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Magnetosonic (MS) waves, i.e., ion Bernstein mode waves, are one of the
common plasma waves in the Earth’s magnetosphere, which are important for
regulating charged particle dynamics. How MS waves propagate in the
magnetosphere is critical to understanding the global distribution of the
waves, but it remains unclear. Although previous studies present that MS
waves can be reflected by fine-scale density structures, the dissipation of
waves by background plasma has long been neglected. In this study, we
perform one-dimensional (1-D) particle-in-cell (PIC) simulations to study the
propagation of MS waves through density structures, where both absorption and
reflection have been included. We find that absorption is as important as
reflection when considering the propagation of MS waves through density
structures, and both of them are strongly dependent on the shape of density
structures. Specifically, the reflectivity of MS waves is positively and negatively
correlated with the height and width of density structures, respectively, while the
absorptivity of MS waves has a positive correlation with both the height and width
of density structures. Our study demonstrates the significance of absorption
during the propagation of MS waves, which may help better understand the
distribution of MS waves in the Earth’s magnetosphere.

KEYWORDS
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1 Introduction

Magnetosonic (MS) waves, also known as ion Bernstein mode waves, are one of the
intense electromagnetic emissions observed in the Earth’s inner magnetosphere [1].
These waves were first detected by the OGO 3 satellite and named “equatorial noise”
due to their occurrence within about + 2° of the magnetic equator [2-4]. Recent
observations made by Cluster and THEMIS satellites [5,6] have shown that MS
waves can occur both inside and outside the plasmasphere near the magnetic
equator. The waves are excited at harmonics of the proton gyrofrequency [7] and at
large (~90°) wave normal angles [8,9] by ring velocity distributions of ring current
protons [10,11]. MS waves play a significant role in regulating the dynamics of charged
particles in the Earth’s magnetosphere [12-18]. They have been proposed as a candidate
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The initialization of the spatial distribution of (A) plasma number density, (B) wave fields 6B, (blue line), 6E, (orange line), 8E, (green line) (C) bulk
velocities of electrons v, (blue line), vy (orange line) and (D) bulk velocities of protons v, (blue line), v, (orange line) at tQ¢, = 0 in Run 1. The central

vertical red dashed lines denote the position of the density structure.

for accelerating ~100 keV electrons up to relativistic energies in
the outer radiation belt [14]. Additionally, scattering by MS
waves may explain the formation of butterfly distributions of
radiation belt electrons [19,18,21-23]. Furthermore, MS waves
can effectively energize the background cold protons and
electrons [24,25].

Understanding the propagation of MS waves in the Earth’s
magnetosphere is crucial in comprehending the global
distributions of these waves and their impact on energy transfer
among different particle populations. Satellite observations indicate
that the occurrence rate of MS waves strongly depends on the
magnetic local time (MLT) outside the plasmapause, but remains
nearly uniform inside the plasmapause [26]. This coincides with the
scenario that MS waves are initially generated outside the
plasmasphere in the noon and dusk sectors and then propagate
both outward and inward, crossing the plasmapause and migrating
globally over MLT [27,28]. Moreover, the occurrence rate and
intensity of MS waves outside the plasmapause are higher than
inside it [26] and the majority of MS waves inside the plasmapause
have lower frequencies than the local proton cyclotron frequency
[7,22],
explanation [5,6,29].

making radial propagation the most plausible

The propagation of MS waves is strongly influenced by the
inhomogeneous background plasma density. By performing one-
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dimensional (1-D) full wave simulations with the finite difference
time domain (FDTD) method, Liu et al. [30] have found that MS
waves can propagate deep into the plasmasphere with only a
small fraction of the MS wave power being reflected by the
plasmapause. Instead, the fine-scale density structures near the
outer edge of the plasmapause can effectively reflect MS waves.
Such fine-scale density structures have been widely observed in
the Earth’s magnetosphere [29,30-31].
have also

However, previous

simulations revealed that MS waves can be
significantly damped by the background cold plasma
[17,24,34], which was neglected in the study of Liu et al. [30]
due to the limitation of their model. Therefore, we utilize the 1-D
PIC model to simulate the propagation of MS waves through the
fine-scale density structures, where both absorption and
reflection have been considered. We have also quantified the
reflectivity and absorptivity of MS waves passing through the
density structure and investigated their dependences on the

shape of the density structure.

