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ABSTRACT OF THE DISSERTATION

Kinetic-scale Solar Wind Current Sheets: Statistical Characteristics and Their Role in 

Energetic Particle Transport

by

Zijin Zhang

Doctor of Philosophy in Planetary Science

University of California, Los Angeles, 2026

Professor Vassilis Angelopoulos, Chair

The transport of solar energetic particles (SEPs) through the heliosphere is governed by 

their interaction with the highly variable interplanetary magnetic field. Yet standard quasi-

linear models, which assume scattering by small-amplitude, randomly phased fluctuations, 

fail to account for current sheets, coherent, intermittent structures that pervade the 

solar wind. This dissertation develops a quantitative, observation-informed framework 

for understanding how kinetic-scale current sheets scatter energetic particles and shape 

their transport across the inner heliosphere. On the observational side, we analyze more 

than 175,000 current sheets identified by Parker Solar Probe (0.17 AU), Juno (1–5 AU), 

ARTEMIS, WIND, and STEREO using a robust, time-resolution-independent detection 

algorithm. We find that their normalized thicknesses (2–4 ion inertial lengths) and current 

densities (0.05–0.15 Alfvén current densities) remain broadly invariant across 0.17–5 AU 

and follow an inverse current density–scale relation spanning several orders of magnitude. 

Theoretically, we develop an exact Hamiltonian description of particle motion in force-

free current sheets and conduct extensive test-particle simulations parameterized by the 

observed property distributions at 0.1 and 1 AU. We find that the scattering is dominated 

by geometrical chaotization, the destruction of the quasi-adiabatic invariant at separatrix 

ii



crossings, which produces order-unity pitch-angle jumps within single interactions, a 

mechanism qualitatively distinct from resonant wave–particle diffusion. By evaluating 

the aggregate effect of multiple, sequential interactions through a Monte Carlo transport 

model, we show that both parallel and perpendicular diffusion coefficients exhibit asymp

totically diffusive behavior, but with a perpendicular-to-parallel ratio that increases with 

particle energy and exceeds standard quasi-linear predictions above  1 MeV. These results 

identify current sheets as efficient drivers of energetic particle scattering throughout the 

inner heliosphere, offering a natural explanation for SEP transport phenomena that have 

long challenged purely wave-based models, including broad particle reservoirs and rapid 

longitudinal spreading.
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Chapter 1

Introduction

1.1 Overview

The solar wind is a hot, magnetized plasma that continuously expands from the solar 

corona into interplanetary space, driven by the pressure gradient between the dense coronal 

plasma and the surrounding interstellar medium (Parker, 1958; 1965a; Velli, 1994; 2001). 

As it propagates outward, the solar wind accelerates to super-Alfvénic speeds, transporting 

mass, momentum, and energy throughout the heliosphere. Because the solar wind is highly 

electrically conductive, magnetic field lines are frozen into the plasma flow to a good 

approximation. The resulting large-scale interplanetary magnetic field (IMF) is shaped by 

the combination of radial expansion and solar rotation, producing the Archimedean spiral 

geometry described by the Parker model—a configuration well supported by observations 

when averaged over sufficiently long intervals (Zhao et al., 2025a; 2025b).

Figure 1.1:  Three-dimensional representation of the HCS inside the heliosphere. The tilt of the solar magnetic 

dipole relative to the rotation axis causes the current sheet to form a warped, spiraling surface that a 

spacecraft near the ecliptic crosses twice per solar rotation (Jokipii & Thomas, 1981).
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The most prominent large-scale structure arising from this magnetic topology is the 

heliospheric current sheet (HCS)—the thin surface separating open field lines of opposite 

polarity (Smith, 2001). The dipole tilt and solar rotation warp this surface into a spiraling 

“ballerina-skirt” geometry (Figure 1.1) that extends throughout the heliosphere. In situ, 

the HCS manifests as a sharp IMF polarity reversal; Parker Solar Probe observations 

confirm this structure persists from close to the Sun out to 1 AU, with the large-scale 

geometry remaining stable while the small-scale plasma structures surrounding the sheet 

evolve substantially during outward propagation (Figure 1.2) (Szabo et al., 2020).

Figure 1.2:  Comparison of HCS crossings observed by PSP and Wind with the PSP data forward shifted 

and magnetic field scaled. The upper two panels are the PSP 315 eV electron PADs (in flux units and 

normalized) propagated to the location of Wind. The next two panels are the 265 eV Wind electron PADs. 

The bottom three panels show the Wind observed magnetic field (green) and scaled PSP measurements 

(red) in spherical coordinates. Vertical dotted lines show the time of the propagated PSP HCS events

Superposed on this ordered background, however, are fluctuations spanning a broad range 

of scales and magnitudes. These fluctuations are a manifestation of magnetohydrodynamic 

(MHD) turbulence (Bruno & Carbone, 2013; 2016; Goldstein et al., 1995; Matthaeus, 2021; 
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Schekochihin, 2022; Tu & Marsch, 1995), which is multi-scale, intermittent, and strongly 

non-Gaussian (Bruno, 2019; Chandran et al., 2025; Matthaeus et al., 2015; Verscharen et 

al., 2019). A key feature of this turbulence is that energy does not distribute uniformly 

across space as it cascades from large to small scales. Instead, it concentrates into localized, 

coherent structures — magnetic flux ropes, magnetic holes, plasma waves, and current 

sheets (Khabarova et al., 2021; Perrone et al., 2020; Pezzi et al., 2021) — which actively 

feed back into the plasma, contributing to heating, particle acceleration, and departures 

from classical MHD behavior (Borovsky, 2010; De Giorgio et al., 2017; Greco et al., 2017; 

Li et al., 2011).

Among these coherent structures, current sheets—thin layers of intense electric current 

where the magnetic field direction changes abruptly—are the most prominent and dynam

ically significant (see Section 1.3 for a comprehensive review). First identified in Pioneer 6 

measurements as sharp directional changes in the interplanetary magnetic field (Colburn & 

Sonett, 1966; Ness et al., 1966), they were initially classified within the MHD discontinuity 

framework as tangential discontinuities (separating topologically distinct plasma regions 

with no normal field component) or rotational discontinuities (propagating Alfvénic struc

tures connecting magnetically linked regions) (Hudson, 1970). The relative abundance of 

these two discontinuity types and their physical significance for magnetic topology have 

been subjects of longstanding debate (see Subsection 1.3.1) (Neugebauer, 2006). High-

resolution measurements from missions such as ARTEMIS, MMS, and Parker Solar Probe 

have since revealed that many current sheets possess fundamentally kinetic properties: 

their thicknesses are on the order of a few ion inertial lengths, and their internal structure

—including temperature anisotropy and non-gyrotropic ion distributions—defies a purely 

MHD description (Artemyev et al., 2019a; Vasko et al., 2022). Statistically, current sheets 

are ubiquitous throughout the heliosphere, with occurrence rates exceeding 100 events per 

day at 1 AU (Zhang et al., 2025a) (see Subsection 1.3.3.3). Their normalized properties—

thickness in units of the ion inertial length and current density in units of the Alfvén current 

density—exhibit a pronounced inverse correlation (stronger currents in thinner sheets) that 

extends over several orders of magnitude (see Subsection 1.3.3.4), suggesting a universal 

feature of the turbulent cascade (Vasko et al., 2024). The observational characterization 

of these properties across the inner heliosphere is developed in Chapter 2 and Chapter 3.
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The heliosphere thus presents two interleaved levels of magnetic organization: the ordered 

global structure of the Parker spiral and HCS, and the smaller-scale turbulence and coher

ent structures embedded within that background. This multiscale magnetic environment 

strongly influences heliophysics processes, especially the transport of energetic particles. 

Large-scale topology determines magnetic connectivity while small-scale structures govern 

local scattering and confinement.

Solar energetic particles (SEPs) are high-energy ions and electrons episodically accelerated 

in the solar and interplanetary environment (Anastasiadis et al., 2019; Desai & Giacalone, 

2016; Klein & Dalla, 2017; Reames, 2013) (see Subsection 1.4.1). They originate either 

in the low solar corona during eruptive events (impulsive SEP events, associated with 

magnetic reconnection in solar flares), or at interplanetary shock fronts driven by fast 

coronal mass ejections (gradual SEP events, driven by diffusive shock acceleration) (Desai 

& Giacalone, 2016; Reames, 2013). SEP events pose radiation hazards to spacecraft 

electronics, astronauts, and high-altitude aviation, and they provide a natural laboratory 

for studying particle acceleration and transport in magnetized plasmas—with implications 

extending to astrophysical systems more broadly.

Two contrasting observational signatures of SEP transport provide particularly compelling 

evidence for the role of magnetic structures in controlling particle propagation (see Sub

section 1.4.1.3 for a detailed discussion). The reservoir effect—in which widely separated 

spacecraft observe nearly identical particle intensities and spectral shapes during the decay 

phase of large gradual events (Dalla et al., 2003; Reames, 2013) —implies substantial 

cross-field transport that distributes particles throughout a large heliospheric volume. In 

contrast, dropout events—abrupt depletions of particle intensity at current sheet crossings 

(Mazur et al., 2000; Tessein et al., 2015) —indicate that particles can be effectively 

confined within individual magnetic flux tubes, with current sheets acting as barriers at 

their boundaries. Together, these phenomena reveal a fundamental duality: current sheets 

can both impede and facilitate particle transport, depending on their internal structure 

and the particle energy.

4



Figure 1.3:  The reservoir effect in solar energetic particle events. Left: proton intensities at several energies 

measured by Wind/LEMT during the 1997 November 6 event, showing uniform decay profiles across energies 

after the initial rise. Right: energy spectra at successive times remain nearly identical in shape (invariant 

spectra), indicating that particles have filled a large heliospheric volume and are decaying uniformly. Bottom: 

schematic of spacecraft positions relative to the Sun. Such spatially uniform distributions imply substantial 

cross-field transport, potentially mediated by interactions with current sheets and other coherent structures 

(Reames, 2013).

The standard theoretical framework for SEP propagation is the quasi-linear theory (QLT) 

of pitch-angle scattering (Jokipii, 1966) (see Subsection 1.4.1.4), which treats the turbulent 

magnetic field as a superposition of small-amplitude, randomly phased waves and derives 

diffusion coefficients from the resonant interaction between particles and fluctuations at 
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the cyclotron frequency. However, growing observational and numerical evidence demon

strates that the fine-scale magnetic structure of the solar wind—in particular, its coherent, 

intermittent character—can exert a decisive influence on particle dynamics that QLT does 

not capture (Artemyev et al., 2020a; Malara et al., 2021; 2023).

When a particle’s gyroradius becomes comparable to the thickness of a current sheet, 

the standard guiding-center approximation fails because the magnetic field varies on 

scales smaller than the gyro-orbit. In this regime, the magnetic moment 𝜇 is no longer 

the appropriate conserved quantity. Instead, the dynamics are governed by the quasi-

adiabatic invariant 𝐼𝑧—the action variable of the fast oscillation normal to the current 

sheet (Büchner & Zelenyi, 1989; Zelenyi et al., 2013) (see Subsection 1.4.2 for the full 

theoretical development). This invariant is approximately conserved during regular motion 

but undergoes jumps at separatrix crossings in phase space, where the particle transitions 

between qualitatively different types of oscillation (e.g., from gyration on one side of the 

sheet to figure-eight orbits spanning both sides). In symmetric current sheets without a 

guide field, these jumps are small and accumulate diffusively. However, in force-free current 

sheets—where the intermediate magnetic field component peaks at the center, breaking 

the phase-space symmetry—geometrical chaotization produces order-unity jumps in 𝐼𝑧 
within a single interaction (Artemyev et al., 2014; 2020a) (see Chapter 1.4.2.7.3 and Sub

section 1.4.2.8). Since 𝐼𝑧 determines the particle’s oscillation amplitude and thus its pitch 

angle, the destruction of 𝐼𝑧 is physically equivalent to pitch-angle scattering—but through 

a “superfast” mechanism fundamentally distinct from, and potentially more efficient than, 

wave–particle resonance. Because current sheets are abundant throughout the heliosphere 

and their thickness overlaps with the gyro-radii of suprathermal and energetic ions, such 

interactions are not rare events but a systematic feature of SEP propagation.

Despite their importance, a quantitative understanding of how current sheets influence 

SEP transport has remained incomplete, for two reasons. First, the statistical properties 

of kinetic-scale current sheets—their occurrence rate, thickness distribution, and inter

nal magnetic configuration—have not been systematically characterized across different 

regions of the heliosphere. Second, the connection between these microphysical structural 

properties and macroscopic transport coefficients has not been rigorously established. This 

dissertation addresses both gaps.
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Specifically, this dissertation (1) develops a coherent observational framework to charac

terize the properties and occurrence rates of current sheets across heliocentric distances 

from 0.17 to 5 AU (Zhang et al., 2025a; 2026a), and (2) constructs a quantitative model of 

pitch-angle scattering and spatial transport of energetic particles driven by current sheets, 

parameterized by the observed statistical distributions (Zhang et al., 2025b). Together, 

these contributions bridge the microphysics of individual current sheet encounters and 

the macroscopic diffusion of energetic particles through the heliosphere, offering new 

insight into heliospheric particle dynamics and a foundation for improved space weather 

prediction.

1.2 Thesis Organization

The remainder of this chapter reviews the observational and theoretical background in 

two parts. Section 1.3 reviews the observational properties of solar wind current sheets, 

including identification and characterization methods, their kinetic nature, and the statis

tical characteristics reported in the literature. Section 1.4 introduces the solar energetic 

particle context: the sources and classification of SEP events, the transport frameworks 

within which pitch-angle scattering is parameterized, and the motivation—rooted in solar 

wind intermittency—for going beyond classical quasi-linear theory; it develops the quasi-

adiabatic theory of particle motion near magnetic field reversals and the mechanisms by 

which the quasi-adiabatic invariant is destroyed at separatrix crossings.

The body of the thesis is then organized into two parts. Part I (Chapter 2 (Zhang et al., 

2025a) and Chapter 3 (Zhang et al., 2026a)) presents the observational characterization 

of kinetic-scale current sheets across the inner heliosphere from a coordinated set of 

spacecraft: Parker Solar Probe (PSP) at distances as close as 0.17 AU, Wind, ARTEMIS, 

and STEREO near 1 AU, and Juno during its cruise phase out to 5 AU. These chapters 

systematically quantify the statistical distributions of current sheet thickness and current 

density—two parameters that directly determine the magnetic field configuration experi

enced by energetic particles. A central finding is that the normalized properties of current 

sheets (thickness in units of the ion inertial length, current density in units of the Alfvén 

current density) are largely invariant from 0.17 to 5 AU, implying that the scattering 
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environment for energetic particles maintains a consistent character throughout the inner 

heliosphere. The observational results therefore provide the empirical foundation for the 

particle-transport studies that follow.

Part II (Chapter 4 and Chapter 5) investigates how kinetic-scale current sheets scatter 

and transport energetic particles. Chapter 4 (Zhang et al., 2025b) develops an exact 

Hamiltonian formulation for particle motion in force-free current sheets and quantifies 

pitch-angle scattering through test-particle simulations parameterized by the observed 

distributions from Part I. The scattering is shown to be dominated by infrequent but 

large pitch-angle jumps—a non-Brownian process driven by geometrical chaotization—

rather than continuous diffusion. Chapter 5 extends this analysis to spatial transport, 

showing that the perpendicular-to-parallel diffusion ratio increases with particle energy 

and can exceed standard quasi-linear predictions, with implications for the broad spatial 

distributions observed in SEP events. Together, these chapters bridge the microphysics of 

individual current sheet encounters and macroscopic heliospheric transport.

Chapter 6 summarizes the principal findings and discusses open questions and future 

directions, with emphasis on the origins of solar wind current sheets and on strategies for 

incorporating intermittency effects into SEP transport models.

Two appendices present complementary developments that support the main results. 

Appendix A (Zhang et al., 2026b) introduces a multi-fluid current sheet model developed 

to interpret the plasma velocity structure and sub-unity Alfvénicity observed in the current 

sheet catalogs of Part I; it is constructed to allow non-zero normal magnetic field compo

nents while maintaining constant magnetic field magnitude, thereby extending beyond 

simplified one-dimensional MHD configurations. Appendix B describes the Julia-based 

software ecosystem that underpins the large-scale statistical analyses and test-particle 

simulations performed throughout this work, enabling performant and interactive scientific 

exploration.

1.3 Observations of Solar Wind Current Sheets

8



This section reviews the observational landscape of solar wind current sheets (Khabarova 

et al., 2021; Neugebauer & Giacalone, 2010; Tsurutani & Ho, 1999), tracing their study 

from the earliest spacecraft measurements to the high-cadence, multi-point observations 

available today. The review is organized as follows: we begin by recounting how abrupt 

magnetic field rotations were first recognized as magnetohydrodynamic discontinuities and 

how subsequent high-resolution measurements revealed their fundamentally kinetic char

acter. We then discuss the analysis methods used to determine current sheet orientation 

and thickness, with particular attention to the strengths and limitations of single-space

craft and multi-spacecraft techniques. The bulk of the chapter is devoted to the statistical 

properties of current sheets — their identification, magnetic field configuration, spatial 

scales, current densities, occurrence rates, Alfvénicity, and orientation — as established by 

surveys spanning from the inner heliosphere to beyond 5 AU. Throughout, we emphasize 

the extent to which reported statistics depend on the identification method employed, a 

recurring theme that must be kept in mind when comparing results across studies. The 

section concludes by identifying several open questions that motivate the work presented 

in subsequent chapters.

1.3.1 From MHD Discontinuities to Kinetic-Scale Current Sheets

Early observations from the Pioneer 6 mission revealed that the direction of the IMF 

is highly variable, an unexpected finding at the time (Ness et al., 1966). As shown 

in Figure 1.4, on hour-long timescales, these abrupt directional changes are clearly 

distinguishable from the comparatively quiet background in which the magnetic field 

evolves slowly. Such rapid variations in the magneto-plasma parameters were recognized 

as fundamental solar wind features (Colburn & Sonett, 1966) and were identified as 

magnetohydrodynamic discontinuities—spatial boundaries separating two distinct plasma 

regions.

MHD theory permits such discontinuities but constrains the changes allowed across them 

through the Rankine–Hugoniot jump conditions. The early solar wind measurements 

spurred the development of theory for anisotropic plasmas (Hudson, 1970). Five distinct 

types are possible, the most relevant here being tangential discontinuities (TDs), rotational 

discontinuities (RDs), and shocks (relatively rare in the solar wind). Classifying observed 
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discontinuities as RDs or TDs attracted considerable early research interest because the 

distinction carries physical implications for the topology of the IMF (Knetter, 2005). 

A TD separates two topologically distinct plasma regions with no normal component, 

whereas an RD is a propagating structure that connects magnetically linked regions. 

This distinction has consequences for energetic particle diffusion coefficients and bears on 

possible generation mechanisms operating in the solar corona. The relative abundance of 

RDs and TDs in the solar wind has been the subject of longstanding debate (Neugebauer, 

2006; Neugebauer et al., 1984; Smith, 1973).
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Figure 1.4:  Two-hour example of 1-minute averages of the interplanetary magnetic field for which the 

magnitude is average, but the direction is highly variable and principally inclined at large angles (𝜃 ≈ 90∘) 
to the ecliptic plane (Ness et al., 1966)

At smaller scales (on the order of seconds), many discontinuities retain their sharp charac

ter, though some reveal resolvable internal structure even in early measurements (Burlaga, 

1969; Siscoe et al., 1968). At these scales, the term “discontinuity” becomes inappropriate: 

the structure width is comparable to the ion inertial length, and MHD theory may no longer 

be applicable. The term current sheet is adopted instead, emphasizing the current layer 

that maintains the field rotation. In this dissertation, we use “current sheet” throughout 
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to emphasize the kinetic nature of these structures. The kinetic scale generally refers to 

structures with widths comparable to the ion inertial length, corresponding roughly to 

temporal scales below 30 seconds at 1 AU. (Four scale regimes were introduced by Burlaga 

(1969): macro-scale (> 100 h), meso-scale (1–100 h), micro-scale (30 s – 1 h), and kinetic-

scale (< 30 s).)

Recent observations from multiple missions have confirmed that many solar wind current 

sheets possess fundamentally kinetic properties that defy a purely MHD description (see 

Figure 1.5 for an example). Artemyev et al. (2019a) analyzed discontinuities observed by 

the ARTEMIS and MMS missions and found that these structures exhibit characteristics 

of both TDs and RDs simultaneously: tangential velocity jumps correlate well with Alfvén 

speed jumps (an RD signature), yet electron density and temperature vary significantly 

across them (a TD signature).
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Figure 1.5:  Discontinuity observations by two ARTEMIS (at ∼ 07:38:00 and ∼ 07:38:30) and the MMS 1 

(at ∼ 07:53:00) spacecraft. (a) The magnetic field 𝐵𝑙 (left axis) and plasma velocity 𝑣𝑙 (right axis). (b1 and 

b2) The electron density 𝑛𝑒 (left axis) and temperature 𝑇𝑒 (right axis). (c1, c2, d1, and d2) The electron 

pitch angle distributions for two energy ranges. (e1 and e2) The electron flux anisotropy.
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Complementary statistical work by Artemyev et al. (2019b) using ARTEMIS data revealed 

that ion-scale discontinuities are accompanied by density and temperature variations 

extending over tens of ion inertial lengths. The inversely correlated density and temper

ature variations suggest a nearly force-free configuration. These structures exhibit two 

characteristic spatial scales: an intense inner current layer (> 1 nA/m²) enveloped by 

a broader outer structure. The magnetic field rotation occurs at the outer scale, while 

plasma pressure gradients provide pressure balance at the inner scale. The electron kinetic 

behavior around these structures is strongly energy-dependent: near-thermal electrons 

(10–30 eV) exhibit significant pitch-angle changes across the discontinuity, whereas hot 

electrons (100–1000 eV) retain their distribution properties on both sides, suggesting they 

can cross the structure freely.

Further insight into the kinetic nature of current sheets was provided by Artemyev et al. 

(2020b). Rotational discontinuities are typically accompanied by velocity jumps Δ𝑣𝑙 that 

are systematically smaller than the corresponding Alfvén speed jumps Δ𝑣𝐴, contrary to 

the stationary MHD prediction of equality. Previous explanations invoked either pressure 

anisotropy reducing Δ𝑣𝐴 or non-stationarity from residual magnetic energy. Artemyev 

et al. (2020b) proposed an alternative: nonadiabatic ion interactions with intense thin 

discontinuities produce nongyrotropic ion distributions with a nondiagonal pressure tensor 

component whose cross-discontinuity gradient reduces Δ𝑣𝐴. ARTEMIS observations con

firmed the existence of such an ion population with sufficient amplitude and spatial profile 

to account for the discrepancy, demonstrating that ion kinetic effects fundamentally shape 

the internal structure of solar wind current sheets.

Consequently, investigating the formation, evolution, and particle interactions of current 

sheets requires moving beyond MHD theory and into the realm of ion and electron kinetics.

1.3.2 Analysis Methods: Normal Determination and the Planar Approxima

tion

Solar wind current sheets are commonly approximated as one-dimensional structures in 

which the dominant variation occurs along the direction normal to the sheet. Under this 

approximation, the most important spatial parameter is the thickness—the scale over 
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which the magnetic field changes across the structure. Estimating the thickness requires 

knowledge of the current sheet normal, and the accuracy of this estimate depends critically 

on the method used to determine it. A detailed treatment and comprehensive review of 

both single-spacecraft and multi-spacecraft analysis techniques can be found in Knetter 

(2005). In this section, we do not attempt to reproduce that earlier review. Instead, we 

focus on developments that have emerged since then.

1.3.2.1 Single-Spacecraft Methods

For single-spacecraft observations, two methods are widely used. The first is minimum 

variance analysis (MVA) of the magnetic field, which identifies the direction of minimum 

magnetic field variance in the transition layer as the sheet normal, valid under the 

assumption that the normal component of the magnetic field is continuous (Sonnerup & 

Cahill Jr., 1967; Sonnerup & Scheible, 1998). The second is the cross-product method, 

which estimates the normal from the cross product of the upstream and downstream 

magnetic field vectors, and is valid under the assumption that the two vectors are coplanar, 

which can only be true if the normal component is zero (Burlaga & Ness, 1969; Wang et 

al., 2024).

MVA has been the most widely used technique in the literature, and much of the global 

statistical picture of solar wind discontinuities has been built upon it. A key advantage 

of MVA is that it makes no a priori assumption about the magnetic field geometry—

it can in principle recover the normal direction for both TDs and RDs. The method is 

designed to handle realistic deviations from an ideal one-dimensional layer—including 2D 

or 3D internal structure, temporal fluctuations in normal orientation, and measurement 

uncertainties—provided there is no systematic change in the normal direction during the 

spacecraft traversal (Sonnerup & Scheible, 1998). In practice, however, these non-ideal 

effects can be severe enough to cause MVA to fail. Systematic comparisons with multi-

spacecraft determinations have revealed that MVA can be inaccurate for solar wind current 

sheets. Horbury et al. (2001), using three-spacecraft timing with Geotail, Wind, and 

IMP-8, found that many MVA normal estimates lie far from the timing-derived normals. 

In their dataset, 77% of events were likely TDs based on timing, yet single-spacecraft MVA 

would have classified a much larger fraction as RDs—a discrepancy they attributed partly 
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to surface waves on the discontinuities (which may cause the derived minimum variance 

directions to be approximately perpendicular to discontinuity normals).

The nature of these MVA failures has been clarified by subsequent work. Teh et al. (2011), 

applying Grad–Shafranov reconstruction (based on the ideal 2D MHD equations in steady 

state) to Cluster observations, showed that internal structures such as magnetic islands 

(flux ropes) within the transition layer can cause MVA to fail as a predictor of the normal 

direction. Since MVA assumes a planar, one-dimensional geometry, any two-dimensional 

substructure may shift the minimum variance direction away from the true normal. (Good 

agreement with timing methods can be achieved by imposing the additional constraint 

⟨𝐵𝑁⟩ = 0 on MVA, though this predetermines the TD nature of the structure.) Liu et 

al. (2023) conducted a comprehensive statistical assessment using 6,752 Cluster disconti

nuities with timing-derived normals as a benchmark. They found that while increasing 

the eigenvalue ratio 𝜆2/𝜆3 and narrowing the analysis window can reduce scatter, MVA 

suffers from an inherent geometric defect: discontinuities with small normal magnetic field 

component (|𝐵𝑁 |/|𝐵| < 0.2) and small magnitude change (Δ|𝐵|/|𝐵| < 0.05) are system

atically misidentified. In these cases, MVA confuses the dominant in-plane magnetic field 

component with the normal component, producing a spurious large |𝐵𝑁 | and an apparent 

in-plane rotation angle of ∼ 180°. This mechanism causes genuine TDs to be misclassified 

as RDs with dominant normal fields, explaining the false RD predominance reported in 

many earlier MVA-based studies. Despite these limitations, Liu et al. (2023) showed that 

MVA can achieve acceptable accuracy under favorable geometric conditions. Since the 

magnitude change Δ|𝐵|/|𝐵| and the rotation angle 𝜔 do not depend on knowledge of the 

normal and are known a priori from the asymptotic values far from the discontinuity, they 

can serve as pre-selection criteria: MVA errors remain generally below 30° when either 

Δ|𝐵|/|𝐵| > 0.05 or 𝜔 > 60°. The problematic population is therefore confined to small-

angle, nearly constant-magnitude current sheets.

The cross-product method, by contrast, has been shown to be substantially more accurate. 

Wang et al. (2024), comparing single-spacecraft estimates against four-spacecraft Cluster 

timing for 1,831 current sheets, demonstrated that the cross-product normal agrees with 

the timing normal to within 15° at the 90% confidence level, whereas MVA normals 

frequently deviate by more than 60°—likely due to contamination by anisotropic turbulent 
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fluctuations. Combined with the Taylor frozen-in hypothesis (validated by the finding that 

current sheet propagation velocities agree with local ion flow velocities within ~20%), 

the cross-product method delivers current sheet thickness and current density amplitude 

within 20% of their multi-spacecraft values at the 90% confidence level. However, the cross-

product method has an important limitation: it assumes a vanishing normal magnetic 

field component (𝐵𝑁 = 0), which is strictly valid only for tangential discontinuities. For 

structures with a significant normal field component, the cross product of the asymptotic 

fields does not coincide with the true normal. In practice, this limitation is mitigated by 

the observational finding that the vast majority of kinetic-scale current sheets have very 

small |𝐵𝑁 |/|𝐵| (Erdős & Balogh, 2008; Wang et al., 2024), making the assumption a good 

approximation for the bulk of the population. This single-spacecraft methodology has been 

widely adopted in recent statistical studies of kinetic-scale current sheets (Lotekar et al., 

2022; Vasko et al., 2021; 2022; 2024).

Erdős & Balogh (2008) reached a partially reconciling conclusion from the Ulysses dataset: 

for the subset of well-defined discontinuities with reliable normals, MVA and the cross-

product technique yield consistent results. They advocated retaining only such well-defined 

events for further analysis, noting that the vast majority of these have a small magnetic 

field component parallel to the normal. The practical implication is that MVA can be used 

reliably when applied judiciously with appropriate quality filters, but its unconstrained, 

casual application to the full population of discontinuities introduces systematic biases that 

have historically distorted the statistical picture—particularly the RD/TD classification.

1.3.2.1.1 Multi-Spacecraft Methods and Higher-Dimensional Structure

Multi-spacecraft observations have played a crucial role in advancing our understanding 

of current sheets, as they allow improved determination of the normal direction and direct 

separation of spatial structure from temporal evolution (Horbury et al., 2001; Knetter, 

2005; Knetter et al., 2003; 2004; Ness, 1966). The timing method compares the arrival 

times of the same structure at several spacecraft with known relative positions, enabling 

geometric inference of the sheet orientation and propagation velocity (Knetter, 2005; 

Paschmann & Daly, 2000; 2008; Vogt, 2020). Missions such as Cluster and MMS have 

greatly expanded the use of these techniques.
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Beyond providing more accurate normals, multi-spacecraft observations have revealed that 

many solar wind current sheets are not perfectly planar. Lepping et al. (2003), using Wind 

and IMP-8 data for 134 large-angle (𝜔 > 90°) discontinuities, estimated a weighted-average 

radius of curvature of ∼ 380𝑅𝐸 (with a most probable value of ∼ 290𝑅𝐸; however, their 

analysis is unable to distinguish real curvature from shorter-scale surface variations using 

only two-spacecraft data sets), and an average thickness of ∼ 14𝑅𝐸 (most probable ∼
6𝑅𝐸). These results caution against the simplistic use of the planar assumption when 

projecting a distantly observed discontinuity to predict its arrival characteristics at a 

downstream location. Malaspina & Gosling (2012), exploiting the variable separation of 

the twin STEREO spacecraft, studied tens of thousands of discontinuities and found that 

the distributions of thickness, normal orientation, shear angle, and waiting times differ 

systematically between discontinuities observed by both spacecraft and those seen by only 

one. The population observed by both spacecraft—those with sufficient lateral extent to 

be intercepted at two separated points—was most consistently interpreted as the walls of 

solar wind flux tubes.

Söding & Neubauer (1999) proposed a method to determine the orientation and propaga

tion velocity of two-dimensional structures using two-spacecraft data under the assumption 

of a steady-state, divergence-free magnetic field. While no clear 2D structures were 

identified on the ~10-hour scales examined with Wind and IMP-8, the method established 

a framework for probing departures from planarity at smaller scales. Teh et al. (2011) 

subsequently demonstrated with Grad–Shafranov reconstruction that directional discon

tinuities can contain internal magnetic islands, making them irreducible to simple TD or 

RD classifications and underscoring the importance of accounting for multidimensional 

geometry when interpreting spacecraft crossings.

1.3.3 Statistical Surveys and Identification Methods

Following the initial discovery of solar wind current sheets, research shifted toward 

systematic statistical surveys (Neugebauer & Giacalone, 2010; Tsurutani & Ho, 1999). 

This section reviews general statistical properties and the methods used to identify 

current sheets. Parameters central to understanding both their physical nature and their 

dynamical influence on energetic particles — magnetic field configuration, spatial scale 
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(Subsection 1.3.3.4), and occurrence rate (Subsection 1.3.3.3) — are discussed in the 

subsequent sections.

A key point that must be emphasized at the outset is that statistical properties depend 

critically on the identification method. Different selection criteria—thresholds on magnetic 

field rotation angle, magnetic field increments, partial variance of increments (PVI), or 

relative standard deviation—introduce systematic biases into the sampled population. 

Methods optimized for large-amplitude, well-defined discontinuities preferentially select 

broader, MHD-scale structures, whereas gradient-based or increment-based approaches are 

more sensitive to thinner, kinetic-scale current sheets. Reported distributions of thickness, 

current density, and occurrence rate are therefore inherently method-dependent, and care 

must be taken when comparing results across studies.

To process the vast amounts of spacecraft data, various automated identification algo

rithms have been developed. Table 1.1 summarizes the primary quantitative criteria 

utilized in the literature.

Table 1.1:  Summary of current sheet identification methods used in the literature.

Method Description Method Reference Applications

Directional 

change

Change in the direction of B Burlaga (1969) Söding et al. (2001)

Relative 

field change

Relative change in magnetic 

field B

Tsurutani & Smith 

(1979)

Söding et al. (2001)

Correla

tion / angle 

distribution

Two-time correlation func

tions and distribution of an

gle change over a time lag

Li (2007) Li et al. (2008)

PVI Partial Variance of Incre

ments

Greco et al. (2017) Vasko et al. (2021); 

Vasko et al. (2022); 

Vasko et al. (2024)

Relative 

standard 

deviation

Relative standard deviation 

of B

Liu et al. (2022b) Zhang et al. (2025a)
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Most early statistical studies focused on large-scale or mesoscale current sheets that are 

readily identifiable in lower-cadence data. While these works provide essential context, 

their results cannot be directly compared with statistics derived from high-cadence 

measurements targeting kinetic-scale structures. Differences in scale selection, detection 

thresholds, and instrumental resolution introduce subtleties that must be carefully navi

gated. For instance, as demonstrated by Vasquez et al. (2007), current sheets become 

exponentially more numerous at smaller spread angles, a population often missed by 

earlier methods which focus on isolated, large-angle events and exclude structures in close 

proximity to one another. Therefore, while prior studies inform the broader landscape, 

the results presented in this thesis pertain specifically to the kinetic-scale population and 

should be interpreted within the framework of the identification methodology employed 

herein.

1.3.3.1 Small Intensity jump, Δ|𝐵|
While it is possible for a current sheet to exhibit a large jump in magnetic field magnitude, 

the vast majority are predominantly characterized by a rotation of the magnetic field across 

the sheet, with the magnitude remaining nearly constant. This was first recognized by 

Burlaga (1969), who observed that most sharp changes in the IMF are primarily directional 

and introduced the term directional discontinuity (DD). Quantitatively, the change in |𝐵| 
is less than 20% for approximately 75% of the discontinuities in their study.

More recent high-resolution analyses confirm this near-constant magnitude at smaller 

scales. Using 1/3-second resolution ACE data, Vasquez et al. (2007) found that most 

discontinuities have ramp-like internal profiles—the field varies nearly monotonically 

within the layer, with no evidence of rapid compression or dissipation (Tsurutani et al., 

2005). Furthermore, the intensity jump distribution for solar wind discontinuities is best 

fit with a lognormal function and is narrowly confined about unity, in contrast to the much 

broader distribution found in phase-randomized surrogate fields. This difference implies 

that the layer is regulated by specific physical processes (e.g., nonlinear wave magnetic 

pressure and Landau damping) rather than random superposition of fluctuations.

This conclusion is further reinforced by Lotekar et al. (2022) and Vasko et al. (2024), who 

analyzed 11200 proton kinetic-scale current sheets near the sun by Parker Solar Probe and 

16903 current sheets at 5 AU observed by Ulysses. The magnetic field rotates through a 
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shear angle with only weak magnitude variation. The maximum variation of |𝐵| within a 

current sheet is statistically larger than the variation between its boundaries, and larger 

magnitude variations are typical at higher plasma 𝛽 (Figure 1.6).

Figure 1.6:  Probability and cumulative distributions of parameters Δ𝐵/〈𝐵〉, Δ𝐵max/〈𝐵〉 and 

Δ𝐵/〈𝐵〉Δ𝜃 for subsets of the current sheets (CSs) observed at different plasma betas, 𝛽 < 1 and 𝛽 > 3. 
The bottom panels also present the cumulative distributions corresponding to all the CSs in our data set. 

Note that parameter Δ𝐵/〈𝐵〉Δ𝜃 quantifies the ratio between average perpendicular and parallel current 

densities within CS.

1.3.3.2 Field Rotation Angle

The field rotation angle 𝜔 (also referred to as the spread angle, shear angle, or directional 

change) is one of the most fundamental parameters characterizing current sheets. Its 

distribution depends on the statistical ensemble (i.e., the identification criteria), solar 

activity level, radial distance from the Sun, and the type of discontinuity. A robust finding 

across all studies is that discontinuities become more abundant at smaller spread angles.

Burlaga (1969) first showed that the number of discontinuities falls off rapidly with 

increasing 𝜔. Subsequent studies confirmed this behavior and characterized the distribution 

quantitatively [Burlaga (1971a); Burlaga (1971b); Mariani et al. (1973);]. For 𝜔 ≥ 30°, 
the distribution is well described by 𝑁(𝜔) ∝ exp[−(𝜔/𝜔𝑠)

2], where the scale parameter 

𝜔𝑠 encodes the characteristic width of the distribution. Burlaga (1969) found 𝜔𝑠 = 75° 
during a solar minimum period (December 1965–January 1966), while Mariani et al. (1973) 

obtained a significantly smaller 𝜔𝑠 = 44° during a period of higher solar activity. This 
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difference likely reflects a dependence on solar cycle phase (Mariani et al., 1973). Knetter 

(2005), using our coordinated spacecraft (Cluster) for four different periods between 2001 

and 2003, further demonstrated that 𝜔 depends on solar wind type: the spread angle tends 

to be smaller in slow solar wind from active regions and larger in fast solar wind originating 

from coronal holes.

Extending the analysis to small rotation angles, Vasquez et al. (2007) showed that the 

small-spread-angle population forms a smooth continuation of the larger-angle distribu

tion, which is best fit by a lognormal function. For most discontinuities, the maximum 

spread angle within the layer is nearly equal to the net edge-to-edge value, confirming that 

the field rotation is approximately monotonic across the structure. This finding was subse

quently cited by Neugebauer & Giacalone (2010) as evidence that the method of Vasquez 

et al. (2007) captures a previously unexamined but physically continuous population.

A radial dependence of 𝜔𝑠 was established by Söding et al. (2001), who found that the 

distribution steepens with increasing heliocentric distance: 𝜔𝑠 decreases from ~82° to ~50° 

between the inner heliosphere and several AU (see Figure 1.7). Fewer events with 𝜔 >
60° are observed at larger distances, indicating that discontinuities evolve during their 

outward propagation. Whether this evolution leads to eventual annihilation of current 

sheets remains unclear. Notably, the radial dependence of 𝜔𝑠 differs depending on the 

identification criterion: it is present for the Tsurutani–Smith (TS) criterion but absent for 

the Burlaga (B) criterion inside 2.3 AU, suggesting that the evolution is driven by the 

additionally identified population of anisotropic RDs. For TDs alone, the mean rotation 

angle ⟨𝜔⟩ ≈ 78° shows no radial dependence, whereas for RDs, smaller 𝜔 is more probable 

and fewer large-𝜔 events survive at greater distances.
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Figure 1.7:  Relative frequency of 𝜔 for Helios 2 (top) and Voyager 2 (bottom) as a histogram; thin solid 

line is a fit to the distribution proportional to exp[−(𝜔/𝜔𝑠)
2]

1.3.3.3 Occurrence rate

The occurrence rate of current sheets is important from both plasma-physics and particle-

transport perspectives. From the standpoint of solar wind physics, occurrence statistics 

constrain the generation mechanisms of current sheets—including their relation to turbu

lence intermittency, flux-tube boundaries, and large-scale solar wind structuring—and 

provide information about their stability and evolution during outward propagation. From 

the standpoint of energetic particle transport, the frequency with which particles encounter 

current sheets determines the cumulative scattering rate and therefore influences large-

scale diffusion properties in both momentum and configuration space.
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A central question is whether current sheets are formed close to the Sun and subsequently 

convected outward by the solar wind, or whether they are generated in situ at all helio

centric distances, for example in colliding solar wind streams. As summarized by Knetter et 

al. (2003), early radial surveys spanning approximately 0.3 to 10 AU consistently reported 

a decrease in occurrence rate with increasing radial distance. However, interpreting this 

trend is not straightforward. The observed decrease may indicate genuine disintegration of 

current sheets during their outward propagation. Alternatively, it could reflect a changing 

balance between local generation and destruction processes. It may also arise from 

observational effects: as structures evolve, their orientation relative to the radial direction 

may change, reducing the locally detected occurrence rate. In addition, current sheets 

may thicken with increasing distance, causing them to fall below instrumental detection 

thresholds and thereby introducing an observational bias (Lepping & Behannon, 1986).

The earliest radial studies established the basic phenomenology. Burlaga (1971b), using 

Pioneer 6 data, found that the occurrence rate at 0.82 AU is only slightly lower than at 1 

AU (“this may be due to the lower data quality and increase in the number of data gaps 

when the spacecraft is far from the earth”), and that the distributions of rotation angle 

and discontinuity normals are very similar across the range 0.8–1.0 AU. This suggested 

that most discontinuities originate inside 0.8 AU and do not evolve appreciably over 

this distance range. Importantly, the occurrence rate in regions of increasing bulk speed 

was only slightly higher than elsewhere, arguing against stream collision as the primary 

generation mechanism. Mariani et al. (1973), analyzing over 16,000 events from Pioneer 

8, reported an average occurrence rate of approximately 3.6 per hour near 1 AU (with 

~1.6 per hour identified as TD-like) and found a correlation with the directional change 𝜔 

and a decrease with increasing heliocentric distance. However, they also noted a possible 

dependence on heliographic latitude.

Tsurutani & Smith (1979) made a major contribution by using simultaneous Pioneer 10 

and 11 data to separate spatial from temporal variations. This distinction was essential, as 

occurrence rates display substantial day-to-day and solar-rotation-scale fluctuations well 

outside Poisson expectations. They found that the rates averaged over Bartels rotations 

were strongly correlated between the two spacecraft despite their ~2 AU separation, and 

that the statistical properties of discontinuities at 1 and 5 AU were remarkably similar. 
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Both findings support a scenario in which discontinuities originate within 1 AU and 

are subsequently convected outward by the solar wind. The radial dependence of the 

occurrence rate follows 𝜌 = 50 𝑒−(𝑅−1)/4 per day, corresponding to an apparent decrease 

of about 25% per AU. However, they argued that this radial gradient may not represent 

true physical decay: it could arise from progressive thickening of current sheets such that 

they no longer satisfy identification criteria. Finally, they demonstrated that temporal 

variations, persisting over several months, had likely been misinterpreted as latitudinal 

gradients in earlier Pioneer 8 results (Mariani et al., 1973).

The picture was enriched by Ulysses observations at high heliographic latitudes. Tsurutani 

et al. (1996) found a radial decrease from 1 to 5 AU following 𝑒−(𝑟−1)/5. More strikingly, 

the occurrence rate increased by a factor of ~5 as Ulysses moved from Jupiter at 5 AU to 

2.5 AU over the south pole (from the ecliptic plane to −80° heliographic latitudes), with 

a one-to-one correspondence between high occurrence rates and high-speed streams from 

coronal holes. In these streams, nonlinear outward-propagating Alfvén waves with large 

transverse fluctuations are ubiquitous, and rotational discontinuities frequently form the 

edges of phase-steepened Alfvén waves—offering a natural explanation for the elevated 

occurrence rates.

Söding et al. (2001) synthesized data from five missions spanning 0.3–19 AU and −80° to 

+10° latitude during solar minimum. They found that the occurrence rate depends linearly 

on solar wind velocity (a geometric effect: faster wind sweeps more plasma volume past 

the spacecraft per unit time) and decreases radially as 𝑟−0.78 (TS criterion) or 𝑟−1.28 (B 

criterion). After normalizing to 400 km/s and 1 AU, approximately 64 discontinuities per 

day were identified with both criteria, and no residual dependence on heliographic latitude 

or solar wind structure type was observed—indicating that current sheets are uniformly 

distributed on spherical shells. Nonetheless, large day-to-day variations persisted even after 

normalization. The RD-to-TD ratio depended on solar wind structure, with relatively more 

RDs in high-speed streams, but showed no radial or latitudinal dependence in the inner 

heliosphere (𝑟 < 10 AU).

Vasquez et al. (2007), using their method sensitive to small-spread-angle events, found 

dramatically higher rates than earlier surveys: an average exceeding 243 per day for all 
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discontinuities, 117 per day above 15°, and 52 per day above 30° (comparable to the 

~30 per day above 30° reported by classical methods). These rates exhibit pronounced 

temporal variability on both daily and hourly timescales, and discontinuities occur in 

spatial groupings with lognormally distributed separations. Even excluding active periods 

(interplanetary shocks, solar ejections), the rates were only weakly correlated with solar 

wind speed.

A methodological subtlety that pervades all occurrence rate studies was highlighted by 

Erdős & Balogh (2008), who used the extensive Ulysses magnetometer dataset to critically 

examine the role of the identification method. They showed in Figure 1.8 that occurrence 

rates differ dramatically depending on whether events are selected by their temporal 

rate of change (in the spacecraft frame) or by their spatial gradient (transformed into 

the solar wind frame): the temporal criterion systematically overestimates the number 

of discontinuities in fast solar wind, because structures convect more rapidly past the 

observer. After correcting for this bias, they confirmed the radial decrease in spatial density 

with increasing distance from the Sun. And surprisingly, they found that at a given radial 

distance, periods with slower solar wind tended to contain more discontinuities.
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Figure 1.8:  The number of discontinuities as a function of the distance from the Sun (horizontal scale) 

and the velocity of solar wind (color coded). Upper panel: selection of events by time rate of change. Lower 

panel: selection of events by spatial gradients.

Recent inner-heliosphere measurements from Parker Solar Probe and Solar Orbiter have 

extended these statistics closer to the Sun than previously possible. Liu et al. (2021) 

analyzed 3,948 discontinuities between 0.13 and 0.9 AU and found a steep radial decrease 

following 𝑟−2.00. A particularly interesting finding was that the RD occurrence rate 

decreases more steeply (𝑟−2.17) than the TD rate, so that the RD-to-TD ratio drops sharply 

from ~8 at 𝑟 < 0.3 AU to ~1 at 𝑟 > 0.4 AU, exhibiting distinct evolution with distance.
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Madar et al. (2024), combining Solar Orbiter and Parker Solar Probe data, identified over 

140,000 discontinuities between 0.06 and 1.01 AU and confirmed the power-law decrease 

in spatial density, fitting an exponent of −0.93—somewhat shallower than the 𝑟−2.00 of 

Liu et al. (2021), likely reflecting differences in identification criteria and the correction 

for solar wind velocity effects. They identified several competing mechanisms that shape 

the radial profile: the increasing Parker spiral angle with distance affects how many TD-

like flux-tube boundaries are swept past the spacecraft; the smaller cross-section of flux 

tubes near the Sun makes boundary crossings more probable; and any radial evolution of 

current sheet thickness introduces selection biases for gradient-based detection methods.

Taken together, these studies establish that current sheet occurrence rates decrease with 

heliocentric distance, but the precise radial scaling depends sensitively on identification 

criteria and the population of discontinuity types sampled with corrections for solar wind 

velocity effects. The much higher rates found by methods sensitive to small rotation angles 

(Vasquez et al., 2007) underscore that the total population of current sheets is substantially 

larger than suggested by classical surveys restricted to large-angle events. The differential 

radial evolution of RDs and TDs points to fundamentally different origins and lifetimes 

for these two populations—a distinction with direct implications for understanding how 

they are generated and sustained by solar wind turbulence.

1.3.3.4 Spatial Scale and Current Density

In the classical MHD framework, current sheets are treated as infinitely thin discontinuities

—mathematical step functions across which plasma parameters change instantaneously. 

In reality, however, the transition between upstream and downstream regions occurs over 

a finite thickness, requiring a treatment beyond the MHD approximation. The impact of a 

current sheet on the plasma — and specifically on the dynamical process of particles within 

the sheet (Yamada et al., 2010) — is fundamentally governed by this spatial scale (Sergeev 

et al., 1990) and the associated internal current density (the ratio between gyroradius and 

the characteristic scale of magnetic inhomogeneity). These two closely coupled parameters 

(usually compared to local proton inertial length and Alfvén current density) dictate 

the transition from fluid-like MHD behavior to kinetic physics and are therefore central 

to understanding the role of current sheets in both turbulence dissipation and particle 

transport.
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The thickness of a current sheet determines the physical regime in which the structure 

operates. The critical threshold occurs when the thickness approaches fundamental kinetic 

length scales: the ion inertial length 𝑑𝑖 = 𝑐/𝜔𝑝𝑖 or the thermal ion gyroradius 𝜌𝑖. When 

𝜆 ∼ 𝜌𝑖, the assumptions of ideal MHD break down: ions become demagnetized within 

the sheet while electrons—with their much smaller gyroradius—remain magnetized. Test 

particle simulations reveal the kinetic consequences of this intermittent structure: Dmitruk 

et al. (2004) found that the current sheets spontaneously formed by MHD turbulence 

produce differential energization, with electrons developing large parallel velocities within 

current sheets while protons are energized preferentially in the perpendicular direction 

by nonuniform electric fields varying on proton kinetic scales. This differential response 

generates Hall electric fields and enables the onset of collisionless magnetic reconnection, 

which requires current sheet thicknesses comparable to 𝑑𝑖 to proceed at sufficiently fast 

rates. Cassak et al. (2006) showed that as a Sweet–Parker dissipation region dynamically 

thins during reconnection, a critical transition occurs when its width drops below 𝑑𝑖: the 

Hall effect becomes dominant, the resistive MHD solution ceases to exist, and the system 

transitions abruptly to fast collisionless reconnection with rates orders of magnitude higher. 

Papini et al. (2019) extended this picture by investigating the tearing instability in both 

the MHD and Hall-MHD regimes. They showed that when a current sheet achieves a 

sufficiently small aspect ratio (𝑎/𝐿 ∼ 𝑆−1/3 for Lundquist number 𝑆 ≫ 1), reconnection 

proceeds on ideal Alfvén timescales independent of 𝑆. In the nonlinear phase, secondary 

current sheets spontaneously form and, at high 𝑆, naturally adjust to this critical aspect 

ratio, driving very rapid reconnection. When the Hall term is included—appropriate once 

the resistive layer width 𝛿 becomes comparable to 𝑑𝑖—the secondary reconnection rate is 

enhanced by up to a factor of two relative to the pure MHD case and up to ten times faster 

than the linear phase, leading to explosive energy release on super-Alfvénic timescales.

The interplay between reconnection and the turbulent cascade is now recognized as 

fundamental (Boldyrev & Loureiro, 2019; 2020). In dynamically aligned Alfvénic turbu

lence, magnetic fluctuations naturally form progressively thinner sheet-like structures at 

smaller scales (Boldyrev, 2006). Analytic theories predict that below a critical thickness 

these sheets become tearing-unstable, disrupting the classical cascade. Mallet et al. (2017) 

calculated the disruption scale 𝜆𝐷 at which this onset occurs in a low-𝛽 collisionless 

plasma, showing that 𝜆𝐷 can exceed the ion sound scale 𝜌𝑠 and produce a spectral 
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break at 𝜆𝐷 rather than at 𝜌𝑠, with a steepened “transition range” between them—

a feature sometimes observed in solar wind turbulence intervals. Boldyrev & Loureiro 

(2017) proposed a complementary picture in which the tearing instability modifies the 

effective alignment of field lines, balancing the eddy turnover rate at all scales below the 

critical threshold and yielding a reconnection-mediated energy spectrum steeper than the 

classical prediction. These theoretical expectations have been confirmed numerically. Dong 

et al. (2018), in high-resolution 2D MHD simulations at magnetic Reynolds number 𝑅𝑚 =
106, showed that the combined effects of dynamic alignment and turbulent intermittency 

produce copious plasmoid formation in intense current sheets; the resulting disruption 

steepens the energy spectrum toward a spectral index near −2.2, consistent with the 

analytic predictions. Dong et al. (2022) extended this to three dimensions, demonstrating 

that rapid reconnection breaks elongated current sheets into chains of plasmoids and 

opens a previously unrecognized range of energy cascade in which the transfer rate is 

controlled by plasmoid growth, again producing a −2.2 spectral index accompanied by 

modified turbulence anisotropy. Franci et al. (2017), using high-resolution hybrid-kinetic 

simulations that retain ion kinetic effects, provided further confirmation: reconnection at 

current sheets with 𝑎 ≃ 𝑑𝑖 actively drives the sub-ion-scale cascade, generating a stable 

power-law spectrum below the ion break as soon as the first reconnection events occur—

regardless of the state of the large-scale cascade. Taken together, these results establish 

that current sheets at kinetic scales actively shape the turbulence spectrum, mediate the 

energy cascade across the ion break, and control the pathway by which magnetic energy 

is ultimately converted into particle heating.

For energetic particle transport, the spatial scale is equally decisive. When particles 

encounter a broad MHD-scale structure (𝜆 ≫ 𝜌SEP), their motion remains adiabatic and 

they smoothly follow guiding-center trajectories. When 𝜆 ∼ 𝜌SEP, however, the magnetic 

field changes too abruptly for adiabaticity to be maintained, leading to strong pitch-angle 

scattering, temporary trapping, or reflection. The implications of this resonance condition 

for SEP transport will be examined in detail in the following sections.

Current density is inextricably linked to spatial scale through Ampère’s law: 𝐉 = ∇×
𝐁/𝜇0. A thin magnetic field rotation necessarily implies an intense current layer. In the 

context of magnetic turbulence, the energy cascading from large to small scales is not 
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dissipated uniformly but is concentrated within coherent structures—predominantly thin, 

high-current-density sheets. Numerical simulations have quantified this intermittency in 

detail. Zhdankin et al. (2013), analyzing current sheets in driven reduced-MHD turbulence, 

found that structures with peak current density exceeding eight times the rms value 

occupy less than 1% of the simulation volume yet account for more than 25% of all Ohmic 

dissipation. They also showed that while not all intense current sheets contain magnetic 

X-points (about 55% do not), the most intense structures are preferentially reconnecting 

ones, with the probability of containing an X-point rising to ~90% for the strongest events.

Spacecraft observations corroborate this picture. Current sheets are correlated with 

enhanced electron and ion temperatures (Osman et al., 2011), and these structures, while 

constituting only ~19% of the data, can account for ~50% of the total plasma internal 

energy (Osman et al., 2012). If reconnection is triggered within an intense current sheet, 

the contracting magnetic islands can further accelerate particles to high energies. Recent 

Parker Solar Probe observations have provided direct evidence of proton acceleration up 

to ~400 keV within the reconnection exhaust of the heliospheric current sheet at ~16 𝑅⊙ 

(Desai et al., 2025).

Understanding how thickness and current density of current sheets evolve with heliocentric 

distance is therefore crucial for revealing their role in the thermodynamics of solar wind 

turbulence and dynamics of energetic paticles: whether these structures maintain their 

kinetic-scale character and whether their current density weakens in tandem with the radial 

drop in magnetic field constrains theories of their local generation, evolution, and overall 

contribution to energy dissipation and particle transport throughout the heliosphere.

1.3.3.4.1 Thickness

The earliest thickness estimates, necessarily limited by instrumental resolution, revealed 

structures with spatial scales of thousands of kilometers or tens of proton inertial lengths 

(Burlaga, 1969).

The radial evolution of current sheet thickness was first systematically studied by Söding et 

al. (2001), who analyzed discontinuities from five missions spanning 0.3–19 AU. They found 

that the mean thickness in kilometers increases with heliocentric distance, as expected 

from the radial decrease in magnetic field strength and the associated expansion of kinetic 
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length scales. However, when normalized to the local proton gyroradius, the thickness 

decreases dramatically—by a factor of ~50, from ⟨𝑑𝜌𝑔⟩ ≈ 201 𝜌𝑔 at 0.3 AU down to ⟨𝑑𝜌𝑔⟩ ≈
4.3 𝜌𝑔 at 19 AU. A similar decrease, from 127 𝑑𝑖 to 2.6 𝑑𝑖, was found when normalizing 

to the ion inertial length. RDs were consistently thicker than TDs by a factor of ~1.5. 

This strong radial thinning in normalized units indicates that current sheets do not simply 

expand passively with the solar wind but evolve dynamically, progressively approaching 

kinetic scales at larger distances.

Parker Solar Probe has extended these measurements into the pristine inner heliosphere. 

Liu et al. (2021), analyzing discontinuities between 0.13 and 0.9 AU, found distinct 

behavior for the two types: TD thicknesses normalized by 𝑑𝑖 show no clear spatial scaling 

and range broadly from 5–35 𝑑𝑖, whereas RD thicknesses decrease as 𝑟−1.09 in normalized 

units. In absolute terms, the average RD thickness of ~574 km changes little with distance, 

implying that the normalized thinning reflects the radial increase of 𝑑𝑖 itself. Madar et 

al. (2024), using combined Solar Orbiter and PSP data from 0.06 to 1.01 AU, reported 

a more nuanced picture: RD thickness first decreases between 0.06 and 0.30 AU, then 

increases beyond 0.30 AU in proportion to the local ion inertial length. TD thickness, 

by contrast, scales with 𝑑𝑖 throughout the entire distance range. The authors interpreted 

these trends as evidence for different physical origins of the two types of discontinuities. 

RDs are thought to arise from the nonlinear steepening of Alfvén waves, a process that 

tends to generate structures with a significant magnetic-field component normal to the 

discontinuity surface. As the steepening progresses, the characteristic thickness decreases 

until it approaches ion kinetic scales, where dispersive and kinetic effects limit further 

steepening. TDs, on the other hand, are more likely associated with boundaries between 

magnetic flux tubes, whose widths tracks the local kinetic scale.

High-cadence measurements have made it possible to resolve the kinetic-scale population 

directly. Vasko et al. (2022), using Wind data at 11 samples/s, characterized 17,043 

current sheets at 1 AU with thicknesses from a few tens to ~1,000 km, corresponding to $

0.1– 10,_p$ with typical values around 100 km (~a few 𝜆𝑝). Near the Sun, Lotekar et al. 

