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Abstract with a one-dimensional particle-in-cell simulation model, we have investigated the gap
formation around 0.5Q, of the quasi-parallel whistler-mode waves excited by an electron temperature
anisotropy. When the frequencies of excited waves in the linear stage cross 0.5Q,, or when they are slightly
larger than 0.5€2, but then drift to lower values, the Landau resonance can make the electron distribution
form a beam-like/plateau population. Such an electron distribution only slightly changes the dispersion
relation of whistler-mode waves, but can cause severe damping around 0.5€, via cyclotron resonance. At
last, the wave spectrum is separated into two bands with a power gap around 0.5%,. The condition under
different electron temperature anisotropy and plasma beta is also surveyed for such kind of power gap.
Besides, when only the waves with frequencies lower than 0.5€2, are excited in the linear stage, a power
gap can also be formed due to the wave-wave interactions, i.e., lower band cascade. Our study provides a
clue to reveal the well-known 0.5€2, power gap of whistler-mode waves ubiquitously observed in the inner
magnetosphere.

Plain Language Summary The whistler-mode waves, which have a great influence on
electron dynamics in the Earth’s magnetosphere, are ubiquitously observed with a power minimum
around 0.59Q,. This phenomenon is also called the 0.5, power gap. How the power gap forms is still one
of the remaining issues since whistler waves were in-situ detected by satellites about 50 years ago. In this
study, with a PIC simulation model, we propose a promising and natural generation mechanism of the
power gap in the quasi-parallel whistler waves. When the frequencies of excited waves in the linear stage
cross 0.5€2,, or when they are slightly larger than 0.5, but then drift to lower values, a pronounced beam-
like/plateau electron distribution in the parallel direction is formed due to the Landau resonance. Such an
electron distribution can cause a severe damping around 0.5€2, via cyclotron resonance. At last, the power
gap naturally generates. Besides, when only the waves with frequencies lower than 0.5€2, are excited in the
linear stage, a power gap can also be formed due to the wave-wave interactions. Our study can shed light
on the formation of 0.5Q, power gap in the whistler-mode waves observed in the inner magnetosphere.

1. Introduction

Whistler-mode waves are intense and coherent electromagnetic emissions that naturally occur in the
Earth's inner magnetosphere (Burtis & Helliwell, 1969; Chen et al., 2013; Santolik et al., 2005; Tsurutani &
Smith, 1974). These waves are believed to play an important role in both scattering low-energy (0.1-30 keV)
electrons into the upper atmosphere to produce diffuse aurora (Ni et al., 2008; Thorne et al., 2010) and
accelerating energetic (~100 keV) electrons to relativistic energies (>1 MeV) in the heart of Van Allen ra-
diation belt (Thorne et al., 2013; Xiao et al., 2014). One of the most remarkable properties of whistler-mode
waves is the power gap around 0.5Q, (where Q, represents the equatorial electron gyrofrequency; Burtis &
Helliwell, 1969; Gao et al., 2019; Li et al., 2011; Santolik et al., 2003; Tsurutani & Smith, 1974), which can
separate their spectrograms into an upper band (0.5-0.8€2,) and a lower band (0.1-0.5€2,).

Although great efforts have been devoted to explain the formation of the power gap in the past several dec-
ades (Gao et al., 2016; Li et al., 2019; Liu et al., 2011; Omura et al., 2009; Ratcliffe & Watt, 2017), there is still
no consensus on this issue. It is naturally thought that the upper band and lower band of the whistler-mode
waves are excited by two different anisotropic electron populations (Fu et al., 2014; Li et al., 2019; Liu
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et al., 2011). However, the two different electron populations should be chosen carefully to make the power
gap around 0.5€2,. The idea of nonlinear wave-wave interactions has also been introduced to explain such
banded whistler-mode waves, where the harmonics of whistler-mode waves are produced due to the lower
band cascade, and the “multiband chorus” commonly observed in the magnetosphere is then formed (Chen
et al., 2017; Gao et al, 2016, 2017). Whistler-mode waves are expected to experience enhanced nonlinear
damping via the Landau resonance around 0.5€2, as they propagate toward higher latitudes from the source
region (Hsieh & Omura, 2018; Omura et al., 2009), suggesting that banded spectra of whistler-mode waves
tend to appear off the equator. However, a recent statistical study (Gao et al., 2019) showed that banded
spectra of whistler-mode waves are preferentially observed near the magnetic equator.

