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In this paper, we perform one-dimensional particle-in-cell simulations to investigate the properties of
perpendicular magnetosonic waves in a plasma system consisting of three components: cool elec-
trons, cool protons, and tenuous ring distribution protons, where the waves are excited by the tenuous
proton ring distribution. Consistent with the linear theory, the spectra of excited magnetosonic waves
can change from discrete to continuous due to the overlapping of adjacent unstable wave modes. The
increase of the proton to electron mass ratio, the ratio of the light speed to the Alfven speed, or the
concentration of protons with a ring distribution tends to result in a continuous spectrum of magneto-
sonic waves, while the increase of the ring velocity of the tenuous proton ring distribution leads to a
broader one, but with a discrete structure. Moreover, the energization of both cool electrons and pro-
tons and the scattering of ring distribution protons due to the excited magnetosonic waves are also
observed in our simulations, which cannot be predicted by the linear theory. Besides, a thermalized
proton ring distribution may lead to the further excitation of several lower discrete harmonics with

their frequencies about several proton gyrofrequencies. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4941284]

I. INTRODUCTION

Ion Bernstein modes in the magnetosphere, also known
as equatorial noises or magnetosonic waves, which propa-
gate nearly perpendicular to the background magnetic field,
are frequently observed in the vicinity of the geomagnetic
equator in the region between L =2 and 8.'~ In Paper I by
Sun et al.,® we have examined the linear properties of per-
pendicular magnetosonic waves excited by a tenuous proton
ring distribution under different plasma conditions. The fre-
quencies of magnetosonic waves range from the proton gyro-
frequency to the lower hybrid frequency. With the increase
of the proton to electron mass ratio and the ratio of the light
speed to the Alfven speed, the spectrum of magnetosonic
waves becomes broader and continuous from only several
discrete modes. Such a continuous spectrum is formed due to
the merging of growth rate peaks. The increase in the con-
centration of protons of the ring distribution can enhance
the growth rate of the excited waves, which may also change
the spectrum from a discrete to a continuous form, while the
increase of the ring velocity of the tenuous proton ring distri-
bution tends to cause a broader but discrete spectrum.

In this paper, with a one-dimensional (1D) particle-in-
cell (PIC) simulation model, we investigate the linear and
nonlinear properties of perpendicular magnetosonic waves
excited by a tenuous proton ring distribution. The linear
properties of these waves under different plasma conditions
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are reproduced in our PIC simulations, and the effects of
magnetosonic waves on cool electrons, cool protons, and
ring distribution protons are also studied.

The paper is organized as follows. Sec. II describes the
simulation model. The simulation results are presented in Sec.
III. At last, conclusions and discussion are given in Sec. IV.

Il. SIMULATION MODEL

In this paper, 1D electromagnetic PIC simulations are
employed to investigate the excitation of magnetosonic
waves driven by a proton ring distribution. The 1D PIC sim-
ulations allow spatial variations only in the x direction, and
periodic boundary conditions are used. The uniform back-
ground magnetic field By is along the y axis. It is reasonable
to study the evolution of the magnetosonic waves with 1D
PIC simulations, since magnetosonic waves usually propa-
gate perpendicular to the background magnetic field.>”’

Initially, we assume a uniform and magnetized plasma
consisting of three components: cool electrons, cool protons,
and ring distribution protons. Their number densities are 7,,
npe, and ny,, respectively. To satisfy the charge neutrality, it
requires n, = nyue + np-. The distribution function of ring dis-
tribution protons is given by fj, = n,.0(v)0(vL — Vg)
/(2mv. ), where v and v are velocities parallel and perpen-
dicular to the background magnetic field By = Boe,, and Vj is
the proton ring velocity. If not mentioned explicitly, the proton
ring velocity is set Vg = 1.0V, where V, is the Alfven speed.
The cool electrons and cool protons are assumed to satisfy a

© 2016 AIP Publishing LLC
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Maxwellian distribution. The thermal speed of the cool protons
is set to 0.00635V and the corresponding f3, = 4 X 1075.The
cool electrons adopt the same temperature as cool protons.

