMIC‐driven scattering, electron acceleration
by whistler‐mode waves should be sufficiently fast. The quasi‐linear diffusion rates for average wave intensities
show that pitch‐angle scattering by EMIC waves is much faster than acceleration by whistler‐mode waves (see, e.g.,
Glauert & Horne, 2005; Summers et al., 2007a). However, very intense whistler‐mode waves may resonate with
electrons nonlinearly and lead to the rapid formation of relativistic electrons via phase trapping (e.g., Bortnik
et al., 2008; Demekhov et al., 2006, 2009; Vainchtein et al., 2018). Such acceleration is especially effective for
phase trapping into the turning acceleration (see Bashir et al., 2022a; Hsieh & Omura, 2017; Hsieh et al., 2020;
Omura et al., 2007; Summers & Omura, 2007). The rate of this acceleration mechanism may approach the rate of
pitch‐angle diffusion by EMIC waves, and thus can potentially provide rapid electron acceleration and subsequent
losses. In contrast to the standard phase trapping acceleration associated with pitch‐angle increase (e.g., Bortnik
et al., 2008; Vainchtein et al., 2018), turning acceleration will lead to a pitch‐angle decrease with energy increase
(Omura et al., 2007), that is, accelerated particles are transported toward the loss‐cone where EMIC waves will
scatter them. We will first analyze four events of energetic electron precipitation observed by ELFIN. Additionally
to the analysis of electron precipitation events with the combined effect of EMIC and whistler‐mode waves, we will
try to construct and test a simple scenario of enhanced electron precipitation via a combined effect of turning ac-
celeration and EMIC‐driven scattering. Although this scenario is based on well‐known models of turning accel-
eration by intense whistler‐mode waves and fast quasi‐linear electron scattering by EMIC waves, the specific
regime of such combined mechanism operation depends on multiple wave characteristics. To constrain ranges of
these characteristics within some reasonable range, we use an event with near‐equatorial THEMIS measurements
(Angelopoulos, 2008) within the same MLT, L‐shell sector where ELFIN observed signatures of EMIC and
whistler‐mode driven precipitations. This event provides some additional information about waves, but suffers
from non‐ideal timing of THEMIS and ELFIN observations.

We use low‐altitude precipitation measurements from ELFIN (Angelopoulos et al., 2020) to investigate the effect
of electron resonant acceleration by whistler‐mode waves and the subsequent scattering into the atmosphere by
EMIC waves. Section 2 provides an overview of four ELFIN events exhibiting clear signatures of the combined
operation of whistler‐mode and EMIC waves. Section 3 describes in detail one event benefiting from ELFIN in
conjunction with equatorial wave measurements from THEMIS (Angelopoulos, 2008). Section 4 discusses
possible mechanisms responsible for the enhanced precipitation of relativistic electrons in the simultaneous
presence of EMIC and whistler‐mode waves. Section 5 summarizes our main findings.

2. ELFIN Observations of Relativistic Electron Precipitation
We use data from the ELFIN‐A CubeSat which is equipped with an energetic electron detector measuring 50 keV
to 6 MeV electrons with an energy resolution of ΔE/E < 40% and covering the full (180°) pitch angle twice over a
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3 s spin period. Because of its high energy resolution, ELFIN can distinguish precipitation events driven by
whistler‐mode waves or by EMIC waves (X. An et al., 2022; Angelopoulos et al., 2023; Grach et al., 2022; Tsai
et al., 2022; Zhang et al., 2022). Thus, we focus on putative combined precipitation events that demonstrate
properties of both whistler‐mode and EMIC wave‐driven precipitation.

