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Abstract. Solar wind forcing, e.g., interplanetary shock
and/or solar wind dynamic pressure pulses impacting
Earth’s magnetosphere, manifests many fundamental impor-
tant space physics phenomena, including producing electro-
magnetic waves, plasma heating, and energetic particle ac-
celeration. This paper summarizes our present understand-
ing of the magnetospheric response to solar wind forcing in
the aspects of radiation belt electrons, ring current ions and
plasmaspheric plasma physics based on in situ spacecraft
measurements, ground-based magnetometer data, magneto-
hydrodynamics (MHD) and kinetic simulations.

Magnetosphere response to solar wind forcing is not just
a “one-kick” scenario. It is found that after the impact of
solar wind forcing on Earth’s magnetosphere, plasma heat-
ing and energetic particle acceleration started nearly imme-
diately and could last for a few hours. Even a small dynamic
pressure change in interplanetary shock or solar wind pres-
sure pulse can play a non-negligible role in magnetospheric
physics. The impact leads to generation of a series of waves,
including poloidal-mode ultra-low-frequency (ULF) waves.
The fast acceleration of energetic electrons in the radiation
belt and energetic ions in the ring current region response to
the impact usually contains two contributing steps: (1) the
initial adiabatic acceleration due to the magnetospheric com-
pression, (2) followed by the wave—particle resonant acceler-
ation dominated by global or localized poloidal ULF waves
excited at various L-shells.

Generalized theory of drift and drift-bounce resonance
with growth- or decay-localized ULF waves has been devel-
oped to explain in situ spacecraft observations. The wave-
related observational features like distorted energy spectrum,

“boomerang” and “fishbone” pitch angle distributions of ra-
diation belt electrons, ring current ions and plasmaspheric
plasma can be explained in the framework of this general-
ized theory. It is worth pointing out here that poloidal ULF
waves are much more efficient at accelerating and modulat-
ing electrons (fundamental mode) in the radiation belt and
charged ions (second harmonic) in the ring current region.
The results presented in this paper can be widely used in solar
wind interacting with other planets such as Mercury, Jupiter,
Saturn, Uranus and Neptune and other astrophysical objects
with magnetic fields.

1 Introduction

“We have to learn again that science without contact with ex-
periments is an enterprise which is likely to go completely
astray into imaginary conjecture” (Alfvén and Arrhenius,
1976).

The paper is based on my Hannes Alfvén Medal lecture
at the European Geosciences Union (EGU) General Assem-
bly 2020 and organized as follows with emphasis on Sects. 2,
3,4 and 5.

1. Introduction

2. Magnetospheric response to solar wind forcing
3. Generalized drift resonance

4. Generalized drift-bounce resonance

5. Nonlinear and multiple drift or drift—bounce resonance
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Figure 1. Hannes Alfvén’s handwritten signature in Chinese (top)
and his name seal in traditional Chinese characters.

6. Outstanding questions and concluding remarks
1.1 Hannes Alfvén and China

The EGU awarded the Hannes Alfvén Medal to me for the
year 2020. I feel deeply honored and very happy to obtain so
much recognition for my work, because Hannes Alfvén was
one of the giants in space physics and astrophysics and also
one of my heroes.

As we all know, Alfvén received the 1970 Nobel Prize in
Physics for his work in magnetohydrodynamics (MHD) and
plasma physics, while few people know that he could speak
some Chinese (Fig. 1) besides Swedish and English as indi-
cated by Wikipedia (https://en.wikipedia.org/wiki/Hannes_
Alfv%C3%A9n; last access: 1 October 2021). In fact, he vis-
ited China twice, his first visit being on invitation by Jeou-
jang Jaw, who was the founder of the Chinese space program
(Zhang and Yin, 2018). During his total of 50d visiting in
China, Hannes Alfvén gave a number of lectures and pro-
moted China’s space physics. Also, in the early 1990s, the
first textbook I took to learn space physics — Cosmical Elec-
trodynamics (the second edition, 1963) — was in fact a gift
from Hannes Alfvén during his first Chinese visit. Alfvén’s
Cosmical Electrodynamics contains the main fundamentals
of space plasma physics.

As a student who majored in space science, I first
studied Alfvén’s eminent works — the motion of charged
particles (Alfvén and Filthammar, 1963) and “Existence
of Electromagnetic—Hydrodynamic Waves” (Alfvén, 1942).
The latter one is now named after him as Alfvén waves.
Seventy-eight years after the publication of the paper “Ex-
istence of Electromagnetic-Hydrodynamic Waves”, Alfvén
waves have “propagated” to plenty of regimes of cosmic
plasmas. Now, it is understood that Alfvén waves are ubiqui-
tous and of fundamental importance in plasma physics, space
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Figure 2. The “Carrington event” of 2 September 1859 recorded
at Greenwich Observatory, London (51.4769° N, 0.0005° W): https:
//geomag.bgs.ac.uk/education/carrington.html, last access: 1 Octo-
ber 2021. Greenwich Observatory magnetometer traces (horizontal
force (H) on top and declination (D) on the bottom; the two traces
are offset by 12 h) during the time of the solar flare on 1 Septem-
ber 1859.

physics and astrophysics, and they occur in planetary magne-
tospheres, in laboratory plasma, in stellar coronas and winds,
and in many other astrophysical plasmas in the universe.

1.2 ULF waves and solar wind forcing

Ultra-low-frequency (ULF) waves are electromagnetic
waves originating in Earth’s magnetosphere with a frequency
range from about 1 mHz to 10 Hz. Usually, ULF waves con-
taining larger power are the lower-frequency ones, and the
intensity of the wave power in general has an inverse rela-
tion with respect to its frequency (e.g., Lanzerotti and South-
wood, 1979; Zong et al., 2017).

ULF waves are first observed on the ground and are also
known as geomagnetic pulsations. The solar storm of 1859
(Carrington, 1860, also known as the Carrington event) was
probably associated with a huge solar coronal mass ejection
(CME) hitting Earth’s magnetosphere and induced arguably
the largest geomagnetic storm on record on 1-2 Septem-
ber 1859 (Stewart, 1861). As we can see from Fig. 2, the first
geomagnetic pulsation has been recorded as quasi-sinusoidal
magnetic field variations during the great magnetic storm that
occurred in 1859 (Stewart, 1861). Geomagnetic pulsations
(Fig. 2) are ULF plasma waves that originated in Earth’s
magnetosphere.

The magnetic field perturbation of the toroidal-mode ULF
waves is in the azimuth direction, and the electric field is ra-
dial perturbation usually associated with a small wave num-
ber, whereas the poloidal-mode ULF waves are often associ-
ated with a larger wave number, and the magnetic field of the
poloidal mode is radially perturbed.

Oscillations of magnetic field lines can be sustained
through the collisionless plasma interaction in the magne-
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tosphere, whereas the ULF waves can also be diminished
when they pass through Earth’s atmosphere and ionosphere
due to the ionospheric conductivity (Southwood and Hughes,
1983). In Earth’s ionosphere, due to the presence of colli-
sional plasma and a neutral atmospheric population, the os-
cillated magnetic field in the ULF range would be exponen-
tially decayed by generating an additional Hall current and
Pedersen current, and the direction of the magnetic field os-
cillation will be rotated through 90°. Thus, the decayed ULF
waves can eventually propagate to the ground in the form of
electromagnetic waves. Having considered the direction ro-
tation due to the ionosphere, the D component of the ground
magnetic field on the bottom trace of Fig. 2 mainly represents
the poloidal-mode ULF waves (Wang et al., 2010; Zong et
al., 2017).

The relationship between ULF waves in the magneto-
sphere and the magnetic field dissonances on the ground is
as follows (Southwood and Hughes, 1983):

be/bm ~ (Zn/Zp) e, )

where ¥p and Xy are the height-integrated Pedersen and
Hall conductivity, respectively, by is the magnetic field on
the ground and by, is the ULF field just above the ionosphere,
and £ is the thickness of the ionosphere. As we can see from
the formula, Earth’s ionosphere prefers to shield ULF waves
with a large wave number k since the thickness of the iono-
sphere £ is insensitive in time. Thus, the poloidal-mode ULF
waves of large wave numbers will decay significantly when
they pass through Earth’s ionosphere, and this is hard to ob-
serve on the ground. However, the toroidal-mode ULF waves
usually have a small wave number, and it will be easier to
pass through the ionosphere and be identified from ground
magnetometer records.

ULF waves can act as important media of the magneto-
spheric dynamics for the mass, momentum and energy trans-
port processes. Therefore, it is important to understand the
global properties and how the energy is transported from the
solar wind to the magnetosphere, ionosphere and finally the
ground through ULF wave—charged particle interactions.

Earth’s magnetospheric activity is mainly controlled by
the solar wind plasma and the accompanying interplanetary
magnetic field (IMF) (e.g., Yue et al., 2009, 2010, 2011;
Yue and Zong, 2011). The energy coupling between the so-
lar wind and Earth’s magnetosphere can take various forms
and most often would excite different plasma waves inside
the magnetosphere, one of which is the ULF wave. In the
1940s, the geomagnetic signals related to the interplanetary
shock impact were identified through the ground-based mag-
netometer observations and named a “Storm Sudden Com-
mencement” (SSC) (Chapman and Bartels, 1940). Now, it is
well known as the impact of dynamic pressure impulses asso-
ciated with the interplanetary shocks driven by coronal mass
ejections (CMESs) or corotating interaction regions (CIRs).

It is now known after extensive studies that the solar wind
dynamic pressure pulses (including negative and positive
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Figure 3. Illustration showing how the solar wind disturbances and
Kelvin—Helmholtz surface waves excite the ULF waves and field
line resonances (FLRs) in Earth’s magnetosphere.

types) as well as the interplanetary shock can have profound
effects on the magnetosphere system (Zhang et al., 2010;
Zong et al., 2017). The positive or negative pressure pulses
correspond to the sudden enhancements or drops of the solar
wind dynamic pressures, respectively, and are often caused
by the abrupt changes in solar wind density and/or solar wind
speed. One of the typical representatives is the interplanetary
shock.

When solar wind dynamic pressure pulses impinge on the
magnetosphere, the sudden rise or drop in dynamic pressure
will first compress or inflate the magnetosphere. In the mean-
time, the fast magnetosonic waves will be launched inside
the magnetosphere, and then standing ULF waves usually
will be formed subsequently in the magnetosphere, occasion-
ally even inside the plasmasphere (e.g., Zong et al., 2009;
Zhang et al., 2010; Liu et al., 2010), thus transporting the en-
ergy of solar wind into the magnetosphere. The generation
mechanisms of different dayside ULF waves can be distin-
guished by their preferable occurring region. The K-H insta-
bility mechanism needs a shear flow to meet the instability
threshold condition, and therefore the main occurring regions
are the dawn and dusk flank sides of the magnetopause. The
dynamic pressure pulses by contrast are responsible for the
dayside local noon region (Fig. 3).

