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ABSTRACT OF THE DISSERTATION

Characteristics and Significance of Chorus-Wave-Driven
Relativistic Electron Microbursts in the Earth’s Outer Radiation Belt:

Wave-Particle Interaction Modeling Studies

by

Ning Kang
Doctor of Philosophy in Atmospheric and Oceanic Sciences
University of California, Los Angeles, 2025

Professor Jacob Bortnik, Chair

This dissertation presents a comprehensive investigation into chorus-wave-driven relativistic
electron precipitation in Earth’s outer radiation belt through a newly-developed numerical

model, emphasizing the microscopic to macroscopic characteristics of relativistic microbursts.

We initially develop the Chorus Induced Particle Precipitation (CIPP) model, designed
to simulate detailed precipitation signatures on arbitrary magnetic field lines resulting from
equatorially generated chorus waves. The modeling approach accurately captures the spatial

and temporal precipitation dynamics and demonstrates robust predictive capability.

We then model the spatial scales of chorus-driven relativistic electron microbursts, finding
a typical scale size of approximately 60 km, consistent with observational data. Our results
show that the spatial scale of microbursts primarily depends on wave propagation rather
than source dimensions. Additionally, microbursts exhibit substantial poleward displacement
from chorus wave source regions, challenging the traditional assumption of strict magnetic

conjunction and highlighting the importance of non-conjugate geometries.
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Extending our framework globally, we simulate chorus sources distributed across various
L-shells and magnetic local time sectors. Results demonstrate sector-dependent variations
in precipitation, with noon-sector microbursts significantly stronger and broader than those
in dawn or midnight sectors, primarily due to reduced Landau damping. These findings
highlight the controlling role of ~ keV electron populations in relativistic precipitation

processes and provide a quantitative basis for estimating global radiation belt losses.

Subsequently, we estimate relativistic electron lifetimes within the outer radiation belt
under chorus-driven precipitation, finding lifetimes ranging from tens of hours in the core
belt (L = 5-6.5) to significantly longer durations at lower L-shells. Our results confirm
that chorus-driven microbursts can efficiently deplete relativistic electron populations on

timescales of days, verifying their critical role in radiation belt electron dynamics.

Finally, we demonstrate that efficient night-side relativistic precipitation requires chorus
wave ducting by cold plasma density structures. Using multi-spacecraft observations coupled
with event-specific modeling informed by ELFIN measurements, we show that ducted waves
retain an amplitude sufficient for resonant interactions at high latitudes, with relativistic
energies, approaching the strong diffusion limit. Our findings imply that plasma density
ducts may be a common and essential feature for relativistic electron precipitation on the

night-side, significantly affecting radiation belt dynamics.

We conclude that chorus driven relativistic microbursts have unique and complicated
spatiotemporal characteristics, and play an important role in the global radiation belt dy-

namics.
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The crane cries in the marshland, clear to the heavens its call.
Fishes linger by the islet, or dive deep beyond all.

- “Lesser Hymns: Cranes Calling” from the Classic of Poetry.
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CHAPTER 1

Introduction

1.1 Overview

Relativistic electrons in the Earth’s radiation belts are a critical component of space weather,
with important implications for satellite operation and space-borne technologies. In this
dissertation, we quantitatively examine the characteristics and significance of relativistic
electron microbursts driven by chorus waves in the Earth’s outer radiation belt. Our anal-
ysis spans both microscopic and macroscopic perspectives. On the microscopic level, we
investigate the features of individual relativistic microbursts and explore how these features
relate to properties of the driving chorus waves. On the macroscopic level, we character-
ize the global distribution of various microburst features and assess their overall impact on

radiation belt dynamics.

The primary tool we use for these studies is an advanced numerical model we developed
called Chorus Induced Particle Precipitation (CIPP) code, which is designed to model the
electron precipitation via wave-particle interaction with chorus waves. The code is different
from any existing numerical models focusing on chorus wave induced precipitation to the
author’s knowledge, due to its ability to describe the precipitation signatures over different

locations induced by one chorus wave event.

We will investigate the following specific areas: 1) determining the spatiotemporal char-



acteristics of a single chorus-wave-driven microburst, with emphasis on the spatial scale size
of the microburst; 2) establishing a global distribution of the spatial scale size of the chorus
wave driven microburst based on chorus wave statistical results; 3) estimating the global im-
pact of chorus wave driven microburst on the relativistic electron loss in the outer radiation
belt by modeling the lifetime; 4) preliminary elucidating the role that density ducts play in

the chorus wave driven relativistic microburst.

1.2 Scientific background

The Earth’s radiation belts are a highly dynamic system, and the studies on its dynamics
are drawing a lot of attention. The Earth’s outer radiation belt dynamics is controlled by
various processes [118, 146]. In this section, we introduce the topics that are of interest in
this dissertation, namely an overview on the basic concepts of Earth’s radiation belts, the
loss process involved in electron microburst, and the chorus waves and their relation to the

microburst.

1.2.1 The Earth’s radiation belts

It has long been known that near-Earth space is full of high-energy particles since the revolu-
tionary discovery using the Explore I spacecraft by Van Allan in 1958 [156], after whom the
Van Allan radiation belts are named. Current understanding indicates that the radiation
belts consist of two parts. The inner belt, centered at L-shell of 1.5, consists dominantly of
high energy protons with energies E > 10MeV [89], and is usually rather stable. The outer
belt, on the other hand, is located between 4 < L < 6, primarily consists of high energy
electrons with energy £ > 100keV, and is much more variable and dynamical [146, 154, 86].
Recently, the discovery of a (temporary) third radiation belt was reported [17, 99|, show-
ing the highly dynamic nature of the outer radiation belt. In between the inner and outer

radiation belt (2 < L < 3) is the so called slot region, where the flux level of high energy
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Figure 1.1: An illustration of the structure of Earth’s magnetosphere and radiation belts.

particles stays low. The slot region is usually considered to be formed by loss mechanisms
controlled by wave activities [95]. A sketch of the radiation belt configuration in the Earth’s

magnetosphere is illustrated in Figure 1.1.

To understand the dynamics of energetic particles in the radiation belts, we need to un-
derstand the motion of a single particle in the Earth’s magnetic field. The particle motion
has three characteristic periodic motions: 1) gyro motion where particle cycles around a field
line; 2) bounce motion where particle bounces back and forth along a field line (thus get
trapped in the magnetosphere); 3) drift motion where particle drifts across field lines around
the Earth. According to classical mechanics theory, each periodic motion corresponds to
an adiabatic invariant whose value is conserved, namely the magnetic moment g, longitude
invariant 7, and total magnetic flux ®. In the absence of perturbing forces, the adiabatic
invariants will stay conserved and the periodic motions will be maintained. If a particle can
complete a full period of all three periodic motions, the conservation of adiabatic invariants
will guarantee this particle can stay in the periodic trajectory and thus is trapped in the
magnetosphere. On the other hand, if any part of the trajectory is within the dense iono-

sphere, then the particle will get lost into the ionosphere due to collisions with neutrals and
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Figure 1.2: Illustration of three periodical motions of particles in the radiation belt and the

corresponding adiabatic invariants. (a) gyro motion, (b) bounce motion and (c) drift motion.



Gyro motion | Bounce motion | Drift motion
Typical period 0.01 — 0.1ms 0.1 —1s 10 — 1000s
Typical frequency | 10 — 100k H z 1—-10Hz 1 —100mHz
Adiabatic invariant = TSQEO I =¢uds d=¢pBy-dA

Table 1.1: Three adiabatic motions of electrons and their corresponding typical periods,

frequencies and adiabatic invariants.

not be able to come back to the magnetosphere, or called precipitated.

Each motion has a typical period range that does not overlap with each other, where the
gyro motion is the fastest and the drift motion is the slowest, as listed in Table 1.1. To break
the conservation of these adiabatic invariants, perturbation with a comparable frequency
of the corresponding periodic motion is required, which forms the foundation of resonant
wave-particle interaction. For the interest of this dissertation, we focus on a certain kind
of perturbation with frequency ~ 10k H z, namely the chorus waves to be introduced later,
which can break the conservation of the first adiabatic invariant p, and is thus capable of
scattering the trapped electrons out of the trapped state and getting precipitated into the

atmosphere.

The energetic electrons in the radiation belts, especially those with relativistic energy
> 1MeV are often called “killer” electrons, as they can potentially damage the electronics
and human, therefore pose severe threats to the spacecrafts and astronauts traveling through
the radiation belts [15, 16, 158, 42]. Therefore, better understanding the dynamics of the
radiation belts, especially the highly variable outer radiation belt which contains lots of
killer electrons, is crucial for the utilization and the exploration of the near-Earth space

environment as well as transit to outer space (e.g., cis-lunar space, Mars, and outer planets).
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Figure 1.3: Electron > 1MeV microbursts on October 19, 1998 observed by SAMPEX, as
reported by [92].

1.2.2 Microburst precipitation

Microbursts are impulsive electron precipitation bursts with individual burst durations of
less than 1 s. They are observed across a wide energy spectrum, ranging from several tens of
keV [6, 105] to multiple MeV [92, 47, 63]. First discovered using balloon-borne X-ray detector
arrays [6], microbursts have since been extensively studied through low Earth orbit (LEO)
spacecraft observations [63, 92, 91, 19, 163, 113]. We refer to microbursts with energies
> 1 MeV as relativistic microbursts. Figure 1.3 shows a typical event of this kind, originally
reported by [92]. The characteristic features are evident: a sudden increase in precipitation
flux with a short duration, often forming a train of tens to hundreds of microbursts occurring

within a short interval.

Previous statistical studies have characterized the global distribution of relativistic mi-

crobursts [47]. They are predominantly observed outside the plasmapause, within the



3 < L < 7 range. Their primary occurrence in magnetic local time (MLT) spans from
midnight to early afternoon (0 < MLT < 13), with peak activity in the morning sector.
The occurrence rate is strongly modulated by geomagnetic activity—higher activity levels
lead to more frequent microbursts and shift the peak occurrence to lower L-shells. Notably,
these distribution characteristics closely resemble those of chorus waves, as will be discussed
later. The durations of microbursts have also been investigated: Shumko et al. [132] found
that bursts last approximately 80 ms in the dawn and night sectors, and extend to around
160 ms in the noon sector. However, no statistical results regarding the spatial scale size
of relativistic microbursts have been reported, due to limitations that will be discussed in

Section 3.1.

Microbursts are widely believed to play a key role in relativistic electron loss from the radi-
ation belts. Lorentzen et al. [92] and Breneman et al. [30] performed event-based estimates
of loss rates and concluded that microburst-induced precipitation can lead to substantial
depletion of relativistic electrons, potentially emptying an entire flux tube within approxi-
mately 10 hours. In some cases, nearly complete loss during a single geomagnetic storm has
been reported [92]. Additional statistical studies [46, 145, 54] suggest that microburst-driven
electron lifetimes range from tens to hundreds of hours. Beyond their influence on radiation
belt dynamics, microbursts significantly impact atmospheric composition by enhancing HO,
and NO, levels and promoting ozone depletion in the upper mesosphere and lower thermo-
sphere [100, 104, 125]. Consequently, microbursts are vital for advancing our understanding
of radiation belt loss processes and the coupling between the magnetosphere, ionosphere,

and atmosphere.

1.2.3 Chorus waves

Whistler-mode chorus waves are intense, naturally occurring electromagnetic emissions in the
extremely /very low frequency (ELF/VLF) range (hundreds of Hz to several kH z), primarily

observed outside the plasmapause in Earth’s magnetosphere [33, 151, 103]. Chorus emissions
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Figure 1.4: An example of a chorus wave event observed by THEMIS A on July 26, 2008.

are composed of discrete elements with characteristic frequency chirping—rising or falling
tones lasting ~ 0.1—0.3s, clustered in longer modulations from a few seconds to minutes [121].
Figure 1.4 shows an example of the typical rising tone chorus wave elements observed by
Time History of Events and Macroscale Interactions during Substorms (THEMIS) mission
[8]. It is called “chorus” because when converted to audio signal, the typical rising tone

spectra fall into the audio frequency range and sound like chirping chorus.

Chorus waves are generated through cyclotron resonance with anisotropic electrons in-
jected from the plasma sheet, typically with energies from a few to tens of keV and with tem-
perature anisotropy where perpendicular temperature exceeds parallel temperature (7 >
Ty) [75, 76, 151, 51, 115]. The source region is generally located near the geomagnetic equa-
tor [82, 121, 88|, though some dayside events may originate at higher latitudes [155, 67, 152].
Chorus waves are usually split into a lower band (0.1 — 0.5f.. where f.. is the equatorial
electron gyrofrequency) and an upper band (0.5 — 0.8 f.), separated by a spectral gap near
0.5fc [83, 50]. Chorus activity is highly dependent on geomagnetic conditions and shows

strong correlation with substorm-driven AE indices [103, 88].

The physical features of chorus vary with MLT, L-shell, and magnetic latitude. Large-



amplitude lower-band chorus (> 300pT") occurs mainly from premidnight to postdawn near
the equator at L < 8 [88, 102], while weaker emissions extend through the noon and dusk
sectors. Wave normal angle statistics show that strong lower-band chorus is typically field-
aligned (wave normal angle < 20°), while more oblique propagation occurs for weaker waves,
especially on the dayside [88, 102]. Nightside lower-band chorus is usually confined within
+10° magnetic latitude (MLAT'), whereas dayside emissions extend to higher latitudes. Up-
per band chorus differs from the lower band in having weaker amplitudes, more oblique
propagation, and spatial confinement to L < 8 and |M LAT| < 10° [122, 88]. These differ-
ences may arise from stronger Landau damping at higher frequencies [114]. Recent statistical
studies confirm that both bands are predominantly generated within |[MLAT| < 3° of the

magnetic equator [143].

Chorus waves are critical to radiation belt dynamics and magnetospheric energy transfer.
They can accelerate electrons from hundreds of kel to MeV energies via linear and nonlin-
ear cyclotron resonance [60, 61, 147], significantly enhancing the outer radiation belt during
geomagnetic storms [117]. Simultaneously, chorus can scatter low energy (0.1 — 100keV’)
electrons into the atmospheric loss cone, producing diffuse and pulsating auroras [146, 112],
and can scatter relativistic energy ~ 1MeV electrons [91, 37]. The wave-particle interaction
regime is amplitude-dependent: low-amplitude chorus induces quasi-linear diffusion, while
large-amplitude elements cause nonlinear pitch-angle scattering, leading to rapid precipita-
tion and energy loss [4, 29]. Moreover, chorus emissions that propagate into the plasmasphere
are thought to be a major source of plasmaspheric hiss [28,; 27], which contributes to the
formation and maintenance of the two-belt radiation belt structure [95]. As such, chorus
waves are a key agent in both energization and loss processes across the radiation belts,

making their detailed understanding essential for space weather modeling and prediction.



1.2.4 Relationship between chorus waves and relativistic electron microbursts

It is widely accepted that chorus waves are a primary driver of relativistic electron mi-
crobursts. A large number of statistical studies support the connection between chorus
waves and relativistic electron microbursts. Both phenomena are found to occur more fre-
quently during geomagnetically active periods, especially in association with substorms and
enhanced AE indices. Microbursts and chorus also share similar spatial distributions: they
are typically observed outside the plasmapause, concentrated in the dawnside sector, and
peak in occurrence between L-shell of 4 and 6 [47, 110, 163]. The magnetic local time and
L-shell distributions of chorus and microbursts closely align, indicating that they are likely
linked through the same generation region. Furthermore, microbursts often appear in short
trains—multiple precipitation events spaced less than one second apart over durations of
10-15 seconds [6, 150]. This temporal structure is consistent with the amplitude modulation

of chorus wave packets, which are also known to vary on similar timescales.

In addition to statistical correlations, direct satellite observations have shown strong
one-to-one correspondence between equatorial chorus waves and low-altitude microburst de-
tections. Multi-point measurements have captured simultaneous signatures of intense chorus
wave activity near the magnetic equator and bursts of relativistic electron precipitation de-
tected by low-Earth orbiting spacecraft along connected field lines. Such conjunctions have
been reported in several studies [91, 77, 30], often showing close timing and spatial alignment
between chorus wave packets and individual microbursts. These event-based observations
provide strong support for the idea that chorus waves directly scatter radiation belt electrons

into the loss cone, producing the observed precipitation signatures.

The ability of chorus waves in driving microbursts has also been indicated by various
numerical simulation models, for example, particle-in-cell (PIC) simulation by Hikishima et
al. [59], test particle model by Bortnik et al. [23] and Chen et al. [37, 40, 39], and time-of-
flight model by Miyoshi et al. [106, 107, 120]. These works all show a one-to-one correlation
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between equatorially generated chorus wave event and microburst, reflecting the underlying
wave-particle interaction mechanisms between chorus waves and electrons that causes the

microburst.

1.3 Open scientific questions: from microscopic to macroscopic

aspects

The previous studies we reviewed in Section 1.2 have greatly expanded our understanding
of the origin and role of the relativistic microbursts in the Earth’s radiation belts. How-
ever, there are still several questions that have not been addressed. We can separate these
questions into two categories: the microscopic aspect that focuses on the physical mecha-
nism of how a single chorus wave element drives a single microburst, and the macroscopic
aspect that focuses on the global distribution of microburst features and the global impact

of microbursts. In this dissertation we will address these questions as follows.