Figure 1 shows four ELFIN orbits with signatures of electron precipitation due to EMIC and whistler‐mode
waves. The typical minimum resonance energy for EMIC waves is ∼0.5–1 MeV (Kersten et al., 2014; Sum-
mers et al., 2007b), so only sub‐intervals of relativistic precipitation without comparably strong sub‐relativistic
precipitation should be considered as evidence of EMIC‐driven precipitation (see the detailed analysis of such
events in Angelopoulos et al. (2023)). Typical minimum resonance energy for whistler‐mode waves (low band
chorus waves) is below 10 keV (Ni et al., 2012), whereas the scattering rate of electrons by whistler‐mode waves
decreases with increasing energy (Summers et al., 2007b). Thus, ELFIN observations of precipitation bursts with
precipitating‐to‐trapped flux ratio maximizing at low energies should be interpreted as evidence of whistler‐mode
wave‐driven precipitation (see the detailed analysis of such events in Tsai et al. (2022) and Zhang et al. (2022)).
Middle panels of Figure 1 show that precipitation events contain both spin‐scale bursts with EMIC‐driven pre-
cipitation only ( jdown/jperp maximizing at relativistic energies) and bursts with combined whistler‐mode and
EMIC effects ( jdown/jperp is high over the entire energy range). Therefore, we may interpret these events as short‐
time‐scale whistler‐driven precipitation bursts embedded within large time‐scale EMIC‐driven precipitation. The
scale difference is likely due to the different spatial scales of equatorial generation regions of EMIC waves
(thousands of km, see Angelopoulos et al., 2023; Blum et al., 2016, 2017) and whistler‐mode waves (hundreds of
km, see Agapitov et al., 2017). Note that the precipitating flux levels during precipitation bursts are much higher
than the background precipitating fluxes levels that is, indeed these observations allow us to compare the effi-
ciency of EMIC‐only versus EMIC and whistler‐mode burst‐driven precipitation with no contribution from
background waves.

The top panels (bottom panels) of Figure 2 demonstrate precipitating (precipitating‐to‐perpendicular) electron
spectra for several sub‐intervals in each event: during EMIC‐only precipitation patterns (with the precipitating‐to‐
perpendicular flux ratio maximizing at relativistic energies), during EMIC and whistler‐mode precipitation
patterns (with the precipitating‐to‐trapped flux ratio maximizing at relativistic energies, but showing large values
even at 50–100 keV energy channels), and background precipitation patterns before and after the precipitation as
shown in the inserted panel. These spectra show that in the presence of whistler‐mode waves, not only is pre-
cipitation of sub‐relativistic electrons (<500 keV) enhanced but precipitation of relativistic electrons (likely
scattered by EMIC waves) is also enhanced. This effect is best seen for event#4, where the presence of whistler‐
mode waves (detected by strong precipitating fluxes within <500 keV range) is associated with the enhancement
of trapped fluxes and their precipitation for the energy range up to 2 MeV. Note that the trapped electron fluxes
(those outside of the local loss‐cone) at ELFIN correspond to the close vicinity (a few degrees) from the equatorial
loss‐cone, that is, these are almost field‐aligned electrons likely scattered by EMICs to small pitch‐angles, but not

Figure 1. Four electron precipitation events observed by ELFIN: top panels (a) show locally trapped (i.e., outside the local loss cone, or near‐perpendicular) electron
fluxes jperp; middle panels (b) depict precipitating or down‐going fluxes ( jdown); bottom panels (c) show precipitating (down‐going)‐to‐perpendicular flux ratio ( jdown/
jperp). The blue arrows mark the duration for the inserted panels in Figure 2a.
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yet precipitated. It is worth noting that the enhanced precipitation of relativistic electrons in the presence of
whistler‐mode waves is purely an effect of wave‐particle interactions, as opposed to a result from the variability of
the equatorially trapped fluxes: Figure 2 (bottom panels) shows the increase of precipitating‐to‐trapped flux ratio
at relativistic energies, which can be attributed to enhanced electron scattering into the loss cone.

For all four events from Figures 1 and 2, we see the same pattern of combined EMIC and whistler‐mode pre-
cipitation: long‐lasting precipitation of relativistic electrons likely driven by EMICs interspersed with short (one
spin) bursts of enhanced sub‐relativistic electron precipitation likely driven by whistler‐mode waves. It is exactly
within such bursts that we observe enhanced relativistic precipitation. Such one‐spin time scale of variations of
ELFIN measurements is too small to be associated with spatial or temporal variations of EMIC waves (see
discussion in Shumko et al., 2022), but can be explained by the concept of a burst of intense whistler‐mode waves
(see discussion in Zhang et al., 2023). Thus, we have an additional argument in support of the scenario of whistler‐
mode wave contribution to observed variations of relativistic electron precipitation.

