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Abstract: Magnetosonic (MS) waves are believed to have the ability to affect the dynamics of ring current protons both inside and
outside the plasmasphere. However, previous studies have focused primarily on the effect of high-frequency MS waves (f > 20 Hz) on ring
current protons. In this study, we investigate interactions between ring current protons and low-frequency MS waves (< 20 Hz) inside the
plasmasphere. We find that low-frequency MS waves can effectively accelerate < 20 keV ring current protons on time scales from several
hours to a day, and their scattering efficiency is comparable to that due to high-frequency MS waves (>20 Hz), from which we infer that
omitting the effect of low-frequency MS waves will considerably underestimate proton depletion at middle pitch angles and proton
enhancement at large pitch angles. Therefore, ring current proton modeling should take into account the effects of both low- and high-

frequency MS waves.
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1. Introduction

Magnetosonic (MS) waves, also known as equatorial noise, are
predominantly observed near the magnetic equator at frequen-
cies between the proton cyclotron frequency (fc,) and the lower
hybrid resonance frequency (fi4r) both inside and outside the
plasmasphere (Russell et al., 1970; Perraut et al., 1982; Santolik et
al., 2002; Meredith et al., 2008; Fu HS et al., 2014; Posch et al., 2015;
LiLY etal, 2017a, b; Yuan ZG et al., 2017; Liu X et al., 2018; Liu B et
al., 2018). These waves are mostly linearly polarized; they propag-
ate nearly perpendicular to the background magnetic field (Zhi-
ma et al.,, 2015; Yu J et al,, 2017; Su ZP et al., 2017), and they are
believed to be excited by proton ring distributions (Horne et al.,
2000; Chen LJ et al., 2010, 2011; Liu KJ et al.,, 2011; Xiao FL et al,,
2013). Recently, MS waves have caught much attention because,
by resonating with particles, they play a crucial role in radiation
belt dynamics. On the one hand, numerous studies have found
that these emissions are able to produce electron butterfly distri-
butions via Landau resonance and bounce resonance energiza-
tion (Horne et al., 2007; Shprits, 2009; Bortnik and Thorne, 2010; Li
JXetal,, 2014; LiLY et al., 2017a; Ni BB et al.,, 2017, 2018; Tao X and
Li X, 2016; Xiao FL et al., 2015). On the other hand, MS waves are
also found capable of interacting with protons through cyclotron
resonance (Xiao FL et al., 2014; Fu S et al., 2016). However, the in-
teraction between MS waves and protons has drawn much less at-
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tention. Based on quasi-linear theory, Xiao FL et al. (2014) pro-
posed that MS wave-induced proton precipitation is a potential
mechanism accounting for the proton aurora. Recently, the test
particle simulations by Fu S et al. (2016) indicated that MS waves
have the ability to accelerate ring current protons both inside and
outside the plasmasphere.

The ring current ions consist primarily of H*, He*, and O* ions with
energies from 1 keV up to hundreds of keV in the inner magneto-
sphere, from 2Rg to 9R¢ (e.g., Daglis et al., 1999; Ebihara and Miy-
oshi, 2011). Some observations and simulations have demon-
strated that MS wave-induced pitch angle and energy diffusion
are able to contribute significantly to the dynamics of ring current
protons (e.g. Xiao FL et al., 2014; Fu S et al., 2016). Previous stud-
ies have concentrated mainly on effects of high-frequency MS
waves (f >20 Hz) on ring current protons; effects of low-frequency
(f <20 Hz) MS waves on ring current ions have so far been lacking,
despite the fact that low-frequency MS waves have commonly
been observed in the magnetosphere, especially in the high-dens-
ity plasmasphere (Perraut et al., 1982; Posch et al., 2015).

In this paper, we investigate interactions between ring current
protons and a representative low-frequency MS waves event, de-
tected on 21 August 2013. By performing 2-D Fokker-Planck simu-
lations, we further examine the effect of low-frequency MS waves
on the pitch angle distribution evolution of ring current protons.

2. Observations of Low-Frequency MS Waves
Figure 1 shows a representative event of strong low-frequency MS
waves, measured by the Electric and Magnetic Field Instrument
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Figure 1. An overview of the intense MS wave event inside the plasmasphere on 21 August 2013. (a) Plasma density. (b, e) Power spectral

density of magnetic field. (c) Wave normal angle. (d) Polarization ellipticity. The white and pink dashed curves denote the lower hybrid resonance

frequency and the proton gyrofrequency.

Suite and Integrated Science (EMFISIS) instrument (Kletzing et al.,
2013) onboard the Radiation Belt Storm Probe A (RBSP-A) near the
duskside magnetic equator (MLT~18 h and MLAT < 3°) between
06:00 and 07:30 UT on 21 August 2013. As shown in Figure 1a, the
plasma density inferred from the upper hybrid resonance fre-
quency (Kurth et al., 2015) is larger than 100 cm-3, indicating that
the RBSP-A satellite was inside the plasmasphere during this peri-
od of interest. When inside the plasmasphere, the satellite ob-
serves intense emissions, with frequencies extending down to loc-
al proton gyrofrequency between 06:22 and 07:10 UT. Before
06:40 UT, these emissions clearly exhibit harmonic structures, and
thereafter evolve gradually into broadband emissions. The wave
normal angle (WNA) and polarization ellipticity (Figures 1c-1d)
derived from the singular value decomposition (SVD) method

(Santolik et al., 2003) indicate that these emissions are nearly per-
pendicularly propagating and linearly polarized. These wave
properties confirm that the amplified emissions are magnetoson-
icwaves (YuJ et al., 2017).