Despite the extensive studies on the wave-particle interactions between chorus waves
and electrons, it is quite common for investigations to only consider the interaction on a
single field line, i.e., the field line where chorus waves are equatorially generated [29, 107,
97, 30, 91, 59, 114, 120]. Often the implications behind such an assumption is the strict field
aligned propagation of chorus waves, sometimes even the strictly parallel k vector along the
ray paths. This assumption makes the analysis unable to study a spatial distribution over
different L-shells, and furthermore, it is known that a strictly parallel propagating, field line
guided chorus waves are relatively uncommon in a smooth, inhomogeneous magnetosphere
[80, 121]. Therefore, current research neglects the precipitation occurring on field lines away
from the chorus wave equatorial source region, and thus we know very little about the
spatial characteristics of the microbursts. This is a major gap of our understanding in the

microscopic aspect of chorus driven microburst.

We also raise two questions concerning the macroscopic aspect. Due to the limitation of
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single spacecraft in situ observation, we don’t have the ability to widely obtain the microburst
scale size from spacecraft observations. Currently we only have very limited case studies re-
porting the microburst scale size of single events, therefore we have very little understanding
of the global distribution of microburst spatial characteristics. Moreover, current research
on the electron lifetime due to microburst, mentioned in Section 1.2.2; are all based on direct
observations of microbursts, therefore do not reveal the relation between global electron loss
and the driver of microburst, the chorus waves. In other words, even though we know both
the role of chorus waves driving microbursts and the impact of microbursts driving global
electron loss, there is still a knowledge gap in linking the the chorus waves and global electron

loss due to microbursts.

1.4 Thesis organization and major contributions

This dissertation is organized into the following 7 chapters:

Chapter 1 (the current section) introduces the basic concepts of microbursts in Earth’s
radiation belts and their relation to chorus waves, reviews related past work and current

knowledge gaps, and raises the scientific questions that we address in this dissertation.

In Chapter 2 we introduce the numerical simulation tools we developed for our analysis,
the Chorus Induced Particle Precipitation (CIPP) code. We comprehensively introduce the

technical details of the code’s algorithm, serving as a technical summary report.

Chapter 3 is devoted to a single event analysis using the CIPP code, which serves as
a detailed demonstration of the capabilities of the CIPP code, as well as investigates the
microscopic questions of chorus driven precipitation signatures at arbitrary field line and

microburst spatial charateristics such as scale size.

Chapter 4 turns to macroscopic questions of the global distribution of microburst spatial
charateristics. Utilizing the ability of our CIPP code, we model the microburst spatial

charateristics at different L-MLT magnetosphere locations based on the global distribution
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of chorus waves.

Chapter 5 estimates the lifetime of the relativistic electrons due to chorus driven mi-
crobursts, therefore address the ultimate goal of studying the macroscopic questions: un-
derstand how chorus waves contribute to relativistic electron loss and to assess their overall

significance in this process.

Chapter 6 serves as an adjunct study where we make a preliminary attempt to study
the chorus-driven microburst under a special condition: a density duct. We will explore the
unique characteristics of microburst driven by ducted chorus waves via a single event-based

modeling study.

Finally, in Chapter 7 we summarize the results presented in Chapter 3 to 6, discuss
implications and limitations of these works, and conclude with proposing potential future

works.

The key contributions of this dissertations are summarized below:

e We identified new characteristics of chorus-driven relativistic microbursts: the typi-
cal spatial scale is on the order of several tens of kilometers even under point-source
assumptions; relativistic microbursts tend to occur at higher L-shells than their driv-
ing chorus waves; and they exhibit poleward motion with ground velocities of several
hundred km/s. These features are consistent with expected chorus wave propaga-
tion effects, suggesting that such propagation may play a dominant role in shaping

microburst spatiotemporal characteristics.

e We modeled the global distribution of microburst properties based on the statistical
distribution of chorus waves and background plasma conditions. The results indicate
that microbursts in the dawn and night sectors share similar scale sizes and maximum
fluxes, whereas those in the noon sector tend to have larger spatial scales and stronger

fluxes, likely due to reduced Landau damping of chorus waves near noon.

e We estimated relativistic electron lifetimes in the outer radiation belt due to chorus-
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driven microbursts, using statistical chorus wave data. The resulting lifetimes, typically
on the order of several tens of hours, provide a theoretical link between chorus wave
activity and electron loss timescales, reinforcing the role of chorus waves in outer belt

depletion.

We conducted a case study of relativistic microbursts associated with ducted chorus
wave propagation. Through event-specific modeling of a strong night-side precipita-
tion event, we demonstrated that ducting may play a key role in enabling significant
precipitation by mitigating strong Landau damping. This result suggests that pro-
nounced relativistic precipitation on the night side is likely facilitated by ducted wave

propagation.
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CHAPTER 2

Theoretical background of the modeling method

In this chapter, we introduce our modeling tool, the Chorus Induced Particle Precipitation
(CIPP) code, that is used in the following chapters in great detail. The prototype of the
CIPP code is the Whistler Induced Particle Precipitation (WIPP) code, which was developed
by Bortnik et al. [25, 26] two decades ago to investigate the electron precipitation induced
by lightning generated whistlers (LGW). Despite its powerful capability to calculate precip-
itation signatures across field lines with a rather low computational cost, it has met very
limited application and drawn very little attention after its development until recently, we
systematically reviewed this code, addressed outstanding issues, and most importantly, up-
graded it into the CIPP version so that it can be applied to model the precipitation induced
by not only the ionospherically originated LGW waves (which was its original purpose) but
also equatorially generated chorus waves, which have drawn more and more attention in

recent years.

The CIPP code inherits the virtues of the WIPP code: taking the full propagation effect
of waves into account, enabling the cross field line precipitation analysis for a single event,
and the relatively low cost for wave-particle interaction calculation by adopting a few quasi-
linear assumptions. These features make the CIPP code an ideal tool to overcome the single
field line limitation inherent in many existing chorus wave-particle interaction studies. The
other side of coin that we shoule bear in mind is the limitation inherited: it does not involve
any feedback from particle to waves, and it does not involve any nonlinear effect for wave

propagation, generation or wave-particle interaction, which necessarily limits application to
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Figure 2.1: Workflow sketch of CIPP code, showing how the code starts with ray tracing
of chorus waves to calculate the final result: the E — t spectrum of precipitated flux on
both northern and southern foot points of a certain field line. Here, only the precipitated
flux in the southern hemisphere is shown but the same procedure applies to the northern

hemisphere.

low and moderate intensity waves.

We introduce the technical details of the CIPP codes in the remaining part of this chapter.
in Section 2.1 we introduce the top level workflow structure which consists of four major
parts, and Section 2.2 to 2.5 introduce how each of the four major parts work. This chapter

will serve as a technical summary report of the CIPP code.
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2.1 The basic workflow of the Chorus Induced Particle Precipita-
tion (CIPP) code

The purpose of the CIPP code is to calculate the energy-time (E — t) spectrum of the
precipitated flux Jprecip at the footpoints of any field lines due to a given chorus wave element.
The most interesting feature about the CIPP code is that because we can in principle run the
code for any field line simultaneously, in practice we often run it on multiple field lines, whose
footpoints on ionosphere provide the valuable information about the spatial distribution of
Jprecip- The calculation over multiple field lines is just a simple repetition of the procedure on
one field line, therefore we will only introduce how the code works to calculate Jyecip(E, 1)

for just one single field line.

The basic workflow of the CIPP code is shown in Figure 2.1. We divide the procedure into
four steps, which are marked in Figure 2.1. The first step is to initialize chorus waves and
trace their propagation trajectories using the ray tracing technique. This step, in principle,

provides a full description of the chorus wave propagation and evolution.

The next step is to encode the wave information for those propagating through the target
field line (we use the L = 5 field line marked with thick line in Figure 2.1 as an example). For
this purpose we divide the field line into small segments with latitude interval A\, and assign
an effective area (EA, shown as the small areas perpendicular to the target field line) to each
of these segments. If a ray cross through an EA, then the current wave information (current
time, frequency, wave power, WNA, etc.) will be recorded and linked with the corresponding
EA. After Step 2, each EA will establish an f — ¢ spectrum of wave information belonging

to its small segment, as shown in Figure 2.1.

Step 3 is to calculate the E—t spectrum of the scattered pitch angle at the both footpoints
of the target field line. For each wave crossing an EA, we can calculate the resonance energy
E, s, the flight time 4, the electron need to travel from this EA to the ionosphere, and the

scattered PA A« by integrating ‘é—i‘ (determined by electron dynamic equations) over the
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time electron need to travel through the small field line segment corresponding to this EA.
This wave will then contribute a scattered PA Aa? to the footpoint for energy E,., at arrival
time t = toross + Ly, Where to0s is the time when wave crosses the EA. We sum up over
Aa? instead of Aa to follow the quasi-linear assumption that variance increases linearly as

a function of time, which we will discuss later.

The final step is to convert the F — ¢ spectrum of the scatted PA Aa? . into the pre-
cipitation flux. This is achieved by introducing a new input dataset: the trapped flux. The
scatted PA Aa? . is a proxy indicating how many electrons will be scattered from just out-

side the loss cone (trapped flux) into the loss cone and get lost, as illustrated in the sketch of

Figure 2.1. After this step we obtain our final product, Jpy.c.ip(E,t) on the target field line.

Next we will introduce each step in more detail in the following sections.

2.2 Tracing the wave power propagation trajectories

The purpose of this step is to initialize a chorus wave event and trace where the wave power
propagates to. This requires the following data as input: 1) initial conditions of the cho-
rus waves, including the equatorial source location (we will assume the chorus waves are
all originated from the equator throughout) and the initial wave power density function;
2) environmental condition which determines the propagation trajectories of chorus waves,
including magnetic field and cold electron density distribution (we will assume a standard
dipole field geometry throughout); and 3) energetic electron flux at the Landau resonance en-
ergy range for Landau damping calculation. The method we use is the ray tracing technique,

whose principles are introduced below.

2.2.1 The ray tracing method

The ray tracing method is an efficient technique used to simulate the propagation of waves in

an inhomogeneous medium, first developed by Haselgrove [57] and introduced to wave studies
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Figure 2.2: Ray tracing techniques explained with Snell’s Law, in both the (a) isotropic and

(b) anisotropic media

in the magnetosphere by Kimura [78]. This method assumes a plane wave propagating with
a fixed frequency, and therefore the wave can be described as a simple ray. The ray path is
described by the Snell’s Law, which demands the tangential components of wave vector k on
both sides of a medium stratification to be continuous, as indicated in Figure 2.2. The famous
Snell’s Law formula for common isotropic optical medium n; sin #; = ns sin f5 provides a very
straightforward slab-by-slab approach to trace the ray path, as shown in Panel (a) of Figure
2.2. However, the complexity that prevent us from doing so for waves in the magnetosphere
is that the magnetized plasma is a highly anisotropic medium, which means 1) Snell’s Law
does not provide a simple and intuitive geometric approach to determine the wave normal
vector, and 2) the ray propagation direction is in general not aligned with the wave normal
direction, therefore an additional calculation for the group velocity direction is still needed
even if we obtain the wave normal direction. These complexities are illustrated in Panel (b)

of Figure 2.2.
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To address these difficulties, Haselgrove [57] transformed the Snell’s Law into an equiv-
alent set of ordinary differential equations (ODEs) simultaneously describing the evolution

of both the ray location and wave normal direction, which is repeated below as given by

Kimura [78]:

( dr 1 o
i E(m - “ap,)’
dy 1 ol
- T—MQ(PX - Mé?_px)’
do 1 o
- —MQ sin2X<p¢ - Ma—p(ﬁ),

dp, 10u dy do . (21)
- L or + g + Po gy SBX

% = %(%g—i - px% + T‘%% cos x),
dpe 1 ,10p dr d

LAt rsinx(ﬁﬁ_gzﬁ ~ Xy sy = Tp¢d_>tC cos ).

Here the ray location is described in spherical coordinate (r, x, @), i is the refractive index,
and the vector p = p,f + pyX + pd)qAb is defined as p = % = MR (where ¢ is the speed of
light and w is the wave’s angular frequency), which is the vectorized refractive index with
direction of wave normal k and length of u. Equation 2.1 is a complete set of first order

ODEs, and can be numerically solved with standard methods such as Runge-Kutta method

119, 79].

It is important to point out that the variable ¢ in Equation 2.1 is not time, but an
integration variable with dimension of length. Its connection to the real time, or precisely,
the group time defined as t;, = % where ds is the distance traveled by the ray and v, is

g

the group velocity, that is directly related to the energy propagation of the wave, is through

the following equation:
dt, 1 wdp

E_E( +;dw). (2.2)

We will adopt a 2D version of the ray tracing equation by conducting the ray tracing

only in a meridional plane. By setting ¢ as a constant and ps = 0 (assuming the longitu-
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dinal deflections is negligible because the gradients in the cold plasma density distributions
in longitudinal direction is much smaller than radial and polar directions), we can reduce

Equation 2.1 into a set of 2D ray tracing equations:

(dr 1 ou
a E(pr - M@pr)’
dx _ L( _ %)
dt 7",U2 pX Napx )

dp, 10u dx (23)

a " por T PYa
dpy 1,10p dr
= = —(=5= =)
L At rpdx dt

In the 2D case, the spherical coordinates degenerate into polar coordinates. We usually
define the dipole direction as the polar axis, then the polar angle y can be related to the
latitude A through A = 5 — x.

From Equation 2.3 we can see that the driver of the ray propagation is the refractive index
1(7, X; pry px)- Therefore we need to find the expression for the refractive index. Throughout
this work we will adopt the cold plasma assumption, and then the refractive index can be

derived from linear dispersion theory [138]:

S —p?sin®  —iD  p*sinfcosf
1D S — u? 0 =0, (2.4)

p? sin 6 cos 0 0 P — i?sin®6

where i is the imaginary unit satisfying i> = —1, 6 is the wave normal angle defined as
the angle between wave normal k and the local ambient magnetic field By, S = % and
D = %, and P, R, L are the Stix parameters defined as:
4 (JJ2
_ ps
pP=1- Z w2’
w2
R=1-S"__"ps
2 miay (2:5)
2
w
L=1- —
; w(w — Q)

\
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where wp, = \/;‘*—;ﬁ, Qy = % are the plasma frequency and signed gyrofrequency of par-
ticle species s with charge ¢ (can be both positive or negative), mass my and density n.
Wps, §15 are function of location r, x through their dependence on ng and By, and the location

dependence is further passed to P, S, D via w,s, {2s and finally to pu.

After some straightforward algebraic manipulation, Equation 2.4 can be reduced to a
quadratic equation of p*:
Ap* — Bp* +C =0, (2.6)
where
A = Ssin?60 + P cos® 0,
B = RLsin?0 + SP(1 + cos? ), (2.7)
C = PRL,

2 __ .
By B —4AC V]§A4AC. These two solutions

Equation 2.6 can be easily solved with two solutions: p? =
correspond to the two branches of plasma waves in the cold magnetized plasma. Since we
are interested in the chorus waves, we will only select the whistler-mode wave branch as the

solution for p?:

.,  B—vB?-4AC

o= : (2.8)
2A

Equation 2.8 provides the full description of pu(r, x; pr, py). The dependence on p,, p,, is

obtained through the WNA 6, which, combined with the known direction of ambient field

by, yields the direction of k, and p,, py can be calculated from p, 4 p, X = uk.

To initialize the ray tracing run, we set the ray initial location (rg, xo) to be the cho-
rus equatorial source region (Lg..Rp,7/2). A chorus wave element can contain different
frequency modes and different WNAs, which can be described with a wave power density
function P(f,6). We can select a frequency and WNA interval Af, Af, and the chorus
wave element with P(f,#) can be represented by a series of rays with frequency f;, initial
WNA 6;, and initial wave power P(f;,6;)AfAf. By tracing these rays we can simulate the

propagation of this chorus wave element.
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We use the Stanford ray tracer [64, 160, 137, 157, 44] to conduct the ray tracing technique

we described above.

2.2.2 Landau damping calculation

Although we assume cold plasma dispersion relation in the ray tracing part, which introduces
no energy dissipation, a damping mechanism is still needed because the rapid wave power loss
as chorus waves propagate to higher latitudes has been shown to be a key feature of chorus
waves [103]. Failure to describe the damping behavior of waves will result in unrealistic
wave power distribution. Therefore, it is crucial to introduce the most important damping

mechanism, Landau damping, into our ray power calculation.

We will follow Brinca’s method [31] to introduce Landau damping into a cold plasma dis-
persion relation. The idea is that we assume a very small portion of hot electron population
exists in the cold electron background, and assume the hot electron population is so small
that it does not alter the cold plasma dispersion relation, but contributes an additional small
damping rate. Mathematically, we separate the frequency w into a real part and imaginary
part: w = w, — iw; where w; < w,, and correspondingly k = k, + tk; where k; < k,, and
assume the real part w,, k, are solely described by the cold plasma dispersion relation, while
the small hot electron population contributes to w;,k;. Brinca [31] derived the following
formula for the damping rate:

C]i'i
X=——""
w

1
 4u(2A2 — B) (
p?sin®6 — P
2(5 — p?)
—2[(S = p?cos ) (S — p?) — D*| A1 (JGo)

r, ([(R 1) It + (L= 1) ] G1> (2.9)

— 20 sin @ cos 0Ty ([(R — 1) -1 + (L — p*) Jns1] Go) ) ,
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where A, B,C, P, S, D, R and L are the Stix parameters introduced in Section 2.2.1, .J,, is the
the Bessel function of the first kind of order m with argument being %, and the operator

I'y and A, is defined as:
2m2e? - o °° s
N0 = e 3t [ s o0

eomewk” ~ o
(2.10)
MO= oy 3 [ e [ a0,
and functions GG; and G5 are defined as:
k k
Gy = (1 My OF | ks 8F
w "0v, w Oy (211
o= J [( er>ﬁ_erUHﬁ . )
27 um w Oy wv, Ovy "
where v = “*IQTQE is the resonance velocity, and f(v, v, ) is the phase space density of the

6

hot electrons in units of em™%s73. Following the method of [24], if we assume an isotropic

distribution:
AN
(vﬁ +v?)e’
where f(v),v.) can be easily calculated from a measured electron flux J(E) by fitting the
flux as J(F) = JoE~™. Observing that J(E) = %f(mb vy ), we can quickly derive
2
g=n+1;Ay =2Jo(—)""". (2.13)

e

flopvr) = (2.12)

In the remaining sections we will use this method to derive Landau damping rate from

spacecraft observed electron flux data.

