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Abstract Recent satellite observations, combined with instability analyses, have shown that the
background plasma density variation can modulate the magnetosonic (MS) waves by controlling the wave
excitation. However, the detailed modulation process needs to be identified since the MS waves propagate
nearly perpendicular to the background magnetic field. In this study, we investigate the MS wave
modulation by background plasma density using a 2-D general curvilinear particle-in-cell simulation in
the meridian plane of a dipole magnetic field. The simulation model consists of three plasma components:
the background cold electrons and protons and ring distribution protons. We find that MS waves can

be locally generated by ring distribution protons in the low plasma density region, while no MS wave is
generated in the high density region. These MS waves are confined near the local source region since they
are damped by the background cold plasma. The background protons gain more energy than background
electrons, implying the plasmaspheric protons may dominate the modulation of MS waves. Moreover, we
have also investigated the generation and propagation of MS waves in the plasmapause density structure.
Our simulation results demonstrate that the background plasma density variation can modulate the MS
waves and may play an important role in the spatial distribution of MS waves.

1. Introduction

Magnetosonic (MS) waves are an important electromagnetic emission occurring between the proton gyrof-
requency and the lower hybrid frequency in the Earth's magnetosphere (Ma et al., 2013; Russell et al., 1970;
Santolik et al., 2002). These waves propagate nearly perpendicular to the background magnetic field and
typically exhibit a series of harmonics of the local proton gyrofrequency (e.g., Balikhin et al., 2015). Since
MS waves are frequently observed within a few degrees of the geomagnetic equator, they are also known
as equatorial noise in many literatures. In recent years, MS waves have come to the fore due to their po-
tential roles in the energetic electron dynamic in the Van Allen radiation belt (Bortnik & Thorne, 2010; J.
Li et al., 2014; Ni et al., 2017; Xiao et al., 2015). To be specific, using quasi-linear theory and test particle
simulations, it is found that the MS waves can accelerate and scatter radiation belt electrons through Lan-
dau resonance (Horne et al., 2007), bounce resonance (Chen et al., 2015), and transit time effect (Bortnik
& Thorne, 2010). Recently, using 2-D particle-in-cell (PIC) simulations, Sun, Chen, and Wang (2020) found
that the wave normal angle (WNA) of MS waves can be significantly less than 89°. Those MS waves with
relative small WNA can lead to a more efficient pitch angle and momentum diffusion of radiation belt elec-
trons, potentially even more efficient than those by chorus waves. In addition, the PIC simulations (Chen
et al., 2018; Sun et al., 2017) and satellite observation (Yuan et al., 2018) have shown that besides radiation
belt electrons, MS waves can also interact with the plasmaspheric electron and protons, resulting in the
energization of those background particles.

Satellite observations have shown that the MS waves in the magnetosphere are closely associated with the
proton ring distribution at energies about dozens of keV (Boardsen et al., 1992; Meredith et al., 2008; Per-
raut et al., 1982). Theoretical analyses (Chen et al., 2010; Gary et al., 2010; Sun, Gao, Chen, et al., 2016) and
PIC simulations (K. J. Liu et al., 2011; Sun, Gao, Lu, et al., 2016) further demonstrated that the MS waves
can be excited by a proton ring distribution due to the positive gradient of phase space density around the
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Figure 1. (a) The simulation domain shaded in black in Cartesian (x, z) coordinates on the meridian plane. The black dotted lines represent the magnetic field
lines. (b) The initial number density of ring distribution protons inside the simulation domain.

Table 1

local Alfven speed and have characteristics consistent with the observations: harmonics structures near the
local proton gyrofrequency and nearly perpendicular propagation. Besides the harmonic structures, MS
waves can exhibit other features, such as continuous spectra (Tsurutani et al., 2014) and rising-tone spec-
tra (Boardsen et al., 2014; Fu et al., 2014). The former has been well explained by the linear theory (Chen
et al., 2016; Sun, Gao, Chen, et al., 2016) and the latter has also been reproduced by the PIC simulation (Sun,
Chen, Wang, et al., 2020).

Recently, the modulation of MS waves by background plasma density has been observed by the satellite
(Yuan et al., 2017) because the background plasma density can control the wave growth rates and the MS
waves can be only excited in the low density region. However, unlike whistler-mode and electromagnetic
ion cyclotron (EMIC) waves that propagate parallel to the background magnetic field, the MS waves prop-
agate nearly perpendicular to the background magnetic field. Thus, they may spread across the plasma
density structure. In contrast to the satellite observation, no evidence of MS wave modulation by density
variation is detected from the finite difference time domain (FDTD) simulation (as shown in Figure S1 in
Supporting Information S1), since the FDTD simulation just considers the propagation effect of the electro-
magnetic waves (X. Liu et al., 2018). Thus, in this article, we use a 2-D general curvilinear PIC simulation to
analyze whether the modulation of MS waves can occur in the Earth's magnetosphere. We investigate the
generation and evolution of MS waves under different structures of background plasma density to achieve
a realistic and consistent description of the modulation of MS waves. This article is organized as follows.
Section 2 describes the 2-D general curvilinear PIC simulation model and initial parameters. Then, the sim-
ulation results are presented in Section 3. At last, conclusions and discussion are given in Section 4.