Figure 4 shows the responses of both poloidal-mode and
toroidal-mode ULF waves to the solar wind forcing at differ-
ent magnetic local time sectors. It is suggested that Pc4 and
Pc5 ULF wave power is mainly supplied from external solar
wind sources, i.e., solar wind forcing (Liu et al., 2009, 2010).
As is shown in Fig. 4, the distributions of the wave power
(square root of integrated power spectral density) of the az-
imuthal electric field (Ea, poloidal-mode) component are av-
eraged from 12-year THEMIS data sets. The wave power
is found to be stronger in the dayside magnetosphere com-
pared to that in the nightside. Also, the wave power in the
pre-midnight region is larger than that in the post-midnight
region. The wave power is observed dominantly at higher L-
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Figure 4. The equatorial distribution of ULF wave power inves-
tigated based on electric field measurements of 12 years (1 Jan-
uary 2008-31 December 2019) from THEMIS (Liu et al., 2009).
The square roots of the integrated power spectral density of the az-
imuthal electric field (Ea, poloidal mode) and radial electric field
(Er, toroidal mode) in the Pc4 and PcS frequency ranges are aver-
aged in each bin.

shells, which show the consistency with the scenario that the
poloidal-mode Pc4 and Pc5 ULF waves generally have ex-
ternal sources — solar wind forcing including interplanetary
shocks and solar wind positive and negative dynamic pres-
sure pulses (e.g., Zong et al., 2009; Zhang et al., 2010; Liu et
al., 2010).

The study of magnetospheric response to solar wind forc-
ing related to a sudden change in solar wind dynamic pres-
sure has at least two obvious advantages: the magnetospheric
response to sudden change in the solar wind dynamic pres-
sure will generate significant and easily identified electro-
magnetic signals, and the energy source for excited ULF
waves is rather clear and without temporal ambiguity. Thus,
in the present paper, based on the ULF wave—charged parti-
cle interactions, I will focus on how the magnetosphere re-
sponse to solar wind forcing — the solar wind dynamic pres-
sure pulses, including positive and negative ones.

1.3 Charged particles in the inner magnetosphere

The inner magnetosphere includes the radiation belt, ring
current and plasmasphere, which are three overlapping re-
gions with energy of their particle population quite differ-
ent (Yue et al., 2017a, b). The Van Allen radiation belt is
composed of energetic particles with energy greater than
100 keV, whereas the ring current contains mainly energetic
ion species (hydrogen, helium, and oxygen) of tens of keV to
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Drift of
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Figure 5. A schematic view of the charged-particle motion in
Earth’s inner magnetosphere. Particle gyro motion around field
lines, “bounce” back-and-forth motion and drift motion due to the
gradient and curvature of the magnetic field. Ions drift towards
west and electrons drift east and thus generate the ring current, an
electric current circulating around Earth. Adopted from Fig. 2 in
Day (2008).

about 400 keV. The ring current and Van Allen radiation belt
are overlapped in space with a cold plasmaspheric population
(typically a few eV).

The plasma density in the magnetosphere controls the
timescale in response to the solar wind forcing. The mass
density is one of the key parameters for the Alfvén speed
which determines the magnetospheric response to the low-
frequency ion variation in the ULF wave range, whereas the
background electron density dominates the electrons oscillat-
ing in the very-low-frequency (VLF) and radio wave range.
Thus, the mass density is one of the controlling factors for
the radiation belt and ring current dynamic process.

Charged particles in Earth’s magnetosphere will experi-
ence three kinds of periodical motions corresponding to three
different invariants: gyrating around magnetic field lines,
bouncing back and forth along the field line between “mir-
ror points” located at lower altitude, and drifting across the
field lines due to the electric field as well as the gradient
and curvature of the magnetic field lines; see Fig. 5. When
the charged particles move in the inner magnetosphere, the
timescales for the three kinds of motion can be estimated
with the dipole magnetic field:

100nT
T, = (0.665) ——— A,
I keV
Ty = min) [ —2— ) (X 43,
10Rg 4
2
r B keV
Tp = (56h) [ —— =), 2
p=( )<5RE> <100nT)< w) @

where A is the mass ratio of the particle to the proton, W is
the particle’s kinetic energy, [y is the length along the mag-
netic field line between two mirror points in the Northern
Hemisphere and Southern Hemisphere, r is the distance to
Earth’s center from the Equator and B is the magnitude of
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the magnetic field. The representative values are given in Ta-
ble 1.

The dynamics of radiation belt and ring current are
strongly governed by the interactions between differently
charged-particle populations that are coupled through the
variation of all kinds of electromagnetic waves and wave—
particle interactions. The mentioned three invariants do not
always remain constant. The violations of these invariants
may result from interactions with variations of the magnetic
field and electric field when the timescale of the electromag-
netic field disturbances is comparable to the three kinds of
periodical motions — drift, bounce or gyration frequency of
the particles.

Besides the magnetic reconnection, the solar wind energy
can also be transported into the magnetosphere, the iono-
sphere and finally the ground through ULF waves. The mech-
anisms concerning how ULF waves interact with charged
particles in the magnetosphere and their involvement in
energy-transporting process would be addressed by space-
craft constellation observations and particle simulations. It
will help us understand the complex but fundamental prob-
lems of mass, energy and momentum transport processes in
the magnetosphere and have a wide range of applications in
space weather (e.g., Friedel et al., 2002; Shprits et al., 2008;
Elkington et al., 2016).

2 Magnetospheric response to solar wind forcing
2.1 “One-kick” scenario

Charged particles in Earth’s magnetosphere can be signifi-
cantly affected by the impact of the passage of an interplane-
tary shock (Matsushita et al., 1961; Brown et al., 1961; Ulla-
land et al., 1970). Enhanced precipitation of ~ 10skeV elec-
trons into Earth’s atmosphere has been observed immediately
and lasts up to ~ 10 min when an interplanetary shock im-
pacts the geospace system (Su et al., 2011; Yue et al., 2013).

The sudden changes in charged-particle fluxes in the inner
magnetosphere, including both relativistic electrons in the ra-
diation belt (Arnoldy, 1982; Blake et al., 1992; Li et al., 1993;
Hudson et al., 1994; Tan et al., 2004; Zong et al., 2009; Hao
et al., 2019) and energetic ions (Zong et al., 2012, 2017; Ren
et al., 2016, 2017a) in the ring current region, are noted to be
closely related to a SSC caused by the interplanetary shock
impacting Earth’s magnetosphere. These results suggest that
a significant portion of energetic charged particles in the ring
current and radiation belt and region could be produced even
before the build-up of the enhanced ring current which pro-
duces the magnetic storm.

Energetic particles of both electrons and ions up to
15MeV have been observed in the radiation belt due to the
impact of a strong interplanetary shock on Earth’s magne-
tosphere on 24 March 1991 (Blake et al., 1992). It is be-
lieved that both relativistic ions and electrons are accelerated
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Figure 6. Satellite observation and simulation comparisons at the
time of the 24 March 1991 SSC. Panels show four energetic electron
channel measurements over 10-50 MeV, the measured electric field,
the Bz magnetic field component and the simulated results in the
same format at a spatial location corresponding to the trajectory of
the CRRES satellite (Li et al., 1993).

quickly by an induced electric field pulse generated by the
passage of the interplanetary shock (Li et al., 1993; Hudson
et al., 1994). A rapid (a few minutes) formation of a new
electron radiation belt at L ~ 2.5 was observed in the slot re-
gion besides the inner and outer radiation belts, which lasted
for a few years (Blake et al., 1994).

Let us assume that a running pulse with a bipolar elec-
tric field has been generated inside the magnetosphere by the
compression and relaxation of Earth’s magnetosphere caused
by the interplanetary shock impinging on Earth’s magneto-
sphere. As shown in Fig. 6, test particles interacting with this
assumed asymmetric bipolar electric field pulse (“one kick™)
caused by the passage of the interplanetary shock have been
proposed to explain the newly formed electron radiation belt
at L ~ 2.5 (Li et al., 1993; Hudson et al., 1994). This simu-
lation has shown that a few MeV energetic electrons at L>6
could be energized up to 40 MeV and be radially transported
to L ~ 2.5 during a fraction of their azimuthal drift period.
The simulation results can reproduce the observed very en-
ergetic electron injection and their drift echoes. The accel-
eration process can be understood as the first adiabatic in-
variant being conserved (adiabatic acceleration) and the elec-
trons being accelerated by the assumed single bipolar electric
field pulse. The timescale of acceleration processes is about
1 min since the electromagnetic pulse would be running away
in that time period. This is the so-called “one-kick” scenario
of an interplanetary shock interacting with Earth’s magneto-
sphere.

Since then, extensive test particle and MHD simulations
have been carried out to study the particle acceleration re-

Ann. Geophys., 40, 121-150, 2022
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Table 1. Timescales of motion of charged particles in the magnetosphere (L = 4.5, aeq = 60°, B = 350nT).

Regions Particles Gyration Bounce Drift
_ 0.1ms 493 6.2 x 107 s
Plasma sphere ™ (10eV) g ¢\, 200mHz 1.6 x 10-5 mHz
3.0s 84.1s 6.2x 103 s
+
. 0T A0keV) 3y, 11.9mHz  02mHz
Ring current
02s 21.1s 6.2x 103 s
+
HT(00keV)  §ay,  474mHz  02mHz
.. _ 0.3ms 0.3s 923.2s
Radiation belt e~ (1 MeV) 33 kHz 31 Hz 11 mHz

lated to the interplanetary shock impact (e.g., Hudson et al.,
1995; Kress et al., 2007). It has been pointed out (Friedel
et al., 2002) that the one-kick model was capable of re-
producing some observational features for the event on
24 March 1991. However, it seems that the model can ex-
plain only this sole shock event and is not applicable for other
interplanetary shock events in the magnetosphere. Thus, it
remains unsettled how shock-related energetic particles are
created and accelerated in the magnetosphere (Friedel et al.,
2002; Baker et al., 2004).

2.2 Poloidal ULF wave—charged particle interaction
scenario

In the magnetosphere, the energetic charged particles are
mainly drifting in the azimuthal direction, with electrons
drifting eastward and ions drifting westward. The electric
field of poloidal-mode ULF waves also lies in the azimuthal
direction. When both the drift direction of charged particles
and the propagating direction of ULF waves are the same,
the electric field carried by poloidal ULF waves would ac-
celerate/decelerate the drifting charged particles. However,
it should be noted that only those resonant electrons with a
drift speed of approximately the wave propagation speed of
the poloidal-mode ULF wave could gain energy constantly.
Charged particles bearing both the acceleration and decel-
eration processes would cancel out, with a relatively small
energy gain during one wave period.

