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Abstract: The Van Allen radiation belts are an extraordinary science discovery in the Earth magnetosphere and consist of two electron
belts. The inner Van Allen belt contains electrons of 10s to 100s keV; the outer belt consists mainly of 0.1-10 MeV electrons. Their
dynamics have been analyzed for decades. The newly-launched Van Allen Probes provide unprecedented opportunities to investigate
the inner belt more thoroughly. Data from this advanced mission have allowed scientists to demonstrate that the inner belt was formed
not only through inward transport of outer belt electrons but Cosmic Ray Albedo Neutron Decay (CRAND) has also played an important
role. In addition, the inner belt electrons show energy-dependent variations and present “zebra stripe” structures in the energy spectrum.
At the same time, scientists have further confirmed that the electrons in the inner radiation belt get lost through coulomb collision and
wave-particle interaction. Despite these advances, important questions remain unanswered and require further investigation. The launch
of Macau Science Satellite-1 mission, with its low inclination angle and low altitude orbit, will provide advanced radiation belt data for

better understanding of the structure and dynamics of the inner electron radiation belt.
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1. Introduction

The Van Allen radiation belt, since its discovery in 1958 (Van Allen
et al.,, 1958) through the abnormal Geiger counter observation
onboard Explorer 1, has been a fundamental topic in inner
magnetosphere research. Figure 1 shows the model that has been
accepted since the mid-1960s: two-belts of energetic particles.
The outer belt, consisting mainly of 0.1-10 MeV electrons, is
located between the 3-7 L shell regions (L-shell is a parameter, in
units of planetary radius, that describes distances from the center
of planet at which magnetic fields cross the planet’'s magnetic
equator). The inner belt lies between 1.1 to 2.5 L shell, and
contains 10—-100 MeV protons and 10s to 100s keV electrons. The
slot region between the two belts is caused by the pitch angle
(the angle between the direction of particle velocity and magnetic
field vector) scattering loss through wave-particle interactions
(Lyons and Thorne, 1973). This model represents general Van
Allen Belt features during geomagnetic quiet times; however, the
radiation belts are very dynamic and complicated during active
geomagnetic active periods (e.g., Reeves et al.,, 2016; Li YX et al.,
2021; Bregou et al., 2022).

In general, the outer electron radiation belt is considered to vary
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significantly during active magnetospheric periods (e.g., Baker
et al., 2013; Reeves et al,, 2016; Hao YX et al,, 2020), whereas the
inner belt has been treated as relatively stable. The lifetime of
> 1 MeV electrons in the inner belt was estimated to be roughly
one year, and the < 1 MeV electrons have been thought to vary
only during major geomagnetic storms (Bostrom et al, 1970).
Observations and models supported this picture until the 1990s (e.
g. Russell and Thorne, 1970; Lyons and Thorne, 1973).

After the launch of more advanced satellites in the near-Earth
region, such as the Combined Release and Radiation Effects Satel-
lite (CREES, Johnson and Kierein, 1992), the Solar, Anomalous, and
Magnetospheric Particle Explorer (SAMPAX, Baker et al., 1993),
and POLAR (Blake et al., 1995) missions in the 1990s, more data
relevant to the understanding of the inner radiation belt have
been obtained. Multiple peaks in the electron fluxes at a given L
value were observed, and energetic electron injections and
several different loss processes were reported (e.g., Li XL et al.,
1993; Voss et al., 1998). Because of occasional contamination from
the penetration of ambient inner belt protons, the electron data
obtained in the inner radiation belt had some uncertainties.
Recently, Claudepierre et al. (2015) developed a method to correct
the background contamination from the bremsstrahlung X-rays
and penetrating protons, and applied this method to the electron
data provided by the more advanced Van Allen Probes (or RBSPs,
Mauk et al., 2013) mission, which was launched in 2012.


http://www.eppcgs.org/
https://doi.org/10.26464/epp2023009
https://doi.org/10.26464/epp2023009

110 Earth and Planetary Physics  doi: 10.26464/epp2023009

Rotational

N

Slot
outer e gion

radiation Inner
belt radiation
L~3-7 belt
L~1.1-2.5

Magnetic
axis

Inner
radiation
belt  slot
region

Outer
radiation
belt

Figure 1. 2-D radiation belt model consisting of the inner and outer radiation belt. This figure is adapted from the wikipedia website (https://en.

wikipedia.org/wiki/Van_Allen_radiation_belt).