In this study, we mostly focused on the scenario of electron acceleration by whistler‐mode waves to the relativistic
energies, and following scattering by EMIC waves. An alternative scenario could be that whistler‐mode waves
may scatter relativistic electrons and enhance precipitation on this energy range without direct contribution by
EMIC waves (see Artemyev et al., 2021a; Lorentzen et al., 2001; Zhang et al., 2022, for the discussion on the
possibility for intense whistler‐mode waves to precipitation relativistic electrons). This scenario should assume
even stronger precipitation at 50–100 keV range, where the efficiency of electron scattering by whistler‐mode
waves maximizes (see discussion in Y. Chen et al., 2014; Li et al., 2013; Ni et al., 2014, and references
therein). However, Figure 1 shows an effective but still quite moderate precipitating‐to‐trapped flux ratio at 50–
100 keV, suggesting that whistler‐mode waves are not sufficiently intense to provide an enhancement of rela-
tivistic electron precipitation alone.

Figure 2. Top panels (a) show energy spectra of precipitating electrons during subintervals denoted by the arrow in Figure 1: inserts in this figure show relativistic and
sub‐relativistic electron precipitation bursts exhibiting electromagnetic ion cyclotron (EMIC) and whistler‐mode (blue curve) and EMIC‐only (magenta curve)
signatures. These panels also include the average background fluxes before (pre 〈jdown〉) and after (post 〈jdown〉) each subinterval. The precipitating (down‐going)‐to‐
perpendicular flux ratio ( jdown/jperp) is depicted in the bottom panels (b). The inserted panels show jdown/jperp from Figure 1 for the sub‐intervals marked by the arrow
(i.e., time in seconds after 15:04 UT (Event #1), 04:01 UT (Event #2), 03:35 UT (Event #3) and 14:45 UT (Event #4)). The blue and red dashed rectangular boxes inside
inserted panels represent the spins related to EMIC + whistler and EMIC wave only respectively based on the criteria of jdown/jperp¿ 0.1 for less than 100 keV energy.
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Another alternative scenario suggests that enhancement of relativistic and
sub‐relativistic electron precipitation may be associated with a strong
enhancement of nonresonant electron scattering by EMIC waves (L. Chen
et al., 2016), for example, due to increase of wave modulation to short wave‐
packets (see, e.g., X. An et al., 2022; Grach & Demekhov, 2020, 2023). This
scenario is quite prospective, but requires additional mechanisms to explain
the short‐time‐/small‐spatial‐scale variations of EMIC wave modulations.

3. Conjugate ELFIN and THEMIS Observations for
Energetic Electron Precipitation Through the Combined
Effects of Whistler and EMIC Waves
This section describes an additional event observed by ELFIN‐A similar to
those shown in Figures 1 and 2, but with near‐equatorial wave measurements
by THEMIS (See Figure 6). This event is in the post‐midnight sector, not very
typical for EMIC waves and relativistic electron precipitation (see statistics in
Capannolo et al. (2022) and Yahnin et al. (2016, 2017)). In this region, the
EMIC activity is largely associated with plasma sheet injections (Jun
et al., 2019, 2021, and references theien). These plasma sheet injections may
bring hot, anisotropic electrons responsible for whistler‐mode generation
(e.g., Fu et al., 2014; Tao et al., 2011).