2 Simulation model and method

In this study, we employ a 1-D PIC simulation model to
investigate the effects of density structures on the propagation of
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FIGURE 2

The temporal evolution of wave (A) magnetic field and (B) electric field in Run 1, and wave (C) magnetic field and (D) electric field in Run 2.The blue
curves in (A, C) denote the variation of phase velocity along the simulation direction.

MS waves. The background magnetic field By is directed along the
z-axis, and the wave vector of MS waves is lying in the x-z plane.
Here, the simulation box is along the wave vector (or the
propagating direction), which is defined as the r direction.
This model includes full three-dimensional electromagnetic
fields and velocities but only allows spatial variations in the r
direction. The periodic boundary conditions are adopted. The
units of time and space are the inverse of the proton
gyrofrequency Qc’;,
respectively. The plasma system only consists of background

protons and electrons which are denoted by subscripts “p” and

“e” hereafter. Both protons and electrons satisfy a Maxwellian
velocity  distribution and have the temperature

Ty,=T,=1eV. To reduce computational costs, the mass ratio

and the proton inertial length A,

same

of proton to electron m,/m, is set to 1600, and the ratio of light
speed to the Alfven speed c/V4 is set to 20. The simulation
domain with a length of 41.891, is divided equally into
30000 grids. The average number of superparticles in each
grid is approximately 100 for each species, and the time step
is set to At =3.125 x 107°Q .

The angle between the wave vector and the background
magnetic field is defined as 6, ie., the wave normal angle.
categories of MS waves:
and  quasi-perpendicular

consider two
perpendicular (6 = 90°)
(6 = 85°). For each run, we initially pump the monochromatic
MS wave from the left boundary to r =104, (A, is the
wavelength) by assigning fluctuating wave fields on each grid
and fluctuating bulk velocity to each particle in the form of A;e’*"

(A; is the related parameter and k is the wave number,

Here we will
waves

respectively) along the r direction. Based on the dispersion

Frontiers in Physics

relation of MS waves in a cold plasma, we can obtain the
wave fields by the following relations:

1
wa = _mbz (1)
—~i(n* - S)P
By, =—~ 27 _p. 2
» " Dtanf (P — n?sin20) @
)
E,,=——B 3
Y ksing S
n-S
Eyx = T wy (4)
n?sin*0 — P
E,=——FE 5
Y m2sin@cos )
k RL
n="=2 ©)
w S

where P, D, R, L, and S are the Stix parameters [35,36] and 7 is the
refraction index in Eqs 1-6. Besides, the corresponding bulk
velocities of protons and electrons are given by Eqs 7-9:

gy |1 0@

e Futi E, 7
vij (1, 1) m;w (ch/w)z‘l H(ch/“’)z_l ' v
T IR !

i(r,t) =Req — |- Eux B
vyj (1 1) = Re m;w l(ch/w)z -1 ' (fo/w)z -
(8)
sz (r’ t) = Re(% wz) (9)
]

where qp mj, and Qg denote the charge, mass, and cyclotron
frequency of the j-component of plasma (j indicates p or e),

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1254024

Shao et al.

10.3389/fphy.2024.1254024

A x103

—— s=-energy of wave fields
—— s =kinetic energy of particles

s = total energy

0 10

FIGURE 3

20 30

(A) The time evolution of the energy of the electromagnetic fields (green line), the kinetic energy of the particles (orange line), and their sum (blue
line), respectively. The horizontal black dash-dotted line denotes the initial value of the total energy. The time evolution of kinetic energy of (B) protons
and (C) electrons. Blue lines and orange lines denote the perpendicular direction and parallel direction, respectively. £, denotes the kinetic energy of
species j at tQ¢p = 0. The black dashed lines in (B, C) denote the time of wave arrival and departure of the density structure.

respectively. In each run, the B,, is set to 0.02B,, and other
parameters can be calculated according to the above relations.