2. Simulation Model

The PIC simulation is a powerful tool to study the electromagnetic waves
in the space plasma. In this article, we use a 2-D general curvilinear PIC
simulation model to investigate the modulation of MS waves by the back-

Density Structures in r Direction for Different PIC Simulation Runs ground plasma density in a dipole magnetic field. This simulation code

Case number

has been successfully used to study the excitation of MS waves in a di-
Background plasma structure

1
2
3
4

pole magnetic field (Chen et al., 2018). The grid used in the simulation
Uniform density is based on a modified dipole coordinate system (, g, s), in which r de-
Density dip of ratio 5 notes L-shell, q varies along the dipole magnetic field, and s is pointed
Plasmapause density ratio 10 azimuthally. The detailed definition of this modified dipole coordinate

Plasmapause density ratio)5 system has been given in Chen et al. (2018). The computational domain

Note. PIC, particle-in-cell.

of our study is illustrated by the black area of Figure 1a in the Cartesian
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- - S . - 2 (x, z) coordinates in the meridian plane. The simulation domain consists
0.8 (a) r of a 1,024 x 256 grid of evenly distributed bins in the ranges [4.8, 5.2] and
0.6 1 [ [—0.15, 0.15] in the r and q directions, respectively. The value of g = 0.15
o] L for the center r corresponds to 4 ~ 10° and ¢ = 0 represents the magnetic
equator.
0.2 1 F
E‘“ o P 52 For the initial condition, the plasma consists of three components: a ring
N < distribution of hot protons, a Maxwellian distribution of cold electrons
=02 b and protons. Hereafter, subscripts pr, e, and pc represent ring distribu-
-0.4 o M tion protons, cold electrons, and cold protons, respectively. The ring dis-
061 L tribution protons, as the free energy for MS waves, are distributed near
08 ] | the equator with number density n,, (as shown in Figure 1b). The cold
’ ' ‘ : ‘ ‘ o electrons are initialized to have number density n, and thermal speed v,,.
4.6 4.7 4.8 4.9 5 5.1 5.0 The cold protons are assumed to have temperature equal to cold electron
x/Rg temperature and number density n,. = n, —n,, for the sake of charge
10 neutrality. The detailed equation of the distribution of those three com-

w
2
<(Er / cBO) >

4.8 4.9 5 5.1 5.2

Figure 2. (a) The initial number density of background cold protons
inside the simulation domain for Run 1. (b) The spatial distribution of the
time-averaged fluctuating electric field E, /cB, from Q ot = 0t0 70. (¢) The
temporal evolution of the radial component of fluctuating electric fields
E, /cBy.

ponents has been described in Chen et al. (2018).

In our simulations, the magnetic field is normalized by the dipole
magnetic field B, at (r,q)=(L,,0), where L is the center L shell of
the simulation domain. The time and space are normalized to the in-
verse of electron gyrofrequency Q , and the electron gyroradius v,,/Q,,
(where v, is the thermal speed of the cold electrons) at that location,
respectively. The mass ratio of proton to electron is reduced such that
m,/m, =100, and the speed of light is also reduced to be ¢ = 20V ,,, where
Vao = Boly/tongm,, is the Alfven speed at the central location of the sim-
ulation region. For the chosen values of the mass ratio, the proton gy-
rofrequency is Q ,;, = 0.01Q,,. The initial electron plasma beta at the po-
sition (L, 0) is 4, =1.32 x 10~, then the thermal speed of cold electrons
is v, =0.08V,. The proton ring velocity is initialized as V, = V,, and the
thermal speed of ring distribution protons is 0.1V,. The time step Az is
set as Q,,Ar = 0.05. When translated to the physical setup, the central
field line corresponds to L, = 5 and B, =248 nT, n, =10cm . The cold
electron and proton temperatures are leV. The reflecting boundary con-
ditions are assumed for particles, and absorbing boundary conditions
are used for electromagnetic fields.

3. Simulation Results

With the 2-D general curvilinear PIC simulation model and the simu-
lation setup described above, we examine the generation and evolution
of MS waves under different structures of background plasma density in
order to understand the modulation of MS waves in the Earth's magneto-
sphere. We consider three different types of background plasma density
structures: uniform density, density dip, and plasmapause structure. The
plasma density structures for the simulation runs are given in Table 1.