In this study, by performing a self-consistent kinetic simulation model, we try to figure out the physical pro-
cess underlying the formation of banded whistler-mode waves with a clear power gap. After the excitation
of whistler-mode waves, there is a pronounced beam-like/plateau electron component generated, which is
suggested to play a key role in the gap formation around 0.5€,.

2. Simulation Model and Initial Setup

A one-dimensional (1-D) particle-in-cell (PIC) simulation model with periodic boundary condition is em-
ployed in this study to investigate the evolution of whistler-mode waves excited by an electron temperature
anisotropy. This model allows spatial variations only in the x direction, meaning that the wave vector will
be fixed along the x axis, but includes three components of electromagnetic fields and velocities. The full
dynamics of particles are obtained by solving the relativistic motion equation. The electric and magnetic
fields are defined on grids and calculated by integrating the time-dependent Maxwell equations with a fully
explicit “Leapfrog” algorithm (Birdsall & Langdon, 1991). Although according to the linear theory the whis-
tler-mode waves along the background magnetic field have the maximum growth rate, satellite observations
have shown that these waves are in general not parallel propagating in the Earth’s magnetosphere, even in
the equatorial region. Statistical results have demonstrated that the wave normal angle of the whistler-mode

waves ranges between 0" and 30’ in their source region (Gao et al., 2018; Li et al., 2011). Therefore, in our
simulation model, the wave normal angle of excited waves is fixed as @ = 20, and the background magnetic
field B, = B, (cos Ox + sin 92) is lying in the x-z plane.

The simulation box is assumed to be located in the source region of whistler-mode waves. In our simula-
tions, the ions are motionless, and there are two kinds of electrons: the cold electrons and tenuous warm
electrons, which are denoted by the subscripts “c” and “w,” respectively. The cold electrons satisfy the iso-
tropic Maxwell distribution with the plasma beta of 8, = 2uynok,T. / By = 10~*. The velocity distribution
of warm electrons is assumed to bi-Maxwellian, and they provide the free energy for wave excitation (Chen
et al., 2017, 2018; Fu et al., 2014; Lu et al., 2004, 2019). The densities of the cold and warm electrons are
0.85n, and 0.15n, (Gao et al., 2014; where 7y denotes the total plasma density), respectively. In the Earth’s
magnetosphere, the typical values of the background magnetic field and total plasma density at L-shell = 7
are By = 90nT and n, = 1.26cm >, respectively. Then, the ratio between electron plasma frequency and gy-
rofrequency is given as @, / Q, = 4.0. The grid size is Ax = 0.18¢ / @, (= 2.4y, Where ¢ / @, is the elec-
tron inertial length and Ay, is the Debye length of the warm electrons), and the grid number is 3072, i.e., the
length of the simulation box is 553c / @,.. The time step is At = 0.0259;'. In order to reduce the noise level,
we uniformly set average 7,000 macroparticles in every cell for each species.

3. Simulation Results

In this paper, we will first run the case, where the temperature anisotropy and plasma beta of the ten-
uous warm electrons are T,,, / Tj,, = 4.0 and £, = 2uynokgT;,, / By = 0.09, to demonstrate the gap for-
mation around 0.5Q, due to the process related to the Landau resonance. If there no explicit statement,
the simulation results are obtained with these parameters. The evolution of whistler-mode waves is over-
viewed in Figure 1a, which displays the k- spectrogram of transverse fluctuating magnetic fields 5B” / B}
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Figure 1. (a) The k-t spectrogram of transverse fluctuating magnetic fields §B? / B, with the black dotted line marking the wave number (kV,, / Q, = 1.03)
corresponding to 0.5Q,; the (b) growth rate and (c) dispersion relation of whistler-mode waves calculated by the linear theory with initial setup, where the wave

modes with the maximum growth rate are denoted by magenta stars. In Figure 1b, the blue line represents 53,2 / BO2 as a function of kV,, / Q, at Q,t = 250.