In the simulations, the number densities are normalized
to the electron number density 7., and the velocities are
expressed in the units of the Alfven speed V4. Space and time
are expressed in the units of the proton inertial length /;
= /my/n.upe? and the inverse of the proton cyclotron fre-
quency Q;, = eBo/my, respectively, where my, is proton mass,
Ho is vacuum permeability, and e is elementary charge. The
number of grid cells is 8192, and there are on average 60 mac-
roparticles in every cell for each species. The grid cell size
and time step are Ax=10"°V,/Q, and Ar=0.5 x
1074, ! when the light speed is chosen as ¢/V,4 = 12, while
Ax =0.75 x 1073V, /Q, and At =0.25 x 107*Q;,~! when
¢/V4 =20.

lll. SIMULATION RESULTS

The linear theory has predicted that the proton ring dis-
tribution can excite magnetosonic waves propagating per-
pendicular to the background magnetic field.” At the same
time, with the increase of proton-to-electron mass ratio, the
ratio of the light speed to the Alfven speed, or the concentra-
tion of ring distribution protons, the linear growth rate (nor-
malized by the proton cyclotron frequency) of generated
waves increases. As a result, the spectrum of magnetosonic
waves can change from discrete to continuous. The detailed
theoretical results have already been elaborated in Paper 1.°
In this paper, we use 1D PIC simulations to study the excita-
tion of magnetosonic waves by a proton ring distribution and
compare the result with that obtained from the linear theory.
The parameters for different PIC simulations are listed in
Table I. For clarity, the maximum growth rates obtained
from both simulations 7(kyq )/, and the linear theory®
7 (kmax)/Qp, and the saturation amplitudes (3B?/B}),..
have also been listed in Table I. To calculate the maximum
growth rates, we first obtain the time profile of wave ampli-
tudes for the wave number with the largest growth rate pre-
dicted by the linear theory, and then calculate its slope
before the saturation stage as the maximum growth rate. The

TABLE I. Parameters for different simulation cases.

C VR Ny c my 7* (kmax)'(l y(kmax) 532
ase  — — — — —
VA ne VA nme Qh Qh B%
max
1 1 20% 12 100 029(92° 020 1.95 x 1073
2 1 20% 20 1600 0.73(15.7)  0.60 1.52 % 1073
3 1 20% 20 100 0.33(8.9) 0.32 1.66 x 1073
4 1 20% 20 900 0.69(146) 0.56 1.37 x 1073
5 1 20% 12 1600 035(11.3) 027 1.92 x 1073
6 1 05% 20 1600 0.36(157) 030  0.40x107°
7 1 1.0% 20 1600 0.49(154) 048  0.60 x 1073
8 13 1.0% 20 1600 0.34(154) 031 1.17 x 1073

“The Ky is the wave number with the maximum growth rate based on the
linear theory.

"The value out of the parenthesis is the maximum growth rate, while the
value within it is the corresponding wave number k... The unit of wave
numbers is €, /V4.
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FIG. 1. Time evolution of spatially averaged wave energy for fluctuating
magnetic fields $B% /B3 for case 1.

saturation amplitude is determined by the maximum ampli-
tude during the simulation.

Figure 1 shows the time evolution of spatially averaged
fluctuating magnetic fields for case 1. The intensities of
0B, /By and 0B, /By are below the noise level, and the mag-
netic field 0B/By =~ 0B, /By. The magnetosonic waves begin
to be excited at about €, = 20, and then undergo a linear
growth stage. A saturation stage is reached at about
Qut = 40. The power spectrum, which is obtained by Fourier
transforming of 0B, /B, from Q,t = 0 to 60, is displayed in
Fig. 2. The discrete peaks at harmonic frequencies « = 50,
69, and 7Q, are clearly observed. These discrete spectral
peaks are consistent with the growth rate profile predicted
from the linear theory® (red lines in Fig. 2).

Figures 3(a) and 3(b) show the fluctuating magnetic field
0By /By as a function of wave numbers at Q,r = 25 and 80,
respectively. At the linear growth stage (Q,z=25), the
energy of fluctuating magnetic fields concentrates at
kV4/Qpu ~ 9. While at the saturation stage (Q,¢ = 80), the
peak at kV,/Q;, ~ 9 is reduced and the energy of fluctuating
magnetic field spreads into a broader wavenumber space.

We also investigate the evolution of velocity distributions
for cool electrons, cool protons, and energetic ring distribution
protons during the excitation of magnetosonic waves. Figures
4(a) and 4(b) show the electron velocity distribution for case

y/SZh

FIG. 2. The power spectrum obtained by Fourier transforming of 0B, /By
from €,z = 0 to 60 for case 1, which is shown by the black line. The red
line in the panel denotes the growth rate /€, calculated by the linear theory
with the same parameters.
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FIG. 3. The fluctuating magnetic field 0B, /B as a function of wave num-
bers for case 1 at (a) ;¢ = 25 and (b) Q,r = 80.

