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Abstract The power gap around 0.5Q, (where Q, is the equatorial electron gyrofrequency) of whistler-
mode waves is commonly observed in the Earth's inner magnetosphere, but its generation mechanism is still
under debate. By performing two-dimensional particle-in-cell simulations in a uniform background magnetic
field, we investigate the spectral properties of whistler-mode waves excited by temperature anisotropic
electrons. The waves have positive growth rates in a wide range of normal angles (6 ~ 0°-35°), resulting in the
generation of both parallel and nonparallel waves. Although the nonparallel wave modes are weaker than the
parallel ones, they can cause the plateau-like shape around 0.5 V,, (where V, represent the electron Alfven
speed) in the parallel direction of electron velocity distribution. The plateau-like electron component can then
lead to severe damping in the waves around 0.5, via the cyclotron resonance, and the power gap is formed.
This mechanism is called as “spectrum bite”. Our study sheds fresh light on the well-known gap formation at
~0.5Q, in the whistler-mode waves, which is ubiquitously detected near the equator in the inner magnetosphere.

1. Introduction

Whistler-mode waves are intense electromagnetic emissions ubiquitously observed in the Earth's inner magneto-
sphere (Burtis & Helliwell, 1969; L. J. Chen et al., 2013; Santolik et al., 2005; Tsurutani & Smith, 1974, 1977).
They can not only efficiently scatter low-energy (0.1-30 keV) electrons into the loss cone and cause diffuse
aurora in the upper atmosphere (Kasahara et al., 2018; Ni et al., 2008), but also accelerate seed electrons
(~100 keV) to relativistic energies (~MeV), refilling the outer radiation belt during geoactive storms (Horne
et al., 2003; Summers et al., 1998; Thorne et al., 2013). Besides the typical exhibition of the frequency chirping
(Burtis & Helliwell, 1969; H. Chen et al., 2022; X. L. Gao et al., 2014; Ke et al., 2017, 2020; Lu et al., 2019;
Omura et al., 2009; Tsurutani & Smith, 1974, 1977) and repetitive emissions (H. Chen et al., 2022; Hikishima
et al., 2010; Lu et al., 2021; Tsurutani et al., 2013), another notable characteristic of whistler-mode waves in the
Earth's magnetosphere is the power gap around 0.5€2, (where Q, is the equatorial electron gyrofrequency), which
visually separates the spectrum into a lower band (0.1-0.5€2,) and an upper band (0.5-0.82,) (Fu et al., 2014; X.
Gao et al., 2019; W. Li et al., 2011; Tsurutani & Smith, 1974).

The power gap of whistler-mode waves in the inner magnetosphere was firstly discovered by Tsurutain and
Smith (1974) over ~50 years ago, and the Landau damping is thought to play a critical role in the occurrence
of such a gap. After that, several efforts have been made to uncover the generation mechanisms of the gap (H.
Chen et al., 2021; H. Y. Chen et al., 2017; Fu et al., 2014, 2017; X. Gao et al., 2017; X. L. Gao et al., 2016; J. Li
et al., 2019; Liu et al., 2011; Omura et al., 2009; Ratcliffe & Watt, 2017). Liu et al. (2011) and Fu et al. (2014)
have suggested that lower-band and upper-band whistler-mode waves can be independently excited by two
distinct electron populations, leaving a power gap between them. By performing one-dimensional (1-D) parti-
cle-in-cell (PIC) simulations of nonparallel whistler-mode waves excited by an anisotropic electron distribution,
J. Li et al. (2019) have found that the electron distribution could be separated into two anisotropic populations
due to Landau resonance, which then excite whistler-mode waves with two bands. However, the gap formation
is sensitively dependent on particular choices of plasma parameters, and even fails in some circumstances by
only extending to a two-dimensional (2-D) frame (Ratcliffe & Watt, 2017). Based on THEMIS satellites, X. L.
Gao et al. (2016) have firstly reported the “multiband chorus” in the Earth's magnetosphere, which is explained
by the nonlinear wave-wave coupling (i.e., lower band cascade). This mechanism has been supported by both
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PIC simulations (H. Y. Chen et al., 2017; X. Gao et al., 2017) and observational results (X. Gao et al., 2018).
While, a statistical analysis of the power gap (X. Gao et al., 2019) has implied that the lower band cascade is only
able to explain part of banded whistler-mode chorus events. Omura et al. (2009) have proposed that, as whis-
tler-mode waves propagate away from the magnetic equator, that is, source region, they will become nonparallel
and experience severe nonlinear Landau damping at 0.5€2,. This effect is supposed to become significant after
waves propagate far away from the source region. Nevertheless, satellite observations have illustrated that whis-
tler-mode waves with banded structures are typically generated near the magnetic equator (X. Gao et al., 2019;
Teng et al., 2019).