(6B = 53)2, + §BZ2). The dotted line marks the wave number (kV,, / &, = 1.03) corresponding to the fre-
quency 0.5Q, for reference. At first, the whistler-mode waves with the dominant frequency @ / , = 0.58,
corresponding to the wave number of kV,, / Q, = 1.24, are excited by the anisotropic warm electrons at
about .t =150, and their amplitude increase till Q¢ = 550. Simultaneously, the wave frequencies drift
to smaller values, which is attributed to the following quasilinear process: with the reduced anisotropy of
the warm electrons due to the scattering by the excited waves, the wave frequencies also decrease (Sydo-
ra et al., 2007). The power gap around 0.5, starts to appear at Q¢ =~ 450, and becomes obvious after
Q,t = 800. Then, the wave spectrum has two separate bands: the upper band whose frequencies are larger
than 0.5€2,, and the lower band whose frequencies are smaller than 0.5Q,. The power gap between the low-
er and upper bands is continuously widening till the end of the simulation. Figures 1b and 1c provide the
growth rate and dispersion relation of whistler-modes calculated by the linear theory model with the initial
plasma parameters (Xie & Yong, 2016). The 5B,2 / Bg as a function of kV,, / Q, at Q,t = 250 is also given in
Figure 1b, which can be well described by the linear growth rate. The peak power of B} / Bj is consistent
with the dominant wave mode (the wave mode with the maximum growth rate), i.e., kV,, / Q, = 1.24 and
o/ Q, = 0.58 (magenta stars).

The whistler waves with a power gap at 0.5Q, are generated in our model, which are quite similar to those
detected in the Earth's magnetosphere. To understand how the gap forms, we further analyze the evolu-
tion of warm electron distribution. Present operating satellites (such as THEMIS, Van Allen Probes) in the
magnetosphere cannot provide the electron distribution function with sufficiently high time resolution
and accuracy, but simulations can. Figure 2 illustrates the temporal evolution of warm electron velocity
distributions in the (a) parallel and (b) perpendicular directions. The whistler waves are excited by the
electron temperature anisotropy, and the perpendicular temperature decreases with time as shown in Fig-
ure 2b. However, it still remains as a Gaussian shape. While, in the parallel direction, the electron velocity
distribution is found to change much. Besides the parallel heating, there is a pronounced beam-like/pla-
teau component forming at about £0.5V,, after the excitation of the whistler waves. This beam-like/plateau
component is resulted from the Landau resonance between the warm electrons and whistler waves in the
two bands, since linear theory tells that the Landau resonance velocities of whistler waves are all close to
+0.5V,.. This scenario is supported by a recent statistical study using THEMIS data, which also shows the
beam-like/plateau electron components are usually observed along with whistler waves (Chen et al., 2019).

Then, we have further investigated the effects of beam-like/plateau electron component on the existing
whistler-mode spectrum via a linear theory model. The power gap at 0.5Q, first appears at €, = 450
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Figure 2. The temporal evolution of warm electron velocity distributions in the (a) parallel and (b) perpendicular
directions, in which the coded colors represent different times.

(Figure 1a) when the beam-like/plateau electron component becomes discernible (Figure 2a). Figures 3a
and 3b exhibit the velocity distributions of warm electrons at Q¢ = 450 in parallel and perpendicular direc-
tions, respectively. The velocity distribution of warm electrons at Q¢ = 450 can be fitted by a summation of
bi-Maxwellian distributions as f = Z f» where

2
n. I = Vb,i V2
fi =— i exp _( 5 ’) -= 1 (1)

2 2 v . v :
NV Lihi lle;i Lihsi

Here, y, and v, are the parallel and perpendicular velocities, and Vis,; and Vs, are the parallel and per-

pendicular thermal velocities of i component. The beam velocity and number density of each component
are represented by V,,; and 7, respectively. With the least square method, we choose four components (i.e.,
i = 4) to fit the velocity distribution of warm electrons. The fitting parameters are listed in Table 1 and the
fitted curves are plotted as the blue lines in Figures 3a and 3b. Note that the velocity distribution of cold
electrons remains almost unchanged. The corresponding growth rate and dispersion relation are given in
Figures 3c and 3d, and the results for initial setup are over plotted for comparison. The effects of beam-
like/plateau component can be found in two aspects. On the one hand, the dispersion relation of whistler
waves has been a little bit distorted around 0.5Q, (Figure 3d). On the other hand, the growth rate around
0.5Q, now becomes negative, but those of both the lower band and upper band waves still remain positive.
It means that whistler-mode waves are heavily damped around 0.5Q, when the velocity distribution of
the warm electrons has a beam-like/plateau component in the parallel direction, which has recently been
described in Sauer et al. (2020). Moreover, since the density of the beam-like/plateau electron component
increases with time (Figure 2b), the frequency range of waves with a negative growth rate gets wider and
wider (not shown). This can well explain the gradual widening of the power gap with time till the end of
the simulation.

