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Key Points:

e We investigate electron precipitation driven by poloidal-mode ULF waves that
perturb the electron dynamics over bounce and drift timescales

e Precipitation occurs when electrons encounter westward electric fields, which
enhance their cross-field energy and reduce the mirror heights

e Drift-resonant electrons can continuously encounter westward electric fields to
have longer precipitation duration than non-resonant ones
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Abstract

A mechanism recently proposed for magnetospheric electron loss into the atmosphere
is the precipitation directly driven by ultralow-frequency (ULF) waves. In this study,
we quantitatively analyze the properties of ULF wave-induced precipitation by
simulating the electron bounce and drift motion in poloidal-mode waves excited in a
dipole magnetic field. Our results reveal that precipitation occurs only when electrons
encounter a westward-directed wave electric field in the magnetosphere, which leads to
cross-field energy enhancements and reduces their mirror heights. The simulations also
demonstrate longer duration electron precipitation at the drift-resonance energy. We
calculate the temporal variations of the energy spectrum for precipitating electrons and
the total precipitating energy fluxes. These results improve our understanding of ULF
wave-induced electron precipitation as well as provide a point of comparison for

observations from balloons or ground-based instruments.
Plain Language Summary

Electron precipitation into the atmosphere is a major mechanism for electron loss in the
radiation belts. A critical driver for the precipitation is the pitch-angle scattering
induced by various plasma waves in the frequency range between several hertz and tens
of kilohertz. On the other hand, ultralow-frequency (ULF) waves on the order of several
millihertz are usually believed to play an indirect role, by modulating other types of
waves. Here, we investigate a recently-proposed mechanism of electron precipitation
directly driven by ULF waves, by simulating electron motion within a poloidal-mode
wave field. The simulations, which cover electron bounce and drift time scales, reveal
the important role of the azimuthal wave electric field in the induced electron
precipitation. The precipitation occurs when the electrons encounter a westward-
directed electric field, which accelerates the electrons and reduces their mirror heights.
The induced precipitation also shows an energy dependence; electrons at the drift-
resonance energy, which encounter a sustained westward-directed electric field, would
have longer precipitation duration than non-resonant electrons. We further calculate the
energy spectrum and the total fluxes of the precipitating electrons directly driven by
ULF waves, and demonstrate that the effect could be potentially comparable to that

caused by other magnetospheric waves.
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1 Introduction

The loss of energetic electrons in the radiation belts, an important process of the
magnetospheric dynamics, is attributed to two mechanisms. The first mechanism is
magnetopause shadowing, which occurs when the electron drift paths intersect the
magnetopause (Hudson et al., 2014; Shprits et al., 2006; Ukhorskiy et al., 2006). The
other is the precipitation of energetic electrons into the atmosphere, which can be driven
effectively by resonant wave-particle interactions (W. Li et al., 2007; Millan & Thorne,
2007; Rodger et al., 2010). Many studies have shown that whistler-mode chorus waves
contribute significantly to electron precipitation by pitch-angle scattering (Horne &
Thorne, 2003; W. Li et al., 2014; Shprits et al., 2007), which also leads to the generation
of diffuse (Ni et al., 2008; Thorne et al., 2010) and pulsating aurorae (e.g., Nishimura
et al., 2010). Whistler-mode hiss, primarily confined to the plasmasphere and
plasmaspheric plumes, is another source for the resonant scattering of electrons in a
wide energy range (W. Li et al., 2019; Meredith et al., 2007; Ni et al., 2013). In addition,
it has been shown that Electromagnetic lon Cyclotron (EMIC) waves play an important
role in precipitating relativistic electrons (Jordanova et al., 2008; Kitamura et al., 2018;

Omura et al., 2010; Thorne & Kennel, 1971; Usanova et al., 2014).

Another important factor of driving radiation belt dynamics is ultralow-frequency (ULF)
waves, especially those in the Pc4-5 ranges (from 2mHz to 22mHz), which can lead to
energy exchange and radial transport of energetic electrons via wave-particle drift-
resonant interaction (Fei et al., 2006; Klimushkin et al., 2021; Mann et al., 2013;
Mikhailova et al., 2022; Su et al., 2015; Zong et al., 2017). Typically, ULF waves are
categorized into toroidal and poloidal branches (Hughes, 1994), although they are often
coupled with each other (Lee & Lysak, 1989; Wright & Elsden, 2020). Toroidal-mode
waves have radial electric field and azimuthal magnetic field perturbations, whereas
poloidal-mode waves are characterized by azimuthal electric field and radial magnetic
field oscillations, both of which are accompanied by a compressional component of
magnetic perturbations parallel to the local magnetic field. Extensive studies have been
carried out to understand the fast acceleration of electrons during their drift motion in
the azimuthal direction, which coincides with the direction of the electric field carried
by poloidal-mode waves to facilitate an efficient energy exchange (Claudepierre et al.,
2013; Dai et al., 2015; Foster et al., 2015; Hao et al., 2017; Zhou et al., 2015; Zhou et
al., 2016; Zong et al., 2011; Zong et al., 2009). According to Southwood and Kivelson
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(1981, 1982), drift resonance occurs when 1 — mw, = 0, where (0 and w, are wave
frequency and particle drift frequency, and m is the azimuthal wave number. Particles
satisfying the resonant condition encounter a constant phase of the wave electric field

and then experience a sustained energy excursion.