As we have already shown in the introduction, ULF waves
in Earth’s magnetosphere could be excited by the impinging
of positive or negative solar wind dynamic pressure pulses.
Energetic charged-particle fluxes modulated by ULF waves
in the Pc5 band were first found by Brown et al. (1961). A
close correlation between the charged-particle flux variations
and the intensity of ULF waves has been found for both case
studies (e.g., Tan et al., 2004; Zong et al., 2007) and statis-
tical surveys (e.g., Rostoker et al., 1998; Mathie and Mann,
2001; O’Brion et al., 2003).

Due to the comparable periods between the drift and
bounce motions of the charged particles and the ULF waves

Ann. Geophys., 40, 121-150, 2022

in the inner magnetosphere, drift resonance or drift-bounce
resonance may be satisfied. One-to-one correlation between
ULF wave cycles and fluctuations of charged-particle fluxes
have been found, which indicates ongoing wave—particle in-
teractions, and the interactions would accelerate the mag-
netospheric particles significantly (Zong et al., 2007, 2009,
2017).

Now, tremendous efforts have been made to understand
how the interplanetary shocks affect the charged particles in
radiation belt and ring current region. By using observations
from the Cluster and Double Star constellation, it has been
found that, after solar wind dynamic pressure pulses imping-
ing upon the magnetosphere, the acceleration of radiation
belt energetic electrons could start immediately and can last
for up to a few hours (Zong et al., 2009, 2012, 2017). The
prime acceleration mechanisms are drift resonance or drift—
bounce resonance, with ULF waves excited by the interplan-
etary shock impacting the magnetosphere.

A direct observation of such a ULF wave—charged par-
ticle interaction scenario is shown in Fig. 7. The onset of
strong ULF waves is associated closely with a strong inter-
planetary shock impact on the magnetosphere on 7 Novem-
ber 2004. At the same time, the energetic electrons are accel-
erated quickly and are directly one-to-one correlated with the
shock-induced ULF waves. As shown in Fig. 7, at 18:27 UT
on 7 November 2004, an interplanetary shock with a maxi-
mum dynamic pressure of ~ 70 nPa hit the magnetosphere.
At the same time, large-amplitude ULF waves with electric
fields of ~40mV m~! were observed when a Cluster space-
craft fleet moved on the morning side of the plasmasphere.
The ULF waves are excited by the IP shock impinging on
the magnetosphere. The one-to-one correlations between the
flux variations of energetic electrons and the ULF wave os-
cillations suggest that the shock-induced ULF waves cause
the observed charged-particle acceleration.

With an amplitude as high as 40 mV m~!, the electric field
of poloidal ULF waves on the charged-particle drift path can
double the energy of electrons by a few hundred keV in only
several wave periods. This is much faster than other acceler-
ation processes, e.g., gyro resonances via VLF waves, sug-

https://doi.org/10.5194/angeo-40-121-2022
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Figure 7. Left: from top to bottom, (a) the energetic electron spectrum, the pitch angle distributions overplotted with azimuthal electric field
Ea (black line) in the mean-field-aligned (MFA) coordinate system, and (e) the magnetic field Bz components. The dashed vertical line shows
the interplanetary shock arrival time. Right: measurements from Cluster C3. (a) Continuous wavelet power spectrum of the radial electric
field, (b) the squared wavelet coherence between the radial electric field and the integrated energetic electron flux, and (c—d) the same for the
azimuthal electric field. (e) Phase difference between electric fields and magnetic fields for the toroidal mode (red) and poloidal mode (blue),
indicating that both the poloidal and toroidal modes are standing waves (Zong et al., 2009).

gesting that the observed ULF waves are sufficient to explain
the observed electron acceleration through drift resonance.

The toroidal and poloidal modes have similar wave pow-
ers; however, coherences between the electric fields for
both poloidal- and toroidal-mode ULF waves and the inte-
grated energetic electron flux are rather different based on
the wavelet technique (Grinsted et al., 2004). The high co-
herences of above 0.9 appear continuously and only with
the poloidal-mode ULF waves. This confirms that the ener-
getic electrons are accelerated predominantly by the poloidal
wave-carried electric field.

This scenario has been further examined by systematic
statistical study based on geosynchronous energetic parti-
cle observations for 215 interplanetary shock events during
1998-2007 (Liu and Zong, 2015). It is shown that electron
fluxes with an energy of less than ~300keV increase after
the shock impact, whereas electron fluxes with an energy of
higher than ~300keV show smaller increases, become un-
changed or even decrease eventually at geosynchronous orbit
(Fig. 8). The electron flux oscillations following the shock ar-
rival have also been investigated. Statistical analyses revealed
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a frequency preference for energetic electron flux oscillations
of 2.2 and 3.3 mHz (Liu and Zong, 2015). The compressional
effect of IP shocks can cause acceleration due to both mag-
netic field magnitude enhancement and the related azimuthal
electric field. The electron fluxes increasing or decreasing are
dependent on the pre-conditional phase-space density profile.
The energy change in electrons is attributed to the compres-
sional effect of interplanetary shocks and the interaction with
shock-induced ULF waves.

It is also indicated that energetic electrons with low energy
(high energy) will resonate with high-m (low-m) ULF waves
and have different modulation features. The results show the
magnetospheric response to ULF waves excited by the inter-
planetary shock impact from the energetic particle point of
view.

In brief, the interplanetary shock related to energetic elec-
tron acceleration in the radiation belt starts almost immedi-
ately following the shock arrival. The acceleration process
includes two contributing steps: the first acceleration is re-
lated to the initial magnetospheric compression by the in-
terplanetary shock impact and then immediately followed

Ann. Geophys., 40, 121-150, 2022
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by drift-resonant or drift-bounce-resonant acceleration by
poloidal ULF waves excited by the passage of the interplane-
tary shock (Zong et al., 2009, 2012, 2017). This is the shock-
induced ULF wave—particle interaction scenario. Such a sce-
nario in shock-induced ULF waves’ interaction with charged
particles has been further confirmed by many other satellite
observations (Clauderpierre et al., 2013; Foster et al., 2015;
Korotova et al., 2018).

3 Generalized theory on the drift resonance

In this section, the traditional drift resonance theory will be
introduced first, and then the generalized drift resonance the-
ory on charged particles resonating with growth and damp-
ing ULF waves and charged particles resonating with az-
imuthally localized ULF waves will be described. Finally,
I will show how radiation belt relativistic electrons resonate
with localized growth and damping ULF waves in detail.

In the magnetosphere, the frequencies of ULF waves are
comparable to the frequency of a charged particle’s drift or
bounce motion. Analogous to gyro resonance, it was sug-
gested in the 1960s that charged particles trapped by Earth’s
magnetic field could resonantly interact with ULF waves
standing on a field line through the particles’ bounce and drift
motions (Dungey, 1964; Southwood, 1969).

Ann. Geophys., 40, 121-150, 2022

The drift-bounce resonance condition is written as

3)

where N is an integer (normally 0, =1, and £2), m represents
the azimuthal wave number, and w, wq and wy are wave fre-
quency, particle drift and bounce frequencies, respectively.
Since wqg and wy, depend on the charged particle’s energy, for
a given location, the resonance energy can be determined in
theory if the ULF wave’s frequency is known. To meet the
resonance condition, the wave azimuthal propagation direc-
tion needs to be the same with the particle gradient and curva-
ture drift direction, i.e., eastward propagation wave (positive
m) for electrons and westward propagation wave (negative
m) for ions.

The charged particles are moving in the electric field
carried by the ULF waves during their drift-bounce mo-
tions, and thus their energy can be accordingly changed.
The energy change rate of a charged particle interacting with
poloidal-mode ULF waves can be written as in Southwood
and Kivelson (1981, 1982):

dW_ aBp+ E.V

w—m-wqg=N -wp,

“)

where %, E, V4, and u are the change rate of the particle
energy, the wave electric field, the particle drift velocity and
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Figure 9. Fast acceleration of electrons by resonating with
poloidal ULF waves. A schematic of N =0 drift resonance in
a fundamental-mode standing wave. The eastward and westward
electric fields are indicated by plus and minus, respectively, and
their magnitudes correspond to the density of the symbols.

the particle magnetic moment, respectively. The subscript p
denotes the component parallel to the background magnetic
field.

For energetic electrons resonant with ULF waves, the
bounce frequency is usually much higher than the wave fre-
quency and the particle’s drift frequency (Zong et al., 2009).
Therefore, charged particles’ interaction with ULF waves via
the drift-bounce resonance can only be excited at N =0
(fundamental mode), as shown in Fig. 9. In this way, the
drift-bounce resonance degenerates to the drift resonance;
the bounce motion has no relationship with the ULF wave—
particle interaction.

w=m-wq ®)]

Once the drift resonance condition is satisfied, the resonant
electrons with fundamental-mode ULF waves seem to be
stagnant azimuthally in the ULF wave moving frame. Thus,
the resonant electrons can be accelerated very quickly since
only a one-directional electric field can be experienced by the
resonant electrons. Resonating with the fundamental poloidal
ULF waves is a very efficient way to accelerate electrons in
the radiation belt region since the electric field of poloidal
ULF waves is the same as the charged-particle drift direction
(Zong et al., 2009, 2017; Hao et al., 2019).

3.1 Generalized drift resonance with growth and
damping ULF waves

In the traditional drift resonance theory, the ULF wave
growth rate is assumed to be time-independent and positive,
and the amplitude of the ULF wave is extremely small. This
is not in agreement with satellite observations in the magne-
tosphere, and the interplanetary-shock-induced ULF waves
usually have huge amplitudes and experience growth (a posi-
tive growth rate) and damping (a negative growth rate) stages
(Zong et al., 2009; Zhang et al., 2010; Liu et al., 2010).
Thus, a more generalized theory dealing with the interaction

https://doi.org/10.5194/angeo-40-121-2022
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Figure 10. Energetic electrons’ interaction with a ULF wave during
its growth and damping stages. (a) ULF wave-associated electric
field in the azimuthal direction, (b) electron energy gain from the
ULF wave as a function of time and energy, with the resonant en-
ergy of 250keV represented by the dashed line, and (c) predicted
spectrum of electron residual phase-space densities observed by a
magnetic electron ion spectrometer (MagEIS)-like particle detector
with finite time and energy resolution (Zhou et al., 2016).

between ULF waves and charged particles in the magneto-
sphere for a time-dependent ULF wave evolution is required.