The energy transfer between whistler waves and warm electrons during the entire evolution can be de-
scribed by P = X%, SE - ; / N, where SE, f, and N denote the wave electric field, current density, and the
number of warm electrons, and Y. means a summation of all the grid cells. Figure 4 illustrates the (a) total
wave power, (b) B, = X%, 8E,ji, / N,and (c) PL = ZiZ,0E j, / N for three ranges of wave modes: the upper
band with [kV,, / Q,| =1.20 ~1.30 (blue), around the gap with [kV,, / Q,| = 1.00 ~ 1.10 (green), and the
lower band with |kVAe / Q,| = 0.85—0.95 (red). Note that the positive (or negative) P means that the energy
is transferred from waves (warm electrons) to warm electrons (waves). Via the cyclotron resonance with

warm electrons, the upper-band waves are first excited (Figure 4a), whose free energy is gained only from
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Figure 3. The fitted electron velocity distribution at Q,r = 450 (blue lines) in the (a) parallel and (b) perpendicular
directions. The velocity distributions in the simulation model are over plotted by red crosses. The (c) linear growth rate
and (d) dispersion relation at Q,7 = 0 and Q,¢ = 450 are displayed by orange and blue lines, respectively.
the perpendicular direction (Figure 4c). The waves around the gap and in the lower band are sequentially
generated in the same way (Figures 4a and 4c). While, in the parallel direction, the energy is always trans-
ferred from the whistler waves to the warm electrons as long as the waves exist (Figure 4b), suggesting that
the beam-like/plateau electron component should be contributed by all three ranges of wave modes via the
Landau resonance. Most notably, the sign of P, associated with the waves
around the gap suddenly turns into a positive value at ,t = 450 (Fig-
Table 1 ure 4c), just when the power gap appears in the spectrum (Figure 1a) and

The Fitting Parameters of the Velocity Distribution of Warm Electrons at

Q,t = 450 Shown in Figures 3a and 3b

n; | ny Vi / Vae Vim ! Vae Vo [ Ve
#1 11.0985% 0.2859 0.5480 0.0
#2 3.8148% 0.4523 0.5129 0.0
#3 0.04335% 0.1023 1.0629 0.532
#4 0.04335% 0.1023 1.0629 —0.532

the beam-like/plateau component electron distribution becomes obvious
(Figure 2a). This reveals that the strong damping of the waves around
0.5Q, caused by the beam-like/plateau electron component mainly oc-
curs in the perpendicular direction. Here, we don’t know whether this
strong wave damping is caused by the cyclotron resonance or by the Lan-
dau resonance. For the waves propagating in the parallel (+x) direction,
the cyclotron resonant velocity is V, = —0.516V,, and the Landau reso-
nant velocity is V; = 0.516V,.. While for the waves propagating in the

CHEN ET AL.

50f 11



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics

10.1029/2020JA028631

(a)
107}
o
Nmu .
= 0%} KV, /@, =1.20-1.30 |
1.00-1.10
, 0.85-0.95
10°
6) 1%,
£

0 500 1000 1500
ot

Figure 4. The temporal evolution of (a) total wave power, (b)
B =22 6Ej / N,and (c) P, = X% 6E, j, I N for three ranges of wave
modes: upper band with |kVAe / Q,| =1.20 ~ 1.30 (blue), around the gap

with |kVAe / Q,| =1.00 ~ 1.10 (green), and lower band with |kVAe /Q,

antiparallel (-x) direction, V, = 0.516V,, and V; = -0.516V,.. Therefore,
for the waves propagating in both directions, the damping via the cyclo-
tron resonance and via Landau resonance cannot be distinguished.

The waves propagating in the parallel direction and in the antiparallel
direction have then been separated, following the method in Terasawa
et al. (1986). We have further calculated the energy transfer between the
resonant electrons and the waves propagating in the parallel direction
with kV,, /Q, =1.00 —1.10, by using the same algorithm described
above. The current densities (]') associated with the cyclotron resonant
electrons and the Landau resonant electrons are then estimated in the
ranges of —0.593V,, to —0.439V,, and 0.439V, to 0.593V,, respectively.
Figure 5 illustrates the energy transfer in the perpendicular direction via
cyclotron resonance (P, ., denoted by the magenta line) and Landau res-
onance (P, represented by the orange line). It is shown the P, is nega-
tive in the wave growth phase (Q,¢ = 200 — 450), indicating the waves are
excited via cyclotron resonance. After Q,t ~ 450, P, turns into a signif-
icant positive value, which can contribute to the severe wave damping.
However, the energy transfer in the perpendicular direction via Landau
resonance is quite weak (P ; = 0). Therefore, the wave damping around
0.5, is mainly due to the cyclotron resonance.