3. Proton Scattering Rates

Figures 2a and 2b show the power spectral density of waves in the
frequency ranges from 0 to 20 Hz and from 20 to 80 Hz between
06:40 and 06:50 UT at L ~5.2. Green dots and the red curve repres-
ent the measurements and the mean value of power spectral
density, respectively. Three peaks, around 4, 9 and 12 Hz, are
found in the MS wave power spectral density. Above 12 Hz, the
wave intensity fluctuates slightly and decreases gradually, from
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~2%1072 nT2/Hz at 12 Hz to ~4x1075 nT2/Hz at 80 Hz.

The resonance condition between MS waves and protons is de-
scribed as:

w—kvcosa/(l +X2)_l/2 =n,/y, (1

where w is wave frequency, k is the wave number, v is the proton
velocity, a is the local pitch angle, X is the tangent of wave normal
angle, n is the resonance order, (, is the proton gyrofrequency,
and y is the Lorentz factor. For given resonance orders and wave
frequencies, the minimum resonant energy of protons can be cal-
culated through combination of the resonance condition and the
cold plasma dispersion relation. The cold plasma dispersion rela-
tion is given by Stix (1962):

D (k,w,X) =(SX*+P)u' - (RLX* + PS (2+ X*)) 2

+PRL(1+X*) =0 ., @

where u = kc/w is the refractive index, c is the speed of light, and R,
L, S, P are the usual Stix coefficients (Stix, 1962).

Figures 2c and 2d show the minimum resonant energy of protons
as a function of resonance order and wave frequency for WNA =
88.6° and WNA = 89°, using the measured background magnetic
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field strength (B = 208 nT) and plasma density (Ne = 167 cm™3), re-
spectively. Ring current protons can resonate with MS waves (f <
80 Hz) when the resonance order is smaller than 30. The higher
frequency MS waves can interact with ring current protons
through higher order cyclotron resonance. Additionally, the res-
onant frequency range of MS waves interacting with ring current
protons narrows for a given resonance order when MS waves
propagate more perpendicular to the background magnetic field
(larger WNAs).

To analyze the scattering efficiency of ring current protons quant-
itatively, we assume that MS waves are confined within MLAT < 3°,
and both the MS wave spectral intensity and the background
plasma density remain constant along the magnetic field lines.
According to previous studies (e.g. Horne et al,, 2007; Yu J et al,,
2019), the tangent of the wave normal angle (X = tan 6)is as-
sumed to be a Gaussian distribution

— Xm
Xy

2
X
g(-x) = exp |:_( ) ]7 Xmin <X< Xmax
with peak at X, = tan 89°, half-width X,, = tan 86°, and lower and
upper cutoffs Xmin = Xim—Xw and Xmax = Xm+Xw. Following previous
studies (Lyons, 1974; Glauert and Horne, 2005), the bounce-aver-
aged diffusion coefficients in a dipole field can be written as:
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Figure 2. (a, b) Power spectral density of low-frequency and high-frequency MS waves. (c-d) Resonance energy as a function of resonance order
and wave frequency for WNA = 88.6° and WNA = 89°. Green dots and red curve represent measurements and the mean value of power spectral

density.
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where T (@eq) = 1.30—0.56 sina.y, aeq is the equatorial pitch
angle, Am is the mirror latitude, Dag, Dgp, Dpp are local pitch angle,
cross, and momentum diffusion coefficients, which are written as:
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The local diffusion coefficients are evaluated at the resonant fre-
quency w; and the resonant wave number k; which satisfy the res-
onant condition (equation (1)) and the dispersion relation for MS
waves (equation (2)). B> (w;) is the wave power spectral density.
The term |d),,,k
N (w;) is a normalization factor (see Lyons, 1974; Glauert and
Horne, 2005).

2
is associated with the wave refractive index and

In our calculations, the bounce-averaged diffusion coefficients of
ring current protons are evaluated by including contributions
from harmonic resonances up to n = £15 for low-frequency MS
waves and n = +40 for high-frequency MS waves. Figure 3 shows
the bounce-averaged pitch angle (<Dg>/p?),
(<Dpp>/p?), and cross (|<Dgp>|/p?) diffusion coefficients of ring cur-
rent protons driven by low-frequency and high-frequency MS
waves. Clearly, the diffusion coefficients are very small near the
loss cone (aic ~4°, <Dga/p?> ~1072 s71). The momentum diffusion
coefficients of protons are much larger than the pitch angle diffu-
sion coefficients at larger pitch angles and higher energies, indic-
ating that MS waves mainly accelerate ring current protons rather
than precipitate them into the atmosphere. For 1-10 keV protons,
the large momentum diffusion coefficients (<Dpp/p>> ~10-5-10-4
s-1) suggest that MS waves can accelerate these protons on time
scales from several hours to a day. The diffusion coefficients driv-
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Figure 3. Pitch angle diffusion coefficients, cross diffusion coefficients, and energy diffusion coefficients driven by low-frequency (top) and high-

frequency (bottom) MS waves.
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en by low-frequency MS waves are comparable to those by high-
frequency MS waves. Therefore, the effect of low-frequency MS
waves on ring current protons is significant.

