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Magnetic reconnection is a fundamental process in space and astrophysical plasmas that releases
magnetic energy and produces energetic particles. The resulting nonthermal electrons and anisotropic
distributions provide free energy for kinetic instabilities, which generate magnetic structures and
plasma waves that can significantly influence particle dynamics and transport. This dissertation employs
particle-in-cell (PIC) simulations to investigate how reconnection-driven kinetic processes generate
magnetic structures and waves, and how these self-generated fluctuations regulate energetic electron
scattering and transport.

First, two-dimensional PIC simulations with a realistic mass ratio are used to investigate the
origin of out-of-plane magnetic fields in magnetic islands (flux ropes) formed during reconnection.
Without an initial guide field, reconnection generates a large electron temperature anisotropy inside
magnetic islands that drives the Weibel instability, producing strong bipolar out-of-plane magnetic

fields with amplitudes reaching B,/B, ~ 0.4 with B, the amplitude of the reconnecting magnetic



field. The instability relaxes the anisotropy after which island merging regenerates the free energy and
re-excites the instability. With a strong guide field (B,/By, = 0.5), electron outflows are redirected
along separatrices and form a circular current loop around flux ropes. This current enhances the guide
field to B,/By ~ 1.4 and can drive the electron Kelvin—Helmholtz instability, further amplifying
the magnetic field. These self-generated core fields scatter electrons, reduce temperature anisotropy,
and may influence Fermi acceleration during reconnection. The results are consistent with spacecraft
observations of enhanced magnetic fields within flux ropes in the magnetotail and solar wind.

Second, PIC simulations are performed to investigate the scattering of electron heat flux by
self-generated oblique whistler waves in the context of solar flares. Multiple observations suggest
the inhibition of energetic-electron transport and even the confinement of electrons in the flaring
region. In the simulations, an initial distribution representing a reconnection-driven electron heat
flux excites strong oblique whistler waves together with filamentary Weibel-like structures. These
instabilities efficiently scatter electrons, suppress heat flux, and drive the electron distribution toward
isotropy. Electron trajectories show that particles with initially large parallel velocities can be scattered
to negative parallel velocities. The key parameter is the ratio of the heat-flux drift speed to the
electron Alfvén speed, with larger drift speeds producing stronger waves and more effective heat flux
suppression. A scaling relation between the scattering rate and drift speed is also derived.

Finally, the role of the 90° pitch-angle scattering barrier is investigated. In quasilinear theory,
the pitch-angle diffusion coefficient vanishes at 90°, preventing electrons from being scattered across
this boundary. As a result, an electron heat flux evolves into a nearly uniform distribution over pitch
angles 0 < 6 < 90°, while remaining unable to diffuse into the negative parallel-velocity region.
Simulations show that this highly anisotropic distribution contains substantial free energy that drives

the growth of large-amplitude oblique whistler waves. These waves strongly scatter electrons near



90° pitch angle, enabling a significant fraction of particles to cross the barrier and diffuse to negative
parallel velocities. Consequently, the electron distribution evolves toward an approximately isotropic
state. These findings provide new insight into the regulation of energetic-electron transport and heat

flux in the solar corona, solar wind, and intracluster medium of galaxy clusters.
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Chapter 1: Introduction

1.1 Magnetic Reconnection

1.1.1 Basic Principles

Magnetic reconnection is a fundamental plasma process that plays a central role in a wide range
of space and astrophysical environments, including the solar corona [1-5], the Earth’s magnetosphere
[6-10], and the solar wind [11-14]. Through reconnection, magnetic energy is efficiently converted
into particle kinetic energy, thermal energy, and bulk flows, accompanied by topological changes of

magnetic field lines [15-17].
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Figure 1.1: Schematic illustration of (a) a typical Harris-type current sheet and (b) the X-
line during magnetic reconnection. The blue lines represent magnetic field lines and red
arrows are plasma flows.

Figure 1.1 illustrates a typical two-dimensional picture of magnetic reconnection. Panel (a)
shows a Harris-type current sheet configuration containing oppositely directed magnetic fields separated
by a central thin current sheet [18]. In panel (b), magnetic field lines reconnect at the X-line within the
elongated diffusion region as plasma from the upstream region flows inward and newly reconnected

field lines are ejected outward by magnetic tension. Due to mass continuity in the elongated current



layer, the reconnection outflow velocity is much larger than the inflow velocity, with the typical outflow
speed being on the order of ~ v 4 and the inflow speed being on the order of ~ 0.1v4, where v4 is the
Alfvén speed [2, 19-21]. This process produces high-speed outflows together with substantial plasma
heating and particle energization. This process, in which a thin current sheet breaks up into a chain of
magnetic islands in response to small perturbations, is commonly referred to as the tearing instability,
while the corresponding unstable perturbation is known as the tearing mode [22-25].

A key requirement for magnetic reconnection is the breakdown of the “frozen-in condition”. In

ideal magnetohydrodynamics (MHD), the electric field in the plasma frame satisfies
1
E+-uxB=0, (1.1)
c

so magnetic field lines are frozen into the plasma and move together with it [26-28]. Under this
condition, the magnetic topology is preserved, and field lines cannot change their connectivity. For
reconnection to proceed, the frozen-in condition must break down.

Within the diffusion region, additional terms in the generalized Ohm’s law become important,

B J B 'Pe e J 1
B2y BT B LY I de) - V(D) ()
c nec ne ne? | ot ne

where the terms on the right-hand side represent, respectively, resistive diffusion, the Hall effect, the
divergence of the electron pressure tensor, and electron inertial effects. While the Hall term enables
ion—electron decoupling, resistive diffusion, electron inertial effects, and the off-diagonal components
of the electron pressure tensor can break the frozen-in condition and allow changes in magnetic

topology [19,29-33].



Historically, the earliest theoretical descriptions of reconnection were developed in the resistive
MHD framework. The famous Sweet—Parker model [1, 2] described reconnection in an elongated
current sheet and established the basic relations between inflow, outflow, and dissipation. However,
the reconnection rate predicted by this model is too slow to explain explosive energy release in solar
flares and substorms, which became one of the central questions in reconnection research [34-36].
Petschek later proposed a faster reconnection model with standing slow shocks, which provided a
possible explanation for rapid energy conversion [3].

Subsequent theoretical, numerical, and observational studies showed that collisionless effects,
Hall physics, and kinetic processes play essential roles in enabling fast reconnection in many natural
plasmas [19,30-33]. At scales below the ion inertial length, the ion and electron motions decouple,
and the dynamics is fundamentally altered by Hall physics and the associated whistler waves. Because
whistler waves have dispersive properties that allow rapid transport of magnetic flux at small scales,
the reconnection rate becomes largely insensitive to the specific electron-scale mechanism that breaks
the frozen-in condition [19,30,33]. A particularly influential milestone in establishing this picture was
the Geospace Environmental Modeling (GEM) Magnetic Reconnection Challenge [19], in which full
particle, hybrid, Hall MHD, and resistive MHD simulations were compared under the same Harris-
sheet configuration. A key result was that all models including the Hall effect produced similarly fast
reconnection rates, whereas conventional resistive MHD yielded much slower reconnection unless an
artificially enhanced localized resistivity was introduced. These results demonstrated that Hall physics,
together with the underlying whistler dynamics, is a key ingredient in fast collisionless reconnection
and established an important benchmark for the modern understanding of magnetic reconnection.

In this thesis, reconnection provides the larger physical context for several related problems.

There are several comprehensive books and review articles on magnetic reconnection [34-36]. Given



the breadth of the subject, we summarize here only the concepts most relevant to this work.

1.1.2 Particle Acceleration

One of the central consequences of magnetic reconnection is efficient particle acceleration.
Key questions in this aspect include: what are the dominant energization mechanisms, where in the
reconnection region particles gain most of their energy, how the accelerated particle spectra are formed,
and how wave—particle interactions and scattering regulate the transport and further energization of
particles [17,37-39].

In the guiding-center approximation, the main acceleration mechanisms are Fermi acceleration,
betatron acceleration, and direct acceleration by a parallel electric field [15,17,40—42]. Fermi acceleration
occurs when a particle encounters a dynamically evolving, curved magnetic field. Betatron acceleration
describes the energization that results from an increasing magnetic field, which increases the perpendicular
energy through conservation of the first adiabatic invariant. However, Fermi acceleration is found to
be the dominant mechanism for electron energization in the weak-guide-field regime [15, 17,40-42].
In this thesis, particular emphasis is placed on Fermi acceleration.

A key feature of reconnection-driven Fermi acceleration is that the energy gain primarily results
from motion parallel to the magnetic field and scales as dF /dt o vﬁ [15,16]. As a result, electron
heating preferentially occurs in the parallel direction, naturally producing temperature anisotropy with
Ty >T,.

The strong temperature anisotropy produced by Fermi acceleration can drive kinetic instabilities

and, in turn, modify the acceleration process itself. For example, when the pressure anisotropy satisfies

2

B
Py =P >—. (1.3)
47



the plasma may become unstable to the firehose instability [43—46]. In this instability, the parallel
pressure exceeds the perpendicular pressure by an amount sufficient to overcome magnetic tension,
causing magnetic field lines to become unstable and develop kink-like or wave-like deformations.
The onset of the firehose instability can reduce the efficiency of Fermi acceleration and thereby limit
continued particle energization. This is because the pressure anisotropy reduces the effective magnetic
tension force that drives field-line contraction, weakening the Fermi acceleration process [43—46].

Power-law energy spectra are a hallmark of nonthermal acceleration and are of great interest
for reconnection studies. They can form when particles undergo repeated Fermi-type acceleration in
contracting or merging magnetic structures while also experiencing escape from the main acceleration
region [42,47,48]. If the acceleration is sufficiently efficient and can be sustained over a broad energy
range, the resulting spectrum naturally develops a power-law form. In three-dimensional reconnection,
turbulence and chaotic magnetic field lines help particles access multiple acceleration sites, which is
important for maintaining such spectra [42,48].

In practice, accelerated particle distributions are often well described by kappa distributions
that extend over a broad energy range [16, 17,49, 50]. The kappa distribution is especially useful
because it approaches a Maxwellian form in the thermal part of the distribution, while exhibiting a
power-law-like high-energy tail in the nonthermal regime, which is consistent with flare observations
[51-55]. These results indicate that reconnection-accelerated electrons are both strongly nonthermal
and highly anisotropic, making wave generation and electron scattering key processes that can regulate

their transport.



1.1.3 Reconnection in the Solar Corona and the Magnetosphere

The solar corona and Earth’s magnetosphere are two of the most important natural laboratories
for investigating magnetic reconnection. The problems studied in this thesis are closely related to
magnetic reconnection in both of these environments, so a brief introduction to each is warranted.
Coronal plasmas are typically hot, tenuous, and strongly magnetized, with characteristic temperatures
of 105-107 K, densities of 108-10'° cm~3, magnetic field strengths ranging from a few to several

hundred gauss in active regions, and Alfvén speeds on the order of 103 kms™!.

The plasma beta,
defined as the ratio of plasma pressure to magnetic pressure, is typically much smaller than unity, with
values ranging from 1072 to 107!, In the solar corona, magnetic reconnection is involved in solar
flares, coronal mass ejections, and coronal jets, and is widely regarded as the mechanism responsible
for explosive energy release. [1-5,56-59].

The direct sampling of coronal plasma is currently not possible. Even the Parker Solar Probe
(PSP), the closest spacecraft ever to the Sun, only reaches ~ 10 R, (solar radius) from the solar surface
[60]. Therefore, magnetic reconnection in the solar corona is studied primarily through remote sensing
observations, including extreme ultraviolet (EUV) and X-ray imaging, spectroscopic measurements,
white-light coronagraph observations, and radio diagnostics (e.g., [56,57,61,62]). Since direct measurements
of the coronal magnetic field are difficult, the coronal magnetic topology is often inferred through
magnetic field extrapolation techniques based on photospheric magnetograms, such as potential-field
and nonlinear force-free field reconstructions (e.g., [63—68]). In summary, solar observations provide
rich information on the large-scale evolution of reconnection, but the underlying microphysical processes

must often be inferred indirectly.

Figure 1.2 illustrates the structure of Earth’s magnetosphere and its interaction with the solar
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Figure 1.2: Schematic illustration of Earth’s magnetosphere and its interaction with the
solar wind, showing the bow shock, magnetopause, and magnetotail structures.

wind. Magnetic reconnection can occur both at the dayside magnetopause and within the magnetotail
plasma sheet, where reconnection plays a central role in solar wind—magnetosphere coupling and
particle acceleration [6—10]. Typical parameters in the magnetotail plasma sheet include densities
of ~ 0.01-1cm™3, ion temperatures of ~ 1-10keV, magnetic field strengths of ~ 10-30nT, and
Alfvén speeds up to 1000 kms~—!. The plasma beta is typically of order 10~!. In contrast to the
solar corona, the near-Earth magnetosphere can be probed directly by spacecraft, allowing in situ
measurements of fields, wave activity and particle distributions. Over the past several decades, many
probes and satellites, such as ISEE, Geotail, Cluster, THEMIS, and the Magnetospheric Multiscale

(MMS) mission, have been launched to investigate Earth’s magnetosphere.



1.2 The Origin of Strong Core Fields in Flux Ropes in the Magnetosphere

1.2.1 Observational Evidence

Magnetic islands and flux ropes are common structures produced during magnetic reconnection
[40,69-73]. In two-dimensional configurations, reconnection often generates closed magnetic structures
known as magnetic islands, which can move, contract and merge. In three dimensions, the corresponding
structures are generally referred to as flux ropes, which consist of twisted magnetic field lines wrapped
around a central axis. These structures play an essential role in particle acceleration during reconnection
[16,37,39,40,47].

Observations frequently report strong out-of-plane magnetic fields in the center of magnetic
islands during reconnection events, often accompanied by enhanced fluxes of energetic electrons [69,
72-82]. In the following context, the term “core magnetic field” refers specifically to the out-of-plane
magnetic field. These magnetic structures are typically identified by their bipolar in-plane magnetic
field together with an enhanced axial, or core, magnetic field near their centers.

On the other hand, flux ropes or plasmoids are also widely observed in many eruptive solar
phenomena. They have been seen rising above flare loops, often preceding the onset of CMEs [58,
83-86]. Similar structures have also been detected propagating along bright white-light rays trailing
CME:s [87, 88] or above helmet streamers [89]. In addition, plasmoids are commonly observed in
coronal jets [90-92], and have been identified through subarcsecond imaging spectroscopy in UV
bursts in the lower solar atmosphere [93]. More recently, enhanced core fields have been documented
during island merger at the heliospheric current sheet close to the sun [94].