Recently, with a 1-D PIC model, H. Chen et al. (2021) have demonstrated that an electron velocity distribution
with a plateau-like component at ~0.5V,_ (where V,_ is the electron Alfven speed) in the parallel direction,
resulting from the Landau resonance of nonparallel whistler-mode waves, can cause severe damping around
0.5€2,, and then the spectrum of the waves naturally forms a gap at ~0.5Q,. In their model, whistler-mode waves
excited by anisotropic electrons are all fixed at a finite wave normal angle (WNA), whereas both linear theory
(Fan et al., 2019; Gary et al., 2011) and multi-dimensional PIC simulations (Lu et al., 2019) have confirmed that
the wave mode with the maximum growth rate propagates along the background magnetic field. Therefore, the
proportion of plateau-like electrons will be artificially amplified in H. Chen et al. (2021). Whether this mecha-
nism is still valid in a multi-dimensional (more realistic) frame remains unknown.

In this study, by extending to a 2-D PIC model, we explore the gap formation in the whistler-mode waves excited
by anisotropic electron distributions, and the wave modes exhibit a wide range of WNAs. Although the wave
mode with the maximum growth rate propagates along the background magnetic field, a minor nonparallel
component can produce a plateau-like component in electron distribution. The gap at ~0.5€, is eventually formed
in the power spectra for both nonparallel and strictly parallel whistler-mode waves.

2. Simulation Model and Initial Setup

We have employed a 2-D PIC simulation model with periodic boundary conditions to investigate the evolution of
whistler-mode waves excited by the temperature anisotropic electrons. This model only allows spatial variations
in the x and y directions, but it includes three components of electromagnetic fields and particle velocities. The
electric and magnetic fields are updated by the Maxwell equations with an explicit “Leapfrog” algorithm, and
the motions of particles are governed by the Lorentz equation. The electrons consist of cold and warm compo-
nents (denoted by the subscripts “c” and “w”, respectively.), while the protons are treated as fixed background by
assuming the mass ratio between proton and electron to be infinite.

The background magnetic field B, is assumed to be uniform, which is along the x axis. The ratio between plasma
frequency and cyclotron frequency is set as ,,/Q, = 4.0. The cold electrons satisfy the Maxwellian distribution,
with the plasma beta of . = 2uonoksT./ B(z) =107 and the number density of n, = 0.85n,. While the warm
electrons satisfy the bi-Maxwellian distribution with the temperature anisotropy of T',, /Tjj., = 4.0. Their parallel
plasma beta and number density are assumed to be fj, = 2ponoksTjj/ B = 0.09 and n,, = 0.15n,. The tempera-
ture of protons is same as that of cold electrons. These initial parameters are all typical values at L-shell = 6. The
simulation domain has 1,024 grid cells in the x direction with the grid size of Ax = 0.64, (where 1, = c/w, is the
electron inertial length, c is the light speed), and 256 cells in the y direction with Ay = 0.64,. We uniformly set
6,000 macroparticles for each species in each cell, and the time step in our simulation is 0.025Q;".