With this high-fidelity electron data set, Fennell et al. (2015)
showed a surprising result—that the > 1 MeV electron fluxes are
in general very low with only about 0.1 cm™s™'sr 'keV " at inner
radiation belt, suggesting that most of the time the inner radiation
belt does not contain many MeV electrons. The energy-dependent
variations of keV electrons were found to occur more frequently
than initially thought (e.g., Turner et al., 2015; Reeves et al., 2016).
Figure 2 shows the time evolution of electron fluxes as a function
of L shell and universal time during the whole year of 2013 for five
different energy channels, from tens of keV to MeV (Figure 2a—2e).
The solar wind speed, interplanetary magnetic field (IMF) B,, and
Disturbance Storm-Time (Dst) indices are also provided in Figure
2f-2h. The unit of the electron fluxes is cm™s™'sr 'keV™". As
shown in Figure 2a, the fluxes of 1553 keV electrons are less than
1cm s 'sr 'keV ™ at L ~2, extremely low compared with those of
electrons with lower energies. Injection events of electrons with
hundreds of keV into the inner radiation belt are observed during
geomagnetic active times, such as in July 2013. When considering
the energy spectrum of inner belt electrons, an interesting “zebra
stripe” structure was revealed, based on the measurement of Van
Allen Probes, and several studies analyzed in detail the formation
mechanism (e.g., Ukhorskiy et al., 2014; Liu Y et al., 2016). Another
important discovery was the three-belt structure (Baker et al.,
2013), which is generated due to the magnetopause shadowing
effect and radial diffusion driven by ultralow frequency (ULF)
wave or substorm injection (e.g., Mann et al,, 2016; Pinto et al,,
2018; Hao YX et al., 2020).

The dynamics of the inner radiation belt have long been a hot
research topic and have advanced significantly during the Van
Allen Probes era. Acceleration mechanisms generally consist of
the radial transport of outer belt electrons and the recently
discovered Cosmic Ray Albedo Neutron Decay (CRAND); loss
mechanisms generally involve coulomb scattering and wave-
particle interactions (e.g., Li W and Hudson, 2019; Ripoll et al.,
2020). In this review, we focus in Section 2 on the electron source
of the inner radiation belt; in Section 3 we discuss formation of
the “zebra stripe” structure in the inner radiation belt; the role that
various waves play in the dynamics of inner belt electrons is
presented in Section 4; Section 5 presents a summary and a list of
open questions for future inner belt explorations.

2. The Sources of Inner Radiation Belt Electrons

The formation of the inner radiation belt is an important topic and
has been widely studied. Inner radiation belt electrons could
come either by transport inward from the outer radiation belt, or
from local processes. CRAND is an important process to produce
electrons locally in the inner radiation belt region. Neutrons origi-
nating in collisions between cosmic rays and the atmosphere
decay in the magnetosphere and produce ions, electrons and
antineutrinos. Measurements and models have provided data
describing neutron fluxes from the atmosphere (e.g., Morris et al.,
1995; Selesnick, 2015; Selesnick and Looper, 2022). Recently, Li XL
et al. (2017) confirmed that, at the inner edge of the inner belt,
CRAND electrons are the dominant source; their analysis is based
on Colorado Student Space Weather Experiment (CSSWE) CubeSat
observations. Xiang Z et al. (2019) and Zhang K et al. (2019)
extended this idea and suggested that CRAND is a significant
source of inner belt and slot region (L ~2-3) electrons during quiet
magnetospheric periods. As the decay rate of neutrons is relatively
constant, however, this mechanism could not explain the fast vari-
ation of inner belt electrons at more active geomagnetic times.

