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[1] In the equatorial region of the Earth’s inner magnetosphere, the electromagnetic ion
cyclotron (EMIC) triggered emissions are generated through interaction with energetic
protons. We investigate the generation process of the EMIC triggered emissions in the He"
branch and associated precipitation of the energetic protons using a one-dimensional
hybrid simulation with a cylindrical parabolic magnetic geometry. The simulation results
show a good agreement with the nonlinear wave growth theory. As the electron density
becomes higher as in the plasmasphere or the plasmaplume, the wave amplitude thresholds
for both H" and He" band triggered emissions become lower and their nonlinear growth
rates become higher. The higher hot proton density also makes the thresholds lower. While
the H™ branch triggered emissions interact with a few keV protons, the He" branch
triggered emissions interact with more energetic protons of a few hundred keV with a

larger nonlinear growth rate.

Citation: Shoji, M., and Y. Omura (2012), Precipitation of highly energetic protons by helium branch electromagnetic ion
cyclotron triggered emissions, J. Geophys. Res., 117, A12210, doi:10.1029/2012JA017933.

1. Introduction

[2] Electromagnetic ion cyclotron (EMIC) wave emissions
with rising frequencies in the ULF (Ultra Low Frequency)
range, so-called EMIC triggered emissions, have been
observed by Cluster satellites in the Earth’s plasmasphere
[Pickett et al., 2010; Omura et al., 2010]. They are generated
by small amplitude triggering EMIC waves and anisotropic
energetic protons. The triggering EMIC waves are also
known as “Pcl pulsations” observed on the ground [e.g.,
Troitskaya, 1961; Tepley, 1961] and in space [e.g., Roux
et al., 1982; Anderson et al., 1992a, 1992b; Engebretson
et al., 2007]. The energetic protons come into the plasma-
sphere due to the particle injections during magnetic dis-
turbances such as magnetic storms and substorms [e.g., Ejiri,
1978]. These energetic protons constitute the ring currents in
the inner magnetosphere [e.g., Ebihara et al., 2002; Ebihara
and Fok, 2004].

[3] The generation mechanism of EMIC triggered emis-
sions has been studied by the nonlinear theory [Omura et al.,
2010] and by hybrid code simulations [Shoji and Omura,
2011; Shoji et al., 2011]. Since there are multiple species
of ions in the Earth’s inner magnetosphere, the dispersion
relation of EMIC waves are separated into branches
corresponding to the ion populations [e.g., Stix, 1992]. In the

'nstitute of Space and Astronautical Science, Japan Aerospace Exploration
Agency, Sagamihara, Japan.

Research Institute for Sustainable Humanosphere, Kyoto University,
Uji, Japan.

Corresponding author: M. Shoji, Institute of Space and Astronautical
Science, Japan Aerospace Exploration Agency, 3-1-1 Yoshinodai,
Chuo-ku, Sagamihara, Kanagawa 252-5210, Japan. (shoji@stp.isas.jaxa.jp)

©2012. American Geophysical Union. All Rights Reserved.
0148-0227/12/2012JA017933

A12210

previous hybrid simulation studies [Shoji and Omura, 2011;
Shoji et al., 2011], in which protons, heliums, and oxygens
are assumed, EMIC triggered emissions in the H" branch
have been successfully reproduced in a cylindrical magnetic
flux model corresponding to the equatorial region of the
inner magnetosphere. These real scale simulation results
show a good agreement with the observations [Pickett et al.,
2010] and the nonlinear growth theory [Omura et al., 2010].
Moreover, Shoji et al. [2011] have shown that the multiple
EMIC triggered emissions in the H" branch induce EMIC
waves in the He" branch. Simulation results show that pitch
angle scattering of a substantial number of energetic protons
in the equatorial region results in proton auroras [e.g.,
Montbriand, 1971; Fukunishi, 1975] in the polar region.

