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Abstract Chorus subpackets are the wave packets with modulated amplitudes in chorus waves, commonly
observed in the magnetospheres of Earth and other planets. Nonlinear wave-particle interactions have been
suggested to play an important role in subpacket formation, yet the corresponding electron dynamics remain not
fully understood. In this study, we have investigated the electron trapping through cyclotron resonance with
subpackets, using a self-consistent general curvilinear plasma simulation code simulation model in dipole fields.
The electron trapping period has been quantified separately through electron dynamic analysis and theoretical
derivation. Both methods indicate that the electron trapping period is shorter than the subpacket period/duration.
We have further established the relation between electron trapping period and subpacket period through
statistical analysis using simulation and observational data. Our study demonstrates that the nonlinear electron
trapping through cyclotron resonance is the dominant mechanism responsible for subpacket formation.

Plain Language Summary The spectrum of chorus waves comprises a series of subpackets,
characterized by modulated amplitudes within a timescale of ~10—-100 milliseconds. In this study, we have
investigated the self-consistent wave-particle interactions with subpackets, using two-dimensional particle-in-
cell simulations in dipole fields. Cyclotron resonant electrons are trapped in wave phases, and we have measured
their trapping period. Since these electrons move in the opposite direction of subpacket propagation, the
corresponding trapping period is smaller than the period of subpackets. We have further established the relation
between the two periods and validated it through both simulation and observational data. This relation facilitates
evaluating electron trapping period from direct measurement of subpackets in observations. Our study sheds
important lights on the key role of nonlinear electron trapping through cyclotron resonance in the formation of
subpackets.

1. Introduction

Chorus subpackets consist of wave packets characterized by modulated amplitudes, typically within a timescale
of ~10-100 milliseconds in the Earth's magnetosphere (Goyal et al., 2017; Mourenas et al., 2022; Santolik
et al., 2003; Tsurutani et al., 2009; Zhang et al., 2020). They are also observed in the magnetospheres of other
planets (Menietti et al., 2012; Reinleitner et al., 1984), as well as in laboratory plasma (Van Compernolle
et al., 2016). Subpackets are scientifically interesting due to their significant roles in modulating electron dy-
namics through nonlinear wave-particle interactions (H. Chen et al., 2022; Crabtree, Ganguli, & Tejero, 2017,
Hanzelka et al., 2020; Mourenas et al., 2022; Nogi & Omura, 2022; Nunn et al., 2021; Tao et al., 2017; Zonca
et al., 2022). They are believed to cause the fine structures (~10 milliseconds) observed in pulsating auroras
(Kataoka et al., 2012; Miyoshi et al., 2015; Ozaki et al., 2018), and contribute to the acceleration of relativistic
electrons in the outer radiation belt (Foster et al., 2017; Hiraga & Omura, 2020; Kubota & Omura, 2018).

It is believed that the intense chorus subpackets are generated due to nonlinear electron trapping through cyclotron
resonance (H. Chen, Wang, Chen, Omura, Lu, et al., 2023; Chen, Wang, Chen, Omura, Tsurutani, et al., 2023;
Demekhov et al., 2020; Hanzelka et al., 2020; Omura, 2021; Tao et al., 2017; Wang et al., 2024). Previous
literature speculated that the energy transfer process during subpacket formation is similar to that in Landau
resonance, where the energy transfer between subpackets and resonant electrons is conserved (Tao et al., 2017). A
necessary condition in this process is the trapping period of resonant electrons being comparable to the subpacket
period/duration (O’Neil, 1965). However, Wang et al. (2024) found in simulations that the energy transfer be-
tween resonant electrons and subpackets reaches the maximum at the peak amplitudes of subpackets. Moreover,
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Figure 1. (a, c, e) Spectra of perpendicular magnetic amplitude 6B,,, for three chorus wave cases observed by Van Allen Probes. Three subpackets (SP1-SP3) are
highlighted by white boxes. (b, d, f) Temporal evolutions of 6B,,, (black) and the 6B,,,, component (gray) of the three subpackets.

Crabtree, Tejero, et al. (2017) estimated the electron trapping period in one observational event, showing that it is
smaller than the subpacket period. Therefore, the mechanism responsible for subpacket formation and the
associated electron trapping dynamics remain not fully understood. Note that we concentrate on intense sub-
packets. There are also moderately intense and very short subpackets in observations, which are proposed to be
generated due to wave superposition (Mourenas et al., 2022; Nunn et al., 2021; Zhang et al., 2020).