Figure 3 shows the ELFIN‐A measurements collected on 29 April 2021, at L‐
shell ∼5 near the dawn sector of the southern hemisphere. At ∼04:10:40 UT,
precipitating (down‐going) fluxes (Jdown) of 300 keV to 2.5 MeV electrons
suddenly increase with the highest precipitating to trapped flux ratio above
1 MeV. The locally trapped (near‐perpendicular) electron fluxes (Jperp) show
enhancement over a wide range of L‐shells (4–6.5), exhibiting low precipi-
tating to trapped flux ratio (Jdown/Jperp is mostly less than 0.1) except for a few
spins around 04:10:40 UT where this ratio can be greater than 0.5. The most
intense burst of precipitation shows Jdown/Jperp enhancement maximizing at
relativistic energies ∼1 MeV (the typical range of EMIC‐driven precipita-
tion), but extending down to 50 keV (the typical range of whistler‐wave‐
driven precipitation). Note that the enhanced relativistic electron precipita-
tion lasts longer than the enhancement of <500 keV precipitation (which only

lasts for a single spin). This indicates a short whistler‐mode burst embedded within a large‐scale EMIC generation
region (Figure 4).

Previous detailed investigations of EMIC wave driven (see analysis of events in, e.g., X. An et al., 2022;
Capannolo et al., 2023; Grach et al., 2022) and whistler‐mode wave driven (see analysis of events in, e.g., L. Chen
et al., 2022; Zhang et al., 2022) electron precipitation events suggest that the several spin lasting precipitation of
relativistic electron fluxes can be described by EMIC‐only scattering, whereas a single‐spin burst of precipitation
should be provided by the combined effect of EMIC and whistler‐mode waves.

During this event, ELFIN magnetically mapped close to the near‐equatorial THEMIS‐E spacecraft as shown in
Figure 5 (Angelopoulos, 2008), which, at the time, was moving from lower L to higher L, observed the pertinent
EMIC and whistler‐mode waves and measured the properties of the cold plasma, and magnetic fields. We use
magnetic field data from Flux Gate Magnetometer (FGM) (Auster et al., 2008). During fast mode, FGM measures
waveforms at a time resolution of 1/16 s, sufficient to resolve the EMIC wave frequency range. Measurements of
the THEMIS Search Coil Magnetometer (Le Contel et al., 2008) well cover the whistler‐mode frequency range.
The cold plasma density is inferred from the spacecraft potential (Nishimura et al., 2013) measured by THEMIS
Electric Field Instrument (Bonnell et al., 2008).

Figure 6 shows that during this event, THEMIS‐E observed whistler‐mode waves around and outside of the
plasmapause, identified as a strong plasma frequency (plasma density) gradient. At the plasmapause, THEMIS‐E
also observed He+ band EMIC waves (field‐aligned, left‐hand polarized waves). The ratio of plasma to electron
cyclotron frequency, fpe/fce,eq, varies from ∼20 to 25 across the plasmapause. Note that the projection of ELFIN to

Figure 3. Overview of ELFIN‐A observations: (a) locally trapped or
perpendicular fluxes ( jperp), (b) precipitating or down‐going fluxes ( jdown),
(c) precipitating‐to‐perpendicular flux ratio ( jdown/jperp), and 1D spectra
(d) jdown and (e) jperp at five energy channels (520–2,121 keV). L, MLT, and
MLAT of ELFIN‐A are marked at the bottom.
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the equatorial plane is subject to uncertainties of empirical magnetic field
models. Thus, this THEMIS‐ELFIN conjunction is only approximate. ELFIN
observations of relativistic electron precipitation burst and THEMIS obser-
vations of EMIC waves are within the ΔL = ±1, ΔMLT = 2 of each other.
These ranges are comparable to the spatial scale of the typical EMIC wave
source region (Blum et al., 2016, 2017), whereas an ∼40 min time difference
between THEMIS and ELFIN observations is within the lifetime of EMIC
wave source region (Blum et al., 2020; Engebretson et al., 2015). Therefore,
we may suggest that ELFIN observations of relativistic electron precipitation
are provided by EMIC waves having similar characteristics to waves
observed by THEMIS E. However, we should note that the EMIC burst is
observed by THEMIS E only, whereas A and D located ±1.5RE away from E
do not detect these EMIC bursts. Thus, we cannot exclude the possibility of a
small‐scale EMIC source region (e.g., Frey et al., 2004). But ELFIN obser-
vations of relativistic electron precipitation without ∼50 keV precipitation
(two spins before the main precipitation burst, see the inserted panel in
Figure 1c) confirm that there was scattering by equatorial EMIC waves,
which may relate to THEMIS‐E observations.