A drift resonance theory with growth and damping ULF
waves has been developed (Zhou et al., 2016; Zong et al.,
2017). In there, a time-dependent imaginary wave frequency
has been adopted to describe the growth and damping of the
waves in the generalized drift resonance theory; therefore,
the interactions between charged particles and growth and
damping ULF waves can be studied (Zhou et al., 2016; Zong
etal., 2017).

The generalized drift resonance theory with growth and
damping ULF waves allows a time-dependent ULF wave
growth rate, which is large and positive in the wave’s leading
growth phase and decreases to negative values gradually in
the damping phase. This assumption is based on ULF waves
excited by the interplanetary shock impact on the magneto-
sphere (Tan et al., 2004; Zong et al., 2009; Zhang et al., 2010;
Clauderpierre et al., 2013; Foster et al., 2015; Korotova et al.,
2018; Hao et al., 2019).

The wave-associated electric field can be given by

2
= .
E =Ege 2 el(m¢—wrt)e¢’ (6)

where 7 is the timescale of wave growth and decay, ¢ is the
magnetic longitude (increasing eastward), oy is the real part
of the wave angular frequency, and m is the wave azimuthal
wave number. Equation (6) describes a Gaussian amplitude
envelope of the electric field oscillation.
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The change rate of a particle’s kinetic energy within the
waves is given by

daw £ 7
dt _q Ud,

where W is a particle’s kinetic energy, g is a particle’s charge,

and vq is the magnetic gradient and curvature drift velocity.

In the terrestrial dipole field, it is approximated by

y+1 6L>W
2y ¢BeRg

Vg = — (0.35 +0.15 sinaeq) ep, ®)
where Rg is Earth’s radius, Bg is the equatorial magnetic
field on Earth’s surface, L is the L-shell parameter, and y is
the relativistic Lorentz factor. For a nonrelativistic, equatori-
ally mirroring particle, vgvg can be rewritten as

3L2W ©
Ep.
qBERE ¢

vg=—
Therefore, the change rate of kinetic energy can be rewrit-
ten as

aw
dr

32w 2
R Ege? e/ mo—ot), (10)

L2
=TI
2 BgRg

-Egk(v) g (t,T)expi (m¢p —mawqt), (11)

which indicates that the frequency of §W is mwyq rather than
wr. Here k(t) and g(¢, 7) are defined by

_ _ 2.2
k(7) = Texp [M} (12)
g(;,r):erf<5—iw>+1. (13)
T 2

As we can see from Fig. 10, with the wave amplitude increas-
ing, the electron flux phase-space density (PSD) oscillates
with a gradual enhancement, and the phase difference be-
tween electrons with a lower and higher energy changes from
a small value to ~ 180° when the amplitude of the ULF wave
stops growing, whereas, in the ULF wave damping stage,
both the variations of energetic electron PSD and the phase
shift between electron fluxes with different energies continue
to increase till the phase-mixing effect attenuates the parti-
cle PSD oscillations. A distorted energy spectrum can be ex-
pected as the results of energetic electrons resonating with a
growth and damping ULF wave.

Resonant charged-particle signatures can be explained by
the generalized theory, whereas equations in the traditional
drift resonance theory are invalid. It is found that the dis-
torted energy spectrum predicted from the generalized theory
for the interactions between charged particles and growth and
damping ULF waves is in very good agreement with obser-
vations from Van Allen Probes. Thus, the generalized the-
ory for drift resonance with growth and damping ULF waves
can provide new insights into the interactions between ULF
waves and charged particles in the magnetosphere.

Ann. Geophys., 40, 121-150, 2022
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3.2 Generalized drift resonance with localized ULF
waves: “boomerang’ pitch angle distribution

ULF waves in the traditional drift resonance theory are con-
sidered to be globally distributed, and the amplitude of ULF
waves is azimuthally uniform, i.e., independent of magnetic
longitude (magnetic local time). However, the observations
have suggested that there may be localized ULF waves. Pitch
angle distribution of boomerang stripes is found to be the re-
sult of drift dispersion among resonant charged particles in-
teracting with localized ULF waves in an azimuthally distant
region of the magnetosphere (Hao et al., 2017; Zong et al.,
2017). Therefore, we have introduced a magnetic longitude
dependence of the ULF wave amplitude into generalized drift
resonance with localized ULF waves.

As shown in Li et al. (2017), the von Mises function is
adopted to study the effect of a localized ULF wave (mag-
netic longitude dependence) in the ULF wave—charged par-
ticle interaction. The spatial localized ULF waves described
here are transverse, poloidal ULF waves with azimuthal elec-
tric field oscillations, whereas the temporal evolution of these
ULF waves is the same as the traditional one (e.g., South-
wood and Kivelson, 1981), i.e., the wave is time-independent
and very small in terms of the wave magnitude.

The electric field of the localized ULF waves is given by

E
E(t.¢) = M—ﬁ‘z@exp [£ cos (¢ — po)]

-expi (mp — wt) &y, (14)

where m is the ULF wave number, ¢ is the magnetic longi-
tude (increasing eastward), and  is the ULF wave angular
frequency.

Thus, the average rate of the particle energy gain from the
transverse ULF waves is (Northrop, 1963)

T = T expl cos (9 — o)l - expi (ng — o). (15)
where the subscript A denotes the average over many gy-
ration periods, ¢ is the particle’s charge, and V4 is the az-
imuthal component of the particle’s drift speed.

The azimuthal drift speed Vyy of the particle can be ob-
tained from the following equation if an equatorially mirror-
ing particle is considered in the dipole field

Vap = —3L* W/ (qBg Rg), (16)

where L is the L-shell number, Rg is Earth’s radius, and Bg
is the magnitude of the equatorial magnetic field.

Then, the energy gain W4 from the ULF waves can be
obtained if we integrate dWy / dr along the particle’s unper-
turbed drift orbit.

Keeping this in mind, the generalized drift resonance the-
ory of particles’ interaction with localized ULF waves is ap-
plicable for the event mentioned in Li et al. (2017) and for

https://doi.org/10.5194/angeo-40-121-2022
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Figure 11. Comparison between observed boomerang stripes and pitch angle dispersion by the time-of-flight backward-tracing method.
(a) Pitch angle evolution of 466.8 keV electrons. (b) Arrival time estimation for peaks and valleys of 466.8 keV electrons with pitch angle
varying from 5 to 175°. Electron drift velocity is calculated in the terrestrial dipole field with the relativistic effect included. (¢) A diagram
for the pitch angle evolution of electrons interacting with localized ULF waves. The plasmasphere is indicated in yellow.

the pitch angle evolution of “Boomerang-shaped” by Hao
et al. (2017), which used Chinese navigation satellite and
Van Allen Probe data. The boomerang-shaped pitch angle
evolutions of relativistic electrons appear immediately after
an interplanetary shock impinges on the magnetosphere on
7 June 2014 as shown in Fig. 11. The observed electron flux
at different pitch angles is strongly modulated by ULF waves
excited by the interplanetary shock impact.

As demonstrated in Fig. 11, shock-induced ULF waves
are suggested to be confined in a limited azimuthal region
(possibly the plasmaspheric plume), which is westward of
the Van Allen Probe spacecraft. Then, ULF wave-modulated
energetic electrons drift out of the ULF wave—charged parti-
cle interaction region before they are observed by the distant
spacecraft. The drift speed of the modulated energetic par-
ticle depends on its energy and pitch angle. The difference
in energy and pitch angle of the energetic electrons would
produce a drift dispersion; i.e., equatorially mirroring 90°
pitch angle electrons would drift more quickly and be ob-
served first. This effect will lead to distorted particle pitch
angle stripes to form boomerang-shaped evolutions in pitch
angle spectra for each electron energy band. The observed
boomerang stripes as well as modulations in the electron en-
ergy spectrogram can be reproduced by using the time-of-
flight backward-tracing method (Hao et al., 2017; Zong et
al., 2017).

Furthermore, ULF wave-radiation belt electron drift res-
onance can be depicted by quasi-periodic stripes, either
straight or boomerang-shaped, in the pitch angle spectrum
of electron fluxes as shown in Figs. 12 and 13. Boomerang-
shaped stripes on pitch angle distribution are evolved from
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straight ones after resonant electrons drift away from the
azimuthally localized ULF wave—particle interaction region.
Also, it provides a new method based on the time-of-flight
tracing technique to identify the region of ULF waves inter-
acting with particles. Thus, it is crucial to take both the spa-
tial distribution and temporal evolution of ULF waves into
consideration for both drift resonance and drift-bounce res-
onance (Zhao et al., 2020).

The study of boomerang-shaped evolutions in pitch an-
gle spectra would tell us not only where the drift resonance
is taking place, but also the possible scale size of the ULF
wave—particle interaction at a location distant from the space-
craft. These results add new understanding to the radiation
belt dynamics.

3.3 Radiation belt ‘“‘relativistic electron” acceleration
by drift resonance

What will happen if charged particles are in drift reso-
nance with both growth and damping ULF waves and local-
ized ULF waves? An excellent example is given in Fig. 14,
and relativistic energetic electrons resonating with localized
growth and damping ULF waves can lead to very rapid ultra-
relativistic electron acceleration in the radiation belt region.

As shown in Fig. 14, strong intensifications of relativistic
and ultra-relativistic electron fluxes have been observed by
Van Allen Probe B following an interplanetary shock impact
on Earth’s magnetosphere during the 16 July 2017 SSC. This
is the result of ultra-relativistic electrons in the outer radi-
ation belts interacting with the interplanetary-shock-excited
ULF waves.

Ann. Geophys., 40, 121-150, 2022
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Figure 12. Observed data of electrons from MagEIS-A and MagEIS-B on 1 December 2015. (a) Residual flux profile in the energy-versus-
time plot from MagEIS-B. (b—d) Residual flux profile in the pitch-angle-versus-time plot of energies 209.6, 169.3 and 132.4 keV. Rhombuses
and squares are maximum and minimum points on the residual flux of stripes. (e) The same as (a) but from MagEIS-A in the same time
interval. (f=h) The same as (b) but for 226.1, 183.4 and 143.5 keV measured from MagEIS-A (Zhao et al., 2020).

The relativistic and ultra-relativistic electron fluxes oscil-
late strongly in the ULF PcS5 frequency range (Fig. 14). For
a relativistic electron with an energy above ~ 1 MeV, the os-
cillation periods modulated by the ULF waves are close to
its drift period in the magnetosphere. Thus, the evolution of
the energy spectrogram modulated by ULF waves resembles
energetic electron injection with its drift echoes. At lower
energy, nevertheless, the electron oscillation period is con-
trolled predominantly by ULF waves, which is almost inde-
pendent of its energy.