2.2.3 Magnetic field and plasma density model

In the ray tracer we use a simple dipole magnetic field model throughout the dissertation.
We use a modified diffusive equilibrium (DE) model for the cold electron density in ray
tracing which is critical for guiding the ray trajectories, following Bortnik et al. [22]. The
density model is described as:

Ne = NpNaeNii Ny (2.14)
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Here, N, is the reference density at geocentric distance Ry. The diffusive equilibrium term
Nde is:
1/2

Ny = (2.15)

3
ZZ_; h; exp <—%)

where ¢ = 1,2, 3 corresponds to H, He™, and O™, respectively. h; is the ion composition at

Ry, and the geopotential height G is

G =R, (1 - &) (2.16)

The scale height H; is

Tpr B Rg\”
H; = Momyg(Ro) 9(Ry) = g(RE) < ) (2.17)

with M; the ion mass normalized by proton mass m,, and Tpg the base temperature in unit
eV. The ionospheric shaping term N;; ensures the density drops below the ionosphere and
peaks at its base:

1—exp (-U5) . R< R,
Ny = " (2.18)

0, otherwise
where Ry is the ionospheric base height, and H is its scale height. The plasmapause term

Ny models the sharp density gradient at the plasmapause:

,
[eXp <_ (L:Ulép)2> + 1 _ eXp (_ (walép)2>:|

M= [ - B e (-9528)] L L<L, 219

1, otherwise
\
Here, L, is the inner plasmapause boundary, w its half-width, R, the matching point between

inner and outer densities, a the outer falloff exponent, and H, the outer scale height.

The DE model provides us a framework with free parameters (such as w, H, R., etc.) to
construct various density model. We choose the Carpenter and Anderson (CA) model [35],
which provides equatorial electron density as a function of L-shell and MLT, as a reference
empirical model, and adjust the parameters in the DE model so that the equatorial density

profile of the DE model fits the CA model (see example in Section 3.3).
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Figure 2.3: Sketch illustrating the ray interpolation method, showing how an untraced ray

R, is interpolated from four traced rays.

2.3 Calculating the distribution of wave properties

The purpose of this step is to record the wave information for those wave components
propagating through a given target field line, in preparation for the pitch angle scattering
calculation in the next step. The output of this step is a set of functions W(A; f, ), where
w can be various wave properties such as wave power (represented by the Poynting flux
Sw), WNA Stix functions like P, R, L, etc. (we can denote them as W[S,|, W[f], etc.), as
a function of f and ¢, recorded at EA locations at different latitude A. In this step we first
generate more rays using the traced rays so that the denser distribution of rays can better
simulate the continuous wave distribution in reality. Then, using the obtained ray paths, we

select the rays crossing the target field line and record their W(A; f, t).
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2.3.1 Ray interpolation method

The ray tracing initialization method described in Section 2.2.1 usually initializes several
thousands rays, with N; < 100 frequency components and Ny < 100 initial WNAs. Running
more rays will result in excessive computational cost. However, several thousands rays is
still highly discrete and is far from enough to be a good simulation of the realistic continuous
wave field. Therefore, we have to find a method to generate much more ray paths using the

already generated ray paths by the ray tracer.

Our method is to generate untraced rays by interpolating between the traced rays. Specif-
ically, we trace Ny x Ny rays using ray tracing for frequencies f;,7 = 1,2,...N; and initial
WNA 6;,7 =1,2,...Ny, and these rays is labeled as R; ;(t), where R represents the ray prop-
erties such as location, power, WNA etc. (we can denote them as R[x], R[S,], R[f], etc.) at
time t. To find a ray R,., with frequency f and initial WNA 6, we find the nearest two
frequencies f; < f < f;11 and two nearest WNAs 6; < 0 < 6;1,. Then R,,(t) can be

linearly interpolated from R; ;(¢), Ri1(t), R, j11(¢) and Ry j41(2) by:

Rpew(t) = Bi jR; j(t) + Biv1,Riv1(t) + Bijr1Riji1(t) + Biv1j+1Riv1 41 (1), (2.20)

where the four f3; ; are the linear weight factor defined through the initial condition:

(f = fi)(0 —0;) B = (fi+1—f)(9—9‘)
(firr = f1) (0501 — 0;)" 7 (firr — Fi) (0541 — 05)
Byiny = (f - fz)( i1 —0) Biriny = (fix1 = £)(0j11 —0)
T (fn — f) (0540 — 0;)] R (f = Fi)(0 i1 —0;)

The interpolation process is illustrated in Figure 2.3.

Bi,j =

(2.21)

We usually interpolate M; ~ 200 rays between each f; and fi;1, and My ~ 200 rays
between each 6; and 6;,,. Therefore, after the interpolation we expand our ray number by
X MMy ~ x40,000, from several thousands to around one million. We achieve a much
better smooth, continuous coverage of ray paths with only very few extra computational

resources via the ray interpolation method.
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2.3.2 Generating the distribution of wave properties from ray tracing results

With the obtained one million rays, we now generate the wave information on the target field
line W(\; f,t). We divide the field line into small segment,s with each segment centered at
latitude \; and intervals between \; being AX. We assign another small segment perpendic-
ular to the target field line at each )\;, and it is called an effective area (EA, also plotted in
Figure 2.1 on the target field line). The EA has a width of ALg4, which can be adjusted as
needed. A larger ALg, allows the EA to capture more rays so that the statistical error can
be reduced, but the captured rays will be more far away from the target field line so that the
rays are less representative, and vise versa for smaller ALg,. We usually set ALg,4 = 0.005

to balance the number and quality of the captured rays.

The EAs are responsible for determining whether a ray propagates to the target field line
near \;. If one ray R with frequency f crosses the \;’s EA at time t.,.s,, the ray information

will then be recorded into the f — ¢ spectrum at \;:

W[Sw] (/\zv f7 tcross) =+ = R[Sw] (tCTOSS)7
(2.22)
Wlother properties|(\;; f, teross) i+ = Rother properties|(teross) - R[Sw](teross ),

where the wave power will be directly summed up, and other quantities such as WNA will
be weighted by the wave power. After iterating over all rays with all crossing rays recorded,

those other properties should be normalized by being divided by the total wave power:
Wlother properties|(\;; f,t) : /| = W[Sy,](N\i; f,1). (2.23)

This is equivalent to a weighted sum of these properties with their wave power serving as

the weight.

After this step, a complete list of W(A; f,t) for \;s on the target field line is established.
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2.4 Calculating the wave driven electron scattering

The purpose of this step is to calculate the ' —t spectrum of the scattered pitch angle at the
both footpoints of the target field line, using the wave information W(A; f,¢) we obtained

from Step 2. We start with the electron dynamic equation.

2.4.1 Integrating the scattered pitch angles due to chorus waves

The dynamic equation of the electron pitch angle a due to chorus waves is given by Bell [18]:

da Mew? cos? a p.  dQ
SO Melrm (g €8 )Gy PL_Ce 2.24
dt k‘”pl ( + m& - 1) sy 2’ymeQe ds’ ( )

w

1
1—v2

c

the gyrophase of the electron, s is the field line length from the equator as a 1D curvature

where v = is the Lorentz factor, p, is the electron perpendicular momentum, 7 is

|

coordinate of the field line, and

w2, = (=1)" W[ Jm-1(8) — arJmi1(B) + yaaJm(B)],

kip.
B = :
YmeS2e
o _ wikypy
W= (2.25)
6 w w e w w
W1 = 9 e(Bx +By)7 W2 = 9 e(Bx _By>v
Wa ey
Qp = —; Qg = s
w1 wipiL

where E¥ and B" are the chorus wave electric and magnetic fields, and the z, y, 2 coordinate
is defined with z aligned with By, X lying in the plane formed by By and k, and ¥ completing
the right handed Cartesian coordinates. Therefore, we need E* and B" components to
integrate the dynamic equation 2.24. This can be inferred from the recorded wave Poynting
flux W[S,,](A; f,t) via cold plasma dispersion relation:

21103 X 211 cos 05,
c/(tan @ — p1p2 X)? + (1 + p3X)?’

w2 __
|BY[? = (2.26)
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where

B P
- P — p2sin?6’
EY  (u* — S)u*sinf cos
p=r = ( Bl ZmQQ_P) : (2.27)
y
EY -5
P2 = 7, = ’
Ev D
and the remaining components are given by:
B = P —y?sin®0
Picost v’
o — D(P — p?sin® ) By
Y Ppucosf(S — u?)
sin 0
pr ="K By (2.28)
B — D(P — p?sin® )
T P(S—pr) Y
B — Dsin§(P — p%sin® 0)
* Pcosf(S — p?)

Using the equations above, given a W(\;) at a specific frequency f and time ¢, we obtain

the expression for C}i—?, and then it should be integrated over the small field line segment
centered at \;:
Aa = /t2 d—adt, (2.29)
y dt
where t; and ¢, is the time when the electron travel to A = \; — 22 and A = \; + Q We can

change the integral variable to s for more convenient manipulation noting that ds = v dt:

1 5% da
Aa=— 24 2.30
T ey @™ (2:30)

where s; is the s variable corresponding to latitude A;, and As is the length corresponding

to AX. To conduct the integral, we note that Equation 2.24 can be expressed as

d
d—(z — Ty sing + Ty, (2.31)
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where

Mew? cos® a
Ty = e (g ,
! kaJ_ m& —1

w

1 Q
TQZ_(m —w)—k”,
gl v

are slow varying within a small distance of As compared with gyrophase 7, therefore can be

(2.32)

considered as constant in Equation 2.30. Further, we note that the term 75 represents the
adiabatic motion of the electrons and does not involve the electron scattering process, so we
can neglect this term and let the remaining 7} part describe the scattering to the equatorial

pitch angle a., where
sina sin? Qleq

B(s)  B(0)

and add the effect of T, term in the end by considering the field line contraction using

(2.33)

Equation 2.33. Equation 2.30 can then be written as:
T si+5°
Aty = _— sinn(s)ds. (2.34)

We now derive the expression for 7(s), which is given also from the electron dynamic

equation of [18]:

dn  mf,
— = —w—Fk 2.35
i R (2.35)
We also substitute ¢ into s:
dp  1dn 1 [mf
U _ - = — — k. 2.36
ds ypdt v ( g w) : (230

We linearize the integral by expanding ), and v to first order around s;, and after some

algebra, we have

dn
1 —924s+ B 2.37
P s+ B, (2.37)
where
1 [ 1dy mSl, m d€2,
=l ) Ty )
e Y T (2.38)
o pL dQe
© 29meQ. ds’
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Here A, B and T} should all take the value at s;. The integral result is then

s) = Als + 37+ (2.39)

with 7y being the initial gyrophase. Taking Equation 2.39 back into Equation 2.34 and after

some derivation, we have:

T,
Adveg(no) = —1, / %(COS oA Fs + sinnyAFc), (2.40)

Y

where F and F are Fresnel integral defined as Fg(z) = [ sin(3t?)dt, Fo(z) = [ cos(5t?)dt,
and AFg and AFp are defined as:

B 2A B
AFg = F +4/—As | - F ,
5 5 (\/27‘(‘14 us S) 5 (\/27TA)

B 2A B
Afo=1Fs (m* ?AS) ~ o (m)

Finally, Equation 2.40 only represents the a., scattered by chorus waves for one single

electrons with initial gyrophase 7. To account for the scattering effect of all electrons, we
have to calculate the mean square value of Aa, which is cumulative according to quasi-linear

theory:
1 2
< Aozgq >= %/0 Aagq(no)dno. (2.42)

Here we assume the electrons are gyrotropic also based on quasi-linear theory assumption.

The final integrated result is:

Tl ™
<Ad? >=—[—
aeq 2U|| 2A

(AFZ + AFR). (2.43)
2.4.2 Assigning < Aa?, > to E —t bins

We have calculated the resultant < Aozgq > using Equation 2.43, which describes how much
pitch angle scattering occurs for the electrons. We shall ask two more questions about the

scattered electrons: what is their energy, and when will they be lost at the ionosphere after
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the scattering? By addressing these two questions we can accurately distribute the < Aagq >
contributed by different waves into the correct bin in the E — ¢ spectrum of scattered pitch
angle, thus obtaining the final product of this step, the < Ao@q > (E,t) spectrum for both

footpoints.

The energy of the scattered electrons is relatively simple: it is the resonance energy. It

can be easily derived from the resonance condition:

Q
w — k= m—. (2.44)
v

Taking in the expression for ~:

1 1

Y = -
-z 1— Il
¢ c? cos? a

where « is the pitch angle of the electron, we can simplify Equation 2.44 into a quadratic

(2.45)

equation of v, whose solution is:

2
:l:\/uﬂkﬁ + [(mQe)? — w?] {kz + (%) } — wk

2
2 mSe
k|| + (ccos alc>

Here the choice of &+ sign is constrained by the requirement that |:O”E| < c. Specifically, for

res __
v =

(2.46)

resonance mode m > 0, we choose counter-streaming solution with + sign and for resonance
mode m < 0, we choose co-streaming solution with — sign. Also, we set a = ., oy being
the local loss cone angle, in Equation 2.46 because when calculating the precipitated flux,
we assume that the electrons are scattered into the loss cone. Test runs have shown that the
root mean square /< AaZ, > is usually much smaller than the loss cone angle, meaning
that to be scattered into the loss cone, the trapped electrons have to be immediately close
to the loss cone. Therefore, the meaningful scattered electrons producing precipitation have
res

a = qp. After obtaining the v[* we can calculate the resonance energy of the scattered

electrons by:

1
Eres = (fyres - 1)m662 - (v"‘“es — 1 mec2. (247)
1

c? cos? ay,.
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The time when scattered electrons is lost into the ionosphere is delayed by the flight time
Tri from interaction location A; to the ionosphere after it has resonated with waves at time
t:

tiost = T+ Tz (2.48)

The flight time 74 is given by 74, = f €2 where the elemental length of the field line ds can

Yl

be derived from the dipole field line equation r = LRy cos? \:
ds = Vdr?2 +r2d\2 = LR\ 1 + 3sin® A cos AddA, (2.49)

and v = v cos o noting that under adiabatic motion v is conserved and « follows Equation

2.33:

v =vVvV1-— sin?

., B
_ o 2
\/ .5, V14 3sin’ A
= I —sin® aeg———F—,

B cosb \
where the ratio % is derived from the dipole field model. Therefore, the flight time from

A; to northern and southern hemisphere footpoints are:

(N) LRE sin Ajny 1 + 322
Trw = Nr=rsl dm,
sin \; 1— SlIl Neq 7123 =

22)3

() _ LRE s 14 322
Tre = V11322 dm,
—sinAine \[ 1 — sin® Qg

1 12)3

(2.51)

where we substitute A into x = sin A, and \;,, is the latitude of the footpoint, also called
the invariant latitude of a field line. Equation 2.51 does not have simple analytical solution

and is integrated numerically.

To sum up for Step 3, for each f —¢ bin in each W();), we can calculate the mean square
of the scattered electron pitch angle < Aagq > the energy of the scattered electrons F,.,
and the time precipitated electrons arrive at ionosphere and are lost ¢, = t + 74, then

we add < Aa > into the E,.; — t;,s bin in the < Aozzq > (E,t) spectrum of the northern
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(b)
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Aa(o) = A@tmax cOsT0
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Figure 2.4: Panel (a) shows the function Aa.,(n0), and Panel (b) shows the resultant prob-
ability function h(a).

or southern hemisphere footpoint, depending on whether the precipitated electrons are co-
streaming or counter-streaming. After iterating through all data in W(\;; f,¢) we obtained
from Step 2, we establish the complete < Aagq > (FE,t) spectrum for both hemisphere

footpoints.

2.5 Calculating the precipitated flux

The purpose of this step is to convert the previously obtained < Aagq > (E,t) spectrum for
both hemisphere footpoints into the final result, the precipitated flux spectrum Jyecip(F, 1)
for both hemisphere footpoints. This requires additional knowledge of the trapped flux, as
< Aazq > describes the amount of electron scattered from trapped state into loss cone. The

detailed process is as followed.

Combining Equation 2.40 and Equation 2.43 yields the following expression for Aca.,(no):
Aaeq(”O) - AOémax COS Tjo, (252)
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(a) Before scattering (b) After scattering

f(a) f(@)

loss
cone

Qe a

Figure 2.5: Illustration of how trapped flux is converted into precipitated flux. Panel (a)
shows the trapped PSD in a square loss cone form, and Panel (b) is the scattered PSD
derived from the convolution between the trapped PSD and h(«).

where Aage = m , and 7y can be redefined to avoid any extra constant within
the cosine function in Equation 2.52. Assuming the electron phase space density is gyrotropic
(independent on 1) following quasi-linear theory, we ask the question that what is the prob-
ability for an electron to be scattered by Aae, = «, or equivalently, what is the probability

density function of the electron scattered pitch angle h(«)?