All three THEMIS probes observe whistler mode waves during the entire
∼2 hr interval at ΔMLT ∼ 2. Therefore, we deal with a long‐lived and large‐
scale spatial domain filled by whistler‐mode source regions (note that indi-
vidual whistler‐mode bursts are separated in THEMIS spectra). ELFIN ob-
servations of weak but large‐scale (seen almost for the entire ELFIN orbit)
electron precipitation within <200 keV energy range suggest the near‐
equatorial electron scattering and precipitation by these whistler‐mode
wave activity. Nearby the plasmapause such not‐very intense whistler‐
mode waves may be ducted (see R. Chen et al., 2021; Streltsov & Bengt-
son, 2020, and references therein), and such ducting would suppress wave
Landau damping and support wave interaction with relativistic electrons at
middle latitudes (see discussions in L. Chen et al., 2021, 2022). Thus, the
overlapping of the EMIC wave source region, observed within the plasma-
pause, and region of potential whistler‐mode wave ducting can explain the
strong electron precipitation burst embedded into the large‐scale EMIC‐only
precipitation.

4. Discussion
Figures 1 and 3 show that the presence of whistler‐mode waves may enhance
the precipitation of relativistic electrons. One possible mechanism of such
enhancement is that intense whistler‐mode waves drive electron acceleration
(e.g., turning acceleration, see Omura et al., 2007; Summers & Omura, 2007),
and the accelerated electrons supplement the population that is to be scattered
by EMIC waves (Bashir et al., 2022a). In order to verify this scenario, we
perform simple test particle simulations. The simulations are based on

Hamiltonian equations for a monochromatic wave (see Artemyev et al., 2021b; Vainchtein et al., 2018), and this
simplification (constant wave frequency) may reduce the efficiency of wave‐particle resonant interactions (see
discussion of frequency drift contribution in Demekhov et al. (2006), Hiraga and Omura (2020), and Katoh and
Omura (2007)). Results of our test particle simulations can qualitatively imply that the proposed scenario of
electron acceleration by whistler‐mode waves and the following scattering by EMIC waves may work within a
reasonable range of the system (wave) characteristics. More rigorous comparisons are necessary to quantify the
efficiency of such a combined mechanism. Such simulations may not be performed within the quasi‐linear
approach, because the key element of the proposed scenario is the electron turning acceleration, the nonlinear
resonant effect (Omura et al., 2007). Thus, further investigations of this scenario should include the nonlinear
resonant effects. In previous studies, such simulations were developed for whistler‐mode waves only (Hsieh &

Figure 4. Overview of the observed fluxes by ELFIN‐A depicting (a) the
average precipitating or down‐going fluxes ( jdown), (b) precipitating‐to‐
perpendicular flux ratio ( jdown/jperp) as a function of energy due to combined
electromagnetic ion cyclotron (EMIC) and whistler‐mode waves (solid‐blue
curve) and EMIC waves only (dashed‐red curve) for the sub‐interval (time in
seconds after 04:10 UT) as shown by the inserted spectra of down‐to‐
perpendicular flux ratio, which is in a similar format to panels (a) in Figure 2.
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Omura, 2023; Hsieh et al., 2022; Omura et al., 2015; Vainchtein et al., 2018)
or for EMIC waves only (Zheng et al., 2019).

The cyclotron resonance of electrons and whistler/EMIC waves is described
by the wave field

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2IxΩ0/ mec2

√
BwΛ(λ)Φ(ϕ)sin(ϕ ± θ), where Ix and θ are

conjugated magnetic moment and gyrophase, Bw is the constant wave
magnitude, Λ(λ) describes the wave intensity distribution along magnetic
field lines, Φ(ϕ) describes wave field modulation (and we indeed use mod-
erate modulation), ϕ is the wave phase given by ϕ̇ = −ω + k(λ)p‖/ meγ where
k(λ) is the wave number from the wave dispersion relation for given wave
frequency ω, p‖/meγ is the electron parallel velocity equal to the ratio of
momentum and Lorentz factor.