As a case for comparison, we first calculate the excitation and evolution
of MS waves under uniform background density (Run 1). Figure 2a shows
the initial spatial distribution of background cold protons for Run 1. Fig-
ure 2b shows the spatial distribution of the time-averaged fluctuating
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electric field E, from Q ;¢ =0 to 70. As can be seen from Figure 2b, in the

0.5

x (r) direction, the waves can be excited in the whole range from r = 4.8
(a) to 5.2 R, while in the z-direction, they are mainly generated near the
L equator, because the source region of the ring distribution is near the
equator. Figure 2c displays the time evolution of the radial component
of fluctuating electric fields E, at the equator. As shown in Figure 2c, the
waves start to be excited from about Q ,,t = 5 and reach saturation at
aboutQ ¢ = 15. Due to the absorption boundary conditions we adopted,

[ ‘{h ;“:s'\‘ L the intensity of waves gradually decreases after Q ¢ = 40.

| ) “1 To further conform that the excited fluctuations are MS waves, we com-
el  ‘ ‘ L pare the simulation results against the linear theory. Figure 3a presents
‘ [ the power spectrum density of fluctuating electric fields E,/cB, at the
central position (r, g) = (L, 0) over the time interval from Q ,,t = 0 to 60

10 x o 15 for Run 1. Figure 3b shows the normalized linear growth rate y/Q,,, ob-

w0 tained from linear theory using the same parameters as the simulation.

The power spectral density shows discrete peaks at harmonic frequen-

0.5

0.4

0.3

’*//on

0.2

0.1-

. cies from 4 to 10Q ,,. Most of these discrete peaks are consistent with

(b) the growth rate profile predicted from the linear theory, except for the

peak at 10Q ,,. The peak at 10Q ,, obtained from the simulation, incon-

sistent with the linear theory, may be due to the propagation from the

off-equator region. Based on the wave spectrum of the simulation and the

comparison with the linear theory, we can conclude that the excited fluc-

tuating electromagnetic fields in the simulations are indeed MS waves
generated by the proton ring distribution.

Figure 4a shows the initial spatial distribution of background protons for
Run 2. In this case, we construct a density dip in the r direction and the
equatorial distribution of background protons ., (r) adopts the follow-
ing form:

pe.eq

' 2
10 15 r=Ly)
n =ny| 5—4exp| ———=

pe.eq

) ¢y

Figure 3. (a) The power spectrum density of fluctuating electric fields

E,/cB, at the central position (r, g) =(L,, 0) over the time interval from
Q,0t = 0t060. (b) The normalized linear growth rate y/Q ,, versus the
normalized wave frequency w/Q ,, obtained from linear theory using the
same parameters as the simulation.

where AL denotes the simulation length in the r direction. Figure 4b
displays the spatial distribution of the time-averaged fluctuating electric
field E, from Q ;¢ = 0 to 70. It can be seen from the figure that the MS
waves mainly appear in the range of x = 4.95t0 5.05R; and z = -0.2 to
0.2 R;. This is because the MS waves can only be excited by the ring dis-
tribution proton in the low density region, at which the MS waves have
the positive growth rate. Chen et al. (2010) have shown that when ring distribution protons are injected into
the inner magnetosphere, MS waves can be excited at the region of V,/V, <~2.In our simulation, V,/V, is
larger than 2 in the high density region and thus the MS waves have the negative growth rate in that region.
The simulation results are consistent with satellite observations that MS waves occur only in the region of
low plasma density (Yuan et al., 2017). The time evolution of the radial component of fluctuating electric
fields E, at the equator is shown in Figure 4c. We can also find that more intense fields occur mainly in
the central region of the simulation (x = 4.95 to 5.05 R;;), indicating the MS waves are confined in the low
density regions at the equator.

To analyze why MS waves are confined in the low density regions, we examine the temporal and spatial
evolution of kinetic energy for different species of particles in Run 2. Since the particles can easily bounce
along the magnetic field lines, the particles heated by the MS waves may leave the equatorial source region.
Thus, we need to average the particle energy along the direction of the magnetic field line. The parallel and
perpendicular temperature of particles is calculated as
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Figure 4. The same format as Figure 2 except for Run 2.