However, quantitative estimates of how ULF waves affect the precipitation of energetic
electrons have been very limited. Previous studies have suggested that ULF waves
could lead to the precipitation of cold electrons (Kostarev et al., 2021; Rankin et al.,
2021), and it is generally believed that for more energetic electrons, the ULF waves can
only play an indirect role via modulation of whistler-mode chorus (Jaynes et al., 2015;
L. Lietal.,, 2022; W. Lietal., 2011; Qin et al., 2021; Xia et al., 2016; Zhang, Chen, et
al., 2019) and EMIC waves (Loto'aniu et al., 2009; Zhang, Mourenas, et al., 2019).
Recently, motivated by the ULF-modulation pattern of the electron precipitation in
balloon observations (Millan et al., 2002; Millan et al., 2007), it has been proposed that
ULF waves may directly induce the precipitation of energetic electrons (Brito et al.,
2015; Brito et al., 2012). According to their simulations, when an energetic electron
outside the loss cone is transported radially inward by the ULF waves, the enhanced
field strength increases its equatorial pitch angle due to the conservation of the first and
the second adiabatic invariants, and also enlarges the equatorial loss cone. Since the
increase rate of the pitch angle is lower than that of the loss cone in a dipole
geomagnetic field (see Figure 10 of Brito et al., 2015), it would enable the electron
precipitation into the atmosphere. Rae et al. (2018) further suggested that the size of the
loss cone is determined not only by the dipole field but also by the compressional ULF
wave field, which could modulate the loss cone and facilitate stronger precipitation
when energetic electrons drift into the wave-active region. In these studies, however,
the role of the realistic wave field in modulating the electron’s equatorial pitch angle is
not considered. To have a more accurate understanding of the electron precipitation
directly driven by ULF waves, it is required to analyze the electron motion in the fields
of the wave, which would also enable important questions to be answered, e.g., how
deep do electrons penetrate into the loss cone? What are the observational
characteristics of ULF wave-induced precipitation? How large are the fluxes of the
precipitated electrons? How important are ULF waves in precipitating electrons

compared to the very-low-frequency (VLF) and extremely-low-frequency (ELF) waves?
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In this study, we carry out test particle simulations based on a coupled poloidal-
compressional ULF wave model to understand electron dynamics and precipitation
characteristics within two different time scales (the electron bounce and drift scales).
Before presenting the results, in the next section, we first introduce the adopted wave

model and our approach for simulating the electron motion.

2 Methods

cos@ sin? @
and v=—

We adopt a dipole coordinate system (u,Vv, ), in which u =

r2

are expressed in terms of spherical coordinates (7,0, ¢). In this coordinate system, v

1 : :
can also be expressed by v = — — where Ry is Earth’s radius and L represents the
E

L-shell value. Here, the positive €,, direction is perpendicular to the dipole field line
pointing outward. At any specific L shell (i.e., a fixed v), y increases with latitude,
with the positive &, direction pointing northward along the dipole field line. The

positive &g direction points azimuthally eastward. The Earth’s background dipole

field is then defined by
N 2
By = Bi‘:E\/l +3cos?20e, = BifE (11_:?;; e (1)

where By is the equatorial magnetic field strength at Earth’s surface, and s = cos 6.

The poloidal wave electric field used in our study is a solution to the linearized ideal
magnetohydrodynamic wave equations with coupling to the toroidal mode neglected.
To excite the wave, a monochromatic driver is applied, as described in previous works
(Rankin et al., 1999; Rankin et al., 2005; Wang et al., 2018). The azimuthal electric
field Eg, for an Alfvén speed profile varying as v4(s) = v (1 + 3s%) along the

geomagnetic field, is given by,

Eqw3yR vt wi + wl
Ey = %COSUN(S + s3] {sin(wot —me) —e 2 gw—orosin(l"t —mae)
wy — w§ vt
i [cos(a)ot —me¢) —e 2 cos(I't — md))]} ey (2)
WoY
where v, is the Alfvén speed at the equatorial plane, hg = —_ is the scale factor,

Vel

T

N=—"—= S;m = [1— 2 corresponds to the latitude of the magnetic footprint at
2(sm+s) M L p g b
m m