In this study, we quantify the electron trapping period in the formation of quasi-parallel subpackets, using both
satellite observations and self-consistent simulations. Our results indicate that the electron trapping period is
smaller than the subpacket period. We further demonstrate that the nonlinear wave-particle interaction through
cyclotron resonance is the mechanism responsible for subpacket formation.

2. Satellite Observations
2.1. Observational Cases

We first evaluate the period of subpackets in observations. Three rising tone chorus cases detected by Van Allen
Probes in previous literature are selected: Case 1 from R. Chen et al. (2022), Case 2 from Zhang et al. (2018), and
Case 3 from Tsurutani et al. (2020). Figures 1a, 1c, and le show the spectra of perpendicular magnetic amplitude
oB,,, for chorus waves. Within these spectra, three subpackets (SP1, SP2, and SP3) marked by white boxes are
chosen. Temporal evolutions of wave magnetic amplitude éB,,, (black) and the 6B,,, ; component (gray) in these
subpackets are shown in Figures 1b, 1d, and 1f. The reverse period of each subpacket w,,,,, is estimated by
identifying the adjacent minimum values of 6B,, |, and is @,,;,,/€2,o = 0.017, 0.021, and 0.012 for the subpackets
SP1-SP3. Here, Q,, = B,ge/m, is the equatorial electron gyrofrequency, e and m, are the charge and mass of an
electron, and B, is the equatorial background magnetic field.

2.2. Modified Electron Trapping Frequency From Nonlinear Theory

Nonlinear theory indicates that the motion of cyclotron resonant electrons in wave phases can be described by
(Nunn, 1986; Omura et al., 2008; Tao et al., 2017)

d*

dl‘z wtr NL|S_0(Sln€+S) (1)

CHEN ET AL.

2 of 10

d 11 '+20T “LO0STY61

ssdny wouy p

2SU2DIT suowwo)) aanear) afqearjdde ayy Aq pauIaA0S aIe sa[oNIE Y() Asn JO SN 10) KIRIqIT duI[uQ K3[IAL UO (SUONIPUOI-PUE-SULIA) /WO K[ KTeIqIjaut[uo//:sdiy) Suonipuo) pue sWd ], 3y 23S *[+707/L0/67] U0 Areiqi autjuQ Ko[iAy ‘saLeIqi] KNsiaatun wngny £q [84601TOFC0T/6T01 01/10p/wod Kajim’ £



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL.109481

where { represents the gyrophase angle between electron perpendicular velocity v, and wave perpendicular
magnetic field 6B,,,, and S is the inhomogeneity factor. Here, @,,_y;|g—, is the trapping frequency of electrons
near the stable equilibrium point at {, = z with § = 0, given by

Wir_NiLls=o = X +\/ €k vL6B,,1/(my), @)

where y = /1 — w?/(k*c?) with the light speed c, k is the parallel wave number, and y = 1/4/1 — v?/c? is the

relativistic factor. The stable equilibrium point ¢, and the inhomogeneity factor § satisfy

sin §y = =S, 3)
and
ST <1, 4)
respectively. We expand Equation 1 near ¢ as
d*¢ _
A = w%rvNL|S=o[51n fo+ S+ cos go(C - go)]- )
Considering Equation 3, we have
dZ(gdit_zgo) = a)t2r_NL ‘5:0 cos £o(¢ = &) (©)

with cos{, < 0. Using S to replace ¢, Equation 6 becomes

2 —_
M = = tr_NL|S=0 VI — SZ(C - Co)v @)

dr?
or

PC-0)

a7 wtzrvNL (€=%) 8)