We model the precipitation event in Figure 3, for which we have near‐
equatorial observations of waves (see Figure 6). For the whistler wave, we
use the observed frequency fwh/fce,eq = 0.3 and 0.4, with an amplitude at
Bw,wh = 500 pT · Λ(λ). Function Λ(λ) describes the latitudinal profile of
the whistler wave intensity (amplitude): Λ(λ) = 0.5 ⋅ (1 + tanh(λ/δλ1))

exp(−(λ/δλ2)
2
) and δλ1,2 = 1°, 40° (e.g., we assume wave generation at the

equator and damping at high latitudes, see details of this empirical wave
model in Agapitov et al., 2018). For the ducted whistler case, we have used Λ
(λ) → 1. We also include wave field modulation by assuming that whistler‐
mode waves propagate in wave packets: Bw,wh → Bw,wh · Φ(ϕ) with Φ
(ϕ) = exp (−0.25 · (sin (ϕ/(2πl))2)), where ϕ is the wave phase and l = 300
determines the wave‐packet size (we use the longest wave packets from
observations, see statistics in Zhang et al. (2019, 2021)). Function Φ(ϕ) de-
scribes the wave‐packet envelop that propagates with the wave phase speed,
ω/k(λ) (note that we assume monochromatic waves). For realistic wave‐
packets, the propagation speed is the group speed vg = ∂ω/∂k, which differs

from the phase speed ω/k. Such packets will evolve over time because the different wave harmonics contributing
to the packet will propagate at different speeds (see Furuya et al., 2008; Tao et al., 2012). Our simplified
consideration of the wave‐packet propagation with the phase speed can be interpreted as the absence of wave‐
packet evolution: instead of the sum of multiple plane waves, we model wave‐packet as an amplitude modula-
tion of the monochromatic wave. Although this simplified model excludes effects of wave‐packet evolution (that
can be quite important for nonlinear resonant interactions, see discussion in Z. An et al. (2022) and Tao
et al. (2012, 2013)), it catches the main effect: the difference between wave‐packet envelop speed and resonant
electron speed, (ω − 2πfce(λ))/k(λ), limits the electron trapping time. Note, however, we do not include wave
phase decoherence at the wave‐packet edges (see discussion in Z. An et al. (2022) and Zhang et al. (2020a)), and
thus our simulation does not exclude multiple trapping effects into the wave‐packet train (Hiraga &
Omura, 2020).

For the He+ band EMIC wave, we use the most intense wave from observations, with an amplitude of
Bw,EMIC = 500 pT, at a fixed frequency fEMIC/fcp,eq = 0.2. Plasma composition is assumed to be 20% helium and
80% cold protons (Lee & Angelopoulos, 2014; Lee et al., 2012), and latitudinal distribution of EMIC waves as
Bw,EMIC → Bw,EMIC · Λ(λ) with Λ(λ) = 0.5( tanh(λ/δλ1) − tanh((λ − δλ2)/δλ1)) with δλ1,2 = 1°, 15°, that is, there
is no EMIC wave around and above the helium resonance latitude that is around ∼25° for the selected wave
frequency. For this study, we used the field‐aligned cold plasma dispersion relation for both whistler and EMIC
waves (Stix, 1962), with fpe/fce,eq = 20, and L = 4.5. The time is normalized to a typical scale R/c ∼ 0.1 s as R = 4.5
RE, where RE is the radius of the Earth and c is the speed of light.

Figure 7 shows two loss mechanisms of energetic electrons with initial pitch‐angles that are not in resonance with
EMIC waves: (a) electrons directly scattered into the loss‐cone by whistler‐mode waves (blue trajectory) or (b)
electrons phase trapped and accelerated by whistler‐mode waves to energies sufficiently high for resonance with
EMIC waves, and then scattered into loss‐cone by EMIC waves (magenta trajectory). Importantly, the electron
acceleration via phase trapping takes less than the electron bounce period, and this explains the bursty nature of