Earth’s ionosphere, m is the azimuthal wave number, and E, controls the wave
amplitude. The field line resonance occurs around a narrow range of L-shell centered
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on L =Lp where the eigenfrequency a)N(L)~a)OTR matches the constant driver
frequency w, . The other parameters are A = (w% — w3)?+ wiy? and T =

2
/w,%, — y:, with y defining the ionospheric damping rate of the waves. The wave

magnetic field components, i.e., the parallel (compressional) component B, and radial
component B,, are obtained from the Faraday's law. In this study, we set the field line
resonance occurrence at geostationary orbit (L = 6.6), and the wave period is set to

be 120 seconds, i.e., wy = 1277:). The other parameters are E, = 5mV/m, m = 100,

y = 0.1w,. We show in Figure 1 profiles of the wave field, which demonstrates the
characteristics of the narrowing coverage on L-shell and amplitude growth around the
resonant field line.
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Figure 1. Overview of the coupled poloidal-compressional ULF wave field. The first
row shows (a) the time-L shell variations of the equatorial azimuthal electric field; (b)
the temporal variations of the equatorial azimuthal electric field at L = 6.6 where the
field line resonance occurs, corresponding to the horizontal white dashed line in panel
(a); (c) the latitude profile of the azimuthal electric field at L = 6.6 and t = 360s,
with different colors corresponding to different wave phases. The following two rows,
panels (d)-(f) and (g)-(i), are in the same format as the first row, except that they apply
to the equatorial compressional magnetic field components and the radial magnetic field

components at 45° latitude, respectively.
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To examine electron precipitation directly driven by poloidal-mode ULF waves, we
next conduct guiding-center (Northrop, 1963) test-particle simulations to investigate
the electron dynamics in the wave field. In our simulations, a solid precipitation
boundary at 100km altitude is assumed, which means that electrons below 100km are
lost into the atmosphere. It is noteworthy that this assumption is a simplification of a
rather complex loss process that involves the energy deposition and angular scattering
of incident electrons and the dynamical and chemical changes of the upper and middle
atmosphere (e.g., Randall et al., 2007; Sinnhuber & Funke, 2020). A more accurate
assessment of the complex interaction process could change some of our conclusions
(see discussions in Section 5). However, the inclusion of the complex interaction
process requires complicated simulations (Fang et al., 2010; Lehtinen et al., 1999;

Marshall & Bortnik, 2018; Xu et al., 2018) and thus will be left for a future study.

3 Electron Motion within Bounce Time Scale

We first study the electron motion within a half bounce period. The precipitation of an
electron in our model indicates that it is the first time the electron reaches the 100km
altitude, or equivalently, the electron’s mirror point (say, in the northern hemisphere)
must have just moved to below 100km during its final half-period of bounce motion
from its mirror point above 100km in the southern hemisphere. Therefore, a series of
critical electrons are launched at 100km altitude in the southern hemisphere with 90°
pitch angle, and their trajectories within a half bounce period under the influence of the
ULF wave field would provide important information on the angular size of the

precipitating electrons.
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Figure 2. Overview of the variations during the electron bounce time scale. The left
panels show the temporal variations of (a) the azimuthal electric field, (b) the
compressional (red) and radial (blue) magnetic components of the ULF wave field, (c)
latitude, (d) kinetic energy, and (e) the difference of the local loss cone and pitch angle
(LC-PA) along the electron’s bounce trajectory from its launch point at 100km altitude
in the southern hemisphere. The launched electron has an initial energy of 30keV and
the initial phase in the wave field of —0.6m. The right panels, (f)-(j), are in the same
format as the left panels, except that the initial phase of the launched electron in the
wave field is 0.6m. The vertical dashed lines mark the time when the electron
encounters the precipitation boundary (left) or mirrors back (right) in the northern

hemisphere, respectively.

Figure 2 shows the bounce motion of two typical electrons launched at L = L = 6.6
and t = 360s, during which the equatorial amplitude of the wave electric field is about
S5mV/m. The two test electrons have the same initial kinetic energy 30keV but different
azimuthal locations to have different phases ¢ in the wave field (where { = wyt —

ma). The electron with { = —0.6m encounters a westward-directed electric field (see

8
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Figure 2a), a southward wave magnetic field (the compressional component, see the red
line in Figure 2b), and a radial magnetic field that reverses direction across the equator
(the blue line in Figure 2b) during its bounce motion towards the northern hemisphere
(see the latitude variations in Figure 2c). The electron’s energy variation, given in
Figure 2d, indicates its acceleration during this time interval. Given the shorter time
scale of the electron’s bounce motion (~1s) than the wave period (120s), the variations
of the wave field shown in Figure 2 are mainly caused by spatial rather than temporal

effects.