[4] In the previous papers [e.g., Pickett et al., 2010], the
triggered emissions in the H' branch have been investigated.
EMIC waves in the lower branches also play an important
role in the inner magnetosphere. Summers and Thorne
[2003] and Summers et al. [2007] have analyzed the reso-
nant quasi-linear scattering of energetic electrons by EMIC
waves in the H" and He" branches. Although the observa-
tions of the EMIC triggered emissions in other branches
have not been reported yet, the nonlinear theory predicts
existence of the EMIC triggered emissions with rising fre-
quencies in the He" and O" branches [Omura et al., 2010].
The triggered emissions in the different branches can scatter
energetic protons in different energy ranges, since the
emissions have different resonance velocities. Especially,
triggered emissions in the lower branches will strongly
contribute to proton auroras in higher energy ranges.

[5] The main objective of the present study is to reproduce
EMIC triggered emissions in the He™ branch by computer
simulations to estimate the impact of the He™ band triggered
emissions on pitch angle scattering in the equatorial region.
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Table 1. Parameters of the Simulation Space, Time, Static Magnetic Field, Electron Fluid, and Triggering Waves

Parameters Normalized Value Real Value
Number of grids N, 4096
Number of grids of damping region N, 1536
Grid spacing Ax 0.1 V4/Qu 1.9 km
Time step At 0.004/9, 172 x 107*s
Proton cyclotron frequency at the equator f; = Q5/(27) 1/(2m) 3.7 Hz
Electron cyclotron frequency at the equator £, = ./(27) 1836 fy 6.8 kHz
Proton plasma frequency at the equator f,; = €,4/(27) 95.5 fir 353.4 Hz
Electron plasma frequency at the equator f,,. 339.8 1. 120.1 kHz
Ambient magnetic field at the equator By, 1 243 nT
Alfven velocity at the equator V4 1.0 443 km/s
Frequency of triggering wave f,, 0.15 fy 0.56 Hz
Wave number of triggering wave k,, 0.135 Qu/V, 1.1 x 10~3/km
Amplitude of triggering wave B, 2.1 x 10_4Bo,zq 0.05 nT

We perform a real scale hybrid simulation with a parabolic
dipole magnetic geometry. A simulation of EMIC triggered
emissions in the He" branch is presented in section 2. We
study nonlinear interaction between He" branch triggered
emissions and highly energetic protons and analyze time
evolution of the velocity distribution functions.

[6] In section 3, we compare the simulation results with
the nonlinear wave growth theory [Omura et al., 2010] for
the He" branch triggered emissions. Possibility of generation
of the He" and H" branch triggered emissions is discussed
by calculating the theoretical thresholds and nonlinear
growth rates. We also estimate kinetic energies of hot pro-
tons interacting with the triggered emissions in the different
(H" and He") branches. We summarize the present study in
section 4.

2. Hybrid Simulation for the He" Branch
Triggered Emission

2.1.

[7] We have developed a one-dimensional (1D) hybrid
code [Shoji et al., 2009]. The code has been expanded to a
cylindrical magnetic flux model [Shoji and Omura, 2011,
Shoji et al., 2011] described as Bo,(x) = Boe,(1 + axz), where
By, is the value at the equator, a = 4.5/(LRg)* L =43 and
the Earth’s radius Rz = 6387 km. To satisfy the condition
V - B = 0, the radial component of the ambient magnetic
field is assumed as B, = — 0.5r;; 0 By, /0 x, where ry ;= v /Q,;
is the Larmor radius of an ion, and €2; is the local cyclotron
frequency of ions of species i. While the field equations are
solved as the 1D system taken along the x axis, the back-
ground magnetic field has a cylindrical geometry around the
x axis, and ions are assumed to gyrate around the magnetic
field with finite cyclotron radii. The triggering waves are
excited at the equator by an external current source. The
parallel components of the electric field and current density
are not solved, since we only have purely transverse waves
propagating along the magnetic field line in the present
simulation. An open boundary condition is assumed for the
x direction with damping layers attached at both ends of the
physical region. The transverse wave magnetic fields are
damped as B ,,(x) = 7(x)B(x) at each time step, where 7(x)
is a masking function [Umeda et al., 2001; Shoji et al.,
2012]. Assuming the mirror motion of the particles in the