Because the direct measurement of the core fields in flux ropes in remote environments is not
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Figure 1.3: (a) Example of an observed flux rope, adapted from [82], showing the
characteristic bipolar signature in B;, and an enhanced core magnetic field 5, near its
center. (b) Schematic illustration of the flux rope geometry. The blue arrows represent
magnetic field lines within the magnetic island, while the dashed black arrow indicates the
observer.

feasible, establishing the generation mechanisms for enhanced core fields in flux ropes where in situ
measurements are possible is essential. Understanding how these strong core fields are generated
is important for interpreting both the magnetic structure and the particle dynamics of reconnecting

plasmas.

1.2.2  Previous Explanations

The physical origin of the strong core fields in flux ropes remains an open question. In early
studies, Scholer interpreted enhanced core fields in the framework of a bursty reconnection model
[95-97], while Karimabadi carried out hybrid reconnection simulations and attributed the large core
fields to Hall-generated currents [98].

In the past, the formation of a core field inside magnetic islands has often been attributed to the

compression of the initial guide field during island contraction and merging associated with the loss of



internal plasma [70,99-102]. In this interpretation, reconnection produces closed magnetic structures
that trap an initial out-of-plane magnetic flux. As the island contracts, this flux is concentrated into
a smaller cross section, leading to an increase in the core magnetic field. The amplification can be
further enhanced if plasma is lost from the island interior by motion parallel to the axis of a finite
length flux rope. The associated reduction in thermal pressure allows additional compression of the

structure.

1.2.3 The Weibel and Electron Kelvin—Helmholtz Instability

1.2.3.1 The Weibel Instability

The Weibel instability, first identified by Weibel [103] and also referred to as the filamentation
instability, is an electromagnetic instability driven by velocity-space anisotropy. In the Weibel instability,
the unstable mode is typically non-oscillatory (w ~ 0), with a wave vector predominantly perpendicular
to the direction of the temperature anisotropy. Although the instability can be derived rigorously from
kinetic theory, a simple physical picture of its mechanism is illustrated in Figure 1.4. In panel (a),
the electron distribution has a higher temperature in the horizontal direction, corresponding to an
anisotropic velocity distribution. Small sinusoidal magnetic field perturbations deflect electrons and
lead to the formation of spatially separated current filaments, as shown in panel (b). These current
filaments generate magnetic fields that further enhance the original perturbations, resulting in the
growth of the filamentary magnetic fields.

Since its discovery, the Weibel instability has been studied extensively through theoretical analysis,
numerical simulations, and laboratory experiments with applications to astrophysical systems (e.g.,

[104-109]). By converting the free energy stored in velocity-space anisotropy into magnetic fluctuations,
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Figure 1.4: Schematic illustration of the Weibel instability driven by an anisotropic
velocity distribution. (a) Small magnetic field perturbations deflect electrons into spatially
separated current filaments. (b) These current filaments generate magnetic fields that
reinforce the original perturbations, leading to the growth of the instability.

the Weibel instability is widely regarded as an important mechanism for magnetic-field generation
in space and astrophysical plasmas [110]. It has also been proposed as a possible mechanism for
suppressing heat transport [111, 112].

In the context of magnetic reconnection, the Weibel instability is naturally expected to arise
because reconnection efficiently accelerates electrons and produces strong temperature anisotropies.
Particle-in-cell simulations have demonstrated that reconnection outflows naturally develop strong
electron temperature anisotropies that can excite the Weibel instability [113]. However, it has also been
suggested that even a weak guide field (~ 0.1 By) could suppress the instability [113]. Alternative
mechanisms for Weibel-induced magnetic-field generation associated with electron inflow into the
current sheet have been proposed [114]. In addition, studies of electron—positron (pair) reconnection
have shown that the Weibel instability can grow robustly and help to maintain fast reconnection by
broadening the current layer [115, 116]. Together, these results demonstrate that the Weibel instability
can be a crucial element of current-layer dynamics in magnetic reconnection, although its effectiveness

and dominance may depend sensitively on plasma conditions such as the guide-field strength.
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1.2.3.2 The Electron Kelvin—Helmholtz Instability

The Kelvin—Helmholtz instability (KHI) is a shear-flow-driven instability that develops at the
interface between two fluids or plasmas with different flow velocities. A small perturbation of the
interface can extract energy from the velocity shear and grow into rolled-up vortex structures, as shown

in Figure 1.5.

—
—
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Figure 1.5: Schematic illustration of the Kelvin—-Helmholtz instability. Owing to a

Bernoulli-like effect, the pressure decreases at the crest and increases at the trough of

the perturbed interface, causing the perturbations to grow and the interface to roll up into

vortices.

In ordinary fluids, this process is commonly associated with waves and vortices at shear layers.
In plasmas, however, the instability is modified by magnetic fields, compressibility, and kinetic effects.
In particular, a magnetic field component parallel to the flow tends to suppress the instability [117,
118]. The KHI is therefore especially important at plasma boundaries where strong velocity shear
coexists with magnetic and density gradients, such as planetary magnetopauses, the solar wind, the
solar corona, and astrophysical jets [23,118, 119].

The electron Kelvin—Helmholtz instability (EKHI) is a shear-flow-driven instability that develops
when strong velocity gradients arise in electron flows. In collisionless plasmas, electron-scale shear

layers or narrow electron jets formed over kinetic length scales can become unstable to the EKHI,

generating vortex-like structures, localized electric and magnetic field fluctuations, and turbulence. In

12



magnetic reconnection, such strong electron shear flows commonly develop in the outflow region and
along separatrix or current-layer boundaries, making reconnecting plasmas particularly susceptible to
the EKHI [120, 121]. Simulations have shown that the instability can distort current layers, generate
multiple vortices, enhance turbulence, and even trigger secondary magnetic reconnection [120-122].
These effects demonstrate that the EKHI may play an important role in restructuring the current layer

and modifying electron transport in reconnecting plasmas.

1.3 Inhibition of Energetic Electron Transport in the Solar Corona

1.3.1 Observational Evidence

1.3.1.1 Looptop Hard X-ray Sources

The hard X-rays observed during solar flares are generally believed to be produced by the
bremsstrahlung radiation from very energetic electrons [123—125]. After being accelerated to nonthermal
energies during magnetic reconnection, these electrons propagate along magnetic field lines and interact
with denser plasma in the lower corona or chromosphere, where they are decelerated by Coulomb
collisions with ions and emit hard X-rays in the process. The soft X-rays are produced through a
similar bremsstrahlung mechanism, but originate primarily from thermal electrons in hot flare plasma.
In general, hard X-rays are associated with electrons of energies ~ 20-100 keV, whereas soft X-rays
typically correspond to energies of ~ 1-10 keV.

In addition to the footpoint hard X-ray sources located in the lower corona, observations have
commonly revealed the existence of looptop hard X-ray sources, which are situated at or distinctly

above the top of the soft X-ray flaring loops [57,126—129]. An example of such observations is shown
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in Figure 1.6. Increased detection sensitivity indicates that the above-the-looptop hard X-ray emission

is likely a common feature of all flares [130].

HXR (14-23keV) HXR (23-33keV) HXR (33—-53keV)

@/O
P

Emission Measure

SXR (Be Filter) Temperature

0 13 26 (4] 5 10
(108 K) (x 10%6 cm3 per SXT pixel)

Figure 1.6: Example of Hard X-ray (top row) and soft X-ray (bottom row) images of the
flare. Adapted from [57].

During solar flares, magnetic reconnection accelerates electrons to energies exceeding 100 keV,
more than three orders of magnitude higher than the typical thermal energy of the ambient corona
[131-133]. However, the reconnection region has a characteristic size of only ~ 10* km [51, 129, 134,
135], corresponding to a free-streaming escape time of approximately 1 s. This is substantially shorter
than the observed electron energization timescale, inferred from the rise time of hard X-ray emission,
which is typically on the order of minutes [130, 136, 137]. Therefore, without an effective mechanism
to suppress particle transport or confine energetic electrons within the acceleration region, electrons
would escape before being accelerated to the observed high energies.

Further, imaging spectroscopy observations have shown that the energetic electron flux inferred
at the looptop can exceed the precipitation rate at the footpoints by factors of ~ 1.7-8 during the
impulsive phase of solar flares [128]. These observations suggest that a significant fraction of accelerated
electrons remain confined within coronal loops rather than freely streaming into the chromosphere
[128].
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1.3.1.2 Looptop Microwave Sources

Solar microwave emission is primarily produced by gyrosynchrotron radiation from nonthermal
electrons spiraling around coronal magnetic field lines [138—140]. As a result, microwave radiation
serves as an important diagnostic of the motion of energetic electrons on coronal magnetic fields.
Similar to looptop hard X-ray sources, observations have frequently revealed nonthermal microwave
sources located near and above the looptop region where magnetic reconnection is driving particle
energy gain (e.g., [141-144]). The presence of these coronal microwave sources implies that a substantial
population of energetic electrons remains confined within the flare region, rather than rapidly escaping
along magnetic field lines.

The observed looptop microwave emission also places important constraints on the electron
pitch-angle distribution. The pitch angle « is defined as cos v = v /v. Previous studies have shown
that electron distributions with enhanced populations near pitch angles of 90° can significantly increase
the coronal gyrosynchrotron emission [140]. Since gyrosynchrotron radiation is produced by electrons
gyrating around magnetic field lines and therefore requires a substantial perpendicular velocity component,
some physical process must scatter or redistribute electron energy from the parallel direction, where it

is driven during reconnection, into perpendicular motion.

1.3.1.3 The Long Cooling-Time Problem

Another long-standing problem in solar flare physics is the unexpectedly long cooling time of hot
coronal plasma. In the classical picture, the high temperatures reached in flare plasmas should result
in highly efficient field-aligned conductive energy losses. However, observations have shown that soft

X-ray flare loops and post-flare coronal loops often persist much longer than predicted by classical
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conductive cooling models based on Spitzer thermal conduction (e.g., [145-151]). For example,
detailed comparisons between soft X-ray and Ha post-flare loops have shown cooling times from ~ 10
minutes in the early phase to ~ 40 minutes in the later phase of flare evolution [152]. By contrast, the
classical Spitzer conductive cooling time, 7 ~ 3nkL?/ K|, Where )| o< T°/2 is the parallel conductivity,
predicts much shorter cooling times on the order of only tens of seconds. This discrepancy implies that
additional physical processes must either suppress the effective thermal transport or sustain prolonged
energy release in the corona.

Although the coronal plasma cooling problem primarily concerns thermal electrons, it is closely
related to the confinement of nonthermal electrons responsible for hard X-ray and microwave emission.
Both problems ultimately involve the regulation and suppression of electron transport in the corona.
Mechanisms capable of reducing thermal conduction may also scatter or confine energetic nonthermal
electrons, and vice versa. Understanding how electron transport operates across both thermal and
nonthermal energy ranges is therefore essential for understanding particle energy gain in flares as well

as long-lived looptop hard X-ray and microwave sources.

1.3.2 Alternative Explanations

These observational and theoretical considerations have motivated several proposed mechanisms

for the confinement and scattering of energetic electrons in the corona.

1.3.2.1 Magnetic Trapping

One possibility is magnetic trapping, in which the converging magnetic field geometry near the

loop footpoints naturally forms a magnetic mirror, allowing energetic electrons to remain confined
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near the coronal loop-top region. However, efficient magnetic mirroring requires electrons to possess
sufficiently large perpendicular velocities. In contrast, simulations of magnetic reconnection have
shown that the primary energy gain during the acceleration process is parallel to the ambient magnetic
field [15,40,41]. Therefore, efficient confinement requires an additional scattering process capable of

redistributing electron energy from the parallel to the perpendicular direction.

1.3.2.2 Termination Shock

Another proposed mechanism involves reconnection-driven termination shocks [153-156]. In
solar flares, magnetic reconnection generates high-speed outflows that can become super-magnetosonic
and collide with the underlying closed flare loops. As the outflow is abruptly decelerated and compressed,
a fast-mode termination shock can form near the looptop region [153, 154, 156]. Simulations have
shown that such reconnection outflows can generate a termination shock together with a concave-
shaped magnetic structure below the shock front [156]. This magnetic configuration can act as a
magnetic trap that confines energetic electrons near the loop top, allowing particles to encounter the

shock multiple times and undergo further acceleration.

1.3.2.3 Double Layer

Another possible mechanism is the formation of a highly localized electrostatic potential structure,
or double layer (DL) [157-159]. In this scenario, hot electrons escaping from the coronal acceleration
region generate a return current. The relative drift between the return-current electrons and the background
ions drives streaming instabilities, which subsequently produce a DL with a strong localized electric

field. The associated electrostatic potential drop can reflect and decelerate electrons propagating away
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from the looptop region, thereby reducing the electron heat flux and partially suppressing energetic
electron transport. PIC simulations have shown that such DLs can substantially extend the confinement
time of energetic electrons in coronal sources [157-159]. However, the effectiveness of confinement
by a DL depends on the magnitude of the electrostatic potential drop, which scales approximately
with the hot electron temperature 7., [158, 159]. Since T,;, < m.c?, the resulting potential drop is
generally insufficient to confine the highest-energy nonthermal electrons responsible for hard X-ray

and microwave emission.

1.3.2.4 Turbulence

Plasma turbulence refers to a chaotic state of plasma motion characterized by fluctuations in
plasma velocity, density, electric fields, and magnetic fields over a broad range of spatial and temporal
scales. In turbulent plasmas, energy is transferred nonlinearly from large scales to progressively
smaller scales, where it can eventually be dissipated through kinetic processes. Plasma turbulence
is ubiquitous in both laboratory and astrophysical plasmas, including the solar wind, the solar corona,
planetary magnetospheres, and magnetic reconnection regions. In reconnection systems, turbulence
can distort current layers, enhance particle scattering and transport, and contribute to plasma heating
and particle acceleration.

Another proposed mechanism for the suppression of electron transport and heat conduction is
plasma turbulence [160—162]. Turbulent fluctuations can alter magnetic field topology, enhance field-
line wandering, and increase electron pitch-angle scattering, thereby reducing the efficiency of free
streaming along the large-scale magnetic field [162-164]. As a result, turbulence can reduce the

effective thermal conductivity and suppress the escape of energetic electrons from the acceleration
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region. Studies of turbulent reconnection further suggest that turbulence is a natural ingredient of
high-Reynolds-number astrophysical plasmas and can strongly modify both reconnection and transport
processes [164]. However, numerical modeling indicates that the turbulence generated during reconnection

must persist well beyond the impulsive phase to fully explain the observations [162].