The derivation of h(«) is shown in Figure 2.4. Panel (a) shows the Aa,,(ny) function.
Based on the gyrotropic assumption, the probability of electron being scattered by a <
Aty < a+dais

2|dno|

h(a)da = o (2.53)

where the factor 2 in the numerator reflects the two different 7y values that map to the same
a value, as indicated in Panel (a) of Figure 2.4. From Equation 2.52 we can easily derive

the function }%ﬂ, therefore obtain the expression for the probability density function h(«):

h(a) = ! . (2.54)

T/ Ad2, —a?

We now discuss how we convert trapped flux data into precipitated flux using h(«).
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Consider the trapped electron phase space density f(r, E,a) = fog(a), where fy is function
of location and energy. We assume a simple square loss cone model , which means the loss
cone is empty and outside the loss cone the phase space density is independent of pitch angle

a

0, o < Oy,
g(a) = (2.55)

17 « Z e,

as shown in Panel (a) of Figure 2.5. The phase space density after scattering f (@) = fog(a)
can be divided into three part. For pitch angle o < ay. — Anae, the phase space density
remains 0 because the scattered electrons with lowest possible pitch angle comes from the
trapped electrons with lowest pitch angle (the loss cone angle «,.) scattered by the largest
possible pitch angle change (Ac,q:), which leads to aumin = e — Adpez. The second part
is for pitch angle a@ > ;. — Aunqe, Where the phase space density remains unchanged. We
note that h(a) is symmetric for both @ > 0 and o < 0 and f(«) is constant for o > a.,
therefore for any pitch angle a > ay. + Ay, accompanied by a small portion of electron
f(a)h(dar)der scattered and lost from « into o + dov is always the same amount of electrons
fla+ da)h(—da)da = f(a)h(da)da scattered from a + da and refilling back into .. The
final part is for pitch angle ay. — Aaype < @ < e + Apas, Where the phase space density
alters. This can be calculated via the following formula:
Aamax

)= [  ata—naas (2.56)
This equation can be understood as summing up electron scattered to pitch angle a con-
tributed by all possible source o — 3. This equation has an analytical solution, which is

listed in the below final results for the scattered g:

r
07 o S Qe — Aamaxa

1 - c
g(a) = - [g + arcsin(iamoj; )] e — AQmer < @ < age + Amag, (2.57)

17 «@ 2 e + Aamaa:-
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Finally, we observe that the relation between flux and phase space density is a linear
relationship of J = ;’1—2 f, and v? is a constant during the pitch angle scattering process,
therefore we can also write the flux as J(r, E,a) = J, (r, E)g(a) with g(a) being identical
to the one in phase space density and J, = T”jL—Q fo, and the pitch angle distribution g(«)
also follows the rule described by Equation 2.57 after the scattering. Therefore, the flux

distribution after scattering is

J(r,E, o) = J.(r, E)j(). (2.58)

The total precipitated flux Jyeeip (in unit em=2s~*keV ') can then be derived by integrating

J over the loss cone:
1
sin? ay,
T

Xpe
=— / J sin(2a)day,
0

sin® ay,

J, precip —

Aqle -
/ J cos a2 sin adav
0 (2.59)

where the cosa accounts for the area adjustment perpendicular to By, 27 sin ada is the
small solid angle element, and since the integral is completely conducted in equatorial val-

ues, to convert the precipitated flux into the ionospheric precipitation location, we add an

1
sin?

extra to account for the field line contraction, thus mapping the equatorial value of

le
precipitated flux into the ionospheric area. Further, if we want the precipitated flux in units
em 257 sr tkeV 7L, we just divide an extra loss cone solid angle at the ionosphere of 27 in

Equation 2.59.

We apply the method above to each bin in the < Aagq > (F,t) spectrum we obtained
in Step 3, and then we derive the final product of the CIPP code, the £ — ¢ spectrum of

precipitated flux Jyrecip(E,t) at both footpoints of a given target field line.
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CHAPTER 3

Spatiotemporal characteristics of a single chorus driven

microburst

3.1 Introduction

This chapter will present an event-based modeling of microbursts induced by a single chorus
wave element using the CIPP code we introduced in the previous chapter. We will demon-
strate the CIPP code’s capability of providing detailed information of the microburst’s depen-
dence on energy, time and location. We will also reveal the connection between propagation
effect of chorus waves and the spatiotemporal characteristics of the relativistic microburst
through the analysis of our modeling results. By utilizing this powerful tool we will be able
to investigate an important spatiotemporal characteristic, the spatial scale size of the mi-
croburst, which has been an open question due to the difficulties in measuring through in

situ observations.

Despite of the numerous observations of microbursts through various LEO satellites for
example SAMPEX [91, 92], the observational methods are limited by the in situ nature of
the instruments. Because of the very short duration of around 0.1s [132] of each microburst
peak, the distance traveled by the LEO satellite is so short (=~ 790m estimated from the first
orbital velocity v; = 7.9km/s) that it should be considered stationary during each observed
microburst event. Therefore, the measured precipitation flux variation should be understood
as a temporal signature, and obtaining the spatial signatures of the microburst directly from

a single spacecraft is extremely difficult.
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Very few observational works have attempted to study the scale size of microburst due to
the difficulties we mentioned above. Crew et al. [43] uses two spatially separated FIREBIRD
IT CubeSat to conduct simultaneous observation of the same microburst, and thus estimated
the scale size to be &~ 10km. Shumko et al. [135] also uses FIREBIRD II with the same
method but estimates a slightly larger scale size of 29 + 1km in the latitudinal direction and
51 £ 11km in the longitudinal direction. Blake et al. [19] analyze the condition to observe a
bouncing microburst based on the sampling period of SAMPEX spacecraft and give a lower
limit of a few tens of km for the scale size. Shumko et al. [134] apply probabilistic tools to
analyze the AeroCube-6 CubeSat data and derive the most probable range of scale size to
be 12 — 47km. In general, limited special cases yields a rough range of microburst scale size

of several tens km.

The scale size of microbursts near the Earth’s surface is important for both understanding
the impact of microbursts on the atmosphere and estimating the total energetic electron loss
from the outer radiation belt. Therefore, our ability of modeling the spatial signature of
microburst is valuable and important in better understanding the radiation belt dynamics.
In this work, we will model the microburst induced by an observed chorus event using
our CIPP code, and the modeling results will reveal physical insights in the generation
mechanism of chorus wave driven microburst. We will also focus on analyzing the microburst

spatiotemporal characteristic to address the scientific question of microburst scale size.

3.2 Model setup

We initialize a chorus waves at equatorial source region located at L = 4.75, M LT = 9. The
chorus waves have frequency components between 0.1 — 0.5 fcc ¢q, Where f, 4is the electron
gyrofrequency at the equator, and the wave power follows a sinusoidal distribution. We also
assume the chorus waves are mostly field aligned by following a Gaussian WNA distribution

with a characteristic width Af# = 15°, which confines the wave power to low WNA range
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Figure 3.1: The environmental model setup. (a) Electron density model. The blue dashed
line is the Carpenter-Anderson model, which is chosen as our statistical ground truth. The
red solid line is the Diffusive Equilibrium model, which is used in our ray tracing code.
(b) Energetic electron flux model. This is taken from RBSP’s statistical results. The blue
shaded area represents the rough Landau resonance energy range (1—100keV'), and the black
dashed line shows the linear fit of this part which serves as the Landau damping calculation

input. The red shaded part represents the relativistic electron flux.

consistent with statistical works [38, 84]:

8.463 f—=0.1f 62
b2, = B2,—— sin (WJ) exp (—— , (3.1)
0 0 fce,eq 0'4fce,eq AG?
where b2, is the power density function for initial wave power, % is a normalization factor,

and By is the total wave amplitude and is set to a typical value of ~ 80pT" [88]. We will
assume a perfect point source for the chorus wave source region, and as we will show later,
even a point source can lead to a finite sized microburst, therefore revealing that the chorus

wave propagation effect is the main controller of the microburst spatial characteristics.

The environmental model required for ray tracing is shown in Figure 3.1. Panel (a)
shows the electron density model at M LT = 9. We use the empirical model of Carpenter
and Anderson [35] as the reference density model (CA model), and change the parameters
controlling the Diffusive Equilibrium model (DE model) used in our code so that the DE
model will be as close to the reference CA model as possible. Panel (b) shows the statistical

results of the energetic electron flux at L = 4.75, MLT = 9 by RBSP. The blue shaded
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Figure 3.2: Ray paths of different frequencies for all modeled runs. Different frequencies are
marked by different colors as shown by the color bar in the top right corner. The transparency

of the rays indicates the ray power.

area represents the rough Landau resonance energy range (1 — 100kel), within which the
flux data will be used for Landau damping calculation. This is done following the linear fit
method of [24], and the linear fit results are marked with the black dashed line. The red
shaded part represents the equatorially trapped relativistic electron flux, which will be used

as the seed electron when doing the scattering calculation.

3.3 Ray tracing simulation analysis

3.3.1 Ray paths

Figure 3.2 shows the ray trajectories for different frequencies, marked by the color bar on
the right. The rays with the same frequency have different trajectories because their initial
WNAs are different. The ray path transparency is set to be %, where b2 is the power
density function at the ray’s current location. Thus the rays fade out as they propagate

away from the source region representing rays continually experiencing Landau damping.

Several points that would be important to the discussion later should be made from these
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results.

First, even though the chorus wave source region is assumed to be a single point here, the
waves are still able to cover a wide range of L-shells, which produces a spatial distribution
of precipitation flux on the ground. This is because there are different frequency modes and
different initial WNAs in the chorus wave element, therefore their propagation behavior will
also be different. Another interesting point is that although the wave trajectories diverge to
L-shells both lower and higher than L = 4.75, most wave power actually propagates to higher
L-shells. Some final minor points about the ray tracing result are that chorus waves with
higher frequency tend to experience heavier damping according to the Landau damping
calculation based on the observed electron distribution (therefore fade out quicker within
shorter distance) and have more converged ray trajectories. This frequency dependence may
indicate lower frequency chorus waves produce a microburst with higher flux and larger scale

size but this trend needs further investigation to confirm.

3.3.2 Resonance energies

To understand where the relativistic electrons are scattered to produce relativistic mi-
crobursts, we calculate the resonance energy of chorus waves along their ray paths. The
resonance condition is given by

Q

w— kv = m—s, 3.2
1) 5 (3.2)

where w and k) are the angular frequency and parallel wave number, vy, €2, and v are the par-
allel velocity, unsigned gyrofrequency and relativistic Lorentz factor of the resonant electron,
and m is the order of resonance which takes the value of any integer. The value of m deter-
mines the characteristic of the resonance. For m > 0, the resonance is counter-streaming,
and for m < 0, the resonance is co-streaming. The most important resonance types are those

with smallest |m|, which are cyclotron resonance (m = 1), anomalous cyclotron resonance
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Figure 3.3: Resonance energy along ray paths. The three panels are for resonance energy
through different resonance types (cyclotron, anomalous cyclotron and Landau resonance).
The resonance energy is color coded as indicated by the color bar in the top right corner.
The transparency of the rays indicates the ray power. The thick black dashed lines indicate
the field line of L = 4.75 and 5.65, whose precipitation flux E-t spectrum is shown in Figure
3.4 and 3.5.
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(m = —1) and Landau resonance (m = 0). The resonance energy F,.s is determined by
Eres = (7 — 1)mec?, (3.3)

where m, is the mass of electron and c is the speed of light. v is determined from Equation

U2
3.2 noticing that v = 1/4/1 — WSHZ(Q)’ where « is the pitch angle of the electron. Thus E,.,

can be expressed as a function of w, k|, 2, @ and m.

Figure 3.3 shows the resonance energy along the ray paths. We calculate the resonance
energy for rays with f = 0.2f ¢, by the normal cyclotron resonance, anomalous cyclotron
resonance and Landau resonance. The transparency of the ray paths represents the ray

power, and the resonance energy is color coded according to the color bar on the right.

From Figure 3.3 we see that the relativistic electron microburst is only generated due
to the cyclotron and anomalous cyclotron resonance. Landau resonance is almost unable to
scatter electrons with energies > 1MeV into the loss cone. Furthermore, even for cyclotron
and anomalous cyclotron resonances, scattering the MeV electrons is only possible after
chorus waves propagate to latitudes higher than 25°. Near the equatorial source region, the
chorus waves can only scatter electrons with energy up to several hundred keV. In other
words, relativistic electron microbursts are produced at high latitudes through cyclotron
or anomalous cyclotron resonance. Ray tracing results shows that such resonances almost

always occur at a higher L shell relative to the causative chorus wave source region.

3.4 Precipitation flux E-t spectrum on a single field line

Before examining the spatial distribution of the relativistic microburst over multiple L-shells,
we first focus on the precipitation flux signature on both the L-shell of the wave source
L = 4.75 and at a higher L-shell L = 5.65. Figure 3.4 shows the precipitation flux spectra
seen at both the northern and southern foot points of these two field lines. The x-axis is
the time span of 2 seconds, where ¢t = 0 is the time the chorus waves are launched from the

source location, and the y-axis is the energy of precipitated electrons.
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Figure 3.4: Energy-time spectrum of (a) northern and (b) southern hemisphere precipitation
flux on the field line at L = 5.65. The white dashed line marks 1MeV energy. Several num-
bers are added to indicate different parts of the precipitation signature spectra, with nota-
tions ”CoS” representing the co-streaming nature and ”CtS” representing counter-streaming

nature of the precipitation.

We mainly focus on the field line at L = 5.65, because Figure 3.2 and 3.3 indicate
relativistic precipitation should mainly occur on a higher L-shell than the chorus wave source
region L = 4.75. The spectra seen on northern and southern hemisphere are Figure 3.4 (a)
and (b), respectively. We address a very important point that all the precipitations occurring
on this field line are due to chorus waves that have propagated to high latitudes and turned
oblique, as indicated in Figure 3.2. Clear relativistic precipitation near 1MeV energies
(white horizontal dashed line) is observed in both hemispheres (feature labelled (i) in both
panels). Because the waves propagate northward, the precipitated electrons in the southern
hemisphere are counter-streaming with the waves (marked with ”CtS”), and therefore are
scattered due to first order cyclotron resonance with chorus waves, whilst the precipitated
electrons on northern hemisphere are co-streaming (marked with ”CoS”) and scatter due to
anomalous cyclotron resonance. The precipitation flux in the southern hemisphere is several

times higher than the northern hemisphere, as would be expected since cyclotron resonance
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is stronger than anomalous cyclotron resonance. The duration of part (i) is about 0.2 second,

which is a typical timescale for a microburst.

A much weaker precipitation signature also around the 1MeV energy range and lagging
behind part (i) by about 0.2 second (feature labelled (ii) in both panels) is observed on both
hemispheres. These parts are induced by the magnetospherically reflected, equatorward
traveling chorus waves as can be observed in Figure 3.3. Those waves are already highly
damped after travelling to a very high latitude and experiencing a magnetospheric reflection,
therefore the induced precipitation flux is also much weaker. Part (ii) is 1 to 2 orders of
magnitude weaker than part (i), which suggests their contribution is negligible for overall

radiation belt loss and may not generally be reflected in microburst observations.

Apart from the relativistic precipitation parts, there is also a very significant sub-relativistic
(1 — 100keV') precipitation signature in the northern hemisphere (feature (iii) in panel (a)).
Considering the energy range and the co-streaming nature of this part of electrons, this fea-
ture of the precipitation is due to Landau resonance with the chorus waves. This is consistent
with recent studies showing that Landau resonance with oblique chorus waves can induce
intense sub-relativistic microburst precipitation [13]. Note that such strong sub-relativistic
precipitation is not seen in the southern hemisphere because of the co-streaming nature
of Landau resonance, which, in this case would only show up in the northern hemisphere,
whereas the southern hemisphere will only exhibit the energetic electron precipitation por-
tion. This may explain why microbursts near 1MeV and 150keV are not always correlated
(Blake et al. [19], Figure 10). There exists, however, a part of the sub-relativistic precipita-
tion in the southern hemisphere (part (iii) in panel (b)), but the flux is 4 orders of magnitude
weaker than part (iii) in panel (a) because this part of precipitation is induced by Landau res-
onance with the magnetospherically reflected, highly damped chorus waves (the co-streaming

condition is satisfied because the propagation direction reverses after bouncing).

The overall features of the spectra for the source region L = 4.75 (Figure 3.5 (c¢) and

(d) for northern and southern hemisphere footpoint, respectively) are the same as discussed
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Figure 3.5: Energy-time spectrum of (a) northern and (b) southern hemisphere precipitation
flux on the field line at L = 4.75. The white dashed line marks 1MeV energy. Several num-
bers are added to indicate different parts of the precipitation signature spectra, with nota-
tions "CoS” representing the co-streaming nature and ”CtS” representing counter-streaming

nature of the precipitation.

earlier for . = 5.65. The corresponding features are also labeled i, ii and iii in the plot.
The major difference is the energy range. On the wave source field line, electrons resonate
with quasi-parallel chorus waves near the equatorial source region, therefore the energy of
electrons scattered by normal/anomalous cyclotron resonance is mainly in 10s-100s kel
range (we remind readers there is anomalous cyclotron resonance in the source region be-
cause we introduce a spread in the WNA distribution). Their contribution to the relativistic
microburst above 1MeV is limited to a weak high-energy tail of the spectrum, which is con-
sistent with recent observation studies [133, 72|, and the spectrum feature is also consistent
with recent modeling works [107]. In contrast, the minimum resonance energy with oblique
chorus waves on L = 5.65 is as high as several keV/, therefore their contribution to relativistic
microburst is significant even though the waves experience damping after travelling to higher

latitudes.
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3.5 Spatiotemporal distribution of precipitation flux

A precipitation E — t spectrum such as the one shown in Figure 4 provides detailed tem-
poral information about the precipitation along a single field line, or equivalently, temporal
precipitation information at only two single points on the ground (which are the two foot
points of the field line in each hemisphere). By integrating the precipitation flux of one
field line above 1MeV (the white dashed lines in Figure 4), we can obtain the temporal
variation of the total relativistic precipitation flux J(t; A, ) for one ionosphere location with
the corresponding invariant latitude \;,,. In this work, we calculate the precipitation flux
signatures for 82 field lines whose invariant latitudes are evenly spaced between 62.1° and
66.1°, thus constructing a complete spatiotemporal distribution J(¢; A;,,) of the relativistic

precipitation induced by a single chorus wave element.