Radial diffusion is a traditional scenario for transport of particles to
the radiation belt (e.g., Lyons and Thorne, 1973; Zhao H and Li XL,
2013). The bounce and drift averaged Fokker—Planck equation
(Schulz and Lanzerotti, 1974) is one of the general models used to
simulate the radial diffusion of radiation belt electrons. Brautigam
and Albert (2000) derived the Kp-dependent diffusion coefficient
associated with electrostatic (Df,) or electromagnetic (D},) fluctua-
tions in the outer belt. While Zhao H and Li XL (2013), simulating
the trapped electrons in April 2010, found that the diffusion coef-
ficients for inner belt electrons are much larger than pf, they
concluded that the time scale of radial diffusion is too long to
explain the fast enhancement of the electrons in the inner belt
during geomagnetic active times.

Injections of electrons from the outer radiation belt are another
source of radial transport. Many studies have focused on fast MeV
electron injections. Li XL et al. (1993) reported a MeV electron flux
enhancement event at L ~2.5 associated with strong electromag-
netic field oscillations observed by the CREES satellite after storm
sudden commencement on March 24, 1991. They concluded that
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Figure 2. Electron fluxes as a function of L shell and time for multi-energy electrons from the Van Allen Probes mission for 2013. (a-d)
Background-corrected MagEIS electron fluxes, (e) electron fluxes from HOPE, and (f-h) solar wind speed, IMF B,, and Dst indices. Electrons of
different energies behave differently in different events. MagEIS = Magnetic Electron—lon Spectrometer; HOPE = Helium, Oxygen, Proton, and
Electron Mass Spectrometer; IMF = interplanetary magnetic field. This figure is adopted from Reeves et al. (2016).

the injected electrons were accelerated adiabatically by the
storm’s electromagnetic field perturbations. Claudepierre et al.
(2017) also reported a case of MeV electron enhancement in the
inner belt from background-corrected Van Allen Probe data in
April 2015. This enhancement of MeV electrons occurs when the
magnetosphere is significantly affected by a strong storm, and
this population could last for several months to a year due to its
small loss rate. This acceleration process should be the same as
the results presented in Li XL et al. (1993). Furthermore, Kim et al.
(2021) reported rapid injection of MeV electrons associated with
strong substorm depolarization at L > 3.8. The enhancements
occurred almost simultaneously for 10s keV to multi-MeV elec-
trons, with the lowest L of enhancement region located farther
out for higher energy.

On the other hand, fast injections of keV electrons are more
frequently observed and widely analyzed. Turner et al. (2015)
studied deep injections at L shells <4 (minimum at 2.5) associated
with substorms and distinguished them from higher L shell injec-
tions. They suggested that the injections result from electrons
interacting with a fast magnetosonic wave in the Pi2 frequency
range inside the plasmasphere. The enhanced convection and

penetration of electric fields may also account for electron injec-
tions. Su YJ et al. (2016) simulated and reproduced the March
2013 injection of 200-500 keV electrons with six electric field
models, although the details of non-diffusive electron transport
relied significantly on the choice of the electric field model.

Local acceleration is another way in which inner radiation belt
electrons can be created. Zhao H et al. (2014) presented a peculiar
butterfly pitch angle distribution of ~460 keV electrons and
suggested that the butterfly distributions are generated by accel-
eration of inter-median pitch angles (~60°) through fast magne-
tosonic waves. Zhang ZX et al. (2021) recently reported a weak
enhancement of hundreds of keV electrons at L ~1.5-2 during
storm time, based on observations from the Zhangheng-1 satellite
(Shen XH et al., 2018) and Van Allen Probes, and concluded that
the weak electron acceleration is due to interaction with the
magnetosonic waves.

Turner et al. (2017) systematically analyzed sudden particle
enhancements at low L shells (SPELLS) events of ~50 keV-1 MeV
electrons; SPELLS events include both fast injections and fast local
accelerations. They suggest that sudden particle enhancements
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during geomagnetic active conditions are the dominant source of
inner radiation belt electrons in the hundreds of keV range.
Figure 3 shows the time evolution of phase space density (PSD) as
a function of L (a parameter similar to L shell, but considering the
non-dipole component and conservation of the third adiabatic
invariant—see Roederer, 1970) for three fixed magnetic moments
(M) and the second adiabatic invariant (K) before, during, and after
the SPELLS event. The color from blue to yellow represents the
time evolution as labeled in Figure 3a. It is shown that the PSD of
different M and K all increased dramatically during SPELLS event
for L* > 3. Turner et al. (2017) suggest that the responsible mecha-
nism could simply be enhanced convection; they ruled out the
possibility of local acceleration through nonadiabatic wave-particle
interaction as there was no local peak in the PSD functions.
However, no clear mechanism of the fast transport that drives the
SPELLS events has been determined, so future work is needed on
this topic.