According to the generalized drift resonance theory on
charged particles resonating with growth and damping ULF
waves (Zhou et al., 2016; Zong et al., 2017), the frequency
of charged-particle flux modulations will shift from the wave
frequency to mawq if the ULF waves have decayed, and tilted
stripes would be formed in the energy spectrum. When ULF
waves disappeared, the formed acceleration and decelera-
tion of charged-particle stripes will keep drifting with their
respective speeds. Energy-dependent drift motion along the
drift orbit between the interaction region and the spacecraft
causes the charged-particle flux oscillation (Fig. 15).

As indicated in Fig. 15, the spacecraft observations and
numerical simulations based on the generalized charged-
particle drift resonance theory with both growth and damping

Ann. Geophys., 40, 121-150, 2022

ULF waves and localized ULF waves agree with each other
extremely well.

Figure 16 presents the phase-space density of ultra-
relativistic electrons during the 16 July 2017 interplane-
tary shock. Before the shock arrival, the PSD distribution
f(L*)|u, K remained almost unchanged. After the shock
arrival, the electron distribution was significantly modified
by the interplanetary shock impact within 2h, and the PSD
enhancement of over an order of magnitude is found at
4<L*<4.5 (Hao et al., 2019).

It has been found that the shock-induced ULF waves with
an azimuthal wave number of 1 were the dominant com-
ponent. Within an hour, the relativistic electron can be ac-
celerated by as much as more than 10 times in terms of
electron flux (Fig. 16) by observed ULF waves (Hao et al.,
2019). Therefore, ULF waves are very powerful for accel-
erating ultra-relativistic electrons in the radiation belt. The
energy spectrum of relativistic electrons has confirmed that
ULF waves triggered by the interplanetary shock impact can
accelerate outer radiation belt ultra-relativistic electrons up
to 3.4 MeV very efficiently in less than an hour (Fig. 16).
Also, when an interplanetary shock impinges on the mag-
netosphere, besides the initial adiabatic acceleration, the
spectrum of magnetospheric electrons will be rotated first

https://doi.org/10.5194/angeo-40-121-2022
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Figure 13. Pitch angle distribution observed by Van Allen Probe A and Van Allen Probe B. (¢) The source places and Van Allen Probe orbits
in the equatorial plane. These cross-shaped symbols represent the results from the time-of-flight backward-tracing method from Van Allen
Probe A. The local time labeled is magnetic local time, while numbers on the x axis are L-shells (Zhao et al., 2020).

(Wilken et al., 1986). Further, additional acceleration can
happen via drift resonance with ULF waves (Zong et al.,
2009, 2017).

In brief, the radiation belt ultra-relativistic electrons can be
effectively accelerated by interplanetary-shock-induced ULF
waves within an hour. It has been shown that these observed
complex and mixed signatures are consistent with the gener-
alized drift resonance between relativistic electrons and lo-
calized ULF waves with both growth and damping features.
The observed main features of ultra-relativistic electrons can
be reproduced well by numerical results based on the gener-
alized ULF wave—particle drift resonance scenario. This sug-
gests that the generalized drift resonance theory with both
growth and damping ULF waves and localized ULF waves is
valid and needs to be taken into account for the radiation belt
dynamics.

4 Generalized theory on the drift-bounce resonance

In this section, the classical drift-bounce resonance concept
will be introduced first. Then, a more generalized theory will
be described on charged particles’ drift-bounce resonance
with growth and damping ULF waves. Finally, I will show
how poloidal ULF waves interact with a cold plasmaspheric
population and the ionospheric outflow.

https://doi.org/10.5194/angeo-40-121-2022

As mentioned in the above section, the classical drift—
bounce resonance condition can be expressed as w —m -wg =
N - wyp, where N is an integer (normally O, £1, £2), m repre-
sents the azimuthal wave number, and w, wq and wy are the
ULF wave frequency and the drift and bounce frequencies
of the charged particles in the magnetosphere, respectively.
In Earth’s magnetosphere, the bounce frequency of an ion
(especially heavy ions, e.g., oxygen ions) is close enough to
its drift as well as ULF wave frequencies. Thus, the bounce
motion must be considered for charged particle-ULF wave
interactions. Charged particles’ drift and bounce frequencies
(wq and wy,) are dependent on their kinetic energy; thus, the
energy of resonant particles can be decided if the ULF wave
frequency and azimuthal wave number m are already known.

Since the gradient and curvature drifts of charged particles
are in the azimuthal direction in Earth’s magnetosphere, the
energies of charged particles can be affected significantly by
azimuthal electric field oscillations of poloidal ULF waves.
This drift-bounce resonance occurs when particles with a
certain energy match the local drift-bounce resonance con-
dition. If the ULF waves are the second harmonic, these res-
onant charged particles could experience a one-directional
electric field, as shown in Fig. 17. This will lead to fast ac-
celeration of charged particles.

Figure 17 shows the ions satisfying the N =1 drift—
bounce resonance condition in a second-harmonic ULF wave

Ann. Geophys., 40, 121-150, 2022
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Figure 14. The response of electrons to the storm sudden commencement. (a) 90° relativistic and ultra-relativistic electron fluxes measured.
The width of each energy channel is plotted on the right of the panel. (b) Residual flux (J — Jy/Jy) of 90° electrons in the energy-versus-time
plot. Dashed lines with numbers 1, 2, and 3 give the predicted energy-dependent arrival times of the first, second, and third drift echoes of
the initial flux enhancement (as marked with the vertical dashed line 0). N1, N2, and N3 indicate series of ultra-low-frequency modulation
to the population not in resonance with the m = 1 mode ultra-low-frequency wave, of which the arrival time does not match the prediction of

drift echoes. MLT: magnetic local time (Hao et al., 2019).

(Zong et al., 2017). The particle behavior is examined in a
stretched string model in the wave frame. The westward elec-
tric fields are indicated by plus and minus, with their magni-
tudes corresponding to the density of the symbols. The red
dashed lines show the guiding center orbits of the resonant
particles in a second-harmonic poloidal ULF wave.

It appears that the resonant ions always stay in the west-
ward wave electric field within each bounce period and will
gain a net energy continuously. However, if ions that sat-
isfy the drift-bounce resonance condition in the fundamen-
tal mode are considered, these charged particles would ex-
perience an accelerating phase (westward electric field) and
a decelerating phase (eastward electric field) within a sin-
gle bounce period, and therefore its energy gain can be very
small.

Also, if energetic electrons are considered, their guiding
center motion will appear as a vertical line in the second-
harmonic ULF wave. The acceleration and deceleration of

Ann. Geophys., 40, 121-150, 2022

the electron will cancel out completely over each bounce pe-
riod. Thus, only in the fundamental-mode wave could the
electron experience a fast acceleration over a wave cycle as
shown in the previous section.

Thus, in principle, energetic ions in the second-harmonic
poloidal standing waves will be accelerated much more ef-
ficiently compared to those in the fundamental-mode ULF
waves. Furthermore, it has been pointed out that the charged
particles in the ring current energy range, e.g., oxygen ions,
could satisfy all n = 1, 42 drift-bounce resonance con-
ditions easily. This implies that the drift-bounce resonance
is preferred for oxygen ions and is potentially an important
mechanism for the ring current oxygen acceleration (Zong et
al., 2010, 2012, 2017; Ren et al., 2016, 2017a).

https://doi.org/10.5194/angeo-40-121-2022
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Figure 15. Simulated electron responses in comparison with obser-
vations shown in Fig. 14. The normalized electric field is a function
of magnetic local time and time. The imaginary probe is placed at
MLT = 16.4 h, as marked with the blue line. The electric field near
the imaginary probe has been overplotted with the black line. Bot-
tom: predicted net energy gain of electrons in the electric field of the
m =1 poloidal wave with a sudden onset and a fast-damping stage
in their undisturbed drifting motions. The peaks of energy gain in
the time sequence of the near-resonant channels marked with col-
ored dots 0, 1, 2, and 3 correspond to the first (dispersionless) and
following (dispersive) stripes 0, 1, 2, and 3 in Fig. 14. The vertical
dashed lines N1, N2, and N3 refer to the simulated energy disper-
sionless modulations in the energy channels far from resonance.

4.1 Drift-bounce resonance with growth and damping
ULF waves: “fishbone” pitch angle distribution

In the classical drift-bounce resonance theory, the ULF wave
growth rate is assumed to be time-independent and posi-
tive, and the amplitude of the ULF wave is extremely small.
This does not agree with satellite observations in the magne-
tosphere, and the interplanetary-shock-induced ULF waves
usually have huge amplitudes and experience growth (a posi-
tive growth rate) and damping (a negative growth rate) stages
(Tan et al., 2004; Zong et al., 2009; Zhang et al., 2010; Liu
et al., 2010). Thus, a more generalized theory dealing with
time-dependent ULF waves’ interaction with charged parti-
cles is required.

The change rate of the particle’s kinetic energy within the
growth and damping stages of the waves is given by Zhu et
al. (2020) and Ren et al. (2019a):

dd_VtV = B Wie Vg (1) e moatmin=cnr a”n
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Figure 16. Radial profile of electron phase-space density (PSD) at
w=2400MeVG~!, K =0.11Rg -G ~ 1/2 measured by the Rel-
ativistic Electron—Proton Telescope (REPT) on board Van Allen
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arrival. Inset: the L* value as a function of universal time of Van
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Second Harmonic

<— lon Drift

Figure 17. Fast acceleration of charged particles by the second-
harmonic poloidal ULF wave. A schematic of resonant charged par-
ticles satisfying the N =1 drift-bounce resonance condition in a
second-harmonic standing wave. The westward electric fields are
indicated by plus and minus, and their magnitudes correspond to
the density of the symbols.

Here conventional notations are used. g () describes the
growth and damping of the waves:

eVl (t*tO), t <,
g1 = { e =) f > g (18)
For odd harmonic waves,
0 . 1 /cos2l0 +isin2l0
SW =~ X (=) X | ———
Zz:oaz{ (=) 2 (2[a)b +mwq — oy
cos2l6 —isin2l0 oimo—oxt)
—2lwp +mwq — wy
o . i (w—mwq)cos2l0 — (2lwy) sin216
= Zz:oay x 2 2
(mwg — w)” — 2lwp)
x gl (mext), (19)
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For even harmonic waves,

5W%Zoo b, xl cos(2l+1)0+isin(2l+1)6
=0 2 QI+ 1) wp +mwyg — w;
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—i(w—mwg)sin(2l+1)0
_ Z;iob" -2+ 1)a2>bCOS (21+21)Zei(m¢—wrz)_ (20)
= (w—maq)” — 2l + 1) wy

The simulation based on the generalized theory of drift—
bounce resonance (Zhu et al., 2020) is employed to repro-
duce the time evolution of the pitch angle distributions of
energetic protons observed by Van Allen Probe A on 28 Jan-
uary 2014 (Fig. 18). This event was first reported by Ya-
mamoto et al. (2019); however, the temporal variations of
inclination angles of each fishbone are not addressed.