To understand the role of the ULF wave field in the electron pitch angle scattering, we
next derive the local bounce loss cone based on the local magnetic field strength and
that of the precipitation boundary at 100km, and calculate the difference between the
local loss cone and pitch angle (LC-PA) to delineate their relative variations. The LC-
PA values greater than zero indicate that the electron would fall into the loss cone. As
shown in Figure 2e, the LC-PA value increases from zero at the launch point to ~3°
when the electron reaches the precipitation boundary in the northern hemisphere. In

other words, the electron pitch angle is ~87° when it precipitates into the atmosphere.

This relative variation of the loss cone and pitch angle can be understood from the
conservation of the first adiabatic invariant p,4 = p%/(2m.B) , where p, is the local
perpendicular momentum, m, is the electron mass and B is the local magnetic field
strength. Since the ULF wave period is much longer than the electron gyro-period
(<1ms), the first adiabatic invariant is conserved during the electron bounce motion.
Under the effect of the westward-directed electric field, the electron would move
inward and be located at a lower L-shell when it approaches the precipitation boundary.
Given the same altitude of the electron’s launch point and the precipitation boundary at
100km, the magnetic field strength at the precipitation boundary will be smaller than
that at the launch point (with a relative difference less than 10~%), indicating a smaller
perpendicular energy of the electron at the precipitation boundary. Meanwhile, the
electron’s energy is enhanced (Figure 2d; with a relative change greater than 1073).
The lower perpendicular energy and higher total energy indicate a finite parallel
momentum at the precipitation boundary, which in turn causes the reduced pitch angle

and therefore a LC-PA value greater than zero. In other words, it is the ULF-wave
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induced acceleration that indicates a larger magnetic field strength (or equivalently, an

altitude lower than 100km) at the electron’s mirror point.

In contrast, the electron with the phase ¢ = 0.6m in the wave field would encounter
the eastward-directed electric field (see Figure 2f) and be decelerated (Figure 2i). As
one would expect based on the u,; conservation, the decelerated electron would
bounce back at an altitude above 100km (see the vertical dashed line in Figures 2f-2j),

with the LC-PA value less than zero at the mirror point (see Figure 2j).

We next investigate the initial energy- and phase-dependence of the electron
characteristics, to better understand the role of the ULF wave-induced acceleration in
the electron precipitation. To do so, we apply the same test-particle tracing procedure
to a series of electrons, launched at an altitude of 100km in the southern hemisphere
with different energy and phase {. Then we examine the electron energy changes and
the LC-PA values when they reach the precipitation boundary (for those electrons lost
into the atmosphere) or their respective mirror points (for those bouncing back at
altitudes above 100km) in the northern hemisphere. The resulting energy changes and
the LC-PA values are shown in Figures 3a and 3b, respectively, as functions of initial

phase ¢ and energy E.
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Figure 3. Overview of the ULF wave-induced variations within the electron bounce
time scale under different conditions. The left panels show (a) the relative energy
changes and (b) the LC-PA values at 100km altitude (if precipitation occurs) or at the
mirror point, for electrons with different energies and phases in the wave field; (c) the
variations of the maximum LC-PA value as functions of the electric field amplitude, in
which different colors correspond to different electron energies. The right panels, (d)-
(f), are in the same format as the left panels, except that they show the relevant

quantities at 800km altitude.

Obviously, electrons encountering a westward-directed electric field (with the initial
phase in the wave field between —m and 0) are accelerated (with relative energy
change 6E,/E, > 0, see Figure 3a) and then precipitated into the atmosphere (with
LC-PA>0, see Figure 3b). In contrast, electrons in an eastward-directed electric field
(with the initial phase ¢ between 0 and ) are decelerated (§Ey/E), < 0, see Figure
3a) and bounce back (LC-PA<0, see Figure 3b) at mirror points above 100km. These
results, consistent with the expectations based on pu,; conservation, also reveal the
energy- and wave amplitude-dependence of the ULF wave-induced precipitation within
the bounce time scale. The relative energy enhancements, given in Figure 3a, tend to
be larger for lower-energy electrons within larger westward-directed electric fields

(with ¢ closer to —m/2), which leads to stronger precipitation (larger LC-PA values,

11
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see Figure 3b). Such a dependence on electron energy can be understood from the fact
that the electron drift speed is proportional to its energy E), whereas its bounce period
is proportional to 1/\/E—k (Hamlin et al., 1961). In other words, the absolute and
relative energy changes caused by a given electric field must be proportional to \/E_k
and 1 /\/E_ , respectively, within a half bounce cycle. Figure 3¢ further shows the
maximum LC-PA value as a function of the amplitude of the equatorial electric field,
in which different colors correspond to electrons with different energies. The results
indicate that electrons penetrate deeper into the loss cone under larger electric fields,
witha ~10° pitch angle variation for electrons of a few keV under strong electric field
~15mV/m.