For convenience, the density structure is assumed as the
sinusoidal variation of density, so the plasma density as a
function of r is given by Eq. 10:

AL
reTot AL AL
ny = Ny 1+(H-1)Sil’l TT[ ,r0—73r3r0+7

o, otherwise
(10)

where ny is the ambient number density (outside the density
structure), and H is the height of the density structure which is
the ratio of the peak density to the ambient density ng. ro and AL
denote the location and width of the density structure, respectively.
The location of the density structure is fixed at ro = 20.951,
in each run.

In the following section, we will present the simulation results
of three runs in detail: Run 1 with 6 = 90°, H = 5, and AL = 11,
Run 2 with 6 = 90° and no structure, and Run 3 with 6 = 85°,
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H =5, and AL = 1A,,. To show how we initialize the simulation
model, we present the spatial profiles of (a) plasma density, (b)
wave fields, bulk velocities of (c) electrons, and (d) protons at ¢ = 0
for Run 1 in Figure 1. There is a density structure located at ry =
20.95, with the width AL =1.2A, = 1,, and the height H =5
(Figure 1A). The MS waves are launched within the region of
0<r<12A, (ie, 10Ay). For the perpendicular MS wave, there are
only one component of fluctuating magnetic fields (6B,) and two
components of fluctuating electric fields (SE, and 6E,) (Figure 1B).
The bulk velocities of protons and electrons are shown in Figures
1C, D, respectively. Although the corresponding fluctuating
density is not initialized, the density fluctuation will be self-
consistently coupled to the MS wave very quickly in the PIC model

3 Simulation results
3.1 Perpendicular waves: 6 = 90°
Figure 2 displays the propagation of the MS waves in Run 1 with

a density structure and in Run 2 without it. Without the density
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FIGURE 4

The time evolution of the fluctuating magnetic field of (A) the incident MS wave (8B.;) and (B) reflected MS wave (6B.,) at the left boundary (x; =
20.941,) of the density structure, and of (C) the transmitted MS wave (8B,) at the right boundary (x, = 22.151,) of the density structure for the Run 1. Red
circles denote the wave peaks used to calculate the wave magnetic amplitude.

structure, the MS waves propagate along the r direction (x-axis) with
a constant speed of 0.96V 4, which is consistent with the linear
dispersion relation (Figures 2C, D). As expected, we can find that the
wave amplitude is gradually decreasing during the propagation due
to the dissipation caused by background plasma. In Run 1, the MS
wave encounters the density structure at about 905’;, and then there
appears the weak backward propagating MS wave emitting from the
left boundary of the density structure. Such a wave is just reflected by
the density structure. Besides, the phase velocity inside the density
structure becomes smaller than that outside the structure due to the
enhanced plasma density (Figure 2A). Meanwhile, the wave fields
0B, and JE, become larger and smaller inside the density structure
(Figures 2A, B), respectively, consistent with the results of
Liu et al. [30].

Figure 3A shows the time evolution of the energy of MS wave
fields (orange line), the kinetic energy of charged particles (green
line), and their sum (blue line) for Run 1. First of all, the total
energy in our model is well conserved within a 0.06% margin of
error. Secondly, it is clearly shown that the wave energy decreases
as the particle kinetic energy increases with time, suggesting the
wave dissipation takes effect during the propagation. We further
display the time evolution of kinetic energies of protons and
electrons inside the density structure in Figures 3B, C,
respectively, where the vertical dashed lines mark the tie when
the wave enters and leaves this structure. For both protons and
electrons, their parallel kinetic energy remains nearly unchanged,
since the perpendicular MS wave does not have the parallel
electric field and cannot energize particles in the parallel
direction. The perpendicular kinetic energy of protons E,;
rapidly increases as the wave enters the density structure
mainly due to the pick-up process. After the wave leaves the
density structure, the E,; rapidly drops, but there is still the
obvious net increase of kinetic energy (Figure 3B), which is
caused by the perpendicular heating by the MS wave (also see
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Supplementary Material). However, the net increase of kinetic
energy for electrons is not significant (Figure 3C).