3. Simulation Results

Figure 1 illustrates the time history of temperature anisotropy of warm electrons 7', / T}, and fluctuating magnetic

field strength 6B/B,, (6B = 1/ 6B% + 8 B2 + 6 BZ), which are represented by blue and red lines, respectively. The
temperature anisotropy starts to decrease from ~100Q; ", resulting in the excitation of whistler-mode waves. The
waves grow exponentially till ~240Q;! and saturate at ~328Q; !, with the maximum amplitude reaching up to
0B/B, ~ 0.024. The amplitude then decreases rapidly. To further investigate the wave spectrum, the linear growth
rates have been calculated by the PDRK model (Xie & Xiao, 2016) with the initial setup. Figure 2a shows the
growth rate y as a function of (k,, k,), with the dotted lines representing wave frequency contour lines. The waves
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Figure 1. The temporal history of temperature anisotropy of warm electrons
T1w/Tw and fluctuating magnetic field strength 6B/B,), which are represented
by blue and red lines.

dominant mode (the wave mode with the largest growth rate, denoted by the
white asterisk) is located at k4, = 1.28 and k4, = 0.0, whose frequency is
w,/Q, = 0.57. The spectra of magnetic fluctuation 6B/B, in the k -k, plane
at Q t= (b) 140, (c) 328, (d) 472, (e) 512, and (f) 658 have also been shown
in Figure 2, where the wave numbers corresponding to the frequency of
0.5Q, are represented by the black dotted line in each panel. The waves with
frequencies greater than 0.5Q, firstly generate at ~140Q " (Figure 2b), and
the wave mode with peak amplitude is found at kA, = 1.26 and k4, = 0.0
(represented by the red asterisk). This is consistent with the most unstable
mode predicted by the linear theory, implying the whistler-mode waves are
excited by the anisotropic electrons. When the waves saturate at ~328Q;!
(Figure 2c), the spectrum exhibits a continuous band across 0.5€2,, and both
parallel and nonparallel waves are excited. As time increases, the amplitudes
of nonparallel waves around 0.5, decrease significantly, and the power gap
is formed, marked by the red frame in Figure 2d. Subsequently, the strictly
parallel waves around 0.5€2, are also damped, leading to the pronounced
power gap in both parallel and nonparallel waves (Figures 2e and 2f). As
shown in Movie S1, the power gap persists till the end of the simulation.
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Figure 2. (a) The linear growth rate y/Q, calculated with the initial setup, in which the black dotted lines denote the contour lines of wave frequencies and the white
asterisk marks the wave mode with the largest growth rate. The spectrum of fluctuating magnetic fields 6B/B, in the k -k, plane at Q t=(b) 140, (c) 328, (d) 472, (e) 512,
and (f) 658. In the panels (b—f), the black dotted lines denote the wave numbers correspond to w/€2, = 0.5, and the red asterisk in panel (b) represents the wave mode
with the peak amplitude. The red rectangles in the panels (d—f) mark the power gaps in the wave spectrum.
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Figure 3. The w-f spectrogram of 6B/B, where the black dotted line denotes
the frequency of 0.5Q,.

The w-t spectrogram of the excited waves has been further investigated.
Here we extract the magnetic field data from 16 points, which are uniformly
distributed in the simulation domain. At each point, we perform the sliding
short-time Fourier analysis to the magnetic fields with a window of 2009, .
Then an average is conducted over these 16 points. The w-t spectrogram of
0B/B,, is shown in Figure 3, where the black dashed line denotes @ = 0.5€,.
The waves with frequencies greater than 0.5Q, are firstly excited. As the elec-
tron temperature anisotropy decreases, the frequency of the dominant wave
mode also decreases, leading to the generation of visible wave power around
and even below 0.5Q,. However, the waves around 0.5€2, are severely damped
after ~300Q;", and a gap is consequently formed. The power gap can split
the spectrum into two frequency bands, which is quite similar to the banded
structure in the whistler-mode waves observed in the Earth's magnetosphere.