1.3.3 The Wave—Particle Interaction and Whistler Instability

Pitch-angle scattering associated with wave—particle interactions driven by kinetic instabilities
is another candidate mechanism for electron scattering during magnetic reconnection [165-172]. A
wide variety of waves and instabilities can develop in reconnection regions, including lower-hybrid
waves, whistler waves, upper-hybrid waves, ion-acoustic waves, and anisotropy-driven instabilities
such as the firehose instability [168,173]. These waves and turbulent fluctuations can strongly modify
reconnection dynamics by enhancing particle scattering and diffusion, regulating energy conversion,
and contributing to plasma heating [168, 173].

Among these processes, whistler-wave scattering has been proposed as a promising mechanism
for suppressing electron transport in flare-like plasmas [169-172]. The basic physical mechanisms
underlying whistler-wave scattering will be discussed in more detail in the next section. Particle-
in-cell simulations have been carried out to study energetic electrons escaping from a reconnection-
driven energy-release region [172]. In their model, the escaping energetic electrons generated a strong
field-aligned heat flux together with a cold return-current beam, which drove large-amplitude oblique
whistler waves and electron acoustic waves. These waves efficiently scattered energetic electrons,
increased their perpendicular velocity, reduced the parallel heat flux, and significantly shortened the

electron mean free path. The authors suggested that such wave—particle interactions may help confine

19



energetic electrons within flare acceleration regions and explain the long confinement times inferred

from hard X-ray observations.

1.4 Whistler-Wave Scattering of Energetic Electrons

1.4.1 Basic Principles

Whistler waves are right-hand-polarized electromagnetic waves with frequencies between the
ion and electron cyclotron frequencies [26,27, 174]. They are referred to as whistler waves because,
in Earth’s magnetosphere, their dispersive propagation causes high-frequency components to travel
faster than low-frequency components, producing a characteristic descending tone, or “whistle,” in
radio observations. Whistler waves are common in a wide range of space plasmas, including the solar
corona, magnetosphere, and intracluster medium (ICM) (e.g., [175-179]). Whistler-wave scattering
is regarded as one of the primary mechanisms regulating the transport and loss of energetic particles
[180-184].

Whistler waves can propagate either parallel or obliquely with respect to the background magnetic
field. In the case of parallel whistlers, the wave vector is parallel to the magnetic field, and the wave
is predominantly a transverse right-hand polarized electromagnetic mode with little or no parallel
electric field. As a result, particle scattering is mainly mediated through cyclotron resonances. In
contrast, oblique whistlers propagate at a finite angle to the background magnetic field and possess
a finite parallel electric field component. This allows not only cyclotron resonances, but also Landau
resonances, making oblique whistlers particularly effective at pitch-angle scattering, electron diffusion,

and heat-flux suppression in collisionless plasmas.
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In the cold-plasma limit under the condition v4. < ¢, the whistler dispersion relation is [26, 185]

1+ k242 '
or equivalently,
Oph _ e (1.5)

VAe - 1 —I—]{/‘ng,

where w is the wave frequency, k| is the parallel component of the wave vector, d. is the electron skin
depth, €2 is the electron cyclotron frequency, v 4, is the electron Alfvén speed, and v,, = w/k is the
parallel phase speed. Since v, reaches a maximum value of 0.5v4. at kd. = 1, the characteristic

phase speed of whistler waves is of order v .

1.4.2 Resonant Interactions

The wave—particle interactions are governed by the resonance condition

W — k‘HU” — TLQ@ =0 (1.6)

where v is the particle velocity parallel to By and n is an integer [26, 185]. Here, n = 0 corresponds
to the Landau resonance, while n = 1 and n = —1 correspond to the normal and anomalous cyclotron
resonances, respectively.

According to quasilinear theory, resonant particles diffuse in velocity space along curves of
constant energy in the wave frame. In this picture, the diffusive flux is tangent to circles centered at
V)| = Upp:

(’U” — vph)2 + vi = constant (1.7)
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Figure 1.7: Schematic illustration of resonant scattering by whistler waves. The dashed

line indicates the diffusion path of resonant particles in velocity space along a circle

centered on vyy,.

Figure 1.7 provides a schematic illustration of Equation 1.7. In the wave frame, the particle
energy is conserved, whereas in the laboratory frame particles can lose energy to the growing wave. A
necessary condition for wave growth is 0 < v,;, < vg, where v, is the mean drift speed associated with
the electron distribution [186]. Strong scattering can produce horn-like structures or perpendicular
bumps in the velocity distribution at resonant velocities [172, 187-189].

As the wave amplitude increases, the resonance widths broaden and may eventually overlap
[169,181,189]. Once resonance overlap occurs, particle motion becomes diffusive rather than periodic,
allowing electrons that initially have small pitch angles to scatter across a broad range of pitch angles,
even beyond 90°.

The resonance width describes the range of particle velocities over which a wave can effectively
interact with resonant particles through wave—particle interactions. Although resonance conditions
such as w — kjv — nfl, = 0 are often written as exact equalities, finite-amplitude waves can interact

with particles within a finite velocity interval around the resonant velocity. In general, larger wave
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amplitudes correspond to broader resonance widths and therefore more efficient particle scattering or
trapping.

In realistic plasmas, however, the wave field often consists of a broad spectrum of modes
with different wavevectors, frequencies, and propagation angles. Since each wave mode satisfies the
resonance condition at a different resonant velocity, multiple resonance regions can exist simultaneously
in velocity space. When the resonance widths become sufficiently broad, neighboring resonances
may begin to overlap. In this regime, particle trajectories can become stochastic rather than periodic,
leading to enhanced diffusion and strong pitch-angle scattering. This process, commonly referred to
as resonance overlap, is believed to play an important role in turbulent plasmas and in the suppression
of energetic-electron transport in collisionless reconnection systems.

The distinction between parallel and oblique whistlers is particularly important for electrons
with |v)/ve| < 1. For parallel whistlers, the wave electric field is primarily transverse and there
is little or no parallel electric field. As a result, the dominant interaction occurs through cyclotron
resonance [190],

w — €2 Vae

= = — 1.8
UHres k” (1 + deQ)kHde) ( )

[ 7e

so that electrons with small parallel velocities can resonate only with short-wavelength whistlers
satisfying kjd. > 1, where the wave power is typically weak. Consequently, low-v electrons are
not efficiently scattered by parallel whistlers.

In contrast, oblique whistlers possess a finite parallel electric field, allowing electrons to interact

through Landau resonance,

w kd.vae

ki 1 (kdo)? (19

Ullres =

which can involve long-wavelength modes with kd. < 1. Therefore, provided that sufficient wave
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power exists at long wavelengths, oblique whistlers can efficiently scatter electrons with small parallel
velocities.

Here, it is worth mentioning the heat-flux suppression by oblique whistler waves in the fast
solar wind, where recent studies have provided a detailed picture of the underlying resonant scattering
mechanisms. In the solar wind, the electron heat flux is primarily carried by the “strahl” component, a
field-aligned beam-like population of suprathermal electrons. Observations demonstrate that the strahl
gradually broadens, i.e., its pitch-angle width increases with heliocentric distance, and may evolve
into the more isotropic halo population through pitch-angle scattering processes [191-193], although
alternative interpretations have also been proposed [194—196]. Since Coulomb collisions are weak
in the fast solar wind, wave—particle interactions driven by kinetic instabilities are believed to play a

significant role in regulating electron transport and heat flux.
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Figure 1.8: (a) Electron velocity distribution. Black and red lines indicate the locations

of the n = 0 (Landau) and n = —1 (anomalous cyclotron) resonances, while the circle

shows the electron diffusion path associated with the n = —1 resonance interaction. (b)

Temporal variation of the distribution function, where red indicates an increase and blue

indicates a decrease in phase-space density. Adapted from [197].

Particle-in-cell simulations have shown that, under typical solar-wind conditions, the counter-
streaming core—strahl electron distribution can excite oblique whistler heat-flux instabilities [186,197—

200]. Figure 1.8 shows an example of such simulation results from [197]. In the early stage of the
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instability, oblique whistler waves scatter strahl electrons through the n = —1 cyclotron resonance,
causing electrons to diffuse toward higher perpendicular velocities and broadening the pitch-angle
distribution. As the instability evolves, the finite parallel electric field associated with oblique whistlers
also enables n = 0 Landau resonances, which further redistribute electrons along the parallel direction
and contribute to the formation of a more isotropic halo population. The simulations further showed
that quasi-parallel whistler waves can develop at later times and continue to isotropize the suprathermal
electrons. These results indicate that oblique and parallel whistler waves can work together to suppress

electron heat flux and regulate energetic-electron transport in weakly collisional plasmas.

1.4.3 The 90 Degree Problem

An important issue in wave—particle scattering theory is the so-called “90 Degree Problem”
[201-207]. The pitch angle o = 90° corresponds to particles with nearly zero parallel velocity. In
conventional quasilinear theory, the pitch-angle diffusion coefficient decreases strongly near o = 90°,
making it difficult for particles to scatter across 90° and become fully isotropized.

This problem is particularly important for energetic-electron transport, cosmic-ray propagation,
and heat-flux suppression in weakly collisional plasmas. A key requirement for strong transport
inhibition is that electrons be scattered over a broad range of pitch angles with respect to the ambient
magnetic field. This raises a long-standing question: can whistler waves efficiently scatter electrons
across 90°? If not, the vanishing of the diffusion coefficient near 90° may cause particles to accumulate
near this pitch angle and form an effective transport barrier that limits further isotropization and
transport suppression. This possibility motivates the study of whether such a barrier can persist and

whether whistler waves can overcome it and scatter electrons beyond 90°.
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Recent studies suggest that nonlinear interactions, resonance overlap, and oblique whistler waves
with finite parallel electric fields may enhance scattering near « ~ 90° and help overcome the 90
degree barrier. The nature of this problem has been investigated in a variety of plasma environments.
PIC simulations of energetic-electron transport in solar flares [167, 172] and of strahl scattering in the
solar wind [197] suggest that oblique whistlers can scatter electrons beyond 90° through nonlinear
wave—particle interactions. In Earth’s bow shock, observations similarly indicate that nonthermal
electrons can be scattered beyond 90° by whistler waves [208]. In Earth’s radiation belts, large-
amplitude electromagnetic ion cyclotron waves can scatter relativistic electrons across 90° through
cyclotron resonance, leading to precipitation losses [209-213]. These studies collectively suggest that
nonlinear scattering across 90° is a generic feature of sufficiently strong wave activity.

PIC simulations further show that flare-driven heat flux can self-generate strong whistler turbulence
that scatters electrons toward larger perpendicular velocities and suppresses their escape from the
acceleration region [167,172]. By contrast, studies of high- intracluster-medium plasmas have argued

that weak turbulence and large system sizes can maintain an effective transport barrier near 90° [190].

1.5 Numerical Method: Particle-in-Cell Simulations

1.5.1 Basic Principles

In this thesis, the main numerical tool is the particle-in-cell (PIC) simulation method, which is
widely used in plasma physics to study kinetic scale phenomena beyond the scope of fluid models
[214-217]. All PIC simulations presented in this thesis are carried out using the code p3d [218].

In the PIC approach, a plasma is represented by a large number of computational particles,

each of which corresponds to many physical particles with the same charge-to-mass ratio. These
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computational particles are often referred to as superparticles. Figure 1.9(a) illustrates the basic
structure of a PIC simulation. The particles move continuously under the influence of self-consistent
electromagnetic fields. The fields are defined on a spatial grid and evolved according to Maxwell’s
equations, while the particles are advanced using the relativistic Newton—Lorentz equation of motion.
In this way, the PIC method self-consistently couples particle dynamics to the evolution of electric and
magnetic fields.
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Figure 1.9: (a) Schematic illustration of the spatial distribution of particles and grids in a
PIC simulation. (b) A typical four-step PIC workflow.

Figure 1.9(b) shows a standard PIC calculation cycle. First, the charge and current carried by the
particles are deposited onto the grid. Next, Maxwell’s equations are solved on the grid to update the
electric and magnetic fields. The updated fields are then interpolated from the grid back to the particle
positions. Finally, the particle velocities and positions are advanced in time using the Lorentz force.
Repeating this cycle allows the simulation to follow the simultaneous evolution of particle distributions
and electromagnetic fluctuations. Additional numerical details involved in the PIC procedure, such as
particle—grid interpolation schemes, numerical differentiation methods, and parallel communication
strategies, are beyond the scope of this introduction and will not be discussed here.

An important numerical constraint in explicit PIC simulations is that the time step and grid
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spacing must satisfy the Courant—Friedrichs—Lewy (CFL) condition,

ulAt < A, (1.10)

where u is a characteristic particle speed, typically taken to be the thermal speed or Alfvén speed, At
is the time step, and Az is the grid spacing. In addition, the numerical resolution must be sufficient
to capture the relevant plasma scales. In practice, this requires the time step to be small enough to
resolve the plasma and cyclotron frequencies, and the grid spacing to be fine enough to resolve the
Debye length and the electron gyroradius [214,215], i.e.,

At <wt wit (1.11)

pe s ce

and

Ax < Ap, pe, (1.12)

where wy,. and w,. are the electron plasma frequency and electron cyclotron frequency, respectively,
Ap is the Debye length, and p, is the electron gyroradius.

An important advantage of the PIC method is that it naturally captures kinetic-scale physics,
especially anisotropy-driven plasma instabilities and wave—particle interactions. These processes are
central to the problems studied in this thesis. The main limitation of the PIC method is that the
required spatial and temporal resolution can make simulations computationally expensive, especially
for large system sizes and long evolution times. For example, in a coronal plasma with a density
of n. ~ 10 cm~3, the electron inertial length is only d. ~ 17 cm, while a typical coronal structure

can have a macroscopic size of order 10*~10° km. Resolving such a system from electron kinetic
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scales to global coronal scales would therefore require more than 10® grid cells in a single spatial
direction, far beyond the capability of fully kinetic simulations. As a result, PIC simulations usually
employ reduced system sizes, reduced mass ratios, or other normalized parameters while attempting

to preserve the essential kinetic physics.

1.5.2 Comparison with MHD Simulations

Magnetohydrodynamics (MHD) is another widely used numerical framework in plasma physics
[215,219-221]. In MHD, the plasma is treated as a conducting fluid described by macroscopic
quantities such as density, bulk velocity, pressure, and magnetic field. Instead of following individual
particles, MHD evolves fluid variables and electromagnetic fields at large scales.

A major advantage of MHD simulations is their relatively low computational cost, so that they
can describe plasma behavior over large spatial and temporal scales. They are therefore well suited for
studying the formation of current sheets, the global topology of magnetic fields, and large-scale plasma
flows. However, since MHD is based on fluid moments, it cannot fully resolve the velocity distribution
function or self-consistently capture kinetic-scale processes such as wave—particle interactions and the
growth of electron-scale instabilities.