We have also investigated how the plasma beta (4,,) and temperature an-
isotropy (7,, / T;,,) of warm electrons affect the gap formation. Figure 6
exhibits the k-t spectrogram of §B,2 / Bg for the cases with (a) 8,,, = 0.04
, (b) B, =0.09, and (c) B, = 0.12, where the temperature anisotropy
is fixed at T,,, / T},, = 3.5. The dominant frequencies in these cases are
o/ Q, =0.642, 0.566, and 0.540, respectively. It is worth noting that the
dominant frequency of excited waves is much higher than 0.5Q, in the
case with f,, = 0.04. For the cases with £,, = 0.09 and £,,, = 0.12 shown
in Figures 6b and 6c, there are significant banded whistler-mode spec-

tra with a power gap near 0.5Q,. While, in the case with £, = 0.04 (Figure 6a), the generated whistler
waves only appear in the frequency band higher than 0.5€2,, and will not drift to the frequency band lower
than 0.5Q,. Figure 7 displays the k-t spectrogram for the cases with (a) T, / T,, = 2.5, () T,,, / T;,, = 3.5,
and (¢) T,,, / T},, = 5.0, respectively, where the plasma beta keeps at £, = 0.15. The dominant frequen-

cies in these cases are o / Q, = 0.502,0.521, and 0.537, respectively. For the cases with 7', / 7,, = 3.5 and

0.85~0.95 (red).
kV, /@, =1.00-1.10
5 . .
z 1
I
n 2
(Do | |
- -1 V| w/Vao="-0.593—--0.439
).439-+0.5
2 . .
0 500 1000 1500

ot

Figure 5. The temporal evolution of energy transfer between warm
electrons and the waves around the gap (with kV,, / Q, =1.00 ~ 1.10)
in the perpendicular direction via cyclotron resonance (P, ) and Landau
resonance (P, ;), which are represented by the magenta and orange lines,
respectively.

T, /T, =5.0 (Figures 7b and 7c), both lower-band and upper-band
waves can be generated, and the banded spectra can last till the end of
the simulation. While, in the case with 7, / T}, = 2.5 (Figure 7a), al-
though the banded whistler spectrum can be formed at €,¢ = 1000, the
upper band only survives for a very short time due to its small amplitude,
resulting in a single frequency band lower than 0.52,. In some cases (Fig-
ures 6¢, 7b, and 7c), even though the most unstable modes are in the
upper band, the lower-band waves also have a considerate growth rate. As
a result, the whistler waves are excited in one continuous band at the be-
ginning of simulation. However, the power gap around 0.5Q, still forms

due to the existence of a beam-like/plateau electron component.

We have further run another case, where the temperature anisotro-
py and plasma beta of the tenuous warm electrons are 7, / T}, = 4.0
and A, = 0.60. Figure 8a shows the corresponding k-t spectrogram,
which also exhibits two separate bands with a gap around 0.5Q,. Here,
the lower band is first excited by anisotropic electrons, and its pow-
er peak at €, =120 is consistent with the most unstable wave mode
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Figure 6. The k-t spectrogram of 5B / Bg for the cases with (a) 4, = 0.04, (b) 4, = 0.09, and (c) f,,, = 0.12, where the temperature anisotropy is fixed at
T,, /T, = 3.5. The dotted lines in three panels represent the wave numbers (kV,, / Q, =1.130, 1.125, and 1.113) corresponding to 0.5Q, in each case.
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Figure 7. The k-t spectrogram of §B? / B? for the cases with (a)T,,, / Ty, = 2.5,(b) T}, / T;,, = 3.5,and (c) T}, / T,

(kVy, 1 Q, =0.84 and @ / Q, = 0.38) predicted by the linear theory (Figures 8b and 8c). The upper-band
waves, whose wave number is almost twice that of lower-band waves, are then generated by the wave-wave
coupling. This mechanism, named as lower band cascade, has already been analyzed in previous work
(Chen et al., 2017; Gao et al, 2016, 2017), and we will not describe its details.