Here, w,,_y; represents the modified electron trapping frequency corresponding to a specific ¢, and is given as

oyt = o _vils_o(1 = 59" = fekyv 8B,/ Gmer) (1 = 87) " ©

The wave frequencies of the three subpackets in observations are w/Q,, = 0.28, 0.29, and 0.31, and the wave
normal angles are @ = 9.52°,25.17°, and 20.60°, respectively. Based on cold plasma dispersion relation, the wave
numbers are estimated as kV,,o/Q,, = 0.64, 0.68, and 0.73 (where V.o = B,o/+/HoNeom, is the electron Alfven
speed, u is the vacuum permeability, and n, is the equatorial plasma density). The average wave amplitudes of
subpackets are 6B,,,/B,, = 0.0039, 0.0033, and 0.0006, and the S values are § = —0.32, —0.45, and —0.35,
respectively. The v,/V,,q is 2.5 (Zhang et al., 2018). Other wave parameters can be found in Table S1 of the
Supporting Information S1. The @, 7/, in the three subpackets are 0.067, 0.062, and 0.030, respectively.
These values are 2.5-4 times larger than /€2, (=0.017, 0.021, and 0.012, respectively), which is consistent
with the results in Crabtree, Tejero, et al. (2017).
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Figure 2. Trajectories of two cyclotron resonant electrons in the (a), (g) & —  planes and (b), (h) { — v planes, with triangles (circles) indicating the positions at
Q,ot = 2,940 (=3,000). The left (right) panels depict the trajectories of a phase-trapped (phase-bunched) electron. In panels (a), (g), dashed lines denote the positions of
RV 4,0/Q,0) = —242.24, and the color codes in panels (b), (h) represent temporal evolution. In panel (a), three subpackets are labeled as Subp #1-—#3. (c), (i) Temporal
evolutions of wave magnetic amplitude 6B,,, (black) and the 6B,,, ;, component (gray) at 4/(V,,,/,,) = —242.24. Temporal evolutions of (d), (j) the magnetic amplitude
felt by electrons 6B, (e), (k) parallel velocity v, and (f, 1) gyrophase angle ¢ of electrons along their motion trajectories. The dotted lines in panels (¢), (i) indicate the
period 7, of Subp #2. The dashed lines in panels (d)—(f) represent the trapping period T, for the phase-trapped electron, and those in panels (j-1) represent 7,,/2 for the
phase-bunched electron.

3. Electron Trapping in Self-Consistent Simulations
3.1. Simulation Model

To quantify the relation between electron trapping period and subpacket period, we investigate electron dynamics
in the self-consistently excited subpackets. The two-dimensional general curvilinear plasma simulation code
(GCPIC) model in dipole fields has been used (Lu et al., 2019; Wang et al., 2024). The initial setup is the same as
that in Wang et al. (2024). Specifically, the simulation domain spans a radial distance of p/(V,,/Q,,) = 1,511-
1,767 (with p representing the equatorial distance to the center of the Earth), and in a magnetic latitude range of
A = —31°-31°. The ratio of plasma frequency w,, = /ne*/m,ey (Where &, is the vacuum permittivity) to
electron gyrofrequency €2, at the center of simulation domain is ®,,,/Q,, = 4.98. The electrons are pushed by
relativistic Lorentz force. In this study, we use the retracing method to analyze the electron dynamics. The
resonant electrons are collected at a specific time point 7, and their velocities and positions are recorded from a
time point prior to T,. Note that these electrons are not treated as test particles, but self-consistently interact with
waves.

We focus on the cyclotron resonant electrons interacting with the subpackets at a radial distance of p/(V,,o/
Qo) = 1,722 and a magnetic latitude of 4 = —7.57°. The subpackets propagate quasi-parallel to field lines with a
wave vector k-B,, < 0, and their evolution is depicted in Figure 1 of Wang et al. (2024). At Q,,T, = 3,000, the
wave frequency is w/Q2,, = 0.33 and the wave normal angle is @ = 16.44°, leading to the cyclotron resonance
velocity of v,./V.0 = 0.76 (v. = (w — Qq/y)/k;, where €, is the local electron gyrofrequency). Resonant electrons
are collected in the ranges of v/V,,o = 0.46-1.06, v,/V,,, = 2.0-4.0, and { = —z—2/2, and their dynamics are
investigated in the period Q.o = 2,940-3,060.

Cyclotron resonant electrons trapped in wave phases can be categorized into phase-trapped and phase-bunch
electrons (Albert et al., 2021; Bortnik et al., 2008; Nunn, 1974; Omura et al., 2008). Phase-trapped electrons
remain trapped for several periods, while phase-bunched electrons are only trapped for less than one period. In
this study, we identify a total of 2,596 resonant electrons, comprising 1,153 phase-trapped electrons and the
remaining 1,443 phase-bunched electrons.

