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Abstract; In the inner magnetosphere, the magnetosonic waves have been proposed to transit-time scatter
the radiation belt electrons over a broad range of energy and pitch-angle. Recent observations have shown
that magnetosonic waves can be generated in the off-equatorial plasmasphere, whose latitudinal coverage
and propagation angle are significantly different from the traditional magnetosonic waves confined near
the equator. Using our previously-developed test-particle code, we here investigate the possible transit-
time scattering of radiation belt electrons by the off-equatorially generated magnetosonic waves. Our
results indicate that the transit-time scattering is primarily related to the perturbation near the edge of the
finite wave train. The extending of wave occurrence latitudes causes the shrinking of the equatorial pitch-
angle range of the transit-time scattering. Compared to the near-equatorially confined magnetosonic
waves, the off-equatorially generated magnetosonic waves produce ignorable pitch-angle perturbations but

slightly stronger energy perturbations.
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1 Introduction

Magnetosonic waves are the low-frequency, highly-
compressional electromagnetic emissions in the inner
magnetosphere. About 50 years ago, Russell et al.'"
firstly reported the magnetosonic waves on the basis of
OGO 3 observations. In recent years, these waves have
received increased attention for their potential
contribution to the radiation belt electron dynamics.
Horne et al. *! showed that magnetosonic waves can
cause Landau resonant acceleration of electrons between
~10 keV and several MeV in the outer radiation belt.
Shprits'®)  proposed the bounce-resonance between
magnetosonic waves and radiation belt electrons.
Bortnik et al. '*) suggested the transit-time scattering of
radiation belt electrons by the near-equatorially confined
magnetosonic waves. Along with these theoretical
insights above, a number of observational studies have
linked the radiation belt electron dynamics, such as the
formation of electron butterfly distributions">™’ | to the
concurring magnetosonic waves.

The efficiency of all the three mechanisms
mentioned above depends on the latitudinal coverage

and propagation angle of magnetosonic waves. In
previous studies, the magnetosonic waves are usually
considered to be generated by the ion Bernstein mode
instability at the quasi-perpendicular normal angle near
the equator'®*). In the numerical calculations'"*">
these waves are assumed to be confined within +3°
latitude away from the magnetic equator. Recent
observations and ray-tracing simulations''®’ have found
that the off-equatorial ion Bernstein mode instability can
produce magnetosonic waves near the plasmapause.
Compared to the traditional near-equatorially generated
magnetosonic waves, these off-equatorially generated
waves can bounce over a broader range of latitude and
have normal angles further away from 90°. How the off-
equatorially generated magnetosonic waves affect the
radiation belt electrons remains unclear.

In this study, we perform test-particle simulations
to investigate the transit-time scattering of radiation belt
electrons by magnetosonic waves. We show that,
compared to the  near-equatorially  confined
magnetosonic waves, the off-equatorially generated
magnetosonic waves produce the ignorable pitch-angle
perturbations but the slightly stronger energy
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perturbations.

2 Magnetosonic wave properties

Figure 1 presents a revisit of the magnetosonic waves
observed by Van Allen Probe A on 2013-08-13''¢).
These waves appeared as a band of enhanced
electromagnetic emissions centering at the local lower
hybrid resonance frequency fi- ", qualitatively different
from the traditional magnetosonic waves below the
lower hybrid resonance frequency. According to the
cold plasma wave dispersion relation, these waves
extending above the lower hybrid resonance frequency
should have normal angles far away from 90°. Such
normal angles allow the magnetosonic waves propagate
along the magnetic field lines toward higher latitudes
than the observer’s latitude of ~15°.