The results are shown in panels (a)-(f) of Figures 3.6. The panels on the left column are
for precipitation occurring in the northern hemisphere, and panels on the right column are
for southern hemisphere. The first row is the precipitation spatiotemporal distribution. The
y-axis is the total relativistic precipitation flux, and the x-axis is the location represented
both by the invariant latitude \;,, and the L-shell of the field line. Curves with different
colors are the precipitation flux spatial distributions at different times, shown color coded
by the color bar at the top right, with the chorus wave element launched from the equatorial
source region defined as t=0. The vertical black dashed line in each panel marks the invariant

latitude of the chorus wave source region.

Several properties can be observed and understood from these precipitation flux spa-
tiotemporal distributions. First, it is seen that the relativistic electron microburst was suc-
cessfully reproduced in each panel, with the flux profile taking the form of a single peak that
grows and decays within &~ 0.2s, consistent with the typical time duration of a microburst
(63, 150]. The microburst occurs poleward of the foot point of the chorus wave source region

(marked by the vertical black dashed line in Panel (a) and (d)), and the microburst peak
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Figure 3.6: Relativistic > 1MeV Microburst precipitation flux evolution on the ground

surface as a function of latitude and time for (a) northern and (d) southern hemisphere. The

black dashed vertical line marks the location of wave source L shell of 6. An illustration

of how the scale length is defined is shown in (a).

(b) and (e) show the time evolution

of instantaneous maximum flux and scale length for northern and southern hemisphere,

respectively. The red lines are the instantaneous maximum fluxes corresponding to the y

axis on the right, and the blue lines are the scale lengths corresponding to the y axis on

the left. (c) and (f) show the time evolution of the location of instantaneous peak fluxes of

northern and southern hemisphere, respectively, with reference lines of different velocities.

The black dashed horizontal line marks the location of wave source L shell of 6.
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keeps moving poleward throughout the entire duration of the event. Panels (¢) and (f) of
Figures 3.6 show the latitude of the maximum precipitated flux as a function of time. We
see that the peak of the microburst keeps moving poleward, and the ground velocity esti-
mated by RE% is &~ 1000km/s. This is a consequence of the chorus wave propagation
effect, namely that the chorus wave power propagates to higher L-shells, as we discussed
in Sections 3.3. The microburst in the southern hemisphere occurs later than those in the
northern hemisphere because the chorus waves propagate only northward. As a result, the
wave-particle interactions occur in the northern hemisphere, and thus more flight distance
is required for electrons to travel from the interaction location to southern hemisphere foot
point than northern hemisphere resulting in a longer delay to the onset of the precipita-
tion signature. However, the precipitation flux in the southern hemisphere is stronger than
the northern hemisphere because the counter-streaming cyclotron resonance (which results

in precipitation occurring in the southern hemisphere) leads to more efficient pitch angle

scattering than the co-streaming anomalous cyclotron resonance.

To describe the spatial scale size of the microburst, we define the scale size as the full
width at half maximum (FWHM) of the precipitation flux spatial profile, as illustrated in
Figure 3.6(a). The results are plotted in the blue curves in panel (b) and (e), corresponding
to the left y-axis. We see that the relativistic microburst scale size in the southern hemisphere
varies between 40 and 100km, and the scale size in the northern hemisphere varies between
20 and 80km. This suggests that the co-streaming microbursts have a smaller scale size than
the counter-streaming, cyclotron-resonance-induced microburst. Despite the wide range of
scale sizes, the typical scale size of microbursts that occurs when they are strongest, is
usually small. For example, when the integrated flux in the southern hemisphere reaches
its maximum value at 0.62s (marked by the vertical dashed black line in Figure 3.6(e)), the
simultaneous scale size is at a minimum value of &~ 60km. For the northern hemisphere, the

scale size at maximum flux is also ~ 60km, as inferred from Figure 3.6(b).
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3.6 Discussion and Summary

The scale size values of ~ 60km agree well with previous observations. This not only gives
us confidence in our modeling results, but also reveals some deeper physical insights. It’s
important to keep in mind that the scale size we obtain should be understood as a minimum
possible value due to the modeling setting up in this work. We neglect the spatial extent
of chorus wave packet on the equator and simplify it as a point source, and we neglect the
chirping rate of the chorus wave element and assume all waves with different frequencies are
launched simultaneously at ¢ = 0. This means that the chorus wave source is shrunk on
both spatial and temporal extent to its minimum possible value, therefore we expect the
obtained scale size to be smaller than what it is in reality. Nevertheless, our event-based
modeling yields a very reasonable scale size consistent with previous observations, which
implies that the spatial and temporal extent of the chorus wave source might be a second
order factor and the scale size of the precipitation is mainly due to the wave spreading during

their propagation.

This finding provides an entirely new view than the traditional assumption that the
relativistic microburst should be in conjunction with equatorial chorus waves. Specifically,
two new understanding is revealed from this work. Previously we assume that the scale size
of the microburst is related to the scale length of chorus wave elements at the equatorial
(for example, Shumko et al. [135, 134]; Crew et al. [43]). In these works, the measured
microburst scale size on the ground is mapped to the magnetic equator and compared with
the chorus wave correlation length, which is claimed to be evidence that chorus waves are
one possible source of microbursts. However, as we mention in the previous paragraph,
it is the propagation effects of chorus waves that are the primary factor controlling the
microburst scale size instead of the chorus wave element size, therefore allowing a point-
sourced chorus wave element to produce a finite-sized microburst. As we mentioned in

Section 3.3, the trajectories of chorus waves can diverge and cover a wide range of L-shell if
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there are multiple frequency modes and initial WNAs in the chorus element, even if the source
is a point. It is this L-shell coverage that constructs the spatial distribution of microburst flux
on the ground. Another traditional view that is challenged by this work is that relativistic
microburst should be in conjunction with the equatorial chorus waves [135, 134, 43], while
our modeling indicate that the microburst is displaced poleward from the source L-shell, and
exhibits a very high poleward-moving speed. Our analysis shows that this is because chorus
waves needs to propagate to higher latitudes to reach the relativistic resonance energy, and in
the unducted mode the chorus waves also propagate to higher L-shells as it propagate away
from the equator, which maps to higher latitude on the ionosphere. In contrast, the resonance
energy analysis shows that relativistic resonance energy near the source region is impossible.
Therefore, such conjunction is possible only if there are mechanisms that constrain the chorus
wave propagation to be field aligned, for example a density duct. We present one such case
in Chapter 6. This may also raise an alarm for future conjugation observation studies of
microbursts suggesting that other than a rigorous field line conjugation, a low-Earth-orbit

spacecraft poleward of the equatorial spacecraft might also bring new insights.
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CHAPTER 4

Global distribution of the characteristics of chorus

driven microbursts

4.1 Introduction

In this chapter, following the single event modeling workflow we established in the previous
chapter, we conduct simulations under different wave and plasma conditions at different
L-shells and MLT's, thus attempting to construct a global distribution of the spatial char-
acteristics of chorus wave induced relativistic microbursts. Recently there have been some
statistical works focusing on the relativistic microburst features [47, 46, 132]. Douma et
al. [47, 46] comprehensively analyze the occurrence rate and amplitude of relativistic mi-
croburst, but do not involve the spatiotemporal characteristics. The recent work of Shumko
et al. [132], however, provides a very interesting statistical results on the global distribu-
tion of the duration of relativistic microburst. One interesting results revealed from this
work is that the duration of relativistic microburst is similar in the dawn and night sectors
(= 80ms), but significantly larger in the noon sector (= 150ms). Shumko et al. provide
a hypothesis for this trend in MLT that it might be related to the chorus wave chirping
rate asymmetry over MLT but without further investigation. This is the first clear evidence
that microbursts possess different temporal feature on the noon sector than on the dawn
and night sectors. However, no study has been done to investigate the global distribution of
the spatial features. The study on the microburst scale size has been limited to a few case

studies [43, 135, 134, 19].
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This work will fill the gap in our understanding on the global distribution of the spatial
characteristics of relativistic microburst. We have demonstrated that utilizing our code,
we can obtain the microburst features given the information of chorus wave and plasma
conditions. A natural extension is that we can use the statistic-based wave and plasma
condition at different locations in the magnetosphere as model input, thus modeling the
microburst features at different locations which yields a global distribution of microburst
scale size. Better understanding the global distribution of the relativistic microburst spatial
characteristics is not only an important open question that has not been answered, but
also an essential middle-step for our ultimate goal of estimating the role microburst plays
in the global relativistic electron loss. Moreover, this work can also provides a theoretical
comparison for recent statistical works on relativistic microburst of Shumko et al. [132].

This chapter will be devoted to achieve this goal.

4.2 The finite sized chorus wave source region

In the single event modeling in previous chapter, we assumed a point source for chorus
waves to address that it is the propagation effect that mainly controls the scale size of
microburst instead of the source region size. From this chapter, however, we shall include
the finite chorus wave source region size into consideration, therefore we can better simulate
the realistic physical processes. To take the finite size of chorus wave source region into
consideration, we use the fact that the size of chorus wave source region is usually only
several hundred kilometers or < 0.1Rg (Rg = 6370km is the Earth radius), which is much
smaller than the L-shell range covered by the ray paths (see the ray tracing results in Figure
3.2 for example). We also assume that the ray paths of two rays are almost parallel to each
other if their equatorial source points are close enough. In other words, if their equatorial
source points are separated by d < Rpg, then one of the ray paths can be well approximated

by another which is displaced by d. This assumption is valid because we expect the ray
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Figure 4.1: An intuitive graphic explanation of the convolution method that calculate the
precipitation flux spatial distribution induced by a finite sized source region from those by
a point source and the power density function of source region. Panels on the left show the
ray paths, and Panels on the right show the precipitation flux spatial distribution. Panel
(a) is the original point source case, and Panels (b)-(d) show how we decompose the finite
sized source region to many small point source, and how the precipitation flux distribution
is derived for each cases. Panel (e) shows how to add all decomposed cases up to derive the

finite sized case.
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paths in a smooth magnetosphere to be smooth and continuous. Therefore, if we have the
precipitation flux distribution on different field lines (J,5(L)) that is calculated from a point
source whose L-shell is Lg, and the normalized wave power density function (g(L) which
satisfies [ g(L)dL = 1) over a small radial range of source region around Ly, we can directly
calculate the precipitation flux distribution J(L) considering the finite sized source region

via a convolution:
J(L) = / Jps(L +1)g(Lo — 1)dl (4.1)

An intuitive grapgic explanation of the convolution method Equation 4.1 is given in Figure
4.1. Panel (al) shows the ray paths originated from a point source at L = Ly, and Panel
(a2) shows the corresponding precipitation flux distribution .J,5(L) at one certain moment.
The small yellow region in the rest panels represents the finite sized source region, which
is characterized by a normalized power density function g(L) shown in Panel (bl). Panels
(b)-(d) shows how we can decompose the finite sized source region to many small point-
like regions which are displaced from Ly by dl;, and how the resultant precipitation flux
distribution is displaced by the same amount d0/; based on the assumption we discussed
above, meanwhile linearly correlated with the corresponding wave power portion g(Lg —
dl;)dl. Summing up the contributions from all point-like regions yields the precipitation flux
distribution J(L) for a finite sized source region, which turns out to be a convolution between
Jus(L) and g(L).

This simple convolution method can help us extend our results from the point source
case to the finite size source region case. When we choose the power density function
g(L) = 6(L — Ly), Equation 4.1 will reduce to the point source case J(L) = J,s(L). In this
work, we assume the wave power distribution at the equatorial source region is a Gaussian

function peaked at Ly with a width given by AL:

o) = 5~ 5 (12)
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Global distribution of chorus wave power density

Figure 4.2: L-MLT distribution of chorus wave power density based on RBSP statistical

results. The white crosses are the modelled chorus wave source points.

so Equation 4.1 becomes

2

J(L) = ﬁ / T+ Deap(~ 5 z5)dl (4.3)

We adopt a chorus source size of 500km according to Agapitov et al. [2], and use twice of

the standard variation (AL) of the Gaussian distribution as the scale length, thus setting
the value of AL = 250km.

4.3 Statistical models

To investigate the global distribution characteristics of the relativistic microburst spatial
scale size, we separately run the simulation at 5 different MLTs (0, 3, 6, 9 and 12) and 4
different L shells (4.25, 4.75, 5.25 and 5.75) giving 20 different locations. These 20 locations
are marked in Figure 4.2 by white crosses, in which the contours are the statistical results
of lower band chorus wave power density near the magnetic equator during disturbed times,

first presented by Ma et al. [96]. From Figure 4.2 we see that the chosen L shells cover
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Figure 4.3: Equatorial density model. The dashed lines are the Carpenter-Anderson model,
and the solid lines are the diffusive equilibrium model. Different colors are for different

MLTs.

the most important L-shells where lower band chorus waves occur. Meanwhile, the MLT
values (0, 3, 6, 9 and 12) are chosen to represent the 3 sectors (midnight, dawn and noon)
where lower band chorus waves typically occur. These 20 locations reveal the general L-MLT

distribution of relativistic microburst characteristics and spatial scale sizes.

Figure 4.3 shows the density models we use. 5 DE models are adopted for the simulation
of the meridional plane density distribution for the 5 MLTs. The solid lines are the DE
models for the 5 MLTs that are used in the ray tracing, and the dashed lines are the CA
models for each MLT. We can see that our DE model fit agrees well with the CA model,
especially for L > 5 where the ray paths are mostly located in this study. We use a dipole

magnetic field model in ray tracing.

Both the Landau damping calculation and the conversion of the scattered pitch angle
into a precipitation flux need an energetic electron flux spectrum, as we described in previous
chapters. Here we use the statistical result based on the data from Ma et al. [96] to find the

electron energy spectrum for the 5 different MLTs, which is shown in Figure 4.4. As done in
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Figure 4.5: The maximum total precipitation flux in each run. The centers of bins in each
panel represent the locations of the chorus wave source point. Color coded is the maximum

total precipitation flux as indicated by the color bar.

Ma et al. [96], the trapped electron flux data are selected only when the chorus waves are
observed to obtain the statistical electron flux distribution. These flux spectra are used as
the equatorial trapped fluxes in the precipitation flux calculation. Following Kang et al. [69]
and Bortnik et al. [25], the flux PA distribution is assumed to be empty inside the loss cone
and isotropic outside as the first-order assumption. The flux spectra in the energy range of
1 < E < 100keV (which is the major Landau resonance range, see for example Figures 3.3)
are converted into an electron velocity distribution using the method of Bortnik et al. [24],

which is further used for Landau damping calculation.

We assume the initial chorus wave power at each source point follows a sine-shaped
frequency distribution between 0.1 — 0.5 f.., and a Gaussian WNA distribution, the same as

Equation 3.1 we used in the previous chapter.

4.4 Modeling results and discussion

Before presenting the global distribution of microburst scale size from our modeling results,

we first quickly recap how we define the microburst scale size. For each run, we can derive
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Figure 4.6: The microburst scale sizes in each run. The centers of bins in each panel represent

the locations of the chorus wave source point. Color coded is the scale size as indicated by

the color bar.

the spatiotemporal distribution of relativistic precipitation flux Jior(Ainy,t), as shown in
Figure 3.6 (a) and (d). We derive two important variables from Jiu¢(Aine, t): the maximum

flux at each moment Jior mas(t) = max( Jtot()\mv,t)‘ ), and the scale size at each moment

t

s(t) = FWHM (Jiot(Ainv, t)|,), where FW HM (-) represent the Full Width at Half Maximum
of the input function. An example of these two quantities are shown in Figure 3.6 (b) and
(e). In this study, we wish to derive a most representative value of Jiot mas(t) and s(t) for the
20 runs, thus obtaining a global distribution of these two quantities. We use max(Jiot maz(t)),
the peak value of Jiot mas(t) (equivalently, the maximum precipitation flux during the whole
event), as the representative precipitation flux value, and use the scale size corresponding to

max(Jiormaz (t)) as the representative scale size of this event, as marked by the black vertical

dashed line in Figure 3.6 (b) and (e).

The global distributions of the maximum total relativistic precipitation flux and the scale
length are shown in Figure 4.5 and 4.6, respectively. Note that the centers of bins in each
panel represent the locations of chorus wave source point instead of the microburst. As

we analyzed in previous chapter, relativistic microburst occurs at higher L-shells of chorus
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wave source. From Figure 4.5 and 4.6 we can clearly see that the noon sector has distinct
characteristics than the dawn and midnight sectors. The dawn and midnight sectors (0 <
MLT < 9) have little differences in terms of maximum fluxes and scale sizes and share the
same trends that the precipitation flux is stronger in the inner L shells and the scale size
is larger in the outer L shells. However, for the noon sector (=~ 12), the maximum flux is
overall stronger than the dawn and midnight sectors, and the scale size is also significantly

larger compared with the other two sectors.