Ejll = mj<qu2>v @)
and

Ejp = myv;” + v, ©)
where the angle brackets denote an average over particles of species j
inside the cells at the same L-shell. Figure 5 shows the perpendicular ki-
netic energy of cold protons (Figure 5a), the parallel kinetic energy of
cold protons (Figure 5b), the perpendicular kinetic energy of cold elec-
trons (Figure 5c), and the parallel kinetic energy of cold electrons (Fig-
ure 5d). All of the kinetic energy is normalized by the initial electron
energy E,, = m,v.. As can be seen from the figure, with the excitation
of MS waves, the background cold protons and electrons are heated in
the perpendicular direction from Q ot = 20. Sun et al. (2017) have sug-
gested that the background plasma can be heated by the MS waves and
this is consistent with the present simulation result. Compared with the
MS waves gradually weakened from Q it = 20 (Figure 4c), we can find
that the MS waves are dissipated by the background cold plasma. Thus,
we conclude that the heating of the background plasma by MS waves in
turn leads to the dissipation of MS waves. Besides, it can be found that the
background protons gain more energy than background electrons, imply-
ing the plasmaspheric protons may dominate the dissipation of MS waves
in the magnetosphere.

We further investigate the effect of plasmapause on the propagation of
the MS waves. Figure 6a shows the initial spatial distribution of back-
ground protons for Run 3 (density ratio 10). The equatorial distribution

M, 00 (r) for Run 3 adopts the form of

r—L,—1
ny.lng =5.5 —4.5tanh(—T°} @)

where [ = AL/80 and & = AL/10. Figure 6b shows the spatial distribu-
tion of the time-averaged fluctuating electric field E, from omega ¢t = 0
to 70, and Figure 6¢c shows the time evolution of the radial component of
fluctuating electric fields E, at the equator. Figures 6d-6f show the same
format as Figures 6a—6c except for Run 4 (density ratio 5). The equatorial
distribution n_. , (r) for Run 4 adopts the form of

pe.eq
r—Ly—1
n,./ng =3-2tanh % | ©)

where [ = AL/80 and § = AL/10. By comparing Figures 6¢ and 6f, it can
be seen that when the density ratio is low (density ratio 5), the MS waves
can propagate to a deeper distance, and when the density ratio is high,
the MS waves can hardly pass through the plasmapause. Regarding to
the effects of the plasmapause on the radial propagation of MS waves,
Yu et al. (2021) also investigated this effect using an analytical approach
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Figure 5. The temporal and spatial evolution of (a) the perpendicular kinetic energy of cold protons, (b) the parallel
kinetic energy of cold protons, (c) the perpendicular kinetic energy of cold electrons, and (d) the parallel kinetic energy
of cold electrons.

and they found when the width of the plasmapause boundary layer is narrow in comparison with the wave-
length of MS waves, a significant part of waves will be reflected. While the plasmapause boundary layer is
much larger than the wavelength of MS waves and there is almost no reflection in our simulation.

4. Conclusions and Discussion

In this article, by performing 2-D PIC simulations, we have studied the modulation of MS waves by the
background plasma density in the meridian plane of a dipole magnetic field. Our study found that MS
waves can be locally generated by ring distribution protons in the low plasma density region, while there are
no MS waves generated in the high plasma density region. These waves are confined near the low density
region at which the growth rate of waves is positive, since the waves are subject to damping from the back-
ground cold plasma. The cold protons gain more energy than cold electrons, implying the plasmaspheric
protons may dominate the modulation of MS waves. Moreover, the generation and propagation of MS waves
in the plasmapause density structure have also been investigated. Our simulation results demonstrate that
the MS waves can be modulated by the background plasma density in the dipole magnetic field. This modu-
lation may play an important role in the spatial distribution of the MS waves in the magnetosphere.

Modulation of electromagnetic waves by the background plasma density is a common phenomenon in
the magnetosphere, such as the whistlers (W. Li et al., 2011), the EMIC (S. Liu et al., 2019), and the MS
waves (Némec et al., 2020; Yuan et al., 2017). Different from the whistle and EMIC waves that propagate
parallel to the background magnetic field, the MS waves propagate nearly perpendicular to the background
magnetic field. Thus, a more detailed analysis of the modulation of MS waves is required. Min et al. (2019)
have investigated the propagation of MS waves in the equatorial plane and they found refraction at the plas-
mapause can redirect the propagation of MS waves. In this study, we investigate the behavior of MS waves
under different structures of background plasma density in the meridian plane. Our PIC simulation on the
meridian plane shows that the MS waves cannot cross the density gradient far away from the source region
and they are modulated by the plasma density because of the dissipation of the waves by the background
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Figure 6. The same format as Figure 2 except for Run 3 (left column) and Run 4 (right column).

plasma. The MS waves in the Earth's magnetosphere cannot strictly propagate in the meridional plane or
the equatorial plane. So which mechanism dominates the modulation of the MS waves still needs to be
analyzed through 3-D simulation. Therefore, the 3-D PIC simulation of MS wave excitation in the dipole
magnetic field will be investigated in the future.
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