Our previous linear instability analyses''® have
shown that these magnetosonic waves mainly grow at
latitudes >15° when the normal angles have moved close
to 90°. The subsequent ray-tracing simulations''®’
further confirmed that these waves initialized with the
“ appropriate 7 normal and azimuthal angles can
accumulatively gain energy from the hot protons over
latitudes 1A 1<30° during the bounce-drift process inside
the plasmasphere. As shown in Figure 2 (a), the
magnetosonic wave power peaked at ~ 170 Hz around
19.30 UT. Figure 2(b) demonstrates the normal-angle
variations along the latitude for the 170 Hz wave with
the “super gain” during bounce-drift propagation''®.
The normal angle ¢/ is about 85° at A =0°, and increases
to ~90° at A =25° The latitudinal dependence of
normal angle can be approximately written as

= 1.4877674 + 0. 432453137 (1)
where both 4 and A are in unit of radian. We next
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Figure 1. Van Allen

magnetosonic waves generated off-equatorially in the
[16]

Probes observation of

high-density plasmasphere (a) cold electron density
N,; (b) wave magnetic power spectral density Pj.

investigate the transit-time scattering of radiation belt
electrons by this monochromatic wave of 170 Hz.

3 Test-particle simulations

We use the full test-particle code developed by Su
etal'” to investigate the interaction between
magnetosonic waves and radiation belt electrons. This
full test-particle code is an improved version of the early
gyro-averaged test-particle code'™®™’'. With this full
test-particle code, there have been a series of studies of
nonlinear interactions between electromagnetic ion
cyclotron waves and magnetospheric particles'* /. For
an arbitrary particle with the charge g, rest mass m,
Lorentz factor 7y, position vector r and relativistic
momentum vector p, its trajectory is determined by the
following equations ;

dr _ p
w_ r 2
dt ym (2)
d
L=alE + 2 x (B, +B)] (3
t ym

To exclude the azimuthal drift of the test-particle, the
background magnetic field B, is simplified as a

“ magnetic bottle 7 in the Cartesian coordinate
system =%,
xdB,  y dB,
B, =-——e ———e t+Bye. 4
0 2 dz * 2 dz 7 P )
B../ in?
B, = e LEIIA p 00 0T (5)
L cos’A
dz _ R,LcosA~/1 + 3sin’A (6)

da
with the z-component to be equal to the original Earth’ s
magnetic field magnitude depending on L and A, and
the additionally introduced x- and y-components to
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Figure 2. Magnetosonic wave properties around 19: 30
UT. (a) frequency-dependent magnetic power spectral
density Py; (b) latitude-dependent normal-angle ¢ of
170 Hz wave from the previous ray-tracing simulations
(dots) " and from the polynomial model (line).
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maintain the divergence-free condition. Because the x-
and y-components are much weaker than the z-
component, this model can reproduce the characteristic
of wave-particle interaction in the realistic dipole field.
For an arbitrary wave, the angular frequency w, wave
vector k =ksinyge +kcosie, and normal angle ¢/ obey the
well-known cold-plasma wave dispersion relation'>’! . Its
electromagnetic fields are listed as follows:

E, = - E,singe, — E,cospe, — E;sinde, (7)

B, = Bjcosbe, — B, sinde, + B;cospe.  (8)
with the wave phase angle

$(1,0,2) = [k - dr - [wdi 9)

According to the observations in Figure 1'% we

perform the test-particle simulations at L =5.7 in a
dipole field. We have taken into account the latitudinal
dependence of background electron density >

N, = N,cos*"A (10)
with the latitudinal index n = 0.5 and the equatorial
density N, = 115 cm™. We select a monochromatic
magnetosonic wave of 170 Hz, whose normal angle
varies with latitude ( Equation (1)). The wave
magnitude is assumed to be

A=A A+A
[1 - tal’lh(Tmax)][l + tanh(Tmax)]

By = By, 4 A

(11)
with By, =20 pT and AX=0.02 rad. Specifically, By, =
By, when |Al<A . ;3 By drops down toward zero when
Al ~A s By=0 when [AI>A .