As illustrated in Fig. 18, the inclination of pitch angle
stripes increases, and fishbone-like structures appear in the
proton pitch angle distribution when the waves are growing
(Liu et al., 2020). According to the generalized drift-bounce
resonance theory (Zhu et al., 2020; Liu et al., 2020; Ren et
al., 2019a), the increasingly inclined stripes are the manifes-
tation of increasing phase shift across resonant pitch angles.
These observational features can be well predicted by the
generalized drift-bounce resonance theory. The right column
of Fig. 18 shows the simulation result. A notable feature is
the time change in pitch angles at which flux oscillation is
strongest. In other words, the resonant pitch angle changes
with time. The black dashed lines illustrate this tendency. At
the beginning, protons resonate at middle pitch angles, e.g.,
~ 60 and ~ 120°, whereas, at the end, the resonance pitch
angle of hydrogen ions is slightly moving away from middle
pitch angles.

Drift-bounce resonance with growth and damping ULF
waves can result in the increasingly inclined pitch angle
stripes. When the amplitude of the ULF wave is growing,
the stripes of the hydrogen ion pitch angle become more and
more inclined. It is shown in Fig. 18 that the ULF waves
resonate with 17.4 keV hydrogen ions at pitch angles around
~40 and 140°.

At the beginning of the wave growth stage, the wave
growth rate is large enough to “hide” the phase shift, caus-
ing relatively vertical stripes. Then, as the wave grows and
its growth rate decreases to zero, the “hidden” phase shift
gradually appears, causing the stripes to become more and
more inclined. Fishbone-like pitch angle structures, thus, are
formed by interaction with growth and damping ULF waves
(Liu et al., 2020).

Figure 19 summarizes how non-resonant and resonant en-
ergetic ions respond to the second-harmonic growth and
damping ULF waves as observed in the Southern Hemi-
sphere, magnetic equator, and Northern Hemisphere. By ana-
lyzing spacecraft observations and reproducing them via the
generalized drift-bounce resonance theory, it is found that

Ann. Geophys., 40, 121-150, 2022
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time-varying phase shift across resonant pitch angles can in-
deed occur, and the effect caused by growth or damping of
ULF waves is significant. As a result, the inclination of pitch
angle stripes would increase or decrease with time, causing
fishbone-like pitch angle structures.

It is important to note here that fishbone-like structures in
ion pitch angle distribution observed by Van Allen Probes
and THEMIS spacecraft can be well reproduced by the gen-
eralized drift-bounce resonance theory and therefore pro-
vide a more realistic picture of drift—-bounce resonance in
Earth’s magnetosphere. Therefore, it is important to inves-
tigate the influence of the temporal variations of the wave
growth rate on the flux oscillations and their phase shift. The
generalized drift-bounce resonance theory sheds light on the
wave—particle interaction between charged particles and ULF
waves.

4.2 ULF waves’ interaction with cold plasmaspheric
charged particles

How do plasmaspheric charged particles of a very low energy
(~eV) respond to ULF waves? For a plasmaspheric charged
particle with an energy of a few eV, its drift frequency is
much smaller than the bounce frequency: wq < wy. There-
fore, the drift-bounce resonance between the plasmaspheric
charged particles and the ULF waves should be dominated
by the bounce resonance: 2 = N - wy.

However, once the drift-bounce resonance condition is
satisfied, cold plasmaspheric electrons can still be affected
by the poloidal-mode ULF waves (e.g., Pc5 band). Cold plas-
maspheric electrons experience acceleration by the azimuthal
electric field of poloidal-mode ULF waves, which is similar
to drift-bounce resonance of oxygen or hydrogen ions (Zong
etal., 2017; Ren et al., 2017a).

For the plasmaspheric population, the cold electron drift
frequency (wq) would include both the gradient and cur-
vature drift term (wq.gc), the convection E x B drift term
(wd.Econx ) and the plasmaspheric corotation electric field
term (wq EcorxB) (Ren et al., 2017b):

2Wo L3 sin ®
BeR2

6WLP ()
CIBER}%

where P(a) =0.35+40.15sine (Hamlin et al., 1961), « is
the charged-particle equatorial pitch angle, W is the particle
energy, L is the Mcllwain L-shell value, Bg is the magnitude
of Earth’s magnetic field at the Equator on Earth’s surface,
Rg is Earth’s radius, Wy is the electric potential causing the
plasma convection in the magnetosphere, @ is the azimuthal
angle and Qg is the angular frequency of Earth’s rotation.
For a given plasma electron with energy between 1 and
1 keV, the drift-bounce resonant conditions for N =1 and
N =2 can be satisfied with a ULF wave number |m|<100
(Renetal., 2017b, 2018, 2019b). As we can see from Fig. 20,
a sharp enhancement of the SYM-H index has been observed,
indicating the interplanetary shock arrival. ULF waves with

+ QE, ey

wq =
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Figure 18. The pitch angle distribution of protons. (a—d) Van Allen Probe A observations. During the shown time interval, the waves grow.
(a) Radial component (Br) of the magnetic field. (b) Dynamic power spectrum of Br. (¢) Pitch angle distribution of 17.4 keV protons. The
color code shows residual flux. As illustrated by the black dashed lines, the pitch angle stripes become more and more inclined. (d) Line
version of (c¢). (e-h) Numerical simulation. (e) Electric field in the simulation observed by a virtual off-equatorial spacecraft. (f) Pitch
angle distribution of 2.0 keV protons, which are far away from resonance. The color code shows normalized AW /W, which can be directly
compared to residual flux. (g) Pitch angle distribution of resonant, 17.4keV protons. The color code shows normalized AW /W (Liu et al.,

2020).

a large amplitude oscillation (~ 15mV m~!) have been ob-
served immediately after the interplanetary shock impinges
on the magnetosphere.

Outstanding and surprising features are that both energy
and pitch angle dispersion signatures of plasmaspheric elec-
trons with an energy of 6 to 19.9eV have been observed
clearly. In the dispersion, the electron with a small pitch an-
gle (almost the field-aligned (0°)) has been observed first,
whereas the anti-field-aligned (180°) electrons are observed
at last. Different from the lower-energy plasmaspheric elec-
trons, one can see that the pitch angle of a higher energy
(above 19.9 eV) electron oscillates between 0 and 180°, and
the pitch angle dispersion signature cannot be seen clearly.
The period of these successive dispersion signatures is found
to be ~40s, the same as the observed ULF wave period
(third harmonic). Therefore, these multi-dispersions are the
results of electron bounce resonance with the interplanetary-
shock-induced ULF waves.

It is worth pointing out that the ULF wave—particle inter-
action or plasmaspheric charged-particle acceleration region
can be determined by backward-tracing dispersion signatures
of both the energy and the pitch angle. Then, the region of
electron acceleration is found to be inside the plasmasphere:
it is located off the Equator at around —32° in the Southern
Hemisphere.

https://doi.org/10.5194/angeo-40-121-2022

These can be explained by plasmaspheric electrons in-
teracting with the third-harmonic ULF waves with large-
amplitude electric fields at the off-equatorial plasmasphere.
The pitch angle dispersion signatures are due to the flux os-
cillation of “local” non-resonant and resonant plasmaspheric
electrons but not electrons injected from Earth’s ionosphere.

Furthermore, the energy gain of resonant plasmaspheric
electrons can be about 20 % in one wave cycle from the
observed interplanetary-shock-induced large-amplitude ULF
wave electric field (Zong et al., 2017). In general, these re-
sults agree with the framework predicted by the generalized
drift-bounce resonance theory (Fig. 18).

Figure 21 presents further evidences of both plasma-
spheric electrons (<200eV) and ring current ions (10—
20keV) in response to ULF waves simultaneously. ULF
waves with a period of ~ 1 min, which have been observed in
two consecutive orbits, lasted several hours. The ULF waves
are the second harmonic; thus, the drift-bounce resonance
condition can be satisfied with N = 1 for both plasmaspheric
electrons and ring current energetic hydrogen ions.

Bidirectional pitch angle distributions for both plasmas-
pheric electrons and ring current hydrogen ions (10-20keV)
are observed simultaneously when ULF waves have been
observed, and plasmaspheric electron fluxes have been en-
hanced several times. These observational facts agree with
the expectations of the drift—bounce resonance scenario, in-

Ann. Geophys., 40, 121-150, 2022
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Figure 19. Generalized drift-bounce theory prediction on resonant ions with the second-harmonic ULF waves in the Southern Hemisphere,
magnetic equator, and Northern Hemisphere. Left and right: non-resonant and resonant particles. A schematic of the time-of-flight effect as
ions bounce along a magnetic field line. The red and blue ions have the same energy but different equatorial pitch angles. The symbols aeq
and as denote the equatorial pitch angle and the local pitch angle detected by the virtual satellite, respectively. Pitch angle distributions at

different latitudes are shown qualitatively (after Zhu et al., 2020).

dicating the importance of ULF waves in the dynamics of
plasmaspheric electrons.

4.3 ULF waves’ interaction with ionospheric outflow:
mass spectrometer

Ionospheric outflow is one of the predominant plasma
sources of Earth’s magnetosphere. It has been shown that
the dayside ionospheric outflow ions can interact with ULF
waves (Liu et al., 2019; Ren et al., 2015). It is evident that
polarization drift caused by large-amplitude electric fields as-
sociated with ULF waves may play a significant role in the
modulation of singly charged oxygen ions, which may lead to
an additional acceleration of oxygen ions (Yue et al., 2016).
This process can be non-adiabatic if the ULF wave-borne
electric field is large enough. It is revealed that the interac-
tion between ULF waves and ionospheric outflow ions occurs
predominantly in the perpendicular direction to the ambient
magnetic field. The cold ionospheric ions are not only added

an energy of Wgyp = %mi (lEB+B|>2 by ULF waves to make
them clearly “visible”, but are also separated into ion species
according to different masses. The ULF wave modulation on
the ionospheric outflow is mass-dependent, and this indicates
that the ULF wave—charged particle interaction can serve as

a mass spectrometer to distinguish ion species.

Ann. Geophys., 40, 121-150, 2022

As clearly shown in Fig. 22, ionospheric outflow ions can
be modulated by ULF wave-driven E x B drift. As a result,
the charged particle’s energy rises and falls periodically in
coincidence with the ULF oscillation. The energy of HY,
He™, and O" ions of ionospheric origin can be as high as
~ 75, 300, and 1200 eV, respectively.