Between single-fluid MHD and fully kinetic PIC methods, there also exist intermediate approaches,
such as Hall MHD or hybrid simulations, but these approaches still cannot resolve electron-scale
physics as accurately as PIC simulations. The problems studied in this thesis fundamentally require a

kinetic description and therefore motivate the use of PIC simulations.
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1.6 Outline of the Thesis

This thesis is organized as follows. Chapter 1 provides the general introduction and physical
background. Chapters 2, 3, and 4 present the results of three peer-reviewed publications that form the
core of this thesis [167,222,223]. Chapter 5 provides a summary and outlook.

Chapter 2 is adapted from [223] and presents particle-in-cell simulations of magnetic reconnection
that investigate the generation of core magnetic fields in flux ropes together with the associated electron
scattering processes. This chapter is primarily related to the topics discussed in Sections 1.1, 1.2, and
1.5. Both the zero-guide-field and strong-guide-field regimes are examined, and the results show that
the Weibel instability and the electron Kelvin—Helmholtz instability are the dominant mechanisms in
the respective regimes.

Chapter 3 is adapted from [167] and studies wave generation and energetic-electron scattering
in solar flares, corresponding mainly to the topics discussed in Sections 1.3, 1.4, and 1.5. This chapter
investigates how anisotropic flare-like electron distributions can drive strong oblique whistler waves
and how these waves subsequently scatter energetic electrons and suppress electron transport.

Chapter 4 is adapted from [222] and investigates the problem of whistler-wave scattering of
energetic electrons across 90° pitch angle, corresponding primarily to the topics discussed in Sections
1.3, 1.4, and 1.5. This chapter addresses the long-standing question of whether a persistent 90° pitch-
angle barrier can inhibit efficient electron scattering and transport suppression.

Finally, Chapter 5 summarizes the main results of the thesis and highlights the physical connections
among the three studies. It also discusses the primary limitations of the present work and outlines

several directions for future research.
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Chapter 2: Self-Generation of Core Fields and Electron Scattering in Flux Ropes

2.1 Background

As discussed in Section 1.2, magnetic islands and flux ropes are common structures produced
during magnetic reconnection and are central to energy conversion, particle acceleration, and transport.
Observations in the magnetotail and magnetopause frequently reveal strong out-of-plane magnetic
fields within the cores of these structures (e.g. [72,77,78,81,82]). Similar structures are also widely
observed in solar eruptive phenomena such as flares, coronal mass ejections, and jets [83, 84, 87, 88,
91,92]. Despite their ubiquity, the physical origin of these strong core magnetic fields and their impact
on particle acceleration remain poorly understood.

Previous studies have mainly attributed strong core-field generation to the compression of an
initial guide field during island contraction, possibly aided by plasma depletion within the island
interior and the associated reduction of thermal pressure [70,99—102]. Other studies have interpreted
the core field in terms of Hall currents during reconnection [95-98]. Although these mechanisms may
provide plausible explanations under certain conditions, they do not fully account for the development
of strong core fields in the absence of an initial guide field [72]. Furthermore, they fail to explain
observations of core fields whose polarity is opposite to that of the surrounding guide field [78,224].

Kinetic effects are especially important because magnetic reconnection naturally generates strong
electron temperature anisotropy. The resulting anisotropic distribution provides free energy for instabilities
such as the Weibel instability [103,225] and the electron Kelvin—Helmholtz instability [120, 122], both
of which can produce filamentary magnetic fields [226-229]. These self-generated magnetic fields can
contribute directly to the core magnetic field, enhancing electron scattering and reducing reconnection-

driven energization. Thus, the formation of core magnetic fields is closely connected to the transport
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and acceleration of energetic electrons during magnetic reconnection.

In this chapter, we use two-dimensional particle-in-cell simulations with a realistic proton-to-
electron mass ratio to investigate the self-generation of core magnetic fields in reconnecting magnetic
islands. We consider both the zero-guide-field and strong-guide-field regimes. Particular attention is
given to the roles of the Weibel instability, separatrix electron currents, the electron Kelvin—Helmholtz
instability, and island merging in generating and maintaining strong out-of-plane magnetic fields, as

well as to the implications of these fields for electron scattering.

2.2 Simulation Setup

The proton-to-electron mass ratio is m;/m. = 1836, with the term “ion” in this work referring
exclusively to protons. The simulation domain contains two Harris-type current sheets, with the initial
magnetic field specified as B, (y) = By [tanh((y — 0.251,)/wy) — tanh((y — 0.751,)/wo) — 1], where
wy is the half-width of the current sheet. We choose wy = 0.012d; ~ 0.5d., where d; = c/w,;
is the ion inertial length and w,; = (4mn;e?/ mi)l/ ? is the ion plasma frequency. The system size
is [, = 2l, = 15.36d; and periodic boundary conditions are applied in both directions. We first
carry out a simulation with no initial guide field and subsequently introduce an initial guide field,
B. = B,, to examine its influence on the system. Both electrons and ions are initialized with
Maxwellian velocity distributions. To maintain an equilibrium configuration, the density profile is
given by n, = n; = [sech®((y — 0.251,) /wg) + sech®((y — 0.751,) /wo) ]/ (2T") + no. The simulation

time step is dt = 10*59;1, va; = Bo/+/4Amngm; =~ 0.01c, and 8 = 8mnyT /B2 ~ 0.05. The simulation

uses 500 particles per species per cell and employs a grid of 6144 by 3072 cells.
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2.3 Simulation Results

2.3.1 Zero-Guide-Field Case
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Figure 2.1: Structure of the lower current sheet (the simulation domain contains two
current sheets) at (a) t€2; = 0.1, (b) t€2; = 0.3 and (c) t£2; = 0.4. Black lines denote
magnetic field lines and the color scale shows the electron temperature anisotropy 77, /7;,.

Figure 2.1 shows the dynamics in the lower current sheet. In panel (a), anti-parallel magnetic
field lines break and reconnect, forming multiple X-lines, with magnetic islands developing between
them. The increase in temperature anisotropy upstream of the X-lines arises from the conservation

of the magnetic moment . In panel (b), electrons are accelerated at the X-lines, and the resulting
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outflows produce strong temperature anisotropies inside the islands, reaching 7, /7, ~ 4.5. This
strong anisotropy triggers the Weibel instability within the region where B, is small. In panel (c), the
anisotropy inside the islands is substantially reduced due to the scattering from the instability, with

T, /T, ~ 1. Compared with panel (b), the islands also broaden in the y direction.
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Figure 2.2: (a) Out-of-plane magnetic field B, at t§2; ~ 0.37. Black contours indicate
magnetic field lines. (b) The z-direction electron current .J., at the same time. The
electron current is normalized by J.o = engv4. Where v, is the electron Alfvén speed.
(c) Magnetic field components along the vertical dashed line in (a). The perturbations due
to the usual Hall field are indicated.

Figure 2.2 shows a zoomed-in view around a reconnection site. In panel (a), the Weibel instability

at the island center generates strong out-of-plane magnetic fields with amplitudes reaching B, /By ~
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0.4, greatly exceeding the quadrupolar Hall magnetic field. The resulting 5, alternates in sign along
the = direction, while only a single wavelength develops in the y direction. In principle, linear
theory predicts that the wave vector of the Weibel instability is oriented along the y direction, i.e.,
perpendicular to the direction of temperature anisotropy, leading to the formation of multiple magnetic
filaments [103,230,231]. In the present simulation, however, the growth of Weibel modes in the y
direction is constrained by the narrow width of the current sheet (~ 0.5d.), which is bounded on
both sides by regions of strong B,, the ambient magnetic field. For the same reason, no clear Weibel
signatures are observed upstream of the X-line, even in the presence of strong temperature anisotropy.

Figure 2.2(b) shows enhanced electron fluxes inside the magnetic island, where the electron
current exhibits a crossover pattern. This current structure is consistent with the spatial variation of the
Weibel-generated magnetic fields along the = direction. These bipolar out-of-plane magnetic structures
therefore result from the Weibel instability rather than from compression of the ambient magnetic field.
In contrast, the ion flow (not shown), with .J;, / J.o ranging from —0.08 to 0.08, does not participate in
the instability.

Figure 2.2(c) shows the variations of the magnetic-field components along a vertical cut (indicated
by the dashed line in panel (a)) through the magnetic island. The out-of-plane magnetic field B,
exhibits a pronounced peak at the island center, where B, reverses sign. In contrast, the Hall magnetic
field appears in regions displaced from the island center, with an amplitude that is significantly smaller
than that of the Weibel-generated B,. It is worth noting that, for a horizontal cut through the island,
B, exhibits multiple bipolar peaks at locations where B, reverses sign. Similar signatures have
been reported in magnetotail observations. For example, Cluster measurements of the structure of
a magnetic island reveal a peak in the cross-tail magnetic field in the island core and a peak in the
total magnetic-field magnitude at the same location [72]. There was no ambient guide field in these
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observations so the large guide field did not result from the compression of an ambient guide field.

Further discussion of this event is presented later, following an exploration of the role of the guide

field.
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Figure 2.3: Space—time plot of the out-of-plane magnetic field 5, and electron temperature
anisotropy 7, /T, in the center of the lower current sheet.

Figure 2.3 shows the time evolution of the out-of-plane magnetic field B, and the electron

temperature anisotropy 7,/7, at the center of the lower current sheet. The anisotropy begins to

develop at €); ~ 0.15 as electrons are accelerated by reconnection. Shortly thereafter, at ¢{2; ~ 0.2,

an enhancement of B, emerges as the Weibel instability is triggered by the growing anisotropy. The

clear one-to-one temporal correspondence between the anisotropy and the growth of B, confirms that
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the Weibel instability is responsible for generating the strong out-of-plane magnetic field in the island
center. The anisotropy starts to decrease at t{); ~ 0.3 as a result of pitch-angle scattering by the
Weibel-generated fields. As the anisotropy is reduced and the instability drive weakens, the B, signal
decays. A magnetic-island merging event occurs near d. =~ 450 at t€); ~ 0.3. Following this merger,
the anisotropy reappears with a reduced amplitude at ¢{2; ~ 0.5, accompanied by a renewed increase
in B, around t€2; ~ 0.6. This sequence demonstrates that island coalescence regenerates temperature
anisotropy, which again drives the growth of the Weibel instability and the associated generation of

the out-of-plane magnetic-field.
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Figure 2.4: Weibel evolution during flux-rope merging. Black contours denote magnetic
field lines, and the color scale shows the out-of-plane magnetic field B,/ By.
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Figure 2.4 shows the impact of island on Weibel generated fields. The three smaller islands in
panel (a) coalesce into a larger island in panel (b). During this process, the initial B, structures shown
in panel (a) dissipate and partially cancel. Island merging leads to the re-emergence of temperature
anisotropy as magnetic field lines contract in the x direction [70, 71, 232, 233]. The regenerated
anisotropy excites the Weibel instability again, as shown in panel (c), although the resulting B,
amplitude is weaker than that produced during the initial reconnection phase in panel (a). This
merging process highlights that island dynamics play a critical role in regenerating anisotropy and
sustaining Weibel activity well beyond the onset of reconnection. Thus, strong out-of-plane magnetic-
field signatures may persist longer than expected as a result of island merging as the release of magnetic
energy continues.

Since the strength of the initial guide field is expected to play an important role, we have varied
this parameter. For weaker guide fields (B,/By ~ 0.2), the peak anisotropy is reduced because the
guide field suppresses reconnection-driven electron acceleration [234-236]. The bipolar magnetic-
field structure produced by the Weibel instability remains significant, but is shifted by the presence
of the guide field: both the minimum and maximum values of the out-of-plane magnetic field are
offset by the guide field, while their difference remains approximately unchanged. The next section
presents simulation results with a uniform strong guide field (B,/By, = 0.5) applied throughout the

entire simulation domain.

2.3.2 Strong-Guide-Field Case

Figure 2.5 shows the structure of the lower current sheet in the simulation with an initial guide

field B,/ B, = 0.5. During the early phase of reconnection, shown in panel (a), enhanced out-of-plane

38



110

—~ 85 E)C DO tC T O C D C OEC IC ) C ) G ORIEONCE . )XCOIC)

110
3
2 85
>

60

100 200 300 400 500 600
X (de)

Figure 2.5: The lower current sheet at (a) t£2; = 0.25 and (b) #£2; = 1 in a simulation with
an initial guide field B,/B, = 0.5. Black contours denote magnetic field lines, and the
color scale shows the out-of-plane magnetic field B,/ B.

magnetic fields appear inside the magnetic islands. This enhancement is strongest near the ends of the
island, with amplitudes reaching B,/By ~ 1. These B, enhancements are unidirectional and aligned
with the initial guide field. The enhanced out-of-plane magnetic-field structures are generated by the
flux-rope separatrix currents and electron Kelvin—Helmbholtz instability.

At the end of the simulation, shown in panel (b), island merging produces larger magnetic
islands with sizes of ~ 2d; in the x direction. The islands are also significantly broadened in the
y direction, extending well beyond the initial current-sheet width. The resulting islands exhibit a two-
layer structure in B,, with a localized peak field of B,/By ~ 1.4 at the center and a broader outer
region of weaker fields, still exceeding the ambient guide-field strength, with B,/B; ~ 0.8. The
mechanism that produces these flux rope core fields is discussed later.

Figure 2.6 shows the electron bulk velocity v., and out-of-plane magnetic field in a representative
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Figure 2.6: Electron bulk flows in the = direction, v.,/v4., between two X-lines at (a)
t2; = 0.12 and (b) t£2; = 0.18. (c) The out-of-plane magnetic field B, /B, distribution at
tQ); = 0.2.

magnetic island. During the early phase of reconnection, shown in panel (a), electrons originating
from the left X-line move in the positive = direction along the upper separatrix, while those from the
right X-line move in the negative = direction along the lower separatrix. This deflection produces a
velocity shear within the magnetic island, with flow speeds comparable to v4.. As shown in panel
(b), the electrons from the adjacent x-lines combine to form a closed current loop. Near the island
center, the velocity shear triggers the electron Kelvin—Helmholtz instability, which fragments the

initial current layer. Two dominant current loops form near the two ends of the island, while several
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weaker circular currents develop within the island interior. All current loops rotate counterclockwise,
generating out-of-plane magnetic fields aligned with the initial guide field. Panel (c) shows the intense
B, generated by these current loops, with the strongest peaks located near the two X-lines and weaker
peaks appearing near the island center.