(2022) analyzed 11,200 current sheets around PSP’s first perihelion, finding thicknesses 

from a few to ~200 km (typical value ~30 km), or $$0.1–10 𝜆𝑝 with a typical value of ~2 

𝜆𝑝. At 5 AU, Vasko et al. (2024) found half-thicknesses of 200–2,000 km for non-bifurcated 
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current sheets and 500–5,000 km for bifurcated ones, corresponding to 0.5–5 𝜆𝑝 and 0.7–15 

𝜆𝑝 respectively. Despite the enormous difference in absolute scale across these distances, 

the remarkable consistency in normalized thickness—typically a few proton inertial lengths

—indicates that current sheets at all heliocentric distances are predominantly kinetic-scale 

structures whose width is set by the local plasma conditions.

1.3.3.4.2 Current Density and Scale-Dependent Properties

The current density within kinetic-scale current sheets is not independent of their spatial 

scale. Vasko et al. (2022) found at 1 AU that the current density increases systematically 

for thinner structures, following 𝐽0 ≈ 6nA/m2 ⋅ (𝜆/100km)−0.56, but does not statistically 

exceed a critical value 𝐽𝐴 corresponding to an ion-electron drift at the local Alfvén speed. 

In normalized units, this becomes 𝐽0/𝐽𝐴 ≈ 0.17 ⋅ (𝜆/𝜆𝑝)−0.51. A corresponding power-

law correlation was observed near the Sun by Lotekar et al. (2022), who found 𝐽0 ≈
0.15𝜇A/m2 ⋅ (𝜆/100km)−0.76 with current densities in the range 0.1–10 𝜇A/m², and at 5 

AU by Vasko et al. (2024), who reported 𝐽0/𝐽𝐴 ≈ 0.14 ⋅ (𝜆/𝜆𝑝)−0.66 with typical current 

densities of 0.05–0.5 nA/m².

These current sheets are statistically force-free: the current density is dominated by 

its magnetic-field-aligned component, consistent with the observation that |𝐵| does not 

vary substantially across them. The magnetic shear angle is also correlated with spatial 

scale: Vasko et al. (2022) found Δ𝜃 ≈ 19° ⋅ (𝜆/𝜆𝑝)0.5 at 1 AU, while Vasko et al. (2024) 

found Δ𝜃 ≈ 16.6° ⋅ (𝜆/𝜆𝑝)0.34 at 5 AU. These scale-dependent correlations—thinner sheets 

carrying proportionally stronger currents with smaller shear angles—are a natural conse

quence of the turbulent cascade, in which magnetic field gradients steepen as energy is 

transferred to smaller scales. The approximate scale-invariance of these relationships across 

heliocentric distances (from 0.17 AU to 5 AU), together with the matching of magnetic 

field rotation and compressibility between current sheets and the ambient turbulence, 

provides strong evidence that the majority of kinetic-scale current sheets are produced by 

the turbulent cascade.

The observation that current density does not exceed the Alfvén current density 𝐽𝐴 is 

physically significant but not yet fully understood. From the standpoint of reconnection, 

Vasko et al. (2021) showed that essentially all 18,785 kinetic-scale current sheets in their 

dataset satisfy the necessary condition for reconnection not to be suppressed by diamag
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netic drift of the X-line. This condition, Δ𝛽 ≲ 2(𝐿/𝜆𝑝) tan(Δ𝜃/2), is automatically met 

due to the geometry of the current sheets as dictated by the turbulent cascade, rather 

than being a coincidence of local plasma parameters. The same conclusion was reached 

near the Sun (Lotekar et al., 2022) and at 5 AU (Vasko et al., 2024).

1.3.3.5 Alfvénicity, Walén Relation and Propagation Direction

The relationship between velocity and magnetic field variations across current sheets—

their degree of Alfvénicity—has been a central and persistently debated topic, bearing 

directly on the classification of discontinuities as RDs or TDs and on their dynamical role 

in the solar wind.

The pioneering observation by Neugebauer (1985), using IMP 8 and Voyager 2 data, 

revealed that velocity and magnetic field jumps (Δ𝐯 and Δ𝐁/√𝜌) across tangential 

discontinuities (a large change in magnetic field strength) are closely aligned—either 

parallel or antiparallel—in the sense associated with outward-propagating Alfvén waves. 

This alignment was found to be independent of solar wind stream structure and heliocentric 

distance between 1 and 2.2 AU. The result was unexpected for structures classified as TDs, 

and several explanations were proposed, including interplanetary turbulence, large-ampli

tude Alfvénic fluctuations propagating independently on both sides of the discontinuity, 

and surface waves on TDs.

Neugebauer et al. (1986) confirmed using Helios data that this alignment is already well 

established inside 0.4 AU, suggesting it is not a product of in situ evolution but may instead 

reflect a selection effect: TDs for which Δ𝐯 and Δ𝐁 are not aligned are destroyed by the 

Kelvin–Helmholtz instability, so that only Alfvénically aligned TDs survive. The observed 

decrease in the total number of discontinuities with increasing heliocentric distance may 

be associated with the growth of this instability as the Alfvén speed declines.

An earlier comprehensive study by Neugebauer et al. (1984), using ISEE 3 data, showed 

that the relative directions of velocity and field changes across all three discontinuity 

types (RD, TD, and the intermediate “either” category, ED) are consistent with outward 

propagation. The magnitude of the velocity change at RDs was found to be systematically 

smaller than the MHD prediction — a discrepancy only partially reduced by using a two-
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stream proton fit — foreshadowing the broader 𝑅 < 1 puzzle discussed below. Further, 

the plasma jump conditions at EDs showed closer resemblance to RDs than to TDs.

Quantitative assessment of Alfvénicity relies on the Walén relation, which states that the 

velocity jump across an RD should equal the corresponding Alfvén velocity jump. Two 

complementary approaches have been developed (see the bottom panels of Figure 1.9). 

The first evaluates the Walén relation as a jump condition by comparing velocity and 

Alfvén velocity changes between two carefully chosen measurement times on opposite 

sides of the discontinuity. The second checks the level of Alfvénicity continuously for all 

measurements between those two points: plasma velocity components, after transformation 

into the de Hoffmann–Teller (HT) frame, are plotted against the corresponding Alfvén 

velocity components, and the slope of the regression line, 𝑊sl, serves as the quality index, 

with 𝑊sl = ±1 indicating perfect Alfvénic agreement.
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Figure 1.9:  Overview plots for DD crossings. For each case, the five panels at the top show the magnetic 

field magnitude, the plasma density, followed by a comparison between the three components of 𝐯′ = (𝐯 −
𝐕HT) (in black) and (in red) the three components of −𝐕𝐴 or 𝐕𝐴 (depending on the sign of the Walén 

slope), all from Cluster C1, with the DD at the center of the time series. The panels along the bottom show 

the HT scatterplot for the 10 min interval, and the Walén scatterplots for the full 10 min and for the 1 min 

interval centered on the DD. In these scatterplots the vector components are distinguished by their color 

(black for x, red for y, and green for z).
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Neugebauer (2006) reported that the magnitude ratio 𝑅 = | Δ𝐯 | / | Δ𝐯𝐴 | from the 

jump approach is commonly around 0.6—systematically less than unity. Paschmann et 

al. (2013), using Cluster data, performed a comprehensive Walén analysis on 188 direc

tional discontinuities and found that a substantial fraction (77 out of 127 with a good 

de Hoffmann–Teller frame) exhibited plasma flow speeds exceeding 80% of the Alfvén 

speed, with 33 cases exceeding 90%. Their analysis also established that the degree of 

Alfvénicity of the coherent current sheets is nearly the same as that of the fluctuations in 

which they are embedded, suggesting that whatever process causes deviations from ideal 

Alfvénicity operates equally on both. This result places current sheets on a continuum 

with the ambient Alfvénic turbulence rather than as dynamically distinct structures.

A critical complication in using the Walén test for RD/TD classification was identified 

by Madar et al. (2024), who analyzed over 140,000 directional discontinuities between 

0.06 and 1.01 AU using Parker Solar Probe and Solar Orbiter data. They showed that 

Alfvén waves propagating along the surface of TDs can produce positive Walén test results, 

mimicking RD signatures. To disentangle the two populations, they examined the velocity 

in the HT frame: for surface waves on TDs, the residual velocity (𝐕 −𝐕HT) lies close to 

the discontinuity plane, whereas for genuine RDs it is quasi-perpendicular to the surface. A 

scatter plot of 𝐵𝑛/𝐵max against (𝐕 −𝐕HT) ⋅ 𝑛̂/ | 𝐕 −𝐕HT | revealed two clearly distinct 

populations, confirming that many apparent RD candidates are in fact TDs with surface 

Alfvén waves. After this reclassification, they found that most discontinuities with small 

normal magnetic field components are TDs, regardless of the jump in field magnitude.

The systematic shortfall 𝑅 < 1 has remained a longstanding puzzle. As noted by 

Paschmann et al. (2013), this deficiency mirrors the behavior of Alfvénic fluctuations 

more broadly: the Alfvén ratio 𝑟𝐴 = 𝛿𝑣2/𝛿𝑣2𝐴 is known to decrease systematically with 

heliocentric distance, reaching approximately 0.5 at 1 AU (Belcher & Davis Jr., 1971; 

Borovsky, 2012).

Refined scalar measures for evaluating Alfvénicity have been developed to disentangle 

directional and magnitude deviations. Sonnerup et al. (2018) introduced a quality index 

𝑄 that incorporates both the angular deviation and the magnitude ratio between Δ𝐯 and 

Δ𝐯𝐴, with 𝑄 = ±1 indicating perfect agreement. Paschmann et al. (2020) systematically 
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compared the jump-based index 𝑄 with the regression slope 𝑊sl across nearly 1,000 

magnetopause crossings, finding that a substantially higher threshold is needed for | 𝑄 | 
than for | 𝑊sl | to yield comparable numbers of RD candidates, and that the events selected 

by the two methods are not identical. They concluded that a complete evaluation of 

Alfvénicity requires two scalar quality measures: the magnitude ratio 𝑅 = | Δ𝐯 | / | Δ𝐯𝐴 | 
and the angle Θ between Δ𝐯 and Δ𝐯𝐴 (Paschmann et al., 2018).

1.3.3.6 Additional Statistical Properties

This subsection briefly summarizes several additional properties of solar wind current 

sheets that, while not the primary focus of this thesis, form an important part of the 

broader observational picture and provide useful context for interpreting the current sheet 

population.

1.3.3.6.1 Orientation

The orientation of current sheet normals relative to the local magnetic field depends on 

both the type of discontinuity and heliocentric distance. In the inner heliosphere, Mariani 

et al. (1973) analyzed Pioneer 8 data (10 s cadence) and found that TD normals are 

predominantly perpendicular to the local Parker Archimedean spiral field, consistent with 

TDs separating adjacent flux tubes. Söding et al. (2001) corroborated this and highlighted 

a contrasting behavior for rotational discontinuities (RDs): inner heliospheric RD normals 

are primarily parallel to the mean field, 𝐁0 (i.e., the normal-to-field angle 𝛾 ≈ 0∘). This 

aligns with Alfvén waves propagating along the field, although obliquely propagating RDs 

are also present. Conversely, in the middle heliosphere (10–40 AU), the distribution of 𝛾 

becomes nearly uniform across all directions, with a notable depletion of RDs propagating 

parallel to 𝐁0. To explain this radial evolution, Söding et al. (2001) suggested that field-

aligned RDs are unstable over large spatial and temporal scales so the effects of this 

instability are absent in the inner heliosphere (0.3–2.3 AU) but become pronounced at 

greater distances.

1.3.3.6.2 Plasma Beta Dependence

The properties of current sheets depend on the local plasma 𝛽. Shaikh et al. (2026), using 

interplanetary coronal mass ejections as a natural laboratory spanning a broad range of 

beta (10−2 ≲ 𝛽𝑒 ≲ 10, 10−3 ≲ 𝛽𝑝 ≲ 10), showed that both the shear angle Δ𝜃 and the 

normalized thickness 𝜆/𝜆𝑝 of current sheets depend on electron and proton beta. They 

argued that the beta dependence of the shear angle is an intrinsic feature of solar wind 
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turbulence arising from the natural correlation between turbulence intensity and plasma 

beta. According to recent theory, current sheets formed in turbulence are disrupted by the 

electron tearing instability once their thickness falls below a critical scale, mediating the 

transition from the inertial to the kinetic cascade (Mallet et al., 2017). Shaikh et al. (2026) 

demonstrated that normalizing current sheet thickness by this critical scale eliminates the 

beta dependence across the entire measured range.

1.3.3.6.3 Bifurcated Current Sheets and Reconnection Exhausts

A distinctive subclass of solar wind current sheets exhibits bifurcated structure—a double-

step magnetic field rotation rather than as a single monotonic rotation (Gosling, 2012; 

Neugebauer & Giacalone, 2010). As reviewed by Gosling (2012), these bifurcated current 

sheets are the observational signature of magnetic reconnection in the solar wind. When 

reconnection occurs, the reconnecting current sheet splits into a pair of back-to-back 

rotational discontinuities that bound a wedge of accelerated plasma—the reconnection 

exhaust. The exhaust plasma flows at roughly the local Alfvén speed, with correlated 

changes in 𝐕 and 𝐁 at one boundary and anti-correlated changes at the other, reflecting 

the oppositely propagating Alfvénic disturbances generated by the reconnection process.

The observational picture of reconnection in the solar wind has developed rapidly since the 

first unambiguous identification of reconnection exhausts by Gosling et al. (2005). Using 

Wind 3-second data, Gosling (2012) reported typical occurrence rates of 40–80 exhausts 

per month at 1 AU near solar minimum, with most events having temporal widths of 

tens of seconds (local widths of order 104 km). Reconnection occurs most frequently at 

current sheets with field shear angles below 90°—simply because such current sheets are 

the dominant type in the solar wind—and has been observed at shear angles as small as 

11° (Gosling & Szabo, 2008). The narrowest exhaust identified had a local width of ∼
103 km (∼ 18𝜆𝑖), and current sheets thinner than ∼ 3𝜆𝑖 were absent from the dataset, 

suggesting that such ultrathin structures are quickly disrupted by reconnection.

Multi-spacecraft observations have revealed that reconnection in large-scale current sheets 

typically occurs in a quasi-stationary fashion at a single dominant, extended X-line. The 

most extensive event documented involved five spacecraft and demonstrated continuous 

reconnection persisting for over 5 hours along an X-line extending at least 4.26 × 106 
km (Gosling, 2012). Exhaust boundaries are roughly planar on large scales, though finer-
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scale corrugations are sometimes observed. The occurrence of reconnection depends on 

a combination of magnetic shear angle and the plasma 𝛽 difference across the current 

sheet: for low 𝛽, reconnection occurs at essentially all shear angles, whereas for high 

𝛽 it is restricted to large shear angles—consistent with the theoretical prediction that 

diamagnetic drift of the X-line suppresses reconnection at low-shear, high-𝛽 current sheets.

Gosling & Szabo (2008), examining an interval containing 11 reconnection exhausts and 27 

thin current sheets within a magnetic cloud and its trailing high-speed stream, found that 

at least three of the thin sheets also exhibited bifurcated structure, indicating that they 

had been disrupted by reconnection. The relative absence of ultrathin current sheets was 

interpreted as evidence that such structures are rapidly disrupted once they form. More 

recently, Yoon et al. (2021) showed through particle-in-cell simulations that bifurcated 

current sheets can also arise naturally from the collisionless equilibration of a disequi

librated current sheet, through transitions among single-particle orbit classes, without 

requiring active reconnection. This suggests that not all observed bifurcated structures 

necessarily indicate ongoing or recent reconnection, and that collisionless relaxation may 

be an additional pathway to bifurcation.

It should be noted that the reconnection exhausts described above are observed at 

relatively large-scale current sheets resolvable with 3-second plasma cadence (≳ 103 km). 

Whether reconnection at kinetic-scale current sheets—the focus of this thesis—produces 

qualitatively similar or distinct signatures remains an active area of investigation, as 

discussed in the context of reconnection onset conditions earlier in this chapter.

1.3.3.6.4 Contribution to the Magnetic Fluctuation Spectrum

Current sheets contribute significantly to the power of magnetic field fluctuations in the 

solar wind. Borovsky (2010), analyzing 8.5 years of ACE magnetometer data, constructed 

an artificial time series preserving only the timing and amplitudes of strong (large-rotation-

angle) discontinuities. The power spectrum of this discontinuity series follows a power law 

in the inertial subrange with spectral index near the Kolmogorov −5/3 value, and accounts 

for approximately half of the total spectral power of the solar wind magnetic field over this 

range. This result warns that the measured spectral properties of solar wind turbulence 

are heavily influenced by the discrete contribution of current sheets, complicating the 

interpretation of spectral indices.
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Li et al. (2011) provided complementary evidence from three years of Ulysses data in 

which over 28,000 current sheets were identified. They showed that during the longest 

current-sheet-free intervals, the magnetic field power spectra are consistently described by 

the Iroshnikov–Kraichnan 𝑘−3/2 scaling, whereas during the most current-sheet-abundant 

intervals, the spectra exhibit Kolmogorov 𝑘−5/3 scaling. This finding implies that the 

commonly observed Kolmogorov scaling in the solar wind may be a consequence of the 

ubiquitous presence of current sheets rather than an intrinsic property of the underlying 

turbulent cascade, and that a proper analysis of solar wind power spectra must account 

for the contribution of intermittent structures.

1.3.3.6.5 Other Plasma Jump Conditions

Beyond the magnetic field signatures discussed above, the behavior of plasma parameters 

across current sheets provides additional constraints on their nature and on the validity 

of the RD/TD classification.

Neugebauer et al. (1984) conducted a comprehensive examination of plasma jump condi

tions across 221 discontinuities using ISEE 3 magnetic field and proton data. They found 

that the first and second adiabatic invariants (𝑇𝑝⟂/𝐵 and 𝑇𝑝∥𝐵2/𝑛2) are approximately 

conserved across RDs but not across TDs, confirming that the MVA-based classification 

into these two types captures a genuine physical distinction. The product of plasma density 

and the anisotropy factor, 𝜌𝐴, tends to be conserved across all three discontinuity types 

(RDs, TDs, and EDs)—a result expected for RDs but not required by MHD theory for 

TDs. The helium abundance 𝑛𝛼/𝑛𝑝 is generally conserved across RDs but can change 

substantially across TDs; however, a broad tail in the 𝑛𝛼/𝑛𝑝 distribution for RDs indicates 

that the helium abundance does change at a small fraction of them.

The multi-species dynamics at RDs proved particularly revealing. Neugebauer et al. (1984) 

showed that the primary and secondary proton beams flow through RDs in opposite 

directions with oppositely directed velocity changes, while alpha particles interact much 

more weakly—with velocity changes clustered near zero and no preferred direction. They 

proposed a simple model in which the RD moves through the primary proton fluid at 

slightly less than the local Alfvén speed; because the alpha particles drift relative to the 

primary protons at approximately this same speed, they effectively co-move with the RD 

and do not cross it. Under these conditions, the jump conditions for alphas resemble 
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those across a contact discontinuity, explaining how the helium abundance can change 

even across a genuine RD. When this multi-stream model was used to recalculate the 

Walén ratio 𝑅𝑉𝐵, it increased from 0.59 ± 0.03 (single-stream proton moments) to 0.74 ±
0.02, and further inclusion of alpha particle anisotropy and estimated electron contribu

tions raised it to 0.77 ± 0.03—diminishing but not eliminating the longstanding 𝑅𝑉𝐵 < 1 
discrepancy.

The properties of the magnetically ambiguous EDs were found to resemble those of RDs 

much more closely than those of TDs across essentially all parameters: adiabatic invariants, 

density conservation, helium abundance, Walén ratio, and mean solar wind speed. This led 

Neugebauer et al. (1984) to conclude that the ED population consists predominantly of 

obliquely propagating RDs with small but finite 𝐵𝑛, rather than TDs with coincidentally 

small Δ|𝐵|.

1.3.4 Summary and Open Questions

The body of work reviewed in this chapter establishes a rich but incomplete picture of solar 

wind current sheets. Their basic phenomenology is well characterized: the magnetic field 

rotates through a shear angle with only weak magnitude variation; the thickness of kinetic-

scale current sheets is typically a few proton inertial lengths regardless of heliocentric 

distance; current density scales inversely with thickness in a manner consistent with the 

turbulent cascade; and occurrence rates decrease with radial distance from the Sun, though 

the precise scaling depends sensitively on identification criteria and corrections for solar 

wind speed and current sheet orientation. The majority of these structures are statistically 

force-free, satisfy the necessary conditions for magnetic reconnection onset, and share the 

Alfvénic character of the ambient turbulence in which they are embedded.

Despite this progress, several important questions remain open and motivate the investi

gations presented in subsequent chapters of this dissertation.

Unified method across scales and distances. Previous studies have typically exam

ined either large-scale discontinuities or kinetic-scale current sheets, often with different 

identification methods, instrumental cadences, and spacecraft datasets. As a result, a 
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coherent picture of how the current sheet population evolves across spatial scales and 

heliocentric distances has not yet emerged. Developing a detection framework capable 

of capturing current sheets over a broad range of scales — from the kinetic regime to 

the MHD regime — and applying it consistently across multiple radial distances would 

therefore be highly valuable.

Separation of temporal variability from radial evolution. A persistent difficulty 

in interpreting radial trends is the contamination by temporal variability. Occurrence 

rates fluctuate substantially on timescales from hours to solar rotations, and single-

spacecraft surveys at different heliocentric distances inevitably sample different solar wind 

conditions at different times. Multi-spacecraft observations and extended orbital coverage 

offer opportunities to separate genuine spatial evolution from temporal modulation, but 

this separation has rarely been achieved systematically for the kinetic-scale population.

Multi-scale nature, distinct sub-populations, and their origins. Current sheets 

span a vast range of spatial scales, and it is plausible that structures at different scales 

originate from different physical mechanisms — for example, coronal flux-tube boundaries, 

nonlinear Alfvén wave steepening, or turbulence-driven intermittency. Furthermore, these 

distinct populations may follow different evolutionary paths as they propagate outward 

with the solar wind. Observational evidence already hints at such differentiation: the RD-

to-TD ratio declines steeply inside 0.5 AU, pointing to fundamentally different generation 

mechanisms and lifetimes for the two classes. Yet at kinetic scales, the classical TD/

RD distinction becomes blurred, as individual structures frequently exhibit signatures of 

both types simultaneously. Identifying physically meaningful sub-populations within the 

current sheet ensemble, characterizing their properties, and tracking their evolution with 

heliocentric distance remains an important challenge.

Interaction with energetic particles. The spatial scales of kinetic-scale current sheets 

— comparable to the gyro-radii of energetic particles in the keV to MeV range — place 

them in a regime where adiabatic particle motion breaks down. The cumulative effect of 

encounters with such structures on pitch-angle scattering, cross-field transport, and par

ticle energization is not yet quantitatively understood from an observational standpoint. 
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Establishing the statistical framework of current sheet properties is a necessary prerequisite 

for addressing these transport questions, which will be taken up in later chapters.

These questions collectively define the motivation for the analyses presented in the 

following chapters: Chapter 2 and Chapter 3 develop and apply a consistent methodology 

for identifying and characterizing current sheets from 0.17 to 5 AU, while Chapter 4 and 

Chapter 5 examine how the observed current sheet properties shape energetic particle 

scattering and transport.

1.4 Energetic Particle Interaction With Solar Wind Current Sheets

The transport of energetic particles through the heliosphere is governed not only by the 

large-scale structure of the interplanetary magnetic field, but also by the small-scale, 

intermittent structures embedded within it (Engelbrecht et al., 2022; Ewart et al., 2025; 

Oughton & Engelbrecht, 2021; van den Berg et al., 2020). Chief among these are current 

sheets—thin layers of intense current and rapid magnetic field rotation that occupy a 

small fraction of the heliospheric volume yet exert a disproportionate influence on particle 

dynamics. This section reviews the theoretical and observational foundations necessary to 

understand how energetic particles interact with these structures, with particular focus 

on the mechanisms by which current sheets scatter particles in pitch angle and modulate 

their transport through the heliosphere.

We begin with the heliospheric context: the sources and classification of solar energetic 

particles, and the observational phenomena—reservoir effects and dropout events—that 

reveal the dual role of current sheets as both barriers and facilitators of transport. We 

then describe the standard transport frameworks within which pitch-angle scattering 

is parameterized, and discuss how solar wind turbulence intermittency motivates going 

beyond classical wave-based scattering theories. The core of the section develops the quasi-

adiabatic theory of charged particle dynamics near magnetic field reversals, tracing how the 

adiabatic invariant breaks down at separatrix crossings through geometrical and dynamical 

jumps—a scattering mechanism qualitatively distinct from, and potentially more efficient 

than, wave–particle resonance (Artemyev et al., 2013b). The section closes with a summary 
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of the key results and a discussion of the open questions that motivate the quantitative 

program developed in subsequent chapters.

1.4.1 Energetic Particles in the Heliosphere

1.4.1.1 Sources of Energetic Particles

The heliosphere hosts several distinct populations of energetic particles spanning a vast 

range of energies and origins (Simnett, 2017). Galactic cosmic rays (GCRs) are high-energy 

particles originating from outside the solar system—primarily accelerated by supernova 

shocks—that propagate inward through the heliosphere and are modulated by the solar 

wind and heliospheric magnetic field (Moraal, 2013; Prantzos, 2012). Anomalous cosmic 

rays (ACRs) represent a population of singly charged ions that originate as interstellar 

neutral atoms, become ionized upon entering the heliosphere (forming pickup ions), and are 

subsequently accelerated to energies of tens of MeV at the heliospheric termination shock 

(Giacalone et al., 2022). Solar energetic particles (SEPs), the population most relevant to 

this thesis, are accelerated at or near the Sun during transient eruptive events and span 

energies from suprathermal (a few keV) to relativistic (∼few GeV) (Anastasiadis et al., 

2019; Desai & Giacalone, 2016; Klein & Dalla, 2017; Reames, 2013).

Unlike the quasi-steady GCR background, SEP events are episodic and highly variable. 

Intensities can increase by several orders of magnitude within minutes and exhibit dramatic 

event-to-event variations in spectral shape, heavy-ion composition, charge states, and 

spatial distribution (Anastasiadis et al., 2019). This variability reflects both the diverse 

acceleration mechanisms at the Sun and the complex transport processes that particles 

undergo as they propagate through the structured, turbulent interplanetary medium (Klein 

& Dalla, 2017).

1.4.1.2 Two Classes of Solar Energetic Particle Events

SEP events are broadly classified into two categories based on their acceleration mechanism 

and observational characteristics (Desai & Giacalone, 2016; Reames, 2013; Vlahos et al., 

2019):
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Figure 1.10:  The two-class picture for SEP events (Desai & Giacalone, 2016).

Impulsive SEP events are produced by magnetic reconnection-driven processes during 

solar flares. In the standard picture, reconnection in the solar corona—occurring along 

open magnetic field lines—accelerates particles through stochastic processes related to 

turbulence and fragmented current sheets in the reconnection region (Vlahos et al., 2019). 

Impulsive events are typically short-lived (minutes to hours) and are characterized by 

several distinctive compositional signatures: large enhancements of 3He /4He (by factors 

up to ∼ 1000 relative to solar wind values), elevated heavy-ion ratios such as Fe/O, high 

charge states indicating source temperatures of ∼ 3 × 107 K, and relatively high electron-
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to-proton ratios (Reames, 2013). Because the accelerated particles are injected onto a 

narrow range of magnetic flux tubes rooted in the compact flare site, impulsive events are 

observed only by spacecraft that are magnetically well-connected to the source—typically 

spanning only a few tens of degrees in solar longitude.

Gradual SEP events are driven by shock waves propagating through the corona and 

interplanetary space, typically associated with fast coronal mass ejections (CMEs) (Lee 

et al., 2012). The CME-driven shock provides a spatially extended acceleration region 

that can fill a broad range of magnetic field lines as it expands outward, beginning when 

the shock reaches approximately 2 solar radii (Desai & Giacalone, 2016). Particles are 

accelerated through diffusive shock acceleration (DSA), in which ions are scattered back 

and forth across the shock front by self-generated Alfvén waves amplified by the streaming 

accelerated protons themselves (Klein & Dalla, 2017). Gradual events typically last for 

several days, are proton-dominant, and exhibit elemental abundances similar to the solar 

corona and charge states corresponding to source temperatures of ∼ 3 × 106 K. These 

events produce by far the highest SEP intensities observed near Earth and represent the 

primary source of radiation hazard to astronauts, spacecraft electronics, and passengers 

on high-altitude polar flight routes (Anastasiadis et al., 2019).

While this two-class paradigm provides a useful organizational framework, it is impor

tant to note that the boundary between the two classes is not always sharp (Klein & 

Trottet, 2001). Many large gradual events show elevated 3He and Fe/O ratios at high 

energies, suggesting that residual suprathermal ions from previous impulsive events can 

serve as a seed population for subsequent shock acceleration (Desai & Giacalone, 2016). 

Furthermore, recent multi-spacecraft observations from widely distributed vantage points 

(STEREO, ACE, SOHO, and more recently Parker Solar Probe and Solar Orbiter) have 

revealed that SEPs can fill remarkably broad regions of the heliosphere—often extending 

over more than 180° in longitude—challenging simple models of localized injection and 

raising fundamental questions about the relative roles of extended shock geometry, coronal 

transport, and interplanetary cross-field diffusion in distributing particles throughout the 

inner heliosphere (Anastasiadis et al., 2019; Klein & Dalla, 2017).
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1.4.1.3 Reservoir and Dropout Phenomena

Two contrasting observational signatures of SEP transport provide particularly compelling 

evidence for the role of magnetic structure in controlling particle propagation:

The reservoir effect (or invariant spectra) is frequently observed during the decay phase 

of large gradual SEP events. Particle intensities measured by widely separated spacecraft 

(sometimes at different heliocentric distances and heliolatitudes) become nearly equal and 

exhibit similar temporal decay profiles, with energy spectra that maintain an invariant 

shape as overall intensities decrease (Desai & Giacalone, 2016; Reames, 2013). The three-

dimensional character of the reservoir, revealed by high-heliolatitude observations from the 

Ulysses mission (Dalla et al., 2003), favors explanations involving substantial cross-field 

transport that distributes particles throughout a large volume of the inner heliosphere, 

rather than simple trapping behind an expanding magnetic-bottle-like structure. The 

velocity-dependent migration of particles through the tangled interplanetary field—poten

tially mediated by interactions with current sheets and other coherent structures—is a 

natural candidate mechanism for establishing such spatially uniform distributions.

In stark contrast, dropout events are characterized by abrupt, sharp variations (deple

tions) in energetic particle intensity, often observed during impulsive SEP events (Mazur 

et al., 2000; Tessein et al., 2015). Spacecraft crossing from one magnetic flux tube into an 

adjacent one observe sudden drops (or increases) in particle count rates, with the intensity 

boundaries occurring on spatial scales comparable to particle gyro-radii (Neugebauer & 

Giacalone, 2015). This behavior indicates that particles are effectively confined within 

distinct flux tubes with minimal lateral transport. The sharp boundaries between particle-

filled and particle-empty flux tubes are frequently identified with tangential discontinuities 

in the solar wind magnetic field, which act as barriers to cross-field propagation because 

no magnetic field component threads through their surface (𝐵𝑛 = 0).

Together, these observations highlight a fundamental duality: current sheets can both 

impede particle transport (when acting as flux tube boundaries at tangential discontinu

ities) and facilitate it (through scattering that decouples particles from their field lines 

at rotational discontinuities). The relative importance of these two effects depends on 

the internal structure of the current sheets and the particle energy—a theme developed 

quantitatively in this thesis.
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1.4.1.4 Turbulence Transport Frameworks

The large-scale transport of energetic particles through the heliosphere is governed by a 

competition between parallel streaming along magnetic field lines, scattering by magnetic 

fluctuations, adiabatic focusing in the diverging interplanetary magnetic field, convection 

with the solar wind, and gradient-curvature drifts (Dalla et al., 2013). The foundational 

framework is the Parker transport equation (Parker, 1965b), which describes the evolution 

of the nearly isotropic part of the particle distribution using a diffusive approximation 

(justified when the particle scattering time is short compared to the timescale of interest):
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where 𝑓 is the omnidirectional distribution function, 𝜅𝑖𝑗 is the symmetric part of the 

diffusion tensor, 𝑈𝑖 is the solar wind velocity, 𝑉𝑑,𝑖 is the gradient-curvature drift velocity, 

and 𝑝 is the particle momentum. The drift velocity can be formally derived from the 

guiding center approximation averaged over a nearly isotropic distribution, and can be 

included as the antisymmetric part of the diffusion tensor. The diffusion tensor can be 

decomposed into components parallel (𝜅∥) and perpendicular (𝜅⟂) to the mean magnetic 

field: 𝜅𝑖𝑗 = 𝜅⟂𝛿𝑖𝑗 + (𝜅∥ − 𝜅⟂)𝐵𝑖𝐵𝑗/𝐵2.

The parallel diffusion coefficient is related to the pitch-angle diffusion coefficient 𝐷𝜇𝜇 

through the quasi-linear theory (QLT) framework (Jokipii, 1966):

𝜅∥ =
𝑣2

8
∫

1

−1

(1 − 𝜇2)2

𝐷𝜇𝜇(𝜇)
𝑑𝜇,

where 𝜇 = cos 𝛼 is the pitch-angle cosine and 𝑣 is the particle speed. This relation makes 

𝐷𝜇𝜇 the central microphysical quantity controlling parallel transport: all the physics of 

particle–field interaction is encoded in this single function of pitch angle.

When significant anisotropy is present—as during the early phases of SEP events, near 

interplanetary shocks, or when focusing effects are important—the focused transport 

equation (Earl, 1976; Roelof, 1969) retains the explicit pitch-angle dependence:
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𝜕𝑓
𝜕𝑡

+ 𝜇𝑣𝜕𝑓
𝜕𝑧

+ 𝑣
2𝐿

(1 − 𝜇2)𝜕𝑓
𝜕𝜇

= 𝜕
𝜕𝜇

(𝐷𝜇𝜇
𝜕𝑓
𝜕𝜇

),

where 𝐿 = −𝐵(𝑑𝐵/𝑑𝑧)−1 is the focusing length characterizing the divergence of the 

magnetic field.

In both frameworks, the pitch-angle diffusion coefficient 𝐷𝜇𝜇 is the quantity most 

directly shaped by magnetic turbulence. Its value is governed by several key turbulence 

parameters — spatial inhomogeneity, fluctuation level (𝛿𝐵/𝐵0), spectral index, and wave-

vector anisotropy (Chandran, 2000; Pucci et al., 2016). Solar wind turbulence spans an 

enormous range of scales, from the large-scale coherence length (~0.01 AU) down to kinetic 

dissipation scales near the thermal ion gyroradius (~100 km). The most relevant portion 

for energetic particle transport is the inertial range: for a 5 nT background field, this range 

corresponds to proton gyro-radii from roughly 1 keV to 1 GeV, a window encompassing 

nearly all SEPs.

Classical scattering theory evaluates 𝐷𝜇𝜇 by modeling the turbulence as a superposition of 

random, low-amplitude, phase-uncorrelated waves with power-law spectra, in which parti

cles scatter via cyclotron resonance with fluctuations at scales matching their gyroradius 

(Jokipii, 1966; 1967). Many numerical models adopt the same idealization, constructing 

magnetic fluctuations — such as the slab component 𝛿𝐁𝑠 and two-dimensional component 

𝛿𝐁2𝐷 (Equation 1) — without accounting for the intermittent, structured nature of real 

solar wind turbulence. This approach has well-known limitations: it fails to scatter particles 

through 𝜇 = 0 (the 90° pitch-angle problem) and produces mean free paths that disagree 

with observational inferences.

𝛿𝐁𝑠 =∑
𝑁𝑚

𝑛=1
𝐴𝑛[cos 𝛼𝑛(cos 𝜙𝑛𝑥 + sin 𝜙𝑛𝑦) + 𝑖 sin 𝛼𝑛(− sin 𝜙𝑛𝑥 + cos 𝜙𝑛𝑦)] × exp(𝑖𝑘𝑛𝑧 + 𝑖𝛽𝑛)

𝛿𝐁2𝐷 =∑
𝑁𝑚

𝑛=1
𝐴𝑛𝑖(− sin 𝜙𝑛𝑥 + cos 𝜙𝑛𝑦) × exp[𝑖𝑘𝑛(cos 𝜙𝑛𝑥 + sin 𝜙𝑛𝑦) + 𝑖𝛽𝑛]

(1)

1.4.1.5 New model of particle transport in reversing magnetic fields

The standard paradigm of cosmic ray transport assumes small-amplitude fluctuations 

(𝛿𝐵/𝐵0 ≪ 1) about a strong mean magnetic field and relies on quasi-linear theory to relate 
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the pitch-angle diffusion rate to the magnetic power spectrum. Kempski et al. (2023) and 

Lemoine (2023) challenge this paradigm by studying particle transport in the opposite 

asymptotic limit: large-amplitude MHD turbulence with 𝛿𝐵/𝐵0 ≫ 1, where the turbulence 

stretches and folds field lines into highly intermittent structures with ubiquitous small-

scale reversals.

The magnetic field geometry is characterized by the field-line curvature 𝐾∥ ≡ | 𝐛̂ ⋅ ∇𝐛̂ | 
and the inverse perpendicular reversal scale 𝐾⟂ ≡ | 𝐛̂ × (̂𝐛 × ∇ ln𝐵) |. The PDFs of these 

quantities reveal that 𝐾−1
⟂ ≪ 𝑙𝐵, where 𝑙𝐵 is the parallel coherence length, indicating 

that the field is organized into fold-like structures: elongated regions of roughly straight 

field connected by tight bends where 𝐾∥ ∼ 𝐾⟂. Regions of large curvature have system

atically weaker fields, with ⟨𝐵(𝐾∥)⟩ ∝ 𝐾−1/2
∥ —consistent with approximate constancy of 

the magnetic tension 𝐁 ⋅ ∇𝐁. This anti-correlation between curvature and field strength 

appears to be a robust feature of MHD turbulence: similar curvature statistics have been 

measured in diverse simulation settings (Schekochihin et al., 2001; Yang et al., 2019; Yuen 

& Lazarian, 2020), and confirmed in situ in the Earth’s magnetosheath (Bandyopadhyay 

et al., 2020; S. Y. Huang et al., 2020) and solar wind (Hu et al., 2025).

Figure 1.11:  Schematic of particle transport in a magnetic fold. The fold has parallel coherence length ∼ 𝑙𝐵 

and perpendicular reversal scale 𝐾−1
⟂ ≪ 𝑙𝐵. Along the straight segments 𝐾∥ ≪ 𝐾⟂; at the bend, 𝐾∥ ∼ 𝐾⟂. 

The magenta trajectory illustrates a particle whose gyroradius grows as 𝐵 weakens near the bend (Kempski 

et al., 2023).
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The transport of a particle through such a fold depends on its gyroradius relative to the 

perpendicular reversal scale. A particle with 𝑟𝐿0 ≫ 𝐾−1
⟂  is not magnetized on the scale of 

the fold: it samples many field reversals within a single gyro-orbit, so the opposing field 

contributions partially cancel and the effective magnetic force on the particle is suppressed. 

Such high-energy particles are largely insensitive to the fold structure. For 𝑟𝐿0 < 𝐾−1
⟂ , 

the particle can gyrate around the field line along the straight segments where 𝐾∥ ≪ 𝐾⟂, 

but as it approaches the bend the weakening field increases its gyroradius and decreases 

its gyrofrequency. Three outcomes then result: (i) if Ω ≫ 𝐾∥𝑐 at the bend, the particle 

adiabatically follows the reversing field, undergoing effective spatial ‘scattering’ through 

the field-line random walk without pitch-angle change—a mechanism with no analogue 

in strong guide-field transport, where a particle perfectly following a field line does not 

random walk; (ii) if Ω ∼ 𝐾∥𝑐, the particle experiences ‘resonant curvature’—order-unity 

pitch-angle scattering analogous to the 𝜅𝑙𝑟𝑔 ≳ 1 criterion of Lemoine (2023); (iii) if Ω ≪
𝐾∥𝑐, the particle demagnetizes and drifts out of the fold via ∇𝐵 drift before completing 

the reversal. The resulting heuristic scattering frequency is

𝜈(𝑟𝐿0) ∼
𝑐
𝑙𝐵

∫
𝐾max

𝑃(𝐾⟂) d𝐾⟂, (2)

where 𝑙𝐵 = ∫𝐾−1
∥ 𝑃(𝐾∥) d𝐾∥ is the characteristic parallel coherence length. The upper 

limit 𝐾max(𝑟𝐿0) encodes the magnetization condition at the bend: 𝐾max 𝑟𝐿0 = 𝑓𝑟 ⟨𝐵(𝐾∥ =
𝐾max)⟩/𝐵rms, with 𝑓𝑟 ∼ 𝒪︀(1). Using ⟨𝐵⟩ ∝ 𝐾−1/2

∥  yields 𝐾max ∝ 𝑟−2/3𝐿0 , so that lower-

energy particles can traverse a larger fraction of folds and are better confined.

The perpendicular reversal scale 𝐾⟂ plays a role with no analogue in quasi-linear theory. 

In effect, it controls the fraction of the fold population that contributes to the effective 

scattering frequency. It does not directly scatter particles, but sets the curvature of the 

bend at the end of each fold, thereby determining whether particles satisfy the resonant-

curvature condition or follow the reversal adiabatically.

1.4.1.6 Pitch-Angle Scattering by Current Sheets

Solar wind turbulence is highly intermittent: magnetic energy and current density concen

trate into thin, intense current sheets that occupy a small fraction of the volume yet 

account for a disproportionate share of the dissipation (Borovsky, 2010). The scattering 
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produced by these coherent structures is fundamentally different from wave–particle 

resonance. When a particle’s gyroradius is comparable to the sheet thickness (𝜌 ∼ 𝐿), 

the interaction involves separatrix crossings in phase space and the associated destruction 

of the quasi-adiabatic invariant 𝐼𝑧 (discussed in detail in the following sections). The 

resulting pitch-angle changes are large—Δ𝛼 ∼ 𝒪︀(1) in the case of geometrical chaotization

—and occur on timescales comparable to a single gyroperiod, far faster than the gradual 

diffusion assumed in quasi-linear theory. Because kinetic-scale current sheets are abundant 

in the solar wind (Vasko et al., 2022; Vasquez et al., 2007), and their thickness overlaps 

with the gyro-radii of energetic particles at typical field strengths, a propagating particle 

will encounter many such structures en route from the Sun to Earth. The cumulative 

pitch-angle scattering from these encounters contributes to an effective 𝐷𝜇𝜇 through 

a mechanism that is qualitatively distinct from—and potentially more efficient than—

classical wave–particle resonance.

A complementary perspective comes from Lemoine (2023), who studied the role of sharp 

magnetic field bends—characterized by the local curvature 𝜅 ≡ 𝐵−1 | 𝐛 × (𝐛 ⋅ ∇)𝐁 |—in a 

simulation of incompressible MHD without a mean field. When a particle crosses a region 

where the curvature radius shrinks below its gyroradius (𝜅𝑙𝑟𝑔 ≳ 1 on scale 𝑙 ∼ 𝑟𝑔), the 

magnetic moment changes by order unity—precisely the ‘resonant curvature’ mechanism 

identified by Kempski et al. (2023). In a root-mean-square sense, such regions should not 

exist: the characteristic curvature scales as 𝜅𝑙 ∼ (𝑙/ℓ𝑐)−1/3 ℓ−1𝑐  following the Goldreich–

Sridhar cascade, giving 𝜅𝑙𝑟𝑔 ≪ 1 for 𝑟𝑔 ≪ ℓ𝑐. The key insight is that the non-Gaussian, 

power-law tails of the curvature p.d.f. (see Figure 1.12) guarantee that sufficiently many 

scattering-strength bends exist on all scales 𝑙 < ℓ𝑐 to sustain transport. This yields a mean 

free path

𝜆𝑠 ≡
𝑙

∫∞
1
𝑝𝜅̂𝑙𝑙(𝑥) d𝑥|𝑙∼ ̄𝑟𝑔 ∼ ℓ0.7𝑐 ̄𝑟0.3𝑔 , (3)

a scaling distinct from quasi-linear predictions that arises entirely from the intermittent 

structure of the turbulence. Particle tracking confirms that magnetic moment diffusion 

proceeds through localized, violent interactions rather than continuous weak scattering: 
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the p.d.f. of the normalized magnetic moment 𝑀̂(𝑡) ≡ 𝑀(𝑡)/𝑀(0) broadens via power-law 

tails rather than Gaussian spreading, producing non-Brownian transport on scales ≲ ℓ𝑐.

Figure 1.12:  Lemoine (2023) (a) Statistics of the curvature 𝜅𝑙 coarse grained on scale 𝑙 (multiplied by 𝑙 ), 
as measured through direct sampling in the JHU-MHD simulation, for various coarse-graining scales, as 

indicated. Note that the 𝑦-axis shows 𝑥𝑝𝜅𝑙𝑙(𝑥) where 𝑥 ≡ 𝜅𝑙𝑙. The dotted line shows a scaling 𝑝𝜅𝑙𝑙(𝑥) ∝ 𝑥−2.5, 
for reference. (b) Same, for the normalized curvature 𝜅𝑙𝑙. The dotted line shows a scaling 𝑝𝜅̂𝑙𝑙(𝑥) ∝ 𝑥−2.0, 

for reference. See text for details.

1.4.1.7 Perpendicular Transport

While parallel transport is relatively well understood, perpendicular (cross-field) transport 

remains more elusive due to its nonlinear and non-resonant nature (Costa Jr. et al., 2013; 

Shalchi, 2021). In the classical picture, cross-field diffusion arises from two mechanisms: 

the random walk of magnetic field lines, which carries particles across the mean field, 

and the decorrelation of particles from their original field lines through scattering. The 

perpendicular diffusion coefficient 𝜅⟂ is typically assumed to be a small fraction of 𝜅∥ 
(Giacalone & Jokipii, 1999), but this assumption is challenged on two fronts: observations

—such as the reservoir effect and the broad longitudinal spread of SEP events—demand 

significant cross-field transport, and recent simulations show that 𝜅⟂ can be substantial 

and strongly dependent on particle energy and turbulence structure (Dundovic et al., 

2020). The dimensionality of the turbulence also matters (Giacalone & Jokipii, 1994): 

in models with at least one ignorable spatial coordinate (e.g., slab geometry), cross-field 

diffusion is artificially suppressed, omitting essential physics.

The intermittent-scattering framework introduces cross-field mechanisms that go beyond 

the classical field-line random walk, which dominates cross-field motion in the quasi-linear 

regime with a strong guide field. In the fold-propagation model of Kempski et al. (2023), 

particles that demagnetize at fold bends (Ω ≪ 𝐾∥𝑐) drift out via ∇𝐵 drift, producing 
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cross-field displacements of order 𝐾−1
⟂ . For particles that do traverse the bend, the field-

line random walk provides rigidity-independent perpendicular diffusion with 𝜅𝐵 ∼ 𝑐 𝑙𝐵. 

The relative importance of these two channels depends on the particle energy through 

the hierarchy of 𝐾max(𝑟𝐿0) and 𝐾peak, the latter defined as the 𝐾⟂ at which 𝐾⟂𝑃(𝐾⟂) 
is maximal. For large 𝑟𝐿0 with 𝐾max ≫ 𝐾peak, resonant-curvature scattering dominates 

and cross-field transport is rigidity-dependent; for small 𝑟𝐿0 with 𝐾max ≪ 𝐾peak, the 

field-line random walk takes over and the perpendicular diffusion becomes independent 

of particle energy. The transition between these regimes, and the interplay of the two 

contributions, may produce a 𝜅⟂ with complex energy dependence qualitatively different 

from the standard 𝜅⟂ ∝ 𝜅∥ scaling.

Lemoine (2023) emphasizes a complementary mechanism rooted in the same intermittent 

structures. The systematic anti-correlation between field-line curvature and magnetic 

field strength means that non-adiabatic, magnetic-moment-violating interactions occur 

precisely where the field is weak and inhomogeneous on gyroradius scales. During such 

interactions, the particle is effectively demagnetized and can jump to a neighboring field 

line. Even outside these non-adiabatic regions, strong curvature and ∇𝐵 gradients drive 

perpendicular drifts with velocities 𝑣𝐷 ∼ 𝑣 𝑟𝑔/(3𝐿) for modes on scale 𝐿 > 𝑟𝑔. While the 

displacement per interaction is small ($r_g l / L $), the cumulative effect over many 

scattering events provides an additional source of cross-field transport.

Current sheets deserve particular attention in this context, as they concentrate several of 

these mechanisms simultaneously. For an idealized one-dimensional force-free current sheet 

(e.g., a force-free Harris sheet), however, there is no ∇𝐵 drift and no field-line random 

walk—the classical perpendicular transport channels are absent. Nonetheless, the field 

becomes highly inhomogeneous on scales comparable to or smaller than the gyroradius: 

particles become unmagnetized and escape their initial field lines. This current-sheet-

driven mechanism may constitute a genuinely non-diffusive contribution to cross-field 

transport.

A quantitative theory of perpendicular transport in the intermittent-scattering regime 

remains to be developed. The joint statistics of the curvature 𝜅 and the mirror term 𝑚 ≡
𝐵−1̂𝐛 ⋅ (̂𝐛 ⋅ ∇)𝐵 along field lines are likely correlated—both are large at current sheets—yet 
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their combined influence on perpendicular decorrelation has not been quantified (Lemoine, 

2023). The topology of high-curvature regions, whether they form isolated patches or 

connected networks, will determine how efficiently successive scattering events translate 

into macroscopic cross-field diffusion. Furthermore, the non-Brownian character of parallel 

transport on scales ≲ ℓ𝑐 identified by Lemoine (2023) suggests that perpendicular transport 

may also exhibit anomalous features on sub-coherence-length scales.

1.4.1.8 Evidence for Current Sheet Modulation of SEP Intensity

Direct observational evidence for the influence of current sheets on SEP transport comes 

from studies at both large and small scales. At the large scale of the heliospheric current 

sheet (HCS), Liou & Wu (2024) performed a superposed epoch analysis of 319 HCS 

crossings observed by the Wind spacecraft, finding a systematic drop in 2–10 MeV/

nucleon helium flux at the HCS that was strongest at low energies and diminished at 

higher energies. They identified 15 individual SEP flux dropout events coinciding with 

HCS crossings, all originating from western-hemisphere sources at longitudes far from 

the crossing location—indicating that the HCS severed the magnetic connection between 

the particle source and the observer. The energy dependence of the dropout fraction is 

consistent with more effective scattering or blocking of lower-energy particles whose gyro-

radii are comparable to the current sheet thickness. The transport and drift effects of the 

HCS have also been characterized through simulation. Battarbee et al. (2017) integrated 

fully three-dimensional proton trajectories near an analytically defined flat HCS in the 1–

800 MeV range, finding that gradient and curvature drifts along the sheet can carry protons 

to longitudes far from their injection site—producing multi-component intensity profiles 

that could be misinterpreted as evidence for multiple injection events—and confirming that 

the HCS acts as an effective barrier to cross-hemisphere transport. Extending this work to 

a more realistic geometry, Battarbee et al. (2018) modeled SEP propagation near a wavy 

HCS whose position was constrained by fits to magnetic source surface maps. They found 

that the waviness of the sheet introduces longitudinally periodic enhancements in particle 

fluence and enables efficient longitudinal transport along the sheet, with the magnitude and 

spatial distribution of these effects depending sensitively on the IMF polarity configuration 

(A+ vs. A−) and the HCS tilt angle.
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At smaller scales, Tessein et al. (2015) analyzed over 12 years of ACE observations and 

found a strong statistical correlation between coherent structures—identified using the 

partial variance of increments (PVI) method, which detects current sheets and sharp 

magnetic field gradients—and energetic particle intensity variations in the 0.047–4.78 MeV 

range. Local PVI maxima frequently coincided with regions of rising or falling particle 

intensity, suggesting that magnetic discontinuities act as local barriers or modulators of 

transport. This correlation persisted after removing shock-associated intervals, confirming 

that the effect is intrinsic to the current sheets rather than a byproduct of shock-related 

enhancements.

1.4.1.9 Non-Diffusive Transport Effects

Beyond classical diffusion, SEP observations and measurements near interplanetary shocks 

frequently reveal anomalous transport behavior, characterized by subdiffusive or superdif

fusive scaling of mean-square displacement with time, ⟨Δ𝑥2(𝑡)⟩ ∝ 𝑡𝛼 with 𝛼 ≠ 1 (Zimbardo 

et al., 2006; 2015). These deviations from normal diffusion (𝛼 = 1) are attributed to 

the intermittent, structured nature of solar wind turbulence and are better captured by 

generalized frameworks such as fractional diffusion models (del-Castillo-Negrete et al., 

2005) or Lévy statistics (Zaburdaev et al., 2015).

The interactions with current sheets have implications that extend beyond modifications 

to the diffusion coefficients. When pitch-angle changes are dominated by rare but intense 

jumps rather than continuous weak scattering, the statistical assumptions underlying the 

diffusion approximation can break down (Lemoine, 2023). Current sheets can induce non-

Markovian memory effects (Zimbardo & Perri, 2020): correlations in the spatial arrange

ment and properties of current sheets mean that scattering at one structure influences 

both the likelihood and character of scattering at the next. The intermittent, clustered 

distribution of current sheets in the solar wind naturally generates the heavy-tailed step-

size distributions that underlie anomalous transport in both regimes—subdiffusive (𝛼 <
1) when sheets trap particles, and superdiffusive (𝛼 > 1) when intense encounters produce 

large pitch-angle jumps and correspondingly large spatial displacements.

1.4.2 Quasi-Adiabatic Dynamics of Charged Particles and Its Destruction in 

Current Sheets
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1.4.2.1 Adiabatic Motion and Its Breakdown

A charged particle moving in a magnetic field that varies slowly in space and time possesses 

an approximate conservation law. The particle gyrates around the magnetic field line with 

a characteristic frequency—the cyclotron frequency Ω𝑐 = 𝑞𝐵/𝑚𝑐—and a characteristic 

radius—the gyroradius (or Larmor radius) 𝜌 = 𝑣⟂/Ω𝑐, where 𝑣⟂ is the velocity component 

perpendicular to the magnetic field. If the magnetic field changes only gradually over the 

spatial scale of the gyro-orbit, the particle’s magnetic moment

𝜇 = 𝑚𝑣2⟂
2𝐵

is approximately conserved. This quantity, the first adiabatic invariant, is the foundation 

of guiding-center theory (Northrop, 1963), in which the rapid gyromotion is averaged out 

and the particle is described by the drift of its guiding center along and across the magnetic 

field. The conservation of 𝜇 underlies many fundamental phenomena in space physics, 

including magnetic mirroring, radiation belt trapping, and the confinement of particles in 

magnetic bottles.

The key assumption of guiding-center theory is that the magnetic field varies on spatial 

scales much larger than the particle’s gyroradius: 𝐿𝐵 ≫ 𝜌, where 𝐿𝐵 is the characteristic 

length scale of the field gradient. When a particle encounters a magnetic structure whose 

thickness 𝜆 is comparable to or smaller than its gyroradius—that is, when 𝜆 ∼ 𝜌—this 

assumption breaks down. The particle can no longer complete a full gyration within a 

region of approximately uniform field. The magnetic moment ceases to be conserved, and 

the guiding-center description fails (Escande & Sattin, 2021). This is precisely the situation 

that arises when energetic particles interact with kinetic-scale current sheets in the solar 

wind, where the structure thickness is on the order of the ion inertial length 𝑑𝑖 or a few 

ion gyro-radii.

A different theoretical framework is needed to describe particle dynamics in this regime. 

Rather than averaging over the gyromotion (as in guiding-center theory), one must 

identify the appropriate fast periodic motion for the specific field geometry and construct 

the corresponding adiabatic invariant. This is the domain of the quasi-adiabatic theory 

(Whipple et al., 1986; Zelenyi et al., 2013), which we now describe.
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1.4.2.2 Adiabatic Invariants in Slow–Fast Hamiltonian Systems

The mathematical foundation for understanding particle motion in current sheets lies in 

the general theory of slow–fast Hamiltonian systems and their adiabatic invariants. We 

follow the review by Neishtadt (2019), which provides a comprehensive treatment of the 

mechanisms by which adiabatic invariance can be destroyed.

Consider a Hamiltonian system in which the variables naturally separate into fast and slow 

degrees of freedom. The fast variables (𝑝, 𝑞) oscillate rapidly, while the slow variables (𝑦, 𝑥) 
evolve on a much longer timescale, controlled by a small parameter 𝜀 ≪ 1. The equations 

of motion take the form

̇𝑝 = −𝜕𝐸
𝜕𝑞

, ̇𝑞 = 𝜕𝐸
𝜕𝑝

, ̇𝑦 = −𝜀𝜕𝐸
𝜕𝑥

, ̇𝑥 = 𝜀𝜕𝐸
𝜕𝑦

.

For frozen values of the slow variables, the fast system describes periodic motion. One can 

then introduce action-angle variables (𝐼, 𝜑) for this periodic motion, where the action

𝐼 = 1
2𝜋

∮𝑝 𝑑𝑞

is the area enclosed by the orbit in the fast phase plane, divided by 2𝜋. Averaging the 

equations of motion over the fast phase 𝜑 yields the adiabatic approximation:

𝐼 = const, ̇𝑦 = −𝜀𝜕𝐻0
𝜕𝑥

, ̇𝑥 = 𝜀𝜕𝐻0
𝜕𝑦

,

where 𝐻0(𝐼, 𝑦, 𝑥) is the Hamiltonian expressed in terms of the action and slow variables. 

The action 𝐼 is an adiabatic invariant: it is conserved with accuracy 𝑂(𝜀) over time intervals 

of order 1/𝜀.

Under favorable conditions, conservation can be much better than this. When the system 

has two degrees of freedom (one fast, one slow) and the phase portrait of the fast system 

is everywhere filled by closed trajectories (no separatrixes), Arnold showed that invariant 

tori of the exact system fill the energy surface up to a residue of small measure, and 

the adiabatic invariant is conserved perpetually: |𝐼(𝑡) − 𝐼(0)| = 𝑂(𝜀) for all time (Arnol'd, 
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1963). This result has direct physical consequences: it implies, for example, that charged 

particles can be confined indefinitely in axisymmetric magnetic traps.