To quantify the effects of the density structure on the
propagation of MS waves, we need to calculate the reflectivity
Ry, absorptivity Ay, and transmissivity T of MS waves. Here,
the Ry, T, Am are estimated based on the following formulas:

Pr szr :
Ry =—=(= 11
M Pi <szi> ( )
P, (Bux\
Ty=—==2 12
M Pi <szi ( )
AM=1—RM—TM (13)

where P;, P,, and P, are the Poynting flux of the incident, reflected, and
transmitted waves, respectively, and the corresponding amplitudes are
Buzi> Buzr, and By,:. The waveform of transmitted waves is shown in
Figure 4C, which is directly obtained by recording the time series of §B,
at the right boundary of the density structure. The eight clearest
wavelengths are selected by marking the peaks and troughs with red
dots, and then the amplitude of transmitted wave B, is given by their
average. However, the reflected and incident MS waves cannot be
directly obtained, since the incident and reflected waves are mixed at the
left boundary in Run 1. Instead, we use the recorded waveform at the left
boundary of the density structure in Run 2 to represent the incident
wave (Figure 4A), and the amplitude B,; is the average of those marked
points. Then, the waveform of reflected waves is obtained by subtracting
the reflected waveform shown in Figure 4A from the mixed waveform
recorded at the left boundary in Run 1, and the amplitude B, is
calculated as above. For Run 1, the By, Buzr, and By, are estimated as
0.01783, 0.00392, and 0.01683, so the Ry, Ay, and T, are 4.83%,
6.07%, and 89.1% according to Eqs 11-13. It is clearly found that the
absorption of MS wave by the density structure is even more significant
than the reflection in this case.
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The (A) reflectivity Ry, (B) absorptivity Ay and (C) transmissivity Ty as a function of various heights with a constant width AL = 2),,, and the (D)
reflectivity Ry, (E) absorptivity Ay, and (F) transmissivity Ty as a function of various widths with a constant height H = 10. Red dots are the simulation runs
with different parameters when the pump wave propagates exactly perpendicularly.
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Temporal evolution of wave magnetic field (A) 6B;, electric field (B) 8E,, (C) 6E, in Run 3.

Furthermore, we have also studied the effects of the shape of
density structure on the reflection and absorption of MS wave by
considering the various widths AL and heights H. Figure 5
summarizes the simulation results (32 additional runs). First of
all, there is a clear trend that both the Ry and Aj; are positively
correlated with the height of density structure H (Figures 5A, B). Just
as expected, the corresponding transmissivity T must be

Frontiers in Physics

decreasing with the height H (Figure 5C). However, with the
increasing AL, the Ry, decreases while the Ay, increases (Figures
5D, E). Their opposite correlation with the width of density structure
AL results in the particular dependence of T); on the AL. With the
increasing AL, the T'y first increases and then decreases, leading to a
maximum on a certain value of AL (Figure 5F). Moreover,
comparing the Ay with T);, we can find that the absorptivity
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(A) The time evolution of the energy of the electromagnetic fields (green line), the kinetic energy of the particles (orange line), and their sum (blue
line), respectively. The horizontal black dash-dotted line denotes the initial value of the total energy. The time evolution of kinetic energy of (B) protons
and (C) electrons. Blue lines and orange lines denote the perpendicular direction and parallel direction, respectively. £, denotes the kinetic energy of
species j at tQq = 0. The black dashed lines in (B, C) denote the time of wave arrival and departure of the density structure.

Ay is comparable to or even larger than the reflectivity Ry, in most
cases, suggesting the absorption of waves should not be neglected
when modeling the propagation of MS wave through the
density structure.