Whistler-mode waves can play an important role in regulating electron veloc-
ity distribution. Figure 4a displays the parallel velocity distribution of warm
electrons at ¢ = 500 (black line), where the distribution at ¢ = 0 (gray
line) is overplotted for reference. Remarkably, two symmetric plateau-like
shapes are formed around +0.5V,., denoted by two arrows. Based on the
dispersion relation of whistler-mode waves, the Landau resonance velocities
are close to 0.5V, (further shown in Figure 8), so the plateau-like shape is
produced here. The proportion of plateau-like distribution electrons can be
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Figure 4. (a) The parallel velocity distributions of warm electrons at 500 ;' (black line) and at 0 Q;' (gray line), and the
blue diamonds represent the fitted curve at 500 ;. Two symmetric plateau-like shapes are denoted by the black arrows. (b)
The growth rate as a function of (k,, k,) around 500 Q:!, in which the dotted line denotes the wave numbers corresponding to

0.5€,. (¢) The temporal evolution of n,/n,, which is estimated following the method in panel (a).
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4 o= o° estimated by fitting the parallel velocity function with a combination of three
_ ol 0=15° 1 Maxwellian distributions f = Z;ll fi (i.e., hot and two symmetric plateau-
= like components, denoted by “h” and “p”, respectively), where
Y o> o0
° © (v)) = Vi)
= b ] n;i | = Ubi
-2 fi= 7y h_exp <— " )
4 [lth.i [[thi
here, v, is the parallel velocity, and n;, v, and v, are the number density,
. parallel thermal velocity, and bulk velocity of the i component. The distri-
z* N;Eg bution function is fitted by using the least square method, and the fitting
m:; o curve is represented by the blue diamonds in Figure 4a. For the hot elec-
T tron component, the number density is n,/n, = 14.64% and thermal veloc-
ity is vjmn/Vae = 0.292. While those of each plateau-like component are

Figure 5. The temporal evolution of (a) EJ and (b) E, J, around 0.5,

n/ny, = 0.18% and vjjm,/Va. = 0.165, and their bulk velocities are v, /

1 . . . .
600 800 000 Vi = £0.473. To identify the influence of the plateau-like electron compo-

ot

nent on wave spectrum, we have then calculated the growth rate y around
500€2; !, which is estimated by the time variation of the fluctuating magnetic

where the wave modes with @ = 0° and @ = 15° are denoted by the blue and field during the period of €27 = 490-510. Figure 4b displays the growth rate
red lines, respectively. In panel (b), the blue (red) arrow marks the time point 7 as a function of (k,, k), with the black dotted line representing the wave

when the wave mode with 8 = 0° (8 = 15°) starts to damp.

numbers corresponding to 0.5Q,. As the temperature anisotropy decreases,
the wave modes with lower frequencies (or wave numbers) will be excited.
Therefore, the wave modes at kA, = 0.8-0.9 (corresponds to frequencies of
0.35-0.419,) have weakly positive growth rates. While other wave modes decay after ~500Q;", especially for
the nonparallel waves. Remarkably, the wave modes around 0.5€2, are more severely damped than those at other
frequencies, due to the existence of plateau-like electron component. The peak proportion of the plateau-like
component has been further estimated. Figure 4c shows the temporal evolution of n /n,, which is quantified
following the algorithm described above. In the linear growth stage, n,/n, increases significantly from 0.003% to
0.14%. After the wave saturation at ~328Q:!, n,/n, only increases slightly, with a maximum value of ~0.20%.

The energy transfer E - T around 0.5, has been further calculated. Here the fluctuating electric fields E of
the wave modes with 8 = 0°(6 = 15°) have been extracted by the band-pass filter in the wave number ranges of
kA, =09-1.1and kAl = 0.0-0.1 (kA = 0.2-0.3). Then the energy transfer is given by