3.2. Typical Examples

The trajectories of a phase-trapped electron and a phase-bunched electron in the (a, g) & — ¢ planes and (b, h) £ — v
planes are shown in Figure 2. Here, / represents the distance along a field line to the magnetic equator, with
negative values indicating the southern hemisphere. Electron positions at Q¢ = 2,940 are indicated by triangles,
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and those at Q,7T, = 3,000 are denoted by circles. The wave magnetic
amplitude 6B,,, is overplotted for reference and it contains three subpackets
labeled as Subp #1-#3. The subpackets propagate with a negative parallel
group velocity v, while electrons move with a positive parallel velocity v.
During Q,yt = 2,940-3,060, the electrons pass through Subp #2. For the
phase-trapped electron, the overall trend of v decreases, and its { is confined
between —z/2 and #/2, indicating continuous trapping in wave phases. While
the v of the phase-bunched electron increases. The electron is only trapped in
the wave phases during Qo = 2,992-3,015, with { ~ #/2.

The subpacket period, which represents the timescale of wave amplitude
modulation at a fixed position (Mourenas et al., 2022; Santolik et al., 2003;
Tsurutani et al., 2009; Zhang et al., 2020), is then evaluated. At
Q. T, = 3,000, the central position of Subp #2 is located at h/(V,,o/
Q,y) = —242.24. We plot the temporal evolutions of wave magnetic ampli-
tude 6B,,, (black) and the 6B,,,, ; component (gray) at h/(V,,¢/Q,y) = —242.24
in Figures 2c and 2i. By identifying the adjacent local minimum values of
0B, at Q ot = 2,960.0 and 3,103.4, the period of Subp #2 is estimated as
QuTyp, = 143.4, and the corresponding reversal is o = 2al

Ty = 0.044Q,.

subp

The evolution of wave amplitude at a fixed position differs from that along the
electron motion trajectory. Figure 2 shows the temporal evolutions of (d, j) the
magnetic amplitude 6B,,,, feltby electrons (e, k) parallel velocity vy, and (f, I)
gyrophase angle { of electrons along their motion trajectories. As v de-
creases, { tends toward ~—zn/2; while as v increases, { approaches ~z/2. We
further quantify the electron trapping period, which represents the timescale
of electron interacting with waves during the transversal of a subpacket.

> Using the adjacent local maximum values of v around 7} at Q¢ = 2,978.7
h and 3,041.1 (Figure 2d), the trapping period for the phase-trapped electron is
measured as ,0T,. = 62.4, and the corresponding trapping frequency is

Figure 3. A schematic diagram depicting the propagation of a subpacket and w,. = 27T, = 0.10Q,,. This period is comparable to the period of 6B, ,,
the trajectory of a cyclotron resonant electron in the 4 — ¢ plane, with the indicating that the electron experiences a complete trapping during the

subpacket period denoted by 7,

and the electron trapping period denoted
by T,,. The subpacket propagates with the parallel group velocity v, , and the
electron moves with the parallel velocity v ~ v.. The two velocities are in

transversal. While the phase-bunched electron is only trapped during
Q,t = 2,992.3-3,014.4 (Figure 2j), characterized by increasing v and { ~ n/

opposite directions. The angle between v, (v,) and the h axis is represented 2. The electron is trapped for half a period T,,/2 during the transversal, with

by asubp (aele)'

Qo7 = 44.2 and the trapping frequency @,,/Q2,, = 0.14. The trapping periods
for both types of resonant electrons are smaller than the subpacket period,
consistent with observational results (Figure 1).