3. “Zebra Stripe” Structure in the Inner Radiation Belt

A peculiar feature in the energy spectrum of inner belt electrons,
named “zebra stripe”, was reported by Ukhorskiy et al. (2014).
Figure 4 shows a typical case of the “zebra stripe” structure,
presented in Liu Y et al. (2016). Panels from top to bottom in
Figure 4 correspond to continuous measurements by the Van
Allen Probe B. The left column shows the measured electron
fluxes as a function of energies and L shells; the middle column
displays the detrended electron fluxes as a function of L shells and
electron drift frequency; the right column demonstrates the
detrended electron fluxes as a function of electron drift frequency
at given L shells, along with fitted results. The detrended fluxes
are the difference between the original logarithmic electron fluxes
and the average of the logarithmic electron fluxes of a moving
window of nine-energy-channels at every specific L shell (or every
time point) to illustrate the characteristics of the “zebra stripe”
patterns. As demonstrated in the Energy-L spectrum (left column),

the fluxes of keV to MeV electrons display one or multiple peaks at
a given L value, with valleys between the peaks. Imhof and Smith
(1966) first revealed such characteristics in electron energy-L spec-
trum, in which only one peak was identified (in 1.3 MeV electrons).
Later on, Imhof et al. (1981) reported a multi-peak structure of
68-1152 keV electrons, detected by the P78-1 satellite. Thereafter
more cases were reported through observations from low-earth
orbit satellites (e.g., Sauvaud et al., 2013) and middle-earth orbit
satellites (e.g., Ukhorskiy et al., 2014; Liu Y et al., 2016).

The most distinctive characteristic of the “zebra stripes” is that the
peaks or valleys of the fluxes correspond to particles with generally
constant drift periods over a broad range of L shells, and the
frequency intervals are the same. Another feature is that the
number of stripes increases in consecutive observations, and the
frequency interval corresponding to the peak or valley is reduced.
These two features are clearly illustrated in the first and second
columns of Figure 4. These characteristics were first interpreted as
resonances of particles with magnetic fluctuations close to the
drift periods (e.g., Cladis, 1966; Pinto et al., 1991). Sauvaud et al.
(2013) suggested, based on ground measurements, that the
formation of “zebra stripes” is due to particles resonating with
ultralow frequency (ULF) waves during active geomagnetic condi-
tions. However, Ukhorskiy et al. (2014) found that the “zebra
stripes” are ubiquitous in both quiet and active geomagnetic
conditions. They argued further that ULF waves could not explain
all of the “zebra stripes” because ULF waves are not a long-lasting
phenomenon and do not have a discrete structure. Further analysis
combining statistical observational results with simulations has
shown that the zebra stripes could originate from the periodic
drift of electrons in a global electric field. The peaks reflect electrons
with different drift frequencies corresponding to different
numbers of drift orbits around the earth. Ukhorskiy et al. (2014)
reproduced the stripes through a test-particle model with a global
monochromatic azimuthal electric field, which was driven by the
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Figure 4. Continuous electron spectrograms observed by RBSPs on 16 February 2014. Left column: Energy—L spectrogram of energetic electrons.
Middle column: L-drift frequency spectrogram of detrended logarithmic energetic electrons. Right column: Detrended logarithmic fluxes (black
lines) and fitted detrended logarithmic fluxes (blue lines) in three L shell regions (1.5-2.0, 2.0-2.5, and 2.5-3.0), respectively. This Figure is adopted

from Liu Y et al. (2016).

diurnal oscillations of the corotational electric field. Liu Y et al.
(2016) performed a test-particle simulation with a more general-
ized azimuthal electric field model that could represent both
static electric fields and transient electric fields. They revealed that
static convection and transient electric fields could also produce

zebra stripes. They found that the temporal evolution of the
stripes was linearly correlated with the observational time, which
resulted in a decrease in the drift frequency separations. In
contrast, Lejosne and Roederer (2016) considered that the zebra
strips result purely from particle drift velocity modulation by F
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region zonal plasma drifts.