1.4.2.3 Separatrix Crossing and Destruction of Adiabatic Invariance

The situation changes fundamentally when the phase portrait of the fast system contains 

a separatrix—a trajectory that separates topologically distinct regions of phase space. 

Figure 1.13 illustrates the generic structure: a saddle point 𝐶 in the fast phase plane 

generates separatrixes 𝑙1 and 𝑙2 that divide the portrait into three domains 𝐺1, 𝐺2, and 

𝐺3, each corresponding to a different type of periodic motion. For example, 𝐺1 and 𝐺2 

might correspond to oscillations in two separate potential wells, while 𝐺3 corresponds to 

oscillations spanning both wells.

Figure 1.13:  Phase portrait of the fast system (Neishtadt, 2019).

As the slow variables evolve, the phase portrait of the fast system changes shape, and a 

trajectory that was initially in one domain can be driven toward the separatrix and cross 
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into another domain. This crossing has profound consequences for the adiabatic invariant 

(Tennyson et al., 1986). There are two distinct contributions to its change:

1. Geometrical jump. When a trajectory crosses from, say, domain 𝐺3 (the large outer 

domain) to 𝐺1 (one of the inner domains), the area enclosed by the orbit changes 

discontinuously—from 𝑆3 = 𝑆1 + 𝑆2 to 𝑆1. This purely geometric change Δ𝐼geom is 

independent of 𝜀 and is determined entirely by the relative areas of the separatrix loops 

at the moment of crossing.

2. Dynamical jump. In addition to the geometric change, the logarithmic divergence of 

the oscillation period 𝑇  near the separatrix produces a correction Δ𝐼dyn ∼ 𝜀 ln 𝜀. The 

precise value of this correction depends sensitively on the phase of the fast motion at 

the moment of crossing, parameterized by a variable 𝜉. This quantity varies rapidly (∼
1/𝜅 times faster than the slow evolution) and can be treated as a uniformly distributed 

random variable 𝜉 ∈ (0, 1).

Because the dynamical jump depends sensitively on initial conditions (𝑂(𝜀) changes in 

initial data produce 𝑂(1) relative changes in the jump), the outcome of separatrix crossing 

is effectively probabilistic. The probability of entering domain 𝐺𝑖 after crossing from 𝐺3 

is 𝑃𝑖 = Θ𝑖/Θ3, where Θ𝑖 = {𝑆𝑖, ℎ𝑐} is the Poisson bracket of the area of domain 𝐺𝑖 with 

the value of the Hamiltonian 𝐸 (energy) at the saddle point 𝐶. The accumulation of 

geometrical and dynamical jumps over multiple separatrix crossings destroys the adiabatic 

invariance and leads to chaotic dynamics.

1.4.2.4 Application to Current Sheets: the Quasi-Adiabatic Invariant

The motion of charged ions in a magnetic field reversal—the configuration of a current 

sheet—provides the most physically important application of this theory. Consider a 

current sheet with a reversing field 𝐵𝑥(𝑧) = 𝐵0(𝑧/𝐿) (where 𝐿 is the half-thickness), a 

small normal component 𝐵𝑧, and an optional guide field 𝐵𝑦. In normalized variables, the 

Hamiltonian for ion motion takes the form (Artemyev et al., 2013a)

𝐻 = 1
2
𝑝2𝑧 +

1
2
(𝑝𝑥 − 𝑠𝑧)2 + 1

2
(𝜅𝑥 − 1

2
𝑧2)

2
,

where the two key dimensionless parameters are
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𝜅 = 𝐵𝑧
𝐵0

√𝐿
𝜌0
, 𝑠 =

𝐵𝑦

𝐵0
√𝐿
𝜌0
,

with 𝜌0 =
√
2ℎ𝑚𝑐/(𝑞𝐵0) being the characteristic Larmor radius for a particle of energy 

ℎ. The parameter 𝜅 controls the separation of timescales: 𝜅 ≪ 1 means the coordinate 𝑧 
(normal to the current sheet) oscillates rapidly while 𝜅𝑥 (along the reversing field direction) 

evolves slowly. For typical ions in the Earth’s magnetotail current sheet, 𝜅 ∈ [0.01, 0.1]; for 

energetic ions interacting with solar wind current sheets, 𝜅 can range from ∼ 0.01 to ∼
0.3 depending on the particle energy and current sheet thickness.

The structure of the fast motion in the (𝑧, 𝑝𝑧) plane depends on the instantaneous values 

of the slow variables (𝜅𝑥, 𝑝𝑥). The effective potential energy is

𝑈(𝑧) = 1
2
(𝑝𝑥 − 𝑠𝑧)2 + 1

2
(𝜅𝑥 − 1

2
𝑧2)

2
.

This potential can have either two local minima separated by a maximum (forming two 

potential wells) or a single minimum (a single well), depending on (𝜅𝑥, 𝑝𝑥). The two-well 

structure corresponds physically to the particle oscillating about a magnetic field line on 

one side of the current sheet, while the single-well structure corresponds to the particle 

oscillating across the neutral plane 𝑧 = 0, executing figure-eight-like orbits that span both 

sides of the sheet.

Since the fast motion is periodic at any frozen value of the slow variables, one can define 

the quasi-adiabatic invariant

𝐼𝑧 =
1
2𝜋

∮𝑝𝑧 𝑑𝑧,

which is the action variable of the fast oscillation. This quantity was first introduced 

in this context by Büchner and Zelenyi (1986, 1989) and plays a role analogous to the 

magnetic moment 𝜇 of guiding-center theory, but is appropriate for the regime 𝜆 ∼ 𝜌 
where guiding-center theory fails. In the adiabatic approximation, 𝐼𝑧 = const, and the 

equation 𝐼𝑧(𝜅𝑥, 𝑝𝑥) = const (at fixed energy 𝐻 = ℎ) determines closed trajectories in the 
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slow-variable plane (𝜅𝑥, 𝑝𝑥). These trajectories describe the slow drift of the particle as it 

oscillates back and forth in 𝑧.

The boundary between regions of the slow-variable plane corresponding to the two types 

of fast motion (two wells vs. one well) is called the uncertainty curve. When a particle’s 

trajectory in the (𝜅𝑥, 𝑝𝑥) plane reaches the uncertainty curve, the corresponding trajectory 

in the (𝑧, 𝑝𝑧) plane crosses the separatrix—the particle switches from oscillating on one side 

of the current sheet to oscillating across both sides, or vice versa. It is at these crossings 

that the quasi-adiabatic invariant 𝐼𝑧 undergoes jumps and the adiabatic approximation 

breaks down.

1.4.2.5 Symmetric Current Sheets: Slow Diffusion

In the simplest and most-studied case—a current sheet without a guide field (𝑠 = 0)—
the phase portrait in the (𝑧, 𝑝𝑧) plane is symmetric about 𝑧 = 0. The two separatrix loops 

enclose equal areas, 𝑆𝑙 = 𝑆𝑟, and they grow and shrink in synchrony as the slow variables 

evolve. As a consequence, the geometrical jumps at two successive separatrix crossings (one 

entering the single-well regime, one returning to a double-well regime) exactly cancel and 

do not contribute to stochastization (in other words, geometrical jumps can be absorbed 

into a factor-of-two renormalization of 𝐼𝑧). Only the dynamical jumps remain, and for 

the symmetric system these take the well-known form (Büchner & Zelenyi, 1989; Cary et 

al., 1986)

Δ𝐼dyn𝑧 = −2
𝜋
𝜅𝑝𝑥 ln(2 sin 𝜋𝜉),

where 𝜉 ∈ (0, 1) is the quasi-random phase variable. Since the average over 𝜉 vanishes

—⟨Δ𝐼dyn𝑧 ⟩𝜉 = 0—there is no directed drift in the invariant space. The destruction of 𝐼𝑧 
proceeds as a diffusive random walk: each jump has amplitude ∼ 𝜅, jumps occur at intervals 

∼ 1/𝜅 (one period of slow motion), and the variance accumulates as ⟨(Δ𝐼𝑧)2⟩ ∼ 𝜅2 ⋅ (𝜅𝑡). A 

substantial (order-unity) change in 𝐼𝑧 therefore requires a time ∼ 𝜅−3. For typical magne

totail parameters (𝜅 ∼ 0.05–0.1), this corresponds to stochastization timescales of tens of 

minutes—slow, but physically relevant for the lifetime of thin current sheet configurations.

An important phenomenon in the symmetric system is resonant interaction. If the phase 

accumulated between two successive separatrix crossings satisfies a specific condition (𝑊 =
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𝜋, where 𝑊  is determined by the integral of the fast frequency Ω𝑧 along the adiabatic 

trajectory), then the two dynamical jumps can exactly compensate: ∑Δ𝐼dyn𝑧 = 0. This 

condition depends on 𝜅 but not on the random variable 𝜉, so it can be simultaneously 

satisfied for an entire population of particles with the appropriate energy. The resulting 

coherent particle beams (“beamlets”) have been observed in the Earth’s magnetotail and 

studied extensively (Büchner & Zelenyi, 1989).

1.4.2.6 Guide Field Effects on the Quasi-Adiabatic Theory

The introduction of a guide field (𝐵𝑦 ≠ 0, corresponding to 𝑠 ≠ 0 in the Hamiltonian) 

breaks the symmetry of the system and profoundly alters the quasi-adiabatic dynamics. 

Artemyev et al. (2013a) developed the complete quasi-adiabatic theory for arbitrary 

values of 𝑠, identifying new types of particle trajectories and new mechanisms of invariant 

destruction that have no counterpart in the symmetric (𝑠 = 0) case. We summarize the 

key results here; the reader is referred to that paper for full details.

1.4.2.6.1 Modified phase-space structure

In the symmetric system (𝑠 = 0), the slow-variable plane (𝜅𝑥, 𝑝𝑥) is divided into two 

domains by the uncertainty curve (a half-circle (𝜅𝑥)2 + 𝑝2𝑥 = 1, 𝜅𝑥 > 0): a domain (t1) 

where the particle oscillates in one of two symmetric potential wells (motion along field 

lines on one side of the sheet), and a domain (t2) where the particle oscillates in a single 

well spanning both sides of the sheet (motion across the neutral plane). The separatrix in 

the (𝑧, 𝑝𝑧) plane demarcates these two types of motion, and the uncertainty curve is its 

projection onto the slow-variable plane.

When 𝑠 ≠ 0, the potential 𝑈(𝑧) loses its symmetry about 𝑧 = 0: the saddle point shifts to 

𝑧 = 𝑧𝑐 ≠ 0, and the two separatrix loops enclose unequal areas, 𝑆𝑙 ≠ 𝑆𝑟 (see Figure 1.14, 

schematic). Correspondingly, the slow-variable plane acquires a richer structure. Two new 

domains appear in addition to (t1) and (t2): domain (t2r), where the particle oscillates 

in a single well above the neutral plane (𝑧 > 0, both solutions of 𝑈 = 𝐻 are positive), 

and domain (t2l), where it oscillates below the neutral plane (𝑧 < 0). In neither of these 

new domains does the particle cross 𝑧 = 0. Meanwhile, the (t1) domain—the region with 

two potential wells and a separatrix—shrinks, and the uncertainty curve contracts from a 

half-circle to a shorter arc. For 𝑠 ≥ 1, the uncertainty curve (and with it the separatrix) 

vanishes entirely.
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Figure 1.14:  The phase plane of slow variables (𝜅𝑥, 𝑝𝑥) is shown for two values of the parameter 𝑠. Various 

colours are used for domains with different types of particle motion. Dotted grey lines show the position of 

energy level 𝑈 = 1/2 (Artemyev et al., 2013a).

1.4.2.6.2 Trajectory types in the current sheet with 𝐵𝑦
The trajectories of trapped particles in the current sheet without a guide field are simple: 

the particle oscillates in one potential well, crosses the separatrix into the single well 

(performing a half-rotation around 𝐵𝑧 in the neutral plane), then crosses back into a 

potential well. In the (𝜅𝑥, 𝑝𝑥) plane this appears as a single closed curve, determined 
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by 𝐼𝑧 = const with a factor-of-two renormalization at the separatrix to account for the 

doubling of enclosed area (𝑆𝑙 = 𝑆𝑟, so 𝑆 = 2𝑆𝑙). The motion is simple because the equal 

areas and synchronous evolution of the two loops ensure that geometrical jumps cancel 

exactly.

In the system with 𝐵𝑦 ≠ 0, particle trajectories become qualitatively more complex because 

the areas 𝑆𝑙 and 𝑆𝑟 are no longer equal and their rates of change Θ𝑙 and Θ𝑟 are no longer 

identical. Artemyev et al. (2013a) showed that, as a consequence, the trajectory in the 

(𝜅𝑥, 𝑝𝑥) plane is no longer a single closed curve but a composite object: within each domain, 

the particle follows a segment of an adiabatic trajectory 𝐼𝑧(𝜅𝑥, 𝑝𝑥) = const, but the value 

of 𝐼𝑧 differs from one domain to the next because of the geometrical jumps Δ𝐼geom𝑧  that 

occur at each separatrix crossing. The full trajectory is constructed by matching these 

segments at the uncertainty curve.

A further complication arises from the asynchronous evolution of 𝑆𝑙 and 𝑆𝑟. At certain 

points along the uncertainty curve, one loop area is increasing (Θ𝑙 > 0) while the other 

is decreasing (Θ𝑟 < 0). At such points, a particle arriving from the (t1) domain has two 

possible continuations: it can cross into the single-well domain (t2), or it can remain in the 

(t1) domain but switch from the right potential well to the left one (or vice versa). This 

phenomenon—called trajectory splitting—is unique to the asymmetric system. The choice 

between the two continuations depends on the precise phase of the fast motion at the 

separatrix crossing, which is effectively random. The probabilities of the two outcomes, 𝑃𝑙, 
𝑃𝑟, and 𝑃 = 1 − 𝑃𝑙 − 𝑃𝑟 (capture into the left well, right well, or single well respectively), 

can be calculated analytically from the rates Θ𝑙 and Θ𝑟 at the crossing point (Artemyev 

et al., 2013a).

Additionally, when 𝑠 ≠ 0, a new type of transition appears that has no counterpart in 

the symmetric system: the particle can switch between the left and right potential wells 

without crossing the separatrix at all. This occurs when one well disappears as the slow 

variables evolve, the particle is carried smoothly to the position of the other well, and a 

new well reappears. In the (𝜅𝑥, 𝑝𝑥) plane, this corresponds to the trajectory going around 

the end of the uncertainty curve rather than crossing it.
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Figure 1.15:  Trajectory splitting in the (𝜅𝑥, 𝑝𝑥) plane for 𝑠 = 0.5, showing two possible continuations at 

the uncertainty curve. Schemes of particle trajectories in systems with 𝑠 = 0 and with 𝑠 = 0.5 are shown in 

the phase plane (𝜅𝑥, 𝑝𝑥). Fragment of (𝜅𝑥, 𝑝𝑥) plane with trajectory splitting is shown in separated panel. 

Bottom schemes (C1, C2, C3) show particle trajectories before (dotted curves) and after (solid curves) 

separatrix crossings in the plane (𝑧, 𝑝𝑧).

67



1.4.2.6.3 Four regimes of particle motion

Artemyev et al. (2013a) identified four distinct regimes of particle dynamics, controlled 

by the value of 𝑠:

1. 0 < 𝑠 < 𝑠bif ≈ 0.25: Only one type of trajectory exists, analogous to (but more 

complex than) the trajectories of the symmetric system. Particles cross the uncertainty 

curve multiple times per period of slow motion, with the number of crossings increasing 

as 𝑠 → 0. At each crossing, geometrical jumps modify 𝐼𝑧, and the trajectory splits into 

segments matched at the uncertainty curve. Despite this splitting, the total number of 

crossings is finite and well-prescribed for a given 𝑠.

2. 𝑠bif < 𝑠 < ̄𝑠 ≈ 0.35: A second type of trajectory appears in addition to the first. 

Trajectories of this new type cross the uncertainty curve only twice (once for 𝑝𝑥 > 0 and 

once for 𝑝𝑥 < 0), and the transition between wells occurs without separatrix crossing. 

Both trajectory types coexist in this range.

3. ̄𝑠 < 𝑠 < 1: Only the second type of trajectory survives. The rate Θ𝑟 is negative every

where along the uncertainty curve, meaning that capture into the right well at the 

separatrix is impossible. All well-switching occurs without separatrix crossing.

4. 𝑠 ≥ 1: The separatrix vanishes entirely (ℓ(𝑠) = 0), and with it all geometrical and 

dynamical jumps. The quasi-adiabatic invariant is exactly conserved in the adiabatic 

approximation, and the motion is regular. This critical value corresponds to 𝐵𝑦 >
𝐵0√𝐿/𝜌0, the same magnetization criterion derived independently by Galeev and 

Zelenyi (1978). For 𝑠 ≫ 1, the quasi-adiabatic invariant 𝐼𝑧 reduces to the ordinary 

magnetic moment, and the guiding-center theory becomes applicable.

These four regimes are summarized in Table 1 of Artemyev et al. (2013a). The threshold 

values 𝑠bif ≈ 0.25 and ̄𝑠 ≈ 0.35 are determined by the geometry of the separatrix loop 

areas and their evolution rates along the uncertainty curve, while 𝑠 = 1 corresponds to the 

vanishing of the separatrix itself (the uncertainty curve length ℓ(𝑠) = 2 arctan
√
𝑠−4/3 − 1 −

𝑠1/3
√
𝑠2/3 − 𝑠2 reaches zero).
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1.4.2.6.4 Importance of geometrical jumps

A key result of Artemyev et al. (2013a) is the demonstration that, for 𝑠 > (2/𝜋)𝜅 ln 2 
(i.e., 𝐵𝑦 > 0.44𝐵𝑧), the geometrical jumps dominate over the dynamical jumps in shaping 

particle trajectories. In this regime, the adiabatic trajectories in the (𝜅𝑥, 𝑝𝑥) plane are 

determined primarily by the geometrical jumps—which are of order unity and indepen

dent of 𝜅—rather than by the small dynamical jumps ∼ 𝜅 ln 𝜅. The dynamical jumps 

produce only a slow diffusion across these geometrically determined trajectories. For 𝑠 <
(2/𝜋)𝜅 ln 2, the geometrical jumps become smaller than the dynamical ones and the system 

behaves effectively like the 𝑠 = 0 case. This separation is the gross features of particle 

dynamics in a current sheet, with geometrical jumps defining the trajectory structure and 

dynamical jumps providing the stochastic spreading.

It is important to note that, however, the remaining 𝑧 → −𝑧, 𝑝𝑥 → −𝑝𝑥 symmetry 

constrains the possible values of 𝐼𝑧 to a finite set: the particle’s invariant cycles through a 

finite number of discrete values, and the trajectories remain closed (though more complex 

than in the 𝑠 = 0 case). The number of distinct 𝐼𝑧 values depends on 𝑠 and corresponds 

to the number of uncertainty curve crossings per period of slow motion (which can be 

counted using the graphical construction in Appendix C of Artemyev et al. (2013a)).

1.4.2.7 Non-adiabatic Effects: Destruction of the Quasi-adiabatic Invariant

The quasi-adiabatic theory developed in the previous subsections treats the invariant 𝐼𝑧 
as exactly conserved between separatrix crossings and accounts only for the geometrical 

jumps at crossings. In reality, 𝐼𝑧 is only an approximate invariant: it oscillates with 

amplitude ∼ 𝜅 about its mean value even far from the separatrix, and it undergoes both 

geometrical and dynamical jumps at each separatrix crossing. A. V. Artemyev et al. (2013) 

provided a comprehensive analysis of these non-adiabatic effects for the current sheet with 

sheared magnetic field, deriving analytical expressions for the jumps and quantifying their 

consequences for particle stochastization. We summarize the key results here.

Understanding the nature, magnitude, and statistics of these jumps is essential for this 

thesis, because the destruction of 𝐼𝑧 is physically equivalent to pitch-angle scattering: 𝐼𝑧 
determines the particle’s oscillation amplitude in the current sheet, which in turn deter

mines its pitch angle relative to the local magnetic field. A jump in 𝐼𝑧 therefore corresponds 
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directly to a change in pitch angle, and the rate of 𝐼𝑧 destruction determines the pitch-

angle diffusion rate.

1.4.2.7.1 The improved quasi-adiabatic invariant and its jumps

Far from the separatrix, one can construct an improved quasi-adiabatic invariant 𝐽 = 𝐼𝑧 +
𝜅𝑢(𝑧, 𝑝𝑧, 𝜅𝑥, 𝑝𝑥), where 𝑢 is a correction function defined at each point of the four-dimen

sional phase space (except on the separatrix itself). The improved invariant 𝐽  is conserved 

with accuracy ∼ 𝜅2, compared to the accuracy ∼ 𝜅 of the original 𝐼𝑧. This improvement 

is important because it isolates the true non-adiabatic behavior—the jumps at separatrix 

crossings Δ𝐽 = Δ𝐽 geom +Δ𝐽dyn—from the oscillatory variations that occur during regular 

motion. It is through the accumulation of these jumps over multiple separatrix crossings 

that the quasi-adiabatic invariant is destroyed and particle motion becomes chaotic.

1.4.2.7.2 Nonzero mean dynamical jump and accelerated stochastization

For the symmetric system (𝑠 = 0), the well-known expression for the dynamical jump is 

Δ𝐽dyn = − 2
𝜋𝜅𝑝𝑥 ln(2 sin 𝜋𝜉). For the asymmetric system (𝑠 ≠ 0), the expressions for Δ𝐽dyn 

are considerably more complex. A. V. Artemyev et al. (2013) derived the full expressions 

for the dynamical jumps using the general formulas of Neishtadt (1987) (the derivation is 

detailed in Appendix A of that paper). The key difference from the symmetric case is that 

the expressions involve the individual rates of evolution Θ𝑙 and Θ𝑟 (rather than their sum) 

and the ratio 𝜃 = Θ𝑟/Θ𝑙, which parameterizes the asymmetry. All these parameters are 

functions of the crossing point along the uncertainty curve, and their asymmetry produces 

a nonzero ⟨Δ𝐽dyn⟩𝜉 at each crossing.

The physical consequence of ⟨Δ𝐽dyn⟩𝜉 ≠ 0 is profound: it introduces a directed drift in the 

invariant space, superimposed on the diffusive spreading from the random component. The 

stochastization timescale is then set by the drift rather than the diffusion. Each separatrix 

crossing changes 𝐼𝑧 by ∼ 𝜅 on average (rather than zero on average), and crossings occur 

at intervals ∼ 1/𝜅 (one period of slow motion in the (𝜅𝑥, 𝑝𝑥) plane). An order-unity change 

in 𝐼𝑧 therefore requires only ∼ 1/𝜅 crossings, taking a total time ∼ 𝜅−2—compared to ∼
𝜅−3 for the symmetric system where only diffusion operates. For the Earth’s magnetotail 

with 𝜅 ∼ 0.05–0.1, this reduces the stochastization timescale from tens of minutes to a 

few minutes. It should be noted that the conservation of phase-space volume (Liouville’s 

theorem) imposes a constraint: the double average ⟨⟨Δ𝐽dyn⟩⟩𝐼𝑧 over the entire particle 
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population must vanish. That is, while individual values of 𝐼𝑧 experience a nonzero mean 

drift, the net effect over the full distribution is a redistribution of invariants without the 

appearance of net fluxes in phase space. The presence of current sheet boundaries at | 𝑧 | =
𝜆 can, however, break this constraint and produce a net drift in the invariant space (Zelenyi 

et al., 2003).

1.4.2.7.3 Geometrical chaotization: rapid destruction independent of 𝜅
While the nonzero mean dynamical jump accelerates stochastization from 𝜅−3 to 𝜅−2, 
an even faster mechanism exists when the system possesses a fully broken symmetry. As 

discussed in the quasi-adiabatic theory, the Hamiltonian with 𝑠 ≠ 0 retains a residual 

symmetry: invariance under the combined transformation 𝑧 → −𝑧, 𝑝𝑥 → −𝑝𝑥. As a result, 

the net change in 𝐼𝑧 after one full period of slow motion is determined by the dynamical 

jumps alone.

Artemyev et al. (2014) showed that when this residual symmetry is also broken—for 

example, by a cross-sheet electric field 𝜀 that adds a term ∼ −𝑠𝑧𝑢𝑑 to the Hamiltonian 

(where 𝑢𝑑 = 𝜀/𝜅 is the drift velocity)—the trajectories in the (𝜅𝑥, 𝑝𝑥) plane become 

asymmetric about 𝑝𝑥 = 0. The surfaces of constant energy in the four-dimensional phase 

space that correspond to the two separatrix loops now project onto different (shifted) 

domains in the (𝜅𝑥, 𝑝𝑥) plane. Consequently, the two successive geometrical jumps no 

longer compensate: ∑Δ𝐼geom𝑧 ≠ 0.

The critical feature of this mechanism is that each geometrical jump Δ𝐼geom𝑧  is of order 

unity—it equals the difference of the areas of the two separatrix loops, which is a geometric 

property of the phase portrait and does not depend on 𝜅. This means that even for 

arbitrarily small 𝜅 (arbitrarily thin current sheets or arbitrarily energetic particles), a 

single pair of separatrix crossings produces an 𝑂(1) change in 𝐼𝑧. The particle trajectory in 

the slow-variable plane jumps between widely separated adiabatic curves, and after only 

a few separatrix crossings the trajectory fills a large domain, with the adiabatic invariant 

completely destroyed.

Artemyev et al. (2014) termed this mechanism geometrical chaotization (an immediate, 

large-scale redistribution of 𝐼𝑧 values) to distinguish it from the much slower diffusive 

chaotization (a gradual Gaussian spreading of 𝐼𝑧 distributions with width growing as 
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√
𝑡) produced by dynamical jumps. Numerical integration of 105 test particle trajectories 

confirmed that the width of the 𝐼𝑧 distribution after ten separatrix crossings is dramatically 

broader in the fully asymmetric system (3) than in either the symmetric case (1) or the 

partially symmetric case (2; 𝑠 ≠ 0 but no electric field). As shown in Figure 1.16, system 

(3) has a broad, nearly uniform distribution over a wide range of 𝐼𝑧 values (complete 

invariant destruction) while system (1) peaks narrowly at 𝐼𝑧/𝐼𝑧, init = 1 (slow diffusion) 

and system (2) splits into a few discrete peaks (the finite number of possible 𝐼𝑧 values due 

to geometrical jumps with compensating sums).

Figure 1.16:  Distribution of 𝐼𝑧 values for an ensemble of 105 trajectories after 10 separatrix crossings: (a) 

𝑠 = 0, 𝜀 = 0; (b) 𝑠 = 0.15, 𝜀 = 0; (c) 𝑠 = 0.15, 𝜀 = 0.003. All with 𝜅 = 0.01. From Artemyev et al. (2014).

1.4.2.7.4 Current sheet dynamics: particle reflection, transmission and reso

nance

These non-adiabatic effects also have several physically important consequences for current 

sheet dynamics. The guide field introduces an asymmetry in particle reflection and 

transmission at the current sheet boundaries. A. V. Artemyev et al. (2013) showed that 

for 𝐵𝑦 > 0, particles approaching from the Southern Hemisphere (𝑧 > 0) are increasingly 

likely to transit through the sheet rather than be reflected, with transition becoming 

certain for 𝑠 > 0.35 (i.e., 𝐵𝑦 > 0.35𝐵0√𝐿/𝜌0). Particles from the Northern Hemisphere 

(𝑧 < 0), by contrast, cross the sheet without any scattering for 𝑠 > (𝜋−1 ln 2)𝜅, because 

the uncertainty curve shrinks and these particles never encounter the separatrix. This 
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directional asymmetry of current sheet interaction has implications for asymmetric auroral 

precipitation and for the self-consistent equilibrium of current sheets with finite guide 

fields.

The finite guide field also destroys the resonant condition under which two successive 

dynamical jumps can exactly compensate—a condition that, in the symmetric case, 

produces coherent beamlets of accelerated particles. For 𝑠 > (𝜋−1 ln 2)𝜅, the resonance 

condition, ∑Δ𝐼dyn𝑧 = 0, cannot be simultaneously satisfied for a large particle population. 

Moreover, the dependence of the integral 𝑊  on 𝐼𝑧 steepens with increasing 𝑠, so that even 

if the resonance condition is satisfied at one value of 𝐼𝑧, particles with slightly different 

invariants are far from resonance. The coherent beamlet structures predicted for the 

symmetric system are thus disrupted.

1.4.2.8 Application to Force-Free Solar Wind Current Sheets: Superfast Scat

tering

The theoretical framework described above was applied to energetic ion scattering by 

solar wind discontinuities by Artemyev et al. (2020a). The key observation motivating 

that work is that the internal magnetic field structure of observed solar wind current 

sheets differs in an important way from the idealized models previously considered. In 

observed compressionless (force-free) discontinuities, the reversal of the maximum-variance 

component 𝐵𝑙 is accompanied by a peak in the intermediate-variance component 𝐵𝑚, 

such that |𝐵| ≈ const across the structure (as shown earlier in Figure 1.4 and confirmed 

statistically by Vasko et al. (2022)). This 𝐵𝑚 peak was absent from earlier Hamiltonian 

models of ion–current sheet interaction, which assumed either 𝐵𝑚 = 0 (pure field reversal) 

or 𝐵𝑚 = const (uniform guide field).

To account for this observed field configuration, Artemyev et al. (2020a) modeled the 

discontinuity magnetic field as 𝐵𝑙 ≈ 𝐵0(𝑟𝑛/𝐿), 𝐵𝑛 = const, 𝐵𝑚 = √𝐵2
0 −𝐵2

𝑙 ≈ 𝐵0(1 −
𝑟2𝑛/2𝐿2), which in the normalized Hamiltonian introduces a cubic term:

𝐻 = 1
2
𝑝2𝑧 +

1
2
(𝑝𝑥 − 𝑧 + 𝑧3

6
)

2

+ 1
2
(𝜅𝑥 − 𝑧2

2
)

2

.
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The 𝑧3/6 term, which encodes the 𝐵𝑚 peak, breaks the symmetry of the phase portrait 

in the (𝑧, 𝑝𝑧) plane. This is the essential difference from the 𝑝2𝑥/2 term (no 𝐵𝑚; pure 

compressional discontinuity) or the (𝑝𝑥 − 𝑧)2/2 term (constant 𝐵𝑚; uniform guide field) 

used in previous studies. As demonstrated by the theory of geometrical chaotization 

(Artemyev et al., 2014), this asymmetry generates large geometrical jumps Δ𝐼𝑧 ∼ 1 at 

each separatrix crossing, producing very fast destruction of the adiabatic invariant.

This result has several important implications for energetic particle transport in the solar 

wind:

First, the scattering rate (measured in the slow time 𝜅𝑡) is independent of 𝜅 =
(𝐵𝑛/𝐵0)√𝐿/𝜌. Since 𝜅 determines whether a discontinuity is classified as rotational (finite 

𝐵𝑛) or tangential (𝐵𝑛 → 0), this means that the distinction between RDs and nearly-TDs 

is irrelevant for the efficiency of ion scattering, provided the 𝐵𝑚 peak is present. In a 

solar wind containing multiple discontinuities, the timescale between successive scattering 

events is determined by the occurrence rate of discontinuities rather than by 𝜅, further 

reducing the importance of 𝐵𝑛.

Second, the condition for strong scattering is 𝐿 ∼ 𝜌, which can be rewritten in terms 

of particle energy as ℎ/𝑇𝑖 ∼ 𝛽𝑖(𝐿/𝑑𝑝)2. For the most intense kinetic-scale discontinuities 

observed in the solar wind (𝐿/𝑑𝑝 ∈ [1, 10]) and typical plasma conditions (𝛽𝑖 ∈ [0.1, 10]), 
this condition is satisfied for essentially the entire suprathermal ion population. The 

mechanism is therefore expected to operate broadly.

Third, test particle simulations confirmed that in the presence of the 𝐵𝑚 peak, initially 

narrow distributions in both 𝐼𝑧 and pitch angle broaden rapidly—within a few separatrix 

crossings—to fill a broad range. In contrast, when the 𝐵𝑚 peak is absent (𝐵𝑚 = 0), the 

distributions remain narrowly peaked around their initial values, consistent with the much 

slower diffusive destruction of 𝐼𝑧 in the symmetric system. The effect is robust for 𝐵𝑚/𝐵0 >
0.75, which encompasses the majority of observed force-free discontinuities.

The identification of this “superfast” scattering mechanism establishes that kinetic-scale 

current sheets in the solar wind are not merely passive structures but active agents of 

energetic particle scattering. This mechanism is expected to shape the observed low-
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anisotropy ion distributions at 1 AU and to contribute significantly to cross-field transport 

of energetic particle populations. The quantitative characterization of this scattering—

including the derivation of analytical pitch-angle diffusion coefficients informed by observed 

current sheet parameters—forms one of the central contributions of this thesis and is 

developed in the following chapters.

1.4.3 Summary and Open Questions

This chapter has established the theoretical and observational foundation for understand

ing energetic particle scattering by solar wind current sheets. We summarize the key points 

and identify the open questions that motivate the work presented in this thesis.

Solar wind turbulence is highly intermittent, with magnetic energy concentrating into 

current sheets whose thickness overlaps with the gyro-radii of suprathermal and energetic 

ions. When a particle’s gyroradius is comparable to the sheet thickness, guiding-center 

theory fails and the quasi-adiabatic invariant 𝐼𝑧 governs the dynamics instead of the 

magnetic moment 𝜇. This invariant is destroyed at separatrix crossings through two 

mechanisms: dynamical jumps, which drive slow diffusion on a timescale ∼ 𝜅−3 (or ∼
𝜅−2 with a guide field), and geometrical jumps, which in asymmetric field configurations

—including the force-free current sheets most commonly observed in the solar wind—

produce order-unity changes in 𝐼𝑧 within a single gyration. This geometrical chaotization 

constitutes a superfast scattering mechanism for energetic particles.

Observationally, current sheets modulate SEP intensities at both large and small scales. 

The heliospheric current sheet acts as a barrier to cross-hemisphere transport and drives 

systematic flux dropouts whose energy dependence is consistent with gyroradius-scale 

interactions. At kinetic scales, coherent magnetic structures are statistically correlated 

with sharp variations in energetic particle intensity. Together, these observations confirm 

that current sheets are not passive features of the background medium but active agents 

of particle scattering and transport.

Several important questions remain open and motivate the work in Chapter 4 and 

Chapter 5.
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Pitch-angle diffusion coefficients from current sheet parameters. While the 

superfast scattering mechanism has been demonstrated theoretically and confirmed in 

test-particle simulations, a quantitative analytical expression for 𝐷𝜇𝜇 as a function of 

particle energy and current sheet parameters has not yet been derived. Such an expression

—informed by the observed statistical distributions of magnetic field configurations—

is needed to incorporate current-sheet scattering into heliospheric transport models and 

constitutes a central goal of this thesis.

Perpendicular transport and cross-field diffusion. The role of current sheets in 

cross-field transport remains largely unexplored. Near current sheets, the magnetic field 

varies on scales comparable to or smaller than the gyroradius, enabling enhanced transfer 

of particles between field lines through a mechanism distinct from field-line random walk. 

The anti-correlation between large curvature and weak magnetic field strength (Kempski 

et al., 2023; Yang et al., 2019) further suggests that particles undergoing magnetic 

moment-violating interactions are simultaneously more likely to hop between field lines—

a potentially important source of perpendicular transport that deserves systematic study 

in the solar wind context.
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Chapter 2

Solar Wind Discontinuities in the Outer Heliosphere: Spatial Dis

tribution Between 1 and 5 AU

Solar wind discontinuities (SWDs), commonly defined as localized and abrupt changes in 

the magnetic field (Colburn & Sonett, 1966), are mesoscale plasma structures with typical 

thicknesses on the order of ion kinetic scales and horizontal extensions that often exceed 

magnetohydrodynamic (MHD) scales. They are observed throughout the heliosphere, from 

the inner heliosphere (Liu et al., 2022a; Lotekar et al., 2022) to the heliosheath (Burlaga 

& Ness, 2011). Despite being discovered over half a century ago, their specific origins and 

the circumstances of their formation remain subjects of ongoing debate (Vasko et al., 2022; 

2024, and references therein). Historically, SWDs were thought to originate inside 1 AU 

and to be passively convected outward by the solar wind (Borovsky, 2008; Söding et al., 

2001; Tsurutani & Smith, 1979); however, waiting-time statistics consistent with MHD 

turbulence simulations suggest that a significant fraction arise spontaneously as boundaries 

between magnetic flux tubes, generated locally throughout the heliosphere (Greco et al., 

2009). Both tangential and rotational discontinuity types are observed (Artemyev et al., 

2019b; Neugebauer, 2006; Wang et al., 2024), which may originate differently and follow 

distinct evolutionary paths (Hudson, 1970). Investigating their properties across large 

heliocentric distances offers a direct test of these competing formation scenarios.

Investigation of the evolution of SWD properties with radial distance (or alternatively, 

investigation of properties of SWD generation at different radial distances) has mostly been 

limited to comparison of SWD statistics obtained from different missions during varying 

phases of solar activity (Mariani et al., 1973; Söding et al., 2001; Tsurutani & Smith, 1979). 

However, the data used in these studies were rarely compared with measurements at fixed 

radial distances, and the methods employed to identify discontinuities were not necessarily 

optimized for studying discontinuities with weak magnetic fields and long durations, 

such as those encountered at large radial distances. Furthermore, some measurements at 

different radial distances were significantly separated in time, with limited time ranges 
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covered (Söding et al., 2001). Consequently, there are still some ambiguities in interpreting 

the results of these studies. For example, it is unclear how much of the observed variation 

in SWD properties is caused by radial distance itself versus changing solar wind conditions. 

Characterizing the statistical properties of current sheets across heliocentric distance is also 

a prerequisite for the particle transport studies developed later in this thesis (Chapter 4 and 

Chapter 5), where the observed distributions of current sheet thickness, current density, 

and magnetic field configuration serve as input parameters for test-particle simulations.

This study presents a statistical analysis of discontinuities observed from Earth’s orbit 

(∼ 1 AU) to Jupiter’s orbit (∼ 5 AU). We utilize data collected by the Juno spacecraft 

(Bolton et al., 2017) during its cruise phases (2011-2016), with its orbits shown in Panel 

(a) of Figure 2.1. Our primary goal is to investigate the radial dependence of the SWD 

occurrence rate and properties to gain insights into their evolution and origin. Continuous 

measurements of SWDs at 1 AU from missions such as Wind (Acuña et al., 1995), 

ARTEMIS (Angelopoulos, 2011), and STEREO (Kaiser et al., 2008) have been utilized 

to distinguish temporal effects from spatial variations by examining the characteristics of 

discontinuities at two radial distances (1 AU and at Juno location) simultaneously. This 

distinction is crucial because temporal variations could easily be misinterpreted as spatial 

variations (Tsurutani & Smith, 1979). Due to the potential misidentification of the SWD 

normal direction with single spacecraft (Hausman et al., 2004; Liu et al., 2023; Wang et 

al., 2024), we do not differentiate between shocks and different types of discontinuities, 

whether they are tangential, rotational, or either (Neugebauer et al., 1984).

The chapter is structured as follows. First, we outline the missions, instruments, and 

data utilized in this study (Section 2.1.1). Next, we briefly describe the method used to 

identify discontinuities and the model employed to estimate the plasma state at the Juno 

location, necessitated by the absence of plasma data during its cruise phase (Section 2.1.2). 

In Section 2.2, we present the results concerning the spatial variation of discontinuities, 

focusing on their occurrence rate and characteristics, such as their spatial scales and 

current density. Finally in Section 2.3, we discuss the implications of our findings in the 

context of the origin and evolution of these discontinuities in the solar wind.
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2.1 Dataset, Models, and Methods

Figure 2.1 provides an overview of Juno’s cruise phase (2011-2016) and the corresponding 

solar wind conditions. The solar wind plasma state, as evidenced by the sunspot number 

(shown in Panel (c)), plays a crucial role in understanding the dynamics of discontinuities. 

Early in the Juno mission (Bolton et al., 2017), the sunspot numbers reached a peak, 

indicating a period of increased solar activity. By 2016, however, they had declined signif

icantly. This variation underscores the need to account for temporal, solar-cycle-related 

variability when calibrating and interpreting discontinuity properties.

(a) (b)

(c)

(d)

(e)

(f)

(g)

Figure 2.1:  Overview. (a) Juno’s orbit during its cruise phase (2011-2016). (b) Absolute difference in 

heliographic longitude between Juno and Earth (blue) and between Juno and Stereo-A (STA, green). (c) 

Monthly and smoothed sunspot numbers. (d-g) Solar wind plasma density and speed from Near-Earth 

(OMNI) and STEREO-A missions.

Figure 2.1 (b) shows the heliographic longitudinal difference between Juno and Earth, 

and between Juno and STEREO-A. Notably, when there is a substantial longitudinal 

difference between Juno and Earth, the difference between Juno and STEREO-A tends 

to be minimal, and vice versa. This complementarity allows us to compare SWD behavior 

at 1 AU and further outward at Juno with minimal absolute longitudinal separations <
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120∘, alternating between Earth and STEREO-A as the SWD observational platform at 

1 AU.

2.1.1 Dataset

We analyze Juno’s observations during its cruise phase from August 25, 2011, to July 

30, 2016, spanning approximately 1,800 days. Data from missions such as STEREO, 

ARTEMIS (THEMIS-B/C), and Wind complement Juno’s observations, providing a 

broader perspective on heliospheric conditions and enabling multi-point analysis of discon

tinuity properties (Velli et al., 2020). Specifically, we utilize magnetic field measurements 

from Juno’s Fluxgate Magnetometer instrument (Bolton et al., 2017; Connerney et al., 

2017) and solar wind parameters from the ion sensor of the Jovian Auroral Distributions 

Experiment (JADE) (McComas et al., 2017). For ARTEMIS (Angelopoulos, 2011), we 

use magnetic field data from its Fluxgate Magnetometer instrument (Auster et al., 2008) 

and ion bulk velocity and plasma density from the Electrostatic Analyzer instrument 

(McFadden et al., 2009). For STEREO (Kaiser et al., 2008), we incorporate magnetic fields 

from the magnetic field experiment on IMPACT (Acuña et al., 2008; Luhmann et al., 2008) 

and ion bulk velocity and plasma density from PLASTIC (Galvin et al., 2008). For Wind 

(Acuña et al., 1995), we include magnetic fields from the Magnetic Field Investigation 

instrument (Lepping et al., 1995), ion bulk velocity, and plasma density from the Solar 

Wind Experiment instrument (Ogilvie et al., 1995). The time resolution of magnetic field 

and plasma data varies across the missions analyzed in this study. We use magnetic field 

data from Juno at 1 Sample/S (S/s), ARTEMIS at 5 S/s, Wind at 11 S/s, and STEREO 

at 8 S/s. We use plasma data from ARTEMIS at 0.25 S/s, Wind at 0.33 S/s, and STEREO 

at 1-minute intervals. To ensure the robustness of our results, we employ methods (to be 

introduced in the next section) that are specifically designed to minimize the influence of 

time resolution on the identification of current sheets and the calculation of their proper

ties. These synergistic multi-satellite observations provide a comprehensive perspective on 

solar wind discontinuities, enabling the analysis of their radial distribution and temporal 

evolution. The data access, processing, and analysis infrastructure supporting this multi-

mission survey is described in Appendix B.
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Since in-situ measurements from JADE are only available for the final 40 days of its cruise 

phase prior to Jupiter arrival (Wilson et al., 2018), we rely on solar wind propagation 

models to estimate the thickness and current density of discontinuities for the remainder 

of the cruise. A direct comparison between the modeled solar wind properties and JADE 

observations during the overlapping interval is presented in Panels (a-d) of Figure 2.9 

in the Appendix. Specifically, we employ the Two-Dimensional Outer Heliosphere Solar 

Wind Modeling (MSWIM2D) (Keebler et al., 2022) to determine the ion bulk velocity 

(𝑣) and plasma density (𝑛) at Juno’s location. This model, which utilizes the BATSRUS 

MHD solver(Tóth et al., 2012), simulates the propagation of the solar wind from 1 to 75 

astronomical units (AU) in the ecliptic plane, effectively covering the region pertinent to 

our study. The MSWIM2D model provides output data with an hourly time resolution, 

as shown in Figure 2.2. After averaging Juno data to the same time resolution, comparing 

magnetic field magnitudes from MSWIM2D with those of Juno reveals a strong correlation, 

confirming the model’s applicability to our study.
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Figure 2.2:  (a) Magnetic field magnitude from MSWIM2D and Juno. (b-c) Plasma speed and density from 

MSWIM2D model. (d) Juno radial distance from the Sun.

2.1.2 Methods

We employ the method of Liu et al. (2022b) to identify discontinuities in the solar wind. 

This method is better suited for discontinuities with small magnetic field changes and 

is more robust for conditions in the outer heliosphere compared to traditional methods, 

namely the 𝐵-criterion (Burlaga, 1969) and the 𝑇𝑆-criterion (Tsurutani & Smith, 1979). 

For each sampling time 𝑡, we define three intervals: the pre-interval [−1,−1/2] ⋅ 𝑇 + 𝑡, the 

middle interval [−1/2, 1/2] ⋅ 𝑇 + 𝑡, and the post-interval [1/2, 1] ⋅ 𝑇 + 𝑡, where 𝑇  represents 

time lags. The magnetic field time series in these three intervals are labeled as 𝐁−, 𝐁0, 
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and 𝐁+, respectively. We first apply the following three detection criteria to establish the 

time interval that encompasses each discontinuity candidate:

𝜎(𝐁0) > 2max(𝜎(𝐁−), 𝜎(𝐁+))

𝜎(𝐁− +𝐁+) > 𝜎(𝐁−) + 𝜎(𝐁+)

| Δ𝐁 | > | 𝐁𝑏𝑔 | /10

Here, 𝜎 denotes the standard deviation, 𝐁𝑏𝑔 represents the background magnetic field 

magnitude, and Δ𝐁 = 𝐁(𝑡 + 𝑇/2) − 𝐁(𝑡 − 𝑇/2). The first two conditions ensure that the 

field changes are distinguishable from stochastic fluctuations, while the third condition 

serves as a supplementary measure to reduce recognition uncertainty (Liu et al., 2022b).

Notably, this method shares certain similarities with the Partial Variance of Increments 

(PVI) approach (Greco et al., 2017) for identifying coherent structures, since both calculate 

indices based on standard deviations (with this method focusing on the standard deviation 

of the magnetic field while PVI focuses on magnetic field increments). However, the 

method of Liu et al. (2022b) is better suited for discontinuity identification by comparing 

data within neighboring time windows rather than across a correlation scale (a quantity 

used in the PVI method that may vary with radial distance and solar wind conditions). 

As a result, this approach effectively excludes wave-like coherent structures, eliminating 

the need for manual inspection. Additionally, PVI generates discrete data points at each 

time step, which subsequently require an additional processing step{}grouping consecutive 

points exceeding a threshold into continuous event clusters, thereby converting individual 

timestamps into contiguous time ranges. In contrast, our method inherently outputs the 

time ranges of interest without this additional step.

Because discontinuities may exhibit different spatial scales at varying radial distances 

from the Sun, we conducted the identification procedure using multiple time lags (𝑇 =
20, 30, 40, 50, 60 s). The resulting events from each search were then combined into a 

comprehensive final list, removing any duplicates. The choice of a 20-second lower limit 

was driven by the typical sampling rate (~1 sample/s) of the Juno spacecraft. However, 

it should be noted that shorter-duration discontinuities may be underrepresented, partic

ularly near 1 AU. This limitation becomes less significant as Juno travels to greater radial 
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distances, where discontinuities generally exhibit longer durations. Discontinuities with 

spatial scales exceeding 60 seconds were not considered in this analysis. Nonetheless, such 

large-scale discontinuities are expected to be relatively rare in the outer heliosphere, as 

previous studies indicate a decreasing frequency of SWDs with increasing spatial scale 

(Vasko et al., 2022; 2024).

More than 130,000 SWD intervals have been identified in the solar wind data from Juno, 

with approximately 17,000 intervals detected within [4, 5] AU. After identifying each 

discontinuity candidate, we construct a distance matrix using the magnetic field sequence 

(Dokmanic et al., 2015) to determine the leading edge and trailing edge of the discontinuity 

within this preliminary interval. Specifically, we define the distance between two magnetic 

field vectors 𝐁(𝑡𝑎) and 𝐁(𝑡𝑏) as the Euclidean norm of their difference: 𝑑(𝑎, 𝑏) =∥ 𝐁(𝑡𝑎) −
𝐁(𝑡𝑏) ∥ . We locate the leading edge at 𝑡𝑎 and the trailing edge at 𝑡𝑏 such that 𝑡𝑎 <
𝑡𝑏 and 𝑑(𝑎, 𝑏) attains its maximum value within the time interval under consideration. 

After that, we use the minimum variance analysis (MVA) (Sonnerup & Cahill Jr., 1967; 

Sonnerup & Scheible, 1998) to transform the magnetic field into the boundary normal 

(𝐿𝑀𝑁) coordinate system. Then, the maximum variance (main) component, 𝐵𝑙, is fitted 

with a hyperbolic tangent to extract parameters characterizing the discontinuity, inspired 

by the standard Harris current sheet model (Harris, 1962):

𝐵𝑙(𝑡) = 𝐵𝑙,𝑖 tanh(
𝑡 − 𝑡𝑖
Δ𝑡𝑖

)+ 𝑐𝑖 (4)

where 𝐵𝑙,𝑖 is the amplitude of the magnetic field change in the maximum variance direction, 

𝑡𝑖 is the detection time, Δ𝑡𝑖 is the transit time, and 𝑐𝑖 is the offset of the magnetic field 

change for the 𝑖-th discontinuity event. While 𝑐𝑖 should theoretically be zero for an ideal 

rotational discontinuity, it may not necessarily be zero for tangential discontinuities or 

shocks. Nonetheless, including 𝑐𝑖 in data processing enhances the fitting accuracy. Finally, 

we combine the magnetic field data and plasma data (from the model) to obtain the 

thickness and current density of the discontinuity.

Assuming that the SWD structures are planar, the normal direction can be obtained by 

minimizing the variance of the magnetic field’s normal component in MVA. However, pre

vious studies have indicated that the normal direction obtained through MVA is frequently 
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unreliable (Knetter et al., 2004; Wang et al., 2024). Improved accuracy can be achieved 

by either using the cross product of the magnetic field measured at the boundaries as the 

normal direction (Knetter et al., 2004) or by enforcing conditions such as Δ | 𝐁 | / | 𝐁 | >
0.05 or 𝜔 > 60∘ (Liu et al., 2023), where Δ | 𝐁 | is the change in the magnitude of 

the magnetic field and 𝜔 is the field rotation angle across the discontinuity. The former 

approach requires a small magnetic field component (𝐵𝑛) along the discontinuity normal, 

while the latter approach limits the dataset to a subset that satisfies these conditions. 

These two methods yield closely aligned normal directions when 𝐵𝑛 is small and either 

Δ | 𝐁 | / | 𝐁 | > 0.05 or 𝜔 > 60∘ is satisfied. In our analysis, we applied both techniques 

and found that they yielded statistically consistent results. A direct comparison of the 

discontinuity properties obtained from these two methods is presented in panels (e-j) of 

Figure 2.9 in the Appendix, using intervals from Juno’s approach to Jupiter when solar 

wind parameters were available.

Figure 2.3 shows several examples of solar wind discontinuities detected by different 

spacecraft. Panels (a-c) show three examples of SWDs observed by Juno at 1, 3, and 5 

AU distances, whereas Panels (d-f) show three examples of SWDs observed by Wind, 

ARTEMIS, and STEREO-A (for these three, we also show solar wind flow speed). All 

discontinuities share the same magnetic field configuration (in local 𝐿𝑀𝑁  coordinates): 

the main magnetic field component, 𝐵𝑙, reverses sign across the discontinuity, whereas the 

decrease of the magnetic pressure, ∼ 𝐵2
𝑙 /2𝜇0, is compensated by local enhancement of 

𝐵𝑚 component. Such magnetic field rotation across the discontinuity keeps | 𝐁 | almost 

constant (Artemyev et al., 2019a; Lotekar et al., 2022; Vasko et al., 2022; 2024). The solar 

wind flow speed (three panels for Wind, THEMIS-B, and STEREO-A) shows a typical 

jump across the discontinuities (Artemyev et al., 2020b).
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(a) Juno, 1AU (b) Juno, 3AU (c) Juno, 5AU

(d) ARTEMIS (e) STEREO (f) Wind

Figure 2.3:  Examples of solar wind discontinuities observed by various spacecraft at different heliocentric 

distances and times. Panels (a)–(c) display data from Juno at 1 AU (a), 3 AU (b), and 5 AU (c), showing 

magnetic field components 𝐵𝑙 (blue), 𝐵𝑛 (red), 𝐵𝑚 (green), and the magnetic field magnitude 𝐵total (black). 

Panels (d)–(f) show magnetic field and ion speed observations at 1 AU from other spacecraft: THEMIS-B 

(ARTEMIS) on March 27, 2012 (d), STEREO-A on June 28, 2016 (e), and Wind on August 26, 2011 (f).

2.2 Results

2.2.1 Waiting Time

To fully understand the radial evolution of the SWD occurrence rate, particularly the 

average occurrence rate, it is essential to examine the statistical distributions underlying 

the observed SWD samples. In this regard, we derive the probability distribution of 
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the waiting time 𝜏 = 𝑡𝑖 − 𝑡𝑖−1, where 𝑡𝑖 is the detection time for the 𝑖-th event from 

Equation Equation 4, sorted in ascending order (𝜏  is also referred to as the interarrival 

interval, e.g., by Tsurutani & Smith (1979)). We employ the Weibull distribution (Weibull, 

1951) for its flexibility in capturing varying occurrence rates. This choice allows for a 

more accurate representation and improved fit compared to the exponential distribution 

previously used by Tsurutani & Smith (1979). The probability density function of the 

Weibull distribution is given as follows:

𝑓(𝜏; 𝛼, 𝜃) = 𝛼
𝜃
(𝜏
𝜃
)
𝛼−1

𝑒−(𝜏/𝜃)𝛼 , 𝜏 ≥ 0

where 𝛼 and 𝜃 represent the shape and scale parameters, respectively. The complementary 

cumulative distribution function of the Weibull distribution 𝐹(𝜏; 𝛼, 𝜃) = 1 − e−(𝜏/𝜃)𝛼 is 

a stretched exponential function (the Weibull distribution reduces to the exponential 

distribution when 𝛼 = 1).
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Figure 2.4:  Waiting time probability density functions 𝑝(𝜏) for Juno at 1 AU in 2011 (top) and 5 AU in 

2016 (bottom). Observed data (black) are fitted with Weibull (blue) and exponential (orange) distributions. 

Vertical dashed lines denote the mean waiting times for each fitted distribution.

The observed waiting time distribution, along with the fitted distribution, is shown in 

Figure 2.4. For 𝛼 < 1, the probability of observing longer waiting times is higher than 

would be expected from a purely exponential distribution. This indicates that the occur

rence rate of discontinuities is not constant, but rather varies with time - likely reflecting 

the evolving state of the solar wind (see the discussion in Tsurutani & Smith (1979)). Across 

the largest range of waiting times, the observed probabilities exceed those modeled by 

the fitted distribution. This may be due to data gaps that artificially extend the observed 

waiting times between discontinuities.

The mean waiting time, ̄𝜏 , can be determined by integrating the probability density 

function ̄𝜏 = ∫∞
0
𝜏𝑓(𝜏)𝑑𝜏 . The mean occurrence rate, in turn, is simply the reciprocal of 

the mean waiting time. At 1 AU, the occurrence rate is approximately 150 events per day, 
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while at 5 AU, Juno observes around 30 events per day. These are consistent with previous 

results reported by Vasko et al. (2021); Vasko et al. (2024). Importantly, the mean value 

derived from the fitted Weibull distribution is more reliable, as it reduces the impact of 

unusually long waiting times often caused by data gaps.

2.2.2 Occurrence Rate

The occurrence rate of SWDs (number of events per effective observation time) is 

investigated for Juno, ARTEMIS, STEREO, and Wind. Figure 2.5 shows the number of 

discontinuities detected per effective day for each mission, using the same identification 

criteria (𝑇 = 60𝑠). Because data are not continuously available on all satellites, the occur

rence rate is corrected to account for data gaps. For ARTEMIS, an additional correction 

is needed because it only observes the pristine solar wind when the Moon is outside 

Earth’s magnetosphere - roughly 30% of its orbit is spent within the magnetosphere, and 

additional time can be spent in the lunar wake if apoapsis aligns with that region. After 

these corrections, ARTEMIS shows an occurrence rate comparable to Wind and STEREO 

for similar solar wind conditions.

The SWD occurrence rate observed by Juno is consistent with the occurrence rate observed 

by 1-AU missions when Juno is around 1 AU. This number decreases with distance as 

Juno moves from 1 AU to 5 AU (corresponding to time after ∼ 2014; the radial distance 

of Juno for 2011-2016 is shown in Figure 2.2).

The occurrence rate depends linearly on the solar wind velocity (Söding et al., 2001); 

however, plasma velocity data from Juno are not available during its cruise phase. There

fore, we do not normalize the occurrence rate with respect to the solar wind speed. This 

influence of the solar wind speed on the occurrence rate might be mitigated by the fact 

that all spacecraft are in the ecliptic plane, and the solar wind speed is not expected to 

change significantly with radial distance from the Sun beyond 1 AU. We normalize the 

occurrence rate from Juno to the occurrence rate from 1-AU missions to account for the 

effect of solar wind structures on the occurrence rate.
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The normalized occurrence rate is shown in Panel (b) of Figure 2.5. The occurrence rate 

of SWDs drops with the radial distance from the Sun, following a 1/𝑟 law. Spacecraft at 

~1 AU record a steady rate over the same interval, indicating that solar-wind temporal 

variability cannot explain this trend. Instead, the observed decrease in the occurrence rate 

is a result of the increasing radial distance from the Sun (likely due to the geometric 

spreading of discontinuities across expanding spherical shells, see discussion below) and 

confirms previous results (Söding et al., 2001).
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Figure 2.5:  Left: the occurrence rate of discontinuities measured by Juno, STEREO-A, THEMIS-B, and 

Wind. Right: the normalized occurrence rate as a function of radial distance, where the radial distance of 

Juno for 2011-2016 is shown in Figure 2.2(d).