A schematic diagram comparing T}, and T, is illustrated in Figure 3, depicting the evolution of a subpacket and
the electron trajectory in the & — ¢ plane. The subpacket propagates with a parallel group velocity v, , and the
angle between subpacket propagation and the 4 axis is denoted by a,,,,, = tan™! (1/vg)). The parallel velocity v, of
the electron is opposite to v,, and the angle between the electron trajectory and the & axis is determined by
a,, = tan™"' (=1/v)). For cyclotron resonant electrons, v, ~ v.. The period of a subpacket at a specific position is
represented by 7,,,,, and that for resonant electron interacting with waves is T,,. Based on geometric relations,

T, and T, satisfy

T,
Topp = T + ——t =(1- T, 10
subp tr tana,, an Agpp ( v||/Vg||) r ( )

Converting periods to frequencies yields:

@y = (1= vy/ve) ) @suny an
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Equation 11, similar to Equation 27 in Tao et al. (2021), is verified through electron dynamics in Figure 2.
During Qo = 2,940-3,060, the average wave frequency is w/Q,, = 0.33, and the average wave normal angle
is @ = 15.14°. Using the cold plasma dispersion relation, the parallel wave number is estimated as kV,.o/
Q. = —0.68, and the parallel group velocity is v, /V,.o = —0.59. Considering the average parallel velocity of
Vi/Vaeo = 0.83 (=0.70), the (1 — v/vg) (@4u,/€20) is evaluated as 0.10 (0.09) for the phase-trapped (phase-
bunched) electron, and is comparable to the corresponding w,,.. This relation has also been confirmed by
electron trapping dynamics simulated in the real-size Earth's magnetosphere, as depicted in Figure S1 of the
Supporting Information S1.

subp

By analyzing electron dynamics in simulation, we have quantified that the trapping frequency w,, is larger than

0] We further compare the trapping frequency given by nonlinear theory @;,_y;, With @y, For the phase-

subp:
trap;ed (phase-bunched) electron, the average magnetic amplitude in the trapping period is 6B,,,,/B,, = 0.014
(=0.012), and the average perpendicular velocity is v,/V,,, = 2.32 (=2.77). The inhomogeneity factor is
§ = —0.34 (Wang et al., 2024). Substituting these values and kV,.¢/Q,, = —0.68 into Equation 9, we obtain
0, N1/ = 0.14 for both types of resonant electrons, which is also several times larger than w,,;,,/

Q, = 0.044.

subp/’

The trapping frequency w,, is measured in the stationary coordinates through the analysis of electron dynamics.
While w,,_y; is quantified in the reference frame of waves (Denavit & Sudan, 1975; Sudan & Ott, 1971), spe-
cifically, in the coordinates moving with the parallel group velocity v, (Omura et al., 2008). Therefore, there is a
Doppler frequency shift between w,, and w,, ;. The two frequencies satisfy

@y + ksubp”VgH = W_NL» (12)

where ki, is the reverse spatial scale of a subpacket. The term ki, v, is approximately equal to @,y
Equation 12 can be written as

Wy + Dgypp = Dy _NL- (13)
Substituting Equation 11 into Equation 13, we have
(2 - V\I/Vg\l)a)subp =Wy _NL- (14)

Equation 14 presents the relation between the trapping frequency given by nonlinear theory and the reverse period
of subpackets.

3.3. Statistical Results

To validate Equation 14, we calculate the theoretical trapping frequency w,, y; for each resonant electron using

its average v, and 0B,,,, in the trapping period, and compare it with @ Figure 4 presents the occurrence rates

subp*
for phase-trapped (red) and phase-bunched electrons (blue) as a func[;ion of (a, ¢) w,_yi/ @, and (b, d)
(@4_n1/ @)/ (2 -/ vg”). The occurrence rate is defined as the ratio between the number of phase-trapped
(phase-bunched) electrons in each category and the total number of corresponding electrons. For both types of
resonant electrons, @;,_y;/®gyp, covers a wide range from ~2.4 to ~4.2, with the maximum occurrence rate at
@y _ni/ Ogupp ~ 3.2. The values of w,,_y; /@y, for the three subpackets in observations (SP1-SP3) are also

marked at @,,_n;/@gup, =4.2, 3.1, and 2.6. Therefore, w,,_y;, is several times larger than @ We then quantify

subp*
the term 2 — v /v, in simulation and observational data. For each resonant electron in simulation, the average v
and v, in the trapping period are used. For subpackets SP1-SP3, v is set as v, and v, is estimated from
dispersion relation of chorus waves. After dividing 2 — v /v, the (@ _y1/ @gupp)/ (2 -/ ng) in both simulation
and a few selected observational cases are excellently clustered around 1, confirming the relation between @,, ;.

and w,,,;,, in Equation 14.

subp
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Figure 4. Distributions of occurrence rates for phase-trapped (red) and phase-bunched electrons (blue) as a function of (a),
(©) @y _n1/ @gupyp and (b), (d) (a),,lANl/a)s,,bp)/(Z - V\I/VgH)' In panels (a), (b), the values of observational cases SP1-SP3 are
indicated by arrows.