Using 2-D Fokker-Planck diffusion equations, we simulate the
temporal evolution of proton distributions due to different-fre-
quency MS waves. The initial pitch angle (aeq) distribution of ring
current protons is assumed to be a function of sin(ae). The
boundary conditions of the normalized proton phase space dens-
ity (PSD) are written as: F = 0 at aeq = aic (aic is the loss cone),
OF/00eq =0 at Qeq = 90°, F = constantat E=1keVand F=0atE=1
MeV. Figure 4 shows the proton temporal evolution scattered by
low-frequency MS waves only, high-frequency MS waves only,
and combined diffusion, at the indicated times. Low-energy pro-
tons (<20 keV) are efficiently scattered by both low-frequency and
high-frequency MS waves, whereas high-energy protons (>20
keV) are not strongly affected. For low-energy protons, the scat-
tering efficiency due to low-frequency MS waves is comparable to
that due to high-frequency MS waves. However, the PSD en-
hancement of near-equatorially mirroring protons in the energy
range 10-20 keV driven by low-frequency MS waves is stronger
than that by high-frequency MS waves (Figures 4j and 4k). The
<10 keV protons at middle pitch angles (e.g. 30° < aeq < 60°) are
scattered more efficiently by higher-frequency MS waves. Com-
bining the effects of low-frequency and high-frequency MS
waves, the scattering of low-energy protons is seen to be more
pronounced at middle pitch angles.
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Figure 5 shows the line plots of proton temporal evolution driven
by low-frequency MS waves only (left), high-frequency MS waves
only (middle), and combined scattering (right) at different proton
energies. Both low- and high-frequency MS waves can scatter 2
and 5 keV protons at almost all pitch angles. However, for 10 and
20 keV protons, the MS wave-driven energization is effective only
at small and large pitch angles. For higher energy protons (10 and
20 keV), the acceleration caused by lower-frequency MS waves is
more pronounced. Additionally, for 2 and 10 keV protons, the
combined scattering leads to a stronger proton depletion at
middle pitch angles and a stronger proton enhancement at large
pitch angles. Overall, the MS waves cause proton temperature an-
isotropyto increase.

4. Conclusions and Discussions

In this study, we present a representative event of low-frequency
MS waves observed by Radiation Belt Storm Probe A near the
duskside magnetic equator (MLT ~18 h and MLAT < 3°) inside the
plasmasphere on 21 August 2013. The wave power of MS waves is
concentrated mainly below 20 Hz, and the lowest emission fre-
quency extends down to the local proton gyrofrequency (~ 3 Hz).
We analyze the wave-particle interactions between ring current
protons and low-frequency MS waves (< 20 Hz) by performing 2-D
Fokker-Planck diffusion simulations based on the data from this
event. The numerical results show that low-frequency MS waves
can effectively accelerate < 20 keV ring current protons on time
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Figure 4. The proton temporal evolution scattered by low-frequency MS waves only (top), high-frequency MS waves only (middle), and

combined diffusion (bottom), at different indicated times.
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Figure 5. The line plots of proton temporal evolution driven by low-frequency MS waves only (left), high-frequency MS waves only (middle), and

combined scattering (right), at different proton energies. Different color lines denote the proton phase space densities at different interaction

times.

scales from several hours to a day, and their scattering efficiency is
comparable to that due to high-frequency MS waves (>20 Hz).

Omitting the effect of low-frequency MS waves will considerably
underestimate proton depletion at middle pitch angles and pro-
ton enhancement at large pitch angles. The proton enhancement
observed in the quasi-perpendicular direction suggests that low-
frequency MS waves can cause significant temperature aniso-
tropy of ring current protons. The temperature anisotropy of keV
protons can further excite electromagnetic ion cyclotron (EMIC)
waves (Cao JB et al,, 1995, 19983, b; Chen LJ et al,, 2010; Wang ZQ
et al.,, 2017a). Intense EMIC waves lead to rapid precipitation loss
of relativistic electrons and ring current protons through cyclo-
tron resonance (Yuan ZG et al., 2010; Usanova et al., 2014; Ni BB et
al,, 2015; Yu Jetal, 2015; Li LY et al., 2016; Cao X et al., 2016; Wang
ZQ et al., 2017b, c). Therefore, low- and high-frequency MS waves

appear jointly to influence the dynamics of both ring current pro-
tons and radiation belt electrons.
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