Figure 2.6 corresponds to a case in which the two X-lines are sufficiently separated, allowing
the electron Kelvin—Helmholtz instability to fully develop. If the two X-lines are sufficiently close to
each other, as in the case shown in Figure 2.5(a) at x ~ 500 d., only a single strong B, peak is formed.
It is worth noting that the circular currents generate an out-of-plane magnetic field that enhances the
initial guide field at the island center, whereas outside the island the magnetic field associated with
these currents is opposite to the guide field, leading to a weaker surrounding guide field so that the net
magnetic flux is conserved. These enhanced magnetic-field structures arise from counter-streaming,
sheared electron flows and the electron Kelvin—Helmholtz instability, rather than from compression of

the ambient guide field.

k

L. ®

Figure 2.7: Cartoon diagram illustrating how the flux-rope separatrix current enhances the
core magnetic field. Blue lines denote magnetic field lines, and the out-of-plane magnetic
field B, is represented by blue circles. Black arrows indicate electron velocities, and red
arrows denote the electron current.

In Figure 2.7 we present a schematic illustrating the electron motion within the flux rope and the
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associated enhancement of the core magnetic field. The current around the x-line flows into the plane
and hence the electrons flow out of the plane and get accelerated by the reconnection electric field.
Near the left x-line, and just inside of the flux rope, the magnetic field points out-of-the-plane and
towards the x-line near the lower separatrix and out-of-the-plane and away from the x-line near the
upper separatrix. Thus, the electrons within the flux rope flow towards the x-line inside the lower
separatrix and away from the x-line inside the upper separatrix. These flows near the left x-line
combine with corresponding flows at the right x-line to form a closed current loop inside the island.
We refer to this current loop as the flux-rope separatrix current. The resulting current generates an out-
of-plane magnetic field aligned with the guide field, thereby enhancing the magnetic field in the island
core. The enhancement in the guide field is boosted in the present simulations because of the realistic
mass ratio. The electron separatrix flows are comparable in magnitude to the electron Alfvén speed, as
can be seen in Figure 2.6. The time separation between Figures 2.6(a) and (b) is only 0.06€2,” ! Even
during this short time interval the electron currents localized around the two adjacent x-lines were able
to combine into a single current loop within the flux rope.

We can also estimate the condition under which the separatrix-current mechanism can operate.
The basic geometry is shown in the sketch in Figure 2.7. The key question is whether the separatrix
current can close to form a current loop within the island as the island grows. The time for the
separatrix current to travel from an X-line to an adjacent X-line a distance L away is t; ~ L/v4e,
where v 4. is the characteristic velocity of electrons on separatrices. The growth time of an island
is to ~ w/0.1vy;, where the characteristic reconnection rate is 0.1v4; and w is the island width.
Requiring the current to traverse the island in a time that is less than the characteristic island growth
time implies that ¢; < ¢5, which yields the condition L < 10w \/W This condition suggests that
the separatrix currents can close to enhance the core magnetic field even in very large islands.
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Figure 2.8: Space—time plot of the out-of-plane magnetic field B,/By and Ov,,/dy at
the center of the lower current sheet with guide field B,/By = 0.5. The quantity dv., /0y
is normalized by v4./d. and is a measure of the sheared electron flow in the core of the
islands.

Figure 2.8 shows the space—time evolution of the out-of-plane magnetic field B, and the electron
current gradient dv,, /Oy at the center of the lower current sheet. The quantity Jv.,/dy measures
the velocity shear across the current sheet and is calculated by averaging the slope near the current-
sheet center. A clear one-to-one correspondence between B, and the current gradient is observed,
indicating that the enhancements of the out-of-plane magnetic field are produced by the electron
velocity shears. The electron temperature anisotropy (not shown) is reduced in this case because

the guide field suppresses reconnection-driven electron energization [234-236]. Despite the weaker
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temperature anisotropy, the peak B, is significantly enhanced compared with the zero-guide-field case,
reaching values approximately three times larger than the initial guide-field strength. The space—time
plot further indicates that the dominant growth of B, occurs during island-merging events starting
from €2; ~ 0.3. After tQ2; ~ 0.7, the out-of-plane magnetic field saturates and remains largely stable

atalevel of B,/By ~ 1.

B,/B,
1.5

100 130 160

Figure 2.9: Magnetic island merging with an initial guide field B,/B, = 0.5. Black
contours denote magnetic field lines, and the color scale shows the out-of-plane magnetic
field B,/ B,.

Figure 2.9 shows an example of magnetic-island merging in the presence of a guide field. From

panel (a) to panel (b), the two islands contract in the x direction, accompanied by a progressive increase
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in the out-of-plane magnetic field B,. From panel (b) to panel (¢), the two islands merge into a single
larger island, and the amplitude of B, reaches values of approximately 1.5 Bj.

An important question is whether the enhancement of B, in the simulation results from either
separatrix currents or compression, a topic that has been discussed in the past [70, 99-102]. In
Figure 2.10, we present the relationship between B, and electron density before and after island
merging. If compression controlled the enhancement in B,, the plasma density and 5, should increase
by comparable amounts. The data clearly reveals that the electron density does not increase by
an amount that is comparable to the enhancement of the out-of-plane magnetic field. In addition,
calculations of V- v do not show a significant compression during island growth and merging. We
therefore emphasize that the strong enhancement of B, observed here is not simply a consequence
of compression of flux ropes as suggested in earlier studies [70,99-102], but rather results from the

generation of electron separatrix currents.
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Figure 2.10: Scatter plot of electron density versus 5, corresponding to panels (a) and (c)
of Figure 2.9. Data points are sampled from the entire panels and smoothed.
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From a theoretical perspective, the magnetic flux B, within a flux rope is conserved in a collisionless
system. This can be demonstrated by integrating the z-component of Faraday’s law of induction along
any closed magnetic field line within the flux rope, which shows that the rate of change of the enclosed
flux is given by the line integral of the parallel electric field along the field line. During reconnection,
the parallel electric field is nonzero primarily near X-lines and along separatrices connected to them,
but is essentially negligible within the interior of flux ropes, so the enclosed 5, flux remains approximately
constant. Consequently, when two magnetic islands merge into a single flux rope, the total B, flux in
the final structure is equal to the sum of the fluxes of the initial islands, a result that again follows

directly from Faraday’s law of induction.

2.4 Discussion and Conclusions

We performed two-dimensional particle-in-cell simulations with a realistic ion—electron mass
ratio to investigate the formation of out-of-plane magnetic field inside flux ropes/magnetic islands
during reconnection. In the absence of a guide field, strong temperature anisotropy develops in
the reconnection exhaust and triggers the Weibel instability, which generates bipolar out-of-plane
magnetic fields along the current sheet within the magnetic islands. In contrast, when a strong guide
field is present, the electron outflows are deflected by the guide field to form flux-rope separatrix
currents, a circular current loop wrapping the flux rope, which generates an out-of-plane magnetic
field that reinforces the initial guide field. The extended sheared flow near the center of the flux rope
becomes unstable to the electron Kelvin—Helmholtz instability, leading to the formation of localized
rings of electron current and associated regions of enhanced magnetic field B,. Island merging further

helps to sustain and, in some cases, amplify the core magnetic field. These self-generated magnetic-
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field structures constitute an important element of reconnection dynamics and are expected to play a
key role in scattering energetic electrons during reconnection.

The rate of reconnection-driven particle acceleration, which is dominated by Fermi reflection, is
proportional to a particle’s velocity parallel to the magnetic field. Consequently, scattering processes
that transfer energy from the parallel to the perpendicular direction can modify reconnection-driven
energy gain. In our simulations, the instability-driven out-of-plane magnetic fields strongly scatter the
electron outflows, leading to a substantial increase in the perpendicular velocity. Such scattering is
therefore expected to inhibit the energy gain during island merging.

Although this paper focuses primarily on two limiting cases, B, = 0 and B,/ B, = 0.5, we also
performed a series of simulations with intermediate guide-field strengths. In all cases, we observed the
growth of strong out-of-plane magnetic fields B, near the centers of magnetic islands. As discussed
previously, the dominant mechanism responsible for B, generation is the Weibel instability for B, =
0, whereas the flux-rope separatrix currents and electron Kelvin—Helmholtz instability dominate for
B,/B, = 0.5. A key difference between these two cases is the direction of the enhanced out-of-
plane magnetic field (see Figures 2.2(a) and 2.5(a)), which is rooted in the direction of the electron
current (see Figures 2.2(b) and 2.6(b)). The transition between these two regimes is not sharp. For
intermediate and weak guide-field strengths (e.g., B,/By ~ 0.2), the guide field acts as a perturbation
to the electron outflow, and both mechanisms appear to operate simultaneously. These results suggest
that the development of a strong peak in B, within magnetic islands is a universal feature of magnetic
reconnection. Such features provide valuable insight into the structure of electron-scale outflows and
are signatures of the electron scattering that occurs when accelerated particles are ejected into growing
magnetic islands.

Magnetic flux tubes are frequently observed to possess strong core magnetic fields that are
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comparable to, or even exceed, the strength of the ambient guide field [78—82]. Traditionally, the
enhancement of the core magnetic field has been interpreted as a consequence of flux-tube compression
associated with the loss or evacuation of internal plasma [70, 99—-102]. These interpretations are
primarily based on magnetohydrodynamic or hybrid simulations, which do not fully capture electron-
scale dynamics or the effects of kinetic micro-instabilities. In contrast, our PIC simulations, enabled by
the use of the realistic proton-to-electron mass ratio, explicitly resolve electron dynamics and reveal
the importance of electron-scale processes in generating and sustaining strong core magnetic fields.
These results provide a new perspective on the origin of enhanced core fields in flux ropes and suggest
that kinetic effects may play a more significant role than previously recognized.

We further suggest that this core-field self-generation mechanism may also operate in flux ropes
in other astrophysical environments. In the solar corona, flux ropes are frequently observed in current
layers during solar flares and coronal mass ejections [83, 86,92]. Flux rope merger is the dominant
mechanism for particle acceleration during reconnection [16, 232,237, 238]. It is now also well
established from simulations that a strong guide field suppresses particle energy gain by weakening
Fermi reflection [16,41]. Thus, a mechanism that enhances the guide magnetic field in the cores of the
flux ropes produced during reconnection will suppress particle energy gain during flare energy release.

Recent data from the Parker Solar Probe revealed multiple reconnecting current sheets embedded
within the reconnection exhaust of a large-scale heliospheric current sheet (HCS) [94]. These current
sheets exhibit clear signatures of reconnection and have been interpreted as merging flux ropes. The
small magnetic shear angles (27°-81°) in these merging events indicated that the guide fields at the
merging sites were much greater than the ambient guide field upstream of the main exhaust. The
enhancement of the out-of-plane magnetic field in the HCS has been interpreted as arising from
compression within magnetic flux ropes. Our proposed mechanism suggests an alternative origin for
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this enhancement of the guide magnetic field.

One important consideration for observations is that a flux rope can propagate after its formation
[239,240]. A flux rope may form in a region with a finite guide field and subsequently move into a
location with little or no guide field. Therefore, the strength of the ambient guide field outside the
flux rope should not necessarily be interpreted as the guide field experienced during its formation.
In addition, as shown in Figures 2.2(a) and 2.5(a), there are valleys between adjacent magnetic-field
peaks. If a spacecraft trajectory passes through such a valley, it may not detect a strong out-of-plane
magnetic field even though a significant guide field might be present at another location within the flux
rope. These factors should be taken into careful consideration when comparing simulation results with
observations.

The initial current sheet width used in these simulations is relatively narrow, on the order of d..
In space plasmas, the current sheet thickness can vary substantially and a width of ~ d, represents the
lower bound inferred from magnetotail observations [81,241-243]. However, as shown in Figures 2.4
and 2.5, the magnetic islands significantly broaden at later times, reaching widths of order d; for which
proton dynamics become important. Even in these larger scale flux ropes the enhancement of the out-
of-plane magnetic field remains pronounced. We also tested a case with an initial current sheet width

of 2d.., with the result being a delayed reconnection onset and a weaker, but still significant, core field.
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Chapter 3: Wave Generation and Energetic Electron Scattering in Solar Flares

3.1 Background

As discussed in Section 1.3, observations of above-the-looptop hard X-ray sources and microwave
gyrosynchrotron emissions, together with theoretical estimates, indicate that energetic electrons are
not simply accelerated and then allowed to escape freely along coronal magnetic fields [51,57, 142].
Instead, some combination of trapping and scattering must operate to reduce electron transport and
sustain a substantial population of energetic electrons in the coronal source region.

Among the candidate mechanisms, wave—particle interactions driven by kinetic instabilities are
particularly attractive. Reconnection energization naturally produces strongly anisotropic electron
distributions with T > T',. Such distributions contain free energy that can drive oblique whistler
waves, which scatter electrons in pitch angle, isotropize distribution and inhibit heat flux [172, 244,
245]. Previous studies have demonstrated that flare-like electron populations can self-generate strong
whistler turbulence and undergo substantial pitch-angle scattering [172]. At the same time, several
important questions remain open. The long-term evolution of the turbulence under continuous heat-
flux driving remains poorly understood. In particular, it is unclear what the key parameters are that
control wave growth and scattering efficiency.

In this chapter, we investigate the generation of oblique whistler waves by anisotropic flare-
driven electron distributions and their role in regulating energetic-electron transport. Using 2D PIC
simulations, we examine how a continuously driven heat flux excites oblique whistler waves and
Weibel-like instabilities, how these fluctuations scatter electrons and suppress the heat flux, and how
the resulting transport inhibition depends on plasma parameters. We derive a scaling for the scattering

rate and assess the influence of the heat-flux-carrying population density. These results provide a
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framework for evaluating whether self-generated turbulence can explain the confinement of energetic

electrons inferred from observations.

3.2 Simulation Setup

3.2.1 Initial Distribution

There is an initial uniform magnetic field B = B,y threading the plasma, so that the y direction
is regarded as the parallel direction and x and z are the perpendicular directions. The initial electron
distribution function represents a reconnection-driven energetic electron heat flux and consists of two
components. The first component is a bi-kappa distribution with a heat flux in the positive v, direction:

—(k+1)

© (v)) (3.1)

2

v
[ vl
14—+ —=
/{Hﬁ Ii@i

no M'k+1)

Is (v||,m) - (7r/<;)3/2 0,6° T (/@— %)

where ny is the electron density, I' is the gamma function, x is a parameter that tunes the steepness
of the nonthermal tail of the distribution, and 6} = v7, , (k — 3/2) /x is the effective thermal speed,
where vfhm = 2T,,/m, is the regular thermal speed, T, is the temperature in the n-direction, m, is the
electron mass and © (vy) is the Heaviside step function.

The second component is a drifting Maxwellian distribution that represents the cold return

current beam (moving against 5B)
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where v? = 2T, /m, is the cold thermal speed, v, is a beam drift speed that ensures initial zero current,
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and the error function erf(v,/v.) makes the density of hot and cold particles equal.