Figure 3 presents the variations in the equatorial
pitch-angle and energy of electrons under the action of
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(©) Initial ,,=30.0° £,=0.10MeV

b J(d) Initial a,,=30.0° £,=0.10MeV |
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Figure 3. Counter-streaming ( left ) and co-streaming
( right ) scattering of radiation belt electrons by
magnetosonic waves confined within A | <3°.; (a, ¢)
equatorial pitch-angle change Aa ; (b, d) kinetic energy
change AE,. The lines are color-coded according to the
initial gyro-phase of test particles.

the magnetosonic wave confined near the equator (A,
= 3°). The counter-streaming and co-streaming
interactions correspond to the situations of k -+ p<0 and
k - p>0. All the test-electrons are initialized with the
energy of E, =0.1 MeV and the equatorial pitch-angle
a,, =30°, and their initial gyro-phases are uniformly
distributed in the range of O0—27r. In the high density
plasmasphere, the wave parallel phase velocity is much
smaller than the electron parallel velocity. For both
counter-streaming and co-streaming interactions, the test
electrons have experienced the perturbations of waves in
about 10 periods. In each full wave period, the non-
resonant perturbations average to zero. The net
variations of pitch-angle and energy are essentially
related to the perturbation near the edge of the finite
wave train. Specifically, the net variations in the pitch-
angle and energy for both situations are comparable;
Aa,,~0.002° and AE, =0.25 eV.

In Figure 4, we have enlarged the latitudinal range
of magnetosonic waves by setting A, =23° Clearly,
compared to  the near-equatorially confined
magnetosonic waves, the off-equatorially generated
magnetosonic waves have caused the slightly higher
energy variation AE, but ignorable pitch-angle variation
Aa,,~0.0002°. In our simulation, the wave magnetic
field amplitude is assumed to be constant at latitudes
Al <A, As the latitude increases, the background
magnetic field and then the wave electric field
increases. Hence, the non-resonant perturbation in
energy tends to increase. As discussed in our previous
work'"”' | the gyro-averaged change rate of the
equatorial pitch angle da,,/df is inversely proportional
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Figure 4. Counter-streaming ( left ) and co-streaming
( right ) scattering of radiation belt electrons by
magnetosonic waves confined within | A | <23°. (a, c)
equatorial pitch-angle change Ae,,; (b, d) kinetic energy
change AE,. The lines are color-coded according to the
initial gyro-phase of test particles.
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Figure 5. Dependence of mirror latitude A, on equatorial
pitch-angle a,.

to tan «, with the local pitch-angle «. At higher
latitudes, the local pitch-angle a moves closer to 90°
and the resulted non-resonant perturbation of «, is
weaker.

Figure 5 plots the dependence of the mirror latitude
A, on the equatorial pitch-angle e . For the electrons
always in the field of wave train, the non-resonant
perturbations would not accumulate. To experience the
accumulative, non-resonant, transit-time scattering, the
electrons have to go through the edges of the wave
train. Clearly, the electrons with larger e, have lower
A,. For A, =3°and 23°, the corresponding thresholds
are a,, =~ 83° and 45°. In other words, with the
occurrence latitude A, of magnetosonic waves
extending from 3° to 23°, the equatorial pitch-angle
range of the transit-time scattering shrinks from « . <83°
to a,,<45°.

4 Conclusions

Our recent study''® has illustrated the generation of
magnetosonic waves by the off-equatorial hot protons
inside the plasmapause. We here investigate the transit-
time scattering of radiation belt electrons by such off-
equatorially generated magnetosonic waves. The main
results are listed as follows:

(I) In the high-density plasmasphere, the so-called
transit-time scattering is related to the non-resonant
perturbations near the edge of the wave train. In
response to the extension of wave occurrence latitude
from 3° to 23°, the equatorial pitch-angle range of
transit-time scattering shrinks from <83° to <45°.

(I) Compared to the near-equatorially confined
magnetosonic waves, the off-equatorially generated
magnetosonic waves cause the ignorable equatorial
pitch-angle perturbations but the slightly larger energy
perturbations.

Our present simulations are based on a specific
event of magnetosonic waves generated off-
equatorially'®’. The change of wave characteristics and
background conditions would alter the perturbations in
both pitch-angle and energy. For simplicity, our present
model includes only a monochromatic wave, rather than
a group of waves representing the observed
magnetosonic band. As shown in our simulations, the
transit-time scattering is mainly related to the non-
resonant perturbations near the edge of the wave train.
A superposition of many waves would not qualitatively
change the picture, and a quantitative study is left for
future.
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