The electric field measurement in the plasmasphere is still a chal-
lenge; the mechanism that generates the electric field and zebra
stripes has not been fully determined at this point. Lejosne and
Mozer (2020a) developed a method to determine the onset of
zebra structure based on a Van Allen Probe database by analyzing
the formation of zebra stripes statistically. They found that the
occurrence of zebra stripes is closely related to substorm activities.
The peaks in the zebra stripes are created preferentially in the
morning sector, while the valleys in the zebra stripes are created
preferentially in the pre-midnight sector. This result suggested
that the trapped particle drift motion is perturbed by the prompt
penetrated electric field associated with substorms: the electrons
in the dawn-morning sector move inward to generate the peaks
in the spectrum, and the electrons in the dusk-to-pre-midnight
sector move outward to generate the spectrum'’s valleys. Quantifi-
cation of radial movement from the measured amplitude of the
zebra stripes is still under investigation (e.g., Lejosne et al., 2022).

In addition, inversed zebra stripes are also observed. Figure 5
shows an event with inversed stripes in the energy—L spectrum.
Panel (a) shows the initial electron fluxes as a function of energy
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and L shell; Panel (b) shows the smoothed fluxes (calculated in the
same way as Liu Y et al,, 2016); Panel (c) shows the detrended
fluxes calculated by subtracting the smoothed fluxes from the
initial fluxes; Panel (d) shows the detrended fluxes as a function of
magnetic angular drift velocity and L shell. Note in Panel (d) that
electrons with the same drift frequencies exhibit opposite charac-
teristics in higher L shells (L > 2.6) and lower L shells (L < 2.6).
Lejosne and Mozer (2020b) suggested that a decrease in radial
flux profile, instead of a variation of electric field direction, causes
such inversion. However, such cases are relatively rare (~300
inversed cases compared with ~2000 normal cases).

4, Interactions Between Inner Belt Electrons and
Plasma Waves

The two principal decay processes are coulomb collision and
wave-particle interactions. In low L shells (L < 1.5), radiation belt
electrons collide with ambient neutrals in the upper atmosphere.
Through elastic and inelastic collisions, the electrons diffuse into
the loss cone and scatter into the atmosphere (e.g., Walt and
Farley, 1978; Selesnick, 2012). However, at relatively higher alti-
tudes, wave-particle interactions become the dominant pro-
cesses.
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Figure 5. 90° pitch angle differential electron fluxes from Van Allen Probes A on 16 January 2015 between 09:56 and 10:41 UT. (a) The measured
fluxes, (b) the smoothed fluxes, and (c) the detrended fluxes, as a function of kinetic energy and L. Panel (d) presents the detrended fluxes, as a
function of the magnetic angular drift velocity. The peaks and valleys are more apparent in Panels (c) and (d) than in Panel (a) and inverse around

L =2.6. This figure is adopted from Lejosne and Mozer (2020b).
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Waves in the inner radiation belt region generally consist of natural
and artificial waves. The main natural waves are the magnetosonic
wave, lightning-generated whistler wave, and hiss wave. Emission
from ground-based very-low-frequency (VLF) transmitters can
penetrate into the ionosphere and propagate to the L < 3 region,
forming the artificial portion of plasma waves. Natural waves are
generally much stronger than artificial waves, but both effects
could be significant (e.g., Li W et al, 2015; Ma QL et al., 2016;
Meredith et al., 2019; Green et al., 2020). The magnetosonic wave
may accelerate electrons, as discussed in Section 2; the three
other types of waves will scatter and cause loss of radiation belt
electrons. Observations and simulations have demonstrated the
decay of radiation belt electrons due to various plasma waves (e.g.,
Abel and Throne, 1998; Li W et al., 2015; Green et al.,, 2020; Hua M
etal,, 2020).

Figure 6 shows the lifetime of 500 keV electron as a function of L
shell, calculated from theory predictions due to coulomb collision
and various waves (lines), and derived from the satellite measure-
ments (dots), respectively. The hiss and lightning-generated
whistlers affect the lifetime of inner radiation belt electrons in
higher L shells (L > 2) while the VLF transmitter may bifurcate the
inner belt. In the following, we discuss different waves and their
properties in the magnetosphere.