2.2.3 Current Density and Thickness

The current density 𝐽𝑚 associated with the main magnetic field reversal across a discon

tinuity is determined by

𝐽𝑚 = − 1
𝜇0𝑉𝑛

𝑑𝐵𝑙
𝑑𝑡

, (5)

where 𝜇0 is the vacuum permeability and 𝑉𝑛 is the normal component of the proton 

flow velocity. In the context of our fitting method, the derivative of the magnetic field 
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can be estimated as max(𝑑𝐵𝑙/𝑑𝑡) = 𝐵𝑙,𝑖/Δ𝑡. This estimate is more robust than directly 

differentiating the magnetic field, because the fitting method is less sensitive to the noise 

in the data and the time resolution of the data. Since the normal direction from the MVA 

method can be unreliable, we also compute an alternative velocity, 𝑉𝑛𝑚 = √𝑉 2 − 𝑉 2
𝑙 , as 

an upper limit for 𝑉𝑛. We check that using either the MVA-derived 𝑉𝑛 or this upper bound 

𝑉𝑛𝑚 to estimate 𝐽𝑚 and subsequent 𝑑 leads to very similar results.

The thickness 𝑑 of a discontinuity is determined by 𝑑 = 𝑉𝑛Δ𝑡, where Δ𝑡 is the transit time 

derived from the fitting method.

To understand the relationship between the discontinuity and the local plasma, we 

normalize the discontinuity thickness by the ion (proton) inertial length, 𝑑𝑖 = 𝑐/𝜔𝑝𝑖, and 

the current density by the Alfvén current density, 𝐽𝐴 = 𝑒𝑁𝑉𝐴 = 𝐵/𝜇0𝑑𝑖, both of which 

represent natural plasma scales. The ion inertial length characterizes the scale at which 

ions decouple from the magnetic field, while the Alfvén current density corresponds to the 

characteristic current generated by the relative drift between electrons and ions moving 

at the local Alfvén speed 𝑉𝐴, particularly relevant in the context of MHD turbulence and 

reconnection studies (Franci et al., 2017; Zhdankin et al., 2013). Figure 2.6 presents these 

quantities for the SWDs measured by Juno and grouped by their radial distance from the 

Sun. Panels (a,c) show that the thickness increases with radial distance. However, after 

normalization, the thickness slightly decreases, with the most probable value around 2-4 

𝑑𝑖. With increasing radial distance, a larger fraction of SWDs exhibit thicknesses less than 

1 𝑑𝑖, transitioning into sub-proton scale structures. Panels (b,d) show that the current 

density decreases with increasing radial distance. However, after normalization, it slightly 

increases with radial distance, with the most probable value around 0.05-0.15 𝐽𝐴. It should 

be noted that the variation of normalized thickness and current density with radial distance 

is not significant compared to the overall spread of their distributions (Vasko et al., 2024).

Figure 2.7 presents the thickness and current density distributions of the SWDs observed 

by 1-AU satellites (Wind, ARTEMIS, and STEREO-A) during the five-year Juno cruise 

phase. They are grouped by year of observation. Panels (a,c) show that the distributions of 

the thickness and normalized thickness of SWDs remain almost constant with the year of 

observation. Most discontinuities have thicknesses around 350-3500 km at 1 AU, with the 
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most probable value around 1000 km. Panel (b) shows that the current density increases 

slightly with the year of observation, with the most probable value remaining around 

5nA /m2, consistent with previous studies (Vasko et al., 2022). However, the year-to-year 

variation is weak and lies well within the overall variance of the distribution. This modest 

trend may be associated with gradual changes in solar wind conditions over the solar cycle, 

as illustrated in Figure 2.8. Toward solar minimum, the average magnetic field strength and 

the fitted magnetic field associated with discontinuities tend to increase slightly, but these 

changes are not statistically significant. Consequently, a weak upward trend in current 

density is observed. This pattern suggests that the apparent increase in current density and 

Alfvénic current density may reflect broader solar cycle variations while the normalized 

current density remains statistically stable, as shown in Figure 2.7(d).
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wind properties from JADE observations rather than model predictions. Panels show: (a) discontinuity 
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2.3 Discussion

2.3.1 Spatial Variations of Discontinuity Properties

Continuous Juno observations of SWDs between 1 and 5 AU demonstrate a clear variation 

of their properties (thickness and current density magnitude) with radial distance. These 

results agree with and extend the previous statistics collected by different missions at 

different radial distances (Liu et al., 2021; Lotekar et al., 2022; Söding et al., 2001; 

Vasko et al., 2022; 2024). The current sheet spatial scale (thickness) increases with radial 

distance 𝑑 ∝ 𝑟, and scales with the local ion inertial length 𝑑𝑖 ∝ 1/√𝑁𝑝 ∝ 𝑟. Meanwhile, 

the current density decreases with radial distance, scaling with the local Alfvén current 

density 𝐽𝐴 = 𝑒𝑁𝑝𝑉𝐴 ∝ 𝐵√𝑁𝑝 ∝ 𝐵/𝑟. Here, the magnitude of the local magnetic field 𝐵 

evolves with radial distance in a manner similar to that of the interplanetary magnetic 

field, which generally follows 𝐵 ∝ 1/𝑟. Consequently, the current density decays as 𝐽 ∝
1/𝑟2, and this rate is consistent with the proportionality 𝐽 ∝ 𝐵/𝑑 ∝ 1/𝑟2. The observed 

scaling relationship, 𝑑 ∝ 𝑑𝑖, can be interpreted as evidence supporting the local generation 

of SWDs. However, the same scaling is also expected for solutions of the kinetic nonlinear 

Schr{"o}dinger equation describing SWD formation as a result of nonlinear dynamics of 

Alfvén waves (Medvedev et al., 1997; Medvedev & Diamond, 1996). Thus, if the adiabatic 

evolution of SWDs follows this equation, it is expected that the scaling 𝑑 ∝ 𝑑𝑖 would be 

observed for SWDs propagating with the solar wind.

2.3.2 Radial Dependence of Occurrence Rate

The observed increase in the average waiting time (time between two discontinuities) with 

radial distance prompts us to explore different hypotheses to explain this phenomenon. At 

any given radial distance, discontinuities may originate from two primary sources: those 

generated near the Sun and convected outward by the solar wind and those formed locally.

First, we consider the limitations of our method for SWD detection. An increase in the 

duration (thickness) of discontinuities may render some unidentifiable if their duration 

becomes comparable to the time interval used in our analysis, 𝑇 . Although we observe 
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a slight increase in the average duration of discontinuities with radial distance, this 

increase is relatively small. The overall population of discontinuities is still predominantly 

characterized by those with short durations, typically less than 20 seconds - which are 

effectively captured with 𝑇 = 20 seconds (see Figure 2.10 in the Appendix). Although 

increasing 𝑇  beyond 60 seconds may capture a few additional events, their number remains 

small. Importantly, our conclusions are not sensitive to a single 𝑇  value; instead, the 

critical factor is the broad coverage provided by the range of 𝑇 . In addition, since our 

method normalizes the change in the magnetic field relative to the surrounding field, any 

overall drop in the magnetic field magnitude with radial distance does not itself remove 

potential discontinuities from detection. Thus, it is unlikely that our methodology causes 

the observed decrease in occurrence rate at larger radial distances.

If most discontinuities are generated locally, their generation mechanism should depend 

on plasma parameters, mainly plasma 𝛽 (Chen et al., 2014; Franci et al., 2016). This 

dependence might potentially explain the variation of the discontinuity occurrence rate 

with radial distance. To test this hypothesis, we examine the relationship between waiting 

time 𝜏  and 𝛽. We use the Wind spacecraft at 1 AU and calculate the average plasma beta 
̄𝛽 = (𝛽𝑖 + 𝛽𝑖−1)/2, where 𝛽𝑖 is the plasma beta of the 𝑖-th discontinuity event. However, 

even at a 99% statistical significance level, the results of our analysis do not provide suffi

cient evidence to reject the null hypothesis that these two variables 𝜏, ̄𝛽 are independent. 

Therefore, if discontinuities are generated primarily locally, factors other than plasma beta 

must influence their generation rates.

Alternatively, we consider the hypothesis that the majority of discontinuities are generated 

close to the Sun and then transported outward by the solar wind (since the solar wind speed 

is significantly higher than the Alfvén speed—which characterizes the propagation speed 

of rotational discontinuities—the fraction of inward-propagating to outward-propagating 

discontinuities is expected to be negligible). To estimate the total number of discontinuities 

in a spherical shell around the Sun at radius 𝑟, we account for the fact that a spacecraft 

observes only a subset of all existing structures - specifically, those whose projected 

surface area intersects its trajectory. Assuming that discontinuities are planar structures 

oriented at an angle 𝜃𝑛,𝑣 with respect to the solar wind flow (an orientation shaped by 

the Archimedean Parker spiral), the effective surface area they present to the spacecraft is 

95



given by 𝐴𝑒𝑓𝑓 ∼ 𝑤𝑙 sin 𝜃𝑛,𝑣, where 𝑤 and 𝑙 are the width and length of the discontinuity. 

Under the assumption that both width and length scale with thickness 𝑑 (Zhdankin et al., 

2013), this simplifies to 𝐴𝑒𝑓𝑓 ∼ 𝑑2 sin 𝜃𝑛,𝑣. Normalizing this by the area of the spherical 

shell, 4𝜋𝑟2, gives the fractional coverage. Consequently, the global occurrence rate 𝑓𝑔𝑙𝑜𝑏𝑎𝑙 
is proportional to the local (spacecraft-measured) rate 𝑓𝑙𝑜𝑐𝑎𝑙, scaled by the inverse of this 

fractional area: 𝑓𝑔𝑙𝑜𝑏𝑎𝑙 ∝ 𝑓𝑙𝑜𝑐𝑎𝑙/( ̄𝑑2 sin ̄𝜃𝑛,𝑣/𝑟2) where ̄𝑑 and ̄𝜃𝑛,𝑣 are the average values of 𝑑 
and 𝜃𝑛,𝑣 at that radial distance. Accounting for this geometric effect significantly reduces 

the apparent discrepancy in global occurrence rates between 1 AU (e.g., Wind) and 5 AU 

(e.g., Juno) - from 5 : 1 to 1.3 : 1. The residual difference likely results from additional 

physical processes, such as discontinuity annihilation through mechanisms like magnetic 

reconnection during solar wind propagation. Future modeling efforts of SWD generation 

and evolution should therefore incorporate both geometric and physical factors to fully 

capture the observed trends.

It is worth noting that our findings on the radial variation of the occurrence rate are 

qualitatively consistent with the trends observed in the inner heliosphere, for example 

𝑓𝑙𝑜𝑐𝑎𝑙 ∝ 1/𝑟2 in Liu et al. (2021) and 𝑓𝑙𝑜𝑐𝑎𝑙 ∝ 1/𝑟1.3 in Söding et al. (2001). While these 

scalings are steeper than that derived here, the difference may arise from several factors. 

First, the identification criteria and detection thresholds differ across studies, potentially 

influencing the inferred occurrence rates. Second, the dominant magnetic field component 

transitions from 𝐵𝑟 in the inner heliosphere (where 𝐵𝑟 ∝ 1/𝑟2) to 𝐵𝜙 in the outer 

heliosphere (where 𝐵𝜙 ∝ 1/𝑟), leading to different geometric projection effects through 

sin 𝜃𝑛,𝑣. In addition, the different scaling with radial distance for rotational and tangential 

discontinuities reported in Liu et al. (2021) may reflect differences in their orientation 

and its evolution with radial distance, which in turn affects the geometric factor and the 

resulting observed scaling.

2.4 Conclusion

We have collected 5 years of solar wind discontinuity data from Juno, Wind, THEMIS-B, 

and STEREO-A. The results of our analysis can be summarized as follows:
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• The occurrence rate (normalized to that at 1 AU) of SWDs decreases with radial 

distance from the Sun, following a 1/𝑟 law within [1, 5] AU.

• The thickness of SWDs increases with radial distance from the Sun; however, after 

normalization to ion inertial length, the thickness slightly decreases or remains almost 

constant within the 1-sigma spread of the distribution. The thickness distribution 

remains almost constant over a one-year observation period.

• The current density of SWDs decreases with radial distance from the Sun, but after 

normalization to the Alfvén current, it slightly increases or remains almost constant 

well within the 1-sigma spread of the distribution. The current density distribution 

slightly increases from 2011 to 2016, but after normalization, it remains identical across 

the five years, indicating that there is no effect of long-term (i.e., solar cycle) temporal 

variations on the normalized current density.

These findings provide key observational constraints for future models of SWD generation, 

evolution, and dissipation, and—together with the inner heliosphere results of Chapter 3 

—supply the empirical foundation for the particle scattering and transport analyses devel

oped in Chapter 4 and Chapter 5. Our study advances previous research by systematically 

characterizing SWD properties across a broad range of radial distances, using a single 

spacecraft (Juno) and validating the results through consistent comparisons with multi-

spacecraft observations at 1 AU. By revealing consistent normalization behaviors (such 

as thickness and current density relative to ion inertial length and Alfvén current, respec

tively), we clarify the evolutionary trends of SWDs in the heliosphere. We conclude that 

the majority of SWDs likely originate close to the Sun and subsequently evolve dynamically 

as they propagate outward, with their persistence and structure strongly influenced by 

both geometric spreading and physical dissipation processes. These insights improve our 

understanding of the origins of SWD and their influence on the dynamics of solar wind, 

offering a robust framework for future theoretical and observational studies.

2.5 Supplementary Material

This supplementary material includes Figure 2.9, which compares solar wind properties 

between model predictions and JADE observations. It also contrasts discontinuity prop
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erties derived using normal directions obtained from the cross-product method and the 

minimum variance analysis (MVA). In addition, Figure 2.10 evaluates the sensitivity of 

our SWD detection method across a wide range of radial distances 𝑟, by analyzing newly 

identified discontinuities for various values of the temporal parameter 𝑇 , ranging from 20 
to 60 seconds. The figure highlights how the relative percentage of detected discontinuities 

varies with radial distance for each 𝑇 .
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Figure 2.9:  (a-d) Comparison of solar wind properties between the model (x-axis) and JADE observations 

(y-axis): velocity (a), density (b), temperature (c), and plasma beta (d). (e-h) Comparison of discontinuity 

properties between the model and JADE observations: thickness (e), current density (f), normalized thickness 

(g), and normalized current density (h). The blue dots represent values derived using the cross-product 

normal method, while the yellow dots correspond to those obtained using the minimum variance analysis 

(MVA). (i-j) Scatter plots directly comparing discontinuity thickness (i) and current density (j), with values 

from the cross-product method on the y-axis and those from MVA on the x-axis.
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Chapter 3

Comparison of Solar Wind Current Sheets in the Inner Heliosphere

Current sheets are ubiquitous mesoscale structures in the solar wind, where the magnetic 

field changes direction abruptly over ion-scale thicknesses; whereas their lateral extents 

can exceed typical magnetohydrodynamic (MHD) scales (Zhdankin et al., 2013). They 

are most readily identified by sharp magnetic-field rotations, but can also be evident in 

simultaneous changes of plasma density, bulk velocity, and temperature (Colburn & Sonett, 

1966; Shen, 2024; Söding et al., 2001). As signatures of intermittency in turbulent solar 

wind, current sheets concentrate energy dissipation across scales and are important sites 

of plasma heating and particle acceleration (Borovsky, 2010; Osman et al., 2012; Tessein 

et al., 2013).

Understanding the formation, structure, and evolution of current sheets at different 

heliocentric distances is crucial for elucidating the mechanisms that govern solar wind 

turbulence and heating. Several statistical studies have investigated the properties of solar 

wind current sheets over a wide range of radial distances (Artemyev et al., 2018; Liu et 

al., 2021; Lotekar et al., 2022; Mariani et al., 1983; Perrone et al., 2020; Vasko et al., 2022; 

2024). Despite this progress, several important gaps remain. First, many earlier studies 

rely on datasets obtained at different times and different distances with varying temporal 

resolution of magnetic field measurements, which complicates consistent comparisons 

across heliocentric distances. Few investigations have examined simultaneous observations 

from multiple radial positions (Telloni, 2023; Velli et al., 2020), limiting our understanding 

of how the properties of current sheets evolve as the solar wind expands. Second, existing 

current sheet identification methods often depend on fixed thresholds—such as absolute 

magnetic-field jumps—or are highly sensitive to data resolution, as in the case with partial 

variance increment techniques (Greco et al., 2017). To enable meaningful cross-mission 

comparisons, more robust approaches based on normalized, resolution-independent criteria 

are needed. Finally, most prior work has classified discontinuities within the ideal MHD 

framework—for instance, distinguishing between tangential and rotational discontinuities 
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(Madar et al., 2024; Neugebauer, 2006). While useful in some contexts and extensively 

studied, these categories become inadequate at ion scales, where kinetic and multi-fluid 

effects play a central role. In this study, we move beyond strict, ideal, and single-fluid MHD 

classifications and explore the Alfvénic character of current sheets—that is, the extent to 

which plasma and magnetic-field variations follow Alfvénic correlations (Shen et al., 2024). 

Although this perspective is fundamental for understanding the origin and evolution of 

current sheets, it has received relatively limited attention in prior studies.

The Parker Solar Probe (PSP) mission (Fox et al., 2016) offers an unprecedented oppor

tunity to probe current sheets in the near-Sun environment with high cadence and to 

compare these observations with near-Earth measurements. In this study, we focus on three 

PSP perihelion intervals (Encounters 7–9) selected for their differing geometric alignments 

with the near-Earth spacecraft ARTEMIS and WIND. Encounter 7 features strong radial 

alignment that enables sampling of similar solar wind streams, while Encounter 8 exhibits 

weaker alignment, and Encounter 9 places PSP roughly 180∘ away in longitude. These 

contrasting configurations enable a controlled examination of current sheet properties and, 

more broadly, provide insight into how those properties depend on the solar wind’s source 

region.

Using a robust automated detection algorithm, we identify and analyze more than 45,000 

current sheets across the three selected intervals (approximately 17,000 from PSP). We 

systematically characterize their rotation profiles, thicknesses, current densities, magnetic 

field jumps, and Alfvénic properties. Combined with the outer heliosphere survey of 

Chapter 2, these results establish the empirical foundation for the particle scattering and 

transport models developed in Chapter 4 and Chapter 5. The remainder of this paper 

is organized as follows: Section 2 describes the datasets and analysis methods; Section 3 

presents the results and discusses their physical implications; and Section 4 summarizes 

the main conclusions.

3.1 Dataset and Methods
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In this study, we utilize magnetic field and plasma measurements from PSP (Fox et al., 

2016), ARTEMIS (Angelopoulos, 2011), and WIND (Acuña et al., 1995). For PSP, high-

resolution magnetic field data are obtained from the FIELDS instrument (Bale et al., 

2016), with a time cadence of up to 3.4 ms. Plasma measurements are provided by the 

Solar Wind Electrons, Alphas, and Protons (SWEAP) suite (Kasper et al., 2016), with a 

typical cadence of 1.7 s for ion moments from the Solar Probe ANalyzer for Ions (SPAN-I). 

Proton and electron temperature anisotropies are derived from measurements by the Solar 

Probe ANalyzer for Ions (SPAN-I) and Electrons (SPAN-E) electrostatic analyzers (Livi 

et al., 2022; Whittlesey et al., 2020). For ARTEMIS, we use magnetic-field measurements 

from the Fluxgate Magnetometer sampled at approximately 16 samples per second (Auster 

et al., 2008), along with plasma velocity and density measurements from the Electrostatic 

Analyzer (ESA) instrument, which provides moments at a cadence of 4 s (McFadden et 

al., 2009). For WIND, we use magnetic-field data from the Magnetic Field Investigation 

(MFI) instrument sampled at 11 samples per second (Lepping et al., 1995), together with 

ion (proton and alpha-particle) moments from the ion electrostatic analyzers (PESA) of 

the Plasma Analyzer (3DP), measured at a cadence of approximately 3.1 seconds (Lin et 

al., 1995).

It is worth noting that for PSP, although ion data is also available from SPC, the SPAN-i 

data was chosen due to its higher temporal resolution. Plasma density estimates delivered 

by the quasi-thermal noise spectroscopy (QTN) are also available (Moncuquet et al., 

2020). We generally find that the results using QTN data do not differ significantly from 

those derived from SPAN-I data. Due to the limitations of SPAN-I data during the early 

mission phases, when a significant portion of the solar wind distributions was out of the 

instrument’s view, our study concentrates on data beginning with Encounter 7, where 

SPAN-I provides more accurate measurements.

Our study investigates the evolution of current sheet properties during the radial expansion 

of the solar wind. To distinguish between spatial and temporal variations, we analyze 

three distinct time intervals corresponding to PSP Encounters 7 through 9, each charac

terized by different PSP–Earth alignments (Telloni, 2023; Velli et al., 2020). Encounter 

7 features a favorable alignment between PSP and Earth, enabling nearly simultaneous 

multi-point observations (PSP approached perihelion on 2021-01-17 17:40; data intervals 
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are 2021-01-15 – 2021-01-20 for PSP and 2021-01-17 – 2021-01-25 for ARTEMIS and 

WIND). Encounter 8 exhibits moderate alignment (PSP perihelion at 2021-04-29 08:48; 

data intervals 2021-04-27 – 2021-05-02 for PSP and 2021-04-29 – 2021-05-04 for ARTEMIS 

and WIND). In Encounter 9, PSP and Earth are located at substantially different helio

longitudes, with most PSP footpoints lying on the far side of the Sun (PSP perihelion 

on 2021-08-09 at 19:11; data intervals 2021-08-07 – 2021-08-12 for PSP and 2021-08-09 

– 2021-08-14 for ARTEMIS and WIND). By comparing these intervals, we assess how 

the derived current sheet properties depend on the relative geometry of the heliospheric 

magnetic field and the temporal context of the observations. Our results show that 

although specific plasma parameters vary slightly among intervals, the overall statistical 

characteristics of the current sheets remain largely consistent. This suggests that the 

observed statistics are not strongly sensitive to either the relative geometry or the temporal 

context of the measurements.

Figure 3.1 provides an overview of the selected time interval from Encounter 7, comparing 

measurements from the PSP (left panels) and WIND (right panels) missions. From top 

to bottom, the panels display 8-minute averages of the magnetic field magnitude, proton 

number density, and proton bulk flow speed, followed by ion and electron temperatures 

resolved in the parallel and perpendicular directions. To facilitate comparison, WIND 

measurements are scaled to 20𝑅⊙ using the empirical relations for the magnetic-field 

magnitude 𝐵 and plasma number density 𝑛: 𝐵scaled/𝐵 = (20𝑅⊙/1 AU)−1.59, 𝑛scaled/𝑛 =
(20𝑅⊙/1 AU)−1.96 (Perrone et al., 2019). The fifth and sixth panels present, respectively, 

the median Alfvén ratio and the total number of current sheets identified within each 

four-hour interval. The Alfvén ratio is defined as 𝑅𝑉𝐵 = | Δ𝐕 | / | Δ𝐕𝐴 |, where 𝐕 is the 

plasma velocity and 𝐕𝐴 = 𝐁/√𝜇0𝜌 is the Alfvén velocity, with 𝜌 the mass density and 

𝜇0 the vacuum permeability. Including the anisotropy factor Λ = 𝜇0(𝑝∥,𝑒 − 𝑝⟂,𝑒 + 𝑝∥,𝑖 −
𝑝⟂,𝑖)/𝐵2 does not significantly affect the Alfvén ratio 𝑅∗

𝑉𝐵 = 𝑅𝑉𝐵/
√
1 − Λ, where 𝑝∥ and 

𝑝⟂ denote the pressures parallel and perpendicular to the magnetic field for electrons (𝑒) 
and ions (𝑖); its average value is approximately 0.5 for PSP and 0.4 for WIND over the 

entire time interval. The number of current sheets varies from roughly 100 to 300 per four-

hour window, corresponding to an average of about 1,000 and 800 current sheets per day 

for PSP and WIND, respectively. The PSP occurrence rates are broadly consistent with 

those of previous studies at similar heliocentric distances (Liu et al., 2021; Lotekar et al., 
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2022). Compared with the occurrence rate of about 150 events per day identified at 1 

AU by Vasko et al. (2022); Zhang et al. (2025a), our analysis detects substantially more 

current sheets, mainly because we do not limit our survey to only the most intense kinetic-

scale current sheets (see Methodology below).

Panels (a.7) and (b.7) present the time series of cross helicity and residual energy, calcu

lated every 8 minutes for PSP and WIND, respectively. These quantities characterize the 

Alfvénic nature of and energy balance between the ambient plasma flow and magnetic fluc

tuations, and are computed in the standard form (Huang et al., 2025; Wicks et al., 2013): 

𝜎𝑐 =
2⟨𝛿𝐕⋅𝛿𝐕𝐴⟩

⟨𝛿𝐕2⟩+⟨𝛿𝐕2
𝐴⟩
, 𝜎𝑟 =

⟨𝛿𝐕2⟩−⟨𝛿𝐕2
𝐴⟩

⟨𝛿𝐕2⟩+⟨𝛿𝐕2
𝐴⟩
, where 𝛿𝐕 and 𝛿𝐕𝐴 are the fluctuating velocity and 

Alfvén velocity, respectively. Alfvénic fluctuations are typically characterized by | 𝜎𝐶 | ≈
1 and | 𝜎𝑅 | ≈ 0. A large magnitude of the normalized cross-helicity, 𝜎𝐶 , indicates that 

the fluctuations are dominated by either outward- or inward-propagating Alfvénic modes, 

while a small magnitude of the normalized residual energy, 𝜎𝑅, implies near-equipartition 

between kinetic and magnetic fluctuation energies. For PSP, 𝜎𝐶 displays extended intervals 

with values close to ±1, signifying prolonged periods of strongly Alfvénic fluctuations. 

Notably, a sharp transition in 𝜎𝐶 occurs around 12:00 on 2021-01-17, coincident with 

a heliospheric current sheet crossing. The residual energy 𝜎𝑟 remains mostly negative 

throughout, consistent with magnetic-energy–dominated turbulence (McIntyre et al., 2023; 

Sioulas et al., 2023). In contrast, both 𝜎𝑐 and 𝜎𝑟 measured by WIND fluctuate more 

irregularly and lack the long, coherent intervals of high Alfvénicity seen by PSP. The cross 

helicity varies broadly between −0.5 and +0.5, reflecting the more evolved and mixed 

solar wind at 1 AU where Alfvénic correlations weaken due to turbulence evolution and 

stream interactions. The final two panels display 8-minute averages of helium abundance 

and plasma beta, providing complementary information on the compositional and thermal 

conditions of the solar wind. The helium abundance is sensitive to the coronal heat flux into 

the chromosphere and transition region, with local variations in magnetic topology modu

lating how this heat flux is transported and ultimately imprinting source-region signatures 

in the solar wind (Alterman & D'Amicis, 2025). Plasma beta, which measures the ratio 

of thermal to magnetic pressure, is typically enhanced in slow solar wind originating from 

the streamer belt, forming a high-𝛽 equatorial plasma sheet in the vicinity of heliospheric 

current sheet crossings (Huang et al., 2023). Together, these parameters provide critical 

diagnostics for identifying the source regions of different solar wind streams.
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Figure 3.1:  Overview of Encounter 7 comparing PSP (left) and WIND (right) observations. Panels show 8-

minute averages of (a.1, b.1) magnetic field magnitude, (a.2, b.2) proton density, (a.3, b.3) flow speed, (a.4, 

b.4) ion and electron temperatures, (a.5, b.5) Alfvén ratio, (a.6, b.6) current-sheet counts, (a.7, b.7) cross 

helicity and residual energy, (a.8, b.8) helium abundance, and (a.9, b.9) plasma beta. WIND measurements 

are radially scaled to 20𝑅⊙ for comparison.

To identify current sheets, we employ an improved automated detection algorithm adapted 

from previous studies (Liu et al., 2022b; Zhang et al., 2025a). The magnetic field data 

are divided into consecutive time intervals, each lagged by a time 𝑇 . For each interval, we 

compute the standard deviation of the vector magnetic field, 𝜎(𝐁), and compare it with 

those of the adjacent intervals, 𝜎(𝐁−) and 𝜎(𝐁+). An interval is flagged as a potential 

current sheet when its standard deviation significantly exceeds those of its neighbors, indi

cating a sharp magnetic field variation: 𝜎(𝐁) > 2max(𝜎(𝐁−), 𝜎(𝐁+)). For each candidate 

interval, we refine the boundaries of the potential current sheet by using the distance 
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between two magnetic field vectors, 𝑑(𝑡𝑎, 𝑡𝑏) =∥ 𝐁(𝑡𝑎) − 𝐁(𝑡𝑏) ∥. The leading and trailing 

edges, 𝑡𝑎 and 𝑡𝑏 (𝑡𝑎 < 𝑡𝑏), are defined such that 𝑑(𝑡𝑎, 𝑡𝑏) attains its maximum value within 

the interval. To minimize false detections—particularly those caused by wave-like or hole-

like structures (Karlsson et al., 2021) that may mimic current sheet signatures—we impose 

the additional requirement | Δ𝐁 | /⟨| 𝐁 |⟩ ≥ 1/10, where ⟨| 𝐁 |⟩ is the mean magnetic-

field magnitude averaged over the duration of the current sheet crossing. We also evaluate 

the magnetic field orientation across each candidate structure by computing the angles 

between magnetic field vectors at the leading and trailing edges and comparing them with 

the angles between each edge and the midpoint of the interval. Only intervals where the 

edge-to-edge angle exceeds all interior angles are retained as valid current sheet candidates. 

Because current sheets span a range of spatial and temporal scales, we performed the 

identification procedure using multiple time lags (𝑇 = 2, 4, 8, 16, 32, 64 s). The resulting 

event lists from each search were merged into a comprehensive catalog after duplicates 

were removed. A subset of automatically detected intervals was visually inspected. All 

visually inspected events show clear current sheet signatures, such as (1) well-bounded 

regions with localized rotations of the magnetic field vector and (2) magnetic reversals in 

the maximum-variance direction. These features confirm the robustness and reliability of 

the automated detection procedure.

We also compared our approach to the Partial Variance of Increments (PVI) method for 

current sheet identification (Greco et al., 2017). Although the PVI technique is effective 

for detecting short-duration, kinetic-scale current sheets characterized by sharp gradients, 

it often fails to capture larger-scale structures that exhibit smoother yet coherent magnetic 

field variations. Moreover, the PVI method is highly sensitive to data resolution, compli

cating comparisons across missions with instruments of different temporal cadences. When 

the analysis is restricted to the smallest lag available in all datasets (e.g., 𝑇 = 2 s), the PVI 

method identifies a comparable number of current sheets and produces similar statistical 

properties to our standard detection approach. However, because PVI does not reliably 

capture the full range of larger-scale events and is difficult to apply uniformly across 

missions, we do not proceed to utilize PVI-derived detections.

Once the current sheets are identified, we apply a minimum variance analysis (MVA) 

(Sonnerup & Scheible, 1998) to transform the magnetic field and plasma data into the local 
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LMN coordinate system, where 𝐿, 𝑀 , and 𝑁  correspond to the directions of maximum, 

intermediate, and minimum variance, respectively. The maximum variance component, 𝐵𝐿, 

is then fitted with a hyperbolic tangent profile to extract parameters characterizing each 

current sheet, following the standard Harris current sheet model (Harris, 1962): 𝐵𝐿(𝑡) =
𝐵𝐿,𝑖 tanh(

𝑡−𝑡𝑖
Δ𝑡𝑖/2

) + 𝑐𝑖 where 𝐵𝐿,𝑖 is the magnitude of the magnetic field change in the 

maximum variance direction, 𝑡𝑖 is the detection time, Δ𝑡𝑖 is the temporal duration, and 

𝑐𝑖 is a magnetic field offset.

Assuming that the current sheets are one-dimensional planar structures, their spatial scale 

(thickness) can be estimated once the normal direction is determined. The normal vector 

can be obtained either from the minimum variance direction given by MVA or from the 

cross product of the magnetic field vectors at the current sheet boundaries. However, 

previous studies have shown that the MVA-derived normal direction can often be unreliable 

(Knetter et al., 2004; Wang et al., 2024). The accuracy can be improved by imposing 

additional constraints such as Δ|𝐵|/|𝐵| > 0.05 or 𝜔 > 60° (Liu et al., 2023), where Δ|𝐵| 
denotes the change in magnetic field magnitude and 𝜔 is the field rotation angle across the 

discontinuity. The cross-product method, on the other hand, requires that the magnetic 

field component along the normal direction (𝐵𝑛) be small, making it unsuitable when 𝐵𝑛 

is large. In this study, we apply both methods and report results based on the subset of 

events that satisfy Δ|𝐵|/|𝐵| > 0.05 or 𝜔 > 60°. The results derived using the cross-product 

method are presented in the Supplementary Material.

The spatial thickness of each current sheet is estimated as 𝛿 = 𝑉𝑛Δ𝑡, where 𝑉𝑛 is the plasma 

velocity projected along the normal direction. The current density associated with the main 

magnetic field reversal is calculated from 𝐽𝑚 = − 1
𝜇0𝑉𝑛

𝑑𝐵𝑙
𝑑𝑡 . Within our fitting framework, 

the magnetic field derivative can be approximated as max(𝑑𝐵𝐿/𝑑𝑡) = 2𝐵𝐿,𝑖/Δ𝑡𝑖. This 

approach provides a more robust estimate than direct differentiation, as it is less sensitive 

to measurement noise and limited temporal resolution. The mean values of proton density, 

temperature, and alpha-particle density of each interval are used to compute the Alfvén 

velocity, pressure anisotropy factor, plasma beta, and alpha-particle abundance, thereby 

providing a comprehensive characterization of the plasma environment associated with 

each current sheet.
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The upstream and downstream conditions are defined using timestamps immediately 

before and after the current sheet boundaries, respectively, such that Δ𝐕 = 𝐕downstream −
𝐕upstream. The cosine of the angle between the velocity jump, Δ𝐕, and the Alfvén velocity 

jump, Δ𝐕𝐴, is then calculated as cos 𝜃 = Δ𝐕⋅Δ𝐕𝐴
∥Δ𝐕∥∥Δ𝐕𝐴∥

, serving as a measure of Alfvénic 

alignment. Finally, the cross helicity, 𝜎𝑐, and residual energy, 𝜎𝑟, are computed within 

intervals extending from each current sheet edge to eight times the current sheet duration 

(or at least 30 s on either side). These parameters quantify the degree of Alfvénicity 

and the relative contributions of kinetic and magnetic energy fluctuations in the ambient 

solar wind.

Figure 3.2 presents two representative current sheet examples observed by PSP (left 

panels) and ARTEMIS (right panels). From top to bottom, the panels display, in LMN 

coordinates, the magnetic field, proton velocity, and the shifted Alfvén velocity 𝐕𝐴 =
𝐁√𝜇0𝜌

−𝐕𝐴,0, where 𝐕𝐴,0 is the Alfvén velocity at the center of the current sheet. The 

cosine of the angle between the velocity jump, Δ𝐕, and the Alfvén velocity jump, Δ𝐕𝐴, is 

approximately −0.82 for PSP and −0.95 for ARTEMIS, indicating strong anti-correlation. 

The corresponding Alfvén ratio, 𝑅𝑉𝐵, is approximately 0.32 for both PSP and ARTEMIS.
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Figure 3.2:  Representative examples of current sheets observed by the Parker Solar Probe (PSP; panels a.1–

a.3) and ARTEMIS (panels b.1–b.3) in the local LMN coordinate system. Panels (a.1) and (b.1) show the 

magnetic field components 𝐵𝐿, 𝐵𝑀 , and 𝐵𝑁 , together with the magnetic field magnitude 𝐵. The red dashed 

lines indicate the hyperbolic tangent fits used to derive current sheet parameters. Panels (a.2) and (b.2) 

display the proton bulk velocity components 𝑉𝐿, 𝑉𝑀 , and 𝑉𝑁 . Panels (a.3) and (b.3) show the shifted Alfvén 

velocity components 𝑉𝐴,𝐿, 𝑉𝐴,𝑀 , and 𝑉𝐴,𝑁 . The vertical gray dashed lines mark the leading and trailing 

edges of each identified current sheet.

3.2 Results and Discussion

Figure 3.3 presents the probability density functions (PDFs) of current sheet thickness, 

𝛿, current density, 𝐽 , and magnetic field jump magnitude, | Δ𝐁 |, derived from different 

missions and time intervals. For thickness and current density, we display here a subset 

of the dataset where MVA normals are trustworthy. The results using the cross product 

method for the current sheet normals are displayed in Supplementary Material Figure 3.9 

and do not show any significant difference. Note, we do not restrict the dataset for the 

statistics of magnetic field jump magnitude since the jump magnitude does not depend on 
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the normal direction. To better understand how these properties relate to the local plasma 

environment (Vasko et al., 2022; 2024; Zhang et al., 2025a), we normalize the current sheet 

thickness by the ion (proton) inertial length, 𝑑𝑖 = 𝑐/𝜔𝑝𝑖, and the current density by the 

Alfvén current density, 𝐽𝐴 = 𝑒𝑁𝑉𝐴 = 𝐵/𝜇0𝑑𝑖. Both parameters represent natural plasma 

scales: the ion inertial length characterizes the spatial scale where ions decouple from the 

magnetic field, while the Alfvén current density corresponds to the characteristic current 

generated by the drift of electrons and ions relative to each other at the local Alfvén speed, 

𝑉𝐴. These quantities are particularly relevant in studies of MHD turbulence and magnetic 

reconnection (Franci et al., 2017; Zhdankin et al., 2013).

The absolute thickness, 𝛿, increases from PSP to ARTEMIS and WIND, indicating a 

broadening of current sheets with solar wind expansion. After normalization by the ion 

inertial length, however, the characteristic scale 𝛿/𝑑𝑖 decreases slightly with increasing 

distance. Similar behavior has been reported by Madar et al. (2024) using Parker Solar 

Probe and Solar Orbiter data, where the thickness of rotational discontinuities in ion 

inertial length units decreases rapidly until approximately 0.3 AU. We additionally 

examined the scaling proposed by Shaikh et al. (2026), which accounts for the dependence 

of current sheet thickness on plasma beta. Applying the proton-beta-dependent normal

ization, 𝛿/𝑑𝑖𝛽0.23, does not appreciably modify the distributions of normalized thicknesses 

shown in Figure 3.3, indicating that proton beta effects do not play a dominant role in 

shaping the observed radial trends in our dataset.

The normalized current density, 𝐽𝑚/𝐽𝐴, shows remarkably similar distributions across the 

PSP, WIND, and ARTEMIS datasets. This suggests that the relative strength of current 

sheets, when expressed in local plasma units, is largely independent of radial distance 

from the Sun. This trend is consistent with previous studies based on joint WIND–Ulysses 

measurements between 1 and 5 AU (Vasko et al., 2022; 2024) and Juno observations from 

1–5 AU (Zhang et al., 2025a). All of which similarly found that the normalized current 

density remains nearly constant while the normalized thickness gradually decreases with 

increasing heliocentric distance.

The distributions of magnetic field jumps (| Δ𝐁 | and | Δ𝐁 | /⟨| 𝐁 |⟩) exhibit pronounced 

differences across the missions. In particular, PSP observations display a markedly distinct 
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distribution compared with WIND and ARTEMIS, characterized by substantially larger 

magnetic field jumps, even after normalization. These enhanced jumps indicate stronger 

magnetic field reversals in the near-Sun environment and are likely associated with the 

frequent occurrence of switchbacks (Bale et al., 2019; Wit et al., 2020). Previous studies 

have shown that switchbacks progressively dissipate with increasing heliocentric distance, 

as their amplitudes decrease more rapidly than the background turbulent fluctuations (Shi 

et al., 2022; Soni et al., 2024; Tenerani et al., 2021). The discrepancy between ARTEMIS 

and WIND is more plausibly related to the ARTEMIS spacecraft’s proximity to the bow 

shock. The foreshock region hosts strong compressional fluctuations and reflected hot ions, 

favoring a higher occurrence of compressional current sheets compared to the pristine solar 

wind. This environmental effect likely contributes to the larger (normalized) magnetic-

field jumps observed by ARTEMIS (Kropotina et al., 2021).
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Figure 3.3:  Probability density functions of current sheet properties obtained from different missions (color-

coded) and encounters (distinguished by line styles). The left column shows unnormalized quantities, while 

the right column presents values normalized by characteristic plasma scales. From top to bottom, panels 

display the distributions of (a-b) current sheet thickness 𝛿 and its normalized form 𝛿/𝑑𝑖; (c-d) current 

density 𝐽𝑚 and normalized current density 𝐽𝑚/𝐽𝐴; and (e-f) magnetic field jump magnitude | Δ𝐁 | and its 

normalized value | Δ𝐁 | /⟨| 𝐁 |⟩. The ion inertial length is 𝑑𝑖 = 𝑐/𝜔𝑝𝑖, and the Alfvén current density is

Figure 3.4 presents the joint distributions between (a) current density and current 

sheet thickness, (b) normalized current density and normalized thickness, (c) normalized 

thickness and normalized magnetic field jump, and (d) normalized current density and 

normalized magnetic field jump. A clear inverse correlation is evident between the (nor
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malized) current density and (normalized) current sheet thickness, indicating that stronger 

currents are generally associated with thinner sheets—that is, smaller-scale current sheets 

tend to be more intense. After normalization, the scatter distributions of current density 

versus thickness are highly similar across different missions (different radial distances), 

both in overall shape and in the range of values. This similarity suggests that the statis

tical relationship between normalized current density and scale is largely independent of 

heliocentric distance.

In contrast, the relationship between the magnetic field jump and current sheet thickness, 

shown in Panel (c), is relatively weak. For a given range of magnetic field jump amplitudes, 

the corresponding spatial scales exhibit a broad distribution, spanning up to two orders 

of magnitude. Moreover, Panel (d) showcases there is no clear one-to-one correspondence 

between the magnetic field jump amplitude and the current density. Scale-dependent 

properties of current sheets have been reported by several previous studies using PSP, 

WIND, and Ulysses observations (Lotekar et al., 2022; Vasko et al., 2022; 2024). However, 

whereas earlier studies primarily focused on kinetic-scale current sheets, our analysis 

extends this investigation to a broader range of scales—covering nearly two additional 

orders of magnitude in normalized current density and normalized current sheet thickness.

Results shown in Figure 3.4 remain largely unchanged when the current sheet normal 

is determined using the magnetic field cross-product method rather than the minimum 

variance analysis. This consistency across methods confirms that the observed correlations 

are not strongly affected by the specific approach used to estimate the current sheet 

geometry.
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Figure 3.4:  Scatter plots of (a) current density versus current sheet thickness, (b) normalized current density 

versus normalized current sheet thickness, (c) magnetic field jump magnitude versus normalized current 

sheet thickness, and (d) normalized magnetic field jump magnitude versus normalized current density.

For an ideal MHD rotational discontinuity (RD), variations in the plasma velocity and 

magnetic field satisfy the Walén relation, Δ𝐕 = ±Δ𝐕𝐴, and the the magnetic field is 

approximately incompressible across the current sheet, such that Δ𝐵 ≈ 0 (Hudson, 1970). 

The Walén relation requires agreement in both magnitude and direction between the 

plasma velocity change and the corresponding Alfvén velocity change. However, most 

observed current sheets deviate from these ideal conditions.

To quantify the degree of Alfvénicity and the deviations from ideal RD behavior, we 

examine both the magnitude and angular differences between Δ𝐕 and Δ𝐕𝐴, as well as 

the variation in magnetic field strength across each current sheet. Figure 3.5 summarizes 

the statistical results. Panel (a) shows the ratio of velocity-jump magnitude to Alfvén 

velocity-jump magnitude. Across all missions, the ratio is generally less than unity, with 

mean values of approximately 0.6 for PSP and 0.5 for the combined WIND and ARTEMIS 

datasets. Panel (b) displays the cosine of the angle between the velocity and Alfvén velocity 

jumps. All missions exhibit clustering near 0∘ and 180∘, corresponding to correlated and 

anti-correlated states, respectively. PSP observations exhibit stronger alignment (cosine 

values closer to ±1), whereas WIND and ARTEMIS data show a broader angular spread. 
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Panels (c) and (d) present the fractional change in magnetic field magnitude across current 

sheets. These variations are small (about 0.1 on average) for all missions, with PSP showing 

slightly smaller changes than WIND and ARTEMIS. This indicates that most current 

sheets are nearly incompressible.

We also calculate the Alfvén velocity, including the anisotropy factor Λ = 𝜇(𝑝∥,𝑒 − 𝑝⟂,𝑒 +
𝑝∥,𝑖 − 𝑝⟂,𝑖)/𝐵2, for PSP and WIND observations when the necessary plasma data are 

available. In most cases, including this anisotropy correction does not significantly alter 

the velocity-jump ratio. The persistent discrepancy between the observed ratios (𝑅 <
1) and the predictions of anisotropic MHD theory may have several explanations. First, 

the limited temporal resolution of the plasma anisotropy measurements—typically much 

lower than that of the magnetic field data—may cause underestimation of instantaneous 

variations at current sheet crossings (J. Huang et al., 2020; Shen et al., 2024). Second, 

kinetic-scale magnetic discontinuities often deviate from the assumptions of MHD theory: 

their non-Maxwellian particle velocity distributions, including plasma agyrotropies and 

field-aligned beams (Artemyev et al., 2020b; Neukirch et al., 2020a), are not accounted 

for in the fluid equations but can strongly influence the measured velocity ratios. Finally, 

uncertainties in deriving the parallel and perpendicular temperatures—typically obtained 

from nonlinear fits to complex velocity distribution functions—may introduce additional 

errors, especially when multiple particle populations are present (Halekas et al., 2020; J. 

Huang et al., 2020).
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Figure 3.5:  Probability density functions of parameters used to characterize the Alfvénicity of current 

sheets: (a) ratio of velocity-jump magnitude to Alfvén velocity-jump magnitude, (b) cosine of the angle 

between the two vectors, (c) the variation in magnetic field magnitude between the leading and trailing 

edges of each current sheet; and (d) the maximum variation in magnetic field magnitude observed within 

each current sheet.

To further investigate the physical origins of the observed deviations from Alfvénic 

behavior, we use a single scalar parameter, 𝑄±, introduced by (Sonnerup et al., 2018), to 

quantify the Alfvénicity of current sheets and examine how 𝑄± correlates with key current 

sheet and plasma parameters.

The parameter 𝑄± is defined as 𝑄± = ±(1 − | Δ𝐕∓Δ𝐕𝐴 |
| Δ𝐕 | + | Δ𝐕𝐴 |), which combines both mag

nitude and directional discrepancies between the velocity and Alfvén velocity jumps, and 

satisfies −1 < 𝑄± < 1. The upper sign is used for cases where cos 𝜃 > 0 and the lower sign 

for cos 𝜃 < 0. The values of 𝑄± approaching ±1 correspond to a highly Alfvénic behavior. 

The joint distribution of | Δ𝐕 | / | Δ𝐕𝐴 | and cos 𝜃 is shown in the first panel of Figure 3.6.
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Figure 3.6:  (a) Joint distribution of the velocity-jump ratio (| Δ𝐕 | / | Δ𝐕𝐴 |) and the cosine of the 

alignment angle (cos 𝜃), used in computing the Sonnerup (𝑄±) parameter. (b) Joint distribution of cross 

helicity 𝜎𝑐 and 𝑄±. (c) Joint distribution of residual energy 𝜎𝑟 and 𝑄±. (d) Joint distribution of temporal 

duration and 𝑄±.

We examine the relationship between 𝑄± and various current sheet and ambient solar 

wind properties. Most parameters show little or no correlation with 𝑄±; however, two 

quantities exhibit strong correlations: the cross helicity, 𝜎𝑐, and residual energy, 𝜎𝑟, of the 

surrounding solar wind. These parameters respectively describe the degree of velocity–

magnetic field correlation and the partition of energy between velocity and magnetic field 

fluctuations. Both serve as indicators of the Alfvénic character of the background solar 

wind rather than of individual current sheets.

Panels (b) and (c) of Figure 3.6 show that the Alfvénicity of the current sheets, represented 

by 𝑄+, increases with greater cross helicity and greater residual energy (more positive), 

while 𝑄− increases with greater cross helicity and smaller residual energy (more negative). 

This trend suggests that current sheets embedded within highly Alfvénic solar wind 

streams tend to exhibit more substantial velocity–magnetic field alignment, whereas those 

located in more turbulent or energy-imbalanced regions—where magnetic energy (𝐸𝐵) 

exceeds kinetic energy (𝐸𝑉 )—exhibit greater departures from Alfvénic expectations.
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Additionally, observations reveal a weak positive correlation between Alfvénicity (𝑄±) and 

the temporal duration of current sheets, as shown in Panel (d) of Figure 3.6. In contrast, 

no clear correlation is found between current-sheet thickness and Alfvénicity. However, 

the correlation between Alfvénicity and temporal duration may be partially influenced by 

instrumental limitations, as longer-duration events are more reliably resolved in plasma 

velocity measurements. This effect is evident in the spacecraft dependence: PSP, with its 

higher cadence, shows a much weaker correlation, whereas ARTEMIS and WIND, which 

operate at lower cadence, display a stronger apparent correlation. Other plasma parame

ters, such as plasma beta and alpha-particle abundance, show no significant correlation 

with 𝑄±, implying that the Alfvénic nature of current sheets is primarily governed by the 

local turbulent environment rather than by large-scale plasma conditions.

Since the normal component of the magnetic field plays a key role in determining both 

the spatial scale and the associated current density, we next examine the rotational 

characteristics of the current sheets and their relationship with the normalized normal 

magnetic field component, 𝐵𝑁/𝐵. Figure 3.7 shows the distributions of the in-plane 

rotation angle (also referred to as the shear angle) and the normalized normal component 

𝐵𝑁/𝐵, along with their joint distributions for different missions. Panel (a) reveals that 

PSP observes a distinctly different distribution of rotation angles compared to the WIND 

and ARTEMIS missions, while the distributions of 𝐵𝑁/𝐵 are largely similar, as shown in 

Panel (b). This discrepancy suggests that the rotational structure of current sheets evolves 

significantly as the solar wind propagates from the near-Sun environment to 1 AU. The 

multiple peaks observed in the PSP shear-angle distribution likely reflect the coexistence 

of several current sheet populations. As the solar wind expands and mixes, this structured 

distribution becomes smoother, as observed by WIND and ARTEMIS near Earth. We note 

that the identification criteria and additional constraints imposed to ensure the reliability 

of the minimum variance analysis exclude some current sheets with small shear angles, 

which may contribute to the apparent single peak in the PDFs (Liu et al., 2023). However, 

current sheets with shear angles exceeding ≈ 30∘ necessarily satisfy the selection criteria 

and are therefore unaffected. Consequently, the PDFs are considered reliable for 𝜔in > 30∘.

The distribution of 𝐵𝑁/𝐵 is clearly bimodal, with one population corresponding to nearly 

field-aligned normals and another to nearly perpendicular normals. Only a small fraction 
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of events fall in the intermediate range. Such bimodal behavior is consistent with the 

coexistence of different types of discontinuities—most notably rotational and tangential 

discontinuities (Madar et al., 2024). We note, however, that our selection criteria may 

have different passing rates for different values of 𝐵𝑁/𝐵, which could affect the relative 

amplitudes of the PDFs, though unlikely the presence of the bimodal structure itself (Liu 

et al., 2023).

Panel (c) shows the joint distribution of the in-plane rotation angle and 𝐵𝑁/𝐵, where 

each column has been normalized to highlight how the rotation angle varies with 𝐵𝑁/𝐵. 

The distinct distribution observed by PSP again indicates an evolutionary trend: current 

sheets closer to the Sun exhibit a more structured and varied rotational behavior, and 

they are smoother and more uniform at 1AU.
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Figure 3.7:  (a) Probability density functions of the in-plane rotation angle (𝜔in) for PSP and ARTEMIS + 
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Joint distributions of 𝜔in and 𝐵𝑁/𝐵 for PSP (left) and ARTEMIS + WIND (right).
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Finally, Figure 3.8 presents the PDFs of current sheet temporal durations, Δ𝑡, observed by 

different missions. Under the assumption that current sheets propagate without significant 

relaxation, the temporal separation between different parts of a structure should remain 

unchanged between inner and outer spacecraft, independent of solar-wind acceleration 

(Berriot et al., 2024). As such, temporal duration provides additional diagnostic infor

mation on the nature and evolution of current sheets. The resulting distributions differ 

noticeably in shape, reflecting variations in the relative occurrence of short- and long-

duration events across the datasets. In particular, changes in slope with increasing duration 

suggest the presence of at least two, and possibly three, distinct regimes contributing 

to the observed range of current sheet durations. The shortest-duration events are likely 

associated with kinetic-scale current sheets, while the longer-duration events may corre

spond to flux-tube boundaries, large-scale magnetic structures, or even heliospheric current 

sheet crossings (Borovsky, 2008; Liou & Wu, 2021). The similar slopes observed at longer 

durations across missions indicate that large-scale structures are relatively stable with 

heliocentric distance. In contrast, the short-duration population evolves more rapidly as 

the solar wind expands, either because such structures are generated locally by turbulence 

or because they are advected with the flow after being generated by turbulence much closer 

to the Sun.

Assuming that current sheets propagate radially without significant distortion or dissi

pation, the measured temporal duration can be interpreted as a proxy for the spatial 

thickness of the structure. This interpretation is modulated by the local magnetic field 

orientation but is not affected by solar wind acceleration. To account for geometric effects, 

we apply a correction based on the Parker spiral model by multiplying the PSP durations 

by a factor sin(ΘEarth)/ sin(ΘPSP). Here, Θ ≈ arctan(𝐵𝑇 /𝐵𝑅) denotes the angle between 

the magnetic field and the radial direction, where 𝐵𝑅 and 𝐵𝑇  are the radial and transverse 

components of the magnetic field, respectively. Although this correction is a simplified 

approximation, it provides a useful scaling comparison: after adjustment, the PSP duration 

distribution aligns closely with those of WIND and ARTEMIS near 1 AU for short-duration 

current sheets. This agreement suggests that the shortest-duration (kinetic-scale) current 

sheets are predominantly oriented perpendicular to the mean magnetic field and evolve 

substantially with distance from the Sun.
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3.3 Conclusion

1. We investigated three Parker Solar Probe (PSP) encounters, complemented by 

ARTEMIS and WIND measurements, to identify and characterize current sheets across 

different heliocentric distances. The results indicate that variations in the selected time 

intervals exert only a minor influence on key current sheet properties such as thickness, 

current density, and Alfvénicity. This suggests that the observed evolution of current 

sheet characteristics primarily reflects spatial effects associated with radial expansion 

rather than temporal variability.

2. Our analysis confirms that current sheet properties are closely linked to local plasma 

conditions. In particular, the results extend previously reported scale-dependent rela
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tionships between current-sheet thickness and current density by more than two orders 

of magnitude, encompassing structures ranging from kinetic to large magnetohydrody

namic (MHD) scales. Despite substantial differences in absolute scales, the normalized 

current density remains nearly constant across radial distances, while the normalized 

current-sheet thickness exhibits only a modest increase with heliocentric distance. 

Variations in the median values are minor compared to the widths of the corresponding 

probability density functions, indicating that the intrinsic spread of current sheet 

properties dominates over systematic radial trends. The pronounced anti-correlation 

between current density and spatial scale—stronger current densities corresponding 

to thinner sheets—and the similarity of normalized current densities across radial 

distances indicate a close connection between current sheets and MHD turbulence, since 

localized, non-Gaussian current density enhancements are a hallmark of intermittency 

in turbulent plasmas.

3. The Alfvénicity of current sheets, quantified by the parameter 𝑄, remains below 

unity for the majority of events. The magnitude ratios reported by PSP and WIND 

are broadly consistent, while PSP observations show smaller angular deviations than 

those from WIND and ARTEMIS. Pressure anisotropy alone does not account for the 

observed velocity and magnetic field jumps. Instead, the degree of Alfvénicity appears 

to be primarily controlled by the surrounding turbulent plasma state—specifically, 

by cross helicity and residual energy. Most current sheets exhibit low compressibility 

(typically $<$0.1). These findings support a picture in which current sheets are 

embedded within, and shaped by, the local turbulent cascade. In other words, the local 

macroscopic turbulence environment determines whether a boundary appears Alfvénic 

or non-Alfvénic when sampled in situ.

4. A comparison between PSP and near-Earth missions reveals that the statistical proper

ties of solar wind current sheets undergo systematic evolution with heliocentric distance. 

Apparent differences are observed in the distributions of unnormalized current density, 

thickness, magnetic field jump, rotation angle, and temporal duration. Processes that 

may drive this evolution include global solar wind expansion (Matteini et al., 2012), 

nonlinear dynamics of Alfvén waves and Alfvénic turbulence (Medvedev et al., 1997), 

and interactions with other coherent structures. This evolution has important implica
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tions for the role of current sheets in plasma heating (Sioulas et al., 2022), particle 

energization and transport (Zhang et al., 2025b), which are expected to depend strongly 

on radial distance.

Taken together, our results support a picture where current sheets are predominantly tur

bulence-generated, dynamically evolving structures whose Alfvénic character is governed 

by the ambient solar wind turbulence properties—through cross helicity and residual 

energy. The sub-unity Alfvénicity and its dependence on ambient turbulence are further 

interpreted through the multifluid equilibrium model of Appendix A, which shows how 

interpenetrating ion populations can produce the observed velocity–Alfvén speed discrep

ancy. The tight coupling between current sheet intensity and spatial scale, the coexistence 

of at least two structural regimes, and the systematic radial evolution of their properties 

collectively point to a complex interplay between intermittent turbulence, solar wind 

expansion, and kinetic processes. Resolving these features will require higher-resolution 

particle measurements, multi-spacecraft observations, and dedicated kinetic modeling.