nx ny nx ny

E-J=EJy+Edi=) Y EJ/N+Y Y (EJy+EJ.) /N

I1=1 m=1 I=1 m=1

where E) J) and E, J, denote the energy transfer in the parallel and perpendicular direction, E; and J, (i = x, y,
z) represent the three components of wave electric field and current density, N is the number of warm electrons,
and ) means an integration over all grid cells. The negative (positive) E - 7 means that the energy is transferred
from particles (waves) to waves (particles). Figure 5 shows the time history of (a) EJj and (b) E.Jy, in which
the wave modes with @ = 0° and @ = 15° are denoted by blue and red lines, respectively. The parallel waves are
excited from ~100Q;! with negative E, J,, and the nonparallel waves are subsequently generated. During the
entire evolution, E;J) of parallel waves is practically 0, due to the negligible parallel electric fields. While that of
nonparallel waves is always positive, implying that the plateau-like components are produced due to the Landau
resonance with nonparallel waves. At about 370Q;"! (denoted by the red arrow), the E; J, of nonparallel waves
becomes positive and the wave modes start to damp. Then the parallel waves also damp from ~405Q;" (marker
by the blue arrow). This is consistent with the spectrum evolution in Figures 2b-2f and Movie S1, in which the
power gap firstly appears in the nonparallel waves, then in the strictly parallel waves. By distinguish E,J, of
different resonant conditions, we find that the wave damping is mainly contributed by the cyclotron resonance,
which has been discussed in H. Chen et al. (2020, 2021). Note that other WNA have also been examined, while
the findings remain the same.

Based on 1-D simulation models, several research have been conducted to study the gap formation (H. Chen
etal., 2020, 2021; H. Y. Chen et al., 2017; X. Gao et al., 2017; Hsiech & Omura, 2018; J. Li et al., 2019), in which
the waves are artificially fixed as nonparallel propagating. While the waves excited by anisotropic electrons have
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Figure 6. The k-t spectrogram of 6B/B, in the (a) 2-D and (b) 1-D models, where the dotted lines represent the wave numbers
corresponding to the frequency of 0.5Q,. (¢) The temporal evolutions of n,/n, in the 2-D and 1-D model, which are denoted
by the blue and red lines, respectively.

positive growth rates in a wide range of WNAs, and the wave mode with the maximum growth rate propagates
along the background magnetic field. Therefore, we have then investigated whether the power gap can be gener-
ated by using the same initial setup in both 2-D and 1-D models. A series of cases with different plasma betas
(B = 0.049-0.360) and temperature anisotropies (T, /Tjj» = 3-5) have been performed. In the 1D model,
the spatial variation is only allowed in the x direction, and the grid cell is n, = 3,072 with Ax = 0.304,. The
background magnetic field is set as By = By (cos0X + sinfZz), where 6 is might as well assumed to be 6 = 20°.
Other parameters keep the same as those in the 2-D models. We have found that when the frequency of the
dominant mode w,, is in the range of 0.4-0.6Q,, the power gap can be generated in both 2-D and 1-D models.
However, when w, is greater than 0.6€2,, the power gap can only be formed in the 2-D model. We take the case
with g, = 0.049 and T,/ T}, = 4 (With @, = 0.632Q,) as an example. Figure 6 illustrates the k- spectrogram
of 6B/B,, in the (a) 2-D and (b) 1-D models. In the 2-D model, the waves with @ = 20° have been shown, in which
the power gap is formed after the wave frequencies drift to lower values. While the wave frequencies in the 1-D
model cannot be lower than 0.5€2,, and the wave spectrum contains only one band greater than 0.5Q,. This could
be accounted for by the different number densities of plateau-like component (n,/n) in the two models. Figure 6¢
displays the temporal evolution of np/n(, in the 2-D (blue line) and 1-D (red line) models, which are estimated
following the approach in Figure 4a. Although n /n in the 1-D model starts to increase later than that in the 2-D
model, it can reach up to a greater peak value (0.29% in the 1-D model and 0.21% in the 2-D model), causing
more severe damping around 0.5€2, (H. Chen et al., 2020, 2021). Therefore, we propose that fixing the WNA as a
finite value is unnecessary, as this will artificially enhance the proportion of the plateau-like electron component.
The power gap is naturally formed when even a small nonparallel component is excited.
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Figure 7. Schematic illustration of the gap formation around 0.5Q, due to the damping by the plateau-like electron
component in the parallel direction of velocity distribution, named as “spectrum bite”.