To facilitate a potential comparison with spacecraft measurements, we show in Figures
3d-3f the energy and LC-PA changes before the electrons reach a virtual spacecraft at
800km altitude in the northern hemisphere (since most spacecraft measuring particle
precipitation, like the POES satellites, follow polar or sun-synchronous orbits). The
resulting trends are very similar to those at 100km or at the mirror points (Figures 3a-
3c), except that the LC-PA changes are much lower at 800km. For example, the
maximum LC-PA value at 800km is ~1.5° (in comparison with ~10° at 100km)
under strong equatorial electric field ~15mV/m. The significant differences between
the LC-PA values at 100km and 800km (compare Figures 3b-3¢ and 3e-3f) result from
the dipole field configuration. Based on the magnetic field strength at 100km and
800km altitude at L=6.6, the local loss cone at 800km is about 59°. Considering an
electron within the loss cone, with a pitch angle of 80° at 100km, the conservation of
the first adiabatic invariant requires its pitch angle to be ~57.5° at 800km, which
corresponds to the reduced LC-PA value of ~1.5°.

The minor pitch-angle extent of the precipitating electrons inside the loss cone indicates
the difficulty of identifying them in spacecraft observations at 800km. For example, the
Space Environment Monitor (SEM-2) instrument (Evans & Greer, 2004) onboard
POES, widely used in the study of particle precipitation (e.g., Capannolo et al., 2019;
Carson et al., 2013; W. Liet al., 2013; W. Li et al., 2019), could measure electron flux
inside the loss cone with a 0° telescope oriented towards local zenith. However, the
upper edge of the pitch-angle coverage of this 15°-wide telescope is about 35° at high

latitude (Rodger et al., 2010), which means it could only measure the electron flux

12
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relatively deep inside the loss cone (with a local loss cone of ~59°). Therefore, the
POES observations may not be suitable for investigation of the electron precipitation
directly driven by ULF waves. The more recent ELFIN CubeSats (Angelopoulos et al.,
2020), although having more advanced pitch-angle observation capabilities with full
pitch-angle coverage and the resolution of ~22.5°, would still be difficult to identify
the minor pitch-angle extent of the precipitating electrons induced by the ULF waves.
The finer observations for the pitch-angle distributions near the loss cone are required
for satellite measurements to identify these electrons. The balloons or ground-based
observations could be more suitable ways, since they usually exhibit a summed effect
over the pitch-angle ranges. In the next section, we will utilize the backward-tracing
approach to simulate the temporal variations of the electron precipitation during a
longer period (the electron drift time scale), which could enable a potential comparison

to real observations.

4 Electron Motion within Drift Time Scale

To investigate the variations of the ULF wave-induced electron precipitation within
their drift time scale, we set a virtual observer at 100km altitude in the northern
hemisphere (with fixed magnetic longitude ¢ = 0 and L-shell L=6.6), and trace the
electrons with different energies and pitch angles from the virtual observer backward
intime to t = 0 when there is no wave activity. The wave parameters adopted are the
same as in Section 2, which corresponds to the drift-resonance energy of ~50keV. In
other words, the ~50-keV electrons would experience negligible phase variations in the
wave field, and be accelerated continuously (for those with ¢ between —m and 0) to
provide a sustained source for electron precipitation. Therefore, we show in Figure 4 a
comparison between the trajectories of two sample electrons, a non-resonant and a

resonant electron, before their precipitation into the atmosphere.
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Figure 4. Variations of the simulated electrons within the drift time scale. The left
panels show the temporal variations of the 100-keV electron precipitating at 310s,
including (a) the electron’s phase in the wave field (black) and its azimuthal location
(blue), (b) the encountered equatorial azimuthal electric field (black) and compressional
magnetic field (blue), (c) the electron’s energy, (d) the altitude of the mirror points in
the northern hemisphere, (e) the difference between the local loss cone and the
electron’s pitch angle at the mirror points, (f) the L-shell value, (g) the encountered
equatorial magnetic field strength (black) and the background dipole field strength
(blue), and (h) the equatorial pitch angle (black) and loss cone (blue). The vertical
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dashed lines mark the time when the encountered azimuthal electric field is equal to
zero. (1) Three-dimensional motion of the electron’s guiding-center, in which different
colors represent the different L-shell values. The value of the encountered equatorial
azimuthal electric field is also shown as the black curve in the inserted plot, which is
the same as the black line in panel (b). The right panels, (j)-(r), are in the same format
as the left panels, except that they apply for the 50-keV electron (around the drift-

resonance energy) precipitating at 330s.