Simulation Model and Parameters

dipole magnetic field, particles going out of the simulation
space are reflected at each boundary. To obtain forward and
backward coherent monochromatic L-mode EMIC waves
without R-mode noise, we use a left-handed polarized cur-
rent source. The current source is modeled by five grid
points around the equatorial region. We oscillate the phase
of the middle grid with the frequency of the triggering
waves, and oscillate phases of the adjacent two grids on
both sides with phase differences corresponding to the wave
numbers of the forward and backward traveling triggering
waves. To suppress an initial response of the magnetic field
to the source current, we increase the magnitude of the
current gradually in time.

[8] We use realistic values in the observations at the
equator close to the plasmapause (L ~ 4) [Pickett et al.,
2010; Omura et al., 2010] as initial parameters and shown
in Table 1. The frequency of the triggering wave excited by
the left-handed polarized current source at the equator is
defined near the cut-off frequency of the He" branch. The
wave numbers of the triggering wave are calculated from the
linear EMIC dispersion relation. Cold plasma components of
H", He" and O ions are assumed, and their thermal dis-
tributions are neglected. The energetic protons are also
assumed as resonant components with the EMIC waves. The
thermal velocities for parallel and perpendicular directions,
ion density ratios to the electron density, charge-to-mass
ratios, and numbers of superparticles of these ions are listed
in Table 2. Their densities are assumed so that the wave
dispersion relation gives the cut-off frequencies observed
around the equatorial region at L ~ 4 [Omura et al., 2010].
Energetic protons form a loss cone distribution function
[Shoji and Omura, 2011].

[9] The energetic protons are distributed uniformly with a
subtracted bi-Maxwell distribution function in the whole
space. Since the given distribution function is not stable in
the nonuniform magnetic field, we solve motion of the

Table 2. Simulation Parameters of the Ion Species

Ion Species Vinile Viile ni/n, q/m/(elmy) Ny/cell
H" 0 0 0.8019 1.0 256
He* 0 0 0.0950 1/4 256
0" 0 0 0.0950 1/16 256
Hot H' 0.008 0.01068 0.0081 1.0 16,384
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Figure 1. Spatial and temporal evolution of the wave amplitudes of the backward and forward propagat-

ing EMIC waves.

particles in the absence of the electromagnetic fluctuations
until the spatial distribution becomes stable in time. We then
prepare another set of protons with the same x, v and v, and
opposite gyrophases to suppress initial electromagnetic
thermal fluctuations in the distribution function (so-called
quiet start [Birdsall and Langdon, 1985]). We use the
obtained distribution function as the initial condition.

2.2. Generation of the He" Branch Triggered Emission

[10] Figure 1 shows spatial and temporal evolutions of the
amplitudes of the backward and forward propagating waves.
The particles moving in the opposite directions of the wave
propagation are phase organized by the triggering waves
which are generated at the equator (shown by the dashed
white line). These particles are released at the equator gen-
erating seeds of the triggered emissions.

[11] Figure 2a shows the dynamic spectra of the forward
propagating waves separated from the magnetic field data by
the method used in Shoji and Omura [2011]. The wave with
rising frequency below the He" cyclotron frequency (dashed
white line) appears after # ~ 85 s. The wave amplitude of the
forward propagating wave in logarithmic scale is shown in
Figure 2b. The theoretical threshold for EMIC triggered
emissions given by (62) of Omura et al. [2010] becomes
B, = 0.48 nT with the present parameters. We show the
threshold by the dashed blue line in Figure 2b. Although the
initial wave amplitude of the triggering wave (0.05 nT) does
not reach the theoretical threshold, the amplitude becomes
larger through the linear growth of the EMIC waves in
0 <t <85 s. The dashed red line shows the linear growth rate
calculated from the kinetic dispersion relation [Stix, 1992].
Since some EMIC modes grow at the same time, the
amplitude is modulated at this stage. After the wave ampli-
tude exceeds the threshold, the nonlinear wave growth starts.
In > 85 s, the wave frequency starts rising and the nonlinear
growth of the triggered wave becomes faster than the linear
growth (shown by the dashed red line). The EMIC triggered
emission saturates at B,, = 3.5 nT (dash-dotted blue line)
around ¢ ~ 105 s and rising of the frequency stops at 0.8 Hz
around ¢ ~ 130 s. The frequency varies from 0.56 Hz to