4. Summary and Discussion

Using numerical simulations, we have investigated the gap formation around 0.5€2, of whistler-mode waves in
the Earth's magnetosphere, which is named as “spectrum bite”. The plateau-like electron components at +0.5V,,
which are produced by the nonparallel waves, can heavily damp the waves around 0.5Q,. Figure 7 schematically
illustrates this mechanism, where the wave modes with positive wave numbers kj; > 0 (negative ones k; < 0) are
represented the red (blue) lines. Here we firstly take the wave modes with k|, > O for example (Figure 7a). Both
parallel and nonparallel waves are excited, since waves have positive growth rates in a wide WNA range. Although
nonparallel waves are weaker than parallel ones, they can produce the plateau-like shape around +0.5V,, in the
parallel electron distribution (Figure 7b). Then, via the cyclotron resonance, the plateau-like electron component
causes severe damping in the waves with k) < 0 around 0.5Q,, and the gap forms eventually (Figures 7c and 7d).
Note that there is another plateau-like shape forming at around —0.5V,, since the waves are counter-propagating.
Therefore, the wave modes with kj; > 0 also have a gap, due to the damping by the plateau-like component at
—0.5V,..

Satellite observations have illustrated that the whistler waves with banded structures are typically detected near
the equator at relatively larger L-shells (L > 5, X. Gao et al., 2019; Teng et al., 2019). To investigate the gap
formation in the wave source, we perform the 2-D simulations in a homogeneous magnetic field with periodic
boundary conditions. The initial parameters (such as magnetic field strength, plasma beta, and plasma number
density) are all typical values at L = 6. The simulation domain is in the x range of [-307.24,, 307.24,] (where
the electron inertial length 4, is estimated as 2.98 km at L = 6), which corresponds to a latitude range of [—-1.37°,
1.37°]. While the source region of whistler waves is confined within ~3° around the equator (LeDocq et al., 1998;
Teng et al., 2018), implying that our simulation domain is smaller than the wave source. The selection of periodic
boundary conditions is acceptable here, since the power gap has already been generated (Q ¢ = 450) before waves
crossing the simulation domain (Q, &~ 1,200, estimated by the ratio between the length of simulation domain
in the x direction and wave phase velocity). Therefore, the “spectrum bite”” mechanism can account for the gap
formation of whistler waves near the equator.

Based on the dispersion relation of whistler-mode waves (Stix, 1962), the Landau resonance velocity is given

asvp = 2 = Jae o (cosH - Qﬁ ), which is affected by the wave frequency w/Q, and the WNA 6. Figure 8

k“ cosf Q, e
illustrates v,/V,, as a function of @/, for the (a) quasi-parallel waves with WNAs of § = 5°-30° and (b) oblique

waves with 8 = 40°~70°. For quasi-parallel waves, v,/V,_ is in the range of 0.45-0.50 when w/Q, ~ 0.25-0.70.

CHEN ET AL.

7of 10

85UB01 7 SUOWILLIOD @AIERID 3|l jdde auy Aq peusenob ake il VO ‘SN o S8|nJ 10} AiqiT8UIIUO AB|IA UO (SUORIPLOD-PUR-SWRIW0D A8 1M AteIq 1 feul [Uo//Sdy) SUORIPUOD Pue SWie 18U} 88S *[220z/0T/TT] Uo AriqiTauliuo A8|im ‘seieiqi AVsieAlun uinany Aq 6TTOE0VETZ0Z/620T OT/I0P/W00" A3 1M Areiq 1 put|uo'sgndnfie//:sdny woy pepeojumod ‘s ‘220z ‘Z0v66912



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2021JA030119

0.6 T T T T T T 0.6 T T T T T T

0.5 0.5

0.4 0.4

Vi Ve

0.3 0.3

021 1 0.2

0.1 . . . . . . 0.1

01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08
0/Q

e

Figure 8. The Landau resonance velocity v,/V, as a function of frequency w/Q, for (a) quasi-parallel waves with
0 = 5°-30°, and (b) oblique waves with § = 40-70°. The two horizontal lines in each panel represent v, = 0.45V,, and
0.50V ..