The left panels in Figure 4 correspond to an electron that precipitates at t = 310s with
an energy of 100keV, which is higher than the drift-resonance energy. The electron’s
phase in the ULF wave field keeps decreasing during its eastward drift around the Earth
(see Figure 4a), which indicates that the electron must encounter an oscillating electric
field (see the black line in Figure 4b for the equatorial azimuthal electric field). When
the electric field is in a westward direction, the electron would be accelerated (see
Figure 4c) to reduce the mirror height (see Figure 4d) and cause an inward motion (see
Figure 4f). A reversed trend could also be observed during the time interval of eastward-
directed electric field (see the trend reversal at each vertical dashed line in Figures 4a-
41). This electron eventually reaches the precipitation boundary at 100km altitude, with
the LC-PA value greater than zero (see Figure 4e). Figure 41 illustrates the electron’s
bounce and drift trajectory during the entire 310s-interval, with the line color displaying

the L-shell variations in association with the wave electric field encountered.

We also investigate the variations of the electron’s equatorial pitch angle and loss cone
during its drift motion. Figure 4g shows the equatorial magnetic field strength (black
line) encountered by the electron in comparison with the background dipole field (blue
line). Figure 4h shows the variations of the equatorial pitch angle (black line) and loss
cone (blue line). Consistent with the Rae et al. (2018) scenario, the modulation of the
equatorial magnetic field strength by the compressional wave field affects the size of
the equatorial loss cone (compare the variations of magnetic field strength in Figure 4g
and loss cone in Figure 4h). However, the electron’s equatorial pitch angle is not only
modulated by the field strength variations, but also the energy variations driven by the
wave electric field. As a result, the electron precipitation does not simply occur when
the compressional magnetic field is in the northward direction (with enlarged loss cones,

as predicted in Rae et al. (2018)). Moreover, the compressional wave field could also
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change the variation trend of the magnetic field strength along the electron’s radial
motion (see the difference between dipole and total magnetic field in Figure 4g). The
electron could even encounter a smaller equatorial magnetic field during its inward
motion (e.g., compare variations from ~260s to ~280s in Figure 4f and 4g), leading to
a reduction of the equatorial pitch angle (to satisfy the p,; conservation; see Figure
4h). This is inconsistent with the results based on the simple dipole field that the
electron’s pitch angle should be enlarged when it moves radially inward (Brito et al.,
2015), which reveals the important but previously-overlooked role of the realistic wave

field in modulating the electron’s equatorial pitch angle.

On the other hand, the drift-resonant electron (see the right panels of Figure 4) would
experience an electric field in a constant, westward direction (see the black line in
Figure 4k) due to the relatively stable phase in the wave field (see Figure 4j). Therefore,
the electron can be accelerated continuously (see Figure 41), which in turn leads to the
monotonic decrease of the mirror height (see Figure 4m) and the increase of the LC-PA
value at the mirror point (see Figure 4n). The electron trajectory is also characterized
by its inward motion (see its L-shell variations in Figure 40) caused by the continuing
westward-directed electric field (see Figure 4r). The continuous inward motion results
in the increasing strength of the encountered equatorial magnetic field (see Figure 4p),
which leads to the gradually enlarged equatorial loss cone (see the blue line in Figure
4q). On the other hand, the equatorial pitch angle experiences weaker variations (see
the black line in Figure 4q) and eventually reaches the loss cone to cause the electron

precipitation.
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Figure 5. Simulated observations of a virtual observer at 100km altitude of L=6.6 with
a fixed azimuthal location. (a) Temporal variations of the equatorial electric field at the
same magnetic longitude as the virtual observer. The properties of the precipitated
electrons include (b) the observed minimum pitch angle, (c) the relative energy changes,
(d) the inward L-shell variations, (e) the energy flux integrated over pitch angle, and (f)
the total precipitating energy flux, with the initial electron distributions prescribed to
be isotropic (n=0 in equatorial phase space density distribution f = fyo sin™ a). The
panels (g)-(h) and (i)-(j) are in the same format as the panels (e)-(f), expect that they

apply for the initial distributions with n=1 and n=2, respectively.

To determine the fluxes of precipitated electrons as functions of energy and time, we
next trace electrons of different energies and pitch angles within the loss cone from the
virtual observer at 100km altitude backward in time to t = 0 so that their initial
properties could be obtained. Note that if an electron reaches the precipitation boundary
during the backward tracing procedure, or if its pitch angle is smaller than the local loss
cone at t = 0, this electron would be considered absent (since it has been precipitated

without having a chance to reach the virtual observer). For other electrons, their
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associated phase space densities are determined based on Liouville’s theorem with the
initial equatorial distribution given by f = foo sin" @, in which the equatorial phase
space density with 90° pitch angle (fo¢) is given by AE8 model (Vette, 1991, which
is extrapolated to energies lower than 50 keV) and n controls the distribution profile
over the equatorial pitch angle (). Note that near the geostationary orbit, the MIN and
MAX versions of the AE8 model are the same. The fluxes of the precipitated electrons

at the virtual observer could thus be derived, which are shown in Figure 5.