By /Boeg [dB]

(b)

B,,/B, [dB]

150

Figure 2. (a) Dynamic spectra of the magnetic field of for-
ward propagating waves. The solid, dash-dotted, and dashed
white lines show the cyclotron frequency of O, the theoret-
ical frequency of the triggered waves, and the cyclotron fre-
quency of He", respectively. (b) Time evolution of the wave
amplitude at the equator in log scale. The dashed red line
shows the linear growth rate of the EMIC wave. The dashed
and dash-dotted blue lines show the theoretical threshold
B,, = 0.48 nT and the saturation level B,,, = 3.5 nT of the
EMIC triggered emission, respectively. The dashed black
line shows the time when the nonlinear wave growth starts
(t ~ 85 ).
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Figure 3. Velocity distribution functions fx(vy, v, ) of ener-
getic protons at (a) t =0s, (b) t =74.8 s, (c) t = 83.6 s,
(d)t=92.4s,and (e) = 101.2 s normalized by the maximum
value of the initial velocity distribution function fy,,.
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0.8 Hz in 45 s. The O" band EMIC emission and another
triggered emission are also generated because of the pitch
angle scattering mechanism discussed in Shoji et al. [2011].

2.3. Time Evolution of the Velocity Distribution
Function

[12] The time history of the velocity distribution function
of the energetic protons at the magnetic equator is shown in
Figure 3. In Figure 3a, we show the initial velocity distribution
function. In Figure 3b, the energetic protons around the reso-
nance velocity of the triggering waves Vz = (w — Qg)k = 2,
900 km/s, are scattered. The proton holes around the reso-
nance velocity of the triggered emissions appear in Figure 3c.
Inward motion of the proton holes is also tracked in the
velocity distribution function through Figures 3¢, 3d and 3e.
Because of existence of the huge proton holes, the core part of
the distribution function is scattered as shown in Figure 3d.
Finally, the distribution function is significantly modified in
Figure 3e.

[13] The pitch angles of the energetic protons are scattered
by the He" band EMIC triggered emissions and some of the
protons go into the loss cone (4.8 degrees). The amount of
the protons going into the loss cone is estimated by the same
method as in Shoji and Omura [2011]. At ¢t ~ 150 s, the
triggered emissions in the He' branch scatter 6.4% of
the hot proton population around the equatorial region
(=210 km < x < 210 km) into the loss cone. The mean
energy of the precipitated protons is 90 keV. On the other
hand, the H" branch EMIC triggered emissions scatter the
hot protons with kinetic energy ~4.5 keV into the loss cone
[Shoji and Omura, 2011]. Because the resonance velocity of
the He" band triggered wave is larger than that of the H"
band triggered waves for the EMIC triggered emissions
(Vr =970 km/s) [Shoji and Omura, 2011], the energy range
of the scattered protons becomes larger.

3. Theoretical Models of Nonlinear Wave Growth

3.1.

[14] Omura et al. [2010] have performed a theoretical
analysis for the H" branch triggered emissions. Theoretical
frequency sweep rates with different initial wave amplitudes
and nonlinear growth rates for the He" branch triggered
emissions are also obtained by solving the equations (63)
and (64) of Omura et al. [2010]. The value of Q, which was
also introduced by Omura et al. [2010], is a factor repre-
senting a depth of a proton hole in the distribution function
given by