The unique features of the noon sector might be due to the low Landau damping rate.
From Figure 4.4 we can see that for every L-shell, the noon sector (M LT = 12) has the
lowest flux value in Landau resonance energy range, which means it has the lowest Landau
damping rate. Therefore, it can account for the stronger maximum flux at noon sector
than dawn and midnight sectors because the chorus waves power remains higher due to low
damping rate. The reason why the low Landau damping rate also leads to larger scale size
might be more subtle. As we mentioned in previous chapter, the chorus waves will diverge
to a wider L-shell range as they propagate to higher latitudes (see Figure 3.2). Therefore, a
lower damping rate means that chorus wave power can propagate further to higher latitudes,
thus covering a wider L-shell range where the scattering of relativistic electrons occurs. This
can be clearly seen from Figure 4.7. The ray power at M LT = 12 can be maintained to
higher L-shells compared with M LT = 9, and thus the precipitation shown in Panels (b2)

has much wider L-shell range than (a2).

In this chapter, we include the impact of finite sized chorus wave source region. We
introduce a convolution method to deal with it. We find that the scale size under finite sized
source region is almost the same but slightly larger compared with the point source case we
show in the previous chapter, just as we illustrated in Figure 4.1 (e2). This result again
address the important insight that the scale size of microbursts is primarily controlled by

the propagation effect of chorus waves rather than the equatorial source region size.

One chorus wave feature that is not included in the present work is the chirping of
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ral distribution of the relativistic precipitation flux, with x axis being the spatial coordinate

L(Ainy) and y axis being time.
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the chorus wave element which would tend to increase the duration of the precipitation
signature to some extent. In the ray tracing modeling, all rays with different frequencies are
launched simultaneously, thus in effect assuming an infinitely large chirping rate in order
to focus only on the wave propagation and electron time-of-flight aspects. Test runs show
that finite chirping rates do have some impacts on the spatial precipitation flux distribution
[106, 120, 40, 37] but that it is a less important factor compared with other factors, especially
the effects of MLT. This might be due to the fact that the scale size is a spatial characteristic
and will be less affected by the temporal characteristics like the chirping rate. Therefore,
we neglect the wave frequency chirping in this work to focus solely on propagation effects,
eliminate one variable from consideration to reduce the complexity of the analysis, and leave

the chirping rate effects for future detailed study.

Both our present study and Shumko et al. [132] indicate that the dayside is very special
in terms of the spatiotemporal characteristics of relativistic electron microbursts. However,
there is potential to misinterpret the results of these two works since Shumko et al. finds
that the duration of relativistic microbursts is larger on the dayside while our work suggests
that the scale size is larger, which may lead to the incorrect conclusion that our modeling
results provide direct theoretical support for existing observational results. It is important
to note that we analyze purely the spatial characteristics in this work, while in the work of
Shumko et al., their method of directly analyzing the in situ time history of precipitation flux
implies that they analyze almost purely temporal characteristics. To support this statement,
we estimate the distance traveled by the LEO satellite during one microburst by multiplying
the orbital speed (7.9km/s for LEO) and a typical microburst time duration (0.2s), which
gives only 1.6km, a value that is one or two orders of magnitude smaller than the typical
scale size of the microburst (several tens to more than one hundred of kilometers, from
Figure 4.6). Therefore, the spacecraft can be assumed to be essentially stationary during
the entire microburst measurement, so the time duration calculated by Shumko et al. is a

purely temporal signature observed from a fixed location, and cannot be directly compared
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with our purely spatial signature. However, both works indicate the uniqueness of dayside
for relativistic microburst, although one from the time perspective [132] and one from the
space perspective (this work). The more detailed and complex temporal dimension modeling

and comparison with observation is ongoing in future works.

4.5 Summary

In summary, following the method for modeling the chorus-induced precipitation flux spatial
characteristics developed in the previous chapter, we extended the modeling work to several
chorus wave source locations distributed over L-shells and MLT's, thus trying to model the
global distribution of the relativistic microburst spatial characteristics. The model setup
is based on statistical results of chorus wave characteristics and electron populations. The
relativistic microburst was successfully reproduced for all runs. The maximum precipita-
tion flux and the scale size of the relativistic microburst are defined and compared among
different L shells and MLTs. We found that the characteristics of microburst in the dawn
and midnight sectors have little difference, but microbursts in the noon sector have larger
precipitation fluxes and larger scale sizes. This is attributed to the much weaker 1-100 keV
trapped electron fluxes in the dayside, which lead to a much weaker Landau damping and
resultant wave propagation to higher latitudes which have access to resonate with MeV elec-
trons. Thus, our results indicate a controlling effect of keV electron populations on the MeV
electron precipitation. This work serves as a theoretical reference for future observational
and statistical studies dealing with the relativistic electron microburst scale size, and is also
an important step to a global modeling of quantifying the total contribution of chorus wave

induced relativistic microburst.
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CHAPTER 5

Lifetime of the relativistic electrons due to

chorus-driven microbursts

5.1 Introduction

In this chapter, we will address the ultimate goal of this series of researches: understand how
chorus waves contribute to relativistic electron loss and to assess their overall significance in
this process. Specifically, we seek to evaluate the lifetime of global relativistic electron loss

due to microburst precipitation driven by chorus waves.

Many previous works indicate that microbursts play a key role in the dynamics of the
outer radiation belt. Previous studies have shown that microbursts act as a major loss
mechanism for the relativistic (> 1MeV') electrons in the outer radiation belt by estimating
the loss rate or lifetime using the observed microburst precipitation fluxes [92, 46, 30, 145, 54].
Although the estimated lifetime in these studies varies between several hours to several days
due to different estimation methods, assumptions and trapped flux values, they all infer
that during storm time, microburst can potentially empty the entire the radiation belt’s
relativistic electrons within a few days. Therefore, it is crucial to better understand the

contribution of microburst to the relativistic electron loss in the outer radiation belt.

It is now generally accepted that microbursts are primarily triggered by chorus waves.
Both statistical and event observation studies have demonstrated the connection between
chorus waves and relativistic microbursts [47, 30, 92, 91, 110, 77], and many modeling works

have also focused on the mechanisms of how chorus waves drive relativistic microbursts
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[37, 40, 106, 107, 120, 69, 68, 66]. However, although we have established a connection
between single chorus event and microburst precipitation signature, and connection between
global microburst and the total outer radiation belt relativistic electron loss, our current
understanding still has a gap to directly connect chorus wave activities with global relativistic
electron loss. No attempt has been made to investigate the contribution of global chorus
waves to the global relativistic electron loss via individual microbursts, which leaves a gap

in our understanding of the importance of chorus waves in global relativistic electron loss.

The scientific goal of the present study is to establish the relationship between chorus
waves and relativistic electron loss and evaluate the importance of electron loss contributed
by chorus waves. We achieve this goal by addressing the following scientific question: what
is the outer radiation belt relativistic electron lifetime due to chorus wave driven microburst
loss? This means that we evaluate only the loss contributed by chorus waves, and our
modeling is based on chorus wave information instead of directly working with microburst
precipitation data. We will start with chorus waves and plasma parameter global distribu-
tion, from which we model the loss rate with a wave-particle interaction code and calculate

the total electron content, thus finally obtaining the lifetime.

5.2 Estimation method

The detailed workflow is illustrated in Figure 5.1. The blue boxes represent data in-
put/output, and the green boxes represent data processing methods. We need the following
data as input: magnetospheric density model, chorus wave amplitude global distribution as
a function of L-MLT (unless otherwise specified, distribution will refer to global distribution
as a function of L-MLT in the remaining text), equatorial trapped electron flux distribution,
and chorus element occurrence rate distribution. The first three datasets are fed into the
Chorus Induced particle Precipitation (CIPP) code which calculates how many relativistic

electrons can be precipitated by a single chorus element. Combining with the chorus element
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Figure 5.1: The workflow diagram of our modeling. The blue round-corner boxes represent
the input or output datasets, and the green rectangular boxes represent the data processing

methods.

occurrence rate (the average number of chorus element per unit time) we can calculate the
relativistic electron loss rate R. This process is introduced in more detail in the following

subsection.

5.2.1 Loss rate

In this subsection, we demonstrate how we calculate the loss rate through one example run:
Lg..=4.25 MLT =9. In Chapter 3 we have extensively demonstrate how we calculate the
spatiotemporal distribution of the relativistic precipitation flux Jprecip(Ain,t), and Panels
(a)-(c) in Figure 5.2 shows the familiar modeling results we have seen in previous two chap-
ters. Using Jprecip We can integrate for the total number of precipitated relativistic electrons
Nprecip to obtain:

dN rect
—d)]\? L 27 - (RE + h) : 6Slon / JpTeCiP(Ain'U’t)dt’ (51)

where 27 represents the loss cone solid angle at the ionosphere, h = 100km is the height of the

ionosphere, ds;,, = 50km is the longitudinal scale size of a typical microburst, as estimated
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by Shumko et al. [135]. We use observed empirical value for ds,, = 50km because as a 2D
model considers evolution only in a meridional plane, and the model needs to be extrapolated
in longitude since it does not have the ability to obtain longitudinal variation. The validity
of Equation 5.1 can be observed by noting that the precipitation area at the ionosphere
dA = 0510t0S10n = (R + h)d iy - 0Si10n and dNpecip = JpremdedAdt ”T“”’ in this run is
plotted in Figure 5.2 (d).

The final step is to convert the Ny, into the loss rate R, which will involve the occur-

rence rate of chorus wave element r,.. to convert the precipitation per element into loss rate

preczp

(i.e., the precipitation per unit time). We denote the v

as Mprecip, Which is a function
of chorus wave source region L-shell L. and MLT, and )\inv which represents the precip-
itation location on the ionosphere. nyrecip(Lsre; M LT, Ainyy) represents the A, distribution
of the number of precipitated relativistic electrons per \;,, induced by a single chorus ele-
ment originated from (Lg.., M LT). Since a single chorus wave element propagating in an
unducted mode typically results in precipitation at a range of \;,, in the same meridional

plane, calculating the loss rate at \;,, should include the contributions of all chorus waves

from different Lg,.:

dR(MNpw, MLT
( d)\ ) - / nprecip(Lsrw MLT7 /\inv)rocc(Lsrca MLT)dLsrm (52)
and the loss rate at any L-shell bin can be obtained by R(\in,, MLT) = WA)\W.

Hereafter we shall denote the field line with L-shell instead of \;,,, to be consistent with the

common practice in magnetospheric statistical studies.

5.2.2 Total relativistic electron content

The relativistic (> 1MeV') equatorial electron flux is also used to calculate the relativistic
total electron content (TEC) using the following formula, according to the method in Thorne

et al. [145]:
PNya 1 E +mc? oV

[ E nr+1
9LOG c/ O / dosin™ L, ) e ) 0106

(5.3)
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where j, is the trapped equatorial electron flux, « is the pitch angle, E is the energy, L
and ¢ are the L-shell and azimuthal angle, ny, is the pitch angle index under the assumption

that the electron flux pitch angle distribution takes the form j(L, E, ) = j, (L, E) sin™* («).

% is the flux tube volume per L-shell per azimuthal angle under a dipole model, and can
be derived from
oV 2R3 1
— = —Z4/1 - =(16L*> —8L* + 6L — 30 5.4
0¢p 105 L( + ) (54)

with 88;—8‘; = a%g—g, where Ry = 6371km is the Earth radius. After obtaining the total

relativistic electron content, we can divide it with the loss rate to obtain the relativistic

electron lifetime due to chorus waves:

(5.5)

5.2.3 Model setup

We use the results of the 20 runs over different L-shells and MLTs in Chapter 4 to calculate
the electron lifetime. The statistical models used are the same as we show in Figure 4.2,
4.3 and 4.4. We show the new dataset we mentioned in Section 5.2.1, the chorus element

occurrence rate, defined as the total chorus element count/total RBSP flight time in each

L-MLT bin, based on the dataset in He et al. [58].

The 20 runs over 4 L. and 5 MLTs are used as "sample” runs. To increase the L-

MLT resolution of the w, for any other source region location between 4.25 <

inv

Ly <5.75,0 < MLT <12 its W function is then linearly interpolated from the

n

w functions of its nearby “sample” locations. The interpolation method is shown

in Figure 5.4.
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Figure 5.5: The modeling results of the relativistic TEC (Panel (a) and (d)), loss rate (Panel
(b) and (e)) and lifetime (Panel (c¢) and (f)). Panels (a)-(c¢) are shown in L-MLT bins, and

Panels (d)-(f) show the total quantity of these values within each L-shell, as a function of
L-shells.

5.3 Lifetime results and discussion

Figure 5.5 shows the modeling results of the total relativistic electron content, loss rate and
relativistic electron lifetimes. The statistical results are shown in an L-shell-MLT grid with
bin width of AL = 0.1, AM LT = 0.4. Panels (a)-(c) show the relativistic TEC, loss rate and
lifetime within each L-shell-MLT bins, and Panel (d)-(f) show the relativistic TEC, loss rate
and lifetime for each L-shell, where relativistic TEC and loss rate are calculated by summing
over all MLT bins at the same L-shells, and lifetime is calculated by the summed relativistic

TEC divided by the summed loss rate.

We now can compare our results with previous estimates. Figure 4(d) indicates that
the relativistic TEC is around 10%* — 10%° electrons per L-shell (considering a width of
AL =0.1) between 4 < L < 6, which agrees very well with Selesnick and Kanekal [124] who

also provides 2. = 10%* — 10 MeV~'. Figure 5.5 (f) shows that the relativistic electron
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lifetime ranges from several hours near geosynchronous orbit, up to 100 hours at L ~ 5 which
is roughly consistent with the estimated lifetime of 10 100 hours by Thorne et al. [145]. This
means that during chorus wave active times, the relativistic electrons in the outer radiation

belt can be depleted within a few days in the outer radiation belt.

We estimate a lifetime of several hundred hours up to 1 thousand hours at lower shells,
in the range 4 < L < 5, which is an extremely large value that exceed previous estimates.
For example, Thorne et al. gave an estimated lifetime of around 10 hours in this L-shell
range, which is almost 3 orders of magnitude smaller than our estimate. We consider our
value to be an overestimate of the realistic lifetime due to two reasons: a) The lowest chorus
wave source region L-shell we choose is Lg,.. = 4.25, and because the relativistic precipitation
occurs at higher L-shells compared to the chorus wave source region, we omit precipitation
induced by chorus waves from L., < 4.25, which mainly occur between 4 < L < 5; b).
Additionally in the case of a density duct, the relativistic precipitation will occur on the
same field line as chorus wave source region and have stronger precipitation fluxes [66, 40].
Considering this is the near-plasmapause region where density ducts are frequently observed
[139, 109, 101, 45], we might underestimate the chorus driven precipitation flux because
we do not consider density ducts. We estimate a lifetime of just a few hours for L > 6.5,
which might have been underestimated because the L-shell volume calculated by a dipole
model is an underestimation of the realistic stretched field at the high L-shells, therefore the

relativistic TEC might be underestimated.

The goal of this work is to establish a connection between chorus waves and relativistic
electron lifetimes with a start point of chorus wave related statistical results, where the chorus
driven microbursts are a proxy that connects chorus waves and relativistic electron lifetime.
Meanwhile, in Thorne et al. [145], they directly established the relation between microbursts
and relativistic electron lifetime with a start point of microburst statistics. Therefore, our
modeling yields a lifetime of several tens of hours between 5 < L < 6.5 which is consistent

with Thorne et al. [145] implying that the extended connection from microburst to chorus
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waves is reasonable, and chorus waves are the dominant driver of microburst electron loss in

this region.

5.4 Summary

In this study, we investigated the relativistic electron lifetimes due to chorus driven mi-
croburst precipitation using a modeling approach. Using our CIPP code, we estimated the
chorus driven relativistic electron loss rates at different L-shell-MLT bins based on statisti-
cally averaged chorus wave distributions of and chorus wave element occurrence rate. We
also obtained the relativistic TEC at different L-shell-MLT bins from a statistical relativistic
electron flux global distribution. We then calculated both the total relativistic TEC and
the electron loss rate within each L-shell bin, whose quotient yields the relativistic electron
lifetime. The resulting lifetimes of relativistic radiation belt electrons as a function of L-shell
was shown in Figure 5.5 (f). Our modeling results indicate a lifetime of several tens of hours
at the core region of the outer radiation belt (5 < L < 6.5), which is consistent with previous
observational studies (Thorne et al. [145]) and much larger lifetimes at lower L-shells. We
conclude from our modeling results that during geomagnetically active times, when chorus
wave intensity and occurrence rate peaks the relativistic electrons in the outer radiation belt
can be depleted by chorus waves within a few days under the present assumptions. This work
establishes a theoretical relationship between chorus wave and relativistic electron lifetime
via individual microbursts, and confirms the important role that chorus waves play in the

loss process of the outer radiation belt.
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CHAPTER 6

The principal role of chorus ducting for night-side

relativistic electron precipitation: a special case study

6.1 Introduction

In the previous 3 chapters, we have completed the series of modeling works on chorus wave
driven relativistic microburst using our CIPP code, from microscopic physical process inves-
tigation through single event modeling to macroscopic global distribution and global impact
studies. In this chapter, we will present a ”"bonus” research focusing on what the role the
ducting effect plays in the chorus wave driven relativistic microburst. In the previous works,
we all assume a smooth magnetospheric density distribution so that the chorus waves all
propagate in the unducted mode, and the impact of density duct has not been considered
yet. In this work, inspired by a strong relativistic microburst event observed on the nightside
by ELFIN, we conduct an event-based modeling to investigate the role of chorus ducting for

relativistic electron precipitation.