It is worth pointing out that the effect of polarization drift
should be taken into account due to the large-amplitude elec-
tric field of the ULF waves. The particle’s energy (Wiotal),
including both E x B drift and polarization drift, can be ex-

pressed as
1 ExB m; dE|\?
Wiotal = Emi B + Ball (22)

The last term in Eq. (20) represents the effect of polariza-
tion drift, which is proportional to the ion mass. Therefore,
the polarization drift effect is more profound for heavier ions
(oxygen ions) than lighter ions (hydrogen ions).

The observations suggest that the ionospheric heavier ions
(oxygen) are modulated significantly by ULF wave-induced
E x B drift and polarization drift (Fig. 23). It is shown that
the polarization drift is contributed mainly from ULF oscil-
lations whose period is less than 1 min, whereas only ~ 20 %
was contributed from oscillations with a period greater than
1 min. It is suggested that O™ can be accelerated significantly
by both ULF wave-induced E x B drift and polarization drift.

https://doi.org/10.5194/angeo-40-121-2022



Q. Zong: Magnetospheric response to solar wind forcing

139

g
I
=
&
e €
N 1o £
o o
w
-50 - -20
20:20:00 20:25:Q0 20:30:00 20:35:00 20:40:00
3 85
8
75
9
8
9
8
| 3 9
" 85
| 8
- - 95
e T Lo - e
e e U
o —— e
o o SRS s - e
<{E .= =" i s . | 85 NE
Rl gg %
8 3 =
=] 10 W
o o
g

— OO OO ©
S 2SS Naowo

n

0
20:23:00 20:24:00 20:25:00

20:26:00
Time (UT)

20:27:00 20:28:00 20:29:00

Figure 20. Top panel shows the SYM-H index, the poloidal (Br, Ea) wave magnetic and electric fields and pitch angle distributions of
plasmaspheric electron response to the interplanetary shock impact. Representative electrons with pitch angle distributions for 14 energy
channels ranging between 5 and 72.5 eV. The vertical dashed line marks the arrival time of the interplanetary shock at 20:25:10 UT (Zong et

al., 2017).

This acceleration process is non-adiabatic, which agrees with
previous theoretical studies (e.g., Cole, 1976; White et al.,
2002; Bellan, 2008).

The polarization drift of ionospheric singly charged oxy-
gen ions (O™) induced by ULF wave fields is particularly in-
teresting for magnetospheric physics, since O" ions can be-

https://doi.org/10.5194/angeo-40-121-2022

come the dominant ion species (up to 60 %—80 %) in terms of
ring current energy density (Daglis et al., 1999; Zong et al.,
2001; Fuet al., 2001; Yue et al., 2019) during magnetic storm
time periods. O" ions in the magnetosphere originate from
Earth’s ionosphere. Therefore, it is fundamentally important
to know how ionospheric singly charged oxygen ions with

Ann. Geophys., 40, 121-150, 2022
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Figure 21. Overview of Van Allen Probe B observations of ULF wave power spectra, energy spectra, and pitch angle distributions from
20:00UT on 9 September 2015 to 16:00 UT on 10 September 2015: (a) wavelet power spectrum of original By; (b) By component;
(c) wavelet power spectrum of original Ey; (d) Ey component; (e-g) electron energy spectrum and pitch angle distributions; (h-k) hy-
drogen ion energy spectrum and pitch angle distributions (Ren et al., 2017b).

a few electron Volt are accelerated to tens of kilo-electron
Volt and become one of the most important magnetospheric
components.

4.4 Off-equatorial minima effects on ULF
wave—particle interaction in the dayside outer
magnetosphere

In the inner magnetosphere dominated by the dipole field,
the bounce and drift frequencies of charged particles are uni-

Ann. Geophys., 40, 121-150, 2022

modal functions of pitch angle from 0 to 180° (Hamlin et al.,
1961). However, in the dayside outer magnetosphere, there
exist off-equatorial magnetic field minima due to solar wind
compression, which can change the trajectories of particles,
forcing the orbits of particles with pitch angles near 90° to
bifurcate and form the so-called Shabansky orbits (Shaban-
sky, 1971). Figure 24 shows the trajectory of a Shabansky
particle and the magnetic field profiles. Running in an image-
dipole magnetic field model, the trajectory of the test particle

https://doi.org/10.5194/angeo-40-121-2022



Q. Zong: Magnetospheric response to solar wind forcing

141

lonN FPl-lon Bulk Velocity Ex B Drift

(B)
1 1
1 1 1
o 1 1
O B s pend i W e e
)
OI 1 3 ¥ 1 1 1 1
% 1000 UL L | III VRN I III\ 55
2 K =
[ i, | f
> L "_:n
o3 : i
~—. w0
O g 5 507
§ & %
x g
a 44
36
x
3 —
= .
- 21 %
HQ e
é; 05"_;
€ <= o
89\ 33 E
il =
! 199
’ S
1 1 W lI I Jl L L I L L L L [ L L L L [ 1 1 1 1 I 1 1 1 1 O'S
UT 12:35_ a= ¥3700 TH3Q5 13:10 13:15 13:20 13:25
- ~ P
Me—— "~ ~  © "uW 1 5.7 T AL | LA T N
« 10 M13:02:07 UT! 1 q e
3 —F (I 1 - T
-~ T H™ 1 Nz
é% 2 = ] I __105|
g 10 SE 1 1 3 &
GRS 1 A
s e 2L :H P =
110 s ¢ 0] %
i 1N A o
48 Lok Cl 1055
UT 13:01 13:0R 13:03 E(eV) 10 100 1000

Figure 22. The responses of cold ions to ultra-low-frequency waves. (a) E x B drift velocity, derived from magnetic and electric field
measurements. (b) Ion bulk velocity. (¢) Ion number density. (d) The energy—time spectrogram. The three white curves correspond to, from
bottom to top, the £ x B drift energy of H+, He+, and O+, respectively. (e) The energy—time spectrogram of He+ and O+ number fluxes.
The black curves correspond to E x B drift energy. (f) Ion energy spectrogram taken between 13:01 and 13:03 UT. (g) Ion energy spectrogram
at 13:02:07 UT. The white curves in (f) and the black dashed lines in (g) correspond to £ x B drift energy (Liu et al., 2019).

with pitch angle near 90° bifurcates in the dayside magneto-
sphere, as shown in panels a and b. Since the magnetic field
strength along one field line gets its minima off the Equator
on the dayside (red line in panel c¢), particles with pitch angles
near 90° will bounce between two mirror points in the high-
latitude minima. By affecting the bounce and drift motions of
particles, off-equatorial minima also modify corresponding
frequency—pitch angle relations and change the conventional

https://doi.org/10.5194/angeo-40-121-2022

ULF wave—particle interaction pattern in the inner magneto-
sphere.

Figure 25 shows the pitch angle distributions of a
fundamental-mode ULF wave—ion interaction event ob-
served by the Magnetospheric Multiscale (MMS) on 20 Jan-
vary 2017 (Li et al., 2021). The MMS was located near the
subsolar magnetopause for this event. The cold (<1keV)
ion responses in this event have been studied by Liu et
al. (2019), which was mentioned in Sect. 4.3. This work fo-

Ann. Geophys., 40, 121-150, 2022
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curves). They are modulated by ULF waves that stand along back-
ground magnetic field lines, via ULF wave-induced E x B drift and
polarization drift. The E x B drift energy is proportional to ion mass,
suggesting that ULF waves can act as mass spectrometers. Polariza-
tion drift also plays a non-negligible role in the O™ modulation (Liu
etal., 2019).
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Figure 24. The trajectory projections and magnetic field profiles of
a Shabansky particle running in an image-dipole magnetic field. (a—
b) The trajectory of a Shabansky particle in geocentric solar ecliptic
(GSE) coordinates and its time-varying locations. (¢) The magnetic
field strength on the drifting shell of a Shabansky particle at dif-
ferent MLTs, with asterisk points referring to corresponding mirror
points.

cuses on the energetic (>1keV) ion responses. The spectro-
grams show series of quasi-periodical twisted pairs, form-
ing “paw-track-like” pitch angle structures. The arrival of
90-180° pitch angle ions precedes that of 0-90° pitch an-
gle ions, agreeing with the results of Yang et al. (2011). The
conventional pattern of drift-bounce resonance manifests as

Ann. Geophys., 40, 121-150, 2022
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two ~ 180° phase shifts across resonant pitch angles (Zhu et
al., 2020). However, the spectrogram shows more than two
~ 180° phase shifts, indicating more than two resonant pitch
angles for a given energy.

Figure 26 illustrates the scenario of how off-equatorial
minima affect drift-bounce resonance. Due to the compres-
sion of the solar wind, the equatorial magnetic field minimum
of the dipole field bifurcates in the dayside outer magne-
tosphere, forming two off-equatorial minima. The presence
of off-equatorial minima changes particles’ trajectories and
forms two kinds of particles: those with pitch angle close to
90° are trapped in the high-latitude minima and execute Sha-
bansky orbits, while others with larger field-aligned veloc-
ity bounce across the Equator. Besides, off-equatorial min-
ima modified the frequencies of particle bounce and drift
motions. In the inner magnetosphere, the bounce and drift
frequencies of particles are unimodal functions of pitch an-
gle. Consequently, there are at most two resonant pitch an-
gles at fixed energy. In the 20 January 2017 event, off-
equatorial minima change the bounce (drift) frequency—pitch
angle relation from a unimodal function to a trimodal func-
tion (Fig. 26¢c—d), making it possible to form more than two
resonant pitch angles at fixed energy. Because of the trimodal
shape of the bounce (drift) frequency, each of the 0-75, 75—
105, and 105-180° parts of the pitch angle structure corre-
sponds to a group of the conventional drift—-bounce resonance
pattern, which forms the paw-track-like pitch angle distribu-
tion.

In addition, off-equatorial minima can also affect the tra-
jectories of energetic electrons, leading to abnormal elec-
tron drift features in pitch angle-time spectrograms in the
dayside magnetosphere. Figure 27 shows the solar wind
conditions and pitch angle distributions of energetic elec-
trons observed by the Van Allen Probes on 11 March 2016
(Zhao et al., 2021). During the time interval 12:51-14:51 UT,
both reverse- and normal-boomerang stripes (mentioned in
Sect. 3.2) are observed by two probes, with correspond-
ing solar wind dynamic pressure over 10nPa. Normal-
boomerang stripes indicate that energetic electrons with 90°
pitch angle drift more quickly at fixed energy, which agrees
with the charged-particle drift motion pattern in the dipole
field (e.g., Hao et al., 2017; Zhao et al., 2020). By con-
trast, reverse-boomerang stripes indicate a slower abnor-
mal drift velocity—pitch angle relation to particles with 90°
pitch angle drift, which is contrary to the pattern of parti-
cle drift motion in the dipole field. Test-particle simulations
in an image-dipole magnetic field reproduced the observed
reverse-boomerang feature at larger L-shells, suggesting that
the reverse-boomerang stripes result from off-equatorial min-
ima due to the compression of the magnetopause. In this
event, the solar wind dynamic pressure is so large (>10nPa)
that the off-equatorial minima effects can be observed in the
inner magnetosphere (at L-shell ~ 5.9). Meanwhile, normal-
boomerang stripes can be observed in the inner region (like
L-shell ~4.0), where the magnetic field is less affected by
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the solar wind dynamic pressure (the magnetic field is ex-
pected to be more dipole-like).