3.2 Quasi-perpendicular waves: 0 = 85°

Besides the strictly perpendicular waves, we have also studied the
propagation of MS waves with 6 = 85° through the density structure
due to the different interactions with charged particles [24]. Figure 6
shows the spatial-temporal evolution of wave fields for Run 3.
Similar to Runl, the reflected wave immediately shows up when
the MS wave encounters the left boundary of the density structure at
t= 7(2;;, and the transmitted waves become weaker after the MS
wave leaves the density structure.

Figure 7A displays the time history of the wave energy and
particle kinetic energy for Run 3. The total energy (blue line) is well
conserved in this simulation model, and the energy exchange
between MS wave and plasma can be easily found. Figures 7B,

Frontiers in Physics

C present the time evolution of the kinetic energies of protons and
respectively. The
perpendicular kinetic energy of protons and electrons inside the

electrons inside the density structure,
structure first increases as the wave enters the density structure and
then decreases after the wave leaves, with a weak net increase.
However, the parallel kinetic energy of electrons gradually
increases when the wave passes through the structure and then
remains nearly constant after the wave leaves. This is due to the
efficient parallel heating of electrons by quasi-parallel MS waves
(Supplementary Figure S2).

We further investigate the effects of the shape of density structure
on the reflection and absorption of the MS wave with 6 = 85°. The
calculation method of Ry, Ay, and T, is the same as above. The
simulation results marked by red dots and solid lines are summarized
in Figure 8. Similar to the perpendicular MS wave, the Ry, and Ay
increase with the increasing H, resulting in the decreasing T'5;. Then,
the Ay and the Ryr have a positive correlation and an anti-correlation
with the AL, respectively, leading to a maximum of T'y; at a certain AL.
Although the trends of Ay, Ry, and Ty with the H and AL are very

similar to the perpendicular cases, the reflectivity Ry, and the
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with different parameters when the pump wave propagates quasi-perpendicularly. The gray dots and black dashed lines denote the result of Figure 5

absorptivity Ay, of the quasi-perpendicular MS waves are smaller
than those of the MS waves with 6 = 90°, which may imply that the
quasi-perpendicular MS waves can propagate further than those
perpendicular waves in the magnetosphere.

4 Conclusion and discussion

The effects of density structures on MS waves are important to
understand the distribution and propagation of MS waves in the
Earth’s magnetosphere, which are attracting more and more
attention. However, previous simulations and theoretical models
[30,36] only include the reflection of MS waves caused by the density
structure. To include both the absorption and reflection of waves, we
utilize a self-consistent model, i.e., PIC model, to study the
propagation of MS waves across density structures. We find that
both perpendicular and quasi-perpendicular propagating MS waves
can be effectively reflected and absorbed by the fine-scale density
structure. Generally, the absorption of MS waves is as important as
the reflection when MS waves propagate through the density
structure, and they are strongly dependent on the shape of the
density structure. The reflection of MS waves is positively correlated
with the height but is inversely related to the width of a density

Frontiers in Physics

structure. While the absorption of MS waves is positively correlated
with the height and width of a density structure. Our simulation
results reveal that the absorption also plays an important role in the
propagation of MS waves in the Earth’s magnetosphere, which can
help better understand the properties and distribution of MS waves.

To obtain the
transmissivity of the MS waves, we must ensure that the total

reliable reflectivity, —absorptivity, and
energy of this system is conserved. As shown in Figures 3A, 7A,
it is clear shown that the total energy is well conserved within a
margin of error below 0.1%, which is much lower than the energy
change (>5%) of charged particles or wave fields. This is true for all
simulation runs in this study. Thus, the dependences of reflectivity
and absorptivity of MS waves on the shape of density structure as
shown in Figures 5, 8 are quite reliable. Since the reflectivity of MS
wave is strongly dependent on the density gradient, so the Ry, will
increase with the increase of the height or the decrease of width,
ie., steep density structure. While, the absorptivity should be
positively correlated with the number of particles inside the
density structure, so the Ay increases with the increase of the
height or width, i.e, large density structure. However, because the
corresponding transmissivity T relies on the sum of Ry and Ay,
the dependence of T on the shape of density structure is somehow
unpredictable.
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