It has been shown in observations via many spacecrafts (e.g. THEMIS, CRRES, Cluster,
Dynamic Explorer 1, Double Star TC1 etc.) that the night-side chorus waves are usually
confined around the equatorial plane, whereas dayside waves can propagate to middle or
even high latitudes [102, 3, 123]. For the most intense field-aligned chorus waves, this differ-
ence in the wave latitudinal extent directly leads to their different contributions to electron
losses and acceleration [103]: night-side, near-equatorial waves are mostly responsible for the

precipitation of < 100keV electrons and effective in electron acceleration up to relativistic
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energies [5], whereas dayside waves are responsible for relativistic electron losses [145]. In-
deed, the distribution of the most intense precipitation events, microbursts, have confirmed
the prevalence of electron losses on the dayside [47, 133, 36, 129]. However, all the statistical
works mentioned above also indicated the presence of relativistic electron precipitation on
the night-side. Recent observations from the low-Earth-orbit (LEO) ELFIN CubeSats have
also shown these very intense relativistic electron precipitation signatures on the night-side
[12]. These evidences of non-rare, night-side, strong relativistic precipitation is in contrast
with our theoretical understanding we mentioned above, and there is no good theoretical
explanation for these relativistic electron precipitation on the night-side. Considering the
occurrence rate of night-side relativistic microbursts is comparable in dawn and day side
[47, 133, 36, 129], and their important contributions to relativistic electron losses is con-
firmed [148], it is crucial to explore the mechanism that drives the night-side relativistic

precipitation in order to better understand the dynamics of radiation belts.

Two potential mechanisms can lead to relativistic electron losses in the night-side inner
magnetosphere. First, after being generated around the equator, whistler waves may prop-
agate along curved magnetic field lines, become very oblique and resonate with relativistic
electrons through high-order resonances (see discussions in [91]). Indeed, this mechanism for
relativistic electron precipitation has been confirmed in the dawn-flank magnetosphere [49],
but it is unclear whether the same mechanism can work on the night-side, where enhanced
suprathermal electrons damp oblique waves much more effectively (e.g., [38]). Second, these
equatorially generated waves can be trapped into local density ducts (e.g., [56, 40]) and
propagate to middle latitudes or all the way to the ionosphere without damping [131]. At
middle latitude, these intense field-aligned chorus waves may provide effective scattering and
precipitation of relativistic electrons. This mechanism was proposed to explain relativistic
electron losses on the dusk-side and dayside (e.g., [10, 39]), but has not been verified for the

night-side.

In this study we examine ELFIN [9] observations of very intense, relativistic (up to
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1—2MeV) electron precipitation in the night-side inner magnetosphere. Using ELFIN elec-
tron measurements with high energy resolution, we separate the chorus-driven precipitation
from the plasma sheet precipitation due to electron scattering by the magnetic field line cur-
vature (see discussions of this mechanism in [161, 34]). Then we simulate electron resonant
interactions with chorus waves traced in a realistic magnetosphere configuration (see the
model details in [69]), in order to evaluate the relative importance of unducted (oblique) and
ducted (field-aligned) wave scattering. As shown in simulations, the observed relativistic
electron precipitation at the strong diffusion limit (completely filled loss cone; see [74]) can
only be explained by the scattering of ducted waves. These results imply the importance of
incorporating realistic plasma density structures and wave distributions into global radiation

belt models.

6.2 Event description and model setup

We analyze in details ELFIN CubeSat observations recorded during the two-day interval
11-12 June 2021. These observations were captured during a prolonged interval of elevated
geomagnetic activity, with the auroral index, SML, remaining below —300n7" and ring cur-
rent index, SMR, below —20nT" [52] for the majority of the time, due to a series of plasma
injections (see Fig. 6.1(a)). The ELFIN energetic particle detector, EPDe, measures electron
energy, pitch-angle distributions over 50 — 6000keV in 16 logarithmically distributed energy
channels [9]. ELFIN’s polar, low-altitude (~ 450km) orbit allows it to quickly traverse a
wide range of magnetic field lines, in the inner magnetosphere to the plasma sheet, within
~ bmin. The temporal resolution of EPDe measurements is 3s, i.e. the ELFIN spin rate.
To examine the precipitation from the equatorial magnetosphere, we mainly use two data
products: the energy spectrum of locally trapped electrons (outside the bounce loss-cone),
Jtrap, and the energy spectrum of precipitating electrons (inside the bounce loss-cone), jprec

[7]. Their ratio, jyrec/Jirap, signifies the intensity of electron scattering around the equator
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75, 87).

Figure 6.1 (b1-d3) shows ELFIN observations during three orbits on 11 June 2021: the
trapped spectra in panels (b), precipitating-to-trapped flux ratios in panels (c), and ELFIN
MLT and L-shell (calculated using the model [153]) in panels (d). Note that there can be
large uncertainties for the night-side in projecting ELFIN to the equator to estimate L-shell,
especially during substorms when magnetic field lines are very deformed in the magnetotail
region (see discussions in [136, 11]). Thus, we only trust the low L values in the inner
magnetosphere, and use jiqp and Jprec/Jirqp to identify different magnetospheric regions in
ELFIN measurements. Let us illustrate this identification procedure using panels (b1, c1).
Before 02:50:10 UT, ELFIN measures locally trapped fluxes below 200keV with a strong
flux anisotropy, jprec/Jjirap < 0.1. This is consistent with the plasmasphere, which is often
replenished by freshly injected electrons in the night-side. Between 02:50:10 and 02:50:25
UT, ELFIN observed enhanced relativistic electron fluxes, mostly trapped with sporadic
precipitation bursts, jprec/jtrap > 0.1 and Jpree/Jirap decreases with energy. This is the outer
radiation belt region, whereas precipitation bursts are due to electron scattering by whistler-
mode (chorus) waves: for these waves, the pitch-angle diffusion coefficient decreases with the
energy increase (e.g., [140, 111]), in agreement with the observed jyrec/Jtrap- Around 02:50:30
UT, ELFIN traversed the isotropy boundary — transitioning between the outer radiation belt
With jyrec/Jirap < 1 and the plasma sheet with jyec/Jjirap = 1. Such strong energetic electron
precipitation is due to curvature scattering in the magnetotail current sheet [62, 127, 126].
The plasma sheet region is characterized by < 200keV electron fluxes, usually isotropic,
Jpree/Jirap = 1 [11]. A characteristic feature of the isotropy boundary is the energy/L-shell
dispersion (for an excellent example see Figure 2 in [159]): electrons at higher energies
start to experience the curvature scattering at lower L-shells (with larger curvature radius)
and hence show jprec/jtrap = 1 closer to the Earth [126]. The high energy and pitch-angle
resolution of ELFIN EPDe allows us to distinguish precipitation due to curvature scattering

and due to the whistler-mode wave scattering (see discussions in [149, 11]). As shown in Fig.
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6.1 (b1-d1), ELFIN measurements were captured during the substorm growth phase, where
the absence of plasma injections explains the lack of intense chorus waves, but the very thin

magnetotail current sheet can drive strong curvature scattering and electron precipitation

below 200keV .

Figures 6.1 (b2-d3) show ELFIN observations during two orbits after a substorm injection:
the plasma sheet is only captured fragmentally, likely due to near-Earth dipolarization that
prevents electron curvature scattering (see discussions in [130, 94]); the outer radiation belt is
filled by hot injected electrons as a viable source for chorus wave generation (e.g., [142, 98]).
Electron precipitation due to chorus wave scattering has a very clear energy dispersion,
with the precipitating-to-trapped flux ratio decreasing with energy increase (panels (c2,
c3)). This precipitation pattern exhibits several spatially localized bursts (likely associated
with the chorus wave generation regions around plasma injections, see discussions in [162,
12]). Energies of precipitating electrons can reach 500-700keV, and in panel (c3) 700keV
precipitating electrons show precipitating-to-trapped flux ratio around one, i.e., relativistic

electrons are precipitated at the strong diffusion limit.

Figures 6.1 (b4-d6) show ELFIN observations during three orbits on 12 June 2021. Sim-
ilar to the three orbits in 6.1 (b1-d3), the first orbit during substorm growth phase shows a
very clear isotropy boundary reaching 1MeV in energy (panel (c4)). Two subsequent orbits
show electron precipitation bursts in the outer radiation belt after the injections. This pre-
cipitation is likely due to electron scattering by chorus waves. As shown in the observations,
these electron precipitation, likely driven by chorus waves at the strong diffusion limit, can
reach 1 — 2MeV. Therefore, Fig. 6.1 demonstrates multiple examples of unusually strong

precipitation bursts of relativistic electrons observed on the night-side.

Although the ELFIN measurements in Fig. 6.1 were not in conjunction with equatorial

spacecraft measurements, there is a good coverage of equatorial plasma and wave dynamics
by MMS [32], Arase [108], THEMIS [8], and GOES-16. Based on their observation, injection

(measured by energetic particle detector, see [70, 20]), cold plasma density structures (derived
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Figure 6.1: Overview of ELFIN A&B observations during two substorms on 11-12 June
2021. Panel (a) shows SuperMAG indices. Panels (b1-d3) show ELFIN observations during
three orbits during the first substorm at 02:00-05:00 UT on June 11: locally trapped fluxes
(b1, b2, b3), precipitating-to-trapped flux ratio (c1, ¢2, ¢3), and ELFIN L-shell and MLT
(d1, d2, d3). Panels (b4-d6) show ELFIN observations during three orbits during the second
substorm at 00:00-05:00 UT on June 12: locally trapped fluxes (b4, b5, b6), precipitating—
to-trapped flux ratio (c4, b, ¢6), and ELFIN L-shell and MLT (d4, d5, d6). Horizontal lines
in panels (c) mark two key energy levels: 500keV (solid line) and 1MeV (dashed line). In
panels (c), we also indicate precipitation patterns as identified by their location and energy
dispersion: isotropic fluxes at large L-shell are due to electron curvature scattering in the
plasma sheet (PS); L-shell/energy dispersion with higher-energy electron precipitation at
lower L-shell is a signature of the electron isotropy boundary (IBe); precipitation bursts
with a lower precipitating-to-trapped ratio at higher energies are due to electron scattering

by whistler-mode waves.
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from spacecraft potential, see [112]), and whistler-mode chorus wave activities (measured by
electric field instruments and search-coil magnetometers, see [14, 81, 21, 71]) are confirmed
during the events from Figure 6.1. Therefore, ELFIN observations of strong electron pre-
cipitation are associated with periods of multiple plasma sheet injections, which serves as
the free energy source for chorus wave generation [142, 48, 98] and reduces the f./ fe ratio
[1] that plays an important role for scattering and precipitating relativistic electrons (see

discussions in [148]).

6.3 Modeling results

To probe the mechanism driving the observed night-side relativistic electron precipitation
within the strong diffusion regime, we conduct event-based modeling for ducted and unducted
chorus waves, respectively. The chorus wave-particle interaction model employed in this
study follows the same methodology as in [69, 68], whose basic procedure is described below.
Utilizing ray tracing techniques, we trace the ray paths of chorus waves originating from an
equatorial chorus wave source, with Landau damping included which yields the amplitude
attenuation of waves. From the ray paths and wave amplitudes along ray paths, we can
reconstruct the latitudinal distribution of wave amplitude along a certain field line from all
the rays that cross the field line. Subsequently, quasi-linear electron scattering calculations
are performed on the field lines, yielding the energy-time (E—t) spectrum for the jy.e., and
thus the jprec/jtrap ratio at each field line’s footpoint. (For technical details about this model

see discussions in [69, 68, 25].)

We establish our model based on the observations discussed in the preceding section,
with a particular focus on the precipitation signature at L = 8.7, where ELFIN has detected
significant relativistic electron precipitation (whistler mode wave induced precipitation is
between 7.5 < L < 10, and the precipitation due to isotropic boundary occurs beyond

= 10, e.g. Figure 1 (¢,d3) and (c,d5)). For the unducted case, we adopt an empirical
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Figure 6.2: Overview of ray paths and resonance energies for both ducted (left) and unducted
(right) cases. Panels (al) and (a2) show the ray paths of waves with different frequencies,
color-coded as indicated in the top-right color bar. Panels (bl) and (b2) illustrate the
(cyclotron) resonance energy along the ray paths of waves at a fixed frequency of 0.25f.,
with colors denoting the resonance energy as shown in the bottom-right color bar. Panels
(al) and (bl) are for the ducted case, whereas panels (a2) and (b2) are for the unducted
case. The transparency of ray paths in all panels reflects their wave power, with fading rays
illustrating damping. Thin dashed lines denote field lines with an L shell interval of 1 and
latitude lines with a latitude interval of 10°; the two thick dashed lines represent field lines
for L = 8.5 and L = 8.9, which, in the ducted case, mark the half-width boundary for the

enhanced density duct.
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night-side density model [35], adjusting it to ensure that the equatorial density at L =
8.7 maintains f,./f. &~ 3, consistent with observations from THEMIS (further insights
on the role of f,./f. are provided in the Discussion section). For the ducted case, we
introduce a relatively large (yet realistic, see [144, 55, 41, 73, 85]) density-enhanced duct
with a 50% enhancement factor and a half-width of 0.2Rj centered around the field line
L = 8.7, expressed as Ngucted = nunducted(O.Se*% + 1) (see observations and simulations
of similar ducts in [131, 73, 40, 55]). Considering the parallel propagation characteristics of
chorus waves within such ducts (e.g., [41]), we position the equatorial chorus wave source
region at the center of the duct (L = 8.7). In contrast, unducted chorus waves, while
propagating to higher latitudes and attaining relativistic resonance energies, also extend to
higher L shells (see Figure 3 of [69]). Hence, for the unducted case, we initialize the chorus
wave source region at L. = 8, ensuring that as the wave rays propagate to the target field
line at L = 8.7, they have already reached relativistic resonance energy (see Figure 6.2 (b2)).
We initialize the chorus waves with a frequency span of 0.1f.. < f < 0.5f.. and an initial
quasi-parallel wave normal angle (WNA) distribution with a bandwidth of 15° (Equation 4
of [68]). During the ray tracing process, the electron velocity distribution utilized for Landau
damping calculations (see [38, 31]) is derived from electron flux data obtained by THEMIS
during the event. Since there is no direct conjugate observation of equatorial chorus wave
amplitude, we assume a relatively large value of B,, = 200pT for the chorus wave amplitude
(e.g., [85]). It is worth noting that the wave amplitude B,, scales linearly with the amplitude
of electron pitch-angle scattering rate, Aq, in the quasi-linear regime. Thus, this parameter

should be viewed as a normalization factor for jyrec/Jirap X Aa < By,

Figure 6.2 shows the ray tracing results for the ducted (panels (al) and (bl)) and un-
ducted (panels (a2) and (b2)) cases. Panels (al) and (a2) depict the ray paths with varying
frequencies (color-coded according to the top-right color bar), while panels (b1) and (b2) dis-
play the cyclotron resonance energy along the ray paths at a fixed frequency of f = 0.25f...

Power reduction due to Landau damping is indicated by the fading of ray paths, i.e., increas-
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Figure 6.3: Panels (a) to (e) are E-t spectra of the jyrec/jirap ratio at different field line
footpoints for the ducted and unducted cases, respectively. Panels (al)—(el) represent field
line footpoints at L = 8, 8.3, 8.5, 8.7, and 8.9, respectively, for the unducted case, whereas
panels (a2)—(e2) depict the same for the ducted case. The ratio contour is color-coded
according to the top-right color bar, with the horizontal white dashed line marking the

1 MeV energy.
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ing transparency of the ray paths. From panel (al), we can see that all waves are effectively
guided by the duct, with only minor leakage of high-frequency waves. Ducted waves ex-
perience minimal damping as they remain quasi-parallel within the duct [41, 93], retaining
significant wave power even at high latitudes (> 50°). In contrast, panel (a2) reveals that
unducted waves undergo substantial damping [41], with the majority of wave power lost
after propagating above a latitude of 20°. This difference in the latitudinal extent of the
strong-wave-power region between ducted and unducted cases is crucial for their distinct
Jprec/ Jirap Tatios in the ~ MeV energy range. From panels (bl) and (b2), we can see that
in both cases, chorus waves do not attain ~ MeV resonance energy until they propagate
beyond 20° in latitude [91, 69, 39, 107]. Therefore, it is crucial for chorus waves to convey
sufficient wave power to the high-latitude, MeV-resonance region to enable strong diffusion
at the MeV energy range, thereby making ducting the only plausible explanation for the

observed night-side strong ~ MeV precipitation, as demonstrated later.