It is shown that the electron precipitation directly driven by ULF waves mainly occurs
during the interval of westward-directed electric field (compare the equatorial electric
field at the same azimuthal location as the virtual observer in Figure 5a to the
precipitated electron properties in Figures 5b-5f). This is consistent with the conclusion
from the analysis on the bounce time scale that the electron must be accelerated during
the final half bounce period before its precipitation. A minor exception occurs for
higher-energy electrons, which could be precipitated in association with weak
eastward-directed electric field (see Figure 5 for precipitated electrons near t = 60,
180, and 300s, at energies above 1MeV). This is because of the reversal in the electric
field direction during the electron’s final half bounce period, which in turn is caused by
the rapid ¢ variations due to their fast drift motion with respect to the ULF wave
propagation. The minimum pitch angles of the precipitated electrons (Figure 5b)
indicate that lower-energy electrons could penetrate deeper into the loss cone, a feature
also displayed in Figure 3 within the bounce time scale. Moreover, the precipitated
electrons have all been accelerated (see the relative energy changes in Figure 5c) and
transported inward (see the L-shell changes in Figure 5d) by the ULF waves, further
demonstrating the important role of the acceleration induced by the westward-directed

wave electric field in the electron precipitation.

An interesting feature in our simulation is that the duration of electron precipitation
varies with energy. At the drift-resonance energy (~50keV), the electron precipitation
occupies nearly the entire time interval with westward-directed electric field, whereas
the precipitation at higher and lower energies occurs within a narrower time range
before and after the wave trough, respectively. The precipitation time range further
shortens as the wave continues to grow (compare the three wave cycles in Figure 5).

This is because the non-resonant electrons would experience positive and negative
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energy excursions as they drift across different { phases. To precipitate at a specific
time (and not during the previous cycle of { variations), the energy gain during the
current cycle with westward-directed electric field (prior to the precipitation time) must
exceed the energy loss within the entire half cycle with eastward-directed electric field.
Therefore, the electron precipitation can only occur during the latter part of the positive
energy excursions if the wave growth is not too significant. The resonant electrons, on
the other hand, could undergo a sustained acceleration during their drift motion (see the
example in Figure 4), which enables a continuous precipitation that occupies the entire

time range with westward-directed electric field.

Figure 5e shows the energy spectrum of the pitch-angle integrated energy fluxes, which
is determined based on the assumption that the initial electron distribution is isotropic
(n =0) except for an emptied loss cone. Obviously, the electrons near the drift-
resonance energy have larger differential energy fluxes due to their more efficient
acceleration (see Figure 5c). The integrated energy fluxes for precipitated electrons,
given in Figure 5f, indicate the periodic variations of the precipitating fluxes during
periods of westward-directed electric field. Within each precipitation period, the
integrated fluxes appear to decrease with time, which indicates that the majority of the
fluxes are from electrons with higher energies (compare Figures 5e and 5f). Note that
the peak fluxes, ~0.1 erg/cm? per second, largely depend on the assumption of electron
initial distributions. In the case where the initial distribution has smaller fluxes near the
equatorial loss cone, with n=1 (see Figures 5g and 5h) or n=2 (see Figures 51-5j), the

precipitating fluxes would be reduced by one or three orders of magnitude.

5 Discussion

This study focuses on the temporal variations of the electron precipitation directly
driven by ULF waves, which provides a comparison point for potential observations
from Low-Earth-Orbiting Satellites, balloons and ground-based instruments. To
compare the simulation results to actual observations, the precipitated electron
characteristics should be converted to observable quantities such as the X-ray counts
for balloon measurements. Such a conversion procedure involves the interaction

between precipitating electrons and atmospheric particles, which could be achieved by
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more sophisticated Monte Carlo simulations in future studies (Berger & Seltzer, 1972;
Foat et al., 1998; Millan et al., 2013).

On the other hand, the simulation in this study provides a way to compare the electron
precipitation driven by ULF waves and by other waves. The precipitating energy fluxes,

2

which maximize at ~0.1 erg-cm™2-s™!, are weaker than but still comparable to the

precipitation induced by chorus waves during geomagnetic quiet periods (~0.3-2erg -

~2.571), although they are much weaker than those during geomagnetic

cm
disturbances (~3-10 erg-cm™2-s71 see Ma et al., 2020; Ni et al., 2014). The
characteristic energy of the chorus-induced precipitation is tens of keV, while higher-
energy electrons contribute more to the energy fluxes of the ULF wave-induced
precipitation. These precipitating energy fluxes are also comparable to those induced
by hiss waves during disturbed conditions (~0.3-lerg - cm™2 - s~ Ma et al., 2021).
Note that this comparison is rather inaccurate, since the simulation results largely
depend on the electron distribution before the ULF wave occurrence, which could be
enhanced significantly during geomagnetic storms and/or substorms (Kataoka &
Miyoshi, 2006; McPherron, 1979; Yin et al., 2019). The enhanced source population
could in turn lead to enlarged precipitation and therefore an enhanced ground-based
response. Furthermore, the broadband characteristics of the ULF waves during
geomagnetic disturbances would correspond to a wider drift-resonance energy range of
the electrons (Murphy et al., 2020; Posch et al., 2003), which could allow more
electrons to undergo longer-duration precipitation (as shown in Figure 5). These factors
would strengthen the effect of ULF waves in the electron precipitation. Nevertheless,
the relative role of electron precipitation directly driven by ULF waves and other

magnetospheric waves needs further investigations.