The lightning-generated whistlers (LGWSs) are ~2—12 kHz waves
propagating from the troposphere to the L shell where the wave
frequency is close to the lower hybrid resonance frequency of the
equatorial plane (e.g., Meredith et al, 2007). LGWs are usually
restricted to the plasmasphere and relatively stronger in the
nightside since ionospheric D-region on the dayside could
weaken such waves (e.g., Helliwell, 1965; Ripoll et al., 2020). LGWs
could precipitate electrons through resonance interactions (e.g.,
Rodger et al., 2003). Green et al. (2020) analyzed the LGW effect
statistically. They suggested that LGWs are relatively important for
scattering electrons from several hundred keV to several MeV at
L ~1.5 and from tens of keV to ~1 MeV at L ~2.5, but have little
impact on energetic electron dynamics at higher L-shells.
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Figure 6. Precipitation lifetime of 500 keV electrons driven by
scattering effect of Coulomb collisions (C), Coulomb collisions and
plasmaspheric hiss (C/H), Coulomb collisions, Plasmaspheric hiss and
lightning-generated whistlers (C/H/W), and by all scattering
mechanisms (C/H/W/VLF). Observed decay rates are also plotted for
comparison. This figure is adopted from Abel and Throne (1998).

Earth and Planetary Physics  doi: 10.26464/epp2023009 115

The whistler mode hiss waves are broad-band (~50 Hz-10 kHz)
structureless right-handed polarized whistler mode waves typically
observed in the high-density region, i.e., the plasmasphere and
plume (e.g., Li W et al., 2015; Nakamura et al., 2018). The origin of
hiss wave is under debate, from either local generation or inward
propagation from chorus waves (e.g., Bortnik et al., 2009; Yue C
et al, 2017; Fu HB et al,, 2021). Hiss waves are responsible for the
precipitation at the outer plasmasphere of electrons of tens to
hundreds keV and also play a critical role in forming the slot
region and S-shape energy spectrum of electrons (e.g., Reeves
et al,, 2016). In the inner radiation belt region, the intense lower
frequency (< 600 Hz) hiss waves appear mostly in the dayside high-
L region (L > 1.3), while the intense higher frequency (> 600 Hz)
hiss waves appear mostly in the low-L region (L < 1.3), both
dayside and nightside (e.g.,, Wang JZ et al.,, 2020; Yang L et al,,
2022). In these regions, the hiss wave tends to interact with higher
energy electrons, whereas its effect on electron precipitation is
relatively insignificant (Li W et al., 2015).

The VLF transmitter waves are narrow band waves of 10-30 kHz
(e.g, Hua M et al, 2020). As shown in Figure 6, interaction
between the electrons and the VLF transmitter waves could signif-
icantly reduce electron lifetime at L ~2 for 500 keV electrons.
Several concurrent ground and satellite observations of VLF trans-
mitter waves and electron precipitations indicate that the VLF
transmitter waves play an important role in electron loss (e.g., Graf
etal,, 2009; Wang YL et al., 2018). Electron precipitation by the VLF
transmitter waves is caused primarily by the first-order cyclotron
resonance (Sauvaud et al., 2008). An interesting feature generated
by the VLF transmitter wave-driven precipitation is bifurcation of
the inner electron belt, which is frequently observed. Claudepierre
et al. (2020) reported an energy-dependent local electron flux
minimum at L ~2 based on observations from Van Allen Probes.
Hua M et al. (2020) compared the simulation results of electron
PSD evolution with and without VLF transmitter waves. They
demonstrated the primary role that VLF transmitters played in
electron flux bifurcation. Recently, rocket exhaust driven amplifi-
cation (REDA) of VLF transmitter waves has successfully amplified
the wave power by 20-30 dB (Bernhardt et al., 2021). In simula-
tion, such a strong wave could accelerate ~300 keV electrons at
L ~2.5 (Hua M et al,, 2022). Future observations will be needed to
test this mechanism.