In Table 2, we have listed the cases with the different plasma betas and temperature anisotropies of warm
electrons, in which the whistler-mode spectrum with a power gap at about 0.5€2, can be generated. The blue
or red color indicates the most unstable whistler-mode belongs to the lower band or upper band. The results
reveal that, when the frequency of the dominant wave mode ranges from ~0.5 to ~0.6L,, the spectrum will
drift to the lower band. Then, a gap around 0.5Q, will be formed due to the damping process caused by the
beam-like/plateau electron population. When the frequency of the dominant mode is in the range of ~0.3
to ~0.4L2,, the upper band can be driven by lower-band waves due to the lower band cascade, and a power
gap is naturally formed between two bands. While, when the frequency ranges from ~0.4€2, to ~0.5Q,, the
process is complicated since both mechanisms can take effects, and a three-band wave may be generated
consequently (not shown here).

e

e
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= 5.0, where the plasma beta is fixed at
B, = 0.15. The dotted lines in three panels denote the wave numbers (kV,, / Q, =1.130, 1.109, and 1.095) corresponding to 0.5, in each case.
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Table 2
The Frequency @ | 8, of the Most Unstable Mode in Each Case, Under Different Temperature Anisotropy and Plasma
Beta of the Warm Electrons

B = 0.09 B = 0.12 B = 0.15 Bi = 0.50 Biw =055 B, = 0.60
1., ! Tj,=3.0 0.547" 0.527 0.507 0.394 0.381 0.370
1, /T,,=3.5 0.566 0.540 0.521 0.401 0.389 0.377
1,, ! T;,=4.0 0.575 0.553 0.530 0.403 0.391 0.379
1,, ! T;,=5.0 0.590 0.561 0.537 0.409 0.396 0.374

“The generation mechanisms of two-band spectrum in each case are distinguished by different colors. The red color
means the power gap is caused by the severe damping around 0.5€2,. While the blue color represents the banded
structure is associated with the lower band cascade.

4. Summary and Discussion

With a 1-D PIC simulation model, we have investigated the generation mechanism of whistler-modes with
a clear power gap around 0.5Q,, which have been ubiquitously observed in the inner magnetosphere. When
the frequencies of excited waves in the linear stage cross 0.5Q,, or when they are slightly larger than but
then drift to smaller than 0.5€2,, a pronounced beam-like/plateau component at about +0.5V,, is formed
due to the Landau resonance. Such a component causes the severe damping around 0.5, via cyclotron
resonance and the power gap forms eventually. The parameter survey shows that the power gap can be gen-
erated by such a process related to the Landau resonance as the dominant frequency is in the range of ~0.4
to ~0.6€,. Moreover, a power gap can also be formed due to the lower band cascade when the dominant
frequency ranges from ~0.3 to ~0.42,.

In our simulations, the excited whistler waves can exhibit different types of spectra by changing initial
plasma condition, which is similar to those detected by Van Allen Probes (VAP) in the Earth's magne-
tosphere. Figure 9 illustrates four whistler-mode wave events captured by VAP. If the linear growth rate
peaks at a frequency much higher than 0.5€2,, then the excited whistler waves may only exist in a single
band with frequency higher than 0.5Q, (Figure 6a), just like the whistler wave in Figure 9a. If the initial
plasma parameters fall in Table 2, then the banded whistler spectrum will be formed by either the beam-
like/plateau electrons (Figure 1a) or lower band cascade (Figure 8a), which resembles the whistler event in

2,2
(a) oB?/B: (b)
25 ' ‘ ‘ 0.08
10* oo
i 1 , 0.04
2.0 o
o~
uB 0.00
o 15[ 1
G T f e 10° 0.04
§< (C) 1.0
10T 1 0.8l
gﬂ, 06
057 10°® S 047
LB 02}
0.0 . . . 0.0 . . . .
0 250 500 750 1000 00 05 10 15 20 25
Qt kVAe/Qe

Figure 8. (a) The k-t spectrogram of 53,2 / Bg, the (b) growth rate and (c) dispersion relation of whistler-mode waves
calculated by the linear theory, presented in the same format as that in Figure 1. The black dotted line in Figure 8a
marks the wave number kV,, / Q, = 1.22 corresponding to 0.5€Q,, and the blue line in Figure 8c represents 5B / B3 as a
function of kV,, / Q, at Q. = 120.
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Figure 9. Four whistler-mode wave events showing the wave spectra: (a) only in the frequency band higher than 0.5Q,,
(b) both in the upper band and in the lower band, (c) in one continuous band, and (d) only in the frequency band lower
than 0.5Q,, which are all captured by Van Allen Probes. The full, dashed, and dotted lines in the four panels represent
the frequencies @ = 0.8Q,, 0.5Q,, and 0.1Q,, respectively.