Comparison With the Simulation Result

g(¢vy) =g (v) — 0w (v, Q). (1)

where ( is the angle between v, and the wave magnetic
field. The functions go(v)) and g,(v, ¢) are an unperturbed
velocity distribution function of protons, and a part of g, that
is trapped by the wave, respectively. We assume the satu-
ration at B,, = 3.5 nT, which is obtained from the hybrid
simulation result shown in Figure 2b. In the nonlinear
growth phase, we assume Q = 0.5. To reproduce the dissi-
pation of the triggered emission after the saturation, we
assume that O changes from 0.5 to 0.1 after the amplitude
reaches 3.5 nT.
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Figure 4. Theoretical models of (a) the wave amplitude,
(b) the frequency sweep rate of the EMIC triggered emis-
sions below the He" cyclotron frequency, and (c) depth of
proton holes Q at the equator. The magenta, green, black,
blue, and red lines show the results with the amplitudes of
the triggering waves 0.4 nT, 0.45 nT, 0.49 nT, 0.5 nT, and
0.57 nT, respectively.

[15] Time evolutions of wave amplitudes and the fre-
quency sweep rates of EMIC triggered emissions at the
equator for different initial amplitudes are shown in
Figures 4a and 4b, respectively. The time variation of Q is
also shown in Figure 4c. In cases that the initial amplitudes
are assumed lower than the theoretical threshold given by
(54) of Omura et al. [2010] (B,, < 0.48 nT), the triggered
emissions do not take place as shown in Figure 4, because
the linear wave growth is not included in the nonlinear
growth theory. In cases with initial amplitudes larger than
the threshold, we can find the nonlinear wave growth in
Figure 4a, and the rising frequency in Figure 4b (shown by
green, red, and magenta lines). The nonlinear growth stops
around 11 s, 16 s, and 19 s for red, blue, and black cases,
respectively. Comparing the theoretical result (green line
case obtained with an initial wave amplitude of 0.49 nT)
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with the simulation result, we find that the durations of the
nonlinear wave growth and of the dissipation agree with the
simulation. The frequency sweep rate of the He" branch
triggered emission from 0.56 Hz to 0.8 Hz also shows a
good agreement.

3.2. Thresholds and Nonlinear Growth Rates of H"
and He" Band Triggered Emissions

[16] The nonlinear wave growth starts when the amplitude
reaches the theoretical threshold given by Omura et al.
[2010]. To estimate the possibility of the generation of the
triggered emissions in the different regions and conditions,
we plot the thresholds By, of the H" and He" branch trig-
gered emissions as functions of the electron density and the
wave frequency with different energetic proton densities in
Figure 5. The white circles indicate the input parameters
used in the present He" branch simulation and the previous
H" branch simulation [Shoji and Omura, 2011], respec-
tively. In Figures 5a and 5c, we show the thresholds with the
parameters (hot proton density) that we used in the present
simulation. In Figures 5b and 5d, on the other hand, we plot
the thresholds for higher hot proton density (4.05%), that is
used in Shoji and Omura [2011]. Here, we note that the
frequency range of Figures 5a and 5b is different from that
of Figures 5c and 5d. The range of the colorbar of these
panels are taken as 0 < B,,/By < 0.1 for possible triggering
wave amplitudes. As a reference, we plot dashed white lines
(the electron density of 50/cc) to indicate the regions outside
and inside the possible plasmapause based on the observa-
tion [Pickett et al., 2010]. In the high electron density region
corresponding to the plasmasphere, both He” and H" band
triggered emissions have thresholds low enough to be gen-
erated in any cases shown in Figure 5. On the other hand, in
the low electron density region, the thresholds become
higher as shown in Figures 5a and 5c, as we can obviously
find in (62) of Omura et al. [2010]. In Figures 5b and 5d,
because of the denser population of the energetic protons,
the thresholds of both triggered emissions keep low values
even outside the plasmapause.

[17] The nonlinear growth rate of the EMIC triggered
emissions is given by (54) of Omura et al. [2010]. We plot
the nonlinear growth rates for both H" and He" branch
triggered emissions as functions of the frequency and the
electron density in Figures 6a and 6b. Here, we note that the
frequency range of Figures 6a and 6b is different from that
of Figures 6¢ and 6d. Because the nonlinear growth rate is
proportional to the energetic proton density (chﬁh) as shown

in (54) of Omura et al. [2010], we only show a case with the
energetic proton density n,/n, = 4.05% corresponding to
Figures 5b and 5d. The He" and H' branch triggered emis-
sions have their maximum nonlinear growth rates at
w/Qpr~ 0.18 and w/Qyy ~ 0.59, respectively, with the highest
cold electron density. Comparing Figure 6a with Figure 6c,
we find that the He" branch triggered emissions have larger
growth rate than the H" branch triggered emissions. How-
ever, the nonlinear growth rates do not control the frequency
sweep rates of the triggered emissions, which depend on
(saturated amplitude) x (frequency) of the emissions [Omura
et al.,2010].