Figure 6.3 shows the energy-time (E-t) spectra of jyec/jirap ratio at various field line
footpoints for both ducted and unducted cases. Panels in the left column depict results
for the unducted case, while those on the right represent the ducted case. We examine the
precipitation signatures at five different field lines: L = 8,8.3,8.5,8.7 and 8.9. Note that
L = 8 is the chorus wave source region for the unducted case, whereas L = 8.7 is the source
region for the ducted case. It is evident that the unducted and ducted waves exhibit their
strongest precipitation at distinct locations and energy ranges. In the unducted case, strong
precipitation is solely observed at L = 8, around the wave source region, at energies below
100keV, typical of night-side chorus waves (e.g., [5]). By comparing the energy range with
Figure 6.2 (b2), we can further determine that the scattering occurs below latitudes of 20°.
Conversely, in the ducted case, intense scattering is only observed at L = 8.7, the center
of the duct. Here, precipitation spans a wide energy range from several tens of keV up to
several MeV. Combining with Figure 6.2 (b1), we discern efficient scattering that occurs from

the equator all the way up to latitudes of 50°. From Figure 6.3, we can see that relativistic
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Figure 6.4: Panels (a) and (b) show the max(jprec/jirap)E curves at different L-shells for
both the ducted and unducted cases. Panel (a) presents the ducted case, while panel (b)
presents the unducted case. Curves at different L-shells are color-coded based on their
distance AL from the L-shell of the chorus wave source region, as indicated by the color bar

on the right. Note that L. = 8.7 for the ducted case and L. = 8 for the unducted case.

precipitation (FE 2 1MeV) is only possible in the ducted case, and relativistic precipitation

near strong diffusion limit is solely attainable at the duct’s center.

To examine the locations and energy ranges where the strong diffusion limit can be
attained, and to depict how the jprec/ jirap ratio-E relation evolves with L-shells, we present in
Figure 6.4 (a) and (b) the maximum jy,e./jtrap Over the entire time period (max(jprec/Jtrap))
versus energy at different L-shells for both the ducted and unducted cases. Panel (a) shows
the results for the ducted case, while panel (b) shows the unducted case, with curves of
varying colors corresponding to different L-shell distance AL to chorus wave source region
L, as delineated by the color bar on the right. Panel (b) shows that in the unducted case,
the strongest precipitation occurs near the source region (AL = 0, or L = 8) within a lower
energy range of < 100keV; at field lines farther from the source region, precipitation at
increasingly higher energies is observed, albeit with a dramatic decrease in intensity. This
is because unducted chorus waves reach higher L-shells at higher latitudes, where the waves
resonate with higher energy electrons but much weaker wave amplitude due to strong Landau

damping on the night-side (see Figure 6.2(b2)). Conversely, in the ducted case (panel (a)),
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the center of the duct (AL = 0, or L = 8.7) exhibits the highest precipitation intensity
compared to all other field lines (as indicated by the orange curve); the strong diffusion
limit is achieved between 20 ~ 200keV and maintains a significant jyrec/Jjirap ratio of > 0.1
up to several MeV. Field lines near the duct boundary (AL = £0.2, or L = 8.5,8.9) show
similar relativistic precipitation energy range, although with lower intensity, indicative of
very effective wave power guiding within the duct. This ducting effect traps almost all wave
power at the duct’s center, where weak Landau damping allows a significant amount of the
wave power to persist to high latitudes, producing the scattering of relativistic electrons and

thus generating strong relativistic precipitation at the duct’s center.

6.4 Discussion and summary

We show that only ducted wave propagation enables chorus waves to reach sufficiently high
latitudes to scatter and precipitate relativistic electrons close to the strong diffusion limit.
However, the efficiency of ducting and wave—particle resonant interactions relies on the char-
acteristics of cold plasma density, which are not directly measured during these events and
must be inferred from statistical models. The background density magnitude (determining
fpe/ fee = 3) under the assumed duct amplitude of 50% deviates from typical values: em-
pirical models suggest fpe/fee ~ 8 for L ~ 8 [128]. Nevertheless, the modeled events of
relativistic electron precipitation occur during strong substorm activity (see Fig. 6.1 (a)),
which is usually associated with a decrease in the night-side fy./f. to 2-4 [1], likely due
to enhanced earthward transport of cold plasma. For L ~ 8, f,./f.. = 3 indicates that the
background density is only 0.4cm™3 and 0.6cm ™ within the duct. Although these density
differences may seem substantial in relative terms, they are not uncommon for the night-side
inner magnetosphere during plasma sheet injections (e.g., [53, 90]). The local f./ fe. is more
important when we focus on the resonance energy, especially in the ducted case where waves

propagate within a narrow L-shell range, and we ensure that by scaling down the density
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model to make f,./f.. = 3 at L = 8. Therefore, the density profile at a wider range of
L-shells is relatively less important, thus although we have to extrapolate the density model
(because the reference CA model gives density profile up to L ~ 7) which may potentially

lead to extra error, the impact should be of second-order.

Our modeling results indicate that strong chorus-driven, night-side relativistic precip-
itation can only occur in the presence of a density duct. Interestingly, considering that
night-side relativistic precipitation is not rare at all [12, 132, 36, 129], and that relativistic
microbursts are either dominated by the night-side or have a comparable occurrence rate as
those on the dawn and day sides—if we acknowledge that chorus waves are a main driver
of relativistic microbursts [30, 150, 91, 77]—it naturally leads to the implication that ducts
should exist on the night-side and be potentially quite common, so that they can account
for the high occurrence rate of night-side relativistic precipitation. This is aligned with the
statistical results on density irregularities [144, 55|, where both works report a non-negligible

occurrence rate on the night-side.

In this study, utilizing data from the ELFIN CubeSats, we examine a night-side relativis-
tic precipitation event that reaches the strong diffusion imit (jyrec/jtrap ~ 1). By analyzing
the energy dispersion and spatial burst signatures, we identify the presence of whistler-mode
chorus wave—driven precipitation. Concurrent observations from multiple spacecraft (MMS,
THEMIS, Arase, and GOES) reveal that this event is accompanied by substorm activity, hot
electron injection, a low f,./f. ratio, and chorus wave activity. To elucidate the potential
mechanism whereby night-side chorus waves produce relativistic precipitation at the strong
diffusion limit, we conduct simulations modeling the chorus wave-driven precipitation for
both the unducted and ducted cases. The model is event-based, with the density model
and electron flux model configured based on observations during this event. The modeling
results indicate that unducted night-side chorus waves are quickly damped before reaching
relativistic resonance energies, and thus are unlikely to be responsible for strong relativistic

precipitation; conversely, when chorus waves are effectively guided by a duct, they are able
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to produce very intense precipitation (jprec/Jjirap > 0.1) across the relativistic energy range.
Therefore, strong relativistic precipitation driven by chorus waves on the night-side can only
be accompanied by the ducting effect. These results underline the critical role of density

ducts in the dynamics of substorm radiation belts.
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CHAPTER 7

Summary and conclusions

7.1 Summary

In this dissertation, we developed a new powerful tool for chorus wave driven electron precip-
itation modeling, and used it to investigate various questions of chorus wave driven relativis-
tic electron microbursts, from microscopic wave-particle interaction mechanisms and single
event features to macroscopic aspects such as global distribution of microburst features and

global impact to the radiation belts.

Chapter 2 introduced the theoretical background of our modeling code, the Chorus In-
duced Particle Precipitation (CIPP) code. We introduced the workflow of the code in detail,
demonstrating its ability to simulate the precipitation signature on arbitrary field lines due

to equatorially generated chorus waves.

Chapter 3 presented the modeling of the spatial scale of relativistic electron microbursts
induced by chorus waves, finding a representative scale size of approximately 60 km—consistent
with previous observations. The modeling setup minimized the spatial and temporal extent
of the chorus wave source, showing that the microburst scale is primarily governed by wave
propagation rather than the physical size of the excitation region. The results further re-
veal that microbursts can be significantly displaced poleward from the chorus source L-shell
and exhibit rapid poleward motion when observed on the ground or low Earth orbit. This
displacement arises because chorus waves must reach higher latitudes and L-shells to satisfy

relativistic resonance conditions. As a result, the traditionally assumed strict field-line con-
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jugacy between chorus sources and microbursts is not necessary, underscoring the need to

consider non-conjugate geometries in observational studies.

Chapter 4 presented the extended modeling framework to multiple chorus source regions
distributed over L-shell and magnetic local times, enabling a global assessment of relativistic
microburst spatial characteristics. Using statistically derived wave and electron properties
as inputs, the model reproduced microbursts at all simulated locations. The results show
that microbursts in the dawn and midnight sectors are comparable in intensity and scale,
whereas those in the noon sector are significantly stronger and broader. This enhancement
is attributed to reduced Landau damping in the dayside magnetosphere, where weaker keV
electron populations permit chorus waves to reach higher latitudes and interact efficiently
with MeV electrons. The findings highlight the controlling influence of lower-energy electrons
on relativistic precipitation and provide a foundation for global quantification of microburst-

driven losses.

Chapter 5 presented an investigation of the lifetimes of relativistic electrons in the outer
radiation belt under the influence of chorus-driven microburst precipitation. Using the CIPP
model and incorporating statistical distributions of chorus wave power and relativistic elec-
tron content, the study calculated loss rates and total electron content in each L-shell-MLT
bin. The resulting lifetimes are on the order of tens of hours in the core outer belt region
(L = 5-6.5), in agreement with prior observational studies, and extend to significantly longer
durations at lower L-shells. The analysis demonstrates that chorus waves, during periods
of elevated activity, can effectively deplete relativistic electrons within a few days. These
results confirm the dominant role of chorus-driven microbursts in shaping outer belt electron

lifetimes.

Chapter 6 presented a demonstration showing that strong relativistic precipitation on
the night-side can only occur when chorus waves are guided by cold plasma density ducts.
Using multi-spacecraft observations and event-based modeling informed by ELFIN measure-

ments, the study showed that unducted chorus waves are rapidly damped before reaching
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energies needed for relativistic electron resonance. In contrast, ducted waves retain sufficient
amplitude during propagation and are able to precipitate relativistic electrons at intensities
approaching the strong diffusion limit (jprec/jtrap ~ 1). The modeled plasma conditions
during the event—specifically a reduced f,./ fe ratio consistent with substorm-driven cold
plasma transport—support the feasibility of duct formation on the night-side. These results
confirm that night-side chorus-driven relativistic electron precipitation requires ducted wave
propagation, and they provide strong evidence that such ducts play a critical role in facil-
itating efficient wave-particle interactions at relativistic energies. The frequent observation
of night-side microbursts suggests that density ducts may be more common than previously
assumed, and their presence is essential to account for the observed occurrence rates of

relativistic precipitation events in this region.

7.2 Discussion

The research presented in this dissertation has greatly advanced our understanding of the
characteristics and significance of chorus wave driven relativistic microbursts. We explored
the spatiotemporal characteristics of relativistic microbursts and revealed their close rela-
tionship to the chorus wave propagation effect, and inferred the global distribution and global
impact of relativistic microbursts based on chorus wave data. These results have important

implications that are discussed below.

Previous studies examining the relationship between relativistic microburst and chorus
waves all focus on strict field line conjunction, which implies that either only equatorial chorus
waves are involved in electron scattering, or chorus waves are assumed to be strictly field
aligned propagating. We have demonstrated that neither implication is valid in general. To
reach relativistic resonance energies, high latitude chorus waves are required and equatorial
chorus waves cannot interact with relativistic electrons. Meanwhile, ray tracing results also

indicate that chorus waves are usually not field aligned propagating, but instead mostly
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shift to outer L-shells as they propagate to higher latitudes. Our study results indicate
that relativistic microbursts occur at higher L-shell than the L-shell of the chorus waves
which drive the microburst. These results provide new insights and suggestions for future
observational studies: provided an observed relativistic microburst event by LEO spacecraft,
we should look at equatorial regions at lower L-shell or high-latitude region at the same L-

shell to find the conjugate chorus event that drives the observed microburst.

To the author’s knowledge, current studies have not discussed the evolution of the lo-
cation of the relativistic microbursts. The relativistic microbursts have been treated as a
phenomenon of pure temporal evolution at a fixed location, maybe due to the limitation
of single in situ spacecraft observations. However, we showed that microbursts are not a
localized phenomenon. Instead, the microburst peak moves poleward with a very significant
velocity &~ 1000km /s, and during the whole microburst event, the microburst peak can swipe
over a large region spanning over &~ 300km, corresponding to a latitude interval of ~ 3°. The
movement of relativistic microburst has not been proposed before, and therefore requires a
lot of further observational investigation to confirm such prediction. The predicted poleward
movement of relativistic microburst should leave a precipitation trajectory on the ionosphere,

which might be observable by ground-based or balloon-based X-ray detector array.

Our estimation of relativistic electron lifetime due to chorus driven microburst is based
completely on chorus wave data, therefore we only consider the precipitation related to chorus
waves. Moreover, even though chorus waves play a dual role of both scattering relativistic
electrons and acceleration of seed electrons to relativistic energy, our method only consider
the scattering loss. It should be clearly noted that the acceleration occurs at large pitch
angles a ~ 90°, while the scattering loss occurs at pitch angles near the loss cone a ~ .
Our code only consider the dynamic processes near the loss cone, therefore the acceleration

role of the chorus waves are not considered.

In reality, multiple source and loss processes are always occurring simultaneously in

the radiation belts, therefore our estimated lifetime of several tens hours only reflects the
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importance of the certain process of chorus driven microburst loss, and does not necessarily
match the realistic electron lifetime as other processes also simultaneously contribute. For
example, the chorus acceleration might refill the radiation belt as the same chorus wave
population scattering the relativistic electrons, thus the relativistic electron might lose slower

or even be populated, depending on the lifetime related to each source or loss processes.

One of the key factors missing in the work of this dissertation, however, is that we have
been neglecting the chirping rate of the chorus waves. All of our modeling assumes all wave
frequency components are launched simultaneously from the equatorial source region. In
reality, however, the chorus wave elements are always characterized by a frequency chirping
rate, and such chirping rate is modulated by L-shell and MLT [141]. Preliminary modeling
efforts have shown that a large chirping rate of 2 5000H z/s has minor impact on the

modeling results. However, more detailed analysis on the role of chirping rate is still needed.

7.3 Proposed future studies

Following the discussion above, we propose a few future directions this dissertation naturally
leads to, and may complete the arguments of current dissertation or extend to areas that

have not been explored by current works.

7.3.1 The effect of chorus chirping rate

One straightforward but important work is to carefully analyze the impact of the chorus
wave chirping rate on the microburst spatiotemporal distribution. Although preliminary
attempts have shown that a large chirping rate of 2 5000H z/s has only negligible impact,
previous studies of the chorus wave chirping rate [141, 58] also show that a large fraction of
chorus waves have average chirping rate lower than 5000H z /s, especially the dawn and noon
sectors where the chirping rate can be as low as only several hundreds Hz/s. Therefore

a better understanding of the controlling effect of chirping rate on electron precipitation
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signature is crucial. By simply setting the same modeled event with different chirping rate,
we can investigate the impact of chirping rate on the microburst duration, scale size and
amplitude, with an expectation that the duration of the microburts might be prolonged with

lower chirping rate.

7.3.2 Optimize Landau damping calculation

Our studies presented in Chapters 4 and 6 both highlight the critical role of Landau damping
on controlling the relativistic microburst, either through the Landau energy flux level differ-
ence or ducting effect. Landau damping controls the access of chorus wave to high latitude
regions and hence the balance between chorus as a loss or source mechanism for the radiation
belts. It is therefore imperative to optimize the Landau damping calculation procedure in
our code so that our modeling results can be more reliable. Currently we adopt a very rough
model where each ray’s Landau damping rate is solely computed according to the electron
flux model at its source region. Such calculation can be accurate for the near-equatorial
propagation, but may lead to error when rays propagate away from the source region, i.e. to
other L-shells and to higher latitudes. A more reasonable Landau damping model should be

developed which calculate the Landau damping rate based on the ray’s local electron flux.

7.3.3 The effect of chorus ducting

We had a preliminary attempt of studying the effect of density duct in Chapter 6, but only
for a single event. With a single event approach established, it is plausible to combine the
statistical results of density duct and include the density duct effect in predicting global
distribution (Chapter 4) and estimating relativistic electron lifetime (Chapter 5), therefore
obtaining more realistic and reliable results. It is also worth mentioning that the results
we obtained in Chapter 4 and 5, despite of the overall agreement, still have minor but

notable deviation with existing statistical works ([46, 145], etc.). The missing ducting effect
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and the previously mentioned oversimplified Landau damping model might be major factors

contributing to the deviations.

7.3.4 Observational comparison

The final and the most exciting work proposal is the observational validation of our modeling
works. We predict the poleward movement of relativistic microburst for the first time, which
requires observational confirmation. The major difficulty is to obtain a spatial resolution of
the relativistic microburst. We propose two possible observation work plans. The first is
to use the balloon based X-ray detector array to obtain the spatial resolution. The second
and more promising solution is to use high time resolution twin LEO spacecrafts such as
FIREBIRD II [65] and AeroCube-6 [116], and search for an event where two spacecrafts

o

are separated by = 1° of latitude on their polar orbit and subsequently observe identical
relativistic precipitation flux peak with the more poleward spacecraft lagged out by a small
time interval. With such event not only we can demonstrate the poleward movement of the
relativistic microburst, but also we can measure the velocity of the poleward movement by

dividing the separated length of the two spacecrafts with the lagged time interval, and see

if the measured velocity matches with the prediction of our modeling.

The proposed future studies not only refine and complete the current modeling framework
developed in this dissertation but also open new directions for understanding the physics of
wave—particle interactions in Earth’s radiation belts. By addressing the unresolved factors
such as chirping rate dependence, ducting effects, and more realistic damping models, and
by pursuing observational validation, these works contribute to a more comprehensive and
predictive description of relativistic electron precipitation. This is essential for quantifying
radiation belt loss processes, assessing space weather impacts, and advancing our fundamen-

tal understanding of magnetospheric dynamics—key goals in space physics research.
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