4. Summary and Discussion

Using self-consistent GCPIC simulations in dipole fields, we have investigated the nonlinear trapping of
cyclotron resonant electrons during chorus subpacket formation. The trapping period has been quantified sepa-
rately by analyzing electron dynamics and through theoretical derivation, and both methods yield a trapping
period smaller than the subpacket period. We have further established the relation between the two periods, and
validated it through statistical analysis using simulation and observation data. Our results demonstrate that the
nonlinear wave-particle interaction through cyclotron resonance is the dominant mechanism in the formation of
quasi-parallel subpackets.

Nonlinear wave-particle interactions have been suggested to play an important role in amplitude modulation of
chorus subpackets (H. Chen, Wang, Chen, Omura, Lu, et al., 2023; Chen, Wang, Chen, Omura, Tsurutani,
et al., 2023; Crabtree, Ganguli, & Tejero, 2017; Hanzelka et al., 2020; Tao et al., 2017; Zonca et al., 2022). A
majority consensus is that the energy transfer between subpackets and particles is conserved (O’Neil, 1965; Tao
et al., 2017), similar to the process of Landau resonance in classical models. Landau resonant particles move
together with subpackets, and their trapping period is comparable to the subpacket period. The amplitude of
subpackets increases (decreases) due to the energy loss (gain) of particles. However, cyclotron resonant particles
move in the opposite direction of subpackets, thus their interactions are highly dynamical. The trapping period of
cyclotron resonant particles is smaller than the subpacket period (Figure 3). At any specific position, the energy
transfer between subpackets and cyclotron resonant particles is not conserved, which will be shown in Figure 5.
The amplitude modulation of subpackets at a specific position is determined by both the absolute nonlinear
growth rate and the convection term of wave amplitudes (Wang et al., 2024).

We further evaluate the energy transfer between subpackets and particles through Landau resonance AW, and
cyclotron resonance AW, in simulation, which are defined as

) 2 0
AW, = — f [ f f(uy. ¢, uy)ev - SEu, duydddu, , (15)
0 0 —00
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Figure 5. Temporal evolutions of (a) wave magnetic amplitude 6B,,, for Subp #2, and the energy transfer through (b) Landau
resonance AW, and (c) cyclotron resonance AW,. The dotted lines in panels (b) and (c) denote AW, = 0 or AW, = 0.

and
© p2r poo
AW, = — / f f F(uy. ¢, uy)ev-6Eu, duydidu, (16)
0 0 0

where u = yv is the momentum, and f (u, {, u,) is the momentum distribution of energetic electrons. A negative
(positive) AW represents the energy transfer from particles to waves (from waves to particles). Figure 5 shows the
temporal evolutions of wave magnetic amplitude 6B,,, for Subp #2 at h/(V,,¢/Q2.,) = —242.24, and the corre-
sponding energy transfers (b) AW, and (c) AW,. The AW, is positive during subpacket formation, indicating that
Landau resonant particles cause wave damping. While cyclotron resonant particles transfer energy to subpackets
with a negative AW,, which is consistent with Wang et al. (2024). Therefore, the wave-particle interaction
through cyclotron resonance dominates the energy transfer during the formation of quasi-parallel subpackets.
Note that it cannot be excluded that the interaction through Landau resonance might be dominant in the highly
oblique subpackets.

In this study, we modify the theoretical trapping frequency @, y; by considering different inhomogeneity factor
S. Moreover, we establish the relation between w,,_y;, and w,,,, in Equation 14, facilitating the estimation of
o,,_y;, through directly measurement of w,,,, in observations of intense subpackets. This equation is also
applicable to Landau resonant electrons, which move together with subpackets. Equation 14 can be simplified to

@y _NL R O, consistent with previous results (O’Neil, 1965). Note that in this scenario, @, represents the

ubp
reverse period of wave amplitude modulation.

Data Availability Statement

All the data from Van Allen Probes were from https://spdf.gsfc.nasa.gov/pub/data/rbsp/. The simulation data are
available in H. Chen (2024).
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