1 at Qu¢t = 0 and 80, and Figure 4(c) displays the time profile
of electron kinetic energy, Figures 4(d)—4(f) for ring distribu-
tion protons, and Figures 4(g)—4(i) for cool protons. In first
two columns, solid and dashed lines denote the total and par-
allel velocity distributions, respectively. It is worth noting that
for ring distribution protons, only perpendicular kinetic
energy is shown in Fig. 4(f) due to their negligible parallel ki-
netic energy. For the same reason, we only plot their total ve-
locity distribution in Figs. 4(d) and 4(e). Initially, the electron
velocity distribution satisfies a Maxwellian distribution. At
the saturation stage (0t = 80), the electron velocity distribu-
tion becomes broader which indicates the increase of the tem-
perature (Fig. 4(b)). As shown in Fig. 4(c), the heating of
electrons by the excited magnetosonic waves mainly occurs in
the perpendicular direction. The perpendicular energization of
cool protons due to the excited magnetosonic waves can also
be found in the bottom row. However, for ring distribution
protons shown in the middle row, their velocity distribution is
scattered into a thick shell distribution, and they lose a part of
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FIG. 5. The power spectrum obtained by Fourier transforming of 6B, /By
from Q¢ = 0 to 60 for case 2, which is shown by the black line. The red
line in the panel denotes the growth rate y/€, calculated by the linear theory
with the same parameters.

kinetic energy to generate the magnetosonic waves. For all
three components, their parallel velocity distributions nearly
remain unchanged, which are consistent with the negligible
increase in parallel kinetic energies as shown in the third col-
umn. It is shown that the temporal evolution of the perpendic-
ular kinetic energies of cool protons and electrons is closely
correlated with that of wave amplitudes (Figure 1). This is
because cool protons and electrons are the carrier of excited
waves, and their velocities are coupled with the wave electro-
magnetic fields. However, the perpendicular spread of the pro-
ton ring distribution is due to the phase trapping by the
excited waves,7 which then contributes to the saturation of the
instability. The involved particle dynamics are interesting and

FIG. 4. The electron velocity distribu-

tions for case 1 at (a) Q,z = 0 and (b)
Q¢ =80, and (c) the time profile of
electron kinetic energy, while (d)—(f)
for cool protons, and (g)—(i) for ring
distribution protons. In first two col-
umns, solid and dashed lines denote
the total and parallel velocity distribu-
tions, respectively. The solid and dot-

ted lines in the third column denote
perpendicular and parallel kinetic

energy, respectively.
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FIG. 7. The fluctuating magnetic field 0B, /B as a function of wave num-
bers for case 2 at (a) ;¢ = 25 and (b) Q,r = 80.

need to be further studied, but it is beyond the scope of this
paper.

For case 2, the time profile of fluctuating magnetic fields
is quite similar to that for case 1, but with a much larger
growth rate (Table I). Figure 5 displays the power spectrum,
which is obtained by Fourier transforming of ¢B,/By from
Qut = 0 to 60 for case 2. The spectral power density shows a
continuous structure with a peak near @ = 11.5Q,,. The con-
tinuous spectrum extends from about w = 9Q, to 15€Q,
which is in agreement with the result obtained from the linear
theory (red lines in Fig. 6). However, the spectrum also shows
discrete peaks at harmonic frequencies 1, 2, ..., and 6€,
which are not predicted by the linear theory (red lines in Fig.
5). The generation of these harmonic modes can be explained
based on Fig. 6, which shows scatter plots of the ring distribu-
tion protons in the spatial region from x = 3 to 3.05 V4 /Q,, at
(a) Q,t =0 and (b) Q,r = 15, and (c) the time evolution of
magnetic amplitudes for lower (1-6 €, dotted line) and
higher (7-17 €, solid line) harmonic modes. To obtain the
time evolution of wave amplitudes, we first decompose the
time series of JB,/By with the wavelet method to get
the wave power as functions of time and frequency. Then, the

@ ®)
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FIG. 6. Scatter plots of ring protons in
the (v, v,) space for case 2 at (a)
Q,t =0 and (b) Q7 = 30, and (c) the
time evolution of magnetic amplitudes
for lower (1-6 Q,, dotted line) and
higher (7-17 €, solid line) harmonic
modes.