While for oblique waves, v, is in a wide range from 0.1 to 0.5V, . In our simulations, whistler waves are excited
by anisotropic electrons, and their instabilities mainly concentrate on small angles. Moreover, satellite obser-
vations have shown that the waves near the equator are basically quasi-parallel propagating (W. Li et al., 2011;
Teng et al., 2018). Therefore, the resonance velocities of these waves are close to 0.5V, in a wide frequency
range. This is also supported by satellite observations, which have shown that the Landau resonant velocities
in the parallel electron distribution have always been detected around 0.5V, in the inner magnetosphere (R.
Chen et al., 2019; J. Li et al., 2019; Min et al., 2014). By fixing the waves as nonparallel propagating, H. Chen
et al. (2020, 2021) have found that the plateau-like electrons can cause severe damping around 0.5Q, through
cyclotron resonance, and the power gap is consequently formed. Nevertheless, the wave mode with the largest
growth rate is along the background magnetic field (Fan et al., 2019; Gary et al., 2011). It is currently unknown
whether this process is still valid in a multi-dimensional frame. By extending to a 2-D PIC model, we have found
that even a small proportion of nonparallel wave modes can produce the plateau-like electron component, which
can then cause the power gap through spectrum bite. The number density of this component in the simulation is
quite low, with a peak value of only ~0.2%. In the inner magnetosphere, the proportion of plateau-like electrons
associated with whistler waves is typically in the range of 0.01%—1% (R. Chen et al., 2019), providing strong
observational support to our study. Furthermore, almost all the wave modes decay after ~500Q;"! (Figures 2b-2f
and Movie S1), while the waves around 0.5Q, are more severely damped among them (Figure 4b), leading to the
gap formation. This quite differs from the mechanism in Li et al. (2019), which has proposed that the upper band
and lower band waves are excited by two distinct electron populations, while the waves around 0.5€2, are unable
to grow due to the insufficient anisotropy at ~0.5V,.

Based on a theoretical analysis, Sauer et al. (2020) have indicated that the plateau electrons can cause the damp-
ing around 0.5, in whistler-mode waves. Nevertheless, they haven't talked about how the plateau electrons are
produced and how the energy is transferred around 0.5€2, are still unknown. By performing 2-D PIC simulations,
Ratcliffe and Watt (2017) have also indicated that the plateau distribution can lead to the gap formation. They
have initialized the simulations with two anisotropic electron components (warm and hot electrons) to excite
whistler-mode waves, and suggested the plateau distribution is modulated through the Landau resonance by the
most unstable mode at ~0.5€2,. In our study, we have explicitly shown that the plateau-like electron component
can cause severe damping around 0.5, through the cyclotron resonance. The plateau-like shape is produced even
when there is a small proportion of non-parallel wave modes generated. Moreover, the waves in a large frequency
range (not just the wave mode at ~0.5Q,) can contribute to the formation of plateau-like shape, since their Landau
resonance velocities are all close to 0.5V,.. Last but not the least, the constraint on initial setup in Ratcliffe and
Watt (2017) can be further relaxed by using only one anisotropic electron population. Our study provides an
important clue that the plateau electron component may be the key to solving this long-standing mystery.
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During the propagation from the source region toward higher latitudes, the whistler-mode waves have frequency
chirping due to the inhomogeneous field, leading to the generation of chorus waves (Katoh & Omura, 2006, 2007
Ke et al., 2020; Lu et al., 2019). Since our simulations are performed in a homogeneous environment, the “spec-
trum bite” mechanism is only limited to broad-band whistler-mode waves. To study both the generation of chorus
waves and the formation of power gap in a full particle simulation is necessary but requires huge computation
resources, which is beyond the scope of this paper and left to further study.
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