For parameters, we chose k = 4, T, = 207, = 407, vy, /Vac = V2, c/vae = 5, By =
8mnoT,/Bi =2. The simulation domain lengths are L, = 163.84 d, and L, = L, /4, where d. = ¢/wpe
is the electron skin depth, and w,,, = (47nge?/ me)l/ ? is the electron plasma frequency. The simulation
time step is dt = 0.008Q_!, where Q). = eBy/mcc is the electron cyclotron frequency. Ions are
initialized with a Maxwellian distribution of temperature 7; = 7T, and do not play an important role
due to the large mass ratio m;/m. = 1600. The simulation uses 560 particles per species per cell and
has a grid of 1024 by 4096 cells.

This distribution choice is motivated by flare observations [51-55] that suggest a power-law
distribution of nonthermal electrons in the energy-release and electron acceleration region. It is
worth emphasizing that, despite half of the initial distribution being modeled as a kappa distribution,
the nonthermal population represents only a minor fraction of the kappa, and hence the overall,
distribution. The fraction of nonthermal particles is explicitly calculated following Eq. (3.3).

While this is a relatively high § for the corona, specific flare observations show a hard X-
ray source 3 of approximately 1 [51]. Recent simulation results also demonstrate that magnetic
reconnection can drive the outflow to a marginal firehose state in which 8 — 8, ~ 2 [16]. When
the high energy tail of an anisotropic kappa distribution with k = 4 is scattered to an isotropic
one, particle number conservation implies the resulting energy spectral index will be 4.5 because the
isotropic distribution occupies a larger phase space (£°°) than the anisotropic one (£~%%). This value
is consistent with the results of a statistical study of flare parameters, which found that the spectral
index value is around 4 based on a single power law fit [53]. Additionally, the large value of T} /T’ is
motivated by 3D PIC simulations of reconnection showing P/ P, approximately equal to 100 [246].

To determine the nonthermal [, we separate the kappa distribution into a combination of a
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Maxwellian component and a nonthermal component, where the temperature of the Maxwellian component
(Thr) is related to the kappa distribution temperature (7,) by the equation Ty = (k — 1.5)T;/K
[52]. [52] define the number density of the Maxwellian component (V) by requiring it to match the

differential flux of the kappa distribution at energy 7),. The result is

N
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(3.3)

The density of the nonthermal component for the parameters under consideration can be calculated
as Nyr ~ 0.2ny. The nonthermal energy density is calculated with the energy relation ny7,, =
NyTy + NynrInge with T, =~ T /3. The resulting nonthermal beta is 0.17, which is slightly larger
than the observed value of around 0.1 near the flare looptop [59], but quite close to the 0.16 of another

observation [247].

3.2.2 Boundary Condition

Due to the initial distribution function (the total of equations (3.1) and (3.2)), the heat flux
moves upwards in the box while a cold return current moves downwards. We set a boundary source to
continuously inject heat flux into the system in order to drive the system to a steady state. Electrons
that encounter the top boundary are reinjected at the bottom of the box with random positions and new

velocities that satisfy the kappa flux distribution
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where 62 and other parameters are the same as the initial kappa distribution in Eq. (3.1). The kappa

flux distribution models particles escaping from a source. Similarly, when electrons hit the bottom
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boundary, they are re-injected at the top of the box with random positions and new velocities that satisfy
the drift Maxwellian distribution with identical parameters as in the initial distribution. The boundary
condition in the x direction is periodic and ions, which are essentially only a charge-neutralizing
background, simply follow periodic boundary conditions in all directions. The electromagnetic boundary
conditions are set to be periodic in both the parallel and perpendicular directions.

The ratio v4/v 4., With v, the heat flux drift speed, here defined as the mean parallel speed of the
heat flux (see equations 3.1 and 3.4), is expected to be a key parameter controlling the degree to which
the electron distribution is in resonance with the excited waves. In the simulations presented here we

vary this parameter by changing the density n.

3.3 Simulation Results

3.3.1 Wave Excitation

The initial distribution drives magnetic fluctuations unstable in the system. Figure 3.1 shows the
box-averaged magnetic field fluctuation (B?) versus time for different values of v4/v 4., where vq is
the mean parallel drift speed of the heat flux (Eq. (3.1)). The magnetic fluctuations grow rapidly, reach
a peak value and, after a short decay, again grow slowly until flattening to a steady state at late time.
The magnetic fluctuations reach larger amplitude for higher drift speeds, where more electrons have a
velocity greater than the whistler phase speed and are therefore able to drive the waves.

In Figure 3.2 we show the structure of the out-of-plane magnetic fluctuations and corresponding
space—time plot for vy /v4. = 1.06. Shown in Fig. 3.2(a) is the growth phase when the large anisotropy
of the initial distribution excites the Weibel and produces filaments that fill the box along the heat flux

direction. The spacing of these filaments along the y direction is around d.. The magnetic structure
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Figure 3.1: The evolution of the box-averaged out-of-plane magnetic field fluctuations for
different cases of vg/v 4., where v, is the mean parallel drift speed of the heat flux and v 4,
is the electron Alfvén speed.

of these filaments, with the wavevector k transverse to B and the magnetic perturbation dominantly
in the z direction, matches the expected structure of a Weibel instability that is driven by the strong
parallel heat flux. Such Weibel-like structures are soon replaced by larger-amplitude oblique whistler
waves that propagate at angles of roughly 70° from the parallel direction, as shown in Figure 3.2(b).
The whistlers are excited by the fan instability, which is driven by the n = —1 anomalous cyclotron
resonance (see Eq. (1.6)) with the tail of the electron distribution. Figure 3.2(b) corresponds in time to
the initial peak in the wave amplitude in Figure 3.1, so the initial peak and subsequent decay phase of
the fluctuations should be associated with the drive from the initial distribution function. Figure 3.2(c)
is at the time when the red curve in Figure 3.1 begins to flatten. Oblique whistler waves with normal
angles around 45° are excited at the bottom of the box by heat flux injection and propagate upward.
Filaments oriented along the y direction, which are excited by the Weibel instability, are also observed

near the lower boundary; however, they occupy only a limited region near the lower boundary of the
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Figure 3.2: For the case with vg/v4. = 1.06 two dimensional plots of the out-of-plane
magnetic field B, at (a) t{), = 15, (b) 2. = 30, (c) t{2. = 500. and (d) 2. = 1200.
Shown in (e) is the space—time diagram (¢ — y) of B,. The black line in (a) is where the
space—time plot data shown in panel (e) is taken.

simulation domain. Figure 3.2(d) is taken at the end of the simulation and appears similar to panel (c),
showing that the system has reached a steady state.

Shown in Fig. 3.2(e) is a space—time plot of B,, where the data are collected from a strip
extending over the entire y range of the domain at a fixed x position (vertical black line in Figure
3.2(a)). The initial peak-and-decay phase of the magnetic field fluctuation appears as a transient
period before {2, = 100, after which upward-moving whistler waves appear throughout the entire
box. After around ¢{). = 100, the bottom boundary continuously generates upward-moving whistler

waves, showing that the instability from heat flux injection is responsible for the fluctuations at late
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time. The phase speed of the whistler waves remains nearly constant across most of the domain at
approximately 0.16v 4., representing a substantial fraction of the electron Alfvén speed. According to

the dispersion relation (Eq. 1.5), the maximum phase speed is 0.5v 4.
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Figure 3.3: Power spectrum of the out-of-plane magnetic field B, from the simulation in

Figure 3.2 at: (a) t€2. = 30 (see Fig. 3.2(b)); and (b) €2, = 1200 (see Fig. 3.2(d)).

Figure 3.3 shows the power spectrum of the out-of-plane magnetic field for the simulation shown
in Fig. 3.2. Figure 3.3(a) corresponds to the oblique whistler waves induced by the initial distribution
(see Fig. 3.2(b)), exhibits peaks around k,d. ~ 1.5 and k,d. ~ 0.6, and shows power extending over
a broad range of wave numbers. The wave normal angle for the highest-amplitude mode is around
70°, but the range of wave numbers indicates the coexistence of several oblique waves with slightly
different phase speeds. The parallel phase speed ~ 0.5V, measured in Figure 3.2(b) corresponds
to kd. ~ 1 from the dispersion relation of Eq. (1.4), a value consistent with the power spectrum in
Fig. 3.3(a). In the steady state, there are two peaks in the power spectrum, as shown in Figure 3.3(b).
One is the oblique mode centered around k,d. ~ 0.3 and k,d. ~ 0.2, which corresponds to the oblique
whistler wave. The other is a perpendicular mode centered around k,d. ~ 0.6 and k,d. = 0, which
arises from the filaments appearing near the bottom boundary of Figure 3.2(d). The parallel phase
speed ~ 0.2V, measured at the end of the simulation gives kd. ~ 0.1 from the dispersion relation of

Eq. (1.4), which is consistent with Figure 3.3(b).
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3.3.2 Whistler Wave Scattering
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Figure 3.4: Ratio of the parallel electron temperature 7, to the perpendicular temperature
(Ters + Te.)/2 of the total distribution at the end of the simulation for different values of
Va/Vae, Where vy is the mean parallel drift speed of the heat flux and v 4. is the electron
Alfvén speed.

Figure 3.4 shows the temperature anisotropy averaged over x versus distance y at the end of
the simulations for different drift speeds. The higher drift speed cases (red, green and blue curves)
exhibit roughly the same anisotropy at y = 0 as the systems have lost all information regarding the
t = 0 initial conditions, while the slower drift speed case (black curve) is still affected by the initial
distribution due to the weakness of the scattering. As a result, the anisotropy remains large. For higher
drift speeds (green and blue curves), the temperature anisotropy decreases quickly with distance from
the boundary and reaches a minimum value around 1.5. The final distribution is more isotropic at
larger value of y because the injected electrons must propagate some distance into the domain before
the waves are able to isotropize them. For the slower drift speed case (black curve), the anisotropy

remains large due to the small amplitude of the waves, resulting in a correspondingly weak level of
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scattering.
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Figure 3.5: Ratio of final to initial y-directed average heat flux for different values of

va/Vae, Where v, is the mean parallel drift speed of the heat flux and v 4, is the electron

Alfvén speed. The red point corresponds to a case in which 25% of electrons, rather than

50%, are found in the kappa distribution (Eq. (3.1)) at ¢ = 0, while the remaining 75% are

in the drifting Maxwellian distribution (Eq. (3.2)).

Shown in Figure 3.5 is the ratio of the final to initial average y-directed heat flux for different
drift speeds. The red point corresponds to a case where 25% of electrons, rather than 50%, initially
satisfy the kappa distribution (Eq. (3.1)), while the remaining 75% are from the drifting Maxwellian
distribution (Eq. 3.2)). In this case, all other distribution function parameters remain unaltered, with
the exception of a reduction in the drift speed (see Eq. 3.2) that is necessary for current balance. In this
case the density of nonthermal electrons carrying the heat flux is significantly reduced [52, 53, 128].
The heat flux at steady state decreases with increasing drift speed, reaching a minimum value around
40% of the initial heat flux for the highest drift speed. Notably, the reduced kappa density case (red
point) does not significantly impact the reduction of the heat flux.

The electron velocity-space distribution functions of Fig. 3.6 demonstrate the impact of the

scattering of electrons by the wave activity. Shown in panels (a-c) are distributions from the end of
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Figure 3.6: Electron distribution functions in v, — v, phase space at the end of the
simulation of Figure 3.2 at different y positions in the box. The sampling area of
each position is the entire z range and 1% of the total y range. Shown in panels
(a-c) are the electron velocity distribution functions on a logarithmic scale near the
bottom, middle and top of the box, corresponding to positions at 0%, 80% and 99% of

the total y range, respectively. Panels (d-f) are comparisons to the initial distribution,
10g (| fena — fini]) sgn (fena — fini), at the same positions, where sgn is the sign function.

simulation at different positions in the box. Figure 3.6(a), from the bottom of the simulation domain,
is a kappa-like distribution in the upper half of the panel because of heat flux injection at the bottom
boundary. The return current in the negative v, plane is broadened in the v,, direction, due to scattering
by whistler waves through the cyclotron resonance. In the upper half of the box, shown in Fig. 3.6(b),
the total distribution has become nearly isotropic. The upward moving electrons have been strongly
scattered. There is no obvious horn-like structure, which is likely a consequence of the overlap of
several resonance circles [189] and is implied by the broad range of wave numbers shown in Figure
3.3. At the top of the box, panel (c), the cold current injection from the top boundary produces a beam
feature in the negative v, component, while the positive v, distribution is even more isotropic than in

panel (b). Panels (d-f) show the difference between the final and initial distributions at the respective
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positions. Panel (d) shows that the return current has been heated, and in panels (e,f) the decrease in
the parallel heat flux and the significant increase in the perpendicular velocity are direct evidence of

the scattering of the nonthermal electrons by whistler waves.
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Figure 3.7: (a) Electron trajectories in the x — y plane for the strong drift case with
va/vae = 2.12. Three electron trajectories are shown with red dots indicating the starting
positions and blue dots the end positions. The trajectories are from the middle of the
simulation (around t£2, = 900). (b) Electron velocity trajectories correspond to the three

cases in panel (a) in v — v, space. Red dots indicate the starting positions and blue dots
are the end of the trajectories. 6, gives the initial pitch angle.

Shown in Fig. 3.7 are the self-consistent trajectories of several electrons in the x — y and v — v
planes, extracted from the particle-in-cell simulation with v;/v4. = 1.50. The electrons all start
from the bottom boundary with initial parallel velocities significantly greater than their perpendicular
velocities and so are typical of electrons carrying the heat flux. In panel (a), the waves in the system
are strong enough to completely reverse the direction of the electrons (they are scattered past 90°
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in pitch angle). In panel (b), the trajectories of case (1) and (3) exhibit diffusion along a nearly
complete semi-circle (see Eq. (1.7)) and scatter over 90 degrees in pitch angle, reversing their direction
along the ambient magnetic field. The particle in case (2) also scatters past 90 degrees but reveals
a more complex trajectory as it moves from a larger to a smaller radius in velocity space. The
trajectories demonstrate that the reduction of electron parallel velocity is accompanied by an increase
of perpendicular velocity. Thus, the scattering of whistler waves has significant consequences: it
directly inhibits the heat flux while at the same time boosting the potential for magnetic trapping by

increasing the pitch angle. Both effects will boost the confinement of energetic electrons in flares.