- Q=15

0

20 40 60 80

ot

100

magnetic amplitudes are calculated through the integration of
wave power from 1 Q;, to 6 Q, and 7 Q;, to 17 Q, at each
time. We can find that the ring distribution protons will be
scattered by the magnetosonic waves when the waves are
excited. There are many protons with velocities exceeding the
Alfven speed. Based on the linear theory, as proton ring ve-
locity increases, the instability shifts toward lower harmon-
ics.® Those protons with velocities exceeding the Alfven
speed might be responsible for generating the magnetosonic
waves with frequencies 1, 2, ..., and 6. This can also be
confirmed by the continuous increase in wave amplitudes of
lower harmonic modes as found in Fig. 6(c), even after the
saturation of higher harmonic modes.

Figures 7(a) and 7(b) display the fluctuating magnetic
field 0B,/B, as a function of wave numbers for case 2 at
Qut = 10 and 50, respectively. At the linear growth stage
(Q,t = 10), the energy of fluctuating magnetic field concen-
trates at kV,/Q;, ~ 15. At the saturation stage (Q,¢ = 50),
the energy of fluctuating magnetic field also extends into a
broader wavenumber space. Similar to case 1, the energiza-
tion of each component is dominant in the perpendicular
direction (not shown).

Figure 8(a) presents the energy of fluctuating magnetic
field 0B%/B3 versus the normalized wave frequency /<,
for case 3, Figure 8(b) for case 4, and Figure 8(c) for case 2.
With the increase in the mass ratio, more wave modes are
excited. As the frequencies of dominant modes become
larger, the spectral range of the excited waves becomes
broader. We can also find that the spectrum of magnetosonic
waves changes from a discrete to a continuous spectrum
with the increase of the mass ratio. These results are consist-
ent with the growth rate profile obtained from the linear
theory (red lines in Fig. 8). Figure 9(a) shows the energy of
fluctuating magnetic field dB2/B3 versus the normalized
wave frequency w/Q), for case 5 and Figure 9(b) for case 2.

(9)

FIG. 8. The power spectrum obtained
by Fourier transforming of 0B,/By
(black lines) from Q¢ = 0 to 60 for (a)
case 3, (b) case 4, and (c) case 2. The
red line in each panel denotes the
growth rate y/Qy, calculated by the lin-
ear theory with the same parameters
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FIG. 9. The power spectrum obtained by Fourier transforming of dB, /By
(black lines) from Q¢ = 0 to 60 for (a) case 5 and (b) case 2. The red line in
each panel denotes the growth rate y/Q,, calculated by the linear theory with
the same parameters for the corresponding case.

Similar to the increase of the mass ratio, the increase of the
ratio of the light speed to Alfven speed favors the excited
magnetosonic waves at larger frequencies and over a broader
spectrum. The consistent linear theory results are displayed
in Fig. 9 with the red lines, except the first few harmonics.

The effects of the number density of the ring distribution
protons and the proton ring velocity on the spectrum of
excited magnetosonic waves are also considered. With the
increase of the number density or the velocity of the ring dis-
tribution protons, the dominant spectral range of the excited
waves becomes broader (not shown).

IV. CONCLUSIONS AND DISCUSSION

In this paper, by performing 1D PIC simulations, we
investigate the properties of the excited magnetosonic waves
by a tenuous proton ring distribution under different plasma
conditions, and the waves are assumed to propagate perpen-
dicular to the background magnetic field. The spectrum of
the excited magnetosonic waves may change from discrete
to continuous if we increase the proton to electron mass ra-
tio, the ratio of the light speed to the Alfven speed, or the
concentration of protons with a ring distribution. When we
increase the ring velocity of the tenuous proton ring distribu-
tion, the spectrum tends to change from a continuous one to
a discrete one because the frequency range becomes broader
with the unchanged free energy. These results are consistent
with the prediction of the linear theory except for the first
several harmonics. The formation of those low harmonics
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might be due to the proton ring distribution that experiences
scattering by ion Bernstein waves. In addition, we also find
that the excited magnetosonic waves can energize both cool
electrons and protons preferentially in the perpendicular
direction and scatter the ring distribution protons.

Satellite observations”'® have shown that magnetosonic
waves in the inner magnetosphere usually have a discrete
spectrum. However, recent observations have demonstrated
that magnetosonic waves may also have a continuous spec-
trum. The results obtained in this paper provide valuable
insight when one interprets different spectra of magnetosonic
waves in the inner magnetosphere. According to our simula-
tions, the energization of cool background plasma is very
effective, which may enable them to become visible for the
plasma instruments onboard various satellites in the inner
Earth’s magnetosphere.
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