Moreover, it is worthy to note that the simulation results could also be affected by the
ULF wave parameters. The enlargement of the wave amplitude, as shown in Figure 3c,
would lead to a greater penetration of pitch angle into the loss cone within the last
bounce of precipitated electrons, resulting in a larger total precipitating flux. The
variations of the wave frequency and the azimuthal wave number, on the other hand,
would have little effect on the electron bounce motion because of the short time scale.
However, the wave frequency and the azimuthal wave number, together with the L-

shell of the wave field, determines the drift-resonance energy of electrons at which the
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longer precipitation duration would happen (as shown in Figure 5). A higher wave
frequency, a smaller azimuthal number, and/or a smaller L-shell would lead to a higher
drift-resonance energy. Considering the larger contribution of high-energy electrons in
the total precipitating fluxes in Figure 5, a higher drift-resonance energy could lead to

an enhanced profile of the total precipitating fluxes.

Although we only focus on poloidal-mode ULF waves in this study, the mechanism
that ULF wave-induced electron acceleration could lower the mirror height to cause
precipitation also applies to toroidal ULF waves. Toroidal ULF waves are usually
considered less efficient in accelerating electron since the wave electric field is in the
radial direction, or perpendicular to the electron drift paths. Nevertheless, it has been
proposed that toroidal-mode ULF waves can also interact with the electrons via drift
resonance if the asymmetry of the background magnetic field (Elkington et al., 1999)
or the compressional wave magnetic field components (L. Li et al., 2021) are considered.
Since poloidal and toroidal waves are usually coupled in the magnetosphere, it would
be important to consider the electron acceleration and precipitation in a coupled wave
field to obtain more realistic results, although it could be more complex than those in
the single mode wave field. Future studies are needed to investigate the details of the

electron precipitation in the coupled wave field.

Finally, it is important to note that the conclusions in this study are largely based on the
assumption of a solid precipitation boundary at 100km altitude, whereas the actual loss
process of the electrons in the atmosphere is more complex. The incident electrons with
different energies and pitch angles would result in different atmospheric responses,
which in turn lead to different energy deposition and backscatter extent (Marshall &
Bortnik, 2018). The backscattered electrons would have mirror points below 100km,
and their follow-up motion within the bounce time scale would correspond to a deeper
penetration into the loss cone. For example, if we adopt the same parameters as in
Figures 2a-2e, a backscattered 30-keV electron launched from 80km altitude in the
southern hemisphere would have a LC-PA value of ~6° at 100km in the northern
hemisphere (compare to ~3° in Figure 2e). The enlarged pitch-angle range would lead
to a greater precipitating flux and indicate the possibility of measurements from low-
earth-orbiting satellites. Moreover, the existence of the backscattered electrons would

also relax the constraint that electron precipitation occurs during the interval of
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westward-directed electric field. To take into account the complicated process of
atmospheric collision, it is probably required to combine the test-particle simulation
with sufficient electrons via the Monte Carlo approach, in which the information of
energy deposition and backscattered population could be provided by the electron-
atmosphere-interaction model (e.g., Lehtinen et al., 1999; Marshall & Bortnik, 2018).
The simulation should provide more realistic characteristics of the ULF wave-induced

precipitation, which will be addressed in a future study.

6 Summary

In this study, we utilize test-particle simulations in a coupled poloidal-compressional
ULF wave model, to investigate the electron precipitation characteristics directly driven

by ULF waves within the bounce and drift time scales. The main results are as follows:

(1) The electron precipitation directly driven by poloidal ULF waves is closely related
to the azimuthal electric field. The precipitation usually occurs when the electrons
encounter a westward-directed electric field, which leads to their acceleration and,

consequently, a reduced mirror height.

(2) Electrons around the drift-resonance energy could encounter a stable phase in the
wave field and thus experience a sustained acceleration under westward-directed
electric field, which correspond to a longer duration of precipitation than non-resonant

electrons.

(3) The ULF waves could only drive the precipitation of electrons near the loss cone.
The lower-energy electrons could penetrate deeper into the loss cone, although the pitch
angle variations are still less than 10 or 2 degrees at 100km or 800km altitudes even for
low-energy, keV electrons. This is very hard to be observed in space.

(4) The ULF wave-induced precipitating energy flux could reach ~0.1 erg-cm™2-s71,
which could lead to electron precipitation signals potentially observable by balloons or

other ground-based instruments.
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