3.4 Supplementary Material

To assess the robustness of our results to the choice of coordinate system, we repeated 

our analysis using current sheet normals determined by the magnetic field cross-product 

method, rather than minimum variance analysis (MVA) as shown in Figure 3.9 and 

Figure 3.10. Comparison of Figure 3.9, Figure 3.10 and Figure 3.4, Figure 3.3 demonstrates 

that main results obtained via the two methods are very similar.
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Figure 3.9:  Same as Figure 3.3 but using cross product to determine the normal direction to the current sheet.
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Figure 3.10:  Same as Figure 3.4 but with current sheet normals determined using the magnetic field cross-

product method instead of minimum variance analysis (MVA).
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Chapter 4

Quantification of Particle Scattering by Solar Wind Current Sheets: 

Pitch-Angle Diffusion Rates

Current sheets—coherent structures arising from the turbulent energy cascade—act as 

efficient scatterers of energetic particles in collisionless plasmas (Artemyev et al., 2020a; De 

Giorgio et al., 2017; Malara et al., 2021; Perrone et al., 2020). Because they are ubiquitous 

throughout the heliosphere, their interaction with energetic particles is a systematic rather 

than incidental feature of particle transport, with implications for SEP modeling (Desai 

& Giacalone, 2016; Giacalone, 2013).

Despite extensive research on magnetic turbulence (Oughton & Engelbrecht, 2021; Pucci 

et al., 2016), the quantitative impact of coherent structures on particle transport remains 

insufficiently explored. Previous studies have primarily focused on idealized turbulence 

models (Giacalone & Jokipii, 1999; Matthaeus et al., 2003), often neglecting the specific 

role of coherent structures, such as current sheets, in the scattering of energetic particles. 

Investigations of interactions between rotational discontinuities (or groups of such discon

tinuities forming so-called switchbacks; see (Bale et al., 2019; Wit et al., 2020)) and 

energetic particles have demonstrated highly chaotic particle dynamics (Malara et al., 

2021; 2023). However, previous studies focused on elucidating the basic mechanisms rather 

than quantifying scattering using realistic distributions in accordance with observations. 

This study aims to bridge that gap by providing a detailed analysis and quantification of 

particle interactions with current sheets, building on the observational characterization of 

current sheet properties across the inner heliosphere developed in Chapter 2 and Chapter 3. 

We adopt an analytical model of the magnetic field configuration that incorporates realistic 

statistical parameters derived from solar wind observations at 1 AU. By leveraging an 

exact Hamiltonian formulation that accounts for the rotational effects of the magnetic field, 

alongside test particle simulations, we investigate the evolution of particle pitch angles and 

the statistical long-term behavior of pitch-angle scattering across different particle energies. 
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This approach allows us to extend prior works (Whitman et al., 2023) about energetic 

particle modeling and references therein by incorporating realistic coherent structures.

The structure of this paper is as follows. In Section 4.1 we present a detailed description 

of the magnetic field model and the fundamental equations governing particle motion. In 

Section 4.2 we introduce the concept of adiabatic invariance and discuss its violations due 

to separatrix crossings in phase space. Section 4.3 presents numerical simulation results 

and statistical observations of current sheets in the solar wind. In Section 4.4 we analyze 

the long-term evolution of particle pitch angles due to multiple scatterings by current 

sheets. Finally, a discussion and conclusions are provided in Section 4.5.

4.1 Basic Equations

We assume the following 1-D force-free (𝐵 = 𝑐𝑜𝑛𝑠𝑡) magnetic field configuration where 𝐁 

depends only on the 𝑧 coordinate across the current sheet surface:

𝐁 = 𝐵(cos 𝜃 𝐞𝐳 + sin 𝜃(sin 𝜑(𝑧) 𝐞𝐱 + cos𝜑(𝑧) 𝐞𝐲)),

where 𝐵 is the magnitude of the magnetic field, and 𝜃 is the azimuthal angle between 

the normal 𝐁𝐳 = 𝐵 cos 𝜃 𝐞𝐳 ≡ 𝐵𝑛𝐞𝐳 and the magnetic field. More specifically, we assume 

the following form: 𝜑(𝑧) = 𝛽 tanh(𝑧/𝐿), where 𝐿 is the thickness of the current sheet 

and the shear half-angle 𝛽 is one half of the in-plane rotation angle 𝜔𝑖𝑛. The transverse 

magnetic field 𝐁𝐭 = 𝐵𝑡 sin 𝜑(𝑧) 𝐞𝐱 +𝐵𝑡 cos 𝜑(𝑧) 𝐞𝐲 rotates by an angle 𝜔𝑖𝑛 from −∞ to 

+∞ where 𝐵𝑡 = 𝐵 sin 𝜃. As an example, we present an observation from the ARTEMIS 

mission (Angelopoulos, 2011), which captures a magnetic field transition consistent with 

our model. Figure 4.1 shows the variations in 𝐁, 𝜃, and 𝜑 across the current sheet. The 

transverse field rotates smoothly, with 𝜑 following a hyperbolic tangent profile (note that 

time is linearly proportional to the spatial coordinate 𝑧 ≈ 𝑣𝑛𝑡 where 𝑣𝑛 is the solar wind 

velocity along the normal to the current sheet surface), while 𝜃 remains nearly constant 

near 𝜋/2, indicating a small normal component 𝐵𝑛. (A three-dimensional visualization of 

a typical current sheet magnetic field structure, represented by the magnetic field line, 

together with three representative particle trajectories is provided in Figure 4.5.)
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Figure 4.1:  Example of a current sheet observed by ARTEMIS(Angelopoulos, 2011). Top: magnetic field 

in the current sheet lmn coordinate system (Sonnerup & Scheible, 1998) where 𝑙 represents the maximum 

variance direction (𝐵𝑥 = 𝐵𝑡 sin 𝜑 in our model), 𝑚 the intermediate variance direction (𝐵𝑦 = 𝐵𝑡 cos 𝜑), and 𝑛 

the minimum variance direction (𝐵𝑧 = 𝐵 cos 𝜃). Here, 𝐵𝑡 and 𝐵 represent the tangential and total magnetic 

fields, respectively (see text for detailed definitions). Bottom: variations of the azimuthal angle 𝜑 and the 

azimuthal angle 𝜃 across the current sheet. Vertical lines indicate the current sheet boundaries, and the 

horizontal line represents 𝜋/2. The analysis is based on magnetic field data with a 0.25-second resolution 

from the Fluxgate Magnetometer (Auster et al., 2008).

The motion of a charged particle in a pure magnetic field is governed by the Hamiltonian:

𝐻 = 1
2𝑚

(𝐩 − 𝑞𝐀)2

where 𝐀 represents the magnetic vector potential and 𝐩 the canonical momentum. In the 

context of our model, the magnetic vector potential 𝐀 admits the following integrable form:

𝐴𝑥 = 𝐿𝐵𝑡𝑓1(𝑧)

𝐴𝑦 = 𝐿𝐵𝑡𝑓2(𝑧) + 𝑥𝐵𝑛

𝐴𝑧 = 0
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𝑓1(𝑧) =
1
2
cos 𝛽 [Ci (𝛽𝑠+(𝑧)) − Ci (𝛽𝑠−(𝑧))]

+1
2
sin 𝛽 [Si (𝛽𝑠+(𝑧)) − Si (𝛽𝑠−(𝑧))],

𝑓2(𝑧) =
1
2
sin 𝛽 [Ci (𝛽𝑠+(𝑧)) + Ci (𝛽𝑠−(𝑧))]

−1
2
cos 𝛽 [Si (𝛽𝑠+(𝑧)) + Si (𝛽𝑠−(𝑧))]

(6)

and 𝑠±(𝑧) = 1 ± tanh(𝑧/𝐿), Ci and Si are the cosine and sine integral functions 

(Abramowitz & Stegun, 1972).

We introduce a dimensionless Hamiltonian 𝐻̃ = 𝐻/ℎ by normalizing (𝑥, 𝑧) = (𝑥̃𝐿 +
𝐶𝑥, 𝑧𝐿) and (𝑝𝑥, 𝑝𝑧) = 𝑝(𝑝𝑥, 𝑝𝑧) where 𝑝 = 𝑞𝐿𝐵𝑡/𝑐 and ℎ = 𝑞2𝐿2𝐵2

𝑡 /𝑚𝑐2. Note that be

cause 𝜕𝐻/𝜕𝑦 = 0, 𝑝𝑦 = const and we could let 𝐶𝑥 = 𝑐𝑝𝑦/𝑞𝐵𝑛 to eliminate 𝑝𝑦:

𝐻̃ = 1
2
((𝑝𝑥 − 𝑓1(𝑧))

2 + (𝑥̃ cot 𝜃 + 𝑓2(𝑧))
2 + 𝑝𝑧2)

This is an exact Hamiltonian of a charged particle, incorporating the effect of magnetic field 

rotation characterized by the shear angle 𝛽. Unlike previous studies that rely on Taylor 

expansions near the current sheet center 𝑧 = 0 (Artemyev et al., 2013a; Vainchtein et al., 

2005; Zelenyi et al., 2013), we retain the full, unexpanded form. However, for comparison, 

we note that expanding the Hamiltonian to third order around the current sheet center 

and assuming 𝛽 = 1 yields a reduced form structurally similar to that used in Artemyev et 

al. (2020a), albeit with a different normalization scheme. In this study, we quantitatively 

investigate the influence of shear half-angle (𝛽) and particle energy (𝐸 = 𝐻/ℎ) on the 

efficiency of pitch-angle scattering. For simplicity, the tilde notation over dimensionless 

variables is omitted in the following discussion.

4.2 Adiabatic Invariance and Its Violations at Separatrix Crossings

For current sheets where 𝐵𝑛/𝐵𝑡 ≪ 1, the variables (𝜅𝑥, 𝑝𝑥) evolve significantly more slowly 

compared to (𝑧, 𝑝𝑧) along particle trajectories (with ̇𝑝𝑥 ∝ 𝜅, where 𝜅 = cot 𝜃). Assuming 
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that 𝑥 and 𝑝𝑥 are effectively frozen, the Hamiltonian describes periodic motion within 

the (𝑧, 𝑝𝑧) plane, governed by the effective potential energy 𝑈(𝑧) = 𝐻 − 𝑝2𝑧/2. When 

variations in (𝜅𝑥, 𝑝𝑥) occur on a timescale much longer than the fast oscillations in (𝑧, 𝑝𝑧), 
the generalized magnetic moment 𝐼𝑧 = (2𝜋)−1 ∮𝑝𝑧𝑑𝑧 is approximately conserved as an 

adiabatic invariant with exponential accuracy (Neishtadt, 2000). Far from the current 

sheet, where the magnetic field is nearly uniform (|𝑧/𝐿| ≫ 1), the pitch angle defined by 

𝛼 = arccos𝐁 ⋅ 𝐯/|𝐁||𝐯| remains constant (i.e., 𝜕𝛼/𝜕𝐫 = 0), where 𝐯 is the velocity, 𝐁 is 

the magnetic field, and 𝑟 is the position. Since the simultaneous conservation of energy and 

𝐼𝑧 fully determines the motion of the particle, the velocity 𝐯 can be expressed as a function 

of position 𝐫, invariant 𝐼𝑧, and energy 𝐸: 𝐯 = 𝐯(𝐫, 𝐼𝑧, 𝐻). Given that energy is exactly 

conserved in a static magnetic field, the pitch angle 𝛼 depends solely on 𝐼𝑧. Therefore, in 

the absence of 𝐼𝑧 destruction, there is no pitch-angle scattering across the current sheet.
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Figure 4.2:  (a) Phase portraits of the Hamiltonian in the plane of (𝑧, 𝑝𝑧) at fixed (𝜅𝑥, 𝑝𝑥) for 𝛽 = 1. Each 

curve corresponds to a specific 𝐻, indicated on the plots. The left panel corresponds to 𝜅𝑥 = 4, 𝑝𝑥 = 1, while 

the right panel corresponds to 𝜅𝑥 = 0, 𝑝𝑥 = 0.5. (b) Phase plane of the Hamiltonian in the (𝜅𝑥, 𝑝𝑥) space. 

The red line represents the uncertainty curve and the blue line delineates the boundary encompassing all 

possible phase points. (c) Potential energy profiles defined by 𝑈(𝑧) = 𝐻 − 𝑝2𝑧/2 at different locations in the 

(𝜅𝑥, 𝑝𝑥) place, corresponding to the labeled positions (#) in panel (b).
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The Hamiltonian admits two distinct types of particle motion in the (𝑧, 𝑝𝑧) plane, as 

illustrated in Figure 4.2(a). In the left panel, there are two potential wells in 𝑈(𝑧), resulting 

in three possible types of orbits in the (𝑧, 𝑝𝑧) plane depending on the value of 𝐻: particles 

can move (oscillate) within one of local 𝑈(𝑧) minima, or can move outside these minima 

along figure-eight orbits. In contrast, the right panel represents a case with only one 

possible type of orbits in the (𝑧, 𝑝𝑧) plane for a fixed 𝐻. As (𝜅𝑥, 𝑝𝑥) evolve slowly, the 

particle’s trajectory in the (𝑧, 𝑝𝑧) plane undergoes a gradual transformation. Transitions 

between motion types can occur, accompanied by significant trajectory reconfigurations 

when the particle crosses the separatrix, the curve separating motion within one of two 

local minima of 𝑈(𝑧) and motion along eight-like orbit (separatrix is shown by red bold 

line in Figure 4.2(a)). Near the separatrix, the instantaneous period of motion in the (𝑧, 𝑝𝑧) 
plane increases logarithmically, diverging as the trajectory approaches it (Lichtenberg & 

Lieberman, 1983). When the timescale (period) of fast oscillations in the (𝑧, 𝑝𝑧) plane and 

variations in the control parameter (𝜅𝑥) become comparable, the particle accumulates a 

nonvanishing change in the adiabatic invariant, resulting in a jump in 𝐼𝑧 (Cary et al., 1986; 

Neishtadt & Vasiliev, 1999). Concurrently, the projection of the particle’s phase point onto 

the (𝜅𝑥, 𝑝𝑥) plane lies along the so-called uncertainty curve shown by red bold line in 4.2, 

where each point on the curve corresponds to a particle trajectory in (𝑧, 𝑝𝑧) coinciding 

with the separatrix.

The jump of 𝐼𝑧 due to the separatrix crossing comprises two distinct components. The 

first component, termed the dynamical jump, arises from the singularity of the period of 

motion in the vicinity of the separatrix and, in our asymmetric case of the (𝑧, 𝑝𝑧) plane 

about the 𝑧-axis (stemming from the term in 𝑓1) is proportional to 𝜅 ln 𝜅 (Neishtadt, 2019, 

and references therein), resulting in slight changes to particle trajectories. The second 

component, referred to as the geometric jump, corresponds to the difference between the 

areas enclosed by the particle’s trajectory within one of the separatrix wells and the area 

in the external region outside the separatrix. For instance, when a particle drifts from the 

boundary immediately before crossing, the total area enclosed by the separatrix increases 

to the value of the adiabatic invariant, 𝐼0 = (2𝜋)−1𝑆(𝜅𝑥, 𝑝𝑥). Upon crossing, the adiabatic 

invariant 𝐼𝑧 undergoes a jump to approximately the area of the left well 𝑆𝑙(𝜅𝑥, 𝑝𝑥) or the 

right well 𝑆𝑟(𝜅𝑥, 𝑝𝑥) = 𝑆(𝜅𝑥, 𝑝𝑥) − 𝑆𝑙(𝜅𝑥, 𝑝𝑥), reflecting the reduction in the accessible 

phase space area for the particles. This geometric jump is independent of 𝜅 and of order 
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unity (Neishtadt, 2019, and references therein). For a single separatrix crossing and small 

values of 𝜅, this jump of adiabatic invariance arises primarily from geometric destruction 

(Artemyev et al., 2020a). In symmetric Hamiltonians – where 𝑈(−𝑧) = 𝑈(𝑧) – the differ

ences in the enclosed areas during two successive crossings effectively cancel: the area 

deficit incurred when entering one of two wells is offset by the excess upon exiting, so that 

the net geometric jump over two crossings is zero (Büchner & Zelenyi, 1989; Neishtadt 

& Vasiliev, 1999). However, in our case, the term 𝑓1(𝑧) introduces an asymmetry in the 

(𝑧, 𝑝𝑧) plane see 4.2, leading to an asynchronous evolution of the two areas. As a result, 

the difference in areas at each crossing does not cancel between successive crossings. This 

produces a nonzero change in 𝐼𝑧 that enhances pitch-angle scattering and drives rapid 

chaotization of the particle dynamics (Artemyev et al., 2013a; 2020a).

Due to the symmetry of particle motion about the 𝑝𝑧 = 0 line, the potential energy 𝑈(𝑧) 
reaches a local maximum along the 𝑧-direction at the saddle point 𝑧 = 𝑧𝑐, 𝑝𝑧 = 0 of the 

separatrix (shown as 𝑧𝑐 in Fig. (left panel)). At this point, conditions 𝜕𝑈/𝜕𝑧 = 0 and 

𝜕2𝑈/𝜕𝑧2 < 0 are satisfied. These conditions allow us to express the slow variables along 

the uncertainty curve in the (𝜅𝑥, 𝑝𝑥) plane as functions of 𝑧𝑐. When a particle trajectory 

crosses the 𝑧 = 0 plane, the crossing point is confined within a circular region defined 

by (𝑝𝑥 − 𝑓1(0))2 + (𝜅𝑥 + 𝑓2(0))2 = 2𝐻. The likelihood of the trajectory intersecting the 

uncertainty curve is therefore approximately proportional to the uncertainty curve length 

𝐿uc, normalized by the square root of the particle energy, 
√
𝐻, as illustrated in Figure 4.3. 

For fixed 𝐻, 𝐿uc/
√
𝐻 increases with 𝛽, indicating higher scattering probabilities at larger 

magnetic field rotation angles. Similarly, at a fixed 𝛽, 𝐿uc/
√
𝐻 increases with 𝐻, suggesting 

that high-energy particles are more susceptible to pitch-angle scattering. Next, we will 

demonstrate these changes using test particles in realistic fields, to characterize their 

properties as functions of system parameters.
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Figure 4.3:  The uncertainty curve length 𝐿uc/
√
𝐻 as a function of 𝛽 and normalized particle energy 𝐻.

4.3 Test Particle Simulations

To quantitatively analyze how particles are scattered by solar wind current sheets, we 

conducted extensive test particle simulations using a dataset of solar wind current sheets 

at 1 AU. Since the primary focus is on protons, the particle mass was set to 𝑚𝑝 (proton 

mass) and the charge to the elementary charge 𝑞 = 𝑒. According to the dimensionless 

Hamiltonian, the critical current sheet parameters that influence particle dynamics are 

angles 𝜃 and 𝛽 = 𝜔𝑖𝑛/2, along with the parameter 𝐵𝑡𝐿, which appears in the normalization 

factors 𝑝 and ℎ = 𝑞2𝐿2𝐵2
𝑡

𝑚𝑐2 . By a simple transformation, 𝐵𝑡 = 𝐵 sin 𝜃, the key current sheet 

parameters become 𝜃, 𝜔𝑖𝑛, and 𝑣𝐵 ≡ 𝑣𝐵/𝑐, where 𝑣𝐵 ≡ 𝑞𝐵𝐿/(𝑚𝑝𝑐) = Ω𝐿 and Ω is the 

proton gyrofrequency associated with the magnetic field 𝐵.
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Figure 4.4:  3D density plots of the azimuthal angle 𝜃, in-plane rotation angle 𝜔𝑖𝑛, and logarithm of the 

characteristic velocity log 𝑣𝐵. The left panel corresponds to cases where the MVAB accuracy conditions are 

satisfied, while the right panel represents cases where they are not satisfied.

Using data from the ARTEMIS (Angelopoulos, 2011) and the Wind mission (Acuña et 

al., 1995), we compiled a dataset of 100000 current sheets (Liu et al., 2022b; Zhang et 

al., 2025a). The orientations of these current sheets were determined using the minimum 

variance analysis of the magnetic field (MVAB) method (Sonnerup & Scheible, 1998). 

Accurate orientation determination was crucial for estimating the thickness of the current 

sheets (𝐿) and the in-plane magnetic field rotation angle (𝜔𝑖𝑛), both of which significantly 

influence particle scattering. To ensure reliability, only current sheets with Δ|𝐵|/|𝐵| >
0.05 or 𝜔 > 60° were used in the following analysis, as these conditions improve the 

accuracy of the MVAB method, as noted by . Note, these conditions do not constrain the 

discontinuity normal. An alternative approach to orientation determination (Knetter et al., 

2004; Wang et al., 2024) involves using the cross-product method to estimate the normal 

orientation and is largely based on the assumption that 𝐵𝑛 is effectively zero. Figure 4.4 

shows 3D density plots of the azimuthal angle 𝜃, the in-plane rotation angle 𝜔𝑖𝑛, and 

logarithm of the characteristic velocity log 𝑣𝐵, categorized by whether the MVAB accuracy 

conditions are satisfied (left for accurate, right for not accurate). Current sheets with 

accurately determined orientations typically have smaller azimuthal angles 𝜃, indicating 

a smaller 𝐵𝑛, and moderate in-plane rotation angles 𝜔𝑖𝑛. In contrast, current sheets with 
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potentially inaccurate normal orientations display larger 𝜃 (larger 𝐵𝑛) and larger 𝜔𝑖𝑛. 

The most probable values observed in the distribution are a characteristic velocity (𝑣𝐵) 

of approximately 500 km/s (which corresponds to a typical energy ∼ 1 keV), an in-plane 

rotation angle (𝜔𝑖𝑛) near 100 degrees, and an azimuthal angle (𝜃) around 85-95 degrees.

For each magnetic field configuration, we initialize an ensemble of particles far away from 

the current sheet center (i.e., with an initial 𝑧 position satisfying | 𝑧0 | > 6𝐿 + 2𝑟𝑔, where 

𝑟𝑔 is the gyro radius). The particles are uniformly binned in pitch angle (𝛼0) from 0∘ to 

180∘ in 180 bins of size Δ𝛼 = 1∘, with gyro phase (𝜓0) uniformly sampled from 0∘ to 360∘ 
in 120 bins of size Δ𝜓 = 3∘. In this simulation, the current sheet is consistently configured 

with a positive 𝐵𝑧 component. Consequently, particles with an initial positive pitch-angle 

cosine 𝜇 ≡ cos 𝛼 (𝛼0 < 90∘; 𝜇0 > 0) are interpreted to originate below the current sheet 

(and move toward the current sheet), while those with a negative cosine (𝛼0 > 90∘; 𝜇0 <
0) are considered to come from above it (and move toward the current sheet). The particle 

trajectories are then numerically integrated until each particle fully exits the current 

sheet (| 𝑧(𝑡) | > | 𝑧0 | + 2𝑟𝑔). Figure 4.5 shows three representative particle trajectories in 

a typical magnetic field configuration characterized by 𝛽 = 75∘ and 𝜃 = 85∘. All particles 

have the same initial pitch angle 𝛼0 = 90∘ and velocity 𝑣𝑝 = 8𝑣𝐵, but differ slightly in their 

initial gyrophases: 𝜙0 = 163.3∘, 164.4∘, and 165.6∘. These cases illustrate distinct scattering 

behaviors: one particle exhibits a negligible change in pitch angle, another undergoes 

a finite pitch-angle deflection, and the third is reflected by the current sheet. For each 

trajectory, the final pitch angle 𝛼1 is recorded. These pitch angles are then organized into 

bins to construct a transition matrix (TM), also known as a stochastic matrix (Durrett, 

2016), which represents the probability distribution of pitch-angle changes resulting from 

a single particle interaction with the current sheet.
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Figure 4.5:  Three particle trajectories (T1, T2, T3) with identical initial pitch angles (𝛼0 = 90∘) and velocity 

𝑣𝑝 = 8𝑣𝐵, but slightly different initial gyrophases (𝜙0 = 163.3∘, 164.4∘, 165.6∘) in a representative magnetic 

field profile (𝛽 = 75∘, 𝜃 = 85∘). The orange star marks the initial particle position. The black and gray 

lines represent the magnetic field lines to which the reflected particle (T3) is initially and finally attached, 

respectively, before and after interaction with the current sheet.
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Figure 4.6 illustrates the transition matrix for 100 keV particles (velocity 𝑣𝑝 ≈ 4000 km/

s) under four magnetic field configurations: (i) 𝑣𝐵 = 500 km/s, 𝜃 = 85°, 𝛽 = 50°; (ii) 𝑣𝐵 =
500 km/s, 𝜃 = 85°, 𝛽 = 75°; (iii) 𝑣𝐵 = 500 km/s, 𝜃 = 60°, 𝛽 = 50°; and (iv) 𝑣𝐵 = 4000 km/

s, 𝜃 = 85°, 𝛽 = 50°. Enhanced probability along the diagonal corresponds to weakly scat

tered particles (∆𝛼 = 𝛼1 − 𝛼0 ≈ 0), while spreading around the diagonal reflects diffusive 

scattering. Large pitch-angle jumps are represented by non-diagonal elements.
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Figure 4.6:  Transition matrix for 100 keV protons under four distinct magnetic field configurations: (i) 𝑣𝑝 =
8𝑣𝐵, 𝜃 = 85°, 𝛽 = 50°; (ii) 𝑣𝑝 = 8𝑣𝐵, 𝜃 = 85°, 𝛽 = 75°; (iii) 𝑣𝑝 = 8𝑣𝐵, 𝜃 = 60°, 𝛽 = 50°; and (iv) 𝑣𝑝 = 𝑣𝐵, 

𝜃 = 85°, 𝛽 = 50°.

The transition matrix color maps for various current sheet configurations reveal that 

particle pitch-angle evolution during multiple current sheet crossings is determined by a 

combination of weak/strong diffusion and large jumps. For example, in current sheets with 

a typical shear half-angle 𝛽 = 50° and azimuthal angle 𝜃 = 85° (configuration (i)), particles 

entering from above the sheet (𝑧 > 0; assuming positive 𝐵𝑛) often experience significant 

pitch-angle jumps or strong diffusion. In contrast, particles entering from below the sheet 
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(𝑧 < 0) typically undergo minimal pitch-angle changes. Occasionally, interactions with 

current sheets having very large shear half-angles (𝛽, e.g., configuration (ii)) or smaller 

azimuthal angles (𝜃, e.g., configuration (iii)) result in enhanced diffusion and the reflection 

of certain particles from the current sheet, indicated by a reversal in the sign of cos 𝛼. For 

high-energy particles, interactions with current sheets of comparable characteristic speed 

(𝑣𝐵 ∼ 𝑣𝑝, configuration (iv)) are characterized by weak scattering occurring only over a 

narrow range of pitch angles. The interplay between non-diffusive jumps and continuous 

diffusive processes drives a dynamic evolution of the particle ensemble.

4.4 Long-Term Pitch Angle Evolution

Modeling the long-term effect of particle pitch-angle scattering by current sheets involves 

simulating the dynamics of a large number of particles through multiple current sheet 

interactions over extended periods. To reduce computational time and complexity of such 

simulations and introduce scattering effects into existing transport models, we derive a 

simplified probabilistic description of pitch-angle evolution. The scattering process depends 

on the particle’s initial conditions, (𝐫, 𝐯), as well as the configuration of the current sheet, 

𝐁. In the 1D model, these initial conditions can be expressed in terms of 𝑧, 𝐸0, 𝛼0, and 

𝜓0. Since our primary interest lies in the pitch angle after the particle exits the current 

sheet, and the energy 𝐸0 remains constant in the absence of an electric field, the initial 

energy 𝐸0 and position 𝑧 (provided that the particle is sufficiently far from the center of 

the current sheet) can be omitted from further consideration.

The final pitch angle, however, is highly sensitive to initial conditions (𝛼0, 𝜓0), where 

small variations in the gyro phase can lead to significantly different final pitch angles 

(Malara et al., 2021). Therefore, the scattering process Π : (𝛼0, 𝜓0) → (𝛼1, 𝜓1) is better 

represented as a probabilistic transition 𝑝(𝛼1 | 𝛼0, Π), with the probability derived by 

numerical interpolation in the 𝛼1-space. Here, Π characterizes the current sheet configura

tion. This probabilistic representation is further motivated by the fact that the gyro phase 

depends on the particle’s location and may undergo random shifts during the crossing of 

a current sheet. Additionally, numerical integration methods, such as the Boris method, 

introduce a phase error proportional to Δ𝑡, making the gyro phase less reliable. Thus, 
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it is more appropriate to model the gyro phase as a random variable. This probabilistic 

approach eliminates the dependence on the gyro phase, instead focusing on the statistical 

relationship between the initial pitch angle 𝛼0 and the final pitch angle 𝛼1, as governed 

by the properties of the current sheets.

For particles with a specific energy, a (weighted-average) mixture distribution (Frühwirth-

Schnatter, 2006) can be constructed based on the observed distribution of solar wind dis

continuities (SWDs): 𝑝(𝛼1 | 𝛼0) = ∑𝑖 𝑝(𝛼1 | 𝛼0, Π𝑖)𝑤𝑖, where the weight 𝑤𝑖 corresponds 

to the empirical probabilities of specific SWD configurations. After binning, this yields a 

weighted transition matrix (WTM), which represents the varying likelihoods of particles 

encountering Sw Ds with different properties and encapsulates the overall probability of a 

particle undergoing a pitch-angle jump due to interactions with an ensemble of SWDs at 

1 AU.

As illustrated in Figure 4.7, the WTM for 100 keV protons at 1 AU shows a strong 

likelihood of minimal changes in pitch angle, as evidenced by the bright diagonal. However, 

there exist significant probabilities associated with diffusive scattering and with large 

pitch-angle changes. The latter arise mainly from interactions with current sheets whose 

characteristic scales (𝐿) are comparable to or smaller than the gyroradius of (in this case) 

100 keV protons. Such strong scattering cannot be adequately described by diffusion alone. 

However, the mapping described in Equation~ enables the direct application of the mixture 

distribution for simulating the long-term evolution of particle pitch-angle distributions 

(such map is a discretized approximation of stochastic differential equations that describe 

particle dynamics with a given scattering probability; see (Artemyev et al., 2020c; Jacod 

& Protter, 2012; Tonoian et al., 2023; Ukhorskiy et al., 2011)):

𝛼𝑛+1,𝑖 = 𝑊Π(𝛼𝑛,𝑖, 𝜉𝑛,𝑖) (7)

where 𝑛 is the number of interactions (with SWDs), 𝑖 is the particle index within the 

ensemble, and 𝑊Π determines the subsequent pitch angle from the mixture distribution, 

using the previous pitch angle and a uniformly sampled random variable 𝜉𝑛,𝑖.
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Figure 4.7:  Weighed transition matrix for 100 keV particles constructed from the observed distribution of 

current sheet at 1 AU.
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Figure 4.8 illustrates two representative solutions of the dynamical pitch-angle mapping 

equation derived from the mixture distribution at 1 AU for 100 keV and 1 MeV protons. 

A key feature of the pitch-angle dynamics is the occurrence of infrequent but substantial 

jumps, including rare, large-angle changes that can lead to particle reflection from the 

current sheet.
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Figure 4.8:  Examples of particle pitch-angle scattering by solar wind current sheets for 100 keV and 1 MeV 

protons.

However, directly incorporating the mapping (or stochastic difference equations) derived 

from the mixture distribution into classical numerical schemes for transport-diffusion 

equations is a complex task (see discussion in (Litvinenko & Noble, 2013; Mykhailenko 

et al., 2024; Strauss & Effenberger, 2017)). To facilitate comparison with other scattering 

processes and allow inclusion of SWD-induced scattering effects in such models, we 

evaluate the effective scattering rate, 𝐷𝜇𝜇. This rate acts as a global diffusion coefficient, 

independent of the local pitch angle, since high-energy particles frequently experience large 
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pitch-angle jumps, leading to strong mixing. The scattering rate depends on the particle 

energy and the mixture distribution (i.e., the distribution of current sheets). Using the 

mapping described in Equation~ for an ensemble of particles, we calculate the evolution 

of the second moment of the pitch-angle distribution for the particle energy range from 

100 keV to 1 MeV for current sheets at 1 AU:

𝑀1(𝑛) = 𝑁−1∑
𝑁

𝑖=1
(𝛼𝑛,𝑖 − 𝛼0,𝑖)

𝑀2(𝑛) = 𝑁−1∑
𝑁

𝑖=1
(𝛼𝑛,𝑖 − 𝛼0,𝑖)2 −𝑀2

1 (𝑛)

where 𝑀1(𝑛) represents the mean drift in pitch-angle, and 𝑀2(𝑛) quantifies the spreading 

in pitch-angle. The function 𝑀2(𝑛) increases linearly with the number of interactions 

with current sheets before reaching saturation, where the pitch-angle distribution becomes 

totally mixed. This behavior is illustrated in Figure 4.9. The rate of such mixing is 

described by 𝐷𝜇𝜇, which can be evaluated by fitting 𝑀2(𝑛) to an exponential model, 

𝑀2(𝑛) = 𝑑 − 𝑎𝑒−𝐷𝜇𝜇𝑛, where 𝑑 is the saturated second moment and 𝑎 is the slope of 

the exponential fit. This model assumes that at early stages (small 𝑛), particles undergo 

diffusive mixing, with 𝑀2(𝑛) ∝ 𝐷𝜇𝜇𝑛. At later stages (large 𝑛), the distribution becomes 

fully mixed, and 𝑀2 asymptotically approaches a constant value, 𝑀2 ≈ 𝑀2(∞).

To translate the number of interactions 𝑛 into a physical time, we consider the occurrence 

rate of SWD (Vasko et al., 2022; Zhang et al., 2025a) and the average solar wind speed. 

Using these parameters, we can estimate the average distance between SWDs. Assuming 

that protons travel freely between interactions at velocities 𝑣𝑝 ∼
√
𝐻, we can then derive 

the characteristic time interval between consecutive encounters with discontinuities. This 

enables the transition from a discrete interaction-based framework (𝐷𝜇𝜇) to a continuous 

temporal description (𝒟︀𝜇𝜇), making it suitable for realistic modeling of particle dynam

ics and enabling direct incorporation of derived diffusion rates into transport-diffusion 

simulations. This approach provides a simplified yet effective means to account for current-

sheet-induced scattering in broader models of energetic particle dynamics.
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Figure 4.9:  Top: Second moment of the pitch-angle distribution, 𝑀2(𝑛), as a function of interaction number 

(𝑛) for different particle energies (100 eV, 5 keV, 100 keV, 1 MeV), The estimated mixing rates, 𝐷𝜇𝜇, are 

indicated in the legend. Bottom: Pitch-angle diffusion rates 𝒟︀𝜇𝜇 as a function of particle energy 𝐸.

4.5 Conclusion

In this study, we have investigated the scattering of energetic particles by current sheets 

in the solar wind and developed a model that incorporates the rotational effects 𝛽, the 

magnetic field magnitude 𝐵, and the current sheet thickness 𝐿. Our findings indicate 

that current sheets characterized by large rotation angles or relatively small characteristic 

velocities, defined as 𝑣𝐵 = 𝑞𝐵𝐿
𝑚𝑐2 , can effectively scatter energetic particles. These scattering 

effects go beyond the conventional diffusion framework, as large pitch-angle jumps lead 

to rapid particle mixing in pitch-angles. Leveraging extensive observations of solar wind 

current sheets at 1 AU, we have provided a statistical estimate that quantifies the long-

term scattering rate of energetic particles due to current sheets.

In the heliosphere, beyond 1AU, the background magnetic field strength decreases approx

imately as ∼ 1/𝑟 with increasing radial distance, where the azimuthal component 𝐵𝜙 

dominates and 𝐵 ≈ 𝐵𝜙 ∼ 1/𝑟. The magnitude of the current sheet magnetic field (𝐵) scales 

accordingly with the background field (Zhang et al., 2025a). Based on recent observations, 
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the current sheet thickness, 𝐿, scales with the ion inertial length, 𝑑𝑖 ∝ 1/
√
𝑁 , which 

increases with radial distance due to the decline in plasma density, 𝑁 ∝ 1/𝑟2 (Maruca 

et al., 2023). Consequently, the characteristic velocity 𝑣𝐵 ∝ 𝐵𝐿 remains nearly constant 

with the radial distance, implying that energetic particles consistently undergo significant 

scattering by current sheets as they propagate through the heliosphere. The higher occur

rence rate of current sheets closer to the Sun (Liu et al., 2021; Lotekar et al., 2022) implies 

an even more pronounced impact on the transport of solar energetic particles.

These findings may have significant implications for the dynamics of energetic particles in 

both space and astrophysical plasmas. The extension of these scattering results to spatial 

transport—both parallel and perpendicular—is developed in Chapter 5. Efficient pitch-

angle scattering enhances the ability of particles to reverse direction along magnetic field 

lines, thereby reducing their tendency to stream freely and limiting parallel transport. 

In quasi-linear theory, the parallel spatial diffusion coefficient is approximately inversely 

proportional to the pitch-angle diffusion coefficient for resonant interactions (Engelbrecht 

et al., 2022; Jokipii, 1966; 1968). Additionally, observations frequently reveal broad spatial 

distributions of solar energetic particles and the formation of particle reservoirs (Cohen 

et al., 2021), suggesting either reduced diffusion rates along magnetic field lines or highly 

efficient cross-field diffusion (Zhang et al., 2009). Our results indicate that the pitch-

angle scattering due to current sheets can significantly affect parallel and perpendicular 

transport, and this point will be addressed in future work.

4.6 Data Availability

The code and data used for the findings and figures in this study are available at https://

github.com/Beforerr/ion_scattering_by_SWD. ARTEMIS and Wind data are available 

at NASA’s Space Physics Data Facility (SPDF) https://spdf.gsfc.nasa.gov.
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Chapter 5

Energetic Particle Transport Driven by Solar Wind Current Sheets

The transport of solar energetic particles (SEPs) through the heliosphere is governed by 

interactions with the turbulent interplanetary magnetic field (Effenberger et al., 2025; 

Engelbrecht et al., 2022; Klein & Dalla, 2017; Pucci et al., 2016). In the standard 

quasi-linear theory (QLT) framework (Jokipii, 1966; 1971), pitch-angle scattering arises 

from resonant interactions between particles and small-amplitude magnetic fluctuations 

(𝛿𝐵/𝐵0 ≪ 1), yielding a pitch-angle diffusion coefficient 𝐷𝜇𝜇 expressed as an integral over 

the turbulence power spectrum. The parallel diffusion coefficient follows as

𝜅∥ =
𝑣2

8
∫

1

−1

(1 − 𝜇2)2

𝐷𝜇𝜇
𝑑𝜇

where 𝜇 = cos 𝛼 is the pitch-angle cosine (Jokipii, 1966). Perpendicular transport is 

attributed to the field-line random walk (FLRW) combined with parallel scattering that 

decorrelates particles from their initial field lines (Matthaeus et al., 2003; Shalchi, 2009), 

with the nonlinear guiding center (NLGC) theory (Matthaeus et al., 2003) predicting a 

roughly constant ratio 𝜅⟂/𝜅∥ ∼ 2%–4%, largely independent of particle energy (Shalchi, 

2021).

Current sheets violate the assumptions underlying QLT: when the particle gyroradius 

becomes comparable to the sheet thickness, the scale separation assumed in QLT breaks 

down, the first adiabatic invariant is no longer conserved (Neishtadt, 2019; Tennyson et 

al., 1986), and scattering proceeds through geometrical chaotization of the quasi-adiabatic 

invariant 𝐼𝑧 at separatrix crossings rather than through resonant diffusion—as quantified 

in Chapter 4 (Zhang et al., 2025b).

Current sheets also introduce a perpendicular transport channel absent from the FLRW 

framework. Near these structures, guiding-center theory is inapplicable: particles become 

demagnetized and may jump between magnetic field lines without any field-line wandering 
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(Malara et al., 2021; 2023; Qin & Li, 2008; Zelenyi et al., 2011). The efficiency of this 

cross-field transport is expected to depend strongly on particle energy, in contrast to the 

roughly energy-independent 𝜅⟂/𝜅∥ ratio predicted by QLT-based models.

This chapter investigates both parallel and perpendicular transport of energetic particles 

driven by interactions with current sheets, extending the pitch-angle scattering analysis of 

Chapter 4 and building on prior work (Artemyev et al., 2020a; Malara et al., 2023; Zhang 

et al., 2025b). By incorporating statistical parameters derived from the multi-mission 

observational surveys of Chapter 2 and Chapter 3 into a force-free current sheet model, we 

analyze transport through an ensemble of current sheets and characterize the long-term 

diffusive behavior across a range of particle energies.

5.1 Current Sheet Model

Current sheets are meso-scale structures where the magnetic field direction changes 

significantly from one side to the other. In the solar wind, a large fraction of observed 

current sheets are approximately force-free, meaning that the magnetic pressure is roughly 

constant across the structure and the field rotates rather than compresses (Vasko et 

al., 2022). This force-free character has an important consequence for particle dynamics: 

the intermediate-variance magnetic field component peaks at the sheet center, producing 

a phase-space asymmetry that drives the superfast (geometrical) scattering mechanism 

discussed above.

We model current sheets using a 1D force-free magnetic field configuration where 𝐁 

depends only on the 𝑧 coordinate (the normal direction):

𝐁(𝑧) = 𝐵[cos 𝜃 𝐞𝐳 + sin 𝜃 sin 𝜑(𝑧) 𝐞𝐱 + sin 𝜃 cos 𝜑(𝑧) 𝐞𝐲]

In this configuration, the total magnetic magnitude 𝐵 and the normal component 𝐵𝑧 =
𝐵 cos 𝜃 remain constant, while the primary component 𝐵𝑥 undergoes a reversal. The 

rotation angle is prescribed using a hyperbolic tangent profile 𝜙(𝑧) = 𝛽 tanh(𝑧/𝐿), where 

𝐿 is the half-thickness and 𝛽 is the shear angle. The parameter 𝜃 controls the ratio of the 

normal component to the total field: a small 𝜃 corresponds to a nearly normal field (the 
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particle crosses the sheet quickly), while 𝜃 → 𝜋/2 corresponds to a nearly tangential field. 

The shear angle 𝛽 determines the total rotation of the magnetic field across the sheet, 

with 𝛽 = 𝜋/2 representing a full 180° reversal.

The configuration parameters (𝐵, 𝐿, 𝜃, and 𝛽) are drawn from statistical distributions 

obtained from solar wind observations (Zhang et al., 2026a) at 1 AU (ARTEMIS 

(Angelopoulos, 2011) and Wind (Acuña et al., 1995)) and at 0.1 AU (Parker Solar Probe 

(Fox et al., 2016)). The key parameter controlling the particle-sheet interaction is the ratio 

of the particle’s gyroradius 𝜌 to the sheet thickness 𝐿. When 𝜌/𝐿 ≳ 1, the particle cannot 

complete a full gyration near the current sheet, the adiabatic invariant is violated, and 

significant scattering occurs.

5.2 Transport Model

We employ a Monte Carlo method with test-particle simulations to investigate transport 

through multiple current sheets. The approach proceeds in two stages: first, we characterize 

the outcome of individual particle–current sheet interactions; second, we chain these 

interactions together to build up macroscopic transport statistics.

5.2.1 Individual Particle–Current Sheet Interaction

For each interaction, we numerically solve the Newton-Lorentz equation 𝑑𝐩/𝑑𝑡 = 𝑞𝐯 ×
𝐁, neglecting large-scale electric fields and explicit time dependence, as energetic particle 

velocities (𝑣 ≫ 𝑣𝐴) justify the static field approximation. The particle is launched far 

from the sheet center with a random gyrophase 𝜓 ∈ [0, 2𝜋) and traced until it exits the 

interaction region. Magnetic field parameters for each interaction (𝐵, 𝐿, 𝜃, 𝛽) are randomly 

sampled from the observed distributions.

From each interaction we extract two quantities:

1. Pitch-angle change Δ𝛼. We record the pitch angle 𝛼 = arccos(𝑣∥/𝑣) at entry and 

exit. Depending on the ratio 𝜌/𝐿 and the specific field configuration, Δ𝛼 can range from 

negligibly small (when 𝜌/𝐿 ≪ 1 and the interaction is adiabatic) to order unity (when 
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𝜌/𝐿 ≳ 1 and geometrical chaotization occurs). Large pitch-angle jumps can reverse the 

particle’s direction of motion along the field, i.e., cause reflection.

2. Perpendicular guiding-center displacement Δ𝐫⟂. We compute the guiding-center 

position at entry and exit and take the difference projected perpendicular to the 

background magnetic field. Figure 5.1 illustrates this measurement for an example 

trajectory: a particle approaches the current sheet gyrating along its initial field line 

(green), interacts with the sheet and becomes temporarily demagnetized, and exits 

gyrating along a different field line (pink). The perpendicular displacement Δ𝐫⟂ repre

sents the net jump between field lines—a cross-field transport that occurs without any 

field-line random walk. This mechanism is distinct from the FLRW-based perpendicular 

transport assumed in quasi-linear models: here, the particle physically decouples from 

its original field line during the demagnetized phase and reattaches to a neighboring one.

Figure 5.1:  Example trajectory of a particle interacting with a current sheet. Blue: full particle trajectory; 

Orange: guiding-center trajectory; Green: initial magnetic field line; Pink: final magnetic field line. The 

perpendicular guiding-center displacement Δ𝐫⟂ is the separation between the initial and final field lines, 

representing a cross-field jump that occurs through demagnetization rather than field-line random walk.

We also estimate the trapping time within the current sheet by subtracting the ballistic 

transit time (the time the particle would take to traverse the sheet in the absence of scat
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tering) from the total simulation time. For most interactions where significant scattering 

occurs, the particle remains trapped within the sheet for several gyroperiods, executing 

multiple bounces across the field reversal before escaping.

5.2.2 Accumulation Across Multiple Current Sheets

To model transport through the heliosphere, we chain together a sequence of current 

sheet interactions separated by free-streaming intervals. Each particle is initialized with 

a random pitch angle 𝛼 and gyrophase 𝜓. Between successive current sheets, the particle 

traverses a distance 𝑑 corresponding to the observed mean spatial separation between 

neighboring sheets. For simplicity, we assume (1) the current sheets are static during the 

interaction time; (2) 𝑑 is a constant depending only on the heliocentric radial distance; 

and (3) there is no pitch-angle scattering during transit. The transit time between sheets 

is 𝑡𝑑 = 𝑑/ | 𝑣∥ |.

The total parallel displacement after 𝑁  interactions accumulates as

Δ𝑧 =∑
𝑖
sgn (cos 𝛼𝑖) ⋅ 𝑑

where 𝛼𝑖 is the pitch angle after the 𝑖-th interaction. This expression reflects the fact that 

the particle streams along the field line between sheets, with the sign determined by the 

direction of parallel motion.

The perpendicular displacement requires more careful treatment. In the heliosphere, 

the local magnetic field direction rotates with respect to the large-scale geometry—in 

particular, the radial direction—as the field follows the Parker spiral. Consequently, the 

perpendicular displacement acquired at one current sheet is oriented differently in the 

heliospheric frame from the displacement acquired at a distant sheet. We account for this 

slowly varying field-line orientation between current sheets by applying a random rotation 

𝐑𝑖 to each individual displacement, so that the accumulated perpendicular displacement is

Δ𝐫⟂ =∑
𝑖
𝐑𝑖 ⋅ Δ𝐫⟂,𝑖

150



where Δ𝐫⟂,𝑖 is the perpendicular displacement from the 𝑖-th interaction.

This scheme captures the essential physics while remaining computationally tractable: 

the expensive part (solving the Newton-Lorentz equation within each current sheet) is 

performed once per interaction, while the free-streaming intervals between sheets are 

handled analytically.

5.3 Results

We propagate an ensemble of 512 particles and compute the mean-square displacements 

⟨Δ𝑧2⟩ and ⟨Δ𝐫2⟂⟩ by interpolating trajectories at successive time steps. Both parallel and 

perpendicular mean-square displacements grow linearly with time in the asymptotic limit, 

confirming diffusive behavior. The diffusion coefficients are extracted from the late-time 

behavior:

𝐷∥ = lim
𝑡→∞

⟨Δ𝑧(𝑡)2⟩/2𝑡, 𝐷⟂ = lim
𝑡→∞

⟨Δ𝐫⟂(𝑡)2⟩/2𝑡

evaluated at 𝑡 = 2 × 103 s, by which time the ensemble has undergone sufficiently many 

current sheet interactions for the transport to reach the diffusive regime.

Figure 5.2 displays state trajectories—parallel displacement and perpendicular displace

ment as functions of time—for an ensemble of 1-MeV particles interacting with near-Earth 

current sheets.
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Figure 5.2:  Parallel and perpendicular displacements for 1-MeV particles interacting with near-Earth current 

sheets. Gray lines: individual particle trajectories; Blue line: standard deviation of the ensemble; Black line: 

a representative trajectory.

Several features of the trajectories merit discussion. The parallel displacement (left panel) 

grows approximately linearly with time for most particles, reflecting steady streaming 

along the magnetic field. However, occasional particles undergo abrupt direction reversals

—visible as sharp kinks in the trajectory—where a single current sheet interaction produces 

a pitch-angle jump large enough to reverse the sign of 𝑣∥. These reflection events are a 

hallmark of the superfast scattering mechanism: in the quasi-linear picture, pitch-angle 

changes are small and incremental, so direction reversals require the cumulative effect of 

many scattering events, whereas current sheet interactions can produce them in a single 

step.

The perpendicular displacement (right panel) shows a qualitatively different character. 

Most of the time, the perpendicular position changes very little between current sheet 
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encounters (consistent with our assumption of no cross-field transport during free stream

ing). At each current sheet interaction, however, the particle may undergo a discrete 

perpendicular jump Δ𝐫⟂,𝑖. The magnitude of these jumps varies widely: some interac

tions produce negligible cross-field displacement (when the particle remains magnetized 

throughout), while others produce jumps comparable to the gyroradius (when the particle 

becomes demagnetized, as illustrated in Figure 5.1). The stochastic accumulation of these 

discrete jumps—each randomly oriented due to the random rotation —produces a random 

walk that is macroscopically diffusive.

It is important to note that while individual interactions can produce large, non-diffusive 

jumps in both pitch angle and perpendicular position, the ensemble-averaged transport 

is diffusive in the long-time limit. This is because the jumps are statistically independent 

(each current sheet has randomly sampled parameters) and their accumulation satisfies 

the central limit theorem. The diffusion coefficients 𝐷∥ and 𝐷⟂ thus provide a valid 

characterization of the macroscopic transport, even though the microscopic scattering 

mechanism is fundamentally non-diffusive.

Figure 5.3 summarizes the diffusion coefficients as functions of particle energy for 1 AU and 

0.1 AU environments, comparing our results with quasi-linear theory predictions derived 

from measured magnetic turbulence power spectra (Chen et al., 2024).
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Figure 5.3:  Diffusion coefficients vs.~particle energy at 1 AU and 0.1 AU. (a) Parallel diffusion; (b) 

Perpendicular diffusion; (c) Ratio of perpendicular to parallel diffusion.

The parallel diffusion coefficient (𝐷∥, panel a) increases with particle energy at both 

heliocentric distances. At 1 AU, the current-sheet-driven 𝐷∥ is comparable in magnitude 

to the QLT prediction at low energies but diverges at higher energies. As particle energy 

increases, the gyroradius grows relative to the sheet thickness, so that a larger fraction 

of current sheets satisfies the condition 𝜌/𝐿 ≳ 1 for strong scattering. The pitch-angle 

scattering rate therefore increases with energy, though it may saturate once the gyroradius 

exceeds the thickness of most sheets. Nevertheless, 𝐷∥ increases with energy because the 

particle velocity grows faster than the scattering rate, yielding a mean free path that 

increases with energy.

The perpendicular diffusion coefficient (𝐷⟂, panel b) shows a steeper energy dependence 

than 𝐷∥. This arises because higher-energy particles, when they do interact strongly with 

a current sheet, undergo larger perpendicular displacements: the demagnetized gyroradius 
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sets the scale of the cross-field jump, and this scale grows with particle energy. The 

combination of fewer but larger perpendicular jumps produces a net 𝐷⟂ that increases 

rapidly with energy.

The most significant result is the energy dependence of the ratio 𝐷⟂/𝐷∥ (panel c). In 

contrast to the QLT-based prediction of a roughly constant ratio of 2%–4%, our simulations 

show that 𝐷⟂/𝐷∥ increases with particle energy, exceeding the typically assumed range 

for particles above ∼ 1 MeV at 1 AU. This strong energy dependence arises from the 

distinct scalings of the two transport channels. Parallel diffusion scales as 𝐷∥ ∼ 𝑣2/𝜈, where 

the scattering rate 𝜈 increases with energy but is outpaced by the velocity dependence. 

Perpendicular diffusion benefits additionally from the growth of the cross-field jump 

size with the demagnetized gyroradius, giving 𝐷⟂ a steeper energy scaling than 𝐷∥ and 

producing a ratio that is far from constant.

This result differs from earlier studies suggesting the ratio is largely independent of 

energy (Shalchi, 2021). It is also consistent with the finding of (Pucci et al., 2016) that 

intermittency influences parallel transport, and extends it by demonstrating that current 

sheets—a primary source of intermittency—also strongly affect perpendicular transport. 

Our findings offer a potential explanation for observational puzzles such as the large longi

tudinal and latitudinal extent of solar energetic particle (SEP) events detected by widely 

separated spacecraft (Desai & Giacalone, 2016; Lario et al., 2014; Zhang et al., 2009). 

If perpendicular diffusion is substantially more efficient at high energies than previously 

assumed, the broad spatial distributions of SEPs may be a natural consequence of current-

sheet-mediated cross-field transport rather than requiring extended coronal injection or 

other non-standard mechanisms.

5.4 Summary and Discussion

This study demonstrates that interactions with current sheets are a significant driver 

of energetic-particle transport in the heliosphere. By combining observed current sheet 

statistics with test-particle simulations, we have shown that:
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1. Current sheet interactions produce both parallel transport (through pitch-angle scat

tering and reflection) and perpendicular transport (through cross-field jumps during 

demagnetization). Both transport channels operate through mechanisms that are quali

tatively distinct from those assumed in quasi-linear theory.

2. The perpendicular-to-parallel diffusion ratio 𝐷⟂/𝐷∥ is not constant but increases with 

particle energy, exceeding the typically assumed 2%–4% for particles above ∼ 1 MeV 

at 1 AU. This energy dependence may be attributed to the perpendicular jump size 

scaling with the demagnetized gyroradius.

3. The current-sheet-driven transport is quantitatively significant: the diffusion coefficients 

are comparable to or exceed QLT predictions at energies where the gyroradius–thickness 

resonance condition is well satisfied.

Our model is necessarily simplified and several important effects have been neglected. 

First, we do not include realistic waiting-time distributions between current sheets. The 

observed solar wind exhibits clustered distributions of discontinuities (Borovsky, 2010), 

and heavy-tailed waiting-time distributions could give rise to anomalous (non-Fickian) 

transport regimes (Effenberger et al., 2025; Giacalone et al., 2022), where the mean-square 

displacement grows as 𝑡𝛼 with 𝛼 ≠ 1. Our use of a fixed inter-sheet spacing 𝑑 precludes 

this possibility and may underestimate the variability of transport in the real solar wind.

Second, we neglect the systematic evolution of the heliospheric magnetic field with radial 

distance and the resulting changes in current-sheet configurations experienced by propa

gating particles. As particles travel from the Sun to 1 AU, they encounter current sheets 

whose statistical properties (thickness, shear angle, field strength) evolve with heliocentric 

distance. A self-consistent treatment would couple the transport model to a radial profile 

of current sheet statistics.

Third, the heliosphere is inherently three-dimensional (Effenberger & Litvinenko, 2014), 

and actual current sheets exhibit complex three-dimensional structures—including recon

nection sites, flux ropes, and plasmoid chains (Pezzi et al., 2021) — that are not captured in 

our one-dimensional force-free model. These structures may introduce additional scattering 

channels and modify the perpendicular transport efficiency.
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Despite these simplifications, our results provide some of the first quantitative evidence 

that current sheets play a substantial role in modulating energetic-particle transport. 

Because current sheets constitute a major component of solar-wind turbulence (Malandraki 

et al., 2019) and contribute significantly to magnetic field fluctuations (Borovsky, 2010), 

accounting for their effects is essential for developing accurate transport models (Whitman 

et al., 2023). The strong energy dependence of the perpendicular-to-parallel diffusion 

ratio, in particular, may have important implications for interpreting multi-spacecraft SEP 

observations and for forecasting radiation environments in the inner heliosphere. Future 

work should aim to incorporate more realistic descriptions of current-sheet geometries, 

dynamics, and spatial distributions to better quantify and constrain their influence on 

particle propagation. A broader discussion of open questions and future directions is 

provided in Chapter 6.
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Chapter 6

Summary and Future Perspectives

6.1 Research Summary

The central scientific contribution of this thesis is a quantitative, observation-informed 

account of how kinetic-scale solar wind current sheets scatter energetic particles and shape 

their transport through the inner heliosphere. This is achieved through two interconnected 

programs—one observational (Chapter 2 and Chapter 3), one theoretical and numerical 

(Chapter 4 and Chapter 5)—whose results build on and reinforce each other directly.

Observational characterization across the inner heliosphere. The first program 

establishes how current sheet properties vary across heliocentric distances using simul

taneous multi-spacecraft measurements. In the inner heliosphere study (Chapter 5), we 

analyzed three Parker Solar Probe encounter intervals (Encounters 7–9), selected for 

their contrasting geometric alignments with near-Earth spacecraft ARTEMIS and WIND, 

allowing us to distinguish spatial evolution from temporal or solar-cycle variability. Using a 

robust automated detection algorithm applied consistently across all missions, we identified 

and characterized more than 45,000 current sheets. The use of normalized, resolution-inde

pendent detection criteria—moving beyond earlier fixed-threshold approaches—enables 

meaningful cross-mission comparison.

The central observational finding is that the majority of solar wind current sheets are 

kinetic-scale structures across the inner heliosphere and their normalized properties are 

largely invariant across radial distance. While absolute thickness increases and absolute 

current density decreases as the solar wind expands, both quantities remain nearly 

constant when normalized to the local ion inertial length 𝑑𝑖 and Alfvén current density 

𝐽𝐴 respectively—from 0.17 AU (PSP near perihelion) out to 1 AU. The normalized 

current density, with most probable value around 0.05–0.15 𝐽𝐴, and normalized thickness, 
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centered around 2–4 𝑑𝑖, show distributions whose widths greatly exceed any systematic 

radial trend, indicating that the intrinsic spread of current sheet properties dominates 

over the evolution. A pronounced inverse correlation between current density and spatial 

scale—stronger currents in thinner sheets—extends over nearly two additional orders of 

magnitude compared to prior studies, establishing this as a universal feature of solar wind 

turbulence across kinetic to MHD scales. The Alfvénicity of current sheets, quantified 

through the Sonnerup parameter 𝑄±, is found to be primarily controlled not by the sheet’s 

own properties (thickness, current density, plasma 𝛽) but by the surrounding turbulent 

environment—specifically the cross helicity 𝜎𝑐 and residual energy 𝜎𝑟 of the ambient solar 

wind. This demonstrates that current sheets are embedded within, and shaped by, the 

local turbulent cascade rather than being independent structures.