Figure 5. Overview of the spacecraft trajectories of THEMIS‐E (magenta
line) and close conjunction with ELFIN‐A (blue line) with + symbol
represents the time step of 30 min for THEMIS and 1 min for ELFIN
respectively. The location of electromagnetic ion cyclotron and Whistler
waves observed by THEMIS is represented by a small blue rectangular box
and precipitation by ELFIN via a small magenta rectangular box The
location of model Bow shock (black dotted) and magnetopause (black
dashed) is also shown. The Tsyganenko (T96) magnetic field is used for
calculations.
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observed electron precipitations detected by ELFIN on a spin time scale (see
Figures 1 and 3). Resonance with whistler‐mode waves moves electrons
along the resonance curves (Summers et al., 1998), and thus we are interested
in those that will cross the region (above the Emin shown by a thick red curve)
of electron resonant interaction with EMIC waves (the latter interactions,
primarily resulting in pitch‐angle scattering, occur along the thin horizontal
red lines). For moderate electron energies, phase trapping results in energy
and pitch‐angle increase (e.g., Bortnik et al., 2008; Vainchtein et al., 2018),
and thus resonance curves move away from the loss‐cone. However, when the
electron energy reaches γ > fce/f, its pitch‐angle starts to decrease during the
phase trapping (so‐called turning acceleration Bashir et al., 2022a; Omura
et al., 2007). This effect bends the resonance curves back toward smaller
pitch‐angles. It thus allows the accelerated electron to escape from the trap-
ping at an energy and pitch‐angle where resonance with EMIC waves can
occur. Figure 7 shows that such a double resonance effect (trapping accel-
eration by whistler‐mode waves followed by scattering into loss‐cone by
EMIC waves) covers an energy range where strong precipitation was
observed in our event (Figure 3).

However, certain wave characteristics (e.g., the latitudinal extent) cannot be
derived from single‐spacecraft observations. Therefore, to verify the appli-
cability of the double resonance precipitation mechanism (acceleration by
whistler‐mode waves and scattering into the loss‐cone by EMIC waves), we
perform a series of simulations with different wave parameters. As shown in
Figure 8, change of wave propagation mode (ducted with Bw ≈ const and non‐
ducted with Bw decreases to zero above 40°), wave frequency, and wave
packet sizes may only change the final energy range of electron precipitation,
but do not switch off the double resonance mechanism. The simulation results
in time units are also (shown in Figure 9).

The model results suggest the following scenario for the formation of the
observed electron precipitation spectrum: The source size of EMIC waves is
usually sufficiently large (Blum et al., 2016, 2017) to provide relativistic
electron precipitation within an ∼1RE region near the equator (Capannolo
et al., 2019), which corresponds to several spins of ELFIN observations at low
altitudes (see several examples of ELFIN observed EMIC‐driven precipita-
tion in, e.g., X. An et al., 2022; Angelopoulos et al., 2023; Grach et al., 2021).
Therefore, the relativistic electron precipitation (without strong electron
precipitation at <100 keV) within 04:10:35–04:10:50 UT should be attributed
to EMIC waves. At the beginning of this subinterval, there is no strong sub‐

MeV precipitation (see jdown/jperp in Figure 3) which we assert is indicative of an absence of strong whistler‐mode
waves. We interpret the following burst of <1 MeV precipitation around 04:10:45 UT as due to a whistler‐mode
wave burst (the short duration of the precipitation burst should be attributed to the small scale of whistler‐mode
wave source region near the equator, see Agapitov et al., 2017). This whistler‐mode wave burst is sufficiently
strong to provide electron acceleration, and thus efficiently increase >1 MeV electron fluxes that are further
precipitated by EMIC waves (see an increase of jperp associated with jdown increase in Figure 3). However, we
shall caution that due to large uncertainties of ELFIN/THEMIS mapping and the time/spatial separation of
precipitation events and THEMIS wave measurements, this interpretation is presently a reasonable hypothesis
supported by the limited data set examined, and needs to be confirmed by further multi‐point and statistical
analysis in the future. Moreover, we used a rather simplified wave model that may not describe all aspects of
wave‐particle nonlinear resonances. Therefore, results shown in Figures 7–9 should be considered as an indi-
cation that the combined whistler‐mode and EMIC resonant interactions with electrons may explain the enhanced
relativistic electron precipitation observed in Figures 1 and 3; but more sophisticated and detailed simulations are
needed to confirm this scenario and assess the overall efficiency of the proposed combined precipitation
mechanism.