However, the electron reverse-boomerang stripes are not
as common as the normal-boomerang stripes from the obser-
vations of Van Allen Probes (Zhao et al., 2021), since the or-
bits of Van Allen Probes are mainly located in the inner mag-
netosphere. Therefore, reverse-boomerang stripes on elec-
tron pitch angle distributions can be observed by Van Allen
Probes only when large compression on the magnetopause
forms off-equatorial minima even in the inner magneto-
sphere. In addition, particles with pitch angles near 90° will
bounce between high-latitude mirror points if off-equatorial
minima exist in the dayside magnetosphere (Fig. 24a). Con-
sequently, localized second-harmonic ULF waves could in-
teract with these Shabansky electrons by drift resonance,
which have not been reported before.

In conclusion, off-equatorial minima can affect the bounce
and drift motions of both ions and electrons, changing the
conventional ULF wave—particle interaction pattern. These
results reveal new kinds of ULF wave—particle interaction,
which potentially affect the efficiency of particle energiza-

https://doi.org/10.5194/angeo-40-121-2022

tion for magnetospheric activities relevant to particle ener-
gization.

5 Nonlinear and multiple drift or drift-bounce
resonances

In the traditional drift or drift-bounce resonance theory,
the weak ULF wave—particle interaction is assumed and
charged-particle trajectories are unperturbed; thus, a lin-
earization theory can be applied. However, the observed ULF
waves in the magnetosphere usually have a larger magni-
tude; therefore, the traditional theory needs to be extended
to a nonlinear regime since charged-particle trajectories are
strongly disturbed (Li et al., 2018; Degeling et al., 2019). In
this section, the concepts of the nonlinear and multiple drift
or drift-bounce resonances will be presented.

5.1 Nonlinear drift and drift-bounce resonance

A nonlinear theory of drift resonance has been developed to
formulate the charged-particle motion due to the ULF wave

Ann. Geophys., 40, 121-150, 2022
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Figure 26. The schematic of off-equatorial magnetic field minima effects on particles’ bounce and drift motions. (a) Dayside magnetic field
lines and magnetic field strength contours, modeled with the TS05 and IGRF models. The color codes represent the normalized magnetic
field strength logo[B/Bmax]. (b) The modeled magnetic field strength along the magnetic field line where the MMS was located (L-
shell =9.7, MLT = 11.9). (c—d) The calculated proton bounce and drift frequencies at the magnetic field line where the MMS was located,
using the guiding center method described in Roederer and Zhang (2014). Blue (1) and purple (2) represent particles trapped in the southern
high-latitude minima and particles across the Equator, respectively (adapted from Li et al., 2021).

of a large amplitude (Li et al., 2018, 2020; Degeling et al.,
2019). Observable signatures such as rolled-up structures in
the energy spectrum are predicted. As shown in Fig. 28],
the §W oscillations are strongest at the resonant energy of
54keV, and there appears a sharp, 180° phase shift across
the resonant energy. A rolled-up structure eventually appears
at around the resonant energy; this feature could not be pre-
dicted by the linear theory.

Such a rolled-up structure has been observed in the en-
ergy spectrum by the Van Allen Probes (Li et al., 2018).
This provides solid evidence of the nonlinear drift resonance.
The nonlinear drift resonance can be very important in ULF
wave—charged particle interactions in the radiation belts (Li
et al., 2018; Degeling et al., 2019).

5.2 Multiple drift and/or drift-bounce resonances

Multiple drift and/or drift-bounce resonances can occur with
different plasma species or the same species at different ener-

Ann. Geophys., 40, 121-150, 2022

gies simultaneously. As shown in Fig. 29, it is probable that
ULF waves can interact with the energetic oxygen ions at
two different energies via both drift resonance (N = 0) and
drift-bounce resonance (N = 2) simultaneously (Rankin et
al., 2020).

It is found that the oxygen ion differential flux strongly
peaks at the Equator. Oxygen flux for drift-bounce resonance
peaks at much higher latitudes than that for drift resonance;
this can be understood as pitch angle dependence of the res-
onance energy.

More observations are needed to verify the features of
flux modulations resulting from simultaneous multiple res-
onances of drift and drift bounce in more detail and the re-
sulting ring current dynamics caused by poloidal-mode ULF
waves in Earth’s magnetosphere. Singly charged oxygen ions
undergoing drift resonance and drift-bounce resonance can
yield new insight into the ring current dynamics of heavy
ions that interact with ULF waves.

https://doi.org/10.5194/angeo-40-121-2022
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Another aspect is that multiple ULF waves with differ-
ent m can interact with a single plasma population simul-
taneously. Ultra-high-energy-resolution data from MagEIS
on board Van Allen Probes (Ma et al., 2021) in Fig. 30 are
used to show how magnetospheric charged particles respond
to a negative solar wind dynamic pressure pulse. As shown
in Fig. 30, the residual fluxes for electrons with an energy
less than 800keV are decreasing or dropouts, whereas ones
with an energy larger than 800 keV are increasing following
the arrival of the negative dynamic pressure pulse. The es-
timated arrival times of electron drift are overplotted by the
black dashed curves.

The electron flux oscillations are consistent with the sce-
nario described in Sect. 3.3. For the energetic electron with
an energy above ~ 800keV, the modulated periods by the
ULF waves (low m) are close to its drift periods. However,
for energetic electrons with an energy less than ~ 800keV,
the oscillation is controlled by ULF waves (high m). These
mixture signatures are consistent with energetic electrons at
different energies resonating with ULF waves of different az-
imuthal wave numbers.

Also, it has been shown that ULF waves can interact with
relativistic electrons by drift resonance and ions by drift—
bounce resonance at the same time (Yang et al., 2010; Ren

https://doi.org/10.5194/angeo-40-121-2022

et al., 2016). Thus, multiple drift and/or drift-bounce reso-
nances can occur simultaneously. These provide a basis for
further understanding the dynamic coupling between the ra-
diation belt electrons and the ring current populations in the
magnetospheric response to solar wind forcing.

6 Outstanding questions and concluding remarks

Magnetospheric physics is now in an extremely vibrant
phase, with several ongoing and highly successful missions,
e.g., Cluster, THEMIS, Van Allen Probes, and the MMS
spacecraft, providing amazing observations and data sets.
Since there are many unsolved fundamental problems, in this
paper I have addressed selected topics of ULF wave—charged
particle interactions, which encompass many special fields
of radiation belt, ring current and plasmaspheric physics. Al-
though great progress has been made in recent decades, clear
answers have not been found yet as to the following.

— Do ULF waves mediate coupling between plasmas-
pheric and ring current ion species and radiation belt en-
ergetic electrons? If so, do the ring current ion-excited
second-harmonic poloidal ULF waves of moderate m

Ann. Geophys., 40, 121-150, 2022
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Figure 28. Comparison of predicted signatures for both linear (tra-
ditional theory) and nonlinear theory. (i) The panel corresponds to
ULF waves with increasing and decreasing amplitudes; (j, 1) the en-
ergy spectrum of the electron energy gain/loss from ULF waves,
obtained from the linear (j) and nonlinear (I) theories; (k, m) the
energy spectrum of the electron-residual PSD at each energy chan-
nel, obtained from the linear (k) and nonlinear (m) theories; (n—
p) wavelet power spectrum of the electron-residual PSD obtained
from the nonlinear theory in the 31.5, 53.8 and 79.8keV energy
channels (Li et al., 2018).

number cause the energization of radiation belt elec-
trons?

— What role do the high-m poloidal-mode ULF waves
play in the energization of storm-time ring current ions?
Is this a prerequisite for a super magnetospheric storm
or not?

— How commonly do the high-m poloidal-mode waves
occur at the plasmapause, and can they be seen as the
signature of existence of the plasmapause? What is the
role of the plasmaspheric ion constituency in this? Are
high-m poloidal-mode ULF waves generated mainly by
an exterior solar wind driver or excited by the ring cur-
rent ions?

— What is the role of ULF waves in other planets with a

magnetosphere, e.g., Saturn, Jupiter, or Mercury? What
is the role of ULF waves in other planets or comets

Ann. Geophys., 40, 121-150, 2022
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Figure 30. The residual flux profile of 90° pitch angle electrons of
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of the residual flux. Red means positive, blue means negative and
white means nearly zero. The results of estimated electron drift are
overplotted by the black dashed curves. The sudden drop in solar
wind dynamic pressure at 05:00 UT is marked by the yellow dashed
line (Ma et al., 2021).

without a magnetic field, e.g., Mars, Venus, and Hal-
ley’s Comet?

The response of the magnetosphere to the impact by an in-
terplanetary shock or a solar wind dynamic-pressure impulse
is not just a one-kick scenario. Instead, the impact generates
a series of waves, including poloidal-mode ULF waves. A
generalized theory of drift-bounce resonance with growth or
decay and/or localized ULF waves has been developed to ex-
plain the observations. Energy- and pitch-angle-dependent
behaviors for both resonant and non-resonant populations
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can be well predicted by the generalized drift resonance the-
ory.

The studies on ULF waves’ interaction with charged parti-
cles will magnificently enrich our understanding of the in-
teractions of the solar wind and solar wind forcing with
the planet’s magnetosphere (often causing large geomag-
netic disturbances), which is a ubiquitous phenomenon oc-
curring throughout the plasma universe but uniquely acces-
sible within Earth’s magnetosphere. It is realized that the
poloidal ULF wave is more effective at accelerating and
modulating electrons (fundamental mode) in the radiation
belt as well as charged ions (second harmonic) in the ring
current region.

A part of ultra-high-energy-resolution data already pro-
vide us with new insight into the drift or drift-bounce res-
onance, especially for multiple drift and/or drift-bounce res-
onances. Any future magnetospheric mission plans should
take into consideration the allowance for charged-particle de-
tectors to have high energy resolution, high pitch angle res-
olution and the capability to separate ion mass and charge
compositions.
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