The outer heliosphere study (Chapter 4) extends this characterization from 1 to 5 AU using 

the Juno spacecraft during its cruise phase (2011–2016), complemented by simultaneous 1 

AU observations from WIND, ARTEMIS, and STEREO. More than 130,000 current sheet 

intervals were identified. The occurrence rate decreases with heliocentric distance following 

an approximate 1/𝑟 law—from roughly 150 events per day near 1 AU to ~30 per day near 

5 AU. Through a geometric model accounting for the expanding spherical shell and the 

Parker spiral orientation of current sheet normals, we show that this apparent decrease may 

be largely a geometric effect: when the global occurrence rate is corrected for the fractional 

cross-sectional coverage of a planar structure at distance 𝑟, the factor of 5 decrease in 

local occurrence rate reduces to a factor of only ~1.3, with the residual attributable to 

physical annihilation processes such as magnetic reconnection. The normalized thickness 

and current density continue to remain nearly constant from 1 to 5 AU, confirming that 

current sheets maintain their kinetic character throughout the outer inner heliosphere and 

that the characteristic velocity 𝑣𝐵 ∝ 𝐵𝐿 is approximately radially invariant—with direct 

implications for particle scattering efficiency.

Quantitative modeling of particle scattering and transport. The second program 

translates these observational constraints into a physics-based model of energetic particle 

scattering and transport. Chapter 6 develops an exact Hamiltonian formulation for a 

force-free, one-dimensional current sheet—retaining the full unexpanded magnetic vector 

potential rather than relying on Taylor expansions near the sheet center—and uses it to 
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conduct extensive test-particle simulations parameterized by the observed distributions of 

𝜃, 𝜔𝑖𝑛, and 𝑣𝐵 from the 1 AU current sheet catalog of ~100,000 events.

The scattering outcome of each particle–sheet interaction is captured in a transition matrix 

(TM) mapping initial to final pitch angle 𝛼0 → 𝛼1, averaged over the gyrophase. A central 

result is that for certain current sheets and particle energies, the TM combines a bright 

diagonal (weakly scattered particles) with off-diagonal structure representing large, non-

diffusive pitch-angle jumps. The character of the scattering depends strongly on the shear 

half-angle 𝛽 and the ratio 𝑣𝑝/𝑣𝐵. Large 𝛽 (large rotation angle) and 𝑣𝑝 ∼ 𝑣𝐵 (gyroradius 

comparable to sheet thickness) produce enhanced diffusion and particle reflection; very 

high energies (𝑣𝑝 ≫ 𝑣𝐵) result in weak scattering over a narrow pitch-angle range. The 

uncertainty curve length 𝐿uc/
√
𝐻, which governs the probability of separatrix crossing, 

increases with both 𝛽 and particle energy—confirming that the geometric chaotization 

mechanism is more pronounced for larger field rotations and higher-energy particles inter

acting with current sheets of comparable scale.

A statistically weighted transition matrix (WTM) is constructed by averaging individual 

TMs over the observed distribution of current sheet properties at 1 AU. For 100 keV 

protons, the WTM shows a strong diagonal (most encounters produce little scattering) 

but with significant probability of both diffusive spreading and rare, large-angle jumps—a 

non-Markovian structure that cannot be reduced to a single diffusion coefficient. The long-

term pitch-angle evolution is simulated through the iterative mapping 𝛼𝑛+1 = 𝑊Π(𝛼𝑛, 𝜉𝑛), 
where 𝜉𝑛 is a uniformly sampled random variable encoding the gyrophase randomization. 

This produces pitch-angle histories characterized by infrequent but substantial jumps

—exactly the non-Brownian dynamics anticipated from the intermittent distribution of 

current sheets. An effective pitch-angle diffusion rate 𝐷𝜇𝜇 is extracted by fitting the second 

moment 𝑀2(𝑛) of the pitch-angle distribution to a saturating exponential, and converted 

to a physical timescale 𝒟︀𝜇𝜇 using the observed current sheet occurrence rate and mean 

solar wind speed.

Chapter 7 extends this framework to spatial transport. Using a Monte Carlo approach in 

which particles traverse fixed separations 𝑑 between successive current sheet encounters

—drawn from the observed spacing distribution—and undergo scattering according to 
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the WTM, we compute both parallel displacement ⟨Δ𝑧2⟩ and perpendicular displacement 

⟨Δ𝐫2⟂⟩ as functions of time for particle energies from 100 keV to 1 MeV. Both exhibit 

asymptotically diffusive behavior, with coefficients 𝐷∥ and 𝐷⟂ extracted from the linear 

growth of mean-square displacement at late times. A key finding is that the perpendicular 

diffusion coefficient 𝐷⟂ scales more steeply with particle energy than 𝐷∥, causing the ratio 

𝐷⟂/𝐷∥ to increase with energy and to exceed standard predictions from turbulent wave 

models at high energies. This arises because the perpendicular guiding-center displacement 

at each current sheet crossing—produced by demagnetization when the gyroradius is 

comparable to the sheet thickness—grows rapidly with particle energy, while the parallel 

transport is regulated by the pitch-angle scattering rate in a more gradual fashion. 

Furthermore, the characteristic velocity 𝑣𝐵 ∝ 𝐵𝐿 is nearly radially invariant (confirmed 

by the observational results of Chapters 4–5), implying that the scattering efficiency—

and thus both 𝐷∥ and 𝐷⟂—remains significant throughout the inner heliosphere, with the 

higher occurrence rates closer to the Sun amplifying the effect further.

Taken together, these results establish current sheets as systematic, quantifiable agents of 

energetic particle scattering throughout the inner heliosphere. The observational invariance 

of normalized current sheet properties across 0.1–5 AU provides the empirical foundation; 

the Hamiltonian framework and test-particle simulations provide the physical mechanism 

and transport coefficients; and the non-Brownian, large-jump character of the scattering 

offers a natural explanation for the anomalous transport behavior—broad particle reser

voirs, rapid longitudinal spreading—that has long challenged purely wave-based models 

of SEP propagation.

6.2 Opportunities for Future Research

The results of this thesis open several directions for future investigation:

Origins and evolution of solar wind current sheets. A fundamental question 

left open by this thesis is the origin of the current sheet population we characterize. 

The observational invariance of normalized current sheet properties across 0.1–5 AU is 

consistent with two competing pictures: structures generated near the Sun (potentially 
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by turbulence there) and convected outward in a way that evolves consistently with 

local plasma properties, and structures generated locally and continuously by turbulence 

throughout the heliosphere. One way to distinguishing is tracking the propagation velocity. 

Liu et al. (2021) showed that outward-propagating rotational discontinuities have velocities 

scaling as 𝑟−1—consistent with Alfvénic advection—while a minority propagate inward, 

suggesting local turbulent generation. A more systematic investigation of propagation 

velocities as a function of heliocentric distance, spatial scale, and solar wind type and 

current sheet character (RD or TD) would help quantify the relative contributions of solar-

origin and locally-generated sheets. If multiple mechanisms is possible, Closely related is 

the question of what fraction of the current sheet population arises from the steepening of 

large-amplitude Alfvén waves versus direct turbulent cascade. A statistical decomposition 

of the current sheet population by generation mechanism would provide critical insights.

Curvature, reversal-scale statistics and connections to the broader intermit

tency picture. The quasi-adiabatic framework developed here treats scattering in terms 

of the internal magnetic field structure of individual current sheets. A complementary 

perspective, developed by Lemoine (2023) and Kempski et al. (2023), frames scattering as 

a consequence of regions where the field-line curvature radius 𝜅−1 or perpendicular reversal 

scale drops below the particle gyroradius—a condition met whenever the turbulence is 

sufficiently intermittent on scales 𝑙 ∼ 𝑟𝑔. This curvature-based picture is broader than the 

current sheet picture: sharp bends of the magnetic field, whether or not they constitute 

a recognized current sheet, can produce order-unity changes in the magnetic moment. 

However, as explored in several theoretical works (Artemyev et al., 2013a; 2014; 2020a), the 

internal structure containing this curvature matters for the scattering outcome—superfast 

or otherwise—depending on the symmetry of the Hamiltonian, specifically the existence 

and complexity of normal and guide field components. Unifying these perspectives requires 

progress on several fronts. First, the curvature statistics of the solar wind are beginning 

to be characterized observationally (Hu et al., 2025), but the perpendicular reversal-scale 

statistics—which Kempski et al. (2023) show act as a gatekeeper for energy-dependent 

scattering in the fold-propagation model—remain unmeasured. Determining whether the 

power-law tails of the curvature PDF are dominated by current sheet crossings, by smaller-

scale bends within flux tubes, or by some combination would clarify the relationship 

between the current-sheet-specific scattering model developed here and the more general, 
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structure-agnostic turbulent scattering framework. Second, the contribution of small-scale 

magnetic mirrors and their interplay with curvature deserves further investigation: as 

Lemoine (2023) notes, the mirror term 𝑚 ≡ 𝐵−1̂𝐛 ⋅ (̂𝐛 ⋅ ∇)𝐵 and the curvature 𝜅 are likely 

correlated along field lines—both are large at current sheets—yet their joint influence on 

particle scattering has not been quantified. Third, the results of both Lemoine (2023) and 

Kempski et al. (2023) apply in the limit of large-amplitude turbulence with no or weak 

mean field, whereas the solar wind spans a range of conditions of 𝛿𝐵/𝐵0. A systematic 

study of how the curvature PDFs and fold statistics evolve as 𝛿𝐵/𝐵0 decreases toward 

unity is essential for assessing the relevance of these models to SEP transport. Such a 

synthesis would allow the scattering framework developed in this thesis to be embedded 

within, and validated against, a broader theory of intermittency-mediated transport.

Non-diffusive transport and beyond the Fokker–Planck framework. Perhaps the 

most theoretically significant open problem raised by this thesis is how to properly model 

the non-diffusive microphysics of current-sheet-induced scattering within a macroscopic 

transport framework. The pitch-angle and spatial evolution we find is intermittent: 

long periods of near-free-streaming punctuated by rare but violent jumps. This statis

tical structure—heavy-tailed jump distributions rather than frequent small deflections

—fundamentally violates the Markovian, continuous-scattering assumption of the Fokker–

Planck equation (Zimbardo & Perri, 2020), and can give rise to anomalous transport: 

subdiffusive when current sheets trap particles, superdiffusive when intense encounters 

produce large displacements. The effective 𝐷𝜇𝜇 derived in Chapter 4 provides a useful 

first approximation, but its validity as a single parameter characterizing such a heavy-

tailed process needs careful assessment, particularly in the energy range where gyro-radii 

are comparable to typical sheet thicknesses and large pitch-angle jumps are frequent. 

Several alternative frameworks deserve systematic exploration. Fractional diffusion models 

(del-Castillo-Negrete et al., 2005) and Lévy-walk statistics (Zaburdaev et al., 2015) can 

naturally accommodate the power-law jump distributions. A complementary approach, 

inspired by Ewart et al. (2025), treats the solar wind as a multiphase diffusive medium 

in which different plasma types (Xu & Borovsky, 2015) host statistically distinct current 

sheet populations with different scattering properties and substantially different diffusion 

coefficients. In that framework, the energy dependence of transport is modified by the 

multiphase structure only when there is a moderate level of perpendicular cross-field 
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diffusion—a condition that our results suggest is met for SEPs interacting with current 

sheets in the 100 keV to 1 MeV range. Applying this picture to the solar wind requires 

characterizing the spatial distribution of plasma types and the current sheet populations 

embedded within each.

Beyond one-dimensional force-free current sheets. The magnetic field model used 

throughout this thesis is a force-free configuration in which the field rotates along one 

dimension. This captures the essential physics of non-adiabatic scattering—separatrix 

crossings, geometric jumps, and the role of the shear angle 𝛽—but it necessarily omits 

several features of real solar wind current sheets. First, the internal structure of many 

observed sheets is genuinely multi-dimensional: the guide field, the normal component, 

and the 𝐵𝑚 peak can all vary along the sheet surface, and plasma density and temperature 

gradients can contribute forces that modify the field profile away from the force-free 

limit. Second, other coherent structures—Alfvén vortices, magnetic holes, flux ropes, 

and compressive structures—are present in the solar wind alongside current sheets and 

may contribute independently to particle scattering through distinct mechanisms. The 

curvature-scattering framework of Lemoine (2023) already partially addresses this by 

treating the full curvature field rather than isolated current sheets, but a comprehensive 

characterization of the scattering contribution from each structure type, as a function of 

particle energy and structure geometry, remains to be developed. Test-particle simulations 

in more realistic field configurations would be a productive next step toward a complete, 

structure-resolved model of SEP transport in the turbulent inner heliosphere.
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Appendix A

Multifluid Equilibrium Model of Current Sheets With Interpene

trating Ion Beams

Solar wind discontinuities are localized, transient, intense coherent structures widely 

observed in the heliosphere (Greco et al., 2016; Podesta, 2017; Vasko et al., 2022; Vasquez 

et al., 2007; Zhang et al., 2025a). They exhibit Alfvén-wave-like character, as evidenced by 

strong correlations between fluctuations of plasma velocity and Alfvén velocity (Artemyev 

et al., 2019b; D'Amicis et al., 2021; De Keyser et al., 1998; Paschmann et al., 2013). 

Theoretical models predict that such discontinuities may originate from nonlinear Alfvén-

wave evolution (Medvedev et al., 1997; Medvedev & Diamond, 1996) or plasma turbulence 

(Servidio et al., 2011). Their magnetic structure is often best described as a current sheet 

with approximately constant magnetic-field magnitude 𝐵 and a strong rotation of the field 

direction (Neukirch et al., 2020b). Being quasi-one-dimensional structures, these current 

sheets contain two main magnetic-field components: 𝐵𝑥(𝑧) reversing sign across the sheet, 

and 𝐵𝑦(𝑧) reaching a local maximum near the 𝐵𝑥 reversal, where 𝑧 denotes the coordinate 

along the current-sheet normal. This configuration is important for magnetic reconnection 

and energetic-particle scattering (Artemyev et al., 2020a; Malara et al., 2021; 2023; Shi et 

al., 2021; Zhang et al., 2025b).
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Figure A.1:  Three examples of current sheets (discontinuities) observed by the Parker Solar Probe (PSP) 

(Fox et al., 2016), ARTEMIS (Angelopoulos, 2011), and Wind (Acuña et al., 1995) spacecraft in the 𝐥𝐦𝐧 

coordinate system, each with sub-Alfvénic velocity jumps. Here 𝐥 ≡ 𝑥 represents the maximum variance 

direction, 𝐦 ≡ 𝑦 the intermediate variance direction, and 𝐧 ≡ 𝑧 the minimum variance direction. From top 

to bottom, the panels display magnetic-field components, plasma velocity, shifted Alfvén velocity in the 𝑥-

direction, shifted plasma velocity, and plasma density. Details about instruments and data sets are provided 

in the Appendix.

Figure A.1 presents three examples of current sheets observed in the solar wind and 

at Earth’s distant magnetotail. Each shows a 𝐵𝑥 reversal paired with a 𝐵𝑦 peak that 

compensates the loss in magnetic pressure 𝐵2
𝑥/2𝜇0, with typical half-widths 𝐿 ∼ 1–20𝑑𝑖 

(𝑑𝑖 ≈ 100 km at 1 AU and ≈ 10 km near the Sun (Zhang et al., 2026a)). Several models 

describe current sheets with 𝐵 = const and 𝐵𝑧 = 0, where the configuration resembles a 

tangential discontinuity (Harrison & Neukirch, 2009; Neukirch et al., 2020b). However, 

when 𝐵𝑧 ≠ 0, tangential-discontinuity models are no longer sufficient and an additional 

stress balance must hold beyond the pressure balance 𝐵2
𝑥 +𝐵2

𝑦 + 2𝜇0𝑃⟂ = const (Hudson, 

1970). In ideal single-fluid MHD this additional condition is |Δ𝐕𝐴| = |Δ𝐔|, where Δ 

denotes the change across the sheet, 𝐕𝐴 ≡ 𝐁/√𝜇0𝜌 is the Alfvén velocity, and 𝐔 is the 

plasma bulk velocity.
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Spacecraft observations show that the Alfvénicity, defined here as |Δ𝐔|/|Δ𝐕𝐴|, is fre
quently below unity in current sheets (see Figure A.1 and (Artemyev et al., 2019b; De 

Keyser et al., 1998; Paschmann et al., 2013)). One important generalization is therefore 

a multi-component plasma. Spacecraft observations frequently reveal counter-streaming 

ion populations in and around solar-wind current sheets (Artemyev et al., 2020b; Shen et 

al., 2024), and such interpenetrating beams can significantly modify stress balance and 

internal structure (Vasko et al., 2014). These kinetic features, including the partitioning 

between thermal and drift energy and the distinct dynamics of each ion population, cannot 

be captured by single-fluid models.

Following (Shi et al., 2021; Steinhauer et al., 2008), this appendix develops a multifluid 

model for 1D current sheets with 𝐵𝑧 ≠ 0. We extend that framework by including a shear 

(guide) magnetic field 𝐵𝑦 and gyrotropic pressure anisotropy, and we derive explicitly how 

the density contrast between counter-streaming ion beams controls the Alfvénicity of the 

current sheet. A fully kinetic treatment is more complete but difficult to solve analytically 

when 𝐵𝑧 ≠ 0; the multifluid approach remains analytically tractable while retaining key 

multi-species effects.

A.1 Multifluid Model

We assume that the asymptotic boundary conditions are known, including the normal 

magnetic field 𝐵𝑧, magnetic-field magnitude 𝐵, and properties of incident fluid streams. 

The governing equations for a collisionless multifluid plasma are

( 𝜕
𝜕𝑡

+ 𝐮𝛼 · ∇)𝑛𝛼 = −𝑛𝛼∇ · 𝐮𝛼 (8)

𝑚𝛼𝑛𝛼(
𝜕
𝜕𝑡

+ 𝐮𝛼 · ∇)𝐮𝛼 = −∇ · 𝐏𝛼 + 𝑞𝛼𝑛𝛼(𝐄 + 𝐮𝛼 ×𝐁) (9)

∇ ×𝐁 = 𝜇0(𝐉 + 𝜖0
𝜕𝐄
𝜕𝑡

) (10)
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∇ · 𝐁 = 0. (11)

Here 𝛼 indicates species, 𝑛𝛼 number density, 𝑚𝛼 mass, 𝑞𝛼 charge, 𝐮𝛼 bulk velocity, 𝐏𝛼 

pressure tensor, 𝐄 electric field, 𝐁 magnetic field, 𝐉 current density, 𝜖0 vacuum permit

tivity, and 𝜇0 vacuum permeability.

We seek steady-state solutions in the deHoffmann-Teller frame, with 𝜕/𝜕𝑡 = 0, and assume 

all variables vary only along 𝑧. Conservation of mass integrates to Γ𝛼 ≡ 𝑛𝛼𝑢𝛼𝑧 = const, and 

Gauss’s law requires constant 𝐵𝑧. Steady Faraday’s law fixes 𝐸𝑥 and 𝐸𝑦 as constants, which 

vanish in the deHoffmann-Teller frame, leaving 𝐄 = −(𝑑𝜑/𝑑𝑧)𝐳̂. The steady momentum 

equations are

𝑚𝛼Γ𝛼
𝑑𝑢𝛼𝑥
𝑑𝑧

= −
𝑑𝑃𝑥𝑧,𝛼
𝑑𝑧

+ 𝑞𝛼(𝑛𝛼𝑢𝛼𝑦𝐵𝑧 − Γ𝛼𝐵𝑦) (12)

𝑚𝛼Γ𝛼
𝑑𝑢𝛼𝑦
𝑑𝑧

= −
𝑑𝑃𝑦𝑧,𝛼
𝑑𝑧

+ 𝑞𝛼(Γ𝛼𝐵𝑥 − 𝑛𝛼𝑢𝛼𝑥𝐵𝑧) (13)

𝑚𝛼Γ𝛼
𝑑𝑢𝛼𝑧
𝑑𝑧

= −
𝑑𝑃𝑧𝑧,𝛼
𝑑𝑧

+ 𝑛𝛼𝑞𝛼(−
𝑑𝜑
𝑑𝑧

+ 𝑢𝛼𝑥𝐵𝑦 − 𝑢𝛼𝑦𝐵𝑥) (14)

Ampere’s law gives

1/𝜇0
𝑑𝐵𝑦

𝑑𝑧
= −𝐽𝑥 = −∑

𝛼
𝑞𝛼𝑛𝛼𝑢𝛼𝑥 (15)

1/𝜇0
𝑑𝐵𝑥
𝑑𝑧

= 𝐽𝑦 =∑
𝛼
𝑞𝛼𝑛𝛼𝑢𝛼𝑦 (16)

0 = 𝐽𝑧 =∑
𝛼
𝑞𝛼𝑛𝛼𝑢𝛼𝑧 =∑

𝛼
𝑞𝛼Γ𝛼. (17)

Far from the current sheet all derivatives vanish. Equation 13 then reduces to

Γ𝛼𝐵𝑥(±∞) − 𝑛𝛼(±∞)𝑢𝛼𝑥(±∞)𝐵𝑧 = 0. (18)
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Introducing 𝑈𝑥 ≡ ∑𝛼𝑚𝛼𝑛𝛼𝑢𝛼𝑥/𝜌, 𝑉𝐴,𝑥 ≡ 𝐵𝑥/
√𝜇0𝜌, and 𝜌 ≡ ∑𝛼𝑚𝛼𝑛𝛼, summing Equa

tion 18 with mass weights gives

𝑈𝑥
𝑉𝐴,𝑥

|± =
√𝜇0∑𝛼𝑚𝛼Γ𝛼

𝐵𝑧√𝜌|±
. (19)

For matched asymptotic density, 𝜌(+∞) = 𝜌(−∞) ≡ 𝜌∞, both Δ𝑈𝑥 and Δ𝑉𝐴,𝑥 are pro

portional to Δ𝐵𝑥, and

Δ𝑈𝑥
Δ𝑉𝐴,𝑥

=
√𝜇0∑𝛼𝑚𝛼Γ𝛼

𝐵𝑧
√𝜌∞

. (20)

The apparent 𝐵𝑧 dependence can be eliminated using transverse stress balance. Combining 

Equation 12–Equation 13 across species with Ampere’s law yields

∑
𝛼
𝑚𝛼Γ𝛼𝑢𝛼𝑥 +Π𝑥𝑧 =

𝐵𝑥𝐵𝑧
𝜇0

+𝐶𝑥

∑
𝛼
𝑚𝛼Γ𝛼𝑢𝛼𝑦 +Π𝑦𝑧 =

𝐵𝑦𝐵𝑧

𝜇0
+𝐶𝑦,

(21)

where Π𝑖𝑧 ≡ ∑𝛼 𝑃𝑖𝑧,𝛼 and 𝐶𝑥, 𝐶𝑦 are integration constants. Evaluating Equation 21 

asymptotically and substituting Equation 18 gives

𝜇0∑
𝛼

𝑚𝛼Γ2𝛼
𝑛𝛼|±

= 𝐵2
𝑧 (1 − Λ𝑑|±), Λ𝑑|± ≡

𝜇0(Π𝑥𝑧|± −𝐶𝑥)
𝐵𝑥|± 𝐵𝑧

. (22)

The dimensionless coefficient Λ𝑑 is a dynamical stress factor built from the asymptotic 

states. Solving Equation 22 for 𝐵𝑧 and substituting into Equation 20 yields

| Δ𝑈𝑥
Δ𝑉𝐴,𝑥

| =
∑𝛼𝑚𝛼Γ𝛼

√𝜌∞∑𝛼𝑚𝛼Γ2𝛼/𝑛𝛼|±
√1− Λ𝑑|±. (23)

The first factor encodes multifluid structure and is bounded by unity by the Cauchy–

Schwarz inequality. The second factor captures anisotropy and agyrotropy contributions. 
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For gyrotropic pressure, 𝐏𝛼 = 𝑝⟂,𝛼𝐈 + (𝑝∥,𝛼 − 𝑝⟂,𝛼)̂𝐛𝐛, with Λ𝛼 ≡ 𝜇0(𝑝∥,𝛼 − 𝑝⟂,𝛼)/𝐵2, 

the off-diagonal stress is Π𝑥𝑧 = (𝐵𝑥𝐵𝑧/𝜇0)∑𝛼 Λ𝛼. Thus Λ𝑑 = ∑𝛼 Λ𝛼 when 𝐶𝑥 = 0.

When the stress factor is symmetric across the sheet, Λ𝑑|+ = Λ𝑑|− ≡ Λ𝑑, the modified 

Alfvén velocity 𝑉 ′
𝐴,𝑥 ≡ 𝑉𝐴,𝑥√1− Λ𝑑 satisfies Δ𝑉 ′

𝐴,𝑥 = √1 − Λ𝑑Δ𝑉𝐴,𝑥. The ratio of Δ𝑈𝑥 
to Δ𝑉 ′

𝐴,𝑥 then depends only on the multifluid factor. In the single-fluid limit this reduces 

to Δ𝑈𝑥 = ±Δ𝑉 ′
𝐴,𝑥. For two ion fluids with equal mass and equal but opposite normal 

velocities, 𝑚1 = 𝑚2 and 𝑢𝑧,1(±∞) = −𝑢𝑧,2(±∞), Equation 23 becomes

| Δ𝑈𝑥
Δ𝑉 ′

𝐴,𝑥
| = |𝑛1(±∞) − 𝑛2(±∞)

𝑛1(±∞) + 𝑛2(±∞)
|. (24)

A.2 Results

We now apply the model to rotational current sheets. Assume gyrotropic pressure for each 

species. Let 𝜃(𝑧) denote the azimuthal angle of 𝐁𝑥𝑦 ≡ (𝐵𝑥, 𝐵𝑦), so that 𝐵𝑥 = 𝐵𝑇 cos 𝜃, 
𝐵𝑦 = 𝐵𝑇 sin 𝜃, and 𝐵𝑇 = |𝐁𝑥𝑦|. The transverse rotation is partial when 𝜃+ − 𝜃− ≠ 𝑘𝜋 for 

any integer 𝑘.

Under the gyrotropic assumption, the integration constants in Equation 21 vanish for any 

partial rotation. Decompose each transverse velocity along 𝐛̂𝑇 = (cos 𝜃, sin 𝜃) and 𝐛̂⟂ =
(− sin 𝜃, cos 𝜃),

𝑢𝛼𝑇 ≡ 𝑢𝛼𝑥 cos 𝜃 + 𝑢𝛼𝑦 sin 𝜃, 𝑢𝛼⟂ ≡ −𝑢𝛼𝑥 sin 𝜃 + 𝑢𝛼𝑦 cos 𝜃.

Projecting Equation 21 onto ̂𝐛⟂ eliminates magnetic and gyrotropic pressure-anisotropy 

terms, leaving

∑
𝛼
𝑚𝛼Γ𝛼𝑢𝛼⟂ = −𝐶𝑥 sin 𝜃 + 𝐶𝑦 cos 𝜃.

Asymptotically, Equation 18 and its 𝑦 counterpart imply 𝑢𝛼⟂|± = 0. For partial rotations, 

the two asymptotic equations form a nonsingular homogeneous system for (𝐶𝑥, 𝐶𝑦), so 
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𝐶𝑥 = 𝐶𝑦 = 0. The singular 𝜋 reversal also gives 𝐶𝑥 = 𝐶𝑦 = 0 when the asymptotic state is 

symmetric in density and dynamical stress factor. Therefore,

∑
𝛼
𝑚𝛼Γ𝛼𝑢𝛼⟂ = 0. (25)

A second constraint follows from Ampere’s law:

∑
𝛼
𝑞𝛼𝑛𝛼𝐵𝑇𝑢𝛼⟂ = 1

2𝜇0
𝑑𝐵2

𝑇
𝑑𝑧

.

We now specialize to current sheets with constant total magnetic-field magnitude |𝐁| =
const, a common condition in the solar wind (Gosling et al., 2009; Tsurutani et al., 1994), 

and to two counter-streaming proton populations plus one isotropic massless electron 

population. Since 𝐵𝑧 is constant, 𝐵𝑇 = 𝐵0 is constant and 𝐁𝑥𝑦 merely rotates. The 

Ampere-sum relation gives ∑2
𝛼=1 𝑛𝛼𝑢𝛼⟂ = 0. With Equation 25, the two-ion system forces 

𝑢𝛼⟂ = 0 for distinct normal flow velocities, so each ion transverse velocity lies along 𝐁𝑥𝑦:

𝑢𝛼𝑦𝐵𝑥 − 𝑢𝛼𝑥𝐵𝑦 = 0. (26)

Projecting transverse momentum along 𝐁𝑥𝑦 yields

𝐾𝛼 ≡ 𝑚𝛼Γ𝛼𝑢𝛼𝑇 +
Λ𝛼𝐵0𝐵𝑧

𝜇0
= const . (27)

Projecting perpendicular to 𝐁𝑥𝑦 gives

𝐾𝛼𝜃′ = 𝑒(Γ𝛼𝐵0 − 𝑛𝛼𝑢𝛼𝐵𝑧), (28)

where ′ = 𝑑/𝑑𝑧. Ampere’s law reduces to

𝜃′ = 𝜇0𝑒(
Γ𝑒
𝐵𝑧

−
∑2

𝛼=1 𝑛𝛼𝑢𝛼
𝐵0

). (29)

In the asymptotic region, 𝜃′ = 0, and Equation 28 enforces 𝑛𝛼𝑢𝛼|∞ = Γ𝛼𝐵0/𝐵𝑧. Thus

𝐾𝛼𝜃′ = 𝑒𝐵𝑧(𝑛𝛼𝑢𝛼|∞ − 𝑛𝛼𝑢𝛼). (30)
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Under gyrotropy, 𝑃𝑧𝑧,𝛼 = 𝑝⟂,𝛼 + Λ𝛼𝐵2
𝑧/𝜇0, so Equation 14 becomes

𝑑
𝑑𝑧
(𝑚𝛼Γ2𝛼
𝑛𝛼

+ 𝑝⟂,𝛼 +
Λ𝛼𝐵2

𝑧
𝜇0

) = −𝑒𝑛𝛼
𝑑𝜑
𝑑𝑧

. (31)

The variables 𝑛𝛼, 𝑝⟂,𝛼, and Λ𝛼 are decoupled from 𝜃. A simple closure 𝑝⟂,𝛼 = 𝑝⟂,𝛼(𝑛𝛼, 𝐵) 
and Λ𝛼 = Λ𝛼(𝑛𝛼,𝐵) for every species, combined with a relation between 𝜑 and 𝑛𝑒 and 

constant |𝐁|, would over-determine the system and admit only the trivial uniform solution. 

We therefore leave pressure as a free parameter; equivalently, Equation 31 lets one ion 

density profile be specified freely, with remaining densities, pressures, and 𝜑 determined 

self-consistently.

For concrete profiles we take isotropic pressure, Λ𝛼 = 0, set 𝜃(0) = 𝜋/2, and choose a 

Lorentzian profile for the first ion population:

𝑛1(𝑧) = 𝑛1(∞) + 𝜅Γ1
𝑉𝐴

1
1 + (𝑧/𝐿)2

,

where 𝐿 is the current-sheet scale, 𝑉𝐴 ≡ 𝐵𝑧/√𝜇0𝑚𝑝𝑛(∞) is the asymptotic Alfvén speed 

in the 𝑧 direction, and 𝜅 controls the density perturbation. Other localized profiles give the 

same asymptotic Alfvénicity and qualitatively similar structure. Solving Equation 30 gives

𝜃(𝑧) = 𝜋
2
− 𝑒𝜅𝐿𝐵𝑧 tan−1(𝑧/𝐿)

𝑚𝑝𝑉𝐴
,

with 𝑒𝐿𝐵𝑧/𝑚𝑝𝑉𝐴 = 𝐿/𝑑𝑖. The ion densities are

𝑛𝛼(𝑧) = 𝑛𝛼(∞) +
𝑛̂𝛼

1 + (𝑧/𝐿)2

𝑛(𝑧) ≡ 𝑛1(𝑧) + 𝑛2(𝑧) = 𝑛(∞) + 𝑛̂
1 + (𝑧/𝐿)2

,

where 𝑛̂𝛼 ≡ 𝑛𝛼(0) − 𝑛𝛼(∞) = 𝜅Γ𝛼/𝑉𝐴 and 𝑛̂ ≡ 𝑛(0) − 𝑛(∞) = 𝜅∑2
𝛼=1 Γ𝛼/𝑉𝐴.

The transverse current and ion bulk-flow profiles are
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𝐽𝑗(𝑧) =
𝑒𝜅𝐵𝑧

𝜇0𝑚𝑝𝑉𝐴

𝐵𝑗(𝑧)

1 + (𝑧/𝐿)2
, 𝐽𝑧 = 0,

𝐽𝑒,𝑗(𝑧) = −
𝑒𝐵𝑗(𝑧)

𝐵𝑧
∑
2

𝛼=1
Γ𝛼, 𝐽𝑒,𝑧 = −𝑒∑

2

𝛼=1
Γ𝛼,

𝐽𝑖,𝑗(𝑧) = 𝐽𝑗(𝑧) − 𝐽𝑒,𝑗(𝑧), 𝐽𝑖,𝑧 = 𝑒∑
2

𝛼=1
Γ𝛼,

𝑈𝑗(𝑧) =
𝐽𝑖,𝑗(𝑧)
𝑒𝑛(𝑧)

, 𝑈𝑧(𝑧) =
1

𝑛(𝑧)
∑
2

𝛼=1
Γ𝛼,

for 𝑗 ∈ {𝑥, 𝑦}. Using 𝑛̂𝛼/𝑛̂ = Γ𝛼/∑
2
𝛼=1 Γ𝛼, the parameters can be written in terms of 

densities:

𝜅 = √∑
2

𝛼=1

𝑛̂2𝛼
𝑛(∞)𝑛𝛼(∞)

∑
2

𝛼=1
Γ𝛼 = √

𝐵2
𝑧

𝜇0𝑚𝑝

𝑛̂2

∑2
𝛼=1 𝑛̂

2
𝛼/𝑛𝛼(∞)

= 𝑉𝐴𝑛̂
𝜅

.

(32)

In dimensionless variables, normalized by 𝐵𝑧, 𝑛(∞), 𝑑𝑖, and 𝑉𝐴, the profiles become

𝜃(𝑧) = 𝜋
2
− 𝜅𝐿 tan−1(𝑧/𝐿)

𝑑𝑖

𝐉
𝑒𝑉𝐴𝑛(∞)

= 𝐁(𝑧)
𝐵𝑧

𝜅
1 + (𝑧/𝐿)2

𝐉𝑒
𝑒𝑉𝐴𝑛(∞)

= −𝐁(𝑧)
𝐵𝑧

𝑛̂
𝜅𝑛(∞)

𝐔
𝑉𝐴

= 𝐁(𝑧)
𝐵𝑧

𝑛(∞)
𝑛(𝑧)

( 𝜅
1 + (𝑧/𝐿)2

+ 𝑛̂
𝜅𝑛(∞)

).

Here 𝐁, 𝐉, 𝐉𝑒, and 𝐔 denote transverse components; the 𝑧 components are given above.

The system is fully determined by 𝜅, ∑𝛼 Γ𝛼, 𝐿, and 𝐵0, or equivalently by 𝑛̂𝛼, 𝑛𝛼(∞), 𝐿, 

and 𝐵0. For the symmetric case 𝑛1(∞) = 𝑛2(∞) and 𝑢1𝑧(∞) = −𝑢2𝑧(∞), with 𝐿 = 𝑑𝑖, 𝜅 =
1, and 𝐵0 = 2𝐵𝑧, Figure A.2 shows the field, density, velocity, and current profiles. Since 
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∑𝛼 Γ𝛼 = 0 and 𝑛̂ = 0, the electron current vanishes and 𝐵𝑦 has no asymptotic background, 

corresponding to a 180° magnetic-field rotation.
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Figure A.2:  Left: Magnetic field, ion density, and ion bulk velocity for 𝑛1 = 𝑛2, 𝑢1 = −𝑢2, 𝐿 = 𝑑𝑖, ∑
2
𝛼=1 Γ𝛼 =

𝑛̂𝑉𝐴 = 0, and 𝐵0 = 2𝐵𝑧. Right: Current density profiles for the same case. The blue line (𝐽𝑥) coincides with 

the green line (𝐽𝑥,𝑖), and the yellow line (𝐽𝑦) coincides with the red line (𝐽𝑦,𝑖).

Figure A.2 shows constant density and zero 𝑈𝑧 because ∑𝛼 Γ𝛼 = 0. The bulk flow has 𝑈𝑦 
peaked at the sheet center and 𝑈𝑥 reversing across the center. The velocity magnitude 

vanishes far from the sheet, so the velocity jump is zero. This symmetric case is the limiting 

configuration where stress balance across a current sheet with 𝐵𝑧 ≠ 0 is maintained entirely 

by counter-streaming ion beams rather than by a net bulk velocity jump. Substitution 

into Equation 24 confirms that the stress balance is satisfied.

For asymmetric beams we set 𝐵𝑦(∞) = 𝐵0/2, 𝐵0 = 2𝐵𝑧, and use two ion populations with 

opposite normal velocities but different densities. Varying 𝑛1(∞) leaves the magnetic-field 

profiles nearly unchanged, while density and velocity profiles vary strongly.
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Figure A.3:  Same as Figure A.2, but for two ion populations with 𝑛1(∞)/𝑛2(∞) = 1.5 and 𝐵𝑦(∞) = 𝐵0/2 =
𝐵𝑧.

Figure A.3 shows results for 𝑛1(∞)/𝑛2(∞) = 1.5. The reversal component 𝐵𝑥 resembles 

the symmetric case, whereas the 𝐵𝑦 peak is embedded in a constant background. The 
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density and 𝑈𝑧 profiles show a small minimum at the sheet center; pressure balance then 

requires a compensating temperature maximum. Unlike the symmetric case, the ion veloc

ities remain finite at the sheet boundaries and have a bulk velocity jump Δ𝑈𝑥 = |(𝑛1(∞) −
𝑛2(∞))/(𝑛1(∞) + 𝑛2(∞))|Δ𝑉𝐴,𝑥. Finite 𝑛̂ also produces nonzero electron currents. Ion 

and electron currents compensate outside the sheet, leaving nonzero total current only 

inside.

To illustrate density control of velocity structure, Figure A.4 shows normalized 𝑈𝑥/𝑉𝐴 and 

𝑈𝑦/𝑉𝐴 for different 𝑛1(∞). The symmetric case 𝑛1(∞) = 0.5 has zero velocity jump. As 

𝑛1(∞) decreases toward zero, the jump increases. Thus the model regulates Δ𝑈𝑥 through 

ion-beam density contrast. There is no 𝑈𝑦 jump across the sheet, but asymptotic 𝑈𝑦(∞) 

depends on 𝑛1(∞) and vanishes in the symmetric case.
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Figure A.4:  Plasma velocity 𝑈𝑥 (left) and 𝑈𝑦 (right) normalized by asymptotic Alfvén velocity 𝑉𝐴(∞) =
𝐵0/√𝜇0𝑚𝑝𝑛(∞) for different 𝑛1(∞).

The spatial profiles of 𝑈𝑥 and 𝑈𝑦 follow 𝐵𝑥 and 𝐵𝑦. Therefore 𝑈𝑥/𝑉𝐴,𝑥 and 𝑈𝑦/𝑉𝐴,𝑦 quantify 

how much Alfvén-velocity variation is reflected in plasma flow. Figure A.5 shows that the 

normalized profiles are identical for the two components and depend only on 𝑛1(∞). As 

𝑛1(∞) approaches zero, the boundary value tends to unity, 𝑈𝑥/𝑉𝐴,𝑥 → 1, recovering the 

single-fluid rotational-discontinuity limit.
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Figure A.5:  Plasma velocity 𝑈𝑥 (left) and 𝑈𝑦 (right) normalized by local Alfvén velocities 𝑉𝐴,𝑥(𝑧) =
𝐵𝑥(𝑧)/√𝜇0𝑚𝑝𝑛(𝑧) and 𝑉𝐴,𝑦(𝑧) = 𝐵𝑦(𝑧)/√𝜇0𝑚𝑝𝑛(𝑧) for different 𝑛1(∞).

A.3 Discussion

This work presents a phenomenological multifluid equilibrium model of current sheets with 

arbitrary Alfvénicity. The model naturally accommodates interpenetrating ion beams and 

a tunable velocity structure controlled by relative ion-population densities. Its primary 

applications are current sheets in the solar wind (Artemyev et al., 2019a) and planetary 

magnetotails (Kamaletdinov et al., 2024).

Two kinetic effects remain beyond this fluid treatment. First, trapped ions that oscillate 

within the current-sheet potential well contribute locally to current and pressure, modi

fying the internal profile without changing the asymptotic stress balance set by freely 

streaming populations. Second, the boundary between ion populations in velocity space, 

sharp in the uniform-field asymptotic region, becomes diffuse within the sheet: nonadia

batic scattering drives slow diffusion of transient Speiser-like ions into quasi-trapped orbits 

(Mingalev et al., 2012; Zelenyi et al., 2002; 2003), progressively reducing the effective 

ion density contrast and reshaping the current profile. The equilibria derived here should 

therefore be understood as quasi-stationary snapshots along this slow evolution, satisfying 

Equation 23 at each instant.

The model is not a unique equilibrium solution. Three considerations nevertheless make 

this subclass physically relevant. First, the constant-|𝐁| condition used above is a known 

nonlinear attractor of Alfvénic relaxation in simulations (Matteini et al., 2024; Tenerani & 

Velli, 2018). Second, the two-fluid tearing-mode analysis of (Shi et al., 2021) identifies the 
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most stable configuration as one with finite normal 𝐵𝑧 and counter-streaming ion flows, 

both embedded here. Third, counter-streaming ion populations are generic in current-

sheet environments, arising from distinct solar origins, reflected and pickup ions in the 

solar wind, and opposite hemispheric sources in planetary magnetospheres. Further work 

on kinetic properties and dynamical selection (Yoon et al., 2023; 2024) is still needed.

Within the model, Δ𝑈𝑥/Δ𝑉𝐴,𝑥 is controlled by density asymmetry between ion populations 

(Equation 24). Configurations with 𝑛1 ≫ 𝑛2 approach the single-fluid limit, while balanced 

densities give lower ratios. Solar-wind observations typically show sub-unity ratios (Arte

myev et al., 2019b; De Keyser et al., 1998), consistent with multiple ion populations of 

comparable density and the effective pressure anisotropy supported by counter-streaming 

beams (Abraham-Shrauner, 1967; Hudson, 1970). Internal structure is also likely shaped 

by effects beyond the gyrotropic specialization used here, especially pressure nongyrotropy 

associated with nonadiabatic ion motion across thin sheets (Artemyev et al., 2020b). 

Incorporating nongyrotropic stresses into this multifluid framework is a natural next step.

A.4 Data Availability

The codes and data supporting this study are available at https://github.com/Beforerr/

cs_theory.

A.5 Appendix

This appendix describes the procedures used to identify current sheets and characterize 

their properties for Figure A.1.

We use three data sets collected by PSP, ARTEMIS, and Wind. Magnetic-field measure

ments for PSP were obtained with the FIELDS instrument suite (Bale et al., 2016), while 

plasma velocity and density were provided by the SPAN-Ion electrostatic analyzer on 

SWEAP (Kasper et al., 2016). For ARTEMIS, magnetic-field data were acquired with the 

Fluxgate Magnetometer (Auster et al., 2008), and plasma measurements were obtained 

from the Electrostatic Analyzers (McFadden et al., 2009). Wind used the Magnetic Field 
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Investigation instrument (Lepping et al., 1995) for magnetic-field measurements and 3D 

Plasma Analyzer electrostatic analyzers on the Solar Wind Experiment (Ogilvie et al., 

1995) for proton velocity and density.

To identify current sheets, we use the sliding three-interval method of (Liu et al., 2022b). 

Around each sample time 𝑡, a window of lag 𝑇  is divided into pre-, middle-, and post-

intervals with magnetic-field segments 𝐁−, 𝐁0, and 𝐁+. A candidate is flagged when (1) 

𝜎(𝐁0) > 2max[𝜎(𝐁−), 𝜎(𝐁+)] and (2) 𝜎(𝐁− +𝐁+) > 𝜎(𝐁−) + 𝜎(𝐁+), where 𝜎 denotes 

standard deviation. After identifying candidates, we apply maximum variance analysis 

(Sonnerup & Scheible, 1998) to transform magnetic field and plasma velocity into the local 

current-sheet coordinate system 𝐥𝐦𝐧.
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Appendix B

The JuliaSpacePhysics Ecosystem: High-Performance, Modular, 

and Scalable Software for Space Physics Data Analysis

B.1 Introduction

The continued expansion of space physics missions—particularly multi-spacecraft constel

lations with increasingly high-cadence measurements—presents growing challenges for 

data discovery, access, processing, and analysis. Modern missions routinely generate 

large, heterogeneous datasets whose volume and complexity place substantial demands on 

existing analysis workflows, making scalable, efficient, and sustainable software frameworks 

essential for the community.

Historically, space physics data analysis has relied on programming environments such as 

IDL, MATLAB, and, more recently, Python. While these tools have enabled significant 

scientific advances, each exhibits notable limitations. IDL is proprietary, restricting free 

distribution and long-term sustainability, and suffers from a single-namespace design that 

leads to conflicts when combining multiple libraries. MATLAB faces similar licensing 

constraints—a practical barrier for scaling to clusters, continuous integration, containers, 

or broad distribution—and encounters performance bottlenecks when moving beyond 

built-in vectorized operations to custom loops, complex data structures, or user-defined 

logic. Python has become the dominant open-source language in heliophysics due to 

its extensive ecosystem and accessibility, but its interpreted execution model imposes 

performance limitations for computationally intensive tasks; achieving high performance 

typically requires pushing work into vectorized libraries, JIT frameworks, or compiled-

language extensions.

This chapter presents the JuliaSpacePhysics ecosystem, a modular and interoperable 

software framework for space physics data analysis built on the Julia programming 
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language. This ecosystem underpins the large-scale multi-mission current sheet surveys 

(Chapter 2 and Chapter 3) and the test-particle transport simulations (Chapter 4 and 

Chapter 5) developed in this thesis. Julia combines high-level expressiveness with near-

compiled-language performance through just-in-time compilation, multiple dispatch, and 

strong support for abstract interfaces, enabling both rapid development and efficient 

execution within a single language. Rather than replacing existing community tools, 

JuliaSpacePhysics is designed to complement them: the ecosystem provides native, high-

performance implementations for core analysis tasks alongside thin wrappers around 

established Python and Fortran libraries to maximize code reuse.

A defining feature of the ecosystem is its abstraction-driven design. Analysis routines are 

defined against abstract interfaces for time series and multi-dimensional data, decoupling 

scientific computation from file format, metadata standard, mission, and memory layout. 

A mapping-based metadata strategy ensures interoperability across ISTP, SPASE, and 

related conventions. This approach, combined with optimized I/O layers supporting lazy 

loading, memory mapping, and parallel processing, yields performance improvements 

of one to three orders of magnitude relative to common scripting-language implementa

tions for tasks including moment calculations, coordinate transformations, wave analysis, 

dispersion solvers, and multi-spacecraft methods. These gains enable not only faster pro

cessing but qualitatively new workflows—interactive recomputation during visualization, 

large parameter sweeps, and ensemble-scale statistical studies—that are impractical in 

traditional scripting environments.

The ecosystem’s decentralized architecture distributes functionality across interoperable 

packages built upon stable base APIs, promoting community-driven development, reducing 

maintenance burden, and providing a scalable foundation for future missions and analysis 

techniques. The remainder of this chapter introduces the core design principles, surveys 

the key packages, and demonstrates how this framework addresses both current and 

anticipated data-analysis challenges in space physics research.

B.2 Data Discovery, Access, and Loading
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Historically, space physics mission data were often distributed directly by individual 

instrument teams or host institutions. While this model enabled early access and 

mission-specific expertise, it also posed challenges for data discovery, cross-mission/cross-

instrument analysis, and long-term usability. Over time, a broad community consensus 

emerged recognizing the value of centralized data repositories or virtual observatories, 

which significantly lower barriers for users seeking to locate, access, and combine observa

tions from multiple missions (Erard et al., 2018; Génot et al., 2021).

These efforts have led to the establishment of several major space physics data archives. 

Notable examples in the United States include NASA Coordinated Data Analysis Web 

(CDAWeb) (NASA CDAWeb Development Team, 2019), which provides a comprehensive 

repository for non-solar heliophysics data, the MADRIGAL Database, which serves upper 

atmospheric science observations from a wide range of ground-based and space-borne 

instruments, and virtual solar observatory (VSO) (Hill et al., 2009), which provides 

access to data and images from the major sources of solar data. In Europe, comparable 

initiatives such as Automated Multi-Dataset Analysis (AMDA) have centralized multi-

mission datasets and provided advanced tools for data analysis and visualization (Génot 

et al., 2021). Together, these archives form the backbone of modern space physics data 

access (Burrell et al., 2018).

Within the JuliaSpacePhysics ecosystem, these existing data infrastructures are leveraged 

to provide data access. Dedicated Julia client packages are developed to interface directly 

with established repositories, providing unified programmatic access to metadata queries, 

data discovery, and file retrieval across missions and instruments. For example, CDAWeb.jl 

provides a native Julia interface to NASA CDAWeb using their RESTful Web Service 

API, enabling users to query available datasets, inspect metadata, and download mission 

data products in a reproducible and scriptable manner. Similarly, Madrigal.jl supports 

access to the Madrigal Database, facilitating retrieval of ionospheric and thermospheric 

measurements and associated experiment metadata. Beyond Julia-native clients, the 

ecosystem emphasizes wrapping and reusing mature external libraries to maximize inter

operability and avoid redundant development. For solar and heliospheric data access, Julia 

wrappers around the Python-based SunPy ecosystem enable interaction with solar virtual 

observatories and related services. This approach allows users to rely on well-established 
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community tools for data discovery and retrieval, while performing subsequent analysis 

and computation within Julia. Likewise, Speasy.jl provides access to the AMDA database 

and other supported services by wrapping the underlying Speasy library and exposing its 

functionality through idiomatic Julia interfaces. Complementing archive-specific interfaces, 

the ecosystem also supports the Heliophysics Application Programming Interface (HAPI), 

a modern, standardized protocol for dataset discovery and access. HAPI enables browsing 

of distributed data catalogs, retrieval of parameter metadata, and streaming of time series 

data from heterogeneous web services, independent of the underlying archive implemen

tation. Table B.2 summarizes the data access interfaces supported by the ecosystem.

Table B.2:  Data Access Interfaces in the JuliaSpacePhysics Ecosystem. All retrieved data files are cached 

locally to support efficient reuse and reproducible workflows.

Data source / service Scope Julia package Data delivery

NASA CDAWeb Heliospheric & mag

netospheric missions

CDAWeb.jl CDF files 

(RESTful web 

services)

Madrigal Database Ionosphere & ther

mosphere

Madrigal.jl Experiment-

specific for

mats

AMDA Multi-mission plasma 

data

Speasy.jl CDF / derived 

products

Heliophysics Application 

Programming Interface

Distributed time se

ries

HAPIClient.jl Streamed ar

rays

SunPy Solar observatories & 

VO services

SunPy.jl FITS / mis

sion formats

A central technical foundation of many space physics archives is the Common Data Format 

(CDF), which remains one of the most widely used formats for in situ observations. 

Recognizing its importance, the JuliaSpacePhysics ecosystem includes a modern, high-

performance CDF reader that exploits multi-threading and lazy access to both data 

and metadata. While several CDF readers already exist—notably NASA’s reference C 

implementation and the Python package cdflib—these widely used tools do not support 

multi-threaded access and can become performance bottlenecks for large datasets. More 
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recent efforts, such as CDFpp, demonstrate that substantial performance gains are possible 

with modern design choices. Rather than eagerly loading all variables contained in a CDF 

file, the Julia CDF implementation accesses only those variables explicitly requested by the 

user like CDFpp. This design is particularly advantageous for complex datasets containing 

dozens or hundreds of variables, many of which are irrelevant to a given analysis. Building 

on this idea, lazy loading is extended beyond the variable level to the temporal dimension. 

When an analysis targets a restricted time interval, only the subset of samples within that 

interval is retrieved from disk, rather than loading the full time series. This fine-grained 

data access strategy substantially reduces I/O overhead and memory usage, leading to 

significant acceleration in analysis workflows.

Together, these archive-aware clients, standardized streaming interfaces, and high-perfor

mance I/O capabilities enable efficient and scalable interaction with distributed space 

physics data repositories. Moreover, by combining Julia-native packages with thin wrap

pers around established external libraries, the JuliaSpacePhysics ecosystem remains closely 

aligned with evolving community standards while fully leveraging Julia’s performance and 

abstraction capabilities. Collectively, these design choices provide a robust foundation for 

multi-mission integration, upon which the higher-level analysis and visualization capabil

ities of the JuliaSpacePhysics ecosystem are built.

B.3 Data and Metadata Model

B.3.1 Abstract Interfaces for Heterogeneous Data Formats and Representa

tions

Space physics datasets are not only geographically and administratively distributed, but 

also stored in a wide range of file formats. While the Common Data Format (CDF) 

remains dominant for in situ time series data, many missions distribute products in 

additional formats. Upper-atmosphere observations are frequently provided in NetCDF 

(Rew & Davis, 1990), solar imaging data commonly use FITS (Pence et al., 2010), and 

derived or summary products often appear in plain-text formats such as CSV. Each format 
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reflects specific scientific and operational requirements and carries its own conventions for 

metadata, dimensionality, and data organization. Supporting integrative, multi-mission 

science across this diversity remains a fundamental technical challenge.

Existing software frameworks typically address format heterogeneity by loading disparate 

data products into framework-specific internal data structures. SPEDAS maps data into 

tplot variables, spacepy uses datamodel objects, and pysat employs instrument containers 

(Angelopoulos et al., 2019; Cai et al., 2022; Grimes et al., 2022; Niehof et al., 2022; 

Stoneback et al., 2018; 2023). Each encapsulates both data and metadata in a file-format 

agnostic manner, providing consistent user interfaces and standardized access patterns. 

However, this approach tightly couples file format, in-memory representation, and analysis 

routines, making it difficult to extend to new storage backends or computational environ

ments without substantial adaptation.

Beyond file-format heterogeneity, modern workflows introduce a second layer of diversity: 

runtime data representations. Data may reside in conventional CPU memory, on acceler

ators such as GPUs, or in distributed or memory-mapped arrays for large-scale analysis. 

These distinctions are largely orthogonal to file format, yet they strongly influence perfor

mance, scalability, and the feasibility of advanced workflows. Ecosystems built around fixed 

array abstractions (e.g., NumPy or xarray) often require refactoring or format-specific 

code paths to accommodate such variation.

The JuliaSpacePhysics ecosystem adopts a fundamentally different strategy. Rather than 

coercing all data into a single internal container, it defines analysis routines in terms of 

abstract interfaces for multi-dimensional time series. These interfaces preserve the semantic 

and structural characteristics of native data formats while exposing a common set of 

operations. Beyond Julia’s standard array interface (axes, ndims, size, similar), domain-

specific accessors are provided: tdimnum(x) and times(x) retrieve the time dimension 

and timestamps, while dim(x, i) or dim(x, name) access dimension-specific coordinate 

information.

By programming against this interface rather than concrete types, the same analysis code 

operates uniformly on data from different file formats and memory spaces. Julia’s native 

support for abstract array types and multiple dispatch enables scientific routines to be 
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decoupled from both file format and memory layout. This abstraction-first design yields 

several advantages. First, it eliminates the need to normalize datasets into a framework-

specific representation, reducing conversion overhead and preserving structural flexibility. 

Second, it allows routines to operate transparently on CPU arrays, GPU arrays, or other 

specialized storage backends without modification. Third, it promotes extensibility: func

tions written against the abstract interface automatically generalize to new formats and 

storage mechanisms as they are introduced. Together, these properties provide a scalable 

foundation for integrative space physics research as datasets grow in size, complexity, and 

computational demand.

B.3.2 Metadata Interoperability and Mapping Across Standards

Metadata are essential for the correct interpretation, visualization, and transformation of 

scientific measurements. Over time, multiple metadata conventions have emerged to serve 

different communities and infrastructures. Prominent examples include the International 

Solar Terrestrial Physics (ISTP) metadata conventions embedded in CDF files (Lewis et 

al., 2023), which underpin a large fraction of heliospheric and magnetospheric mission 

products. More recently, community initiatives such as the SPASE Data Model have sought 

to standardize data discovery and access across archives (Roberts et al., 2018).

Rather than collapsing these heterogeneous standards into a single unified schema, the 

JuliaSpacePhysics ecosystem adopts a mapping-based approach. Metadata originating 

from different sources are interpreted and translated into a small set of semantically 

meaningful abstract attributes consumed by analysis, visualization, and coordinate-trans

formation routines. Similar mapping strategies have been employed by other systems—for 

example, the AMDA team maps EPNcore (Europlanet core metadata) data model and 

SPASE dictionary elements within their internal database (Génot et al., 2021).

This approach preserves the richness and intent of existing metadata standards while 

avoiding the rigidity and maintenance burden associated with enforcing a single global 

schema. In practice, high-level functions—such as plotting, unit handling, and coordinate 

transformations—operate consistently across datasets obtained from disparate archives. As 

illustrated in Figure B.1, identical visualization and transformation routines can be applied 
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to time series retrieved from a HAPI-enabled server and from a local CDF file. Despite 

differences in underlying metadata formats and storage representations, physical context 

such as units, coordinate systems, and time bases is interpreted correctly in each case.
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Figure B.1:  Time series plots from different data sources

By focusing on metadata mapping rather than schema unification, the JuliaSpacePhysics 

ecosystem decouples scientific analysis from both data format and metadata standard. 

This design enhances flexibility, robustness, and forward compatibility as new archives, 

protocols, and metadata conventions continue to emerge.