3.3.3 Reduced Number Density Case

Shown in Fig. 3.8 is the structure of the out-of-plane magnetic fluctuations at the end of the
simulations for the reduced number density case and the corresponding baseline run (both with vy /v 4. =
1.50). The initial peak and decay phases are similar to Figure 3.4 (a-b) with features such as the initial
filament and subsequent oblique whistler mode, and therefore we omit those times here for simplicity.
For the case with equal number densities carrying the heat flux and return current in Fig. 3.8(a), the
filament structure from the Weibel instability forms at the bottom of the domain and extends upward,
threading the entire system. In Fig. 3.8(b), where the number density of electrons carrying the heat
flux is reduced, the Weibel instability is weaker and filaments only extend to the middle of the box
before they are replaced by oblique whistler waves.

Shown in Fig. 3.9 is the time evolution of the box-averaged magnetic fluctuation energy (B?)
for the base case with vy/vs. = 1.50 and the case with reduced number density carrying the heat

flux (corresponding to the red point in Fig. 3.5 and Fig. 3.8 panel (b)). When the initial heat flux is
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Figure 3.8: Two dimensional plots of the out-of-plane magnetic field B, at {2, = 1280.
In (a) the normal setup with vy/v4. = 1.50 (as shown in Figs. 3.1 and 3.4) and in (b) the

case with the reduced number density carrying the heat flux.

reduced by half (with the same drift speed), the wave energy before ). = 400 is small due to the
reduced population of electrons available to drive the instability. Eventually the slowly growing waves
reach finite amplitude and the fluctuation level flattens around ¢€2, = 800. The late time value of the
wave amplitude is only modestly reduced from that of the base case, demonstrating that strong oblique

whistler waves can be excited even when the number density of the electrons carrying the heat flux is

reduced.
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Figure 3.9: Box-averaged out-of-plane magnetic fluctuation amplitude B? as a function of
time for the simulation with the reduced number density of electrons carrying the heat flux
(dashed curve) and the corresponding base case (solid curve). Both have v,/v4. = 1.50.

3.3.4 Scattering Rate

We now compute the wave-particle scattering rate that leads to the reduction in electron anisotropy
and examine its scaling with parameters. There is no single such formalism for determining the rate
because of the nonlinear nature of different scattering processes (e.g., weak scattering as described
by quasilinear theory versus trapping in finite amplitude waves) [248]. For example, [249] used
quasilinear theory to determine the scattering rate of the whistler anisotropy instability while others
have approximated the scattering due to the proton cyclotron instability by finding the maximum
exponential decay rate of the temperature anisotropy [248,250]. Here we use the Lorenz scattering
operator, which describes electrons scattering off a stationary center, to model the relaxation of the
temperature anisotropy in the simulations and to deduce the scattering rate. The Lorenz operator is

give by
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where ¢ = cos 6 and 1, is the electron scattering rate. By taking moments of this equation to determine
the rate of relaxation of the temperature anisotropy of the electron velocity distribution, we obtain a

formula for v,,

dR/dt

T 9_R-R? G:0)

Ve

where R = T /T is the temperature anisotropy of the total electron distribution. We use this equation
to model the relaxation of the temperature anisotropy near the low boundary of the simulation domain
that is shown at late time in Fig. 3.4. The anisotropy profile has reached a steady state so the total time
derivative in Eq. (3.6) reduces to the convective derivative

B OR/0y
~ Wy R_RY

Ve

(3.7)

where v, is a constant equal to the heat flux drift speed at the lower boundary. The temperature
anisotropy curves in Fig. 3.4 were smoothed with a Gaussian filter and the calculated scattering rates
were averaged over the ranges of 0 < y < 80d.,0 <y < 60d.,0 <y < 10d.,0 < y < 4d,, for the
cases of drift speed vg/va. = 0.75, 1.06, 1.50, and 2.12, respectively. In Fig. 3.10 we plot the wave-
particle scattering rate for electron anisotropy reduction from the four simulations (Fig. 3.1). For the
weakest drift case vy/va. = 0.75, the scattering rate is very small (~ 10‘496), while for larger drift
cases the scattering rates are significantly larger, growing to ~ 6 x 1072(),. The figure reveals that

the scattering rate scales as a linear function of v,/v 4., the ratio of the drift speed to electron Alfvén
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speed, above a threshold given by vg/va. ~ 1.
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Figure 3.10: The averaged wave-electron scattering rate at late time for the four runs in
Fig. 3.1 as a function of v;/v4, the ratio of mean parallel drift speed of heat flux to
electron Alfvén speed. The scattering rate is calculated from Eq. (3.7) and is averaged
over the ranges of 0 < y < 80d,,0 S vy < 60d.,0 <y < 10d.,0 S vy < 4d, for the
drift speeds vg/v4e = 0.75, 1.06, 1.50, and 2.12, respectively. The red dashed line shows
a linear fit to the data above the threshold vy /v 4, = 1.

3.4 Discussion and Conclusions

Observations and theory imply that there is suppression of the transport of energetic electrons
during solar flares. We have explored pitch-angle scattering by oblique whistler waves and Weibel-
driven disturbances as a mechanism for reducing the electron heat flux. The energetic electron heat
flux escaping from a flare-like system excites strong oblique whistler waves through the anomalous
cyclotron resonance. These waves pitch-angle scatter the electrons on a rapid timescale of hundreds

of electron cyclotron periods, suppressing the heat flux and increasing the perpendicular velocities
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of electrons. At high mean drift speeds compared with v4. the nonthermal electrons can also drive
the Weibel instability. The resulting scattering mechanisms can operate under the generic conditions
of reconnection-driven electron energization and can reduce the field-aligned electron energy flux by
up to a factor of two. Of greater significance is that this scattering process increases the energetic
electrons’ perpendicular velocity so that the electrons will more effectively mirror and can be trapped
in the large-scale magnetic fields of the flare energy release region. This scattering mechanism can
therefore suppress the escape of electrons from the energy release regions of flares, which is required
for them to reach the relativistic velocities documented in observations.

In previous simulations treating whistler waves in flares, the fluctuations damp out after scattering
is complete and the heat flux from the initial electron distribution is reduced [172]. In contrast, in the
current simulations the oblique whistler waves and Weibel perturbations are maintained in a steady-
state due to the continual injection of heat flux from the boundary. This mimics the continued energy
release from reconnection during flares. Such a setup represents a more physically reasonable set of
initial conditions and avoids the influence of arbitrary discontinuities in the initial distribution function,
giving more confidence to the interpretation of the final results. We suggest, on the basis of the present
simulations, that oblique whistler waves and Weibel disturbances can grow to large amplitude during
flares and scatter electrons to reduce their heat flux.

Although our model was designed to study the transport of energetic electrons in flares, the
model is relevant to any § ~ 1, weakly collisional plasmas with high heat flux due to the presence
of nonthermal electrons. Astrophysical applications might include accretion disc coronae [251-253].
Scattering by oblique whistlers of the solar wind strahl into the halo population is currently under
active investigation [186, 198,254]. Observations at 1AU have shown that the pitch angle widths of

strahl in the presence of whistler mode waves are up to 12° larger than that in the absence of whistler
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waves [255]. Large-amplitude, oblique whistlers that would limit the electron heat flux have been
detected in the solar wind [256,257], in the magnetosphere [258], and in flares [259]. Simulations show
that oblique whistler waves excited by the strahl component under solar wind conditions can scatter
the strahl distribution into the halo and reduce the strahl-carried heat flux [187,197]. Our simulations
are focused on the flare system, where the electron heat flux is much greater than in the case of the
solar wind strahl. Nevertheless, our model clarifies the mechanism for scattering of energetic electrons

by whistlers that is also active in the strahl scattering problem.
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Chapter 4: Whistler-Wave Scattering of Energetic Electrons Past 90 Degrees

4.1 Background

As discussed in Section 1.4, an important issue in wave—particle scattering theory is the so-
called “90 Degree Problem.” Strong inhibition of energetic-electron transport in the corona requires
scattering over a broad range of pitch angles with respect to the ambient magnetic field. However,
in conventional quasilinear theory, the pitch-angle diffusion coefficient vanishes near 90°, making it
difficult for particles to scatter across this angle and become fully isotropized. As a result, the 90° pitch
angle can act as an effective scattering barrier that limits further transport suppression and particle
confinement. Whether this barrier can persist is therefore central to understanding the effectiveness of
whistler-mediated scattering in weakly collisional plasmas.

In this chapter, we use particle-in-cell simulations to show that a pileup of energetic electrons
near 90° itself provides a substantial source of free energy and can excite strong oblique whistler
waves. These waves can resonate with electrons having v ~ 0 and scatter them into the negative-v)
regime, thereby eliminating the 90° barrier. This simulation provides evidence from a new perspective

that a scattering barrier at 90° cannot survive in a real system.

4.2 Simulation Setup

The context of the present simulations of electron scattering is the transport of energetic electrons
in solar flares. The system is initialized with a uniform background magnetic field B, = By so the
y direction is taken to be the parallel direction in the discussion that follows. The initial electron
velocity distribution in our simulation is taken to be uniform across the domain and consists of a two-

component distribution: an upward heat flux and a downward return current. The upward heat flux
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consists of an isotropic kappa distribution in which electrons have already been significantly scattered

in pitch angle in the positive velocity space but have been halted by a hypothetical 90-degree barrier:

fo (vp,01) = O (v)) (4.1)

where I" is the gamma function, O is the Heaviside step function, ng is the electron density, ~ is a
parameter that controls the steepness of the nonthermal tail of the distribution, 62 = v, . (v — 3/2) /k
is the effective thermal speed, vfhvn = 2T,,/m. is the regular thermal speed, 7T,, is the temperature in
the n-direction and m, is the electron mass.

The current associated with the heat flux is balanced by a colder plasma flowing from the
hot to the cold reservoir. The development of such a return current has been documented in earlier
simulations of energetic electron injection into a colder background plasma relevant to flare energy
release [157]. The return current in the initial distribution is modeled as a Maxwellian distribution

drifting in the negative v direction:

o 002) = st e Lo+t e ) @

where vg = 2T./m, is the thermal speed of the return current, v, is a drift speed that ensures the
total initial distribution has zero current, and the error function Fr,; ensures the densities of the heat
flux and the return current are equal. The parameters used in the distribution functions are: x = 4,
Ty =T, = 20T, B = 2 where (3 is the ratio of plasma thermal pressure to magnetic pressure,
¢/vae = 10 and vg/vae = 3/V/2.

Figure 4.1 shows the initial electron velocity distribution function, characterized by an energetic
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Figure 4.1: Log plot of the initial electron velocity distribution functions in the v, — v,
plane. The distribution function is integrated over v, and is derived from the entire
simulation domain. Unless otherwise stated, the y direction is equivalent to the parallel
direction.

semi-circular kappa distribution in the positive v domain and a cold beam distribution in the negative
v domain. The heat flux is scattered into a uniform distribution with pitch angles 0 < 6 < 90°,
but the scattering is stopped by the 90° barrier. Again, the form of the cold return current beam is
supported by a prior study [157] where the cold return current was self-generated by the injection
of hot plasma into a cold background. This setup, which is similar to previous studies featuring a
strong heat flux and a return beam [167, 172], can represent energetic particle outflow from magnetic
reconnection-driven solar flares. Simulations [16] have shown that reconnection can drive the energetic
outflow to a marginal firehose state where 3| — 3, > 2. The parameter vy /e, a key factor in our
system for wave instability and scattering efficiency, falls within a reasonable range of observational
data. Our value for 3 is too low to properly descibe electron transport in the intracluster medium
(ICM) [169,171,179,190,244]. However, a drift speed above the electron Alfvén speed is the regime

of interest for the ICM.
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The dimensions of the simulation domain are L, = 2L, = 81.92 d. and the time step is

0.008Q2,'. Tons are initialized with a cold Maxwellian distribution with temperature 7., and do not

play an important role due to the large assumed mass ratio, m;/m. = 1600. The simulation uses

560 particles per species per cell and has a grid of 1024 by 2048 cells. We adopt periodic boundary

conditions in both directions.

4.3 Simulation Results

4.3.1 Wave Excitation
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Figure 4.2: Box-averaged out-of-plane magnetic fluctuation amplitude B?/B? as a
function of time. Two dashed lines mark the peaks at t{2. ~ 30 and €2, ~ 80, which
are the times corresponding the plots in Figure 4.3(a) and (b).

The initial distribution (see Figure 4.1) drives the system unstable and amplifies magnetic fluctuations.

Figure 4.2 shows the time evolution of the box-averaged out-of-plane magnetic field variance (B?/B2),

which serves as an overall indicator of wave activity in the system. The fluctuations grow exponentially

at the beginning and reach a short-lived plateau at t{2, ~ 10. 2D images of B, at this moment (not
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shown here) reveal an oblique mode with a very short wavelength (~ 0.1d.). Because this mode is

smaller in amplitude and transient in time, its impact on particle scattering can be neglected. The

magnetic fluctuations reach their first peak at t{). ~ 30, decrease slightly to form another plateau,

and then grow again to reach a second peak at {2, ~ 80. Corresponding 2D images at these times

are shown in Figure 4.3(a) and (b). After the second peak, the fluctuations decay slowly. A similar

two-peak pattern in magnetic fluctuation has been observed in previous studies [170, 172].
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Figure 4.3: Two-dimensional plots of the out-of-plane magnetic field B, /B at (a) tQ2, =
30 and (b) t€2, = 80. Panel (c) represents a space—time diagram taken from a cut along the
y direction at x = 20d, (indicated by the vertical black dashed line in panel (a)).

Figures 4.3(a) and (b) are 2D images of the out-of-plane magnetic fluctuations, B,/ By, at t{), =

30 and 80, respectively. Figure 4.3(a) corresponds to the first peak in the amplitudes of the magnetic

fluctuations. The fluctuations correspond to oblique waves with a pitch angle of approximately 60°.

The B, component has a peak value around 0.75 B, while the magnitude of the B, component (not

shown here) is smaller. Averaging § B> = B2+ B2 over the entire domain, we find the mean fluctuation

amplitude is 6 B/ By ~ 0.1. Figure 4.3(b) is taken during the second peak of wave activity and shows a
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similar oblique mode except that the angle of propagation with respect to the ambient field is reduced
to approximately 40°. Fast Fourier Transforms (FFT) of the fluctuations shown in panels (a) and (b)
(not shown) indicate the wave patterns correspond to a dominant oblique mode with a finite bandwidth.
The amplitudes of the parallel modes are small.

Figure 4.3(c) is a space—time diagram taken from the vertical dashed line in Figure 4.3(a).
Two major phases of wave activity are apparent: a downward-traveling wave in the time interval
20 < tQ. < 60 with a phase speed of approximately 0.3v4., and an upward-moving wave in the
interval 70 < t£2. < 160 with a smaller phase speed of around 0.1v 4.. Whistlers traveling in different
directions suggest that they are driven by different electron components. The initial downward whistler
is resonant with and driven primarily by the downward-traveling beam (Equation 4.2), while the later
upward whistler is driven by the energetic electrons moving in the upward (positive v|) direction
(Equation 4.1). Further evidence for this interpretation comes from the time dependence of the electron

distribution functions.