The fast magnetosonic waves are also whistler mode waves,
generated under turbulent magnetospheric conditions mostly at
dayside by ring distribution of protons (e.g., Russell et al., 1970;
Ma QL et al., 2016; Yue C et al., 2020). Their frequency ranges from
the local proton gyrofrequency to the lower hybrid resonance
frequency (e.g., Laakso et al., 1990; Santolik et al., 2004) and prop-
agates nearly perpendicular to the ambient geomagnetic field
(Chen LJ and Thorne, 2012). This wave mode could interact with
keV to MeV electrons through Landau resonance, causing acceler-
ation of electrons whose pitch angle is 60—80 degrees and forming
butterfly-shaped pitch angle distributions (e.g., Zhao H et al,
2014). The effect of this kind of wave has been discussed in
Section 2.

Besides the waves mentioned above, ultralow frequency (ULF)
waves, with a frequency range from 2 mHz-5 Hz, are commonly
observed in the magnetosphere and can interact with charged
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particles through drift resonance or drift-bounce resonance.
Considering the drift and bounce periods of relativistic electrons,
the ULF wave could resonate with such high energy electrons
merely through drift resonance. Most studies have focused on
interactions between MeV electrons and ULF waves in the outer
radiation belt. For example, Li L et al. (2017) compared their
modeled results of ULF wave-particle interaction with observations
of several keV electron fluxes in a ULF wave field at L ~7.5. They
found consistency in the gradually diagonal stripes. Hao YX et al.
(2019) reported a fast acceleration of 3.4 MeV electrons by ULF
wave at L ~5 during an interplanetary shock event. Few studies
have considered the ULF wave effect on radiation belt electrons in
the inner belt. Through multi-satellite analysis of the ULF wave,
the location and timescale of its perturbations in the magneto-
sphere have been determined by Zhao XX et al. (2020). Future
work on interactions between inner belt electrons and ULF waves
would be valuable.

To summarize the plasma waves’ interaction with inner radiation
belt electrons, there are several wave modes, consisting mainly of
lightning-generated whistlers, whistler mode hiss waves, VLF
transmitter waves, and fast magnetosonic waves. They interact
with inner belt electrons in different ways and/or at different
regions. The first three wave modes pitch angle scatter the inner
belt electrons and cause them to be lost to the atmosphere
predominately at different regions: the hiss wave affects electrons
at higher L shell (L > 2.5); the LGWs scatter electrons at lower L
shell (L < 2.5); the VLF transmitter waves also scatter electrons at
lower L shell (L < 2.5) and affect electrons more significantly at
L ~2, which cause the bifurcation of the inner radiation belt. The
fast magnetosonic waves could accelerate electrons and form
butterfly-shaped pitch angle distributions of electrons. Apart from
the waves mentioned above, interactions between inner belt elec-
trons and ULF waves are also important and should be paid more
attention to in the future.

5. Summary

In the Van Allen Probes era, the dynamics of the inner radiation
belt are being extensively analyzed and the knowledge of the
inner radiation belt is greatly advanced. The inner belt contains
mainly electrons in the range of tens of keV with frequent energy-
dependent variations during geomagnetic activities. The sudden
flux enhancements due to inward transport provide the primary
source of inner radiation belt electrons; the CRAND accounts for
the electrons in the inner edge. Coulomb decay and wave-particle
interactions form the structure of the inner belt and the slot
region, while VLF transmitter waves may bifurcate the inner belt.
Large scale electric fields appear to cause “zebra stripe” character-
istics in the electron energy spectrum; the PSD of electrons may
affect the shape of the stripes.

Questions also arise based on previous studies. For example, what
makes the sudden flux enhancement, what drives the large-scale
electric field to form “zebra stripes” and what other roles do
plasma waves play in their interaction with the electrons. New
qualitative and quantitative observations and advanced simula-
tions are expected in future work. Macau University of Science
and Technology is leading a Macau Science Satellite-1 mission
which will be launched soon in 2023. The Macau mission consists

of A and B satellites with low-inclination and low-altitude orbits.
The energetic electron detector, built in our Institute of Space
Physics and Applied Technology at Peking University, will provide
high fidelity energetic electron data. It can measure electrons
from 50 keV to ~3 MeV, and such dataset will help to elucidate
physical mechanisms that drive the dynamic process of electrons
in the inner radiation belt.
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