B.4 Accelerated Computation and Interactive Exploration

A key advantage of adopting Julia is the substantial acceleration of computational 

workflows, coupled with strong support for interactive scientific exploration. Julia code is 
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just-in-time compiled via LLVM (Bezanson et al., 2017), enabling performance comparable 

to statically compiled languages such as C and Fortran for many numerical workloads. At 

the same time, Julia preserves a high-level, expressive syntax that is well suited to mathe

matical and physical modeling and offers a highly developed read–eval–print loop (REPL) 

environment. This combination enables rapid prototyping, exploratory data analysis, and 

iterative refinement—capabilities that are essential when working with complex, multi-

instrument space physics datasets.

These language-level advantages do not require that an entire space physics workflow be 

reimplemented in Julia from the outset. In a mature scientific domain, effective acceleration 

is more naturally achieved by first integrating with existing, well-established software 

ecosystems. Julia’s interoperability with Python, Fortran, and C (Rowley, 2022) enables 

a development strategy in which trusted community tools are reused for data discovery 

and legacy functionality, while performance-critical analysis and interactive exploration 

are incrementally migrated to Julia. In this sense, interoperability serves as the first stage 

of acceleration: it lowers the barrier to entry, preserves continuity with existing workflows 

while revealing the specific computational bottlenecks that motivate targeted Julia-native 

development.

B.4.1 Leveraging Existing Ecosystems Through Interoperability

Building on this strategy, a core design principle of the JuliaSpacePhysics ecosystem is to 

extend, rather than replace, the extensive software infrastructure within the space physics 

community. By directly calling mature, well-tested libraries from other languages, the 

ecosystem preserves decades of domain expertise while selectively introducing Julia-native 

abstractions and implementations where improved performance, flexibility, or extensibility 

are required.

The development of this interoperability layer initially focused on enabling access to 

existing analysis workflows provided by the Python-based SPEDAS framework (Grimes et 

al., 2022). Early implementations emphasized lightweight wrappers that allowed Julia users 

to invoke SPEDAS functionality directly. As these hybrid workflows were applied in active 

research, however, performance bottlenecks and architectural constraints became apparent
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—particularly for large-scale, iterative analyses. (For example, although PySPEDAS 

heavily depends on the numpy arrays or xarray objects, the interface it exposed to users is 

a string where corresponding data is stored in global objects). These limitations, together 

with evolving requirements for extensibility, motivated a gradual expansion beyond a 

pure wrapper model. Over time, Julia-native components were introduced to complement 

existing tools, leading to a system that selectively diverges from, rather than mirrors, its 

Python counterparts.

Within the ecosystem, several packages provide thin, idiomatic Julia interfaces to widely 

used external libraries. For Python-based tools, packages such as Speasy.jl and SunPy.jl 

expose core functionality directly to Julia users, enabling access to established virtual 

observatories and data services. In these workflows, Python is typically used for data 

discovery and retrieval, while the resulting data arrays are transferred into Julia for subse

quent processing. Utilizing the fast non-copying conversion of numeric arrays from Python 

to Julia in PythonCall.jl, the overhead of data transfer is negligible. This approach avoids 

unnecessary re-implementation of complex access logic while enabling integration with 

fast Julia libraries. The conceptual similarity between Julia and Python further reduces 

friction, allowing users to adopt these tools with minimal syntactic adaptation. Besides 

python-based tools, IRBEM.jl packages provide native bindings to established Fortran 

libraries while simplifying installation and cross-platform distribution through Julia’s 

package and binary management infrastructure. These interfaces expose both low-level 

library calls and higher-level abstractions suitable for interactive data analysis, enabling 

magnetic field models and coordinate transformations to be incorporated naturally into 

Julia workflows.

Figure B.2 presents a sample use case of contour detection of 2D images map for AIA data 

using SunPy.jl. In this workflow, The sunpy function Fido, an unified data search interface, 

provides the data acquisition and loading, while all subsequent analysis is performed in 

Julia. The data is directly memory-mapped to Julia arrays, and we utilize a Julia library 

Contour to perform the contour detection. This example achieves performance improve

ments of approximately 20 times faster compared to equivalent operations executed within 

Python. This example illustrates how interoperability enables Julia to function as a high-

performance analysis layer atop existing community tools.
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Figure B.2:  Contour detection of AIA data using SunPy.jl

B.4.2 Julia-Native Implementations and Performance-Critical Kernels

As hybrid workflows matured, recurring performance bottlenecks became increasingly 

apparent, motivating the development of Julia-native implementations for core analysis 

routines. By reimplementing performance-critical components in Julia, the ecosystem can 

fully exploit just-in-time compilation, multiple dispatch, and native array semantics, while 

preserving a high-level and extensible programming model. Many commonly used analysis 

routines have therefore been translated from legacy implementations and refactored or 

rewritten entirely to improve both generality and performance. In many cases, these Julia-

native versions are syntactically simpler and more flexible than their predecessors, while 

delivering substantial speedups.

A representative and nontrivial example is the Julia implementation of moment calcu

lations provided by VelocityDistributionFunctions.jl. This implementation achieves 

speedups of up to two orders of magnitude compared to Python-based implementations 

in PySPEDAS, while supporting a wide range of input data formats in a uniform and 

readable manner. Velocity distribution functions may be provided as either two-dimen

sional (energy, angle) or three-dimensional (energy, ϕ, θ) arrays, with energy binning 

that can vary across angles and time or remain fixed. Using CartesianIndices, the Julia 

implementation expresses the underlying multidimensional algorithms directly, without 
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requiring data reshaping or separate code paths for different dimensionalities. The resulting 

performance gains arise from Julia’s ability to execute explicit loops at near–C speed. 

Unlike Python/NumPy, where performance typically depends on vectorization and the 

avoidance of explicit loops, Julia allows moment calculations of different orders to be fused 

naturally within a single loop. In Python, such loop fusion is difficult to achieve, often 

leading to repeated intermediate computations, less readable code, and reduced generality. 

In contrast, the Julia implementation simultaneously improves performance, clarity, and 

extensibility.

Similarly, a matrix-based plasma wave dispersion solver—originally developed in MATLAB

—has been fully translated into open-source Julia implementations (Bai et al., 2025; 

Xie, 2025; 2014; Zhang, 2026). In addition to achieving performance improvements of 

approximately a factor of two, the Julia version introduces a unified interface supporting 

multiple solver formulations, including multi-fluid models, arbitrary or analytic kinetic 

distributions, and analytic Product-Bi-Kappa distributions. This unified design simplifies 

switching between physical models and significantly reduces code duplication, improving 

both usability and long-term maintainability.

Comparable improvements are observed across a broad range of commonly used analysis 

tasks (see Table B.3 for a summary of representative benchmarks). Coordinate transforma

tions are approximately an order of magnitude faster than Fortran-based IRBEM routines 

(Boscher et al., 2022) and up to twenty times faster than their PySPEDAS counterparts. 

Minimum variance analysis achieves speedups of up to three orders of magnitude relative 

to Python implementations while also generalizing naturally to arbitrary dimensionality. 

Wave polarization analysis is accelerated by approximately 250× compared to PySPEDAS 

(Santolík et al., 2003) benefiting from parallelization and optimized memory management 

that reduce repeated allocations and redundant computations. Magnetic field model eval

uations for Tsyganenko models are 100–250× faster than geopack (Tsyganenko, 1989), in 

part through lazy interpolation strategies. Multi-spacecraft analysis workflows, including 

spatial gradient estimation (Paschmann & Daly, 2008), similarly exhibit speedups of 

roughly two orders of magnitude by minimizing heap allocations and leveraging fused linear 

algebra operations. Across the JuliaSpacePhysics ecosystem, performance improvements 

of one to two orders of magnitude are typical for core computational routines, reflecting a 
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combination of just-in-time compilation, algorithmic refactoring, reduced memory alloca

tion, and effective parallel execution.

Table B.3:  Performance comparison between Julia-native implementations in the JuliaSpacePhysics ecosys

tem and commonly used reference implementations. Benchmarks were performed on identical datasets and 

hardware. Reported speedups represent median wall-clock runtime ratios (reference / Julia) over multiple 

runs.

Analysis Task Julia Package Reference 

Implemen

tation

Speedup 

(×)

Moment calculation (density, 

velocity, pressure tensor)

VelocityDistributionFunctions.jl PySPEDAS 

(NumPy-

based)

~100×

Minimum variance analysis 

(MVA)

MinimumVarianceAnalysis.jl PySPEDAS ~1000×

Coordinate transformations GeoCotrans.jl / IRBEM.jl IRBEM 

(Fortran), 

PySPEDAS

10–

20×

Wave polarization analysis WaveAnalysis.jl PySPEDAS ~250×

Tsyganenko magnetic field 

models

Tsyganenko.jl (via IRBEM bind

ings)

geopack 100–

250×

Plasma wave dispersion solver Julia dispersion solver MATLAB 

version

~2×

Multi-spacecraft gradient esti

mation

MultiSpacecraftAnalysis.jl PySPEDAS ~100×

B.4.3 Tplot

These performance gains directly enable new modes of interactive data exploration that 

were previously impractical due to computational cost. One illustrative example is the 

extended design of the tplot-style visualization interface, originally introduced in SPEDAS. 

In its IDL and Python implementations, Tplot primarily supports stacked time-series 

visualizations composed of line and spectrogram panels. In the Julia implementations, 
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this concept is generalized to support functions that operate directly on user-defined time 

intervals. This enables interactive plots in which data retrieval and derived quantities are 

computed on demand. This functionality is implemented using modern, high-performance 

plotting libraries such as Makie.jl (Danisch & Krumbiegel, 2021), allowing responsive 

interactivity and publication-quality figure generation within a unified framework.

Figure B.1 shows a demonstration of interactive analysis where we use multi-parameter 

solar wind data from the OMNI dataset. In this example, multiple physical variables 

are visualized simultaneously, while minimum variance analysis and associated coordinate 

transformations are computed dynamically and displayed alongside the original time series. 

Users can interactively adjust the temporal range of interest, triggering on-demand data 

loading and recomputation of derived quantities. Owing to aggressive caching strategies 

and efficient data access through Julia-based CDAWeb and SPEDAS interfaces, these 

interactions occur with minimal latency, enabling near real-time exploratory analysis.

Together, these capabilities illustrate how high-performance computation, combined with 

an interactive programming environment, enables not only faster data analysis but 

also qualitatively new scientific workflows. The JuliaSpacePhysics ecosystem therefore 

supports both efficient large-scale processing and interactive, hypothesis-driven research. 

Importantly, these performance gains enable entire classes of analyses that were previously 

impractical, rather than merely accelerating existing workflows. Such analyses include large 

parameter sweeps, on-the-fly visualization and diagnostic evaluation for large datasets, and 

large ensemble or statistical studies that were often avoided due to their computational 

cost.

B.5 Decentralized Development, Modular Architecture, and Ecosystem Sus

tainability

Another defining feature of the JuliaSpacePhysics ecosystem is its decentralized, modular, 

and layered software architecture. Rather than concentrating functionality within a single, 

monolithic codebase, individual capabilities—such as data access, calibration, analysis 

methods, and visualization—are implemented as independent, focused packages that 
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address well-defined tasks. This composable design allows each component to evolve 

autonomously while remaining interoperable through shared abstractions and well-defined 

interfaces.

This approach stands in contrast to the centralized architecture historically employed by 

systems such as SPEDAS in both its IDL and Python implementations. In those frame

works, mission-specific routines, calibration procedures, and data-processing pipelines are 

typically embedded directly within a unified package structure. While this model simplifies 

distribution and onboarding for end users, it can also lead to tightly coupled code, 

increased maintenance burden, and reduced flexibility as the scope of supported missions 

and instruments grows.

By contrast, the JuliaSpacePhysics ecosystem encourages decentralized development by 

establishing a small set of stable, extensible base APIs upon which higher-level packages 

can be built. New missions, instruments, or analysis techniques can be supported by 

developing independent modules that conform to these shared interfaces, without requiring 

modification of a central codebase. This separation of concerns not only improves main

tainability but also lowers the barrier for community contributions, as developers can focus 

on domain-specific functionality within self-contained packages.

Several examples illustrate this structure. For example, mission-focused DMSPData.jl 

(Redmon et al., 2017; Zhang, 2025) provides convenient utilities for accessing and process

ing Defense Meteorological Satellite Program (DMSP) data (such as precipitating particle 

fluxes and plasma data), while Madrigal.jl serves as the foundational package for querying 

metadata and downloading files from the Madrigal Database. It is ready to use IRBEM.jl 

to compute magnetic field coordinates for conjunction study. Similarly, ELFINData.jl (as 

an example of a CDF-based loader) are built atop the ecosystem’s CDF handling libraries, 

which provide efficient access to CDF files and utilize VelocityDistributionFunctions.jl 

to derives directionally resolved flux spectra (omni, para, anti) and/or pitch-angle spectra.

In the heliospheric domain, packages dedicated to energetic particle (EP) analysis—such as 

SolarEnergeticParticles.jl—leverage lower-level data-access tools Speasy.jl to retrieve 

measurements from missions including Parker Solar Probe, Solar Orbiter, and STEREO 

via NASA CDAWeb. It contains onset determination analysis and velocity Dispersion 
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Analysis for determining solar particle release times and propagation characteristics by 

analyzing the energy-dependent arrival times of EPs. By relying on the shared I/O layer, 

these packages can focus exclusively on mission-specific variable conventions, derived 

products and analysis functions, without reimplementing file-format logic.

This decentralized model aligns well with the collaborative and evolving nature of space 

physics research. As new missions are launched and new analysis requirements emerge, 

the ecosystem can grow organically through the addition of interoperable modules, 

rather than through continual expansion of a single centralized framework. In this way, 

JuliaSpacePhysics provides a scalable and sustainable software foundation for long-term 

community-driven development.

B.6 Summary and Outlook

In this paper, we have introduced the JuliaSpacePhysics ecosystem, an effort to provide 

modern, high-performance tools for space physics data access, analysis, and visualization. 

By leveraging the capabilities of the Julia programming language—including just-in-

time compilation, multiple dispatch, and abstract array interfaces—the ecosystem delivers 

accelerated data processing while preserving flexibility and interoperability with existing 

community infrastructure.

The ecosystem’s design philosophy emphasizes modularity, abstraction, and interoperabil

ity. Dedicated client packages provide access to major space physics data repositories, 

while high-performance I/O layers enable efficient handling of widely used formats such as 

CDF. Analysis routines are implemented against abstract interfaces rather than concrete 

data containers, allowing them to operate transparently across heterogeneous data formats 

and memory backends. This approach decouples file format, metadata standard, and 

computational representation, thereby facilitating integrative, multi-mission studies. The 

resulting architecture enables not merely improved execution speed, but entirely new 

scientific workflows: accelerated computation and efficient data access support interactive 

exploratory analysis, large-scale statistical studies, and parameter sweeps that would be 

computationally prohibitive in traditional environments.
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Currently, the JuliaSpacePhysics ecosystem focuses on observational data analysis and 

does not yet support numerical modeling or large-scale simulation. Nevertheless, many of 

the abstractions and analysis interfaces developed here are sufficiently general to extend 

to simulation outputs. The same time series interfaces, coordinate transformation utili

ties, and analysis routines can naturally support model–data comparisons and advanced 

system-level studies.

Looking forward, continued community engagement and modular development will be 

essential for broadening mission coverage and expanding into simulation and modeling 

domains. By combining high performance, decentralized package design, and strong inter

operability with existing tools, the JuliaSpacePhysics ecosystem provides a scalable and 

sustainable computational foundation for next-generation space physics research, particu

larly for processing data from multi-spacecraft and high-cadence missions.

195



Bibliography

Abraham-Shrauner, B. (1967). Propagation of Hydromagnetic Waves through an 

Anisotropic Plasma. Journal of Plasma Physics, 1, 361–378. https://doi.org/10.1017/

S0022377800003354

Abramowitz, M., & Stegun, I. A. (1972). Handbook of Mathematical Functions: With 

Formulas, Graphs and Mathematical Tables (Unabridged, unaltered and corr. republ. 

of the 1964 ed). Dover publ.

Acuña, M. H., Curtis, D., Scheifele, J. L., Russell, C. T., Schroeder, P., Szabo, A., & 

Luhmann, J. G. (2008). The STEREO/IMPACT Magnetic Field Experiment. Space 

Science Reviews, 136(1), 203–226. https://doi.org/10.1007/s11214-007-9259-2

Acuña, M. H., Ogilvie, K. W., Baker, D. N., Curtis, S. A., Fairfield, D. H., & Mish, W. H. 

(1995). The Global Geospace Science Program and Its Investigations. Space Science 

Reviews, 71(1–4), 5–21. https://doi.org/10.1007/BF00751323

Alterman, B. L., & D'Amicis, R. (2025). Cross Helicity and the Helium Abundance as an 

In Situ Metric of Solar Wind Acceleration. Astrophysical Journal, 982, L40. https://

doi.org/10.3847/2041-8213/adb48e

Anastasiadis, A., Lario, D., Papaioannou, A., Kouloumvakos, A., & Vourlidas, A. (2019). 

Solar Energetic Particles in the Inner Heliosphere: Status and Open Questions. Philo

sophical Transactions of the Royal Society A: Mathematical, Physical and Engineering 

Sciences, 377(2148), 20180100. https://doi.org/10.1098/rsta.2018.0100

Angelopoulos, V. (2011). The ARTEMIS Mission. Space Science Reviews, 165(1), 3–25. 

https://doi.org/10.1007/s11214-010-9687-2

Angelopoulos, V., Cruce, P., Drozdov, A., Grimes, E. W., Hatzigeorgiu, N., King, D. A., 

Larson, D., Lewis, J. W., McTiernan, J. M., Roberts, D. A., Russell, C. L., Hori, T., 

196

https://doi.org/10.1017/S0022377800003354
https://doi.org/10.1017/S0022377800003354
https://doi.org/10.1007/s11214-007-9259-2
https://doi.org/10.1007/BF00751323
https://doi.org/10.3847/2041-8213/adb48e
https://doi.org/10.1098/rsta.2018.0100
https://doi.org/10.1007/s11214-010-9687-2


Kasahara, Y., Kumamoto, A., Matsuoka, A., Miyashita, Y., Miyoshi, Y., Shinohara, I., 

Teramoto, M., … Schroeder, P. (2019). The Space Physics Environment Data Analysis 

System (SPEDAS). Space Science Reviews, 215(1), 9. https://doi.org/10.1007/s11214-

018-0576-4

Arnol'd, V. I. (1963). Small Denominators and Problems of Stability of Motion in Classical 

and Celestial Mechanics. Russian Mathematical Surveys, 18(6), 85–191. https://doi.

org/10.1070/RM1963v018n06ABEH001143

Artemyev, A. V., Angelopoulos, V., & Vasko, I. Y. (2019b). Kinetic Properties of 

Solar Wind Discontinuities at 1 AU Observed by ARTEMIS. Journal of Geophysical 

Research: Space Physics, 124(6), 3858–3870. https://doi.org/10.1029/2019JA026597

Artemyev, A. V., Angelopoulos, V., Halekas, J. S., Vinogradov, A. A., Vasko, I. Y., & 

Zelenyi, L. M. (2018). Dynamics of Intense Currents in the Solar Wind. Astrophysical 

Journal, 859(2), 95. https://doi.org/10.3847/1538-4357/aabe89

Artemyev, A. V., Angelopoulos, V., Vasko, I. Y., & Zelenyi, L. M. (2020b). Ion Nongy

rotropy in Solar Wind Discontinuities. The Astrophysical Journal Letters, 889(1), L23. 

https://doi.org/10.3847/2041-8213/ab6b2e

Artemyev, A. V., Angelopoulos, V., Vasko, I. Y., Runov, A., Avanov, L. A., Giles, B. L., 

Russell, C. T., & Strangeway, R. J. (2019a). On the Kinetic Nature of Solar Wind 

Discontinuities. Geophysical Research Letters, 46(3), 1185–1194. https://doi.org/10.

1029/2018GL079906

Artemyev, A. V., Neishtadt, A. I., & Vasiliev, A. A. (2020c). Mapping for Nonlinear 

Electron Interaction with Whistler-Mode Waves. Physics of Plasmas, 27(4), 42902. 

https://doi.org/10.1063/1.5144477

Artemyev, A. V., Neishtadt, A. I., & Zelenyi, L. M. (2013a). Ion Motion in the Current 

Sheet with Sheared Magnetic Field – Part 1: Quasi-adiabatic Theory. Nonlinear 

Processes in Geophysics, 20(1), 163–178. https://doi.org/10.5194/npg-20-163-2013

197

https://doi.org/10.1007/s11214-018-0576-4
https://doi.org/10.1007/s11214-018-0576-4
https://doi.org/10.1070/RM1963v018n06ABEH001143
https://doi.org/10.1029/2019JA026597
https://doi.org/10.3847/1538-4357/aabe89
https://doi.org/10.3847/2041-8213/ab6b2e
https://doi.org/10.1029/2018GL079906
https://doi.org/10.1029/2018GL079906
https://doi.org/10.1063/1.5144477
https://doi.org/10.5194/npg-20-163-2013


Artemyev, A. V. et al. (2013). Ion Motion in the Current Sheet with Sheared Magnetic 

Field – Part 2: Non-adiabatic Effects. Nonlinear Processes in Geophysics, 20(5), 899–

919. https://doi.org/10.5194/npg-20-899-2013

Artemyev, A. V., Neishtadt, A. I., & Zelenyi, L. M. (2014). Rapid Geometrical Chaoti

zation in Slow-Fast Hamiltonian Systems. Physical Review E, 89(6), 60902. https://

doi.org/10.1103/PhysRevE.89.060902

Artemyev, A. V., Neishtadt, A. I., Vasiliev, A. A., Angelopoulos, V., Vinogradov, A. A., 

& Zelenyi, L. M. (2020a). Superfast Ion Scattering by Solar Wind Discontinuities. 

Physical Review E, 102(3), 33201. https://doi.org/10.1103/PhysRevE.102.033201

Artemyev, A. V., Orlova, K. G., Mourenas, D., Agapitov, O. V., & Krasnoselskikh, V. V. 

(2013b). Electron Pitch-Angle Diffusion: Resonant Scattering by Waves vs. Nonadia

batic Effects. Annales Geophysicae, 31(9), 1485–1490. https://doi.org/10.5194/angeo-

31-1485-2013

Auster, H. U., Glassmeier, K. H., Magnes, W., Aydogar, O., Baumjohann, W., Constan

tinescu, D., Fischer, D., Fornacon, K. H., Georgescu, E., Harvey, P., Hillenmaier, O., 

Kroth, R., Ludlam, M., Narita, Y., Nakamura, R., Okrafka, K., Plaschke, F., Richter, 

I., Schwarzl, H., … Wiedemann, M. (2008). The THEMIS Fluxgate Magnetometer. 

Space Science Reviews, 141(1), 235–264. https://doi.org/10.1007/s11214-008-9365-9

Bai, W., Xie, H., Wu, C., Pu, Y., & Yu, P. (2025). BO-KM: A Comprehensive Solver 

for Dispersion Relation of Obliquely Propagating Waves in Magnetized Multi-Species 

Plasma with Anisotropic Drift Kappa-Maxwellian Distribution. Computer Physics 

Communications, 307, 109434. https://doi.org/10.1016/j.cpc.2024.109434

Bale, S. D., Badman, S. T., Bonnell, J. W., Bowen, T. A., Burgess, D., Case, A. W., 

Cattell, C. A., Chandran, B. D. G., Chaston, C. C., Chen, C. H. K., Drake, J. F., 

de Wit, T. D., Eastwood, J. P., Ergun, R. E., Farrell, W. M., Fong, C., Goetz, K., 

Goldstein, M., Goodrich, K. A., … Wygant, J. R. (2019). Highly Structured Slow Solar 

Wind Emerging from an Equatorial Coronal Hole. Nature, 576(7786), 237–242. https://

doi.org/10.1038/s41586-019-1818-7

198

https://doi.org/10.5194/npg-20-899-2013
https://doi.org/10.1103/PhysRevE.89.060902
https://doi.org/10.1103/PhysRevE.102.033201
https://doi.org/10.5194/angeo-31-1485-2013
https://doi.org/10.5194/angeo-31-1485-2013
https://doi.org/10.1007/s11214-008-9365-9
https://doi.org/10.1016/j.cpc.2024.109434
https://doi.org/10.1038/s41586-019-1818-7


Bale, S. D., Goetz, K., Harvey, P. R., Turin, P., Bonnell, J. W., Dudok~de~Wit, T., Ergun, 

R. E., MacDowall, R. J., Pulupa, M., Andre, M., Bolton, M., Bougeret, J.-L., Bowen, 

T. A., Burgess, D., Cattell, C. A., Chandran, B. D. G., Chaston, C. C., Chen, C. H. 

K., Choi, M. K., … Wygant, J. R. (2016). The FIELDS Instrument Suite for Solar 

Probe Plus. Space Science Reviews, 204(1), 49–82. https://doi.org/10.1007/s11214-

016-0244-5

Bandyopadhyay, R., Yang, Y., Matthaeus, W. H., Chasapis, A., Parashar, T. N., Russell, 

C. T., Strangeway, R. J., Torbert, R. B., Giles, B. L., Gershman, D. J., Pollock, C. J., 

Moore, T. E., & Burch, J. L. (2020). In Situ Measurement of Curvature of Magnetic 

Field in Turbulent Space Plasmas: A Statistical Study. The Astrophysical Journal 

Letters, 893(1), L25. https://doi.org/10.3847/2041-8213/ab846e

Battarbee, M., Dalla, S., & Marsh, M. S. (2017). Solar Energetic Particle Transport Near 

a Heliospheric Current Sheet. The Astrophysical Journal, 836(1), 138. https://doi.org/

10.3847/1538-4357/836/1/138

Battarbee, M., Dalla, S., & Marsh, M. S. (2018). Modeling Solar Energetic Particle 

Transport near a Wavy Heliospheric Current Sheet. The Astrophysical Journal, 854(1), 

23. https://doi.org/10.3847/1538-4357/aaa3fa

Belcher, J. W., & Davis Jr., L. (1971). Large-amplitude Alfvén waves in the interplanetary 

medium, 2. Journal of Geophysical Research (1896-1977), 76(16), 3534–3563. https://

doi.org/10.1029/JA076i016p03534

Berriot, E., Démoulin, P., Alexandrova, O., Zaslavsky, A., & Maksimovic, M. (2024). 

Identification of a Single Plasma Parcel during a Radial Alignment of the Parker Solar 

Probe and Solar Orbiter. Astronomy & Astrophysics, 686, A114. https://doi.org/10.

1051/0004-6361/202449285

Bezanson, J., Edelman, A., Karpinski, S., & Shah, V. B. (2017). Julia: A Fresh 

Approach to Numerical Computing. SIAM Review, 59(1), 65–98. https://doi.org/10.

1137/141000671

199

https://doi.org/10.1007/s11214-016-0244-5
https://doi.org/10.1007/s11214-016-0244-5
https://doi.org/10.3847/2041-8213/ab846e
https://doi.org/10.3847/1538-4357/836/1/138
https://doi.org/10.3847/1538-4357/aaa3fa
https://doi.org/10.1029/JA076i016p03534
https://doi.org/10.1051/0004-6361/202449285
https://doi.org/10.1051/0004-6361/202449285
https://doi.org/10.1137/141000671
https://doi.org/10.1137/141000671


Boldyrev, S. (2006). Spectrum of Magnetohydrodynamic Turbulence. Physical Review 

Letters, 96(11), 115002. https://doi.org/10.1103/PhysRevLett.96.115002

Boldyrev, S., & Loureiro, N. F. (2017). Magnetohydrodynamic Turbulence Mediated by 

Reconnection. Astrophysical Journal, 844(2), 125. https://doi.org/10.3847/1538-4357/

aa7d02

Boldyrev, S., & Loureiro, N. F. (2019). Role of Reconnection in Inertial Kinetic-Alfv\'en 

Turbulence. Physical Review Research, 1(1), 12006. https://doi.org/10.1103/PhysRev

Research.1.012006

Boldyrev, S., & Loureiro, N. F. (2020). Tearing Instability in Alfvén and Kinetic-Alfvén 

Turbulence. Journal of Geophysical Research: Space Physics, 125(9), e2020JA028185. 

https://doi.org/10.1029/2020JA028185

Bolton, S. J., Lunine, J., Stevenson, D., Connerney, J. E. P., Levin, S., Owen, T. C., 

Bagenal, F., Gautier, D., Ingersoll, A. P., Orton, G. S., Guillot, T., Hubbard, W., 

Bloxham, J., Coradini, A., Stephens, S. K., Mokashi, P., Thorne, R., & Thorpe, R. 

(2017). The Juno Mission. Space Science Reviews, 213, 5–37. https://doi.org/10.1007/

s11214-017-0429-6

Borovsky, J. E. (2008). Flux Tube Texture of the Solar Wind: Strands of the Magnetic 

Carpet at 1 AU?. Journal of Geophysical Research: Space Physics, 113(A8). https://

doi.org/10.1029/2007JA012684

Borovsky, J. E. (2010). Contribution of Strong Discontinuities to the Power Spectrum of 

the Solar Wind. Physical Review Letters, 105(11), 111102. https://doi.org/10.1103/

PhysRevLett.105.111102

Borovsky, J. E. (2012). The Velocity and Magnetic Field Fluctuations of the Solar Wind at 

1 AU: Statistical Analysis of Fourier Spectra and Correlations with Plasma Properties. 

Journal of Geophysical Research: Space Physics, 117(A5). https://doi.org/10.1029/

2011JA017499

200

https://doi.org/10.1103/PhysRevLett.96.115002
https://doi.org/10.3847/1538-4357/aa7d02
https://doi.org/10.3847/1538-4357/aa7d02
https://doi.org/10.1103/PhysRevResearch.1.012006
https://doi.org/10.1103/PhysRevResearch.1.012006
https://doi.org/10.1029/2020JA028185
https://doi.org/10.1007/s11214-017-0429-6
https://doi.org/10.1007/s11214-017-0429-6
https://doi.org/10.1029/2007JA012684
https://doi.org/10.1103/PhysRevLett.105.111102
https://doi.org/10.1103/PhysRevLett.105.111102
https://doi.org/10.1029/2011JA017499
https://doi.org/10.1029/2011JA017499


Boscher, D., Bourdarie, S., O'Brien, P., Guild, T., Heynderickx, D., Morley, S., Kellerman, 

A., Roth, C., Evans, H., Brunet, A., Shumko, M., Lemon, C., Claudepierre, S., Nilsson, 

T., Donder, E. D., Friedel, R., Huston, S., Min, K., Drozdov, A., & Community, I. C. 

(2022, July). PRBEM/IRBEM. https://doi.org/10.5281/zenodo.6867768

Bruno, R. (2019). Intermittency in Solar Wind Turbulence From Fluid to Kinetic Scales. 

Earth and Space Science, 6(5), 656–672. https://doi.org/10.1029/2018EA000535

Bruno, R., & Carbone, V. (2013). The Solar Wind as a Turbulence Laboratory. Living 

Reviews in Solar Physics, 10(1), 2. https://doi.org/10.12942/lrsp-2013-2

Bruno, R., & Carbone, V. (2016). Turbulence in the Solar Wind: 928 (Vol. 928). Springer 

International Publishing. https://doi.org/10.1007/978-3-319-43440-7

Burlaga, L. F. (1969). Directional Discontinuities in the Interplanetary Magnetic Field. 

Solar Physics, 7(1), 54–71. https://doi.org/10.1007/BF00148406

Burlaga, L. F. (1971a). Hydromagnetic Waves and Discontinuities in the Solar Wind. Space 

Science Reviews, 12(5), 601–657. https://doi.org/10.1007/BF00173345

Burlaga, L. F. (1971b). Nature and Origin of Directional Discontinuities in the Solar Wind. 

Journal of Geophysical Research (1896-1977), 76(19), 4361–4365. https://doi.org/10.

1029/JA076i019p04360

Burlaga, L. F., & Ness, N. F. (1969). Tangential Discontinuities in the Solar Wind. Solar 

Physics, 9(2), 467–477. https://doi.org/10.1007/BF02391672

Burlaga, L. F., & Ness, N. F. (2011). Current Sheets in the Heliosheath: Voyager 1, 2009. 

Journal of Geophysical Research: Space Physics, 116(A5). https://doi.org/10.1029/

2010JA016309

Burrell, A. G., Halford, A., Klenzing, J., Stoneback, R. A., Morley, S. K., Annex, A. 

M., Laundal, K. M., Kellerman, A. C., Stansby, D., & Ma, J. (2018). Snakes on a 

Spaceship—an Overview of Python in Heliophysics. Journal of Geophysical Research: 

Space Physics, 123(12), 10384–310402. https://doi.org/10.1029/2018JA025877

201

https://doi.org/10.5281/zenodo.6867768
https://doi.org/10.1029/2018EA000535
https://doi.org/10.12942/lrsp-2013-2
https://doi.org/10.1007/978-3-319-43440-7
https://doi.org/10.1007/BF00148406
https://doi.org/10.1007/BF00173345
https://doi.org/10.1029/JA076i019p04360
https://doi.org/10.1029/JA076i019p04360
https://doi.org/10.1007/BF02391672
https://doi.org/10.1029/2010JA016309
https://doi.org/10.1029/2010JA016309
https://doi.org/10.1029/2018JA025877


Büchner, J., & Zelenyi, L. M. (1989). Regular and Chaotic Charged Particle Motion 

in Magnetotaillike Field Reversals: 1. Basic Theory of Trapped Motion. Journal of 

Geophysical Research: Space Physics, 94(A9), 11821–11842. https://doi.org/10.1029/

JA094iA09p11821

Cai, L., Aikio, A., Kullen, A., Deng, Y., Zhang, Y., Zhang, S.-R., Virtanen, I., & 

Vanhamäki, H. (2022). GeospaceLAB: Python Package for Managing and Visualizing 

Data in Space Physics. Frontiers in Astronomy and Space Sciences, 9, 1023163. https://

doi.org/10.3389/fspas.2022.1023163

Cary, J. R., Escande, D. F., & Tennyson, J. L. (1986). Adiabatic-Invariant Change Due 

to Separatrix Crossing. Physical Review a, 34(5), 4256–4275. https://doi.org/10.1103/

PhysRevA.34.4256

Cassak, P. A., Drake, J. F., & Shay, M. A. (2006). A Model for Spontaneous Onset of Fast 

Magnetic Reconnection. The Astrophysical Journal, 644(2), L145. https://doi.org/10.

1086/505690

Chandran, B. D. G. (2000). Scattering of Energetic Particles by Anisotropic Magnetohy

drodynamic Turbulence with a Goldreich-Sridhar Power Spectrum. Physical Review 

Letters, 85(22), 4656–4659. https://doi.org/10.1103/PhysRevLett.85.4656

Chandran, B. D. G., Sioulas, N., Bale, S., Bowen, T., David, V., Meyrand, R., & Yerger, E. 

(2025). Intermittent, Reflection-Driven, Strong Imbalanced MHD Turbulence. Journal 

of Plasma Physics, 91(2), E57. https://doi.org/10.1017/S0022377825000194

Chen, C. H. K., Leung, L., Boldyrev, S., Maruca, B. A., & Bale, S. D. (2014). Ion-Scale 

Spectral Break of Solar Wind Turbulence at High and Low Beta. Geophysical Research 

Letters, 41(22), 8081–8088. https://doi.org/10.1002/2014GL062009

Chen, X., Giacalone, J., Guo, F., & Klein, K. G. (2024). Parallel Diffusion Coefficient 

of Energetic Charged Particles in the Inner Heliosphere from the Turbulent Magnetic 

Fields Measured by Parker Solar Probe. The Astrophysical Journal, 965(1), 61. https://

doi.org/10.3847/1538-4357/ad33c3

202

https://doi.org/10.1029/JA094iA09p11821
https://doi.org/10.1029/JA094iA09p11821
https://doi.org/10.3389/fspas.2022.1023163
https://doi.org/10.1103/PhysRevA.34.4256
https://doi.org/10.1103/PhysRevA.34.4256
https://doi.org/10.1086/505690
https://doi.org/10.1086/505690
https://doi.org/10.1103/PhysRevLett.85.4656
https://doi.org/10.1017/S0022377825000194
https://doi.org/10.1002/2014GL062009
https://doi.org/10.3847/1538-4357/ad33c3


Cohen, C. M. S., Li, G., Mason, G. M., Shih, A. Y., & Wang, L. (2021). Solar 

Energetic Particles. In Solar Physics and Solar Wind: Solar Physics and Solar Wind 

(1st ed., pp. 133–178). American Geophysical Union (AGU). https://doi.org/10.1002/

9781119815600.ch4

Colburn, D. S., & Sonett, C. P. (1966). Discontinuities in the Solar Wind. Space Science 

Reviews, 5(4), 439–506. https://doi.org/10.1007/BF00240575

Connerney, J. E. P., Benn, M., Bjarno, J. B., Denver, T., Espley, J., Jorgensen, J. L., 

Jorgensen, P. S., Lawton, P., Malinnikova, A., Merayo, J. M., Murphy, S., Odom, J., 

Oliversen, R., Schnurr, R., Sheppard, D., & Smith, E. J. (2017). The Juno Magnetic 

Field Investigation. Space Science Reviews, 213(1), 39–138. https://doi.org/10.1007/s

11214-017-0334-z

Costa Jr., E. da, Bruce T. Tsurutani, Alves, M. V., Echer, E., & Lakhina, G. S. (2013). 

Cross-Field Diffusion of Energetic (100 keV to 2 MeV) Protons in Interplanetary Space. 

Astrophysical Journal, 778(2), 180. https://doi.org/10.1088/0004-637X/778/2/180

D'Amicis, R., Perrone, D., Bruno, R., & Velli, M. (2021). On Alfvénic Slow Wind: A 

Journey From the Earth Back to the Sun. Journal of Geophysical Research: Space 

Physics, 126(4), e2020JA028996. https://doi.org/10.1029/2020JA028996

Dalla, S., Balogh, A., Krucker, S., Posner, A., Müller-Mellin, R., Anglin, J. D., Hofer, 

M. Y., Marsden, R. G., Sanderson, T. R., Tranquille, C., Heber, B., Zhang, M., & 

McKibben, R. B. (2003). Properties of High Heliolatitude Solar Energetic Particle 

Events and Constraints on Models of Acceleration and Propagation. Geophysical 

Research Letters, 30(19). https://doi.org/10.1029/2003GL017139

Dalla, S., Marsh, M., Kelly, J., & Laitinen, T. (2013). Solar Energetic Particle Drifts in 

the Parker Spiral. Journal of Geophysical Research: Space Physics, 118(10), 5979–5985. 

https://doi.org/10.1002/jgra.50589

Danisch, S., & Krumbiegel, J. (2021). Makie.Jl: Flexible High-Performance Data Visual

ization for Julia. Journal of Open Source Software, 6(65), 3349. https://doi.org/10.

21105/joss.03349

203

https://doi.org/10.1002/9781119815600.ch4
https://doi.org/10.1002/9781119815600.ch4
https://doi.org/10.1007/BF00240575
https://doi.org/10.1007/s11214-017-0334-z
https://doi.org/10.1007/s11214-017-0334-z
https://doi.org/10.1088/0004-637X/778/2/180
https://doi.org/10.1029/2020JA028996
https://doi.org/10.1029/2003GL017139
https://doi.org/10.1002/jgra.50589
https://doi.org/10.21105/joss.03349
https://doi.org/10.21105/joss.03349


De Giorgio, E., Servidio, S., & Veltri, P. (2017). Coherent Structure Formation through 

Nonlinear Interactions in 2D Magnetohydrodynamic Turbulence. Scientific Reports, 

7(1), 13849. https://doi.org/10.1038/s41598-017-13943-7

De Keyser, J., Roth, M., & Söding, A. (1998). Flow Shear across Solar Wind Discontinu

ities: WIND Observations. Geophysical Research Letters, 25, 2649–2652. https://doi.

org/10.1029/98GL51938

del-Castillo-Negrete, D., Carreras, B. A., & Lynch, V. E. (2005). Nondiffusive Transport in 

Plasma Turbulence: A Fractional Diffusion Approach. Physical Review Letters, 94(6), 

65003. https://doi.org/10.1103/PhysRevLett.94.065003

Desai, M. I., Drake, J. F., Phan, T., Yin, Z., Swisdak, M., McComas, D. J., Bale, S. D., 

Rahmati, A., Larson, D., Matthaeus, W. H., Dayeh, M. A., Starkey, M. J., Raouafi, N. 

E., Mitchell, D. G., Cohen, C. M. S., Szalay, J. R., Giacalone, J., Hill, M. E., Christian, 

E. R., … Kasper, J. C. (2025). Magnetic Reconnection–Driven Energization of Protons 

up to 𝑠 im400 keV at the near-Sun Heliospheric Current Sheet. The Astrophysical 

Journal Letters, 985(2), L38. https://doi.org/10.3847/2041-8213/ada697

Desai, M., & Giacalone, J. (2016). Large Gradual Solar Energetic Particle Events. Living 

Reviews in Solar Physics, 13(1), 3. https://doi.org/10.1007/s41116-016-0002-5

Dmitruk, P., Matthaeus, W. H., & Seenu, N. (2004). Test Particle Energization by Current 

Sheets and Nonuniform Fields in Magnetohydrodynamic Turbulence. Astrophysical 

Journal, 617, 667–679. https://doi.org/10.1086/425301

Dokmanic, I., Parhizkar, R., Ranieri, J., & Vetterli, M. (2015). Euclidean Distance Matri

ces: Essential Theory, Algorithms, and Applications. IEEE Signal Processing Magazine, 

32(6), 12–30. https://doi.org/10.1109/MSP.2015.2398954

Dong, C., Wang, L., Huang, Y.-M., Comisso, L., & Bhattacharjee, A. (2018). Role of the 

Plasmoid Instability in Magnetohydrodynamic Turbulence. Physical Review Letters, 

121(16), 165101. https://doi.org/10.1103/PhysRevLett.121.165101

204

https://doi.org/10.1038/s41598-017-13943-7
https://doi.org/10.1029/98GL51938
https://doi.org/10.1103/PhysRevLett.94.065003
https://doi.org/10.3847/2041-8213/ada697
https://doi.org/10.1007/s41116-016-0002-5
https://doi.org/10.1086/425301
https://doi.org/10.1109/MSP.2015.2398954
https://doi.org/10.1103/PhysRevLett.121.165101


Dong, C., Wang, L., Huang, Y.-M., Comisso, L., Sandstrom, T. A., & Bhattacharjee, A. 

(2022). Reconnection-Driven Energy Cascade in Magnetohydrodynamic Turbulence. 

Science Advances, 8(49), eabn7627. https://doi.org/10.1126/sciadv.abn7627

Dundovic, A., Pezzi, O., Blasi, P., Evoli, C., & Matthaeus, W. H. (2020). Novel Aspects of 

Cosmic Ray Diffusion in Synthetic Magnetic Turbulence. Physical Review D, 102(10), 

103016. https://doi.org/10.1103/PhysRevD.102.103016

Durrett, R. (2016). Essentials of Stochastic Processes. Springer International Publishing. 

https://doi.org/10.1007/978-3-319-45614-0

Earl, J. A. (1976). The Effect of Adiabatic Focusing upon Charged-Particle Propagation 

in Random Magnetic Fields. The Astrophysical Journal, 205, 900–919. https://doi.org/

10.1086/154346

Effenberger, F., & Litvinenko, Y. E. (2014). The Diffusion Approximation versus the 

Telegraph Equation for Modeling Solar Energetic Particle Transport with Adiabatic 

Focusing. I. Isotropic Pitch-angle Scattering. The Astrophysical Journal, 783, 15. 

https://doi.org/10.1088/0004-637X/783/1/15

Effenberger, F., Walter, D., Fichtner, H., Aerdker, S., Grauer, R., Laitinen, T., le Roux, J. 

A., Litvinenko, Y., Lübke, J., Perri, S., Reichherzer, P., Shalchi, A., van~den Berg, J. 

P., & Zimbardo, G. (2025). Open Issues in Non-Gaussian Transport and Acceleration 

of Charged Energetic Particles in Space and Astrophysical Plasmas. Space Science 

Reviews, 221(5), 75. https://doi.org/10.1007/s11214-025-01203-4

Engelbrecht, N. E., Effenberger, F., Florinski, V., Potgieter, M. S., Ruffolo, D., Chhiber, 

R., Usmanov, A. V., Rankin, J. S., & Els, P. L. (2022). Theory of Cosmic Ray Transport 

in the Heliosphere. Space Science Reviews, 218(4), 33. https://doi.org/10.1007/s11214-

022-00896-1

Erard, S., Cecconi, B., Le Sidaner, P., Rossi, A. P., Capria, M. T., Schmitt, B., Génot, 

V., André, N., Vandaele, A. C., Scherf, M., Hueso, R., Määttänen, A., Thuillot, W., 

Carry, B., Achilleos, N., Marmo, C., Santolik, O., Benson, K., Fernique, P., … Pisa, 

205

https://doi.org/10.1126/sciadv.abn7627
https://doi.org/10.1103/PhysRevD.102.103016
https://doi.org/10.1007/978-3-319-45614-0
https://doi.org/10.1086/154346
https://doi.org/10.1088/0004-637X/783/1/15
https://doi.org/10.1007/s11214-025-01203-4
https://doi.org/10.1007/s11214-022-00896-1
https://doi.org/10.1007/s11214-022-00896-1


D. (2018). VESPA: A Community-Driven Virtual Observatory in Planetary Science. 

Planetary and Space Science, 150, 65–85. https://doi.org/10.1016/j.pss.2017.05.013

Erdős, G., & Balogh, A. (2008). Density of Discontinuities in the Heliosphere. Advances 

in Space Research, 41(2), 287–296. https://doi.org/10.1016/j.asr.2007.04.036

Escande, D., & Sattin, F. (2021). Breakdown of Adiabatic Invariance of Fast Ions in 

Spherical Tokamaks. Nuclear Fusion, 61(10), 106025. https://doi.org/10.1088/1741-

4326/ac21fb

Ewart, R. J., Reichherzer, P., Ren, S., Majeski, S., Mori, F., Nastac, M. L., Bott, A. F. A., 

Kunz, M. W., & Schekochihin, A. A. (2025). Cosmic-Ray Transport in Inhomogeneous 

Media. Monthly Notices of the Royal Astronomical Society, 545(2). https://doi.org/10.

1093/mnras/staf2108

Fox, N. J., Velli, M. C., Bale, S. D., Decker, R., Driesman, A., Howard, R. A., Kasper, J. 

C., Kinnison, J., Kusterer, M., Lario, D., Lockwood, M. K., McComas, D. J., Raouafi, 

N. E., & Szabo, A. (2016). The Solar Probe plus Mission: Humanity's First Visit to 

Our Star. Space Science Reviews, 204(1), 7–48. https://doi.org/10.1007/s11214-015-

0211-6

Franci, L., Cerri, S. S., Califano, F., Landi, S., Papini, E., Verdini, A., Matteini, L., Jenko, 

F., & Hellinger, P. (2017). Magnetic Reconnection as a Driver for a Sub-Ion-Scale 

Cascade in Plasma Turbulence. Astrophysical Journal Letters, 850(1), L16. https://

doi.org/10.3847/2041-8213/aa93fb

Franci, L., Landi, S., Matteini, L., Verdini, A., & Hellinger, P. (2016). Plasma Beta Depen

dence of the Ion-Scale Spectral Break of Solar Wind Turbulence: High-Resolution 2d 

Hybrid Simulations. Astrophysical Journal, 833(1), 91. https://doi.org/10.3847/1538-

4357/833/1/91

Frühwirth-Schnatter, S. (2006). Finite Mixture and Markov Switching Models (1st ed.). 

Springer New York. https://doi.org/10.1007/978-0-387-35768-3

206

https://doi.org/10.1016/j.pss.2017.05.013
https://doi.org/10.1016/j.asr.2007.04.036
https://doi.org/10.1088/1741-4326/ac21fb
https://doi.org/10.1088/1741-4326/ac21fb
https://doi.org/10.1093/mnras/staf2108
https://doi.org/10.1093/mnras/staf2108
https://doi.org/10.1007/s11214-015-0211-6
https://doi.org/10.1007/s11214-015-0211-6
https://doi.org/10.3847/2041-8213/aa93fb
https://doi.org/10.3847/1538-4357/833/1/91
https://doi.org/10.3847/1538-4357/833/1/91
https://doi.org/10.1007/978-0-387-35768-3


Galvin, A. B., Kistler, L. M., Popecki, M. A., Farrugia, C. J., Simunac, K. D. C., Ellis, L., 

Möbius, E., Lee, M. A., Boehm, M., Carroll, J., Crawshaw, A., Conti, M., Demaine, 

P., Ellis, S., Gaidos, J. A., Googins, J., Granoff, M., Gustafson, A., Heirtzler, D., 

… Steinfeld, D. (2008). The Plasma and Suprathermal Ion Composition (PLASTIC) 

Investigation on the STEREO Observatories. Space Science Reviews, 136(1), 437–486. 

https://doi.org/10.1007/s11214-007-9296-x

Giacalone, J. (2013). Cosmic-Ray Transport and Interaction with Shocks. Space Science 

Reviews, 176(1), 73–88. https://doi.org/10.1007/s11214-011-9763-2

Giacalone, J., & Jokipii, J. R. (1994). Charged-Particle Motion in Multidimensional 

Magnetic Field Turbulence. Astrophysical Journal, 430, L137. https://doi.org/10.1086/

187457

Giacalone, J., & Jokipii, J. R. (1999). The Transport of Cosmic Rays across a Turbulent 

Magnetic Field. The Astrophysical Journal, 520(1), 204. https://doi.org/10.1086/

307452

Giacalone, J., Fahr, H., Fichtner, H., Florinski, V., Heber, B., Hill, M. E., Kóta, J., 

Leske, R. A., Potgieter, M. S., & Rankin, J. S. (2022). Anomalous Cosmic Rays and 

Heliospheric Energetic Particles. Space Science Reviews, 218(4), 22. https://doi.org/

10.1007/s11214-022-00890-7

Goldstein, M. L., Roberts, D. A., & Matthaeus, W. H. (1995). Magnetohydrodynamic 

Turbulence in the Solar Wind. Annual Review of Astronomy and Astrophysics, 

33(Volume33, 1995), 283–325. https://doi.org/10.1146/annurev.aa.33.090195.001435

Gosling, J. T. (2012). Magnetic Reconnection in the Solar Wind. Space Science Reviews, 

172(1), 187–200. https://doi.org/10.1007/s11214-011-9747-2

Gosling, J. T., & Szabo, A. (2008). Bifurcated Current Sheets Produced by Magnetic 

Reconnection in the Solar Wind. Journal of Geophysical Research: Space Physics, 

113(A10). https://doi.org/10.1029/2008JA013473

207

https://doi.org/10.1007/s11214-007-9296-x
https://doi.org/10.1007/s11214-011-9763-2
https://doi.org/10.1086/187457
https://doi.org/10.1086/187457
https://doi.org/10.1086/307452
https://doi.org/10.1086/307452
https://doi.org/10.1007/s11214-022-00890-7
https://doi.org/10.1146/annurev.aa.33.090195.001435
https://doi.org/10.1007/s11214-011-9747-2
https://doi.org/10.1029/2008JA013473


Gosling, J. T., McComas, D. J., Roberts, D. A., & Skoug, R. M. (2009). A One-Sided 

Aspect of Alfvénic Fluctuations in the Solar Wind. The Astrophysical Journal, 695(2), 

L213. https://doi.org/10.1088/0004-637X/695/2/L213

Gosling, J. T., Skoug, R. M., McComas, D. J., & Smith, C. W. (2005). Direct Evidence for 

Magnetic Reconnection in the Solar Wind near 1 AU. Journal of Geophysical Research: 

Space Physics, 110(A1). https://doi.org/10.1029/2004JA010809

Greco, A., Matthaeus, W. H., Perri, S., Osman, K. T., Servidio, S., Wan, M., & Dmitruk, 

P. (2017). Partial Variance of Increments Method in Solar Wind Observations and 

Plasma Simulations. Space Science Reviews, 214(1), 1. https://doi.org/10.1007/s11214-

017-0435-8

Greco, A., Matthaeus, W. H., Servidio, S., Chuychai, P., & Dmitruk, P. (2009). Statistical 

Analysis of Discontinuities in Solar Wind Ace Data and Comparison with Intermittent 

Mhd Turbulence. Astrophysical Journal, 691(2), L111. https://doi.org/10.1088/0004-

637X/691/2/L111

Greco, A., Perri, S., Servidio, S., Yordanova, E., & Veltri, P. (2016). The Complex Structure 

of Magnetic Field Discontinuities in the Turbulent Solar Wind. The Astrophysical 

Journal Letters, 823(2), L39. https://doi.org/10.3847/2041-8205/823/2/L39

Grimes, E. W., Harter, B., Hatzigeorgiu, N., Drozdov, A., Lewis, J. W., Angelopoulos, 

V., Cao, X., Chu, X., Hori, T., Matsuda, S., Jun, C.-W., Nakamura, S., Kitahara, M., 

Segawa, T., Miyoshi, Y., & Le Contel, O. (2022). The Space Physics Environment Data 

Analysis System in Python. Frontiers in Astronomy and Space Sciences, 9.

Génot, V., Budnik, E., Jacquey, C., Bouchemit, M., Renard, B., Dufourg, N., André, N., 

Cecconi, B., Pitout, F., Lavraud, B., Fedorov, A., Ganfloff, M., Plotnikov, I., Modolo, 

R., Lormant, N., Mohand, H. S. H., Tao, C., Besson, B., Heulet, D., … Cabrolie, 

F. (2021). Automated Multi-Dataset Analysis (AMDA): An on-Line Database and 

Analysis Tool for Heliospheric and Planetary Plasma Data. Planetary and Space 

Science, 201, 105214. https://doi.org/10.1016/j.pss.2021.105214

208

https://doi.org/10.1088/0004-637X/695/2/L213
https://doi.org/10.1029/2004JA010809
https://doi.org/10.1007/s11214-017-0435-8
https://doi.org/10.1007/s11214-017-0435-8
https://doi.org/10.1088/0004-637X/691/2/L111
https://doi.org/10.1088/0004-637X/691/2/L111
https://doi.org/10.3847/2041-8205/823/2/L39
https://doi.org/10.1016/j.pss.2021.105214


Halekas, J. S., Whittlesey, P., Larson, D. E., McGinnis, D., Maksimovic, M., Berthomier, 

M., Kasper, J. C., Case, A. W., Korreck, K. E., Stevens, M. L., Klein, K. G., Bale, 

S. D., MacDowall, R. J., Pulupa, M. P., Malaspina, D. M., Goetz, K., & Harvey, P. 

R. (2020). Electrons in the Young Solar Wind: First Results from the Parker Solar 

Probe. Astrophysical Journal Supplement Series, 246(2), 22. https://doi.org/10.3847/

1538-4365/ab4cec

Harris, E. G. (1962). On a Plasma Sheath Separating Regions of Oppositely Directed 

Magnetic Field. Il Nuovo Cimento (1955-1965), 23(1), 115–121. https://doi.org/10.

1007/BF02733547

Harrison, M. G., & Neukirch, T. (2009). One-Dimensional Vlasov-Maxwell Equilibrium 

for the Force-Free Harris Sheet. Physical Review Letters, 102(13), 135003. https://doi.

org/10.1103/PhysRevLett.102.135003

Hausman, B. A., Michel, F. C., Espley, J. R., & Cloutier, P. A. (2004). On Determining 

the Nature and Orientation of Magnetic Directional Discontinuities: Problems with the 

Minimum Variance Method. Journal of Geophysical Research: Space Physics, 109(A11). 

https://doi.org/10.1029/2004JA010670

Hill, F., Martens, P., Yoshimura, K., Gurman, J., Hourclé, J., Dimitoglou, G., Suárez-

Solá, I., Wampler, S., Reardon, K., Davey, A., Bogart, R. S., & Tian, K. Q. (2009). 

The Virtual Solar Observatory—a Resource for International Heliophysics Research. 

Earth Moon and Planets, 104(1), 315–330. https://doi.org/10.1007/s11038-008-9274-7

Horbury, T. S., Burgess, D., Fränz, M., & Owen, C. J. (2001). Three Spacecraft Obser

vations of Solar Wind Discontinuities. Geophysical Research Letters, 28(4), 677–680. 

https://doi.org/10.1029/2000GL000121

Hu, D. K., Liu, Y. Y., Cao, J. B., Liu, C. M., & Song, Y. T. (2025). Interplanetary Magnetic 

Field Curvature and Its Role in Particle Acceleration: Magnetospheric Multiscale and 

Solar Orbiter Observations. Astrophysical Journal, 983(2), 180. https://doi.org/10.