03} (a)
0.2}

01Ff

0.1
02}

-0.3F

Figure 4.4: Hodogram of the magnetic field components (B, vs. B,) at a fixed location
x =y = 20d, during the time intervals: (a) 37 < ), < 60 and (b)70 < t€), < 160. The
arrows indicate the direction of rotation.
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Figure 4.4 shows hodograms of the magnetic field components, B, versus B,, from a fixed
location in the simulation domain. Figure 4.4(a) is from the time interval 37 < (), < 60, which
approximately coincides with the period of the downward-traveling whistlers. Figure 4.4(b) is in the
interval 70 < tQ, < 160, which is the upward-moving phase. Figure 4.4(a) exhibits a left-handed
elliptical polarization, while Figure 4.4(b) shows a right-handed polarization. Considering the wave
direction, Figure 4.4(a) is from the viewpoint of the receiver (the wave goes to the viewer), and Figure
4.4(b) is from the viewpoint of the source (the wave goes away from the viewer). Both perspectives
confirm that these magnetic fluctuations exhibit right-handed polarization, and hence are consistent
with being whistlers. Another perspective on the rotation of the whistler at early time is that the return
current electrons are dominating the wave dynamics. In the frame of the return current, whose negative

velocity (2.12v 4.) exceeds that of the whistler (0.1v 4.), the whistler has a right-hand rotation direction.

4.3.2 Electron Scattering Past 90 Degrees

Figure 4.5: Log plot of the electron velocity distribution functions in the v, — v, plane at
(a) tQ2. = 30, (b) t€2. = 80 and (c) 2. = 160. The distribution function is summed over
v, and is derived from the entire simulation domain.

Shown in Figure 4.5 are the electron velocity-space distributions at several times during the
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simulation. In Figure 4.5(a) the initial gap around v = 0 is filled in. A significant portion of the return
current, which initially had v < 0, has moved towards v = 0 and into the region with v > 0. Thus,
the negative velocity whistler is scattering and extracting energy from the return current particles as in
the normal heat flux whistler instability [172]. At the same time some v > 0 electrons have moved
across the v = 0 boundary into the region v < 0. Such particles are also potentially contributing
to the growth of the downward propagating whistler, although whether they contribute net energy to
the downward waves is unclear. In Figure 4.5(b), at the second peak of wave activity ({2, = 80), the
distribution function in the negative v plane is significantly broadened, indicating a substantial number
of the energetic electrons in the positive v plane scattered past the 90° barrier. This demonstrates that
the pitch angle diffusion coefficient at 90° is nonzero. The diffusion of v > 0 electrons towards
v = 0 contributes energy to the positive propagating whistler that has reached its peak amplitude
at this time. Despite the strong whistler-driven scattering, there are no obvious horn-like structures
in velocity space as was seen in previous simulations [172]. This is likely due to the overlap of
resonance bands [181, 189]. It is noteworthy that, although the evolution of the distribution function
seems to indicate a one-direction net flow from the upper plane to the lower plane, previous studies
suggest, based on single particle trajectories, that many particles may have crossed the v = 0 threshold
multiple times [167, 170, 188].

At the end of the simulation, shown in Figure 4.5(c), the final distribution appears nearly isotropic,
indicating complete scattering. A significant number of electrons passing the 90° barrier implies a
substantial reduction in the parallel heat flux. This process occurred on a rapid timescale of hundreds
of electron cyclotron periods, demonstrating that whistler scattering is an efficient mechanism for
inhibiting heat flux and confining escaping high-energy electrons in solar flares.

Figure 4.6 shows the electron distribution function integrated over a constant-velocity phase
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Figure 4.6: Distribution function summed over equal-velocity strips from the data in Figure
45 (i.e., the quantity >, f(v;) where v; = (v + vZ)Y? and vy < v; < vo + Av). The
blue curve corresponds to the sum in the upper plane (v;,, > 0), and the red curve to the
lower plane (v;,, < 0). The bin width is Av = 0.2v4,. The dashed lines correspond to the
initial distribution (Figure 4.1), and the solid lines to the final distribution (Figure 4.5(c)).

space from the v > 0 region (blue lines) and v < 0 region (red lines). The dashed lines correspond
to the initial distribution (Figure 4.1), and the solid lines to the final distribution (Figure 4.5(c)). The
initial beam (red dashed line) decays and drifts to a lower velocity. The tail of the red dashed line starts
at zero, as there are no energetic particles in the v < 0 region initially. Due to scattering, the initial
particles from the v > 0 region (blue dashed line) decrease. As a result, shown by the solid blue and
red lines, the high-energy tails of the final distributions are nearly equal, implying that around half of

the particles from the v > 0 region have been scattered to the v < 0 region.

4.4 Discussion and Conclusions

Using particle-in-cell simulations, we explored electron pitch-angle scattering past 90° by oblique

whistler waves in a system with an initial heat flux of energetic electrons with pitch angles less than 90°.
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This distribution might result from a hypothetical barrier to electron scattering at 90°. We demonstrated
that this heat flux drives strong oblique whistler waves (with magnitude §B/B, ~ 0.1 and a wave
vector normal angle of approximately 60°). These waves scatter a large fraction (around 50%) past
90° into the negative parallel velocity domain, making the late-time distribution nearly isotropic. This
result confirms that large-amplitude, oblique whistlers can grow during flares and efficiently inhibit
heat flux transport in the corona [167, 172].

The results of earlier simulations suggested that the strong heat flux that is expected from a
reconnection-driven solar flare [16] would drive oblique whistlers of sufficiently large amplitude to
drive electrons past pitch angles of 90° [167, 172]. In other plasma environments with weaker heat
fluxes and lower amplitude whistler waves the turbulence might be unable to diffuse electrons past 90°.
The result might be an effective 90° scattering barrier. However, our simulations suggest that electron
pile-up near 90° yields a system with additional free energy that drives large-amplitude, oblique waves
that efficiently scatter electrons past 90°. Thus, we conclude that a scattering barrier at 90° can not
survive in a real system. We have shown that both oblique propagation and large amplitude of whistler
waves are crucial for enabling the scattering of electrons past 90°. Oblique propagation allows for a
Landau resonance for electrons with |v)/ve| < 1, which requires strong wave power at kd, < 1.
This condition cannot be achieved by parallel whistlers since their interaction with |v)/vipe| < 1
electrons is associated with waves with kd, > 1, where the wave power is weak.

Our initial distribution was designed to model the energetic electron outflow from flares in the
solar corona where the mean energetic electron flux is expected to exceed the electron Alfvén speed
[16]. The electron Alfvén speed is the drift threshold for the onset of strong whistler-driven electron
pitch angle scattering [167]. In the ICM, where the plasma [ is around 100, typical thermal speeds are
well above the electron Alfvén speed. The heat flux in the ICM is expected to develop as a result of
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the magnetic-field-aligned electron temperature gradient. Suppose that there is a 90° scattering barrier
in such a system. The hot plasma would penetrate into the cold region while maintaining a thermal
distribution with pitch angles in the range 0 < 6 < 90°. At the same location in the absence of
scattering across 90°, there would be a separate colder plasma with pitch angles 90° < 6 < 180°. The
consequence would be a distribution similar to that shown in Figure 4.1. The differing temperatures
of the positive and negative velocity electrons would again produce discontinuities across the v = 0
boundary. With increasing penetration of the hot plasma into the cold region, the resulting distribution

will drive oblique whistlers that will relax the gradient across the 90° boundary.
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Chapter 5: Summary and Outlook

5.1 Summary of the Main Results

This thesis has presented three related studies, whose main results are summarized below. In
Chapter 2, we performed two-dimensional particle-in-cell simulations with a realistic ion—electron
mass ratio to investigate the development of electron anisotropy and scattering during particle energy
gain. As a side benefit, these simulations also led to new insights into the generation of out-of-
plane magnetic fields within flux ropes. In the absence of a guide field, strong electron temperature
anisotropy develops in the reconnection exhaust and drives the Weibel instability, which generates
bipolar out-of-plane magnetic fields inside magnetic islands. These magnetic fields scatter the in-plane
electron heat flux and redistribute electron energy from the parallel to the perpendicular direction.
Because the energy gain associated with Fermi acceleration is proportional to a particle’s parallel
velocity, such scattering is expected to reduce the efficiency of electron acceleration. In the presence
of a strong guide field, electron outflows from the X-line are deflected along the separatrices and
form circular current loops wrapping the flux ropes. These separatrix currents generate out-of-plane
magnetic fields B, that reinforce the flux rope core field. The extended electron sheared flow can
further become unstable to the electron Kelvin—Helmholtz instability, producing localized electron
current vortices and enhanced regions of magnetic field B,. Island merging helps sustain and, in some
cases, further amplify the core magnetic field.

In Chapter 3, we investigated pitch-angle scattering by oblique whistler waves and Weibel-driven
fluctuations as a mechanism for suppressing electron heat flux in flare loops. Energetic electrons
escaping from a flare-like system excite strong oblique whistler waves, which rapidly scatter electrons

on timescales of several hundred electron cyclotron periods, reduce the field-aligned heat flux, and
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increase the perpendicular electron velocity. At sufficiently large drift speeds, the nonthermal electrons
can also drive the Weibel instability. These scattering processes arise naturally under reconnection-
driven electron energization and can significantly reduce the field-aligned electron energy flux. The
increase in perpendicular velocity will also enhance magnetic mirroring, allowing energetic electrons
to be more effectively trapped within the large-scale magnetic fields of the flare energy-release region.
In Chapter 4, we examined the long-standing question of whether a persistent 90° pitch-angle
barrier can survive in the presence of whistler scattering. We showed that when electrons accumulate
near 90°, the resulting distribution contains sufficient free energy to drive large-amplitude oblique
whistler waves. These waves subsequently scatter electrons across 90°, producing a much broader and
more nearly isotropic pitch-angle distribution. This result suggests that a persistent 90° barrier cannot
be maintained in a self-consistent kinetic system and supports the idea that whistler waves can drive
pitch angle scattering across the full range of pitch angles and therefore limit electron transport.
Although the three studies presented in this thesis address different physical problems, they
are united by a common physical picture: reconnection-driven electron distributions can generate
kinetic-scale instabilities that subsequently feed back on the system. Magnetic reconnection naturally
produces non-Maxwellian electron distributions through processes such as Fermi acceleration, leading
to temperature anisotropy, heat flux, and velocity shear. These sources of free energy drive the
magnetic structures and waves examined throughout this thesis and significantly influence flux-rope
structure, energetic-electron acceleration, and heat-flux transport in astrophysical plasmas. Together,
these results demonstrate that electron-scale kinetic physics is an intrinsic component of magnetic

reconnection.
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5.2 Limitations of the Present Work

The present work is subject to several limitations. First, as in almost all particle-in-cell simulations,
the spatial and temporal scales accessible to the simulations are far smaller than the characteristic
scales of real astrophysical systems. As a result, the simulations presented here should be interpreted
primarily as studies of local microphysical processes rather than direct models of entire astrophysical
environments. Besides, the present work does not fully address the coupling between kinetic-scale
scattering and global-scale transport. Although a growing body of research suggests that plasma
instabilities can influence transport on astrophysically relevant scales, it remains difficult to determine
quantitatively how the local kinetic processes explored here modify the global evolution of energetic
particles and heat flux in macroscale systems.

Second, some aspects of the numerical setup are necessarily idealized. In the simulations
presented in Chapters 3 and 4, the initial electron velocity distributions contain artificial discontinuities
parallel to the ambient magnetic field near v, = 0. Although these features are transient and their
influence diminishes rapidly, they nevertheless reflect the simplified initial conditions adopted in the
model. More generally, the use of idealized distribution functions and boundary conditions may
limit the direct applicability of the results to more complex natural systems. The magnetic geometry
employed in the simulations is also highly simplified compared with realistic coronal and magnetospheric
configurations.

Another important limitation is that the present simulations are entirely two-dimensional. Although
2D PIC simulations capture many of the essential kinetic processes associated with magnetic reconnection
and wave—particle interactions, real astrophysical plasmas are inherently three-dimensional. For example,

in 3D the fastest-growing oblique modes may occupy a cone in wave-vector space rather than a single
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propagation direction, allowing energetic electrons to interact simultaneously with waves spanning a
range of azimuthal angles. Such interactions could increase resonance overlap, nonlinear trapping,
and stochastic particle motion, potentially modifying the pitch-angle diffusion process and enhancing
scattering efficiency. Future fully three-dimensional simulations will be important for assessing the

significance of these effects.

5.3 Future Directions

Several important questions remain open and provide natural directions for future work. In the
study of flux-rope core fields, an important next step is to determine whether the self-generation of
out-of-plane magnetic fields persists in larger islands and how the underlying mechanisms evolve
as islands grow to larger scales. Future kinetic simulations with larger system sizes and longer
durations will be valuable for addressing these questions and establishing the scaling of the proposed
mechanisms. A more quantitative model of the influence of these fields on electron scattering should
be developed and tested in future work. It will also be important to verify observational reports of core
magnetic fields oriented opposite to the surrounding guide field, as such observations would provide
strong evidence against models based solely on guide-field compression. Extending the simulations
to fully three-dimensional configurations may reveal important aspects of flux-rope evolution that
cannot be captured in two-dimensional systems. As reconnection-generated flux ropes continue to
grow, they may eventually become unstable to three-dimensional kink instability [260-263]. The
resulting distortion of the flux ropes can generate stochastic magnetic field-line transport, allowing
energetic particles to escape from otherwise well-confined flux ropes and access additional acceleration

regions [260]. These three-dimensional effects are expected to substantially modify both the long-
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term evolution of flux ropes and the efficiency of particle acceleration during magnetic reconnection.
Finally, closer comparisons with observations and continued collaboration between simulation and
observational studies will be essential for testing and constraining these ideas.

In the study of whistler-wave scattering and the 90° barrier problem, several issues also remain
unresolved. The simulation domain used in Chapter 3 could be further enlarged to allow longer
wave—particle interaction times. A larger domain would enable the system to evolve closer to a fully
isotropic state, potentially resulting in a greater reduction of the electron heat flux. Future work should
investigate how the wave spectrum evolves in fully three-dimensional systems and how such evolution
influences particle transport and scattering. Developing a more complete mathematical description
of turbulent transport and scattering would also be valuable. Ultimately, connecting the local kinetic
processes identified in the present simulations with the large-scale evolution of solar flares remains an

important challenge.
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