[18] We also show the kinetic energies of the resonant
particles of the He" and H'" branch triggered emissions for
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Figure 5. Theoretical thresholds of nonlinear wave growth as functions of frequency f and electron
density n, for He" branch triggered emissions with densities of energetic protons (a) n,/n, = 0.81% and
(b) ny/n, = 4.05%, and those for H' branch triggered emissions with densities of energetic protons
(c) ny/n, = 0.81% and (d) n;/n, = 4.05%. The ambient magnetic field, the proton cyclotron frequency,
and the electron cyclotron frequency at the equator are Bo,, = 243 nT, Qy = 23.2 rad/s, and
Q. = 427 x 10* rad/s, respectively. The dashed white lines indicate an electron density 50/cc
corresponding to the possible plasmapause. The white circles in Figures 5a and 5d indicate the input
parameters used in the present He™ branch simulation and the previous H' branch simulation [Shoji and

Omura, 2011], respectively.

different electron densities in Figures 6b and 6d, respec-
tively, assuming that the resonant particles have a pitch
angle 6. = 40°. For high electron densities, the kinetic energy
of a proton Ky resonating with the He" branch triggered
emission reaches around a few hundred keV, while that of
protons interacting with the H" branch emission is a few
keV. As the density of the electrons becomes smaller, the
kinetic energy of the resonant particles becomes larger. As
the frequencies of the triggered emissions become smaller,
these kinetic energies become larger as shown in Figures 6b
and 6d.

4. Summary

[19] We performed the simulation for the EMIC triggered
emissions in the He™ branch, which have been found in
spacecraft observations [e.g., Grison et al., 2011]. The
energies of protons scattered by the He" band EMIC trig-
gered emissions are much larger than those of protons

scattered by the H' branch triggered emissions. As reported
in Shoji et al. [2011], multiple triggered emissions induce
another type of EMIC wave in the lower frequency branch.
In the present simulation, the O" branch EMIC wave is
generated as shown in Figure 2a because of the strong
modification of the velocity distribution function of the
energetic protons.

[20] The strong modification of the velocity distribution
function results from the inward motion of the proton holes,
as described by Shoji and Omura [2011] in the H' branch
triggered emission case. Some parts of the proton aurora in
the different energy ranges can be caused by the triggered
emissions in the different branches. Both H" and He" trig-
gered emissions have thresholds low enough to cause the
nonlinear wave growth in the case of the high electron
densities such as inside the plasmasphere or the plasma-
plume. The thresholds also become lower as the hot proton
density becomes larger. The emissions also have higher
nonlinear growth rates for higher electron densities. For the
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Figure 6. Nonlinear growth rate I'y; of the EMIC triggered emissions with the wave amplitudes at the
theoretical threshold, and kinetic energy of the energetic protons with v = V3 as functions of frequency
fand electron density 7, for the (a and b) He" branch triggered emissions and for the (c and d) H' branch
triggered emissions. The ambient magnetic field, the proton cyclotron frequency, and the electron cyclo-
tron frequency at the equator are B, = 243 nT, €0 = 23.2 rad/s, and €2, = 4.27 x 10* rad/s, respectively.

maximum growth rates of the He" and H" band triggered
emissions, resonant protons have the kinetic energies around
a few hundred keV and a few keV, respectively.

[21] Since we used the 1D model, generation and propa-
gation of waves in the oblique directions are not solved. In a
2D model with a nonuniform magnetic field, refraction of
EMIC waves is also important. Expansion of the present
model to the 2D nonuniform system is left as a future study.
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