Figure 9b. However, in such cases, the continuous whistler spectrum can also be found in the early stage,
such as Q, ¢ = 150 — 400 in Figure 7c, which is also observed in the magnetosphere (Figure 9c). Finally, if
the upper-band waves are excited with small amplitudes, then they will be damped rapidly, and only a single
frequency band lower than 0.5Q, appears, like the wave spectrum in Figure 7a (Figure 9d).

With EPOCH 2-D simulations, Ratcliffe and Watt (2017) have also studied the generation of two-band whis-
tler waves. They proposed that the modulation of velocity distribution is generated by the Landau resonance
between electrons and strong wave mode around 0.5Q,, which can lead to the formation of a power gap. In
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our study, we have shown that the beam-like/plateau electron distribution can play a key role in gap forma-
tion. Moreover, the beam-like/plateau shape can still be formed even though the wave at 0.5, is not the
most unstable mode. It should be caused by the Landau resonance between electrons and whistler modes
within a large frequency range (not only the wave at 0.5€2,), since these waves have nearly the same phase
velocity, i.e., ~0.5V,.

Ratcliffe and Watt (2017) have initialized the simulation model by two anisotropic electron populations to
excite both lower-band and upper-band waves. However, the constraint on the initial electron distribution
can be further relaxed. In our simulations, there is one single anisotropic electron population. The pro-
nounced beam-like/plateau shape is formed due to the Landau resonance, and can cause the severe damp-
ing around 0.5Q2,. We have demonstrated that this mechanism will happen when the dominant frequency
ranges from ~0.4 to ~0.6 Q,. Moreover, the banded structure can also be generated by the lower band cas-
cade, when the dominant frequency is in the range of ~0.3 to ~0.42,.

Omura et al. (2009) and Hsieh and Omura (2018) suggested the whistler waves excited in the equator region
will experience nonlinear damping via the Landau resonance around 0.5€2, as they propagate to the higher
latitudes, which implies the banded waves preferentially appear at larger magnetic latitudes. However, a
recent statistical study (Gao et al., 2019) reveals that banded whistler events tend to be observed near the
magnetic equator, i.e., within the source region. Besides, how the Landau resonance affects the evolution of
whistler waves in a self-consistent system is still unclear. In our simulation, the power gap forms at about
4509;l (Figure 1a), corresponding to about 0.0273 s at L-shell = 7, which means the whistler waves only
propagate ~ 1.31° away from the magnetic equator. Therefore, our study can well explain why the band-
ed whistler waves preferentially appear near the magnetic equator. Besides, whistler-mode whistler waves
are usually observed in association with the beam-like/plateau electron component in the magnetosphere
(Chen et al., 2019; Li et al., 2019). In our study, the number density percentage of beam-like/plateau compo-
nent is only ~ 1073, but this tenuous component can cause severe damping at 0.5€2,, leading to the formation
of power gap. According to the study by Chen et al. (2019), the number density percentage of beam-like/

plateau electrons along with whistler wave ranges from 10~ to 10~ in Earth's magnetosphere, which pro-
vides strong support to our mechanism.

In this study, for saving computation time and space, we have employed a 1-D PIC simulation model since
we can set more particles in each cell to reduce the background noise. Besides, whistler-mode waves in the
Earth's magnetosphere are typically observed to have finite wave normal angles (mainly smaller than 30’,
Gao et al., 2018; Li et al., 2011). As a result, we artificially fix the wave normal by using the 1-D PIC sim-
ulation model. In fact, other wave normal angles have also been simulated and the results remain almost
unchanged. However, the real space is an open system in the dipole magnetic field. Therefore, a 2-D PIC
simulation model with the dipole field should be required and will be employed in the future.

Data Availability Statement

The simulation data are archived in https://dx.doi.org/10.12176/01.99.00161. The VAP data used here, ob-
tained from https://spdf.sci.gsfc.nasa.gov/pub/data/rbsp.
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