Figure 6. Overview of THEMIS‐E observations: (a) fpe/fce ratio, (b) whistler
wave spectra, (c) electromagnetic ion cyclotron (EMIC) wave spectrum with
its (d) ellipticity and (e) wave normal angle (WNA). Horizontal white lines
in the whistler wave spectra represent fce, 0.5 fce, and 0.1 fce, respectively,
whereas horizontal black lines in the next three panels represent fcp, and fcHe,
respectively. The bottom panel (f) shows the EMIC wave packets. L, MLT,
and LAT from TH‐E are shown at the bottom.
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Figure 7. Illustrative electron trajectories from our simulations. Panels (a) and (b) depict the temporal (in units of ct/LRE)
evolution of the electron's energy and pitch angle for whistler‐mode waves only (blue curve) and for the combined effect
(magenta curve) of whistler‐mode and electromagnetic ion cyclotron (EMIC) waves. The loss‐cone (assumed to be 4.5°) is
shaded in gray in Panel (b). Panel (c) shows the same trajectories on an energy, pitch‐angle plane, with resonance curves for
whistler‐mode (blue curves) and EMIC (red lines) waves overlaid, and the range of EMIC resonance energies is shown by a
thick red curve. The blue dots show electron trajectory (starting at an initial energy of 400 keV and an equatorial pitch angle
of 10°, represented by the triangle) directly scattered by whistler waves into loss‐cone; the other electron trajectory (magenta
dots), with an initial energy of 500 keV and an equatorial pitch angle of 20°, show that the electron gets accelerated by
whistler waves and then quickly scattered into loss‐cone by EMIC waves.

Figure 8. The temporal evolution of electron trajectories with different initial energies (300 keV to 1 MeV) and pitch angles (7°–65°) are depicted in energy and pitch‐
angle space for fwh/fce,eq = 0.3 in panel (a) and fwh/fce,eq = 0.4 in panels (b), (c), and (d). Panels (a) and (b) show the results for the ducted whistler case, (c) for the ducted
case with long but finite wave‐packets (l = 300) (Zhang et al., 2020b) and (d) for the non‐ducted case. Magenta trajectories show those first accelerated to relativistic
energies by whistlers and then scattered by electromagnetic ion cyclotron (EMIC) waves, whereas blue ones show those only scattered by whistler waves. The
overplotted blue and red lines are theoretically calculated and the thick red curve marks the minimum resonant energy (Emin) with EMIC waves. The gray vertical shade
represents the loss cone which is assumed to be 4.5° in our simulations.
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5. Conclusions
This paper reports the observation of relativistic electron precipitation driven by the scattering of EMIC waves
with the effect of precipitation enhancement by concurrent whistler‐mode waves. For five events, ELFIN
observed electron precipitation at 300 keV to 2.5 MeV, and precipitating fluxes which were higher during
subintervals containing both EMIC and whistler‐driven precipitation, compared to subintervals of EMIC‐
driven precipitation alone. We propose the scenario of electron acceleration (via the nonlinear resonant ac-
celeration, e.g., phase trapping and turning acceleration) by whistler‐mode waves up to relativistic energies
and subsequent scattering of this accelerated electron population by EMIC waves. Simplified test particle
simulations confirm that this scenario indeed can work. Our results suggest that nonlinear resonant acceler-
ation (Omura et al., 2007, 2015) may significantly contribute to electron precipitation events observed at low
altitudes.

Data Availability Statement
Fluxes measured by ELFIN are available in ELFIN data archive https://data.elfin.ucla.edu/ in CDF format.

THEMIS data is available at http://themis.ssl.berkeley.edu/data/themis. Data analysis was done using SPEDAS
V4.1 (Angelopoulos et al., 2019). The software can be downloaded from http://spedas.org/wiki/index.php?
title=Downloads_and_Installation.
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