3847/1538-4357/adc1c7

209

https://doi.org/10.3847/1538-4365/ab4cec
https://doi.org/10.3847/1538-4365/ab4cec
https://doi.org/10.1007/BF02733547
https://doi.org/10.1007/BF02733547
https://doi.org/10.1103/PhysRevLett.102.135003
https://doi.org/10.1029/2004JA010670
https://doi.org/10.1007/s11038-008-9274-7
https://doi.org/10.1029/2000GL000121
https://doi.org/10.3847/1538-4357/adc1c7
https://doi.org/10.3847/1538-4357/adc1c7


Huang, J., Kasper, J. C., Larson, D. E., McManus, M. D., Whittlesey, P., Livi, R., Rahmati, 

A., Romeo, O., Klein, K. G., Sun, W., van der Holst, B., Huang, Z., Jian, L. K., Szabo, 

A., Verniero, J. L., Chen, C. H. K., Lavraud, B., Liu, M., Badman, S. T., … Halekas, 

J. S. (2023). Parker Solar Probe Observations of High Plasma 𝑏𝜂 Solar Wind from the 

Streamer Belt. Astrophysical Journal Supplement Series, 265(2), 47. https://doi.org/

10.3847/1538-4365/acbcd2

Huang, J. et al. (2020). Proton Temperature Anisotropy Variations in Inner Heliosphere 

Estimated with the First Parker Solar Probe Observations. Astrophysical Journal 

Supplement Series, 246(2), 70. https://doi.org/10.3847/1538-4365/ab74e0

Huang, J., Larson, D. E., Ervin, T., Liu, M., Ortiz, O., Martinović, M. M., Huang, Z., 

Chasapis, A., Chu, X., Alterman, B. L., Huang, Z., Wei, W., Verniero, J. L., Jian, L. K., 

Szabo, A., Romeo, O., Rahmati, A., Livi, R., Whittlesey, P., … Bale, S. D. (2025). The 

Temperature Anisotropy and Helium Abundance Features of Alfvénic Slow Solar Wind 

Observed by Parker Solar Probe, Helios, and Wind Missions. Astrophysical Journal 

Letters, 986(2), L28. https://doi.org/10.3847/2041-8213/ade0ac

Huang, S. Y. et al. (2020). Observations of Magnetic Field Line Curvature and Its Role in 

the Space Plasma Turbulence. The Astrophysical Journal Letters, 898(1), L18. https://

doi.org/10.3847/2041-8213/aba263

Hudson, P. D. (1970). Discontinuities in an Anisotropic Plasma and Their Identification 

in the Solar Wind. Planetary and Space Science, 18(11), 1611–1622. https://doi.org/

10.1016/0032-0633(70)90036-X

Jacod, J., & Protter, P. (2012). Discretization of Processes: 67 (Vol. 67). Springer. https://

doi.org/10.1007/978-3-642-24127-7

Jokipii, J. R. (1966). Cosmic-Ray Propagation. I. Charged Particles in a Random Magnetic 

Field. The Astrophysical Journal, 146, 480. https://doi.org/10.1086/148912

Jokipii, J. R. (1967). Cosmic-Ray Propagation. Ii. Diffusion in the Interplanetary Magnetic 

Field. The Astrophysical Journal, 149, 405. https://doi.org/10.1086/149265

210

https://doi.org/10.3847/1538-4365/acbcd2
https://doi.org/10.3847/1538-4365/ab74e0
https://doi.org/10.3847/2041-8213/ade0ac
https://doi.org/10.3847/2041-8213/aba263
https://doi.org/10.1016/0032-0633(70)90036-X
https://doi.org/10.1007/978-3-642-24127-7
https://doi.org/10.1086/148912
https://doi.org/10.1086/149265


Jokipii, J. R. (1968). Addendum and Erratum to Cosmic-Ray Propagation. I. Astrophysical 

Journal, 152, 671. https://doi.org/10.1086/149585

Jokipii, J. R. (1971). Propagation of Cosmic Rays in the Solar Wind. Reviews of 

Geophysics, 9(1), 27–87. https://doi.org/10.1029/RG009i001p00027

Jokipii, J. R., & Thomas, B. (1981). Effects of Drift on the Transport of Cosmic Rays. 

IV - Modulation by a Wavy Interplanetary Current Sheet. Astrophysical Journal, 243, 

1115–1122. https://doi.org/10.1086/158675

Kaiser, M. L., Kucera, T. A., Davila, J. M., St. Cyr, O. C., Guhathakurta, M., & Christian, 

E. (2008). The STEREO Mission: An Introduction. Space Science Reviews, 136(1), 5–

16. https://doi.org/10.1007/s11214-007-9277-0

Kamaletdinov, S. R., Artemyev, A. V., Runov, A., & Angelopoulos, V. (2024). Charac

teristics of Thin Magnetotail Current Sheet Plasmas at Lunar Distances. Journal of 

Geophysical Research: Space Physics, 129(8), e2024JA032755. https://doi.org/10.1029/

2024JA032755

Karlsson, T., Heyner, D., Volwerk, M., Morooka, M., Plaschke, F., Goetz, C., & Hadid, L. 

(2021). Magnetic Holes in the Solar Wind and Magnetosheath Near Mercury. Journal 

of Geophysical Research: Space Physics, 126(5), e2020JA028961. https://doi.org/10.

1029/2020JA028961

Kasper, J. C., Abiad, R., Austin, G., Balat-Pichelin, M., Bale, S. D., Belcher, J. W., Berg, 

P., Bergner, H., Berthomier, M., Bookbinder, J., Brodu, E., Caldwell, D., Case, A. 

W., Chandran, B. D. G., Cheimets, P., Cirtain, J. W., Cranmer, S. R., Curtis, D. W., 

Daigneau, P., … Zank, G. (2016). Solar Wind Electrons Alphas and Protons (SWEAP) 

Investigation: Design of the Solar Wind and Coronal Plasma Instrument Suite for Solar 

Probe Plus. Space Science Reviews, 204(1), 131–186. https://doi.org/10.1007/s11214-

015-0206-3

Keebler, T. B., Tóth, G., Zieger, B., & Opher, M. (2022). MSWIM2D: Two-Dimensional 

Outer Heliosphere Solar Wind Modeling. Astrophysical Journal Supplement Series, 

260(2), 43. https://doi.org/10.3847/1538-4365/ac67eb

211

https://doi.org/10.1086/149585
https://doi.org/10.1029/RG009i001p00027
https://doi.org/10.1086/158675
https://doi.org/10.1007/s11214-007-9277-0
https://doi.org/10.1029/2024JA032755
https://doi.org/10.1029/2024JA032755
https://doi.org/10.1029/2020JA028961
https://doi.org/10.1029/2020JA028961
https://doi.org/10.1007/s11214-015-0206-3
https://doi.org/10.1007/s11214-015-0206-3
https://doi.org/10.3847/1538-4365/ac67eb


Kempski, P., Fielding, D. B., Quataert, E., Galishnikova, A. K., Kunz, M. W., Philippov, 

A. A., & Ripperda, B. (2023). Cosmic Ray Transport in Large-Amplitude Turbulence 

with Small-Scale Field Reversals. Monthly Notices of the Royal Astronomical Society, 

525(4), 4985–4998. https://doi.org/10.1093/mnras/stad2609

Khabarova, O., Malandraki, O., Malova, H., Kislov, R., Greco, A., Bruno, R., Pezzi, O., 

Servidio, S., Li, G., Matthaeus, W., Le Roux, J., Engelbrecht, N. E., Pecora, F., Zelenyi, 

L., Obridko, V., & Kuznetsov, V. (2021). Current Sheets, Plasmoids and Flux Ropes 

in the Heliosphere. Space Science Reviews, 217(3), 38. https://doi.org/10.1007/s11214-

021-00814-x

Klein, K.-L., & Dalla, S. (2017). Acceleration and Propagation of Solar Energetic Particles. 

Space Science Reviews, 212(3), 1107–1136. https://doi.org/10.1007/s11214-017-0382-4

Klein, K.-L., & Trottet, G. (2001). The Origin of Solar Energetic Particle Events: Coronal 

Acceleration versus Shock Wave Acceleration. Space Science Reviews, 95(1), 215–225. 

https://doi.org/10.1023/A:1005236400689

Knetter, T. (2005). A New Perspective of the Solar Wind Micro-Structure Due to Multi-

Point Observations of Discontinuities [Doctoral dissertation].

Knetter, T., Neubauer, F. M., Horbury, T., & Balogh, A. (2003). Discontinuity Observa

tions with Cluster. Advances in Space Research, 32(4), 543–548. https://doi.org/10.

1016/S0273-1177(03)00335-1

Knetter, T., Neubauer, F. M., Horbury, T., & Balogh, A. (2004). Four-Point Discontinuity 

Observations Using Cluster Magnetic Field Data: A Statistical Survey. Journal of 

Geophysical Research: Space Physics, 109(A6). https://doi.org/10.1029/2003JA010099

Kropotina, J. A., Webster, L., Artemyev, A. V., Bykov, A. M., Vainchtein, D. L., & 

Vasko, I. Y. (2021). Solar Wind Discontinuity Transformation at the Bow Shock. The 

Astrophysical Journal, 913(2), 142. https://doi.org/10.3847/1538-4357/abf6c7

Lario, D., Raouafi, N. E., Kwon, R. Y., Zhang, J., Gómez-Herrero, R., Dresing, N., & 

Riley, P. (2014). The Solar Energetic Particle Event on 2013 April 11: An Investigation 

212

https://doi.org/10.1093/mnras/stad2609
https://doi.org/10.1007/s11214-021-00814-x
https://doi.org/10.1007/s11214-021-00814-x
https://doi.org/10.1007/s11214-017-0382-4
https://doi.org/10.1023/A:1005236400689
https://doi.org/10.1016/S0273-1177(03)00335-1
https://doi.org/10.1016/S0273-1177(03)00335-1
https://doi.org/10.1029/2003JA010099
https://doi.org/10.3847/1538-4357/abf6c7


of Its Solar Origin and Longitudinal Spread. Astrophysical Journal, 797, 8. https://

doi.org/10.1088/0004-637X/797/1/8

Lee, M. A., Mewaldt, R. A., & Giacalone, J. (2012). Shock Acceleration of Ions in the 

Heliosphere. Space Science Reviews, 173(1), 247–281. https://doi.org/10.1007/s11214-

012-9932-y

Lemoine, M. (2023). Particle Transport through Localized Interactions with Sharp Mag

netic Field Bends in MHD Turbulence. Journal of Plasma Physics, 89(5), 175890501. 

https://doi.org/10.1017/S0022377823000946

Lepping, R. P., & Behannon, K. W. (1986). Magnetic Field Directional Discontinuities: 

Characteristics between 0.46 and 1.0 AU. Journal of Geophysical Research: Space 

Physics, 91(A8), 8725–8741. https://doi.org/10.1029/JA091iA08p08725

Lepping, R. P., Acũna, M. H., Burlaga, L. F., Farrell, W. M., Slavin, J. A., Schatten, K. 

H., Mariani, F., Ness, N. F., Neubauer, F. M., Whang, Y. C., Byrnes, J. B., Kennon, 

R. S., Panetta, P. V., Scheifele, J., & Worley, E. M. (1995). The WIND Magnetic 

Field Investigation. Space Science Reviews, 71(1), 207–229. https://doi.org/10.1007/

BF00751330

Lepping, R. P., Wu, C.-C., & McClernan, K. (2003). Two-Dimensional Curvature of Large 

Angle Interplanetary MHD Discontinuity Surfaces: IMP-8 and WIND Observations. 

Journal of Geophysical Research: Space Physics, 108(A7). https://doi.org/10.1029/

2002JA009640

Lewis, J., Vandegriff, J., & Niehof, J. (2023). ISTP-next Metadata Guidelines: Updates 

and Update Process Needed. Data, Analysis and Software in Heliophysics (DASH) 

2023, 7. https://doi.org/10.5281/zenodo.8419746

Li, G. (2007). Identifying Current-Sheet-like Structures in the Solar Wind. Astrophysical 

Journal, 672(1), L65. https://doi.org/10.1086/525847

Li, G., Lee, E., & Parks, G. (2008). Are There Current-Sheet-like Structures in the Earth's 

Magnetotail as in the Solar Wind – Results and Implications from High Time Resolu

213

https://doi.org/10.1088/0004-637X/797/1/8
https://doi.org/10.1007/s11214-012-9932-y
https://doi.org/10.1007/s11214-012-9932-y
https://doi.org/10.1017/S0022377823000946
https://doi.org/10.1029/JA091iA08p08725
https://doi.org/10.1007/BF00751330
https://doi.org/10.1007/BF00751330
https://doi.org/10.1029/2002JA009640
https://doi.org/10.1029/2002JA009640
https://doi.org/10.5281/zenodo.8419746
https://doi.org/10.1086/525847


tion Magnetic Field Measurements by Cluster. Annales Geophysicae, 26(7), 1889–1895. 

https://doi.org/10.5194/angeo-26-1889-2008

Li, G., Miao, B., Hu, Q., & Qin, G. (2011). Effect of Current Sheets on the Solar Wind 

Magnetic Field Power Spectrum from the Ulysses Observation: From Kraichnan to 

Kolmogorov Scaling. Physical Review Letters, 106(12), 125001. https://doi.org/10.

1103/PhysRevLett.106.125001

Lichtenberg, A. J., & Lieberman, M. A. (1983). Regular and Stochastic Motion.

Lin, R. P., Anderson, K. A., Ashford, S., Carlson, C., Curtis, D., Ergun, R., Larson, 

D., McFadden, J., McCarthy, M., Parks, G. K., Rème, H., Bosqued, J. M., Coutelier, 

J., Cotin, F., D'Uston, C., Wenzel, K. P., Sanderson, T. R., Henrion, J., Ronnet, J. 

C., & Paschmann, G. (1995). A Three-Dimensional Plasma and Energetic Particle 

Investigation for the Wind Spacecraft. Space Science Reviews, 71(1), 125–153. https://

doi.org/10.1007/BF00751328

Liou, K., & Wu, C.-C. (2021). Characteristics of the Heliospheric Current Sheets at the 

Sector Boundaries: Wind Observations from 1995-2020. Astrophysical Journal, 920, 39. 

https://doi.org/10.3847/1538-4357/ac1586

Liou, K., & Wu, C.-C. (2024). Solar Energetic Particle and the Heliospheric Current Sheet. 

The Astrophysical Journal, 966(1), 16. https://doi.org/10.3847/1538-4357/ad33c2

Litvinenko, Y. E., & Noble, P. L. (2013). A Numerical Study of Diffusive Cosmic-Ray 

Transport with Adiabatic Focusing. Astrophysical Journal, 765(1), 31. https://doi.org/

10.1088/0004-637X/765/1/31

Liu, Y. Y., Cao, J. B., Fu, H. S., Wang, Z., Guo, Z. Z., & He, R. J. (2023). Failures 

of Minimum Variance Analysis in Diagnosing Planar Structures in Space. The Astro

physical Journal Supplement Series, 267(1), 13. https://doi.org/10.3847/1538-4365/

acdd58

Liu, Y. Y., Fu, H. S., Cao, J. B., Liu, C. M., Wang, Z., Guo, Z. Z., Xu, Y., Bale, S. 

D., & Kasper, J. C. (2021). Characteristics of Interplanetary Discontinuities in the 

214

https://doi.org/10.5194/angeo-26-1889-2008
https://doi.org/10.1103/PhysRevLett.106.125001
https://doi.org/10.1103/PhysRevLett.106.125001
https://doi.org/10.1007/BF00751328
https://doi.org/10.3847/1538-4357/ac1586
https://doi.org/10.3847/1538-4357/ad33c2
https://doi.org/10.1088/0004-637X/765/1/31
https://doi.org/10.3847/1538-4365/acdd58
https://doi.org/10.3847/1538-4365/acdd58


Inner Heliosphere Revealed by Parker Solar Probe. Astrophysical Journal, 916(2), 65. 

https://doi.org/10.3847/1538-4357/ac06a1

Liu, Y. Y., Fu, H. S., Cao, J. B., Wang, Z., He, R. J., Guo, Z. Z., Xu, Y., & Yu, Y. (2022b). 

Magnetic Discontinuities in the Solar Wind and Magnetosheath: Magnetospheric 

Multiscale Mission (MMS) Observations. Astrophysical Journal, 930(1), 63. https://

doi.org/10.3847/1538-4357/ac62d2

Liu, Y. Y., Fu, H. S., Cao, J. B., Yu, Y., Liu, C. M., Wang, Z., Guo, Z. Z., & He, R. J. 

(2022a). Categorizing MHD Discontinuities in the Inner Heliosphere by Utilizing the 

PSP Mission. Journal of Geophysical Research: Space Physics, 127(3), e2021JA029983. 

https://doi.org/10.1029/2021JA029983

Livi, R., Larson, D. E., Kasper, J. C., Abiad, R., Case, A. W., Klein, K. G., Curtis, D. W., 

Dalton, G., Stevens, M., Korreck, K. E., Ho, G., Robinson, M., Tiu, C., Whittlesey, 

P. L., Verniero, J. L., Halekas, J., McFadden, J., Marckwordt, M., Slagle, A., … 

McManus, M. D. (2022). The Solar Probe ANalyzer—Ions on the Parker Solar Probe. 

Astrophysical Journal, 938(2), 138. https://doi.org/10.3847/1538-4357/ac93f5

Lotekar, A. B., Vasko, I. Y., Phan, T., Bale, S. D., Bowen, T. A., Halekas, J., Artemyev, 

A. V., Khotyaintsev, Y. V., & Mozer, F. S. (2022). Kinetic-Scale Current Sheets in 

Near-Sun Solar Wind: Properties, Scale-dependent Features and Reconnection Onset. 

The Astrophysical Journal, 929(1), 58. https://doi.org/10.3847/1538-4357/ac5bd9

Luhmann, J. G., Curtis, D. W., Schroeder, P., McCauley, J., Lin, R. P., Larson, D. E., Bale, 

S. D., Sauvaud, J.-A., Aoustin, C., Mewaldt, R. A., Cummings, A. C., Stone, E. C., 

Davis, A. J., Cook, W. R., Kecman, B., Wiedenbeck, M. E., von Rosenvinge, T., Acuna, 

M. H., Reichenthal, L. S., … Gosling, J. T. (2008). STEREO IMPACT Investigation 

Goals, Measurements, and Data Products Overview. Space Science Reviews, 136(1), 

117–184. https://doi.org/10.1007/s11214-007-9170-x

Madar, A., Opitz, A., Erdos, G., Timar, A., Biro, N., Koban, G., Szabo, A., & Nemeth, Z. 

(2024). Directional Discontinuities in the Inner Heliosphere from Parker Solar Probe 

and Solar Orbiter Observations. Astronomy and Astrophysics, 690, A328. https://doi.

org/10.1051/0004-6361/202450684

215

https://doi.org/10.3847/1538-4357/ac06a1
https://doi.org/10.3847/1538-4357/ac62d2
https://doi.org/10.1029/2021JA029983
https://doi.org/10.3847/1538-4357/ac93f5
https://doi.org/10.3847/1538-4357/ac5bd9
https://doi.org/10.1007/s11214-007-9170-x
https://doi.org/10.1051/0004-6361/202450684


Malandraki, O., Khabarova, O., Bruno, R., Zank, G. P., Li, G., Jackson, B., Bisi, M. M., 

Greco, A., Pezzi, O., Matthaeus, W., Giannakopoulos, A. C., Servidio, S., Malova, H., 

Kislov, R., Effenberger, F., Roux, J. le, Chen, Y., Hu, Q., & Engelbrecht, N. E. (2019). 

Current Sheets, Magnetic Islands, and Associated Particle Acceleration in the Solar 

Wind as Observed by Ulysses near the Ecliptic Plane. Astrophysical Journal, 881(2), 

116. https://doi.org/10.3847/1538-4357/ab289a

Malara, F., Perri, S., & Zimbardo, G. (2021). Charged-Particle Chaotic Dynamics in 

Rotational Discontinuities. Physical Review E, 104(2), 25208. https://doi.org/10.1103/

PhysRevE.104.025208

Malara, F., Perri, S., Giacalone, J., & Zimbardo, G. (2023). Energetic Particle Dynamics in 

a Simplified Model of a Solar Wind Magnetic Switchback. Astronomy & Astrophysics, 

677, A69. https://doi.org/10.1051/0004-6361/202346990

Malaspina, D. M., & Gosling, J. T. (2012). Two Spacecraft Observations of Magnetic 

Discontinuities in the Solar Wind with STEREO. Journal of Geophysical Research: 

Space Physics, 117(A4). https://doi.org/10.1029/2011JA017375

Mallet, A., Schekochihin, A. A., & Chandran, B. D. G. (2017). Disruption of Alfvénic 

Turbulence by Magnetic Reconnection in a Collisionless Plasma. Journal of Plasma 

Physics, 83(6), 905830609. https://doi.org/10.1017/S0022377817000812

Mallet, A., Schekochihin, A. A., & Chandran, B. D. G. (2017). Disruption of sheetlike 

structures in Alfv\'enic turbulence by magnetic reconnection. Monthly Notices of the 

Royal Astronomical Society, 468(4), 4862–4871. https://doi.org/10.1093/mnras/stx670

Mariani, F., Bavassano, B., & Villante, U. (1983). A Statistical Study of Magnetohydro

dynamic Discontinuities in the Inner Solar System - HELIOS-1 and HELIOS-2. Solar 

Physics, 83, 349–365. https://doi.org/10.1007/BF00148285

Mariani, F., Bavassano, B., Villante, U., & Ness, N. F. (1973). Variations of the Occurrence 

Rate of Discontinuities in the Interplanetary Magnetic Field. Journal of Geophysical 

Research (1896-1977), 78(34), 8011–8022. https://doi.org/10.1029/JA078i034p08011

216

https://doi.org/10.3847/1538-4357/ab289a
https://doi.org/10.1103/PhysRevE.104.025208
https://doi.org/10.1103/PhysRevE.104.025208
https://doi.org/10.1051/0004-6361/202346990
https://doi.org/10.1029/2011JA017375
https://doi.org/10.1017/S0022377817000812
https://doi.org/10.1093/mnras/stx670
https://doi.org/10.1007/BF00148285
https://doi.org/10.1029/JA078i034p08011


Maruca, B. A., Qudsi, R. A., Alterman, B. L., Walsh, B. M., Korreck, K. E., Verscharen, 

D., Bandyopadhyay, R., Chhiber, R., Chasapis, A., Parashar, T. N., Matthaeus, W. H., 

& Goldstein, M. L. (2023). The Trans-Heliospheric Survey - Radial Trends in Plasma 

Parameters across the Heliosphere. Astronomy and Astrophysics, 675, A196. https://

doi.org/10.1051/0004-6361/202345951

Matteini, L., Hellinger, P., Landi, S., Trávníček, P. M., & Velli, M. (2012). Ion Kinetics 

in the Solar Wind: Coupling Global Expansion to Local Microphysics. Space Science 

Reviews, 172(1), 373–396. https://doi.org/10.1007/s11214-011-9774-z

Matteini, L., Tenerani, A., Landi, S., Verdini, A., Velli, M., Hellinger, P., Franci, L., 

Horbury, T. S., Papini, E., & Stawarz, J. E. (2024). Alfvénic Fluctuations in the 

Expanding Solar Wind: Formation and Radial Evolution of Spherical Polarization. 

Physics of Plasmas, 31(3), 32901. https://doi.org/10.1063/5.0177754

Matthaeus, W. H. (2021). Turbulence in Space Plasmas: Who Needs It?. Physics of 

Plasmas, 28(3), 32306. https://doi.org/10.1063/5.0041540

Matthaeus, W. H., Qin, G., Bieber, J. W., & Zank, G. P. (2003). Nonlinear Collisionless 

Perpendicular Diffusion of Charged Particles. The Astrophysical Journal, 590(1), L53. 

https://doi.org/10.1086/376613

Matthaeus, W. H., Wan, M., Servidio, S., Greco, A., Osman, K. T., Oughton, S., & 

Dmitruk, P. (2015). Intermittency, Nonlinear Dynamics and Dissipation in the Solar 

Wind and Astrophysical Plasmas. Philosophical Transactions of the Royal Society A: 

Mathematical, Physical and Engineering Sciences, 373(2041), 20140154. https://doi.

org/10.1098/rsta.2014.0154

Mazur, J. E., Mason, G. M., Dwyer, J. R., Giacalone, J., Jokipii, J. R., & Stone, E. C. 

(2000). Interplanetary Magnetic Field Line Mixing Deduced from ImpulsiveSolar Flare 

Particles. The Astrophysical Journal, 532(1), L79. https://doi.org/10.1086/312561

McComas, D. J., Alexander, N., Allegrini, F., Bagenal, F., Beebe, C., Clark, G., Crary, 

F., Desai, M. I., De~Los Santos, A., Demkee, D., Dickinson, J., Everett, D., Finley, T., 

Gribanova, A., Hill, R., Johnson, J., Kofoed, C., Loeffler, C., Louarn, P., … White, D. 

217

https://doi.org/10.1051/0004-6361/202345951
https://doi.org/10.1007/s11214-011-9774-z
https://doi.org/10.1063/5.0177754
https://doi.org/10.1063/5.0041540
https://doi.org/10.1086/376613
https://doi.org/10.1098/rsta.2014.0154
https://doi.org/10.1086/312561


(2017). The Jovian Auroral Distributions Experiment (JADE) on the Juno Mission to 

Jupiter. Space Science Reviews, 213(1), 547–643. https://doi.org/10.1007/s11214-013-

9990-9

McFadden, J. P., Carlson, C. W., Larson, D., Ludlam, M., Abiad, R., Elliott, B., Turin, P., 

Marckwordt, M., & Angelopoulos, V. (2009). The THEMIS ESA Plasma Instrument 

and In-flight Calibration. In J. L. Burch & V. Angelopoulos (Eds.), The THEMIS 

Mission: The THEMIS Mission (pp. 277–302). Springer. https://doi.org/10.1007/978-

0-387-89820-9_13

McIntyre, J. R., Chen, C. H. K., & Larosa, A. (2023). Properties Underlying the Variation 

of the Magnetic Field Spectral Index in the Inner Solar Wind. Astrophysical Journal, 

957(2), 111. https://doi.org/10.3847/1538-4357/acf3dd

Medvedev, M. V., & Diamond, P. H. (1996). Fluid models for kinetic effects on coherent 

nonlinear Alfvén waves. I. Fundamental theory. Physics of Plasmas, 3(3), 863–873. 

https://doi.org/10.1063/1.871790

Medvedev, M. V., Diamond, P. H., Shevchenko, V. I., & Galinsky, V. L. (1997). Dissipative 

Dynamics of Collisionless Nonlinear Alfvén Wave Trains. Physical Review Letters, 

78(26), 4934–4937. https://doi.org/10.1103/PhysRevLett.78.4934

Mingalev, O. V., Mingalev, I. V., Mel'nik, M. N., Artemyev, A. V., Malova, H. V., Popov, 

V. \. Y., Chao, S., & Zelenyi, L. M. (2012). Kinetic Models of Current Sheets with a 

Sheared Magnetic Field. Plasma Physics Reports, 38(4), 300–314. https://doi.org/10.

1134/S1063780X12030063

Moncuquet, M., Meyer-Vernet, N., Issautier, K., Pulupa, M., Bonnell, J. W., Bale, S. D., 

de Wit, T. D., Goetz, K., Griton, L., Harvey, P. R., MacDowall, R. J., Maksimovic, 

M., & Malaspina, D. M. (2020). First In Situ Measurements of Electron Density 

and Temperature from Quasi-thermal Noise Spectroscopy with Parker Solar Probe/

FIELDS. Astrophysical Journal Supplement Series, 246(2), 44. https://doi.org/10.

3847/1538-4365/ab5a84

218

https://doi.org/10.1007/s11214-013-9990-9
https://doi.org/10.1007/s11214-013-9990-9
https://doi.org/10.1007/978-0-387-89820-9_13
https://doi.org/10.1007/978-0-387-89820-9_13
https://doi.org/10.3847/1538-4357/acf3dd
https://doi.org/10.1063/1.871790
https://doi.org/10.1103/PhysRevLett.78.4934
https://doi.org/10.1134/S1063780X12030063
https://doi.org/10.1134/S1063780X12030063
https://doi.org/10.3847/1538-4365/ab5a84
https://doi.org/10.3847/1538-4365/ab5a84


Moraal, H. (2013). Cosmic-Ray Modulation Equations. Space Science Reviews, 176(1), 

299–319. https://doi.org/10.1007/s11214-011-9819-3

Mykhailenko, V., Nguyen, M., Solanik, M., Genči, J., Kolesnyk, Y., & Bobik, P. (2024). 

SDE Method for Cosmic Rays Modulation in the Heliosphere Statistical Error and 

Solution Uniqueness. Computer Physics Communications, 296, 109026. https://doi.

org/10.1016/j.cpc.2023.109026

NASA CDAWeb Development Team. (2019). CDAWeb: Coordinated Data Analysis Web. 

Astrophysics Source Code Library, ascl:1904.6.

Neishtadt, A. (2000). On the Accuracy of Persistence of Adiabatic Invariant in Single-

frequency Systems. Regular and Chaotic Dynamics, 5(2), 213. https://doi.org/10.1070/

RD2000v005n02ABEH000143

Neishtadt, A. (2019). On Mechanisms of Destruction of Adiabatic Invariance in Slow–Fast 

Hamiltonian Systems. Nonlinearity, 32(11), R53. https://doi.org/10.1088/1361-6544/

ab2a2c

Neishtadt, A. I. (1987). On the Change in the Adiabatic Invariant on Crossing a Separa

trix in Systems with Two Degrees of Freedom. Journal of Applied Mathematics and 

Mechanics, 51(5), 586–592. https://doi.org/10.1016/0021-8928(87)90006-2

Neishtadt, A. I., & Vasiliev, A. A. (1999). Change of the Adiabatic Invariant at a Separatrix 

in a Volume-Preserving 3D System. Nonlinearity, 12(2), 303. https://doi.org/10.1088/

0951-7715/12/2/010

Ness, N. F. (1966). Simultaneous Measurements of the Interplanetary Magnetic Field. 

Journal of Geophysical Research (1896-1977), 71(13), 3319–3324. https://doi.org/10.

1029/JZ071i013p03319

Ness, N. F., Scearce, C. S., & Cantarano, S. (1966). Preliminary Results from the Pioneer 

6 Magnetic Field Experiment. Journal of Geophysical Research (1896-1977), 71(13), 

3305–3313. https://doi.org/10.1029/JZ071i013p03305

219

https://doi.org/10.1007/s11214-011-9819-3
https://doi.org/10.1016/j.cpc.2023.109026
https://doi.org/10.1070/RD2000v005n02ABEH000143
https://doi.org/10.1070/RD2000v005n02ABEH000143
https://doi.org/10.1088/1361-6544/ab2a2c
https://doi.org/10.1088/1361-6544/ab2a2c
https://doi.org/10.1016/0021-8928(87)90006-2
https://doi.org/10.1088/0951-7715/12/2/010
https://doi.org/10.1088/0951-7715/12/2/010
https://doi.org/10.1029/JZ071i013p03319
https://doi.org/10.1029/JZ071i013p03319
https://doi.org/10.1029/JZ071i013p03305


Neugebauer, M. (1985). Alignment of Velocity and Field Changes across Tangential 

Discontinuities in the Solar Wind. Journal of Geophysical Research: Space Physics, 

90(A7), 6627–6630. https://doi.org/10.1029/JA090iA07p06627

Neugebauer, M. (2006). Comment on the Abundances of Rotational and Tangential 

Discontinuities in the Solar Wind. Journal of Geophysical Research: Space Physics, 

111(A4), 2005JA011497. https://doi.org/10.1029/2005JA011497

Neugebauer, M., & Giacalone, J. (2010). Progress in the Study of Interplanetary Discon

tinuities. 1216, 194–197. https://doi.org/10.1063/1.3395834

Neugebauer, M., & Giacalone, J. (2015). Energetic Particles, Tangential Discontinuities, 

and Solar Flux Tubes. Journal of Geophysical Research: Space Physics, 120(10), 8281–

8287. https://doi.org/10.1002/2015JA021632

Neugebauer, M., Alexander, C. J., Schwenn, R., & Richter, A. K. (1986). Tangential 

Discontinuities in the Solar Wind: Correlated Field and Velocity Changes and the 

Kelvin-Helmholtz Instability. Journal of Geophysical Research: Space Physics, 91(A12), 

13694–13698. https://doi.org/10.1029/JA091iA12p13694

Neugebauer, M., Clay, D. R., Goldstein, B. E., Tsurutani, B. T., & Zwickl, R. D. (1984). A 

Reexamination of Rotational and Tangential Discontinuities in the Solar Wind. Journal 

of Geophysical Research: Space Physics, 89(A7), 5395–5408. https://doi.org/10.1029/

JA089iA07p05395

Neukirch, T., Vasko, I. Y., Artemyev, A. V., & Allanson, O. (2020a). Kinetic Models 

of Tangential Discontinuities in the Solar Wind. Astrophysical Journal, 891(1), 86. 

https://doi.org/10.3847/1538-4357/ab7234

Neukirch, T., Wilson, F., & Allanson, O. (2020b). A Family of Vlasov–Maxwell Equilib

rium Distribution Functions Describing a Transition from the Harris Sheet to the 

Force-Free Harris Sheet. Journal of Plasma Physics, 86(3), 825860302. https://doi.org/

10.1017/S0022377820000604

220

https://doi.org/10.1029/JA090iA07p06627
https://doi.org/10.1029/2005JA011497
https://doi.org/10.1063/1.3395834
https://doi.org/10.1002/2015JA021632
https://doi.org/10.1029/JA091iA12p13694
https://doi.org/10.1029/JA089iA07p05395
https://doi.org/10.1029/JA089iA07p05395
https://doi.org/10.3847/1538-4357/ab7234
https://doi.org/10.1017/S0022377820000604


Niehof, J. T., Morley, S. K., Welling, D. T., & Larsen, B. A. (2022). The SpacePy Space 

Science Package at 12 Years. Frontiers in Astronomy and Space Sciences, 9. https://

doi.org/10.3389/fspas.2022.1023612

Northrop, T. G. (1963). Adiabatic Charged-Particle Motion. Reviews of Geophysics, 1(3), 

283–304. https://doi.org/10.1029/RG001i003p00283

Ogilvie, K. W., Chornay, D. J., Fritzenreiter, R. J., Hunsaker, F., Keller, J., Lobell, J., 

Miller, G., Scudder, J. D., Sittler, E. C., Torbert, R. B., Bodet, D., Needell, G., Lazarus, 

A. J., Steinberg, J. T., Tappan, J. H., Mavretic, A., & Gergin, E. (1995). SWE, a 

Comprehensive Plasma Instrument for the WIND Spacecraft. Space Science Reviews, 

71(1), 55–77. https://doi.org/10.1007/BF00751326

Osman, K. T., Matthaeus, W. H., Greco, A., & Servidio, S. (2011). Evidence for Inhomo

geneous Heating in the Solar Wind. The Astrophysical Journal, 727, L11. https://doi.

org/10.1088/2041-8205/727/1/L11

Osman, K. T., Matthaeus, W. H., Wan, M., & Rappazzo, A. F. (2012). Intermittency and 

Local Heating in the Solar Wind. Physical Review Letters, 108, 261102. https://doi.

org/10.1103/PhysRevLett.108.261102

Oughton, S., & Engelbrecht, N. E. (2021). Solar Wind Turbulence: Connections with 

Energetic Particles. New Astronomy, 83, 101507. https://doi.org/10.1016/j.newast.

2020.101507

Papini, E., Landi, S., & Zanna, L. D. (2019). Fast Magnetic Reconnection: Secondary 

Tearing Instability and Role of the Hall Term. Astrophysical Journal, 885(1), 56. 

https://doi.org/10.3847/1538-4357/ab4352

Parker, E. N. (1958). Dynamics of the Interplanetary Gas and Magnetic Fields. Astro

physical Journal, 128, 664. https://doi.org/10.1086/146579

Parker, E. N. (1965a). Dynamical Theory of the Solar Wind. Space Science Reviews, 4(5), 

666–708. https://doi.org/10.1007/BF00216273

221

https://doi.org/10.3389/fspas.2022.1023612
https://doi.org/10.1029/RG001i003p00283
https://doi.org/10.1007/BF00751326
https://doi.org/10.1088/2041-8205/727/1/L11
https://doi.org/10.1103/PhysRevLett.108.261102
https://doi.org/10.1016/j.newast.2020.101507
https://doi.org/10.1016/j.newast.2020.101507
https://doi.org/10.3847/1538-4357/ab4352
https://doi.org/10.1086/146579
https://doi.org/10.1007/BF00216273


Parker, E. N. (1965b). The Passage of Energetic Charged Particles through Interplanetary 

Space. Planetary and Space Science, 13(1), 9–49. https://doi.org/10.1016/0032-0633

(65)90131-5

Paschmann, G., & Daly, P. W. (2000). Analysis Methods for Multi-Spacecraft Data. ESA 

Publications Division.

Paschmann, G., & Daly, P. W. (2008). Multi-Spacecraft Analysis Methods Revisited. ESA 

Communications.

Paschmann, G., Haaland, S. E., Phan, T. D., Sonnerup, B. U. Ö., Burch, J. L., Torbert, 

R. B., Gershman, D. J., Dorelli, J. C., Giles, B. L., Pollock, C., Saito, Y., Lavraud, 

B., Russell, C. T., Strangeway, R. J., Baumjohann, W., & Fuselier, S. A. (2018). 

Large-Scale Survey of the Structure of the Dayside Magnetopause by MMS. Journal 

of Geophysical Research: Space Physics, 123(3), 2018–2033. https://doi.org/10.1002/

2017JA025121

Paschmann, G., Haaland, S., Sonnerup, B., & Knetter, T. (2013). Discontinuities and 

Alfvénic Fluctuations in the Solar Wind. Annales Geophysicae, 31(5), 871–887. https://

doi.org/10.5194/angeo-31-871-2013

Paschmann, G., Sonnerup, B. U. Ö., Haaland, S. E., Phan, T.-D., & Denton, R. E. (2020). 

Comparison of Quality Measures for Walén Relation. Journal of Geophysical Research: 

Space Physics, 125(7), e2020JA028044. https://doi.org/10.1029/2020JA028044

Pence, W. D., Chiappetti, L., Page, C. G., Shaw, R. A., & Stobie, E. (2010). Definition of 

the Flexible Image Transport System (FITS), Version 3.0. Astronomy and Astrophysics, 

524, A42. https://doi.org/10.1051/0004-6361/201015362

Perrone, D., Bruno, R., D'Amicis, R., Telloni, D., Marco, R. D., Stangalini, M., Perri, S., 

Pezzi, O., Alexandrova, O., & Bale, S. D. (2020). Coherent Events at Ion Scales in 

the Inner Heliosphere: Parker Solar Probe Observations during the First Encounter. 

Astrophysical Journal, 905(2), 142. https://doi.org/10.3847/1538-4357/abc480

222

https://doi.org/10.1016/0032-0633(65)90131-5
https://doi.org/10.1016/0032-0633(65)90131-5
https://doi.org/10.1002/2017JA025121
https://doi.org/10.1002/2017JA025121
https://doi.org/10.5194/angeo-31-871-2013
https://doi.org/10.1029/2020JA028044
https://doi.org/10.1051/0004-6361/201015362
https://doi.org/10.3847/1538-4357/abc480


Perrone, D., Stansby, D., Horbury, T. S., & Matteini, L. (2019). Radial Evolution of 

the Solar Wind in Pure High-Speed Streams: HELIOS Revised Observations. Monthly 

Notices of the Royal Astronomical Society, 483(3), 3730–3737. https://doi.org/10.1093/

mnras/sty3348

Pezzi, O., Pecora, F., le Roux, J., Engelbrecht, N. E., Greco, A., Servidio, S., Malova, H. V., 

Khabarova, O. V., Malandraki, O., Bruno, R., Matthaeus, W. H., Li, G., Zelenyi, L. M., 

Kislov, R. A., Obridko, V. N., & Kuznetsov, V. D. (2021). Current Sheets, Plasmoids 

and Flux Ropes in the Heliosphere. Space Science Reviews, 217(3), 39. https://doi.

org/10.1007/s11214-021-00799-7

Podesta, J. J. (2017). The Most Intense Current Sheets in the High-Speed Solar Wind near 

1 AU. Journal of Geophysical Research: Space Physics, 122(3), 2795–2823. https://doi.

org/10.1002/2016JA023629

Prantzos, N. (2012). On the Origin and Composition of Galactic Cosmic Rays. Astronomy 

& Astrophysics, 538, A80. https://doi.org/10.1051/0004-6361/201117448

Pucci, F., Malara, F., Perri, S., Zimbardo, G., Sorriso-Valvo, L., & Valentini, F. (2016). 

Energetic Particle Transport in the Presence of Magnetic Turbulence: Influence of 

Spectral Extension and Intermittency. Monthly Notices of the Royal Astronomical 

Society, 459(3), 3395–3406. https://doi.org/10.1093/mnras/stw877

Qin, G., & Li, G. (2008). Effect of Flux Tubes in the Solar Wind on the Diffusion of 

Energetic Particles. The Astrophysical Journal, 682(2), L129. https://doi.org/10.1086/

591229

Reames, D. V. (2013). The Two Sources of Solar Energetic Particles. Space Science 

Reviews, 175(1), 53–92. https://doi.org/10.1007/s11214-013-9958-9

Redmon, R. J., Denig, W. F., Kilcommons, L. M., & Knipp, D. J. (2017). New DMSP 

Database of Precipitating Auroral Electrons and Ions. Journal of Geophysical Research: 

Space Physics, 122(8), 9056–9067. https://doi.org/10.1002/2016JA023339

223

https://doi.org/10.1093/mnras/sty3348
https://doi.org/10.1093/mnras/sty3348
https://doi.org/10.1007/s11214-021-00799-7
https://doi.org/10.1002/2016JA023629
https://doi.org/10.1051/0004-6361/201117448
https://doi.org/10.1093/mnras/stw877
https://doi.org/10.1086/591229
https://doi.org/10.1086/591229
https://doi.org/10.1007/s11214-013-9958-9
https://doi.org/10.1002/2016JA023339


Rew, R., & Davis, G. (1990). NetCDF: An Interface for Scientific Data Access. IEEE 

Computer Graphics and Applications, 10(4), 76–82. https://doi.org/10.1109/38.56302

Roberts, D. A., Thieman, J., Génot, V., King, T., Gangloff, M., Perry, C., Wiegand, C., 

De Zeeuw, D., Fung, S. F., Cecconi, B., & Hess, S. (2018). The SPASE Data Model: 

A Metadata Standard for Registering, Finding, Accessing, and Using Heliophysics 

Data Obtained From Observations and Modeling. Space Weather, 16(12), 1899–1911. 

https://doi.org/10.1029/2018SW002038

Roelof, E. C. (1969, January). Propagation of Solar Cosmic Rays in the Interplanetary 

Magnetic Field.

Rowley, C. (2022, ). Pythoncall.Jl: Python and Julia in Harmony.

Santolík, O., Parrot, M., & Lefeuvre, F. (2003). Singular Value Decomposition Methods 

for Wave Propagation Analysis. Radio Science, 38(1). https://doi.org/10.1029/2000

RS002523

Schekochihin, A. A. (2022). MHD turbulence: a biased review. Journal of Plasma Physics, 

88(5), 155880501. https://doi.org/10.1017/S0022377822000721

Schekochihin, A., Cowley, S., Maron, J., & Malyshkin, L. (2001). Structure of Small-Scale 

Magnetic Fields in the Kinematic Dynamo Theory. Physical Review E, 65(1), 16305. 

https://doi.org/10.1103/PhysRevE.65.016305

Sergeev, V. A., Tanskanen, P., Mursula, K., Korth, A., & Elphic, R. C. (1990). Current 

Sheet Thickness in the Near-Earth Plasma Sheet during Substorm Growth Phase. 

Journal of Geophysical Research, 95, 3819–3828. https://doi.org/10.1029/JA095iA04

p03819

Servidio, S., Greco, A., Matthaeus, W. H., Osman, K. T., & Dmitruk, P. (2011). Statistical 

Association of Discontinuities and Reconnection in Magnetohydrodynamic Turbulence. 

Journal of Geophysical Research: Space Physics, 116(A9). https://doi.org/10.1029/

2011JA016569

224

https://doi.org/10.1109/38.56302
https://doi.org/10.1029/2018SW002038
https://doi.org/10.1029/2000RS002523
https://doi.org/10.1029/2000RS002523
https://doi.org/10.1017/S0022377822000721
https://doi.org/10.1103/PhysRevE.65.016305
https://doi.org/10.1029/JA095iA04p03819
https://doi.org/10.1029/JA095iA04p03819
https://doi.org/10.1029/2011JA016569
https://doi.org/10.1029/2011JA016569


Shaikh, Z. I., Vasko, I. Y., Phan, T., & Boldyrev, S. (2026). Beta-Dependent Properties 

of Solar Wind Current Sheets at 1 Au. The Astrophysical Journal Letters, 996(2), L25. 

https://doi.org/10.3847/2041-8213/ae2d1d

Shalchi, A. (2009). Nonlinear Cosmic Ray Diffusion Theories: 362 (Vol. 362). Springer. 

https://doi.org/10.1007/978-3-642-00309-7

Shalchi, A. (2021). Perpendicular Diffusion of Energetic Particles: A Complete Analytical 

Theory. The Astrophysical Journal, 923(2), 209. https://doi.org/10.3847/1538-4357/

ac2363

Shen, Y. (2024, February). Comparing Plasma Anisotropy Associated with Solar Wind 

Discontinuities and Alfvénic Fluctuations.

Shen, Y., Artemyev, A., Angelopoulos, V., Liu, T. Z., & Vasko, I. (2024). Comparing 

Plasma Anisotropy Associated with Solar Wind Discontinuities and Alfvénic Fluctu

ations. The Astrophysical Journal, 961(1), 41. https://doi.org/10.3847/1538-4357/ad

110b

Shi, C., Artemyev, A., Velli, M., & Tenerani, A. (2021). Stability of the Magnetotail 

Current Sheet With Normal Magnetic Field and Field-Aligned Plasma Flows. Journal 

of Geophysical Research: Space Physics, 126(11), e2021JA029711. https://doi.org/10.

1029/2021JA029711

Shi, C., Panasenco, O., Velli, M., Tenerani, A., Verniero, J. L., Sioulas, N., Huang, Z., 

Brosius, A., Bale, S. D., Klein, K., Kasper, J., de Wit, T. D., Goetz, K., Harvey, P. 

R., MacDowall, R. J., Malaspina, D. M., Pulupa, M., Larson, D., Livi, R., … Stevens, 

M. (2022). Patches of Magnetic Switchbacks and Their Origins. Astrophysical Journal, 

934(2), 152. https://doi.org/10.3847/1538-4357/ac7c11

Simnett, G. M. (2017). Energetic Particles in the Heliosphere: 438 (Vol. 438). Springer 

International Publishing. https://doi.org/10.1007/978-3-319-43495-7

Sioulas, N., Huang, Z., Shi, C., Velli, M., Tenerani, A., Bowen, T. A., Bale, S. D., Huang, 

J., Vlahos, L., Woodham, L. D., Horbury, T. S., de Wit, T. D., Larson, D., Kasper, 

225

https://doi.org/10.3847/2041-8213/ae2d1d
https://doi.org/10.1007/978-3-642-00309-7
https://doi.org/10.3847/1538-4357/ac2363
https://doi.org/10.3847/1538-4357/ac2363
https://doi.org/10.3847/1538-4357/ad110b
https://doi.org/10.3847/1538-4357/ad110b
https://doi.org/10.1029/2021JA029711
https://doi.org/10.1029/2021JA029711
https://doi.org/10.3847/1538-4357/ac7c11
https://doi.org/10.1007/978-3-319-43495-7


J., Owen, C. J., Stevens, M. L., Case, A., Pulupa, M., Malaspina, D. M., … Fedorov, 

A. (2023). Magnetic Field Spectral Evolution in the Inner Heliosphere. Astrophysical 

Journal Letters, 943(1), L8. https://doi.org/10.3847/2041-8213/acaeff

Sioulas, N., Velli, M., Chhiber, R., Vlahos, L., Matthaeus, W. H., Bandyopadhyay, R., 

Cuesta, M. E., Shi, C., Bowen, T. A., Qudsi, R. A., Stevens, M. L., & Bale, S. D. 

(2022). Statistical Analysis of Intermittency and Its Association with Proton Heating 

in the Near-Sun Environment. The Astrophysical Journal, 927(2), 140. https://doi.org/

10.3847/1538-4357/ac4fc1

Siscoe, G. L., Davis Jr., L., Coleman Jr., P. J., Smith, E. J., & Jones, D. E. (1968). Power 

Spectra and Discontinuities of the Interplanetary Magnetic Field: Mariner 4. Journal 

of Geophysical Research (1896-1977), 73(1), 61–82. https://doi.org/10.1029/JA073i001

p00061

Smith, E. J. (1973). Identification of Interplanetary Tangential and Rotational Disconti

nuities. Journal of Geophysical Research (1896-1977), 78(13), 2054–2063. https://doi.

org/10.1029/JA078i013p02054

Smith, E. J. (2001). The Heliospheric Current Sheet. Journal of Geophysical Research: 

Space Physics, 106(A8), 15819–15831. https://doi.org/10.1029/2000JA000120

Soni, S. L., Akhavan-Tafti, M., Suen, G. H. H., Kasper, J., Velli, M., De Marco, R., & Owen, 

C. (2024, February). Switchback Patches Evolve into Microstreams via Magnetic Relax

ation (Issue arXiv:2402.13964). arXiv. https://doi.org/10.48550/arXiv.2402.13964

Sonnerup, B. U. Ö., & Cahill Jr., L. J. (1967). Magnetopause Structure and Attitude from 

Explorer 12 Observations. Journal of Geophysical Research (1896-1977), 72(1), 171–

183. https://doi.org/10.1029/JZ072i001p00171

Sonnerup, B. U. Ö., & Scheible, M. (1998). Minimum and Maximum Variance Analysis. 

ISSI Scientific Reports Series, 1, 185–220.

226

https://doi.org/10.3847/2041-8213/acaeff
https://doi.org/10.3847/1538-4357/ac4fc1
https://doi.org/10.1029/JA073i001p00061
https://doi.org/10.1029/JA073i001p00061
https://doi.org/10.1029/JA078i013p02054
https://doi.org/10.1029/2000JA000120
https://doi.org/10.48550/arXiv.2402.13964
https://doi.org/10.1029/JZ072i001p00171


Sonnerup, B. U. Ö., Haaland, S. E., Paschmann, G., & Denton, R. E. (2018). Quality 

Measure for the Walén Relation. Journal of Geophysical Research: Space Physics, 123, 

9979–9990. https://doi.org/10.1029/2018JA025677

Steinhauer, L. C., McCarthy, M. P., & Whipple, E. C. (2008). Multifluid Model of a One-

Dimensional Steady State Magnetotail Current Sheet. Journal of Geophysical Research: 

Space Physics, 113(A4). https://doi.org/10.1029/2007JA012578

Stoneback, R. A., Burrell, A. G., Klenzing, J., & Depew, M. D. (2018). PYSAT: Python 

Satellite Data Analysis Toolkit. Journal of Geophysical Research: Space Physics, 123(6), 

5271–5283. https://doi.org/10.1029/2018JA025297

Stoneback, R. A., Burrell, A. G., Klenzing, J., & Smith, J. (2023). The Pysat Ecosystem. 

Frontiers in Astronomy and Space Sciences, 10. https://doi.org/10.3389/fspas.2023.

1119775

Strauss, R. D. T., & Effenberger, F. (2017). A Hitch-Hiker's Guide to Stochastic Differ

ential Equations. Space Science Reviews, 212(1), 151–192. https://doi.org/10.1007/s

11214-017-0351-y

Szabo, A., Larson, D., Whittlesey, P., Stevens, M. L., Lavraud, B., Phan, T., Wallace, 

S., Jones-Mecholsky, S. I., Arge, C. N., Badman, S. T., Odstrcil, D., Pogorelov, N., 

Kim, T., Riley, P., Henney, C. J., Bale, S. D., Bonnell, J. W., Case, A. W., Dudok de 

Wit, T., … Pulupa, M. (2020). The Heliospheric Current Sheet in the Inner Heliosphere 

Observed by the Parker Solar Probe. Astrophysical Journal Supplement Series, 246(2), 

47. https://doi.org/10.3847/1538-4365/ab5dac

Söding, A., & Neubauer, F. M. (1999). Minimum Variance Analysis for 2D Structures 

Using Two Satellites. AIP Conference Proceedings, 471(1), 483–486. https://doi.org/

10.1063/1.58679

Söding, A., Neubauer, F. M., Tsurutani, B. T., Ness, N. F., & Lepping, R. P. (2001). Radial 

and Latitudinal Dependencies of Discontinuities in the Solar Wind between 0.3 and 19 

AU and -80^\circ and +10^\circ. Annales Geophysicae, 19(7), 667–680. https://doi.

org/10.5194/angeo-19-667-2001

227

https://doi.org/10.1029/2018JA025677
https://doi.org/10.1029/2007JA012578
https://doi.org/10.1029/2018JA025297
https://doi.org/10.3389/fspas.2023.1119775
https://doi.org/10.3389/fspas.2023.1119775
https://doi.org/10.1007/s11214-017-0351-y
https://doi.org/10.1007/s11214-017-0351-y
https://doi.org/10.3847/1538-4365/ab5dac
https://doi.org/10.1063/1.58679
https://doi.org/10.5194/angeo-19-667-2001


Teh, W.-L., Sonnerup, B. U. Ö., Paschmann, G., & Haaland, S. E. (2011). Local Structure 

of Directional Discontinuities in the Solar Wind. Journal of Geophysical Research 

(Space Physics), 116, A4105. https://doi.org/10.1029/2010JA016152

Telloni, D. (2023). Spacecraft Radial Alignments for Investigations of the Evolution of 

Solar Wind Turbulence: A Review. Journal of Atmospheric and Solar-Terrestrial 

Physics, 242, 105999. https://doi.org/10.1016/j.jastp.2022.105999

Tenerani, A., & Velli, M. (2018). Nonlinear Firehose Relaxation and Constant-B Field 

Fluctuations. The Astrophysical Journal Letters, 867(2), L26. https://doi.org/10.3847/

2041-8213/aaec01

Tenerani, A., Sioulas, N., Matteini, L., Panasenco, O., Shi, C., & Velli, M. (2021). Evolution 

of Switchbacks in the Inner Heliosphere. Astrophysical Journal, 919, L31. https://doi.

org/10.3847/2041-8213/ac2606

Tennyson, J. L., Cary, J. R., & Escande, D. F. (1986). Change of the Adiabatic Invariant 

Due to Separatrix Crossing. Physical Review Letters, 56(20), 2117–2120. https://doi.

org/10.1103/PhysRevLett.56.2117

Tessein, J. A., Matthaeus, W. H., Wan, M., Osman, K. T., Ruffolo, D., & Giacalone, J. 

(2013). Association of Suprathermal Particles with Coherent Structures and Shocks. 

Astrophysical Journal Letters, 776(1), L8. https://doi.org/10.1088/2041-8205/776/1/

L8

Tessein, J. A., Ruffolo, D., Matthaeus, W. H., Wan, M., Giacalone, J., & Neugebauer, M. 

(2015). Effect of Coherent Structures on Energetic Particle Intensity in the Solar Wind 

at 1 Au. The Astrophysical Journal, 812(1), 68. https://doi.org/10.1088/0004-637X/

812/1/68

Tonoian, D. S., Shi, X., Artemyev, A. V., Zhang, X.-J., & Angelopoulos, V. (2023). 

Electron Resonant Interaction with Whistler-Mode Waves around the Earth's Bow 

Shock. II: The Mapping Technique. Physics of Plasmas, 30(12), 122903. https://doi.

org/10.1063/5.0172285

228

https://doi.org/10.1029/2010JA016152
https://doi.org/10.1016/j.jastp.2022.105999
https://doi.org/10.3847/2041-8213/aaec01
https://doi.org/10.3847/2041-8213/aaec01
https://doi.org/10.3847/2041-8213/ac2606
https://doi.org/10.1103/PhysRevLett.56.2117
https://doi.org/10.1088/2041-8205/776/1/L8
https://doi.org/10.1088/2041-8205/776/1/L8
https://doi.org/10.1088/0004-637X/812/1/68
https://doi.org/10.1088/0004-637X/812/1/68
https://doi.org/10.1063/5.0172285


Tsurutani, B. T., & Ho, C. M. (1999). A Review of Discontinuities and Alfvén Waves in 

Interplanetary Space: Ulysses Results. Reviews of Geophysics, 37, 517–524. https://

doi.org/10.1029/1999RG900010

Tsurutani, B. T., & Smith, E. J. (1979). Interplanetary Discontinuities: Temporal Varia

tions and the Radial Gradient from 1 to 8.5 AU. Journal of Geophysical Research: 

Space Physics, 84(A6), 2773–2787. https://doi.org/10.1029/JA084iA06p02773

Tsurutani, B. T., Guarnieri, F. L., Lakhina, G. S., & Hada, T. (2005). Rapid Evolution of 

Magnetic Decreases (MDs) and Discontinuities in the Solar Wind: ACE and Cluster. 

Geophysical Research Letters, 32(10). https://doi.org/10.1029/2004GL022151

Tsurutani, B. T., Ho, C. M., Arballo, J. K., Smith, E. J., Goldstein, B. E., Neugebauer, 

M., Balogh, A., & Feldman, W. C. (1996). Interplanetary Discontinuities and Alfvén 

Waves at High Heliographic Latitudes: Ulysses. Journal of Geophysical Research: Space 

Physics, 101(A5), 11027–11038. https://doi.org/10.1029/95JA03479

Tsurutani, B. T., Ho, C. M., Smith, E. J., Neugebauer, M., Goldstein, B. E., Mok, J. S., 

Arballo, J. K., Balogh, A., Southwood, D. J., & Feldman, W. C. (1994). The Relation

ship between Interplanetary Discontinuities and Alfvén Waves: Ulysses Observations. 

Geophysical Research Letters, 21, 2267–2270. https://doi.org/10.1029/94GL02194

Tsyganenko, N. A. (1989). A Magnetospheric Magnetic Field Model with a Warped Tail 

Current Sheet. Planetary and Space Science, 37(1), 5–20. https://doi.org/10.1016/

0032-0633(89)90066-4

Tu, C. Y., & Marsch, E. (1995). MHD Structures, Waves and Turbulence in the Solar 

Wind: Observations and Theories. Space Science Reviews, 73(1), 1–210. https://doi.

org/10.1007/BF00748891

Tóth, G., van der Holst, B., Sokolov, I. V., De Zeeuw, D. L., Gombosi, T. I., Fang, F., 

Manchester, W. B., Meng, X., Najib, D., Powell, K. G., Stout, Q. F., Glocer, A., 

Ma, Y.-J., & Opher, M. (2012). Adaptive Numerical Algorithms in Space Weather 

Modeling. Journal of Computational Physics, 231(3), 870–903. https://doi.org/10.

1016/j.jcp.2011.02.006

229

https://doi.org/10.1029/1999RG900010
https://doi.org/10.1029/JA084iA06p02773
https://doi.org/10.1029/2004GL022151
https://doi.org/10.1029/95JA03479
https://doi.org/10.1029/94GL02194
https://doi.org/10.1016/0032-0633(89)90066-4
https://doi.org/10.1016/0032-0633(89)90066-4
https://doi.org/10.1007/BF00748891
https://doi.org/10.1016/j.jcp.2011.02.006
https://doi.org/10.1016/j.jcp.2011.02.006


Ukhorskiy, A. Y., Sitnov, M. I., Millan, R. M., & Kress, B. T. (2011). The Role of Drift 

Orbit Bifurcations in Energization and Loss of Electrons in the Outer Radiation Belt. 

Journal of Geophysical Research: Space Physics, 116(A9). https://doi.org/10.1029/

2011JA016623

Vainchtein, D. L., Büchner, J., Neishtadt, A. I., & Zelenyi, L. M. (2005). Quasiadiabatic 

Description of Nonlinear Particle Dynamics in Typical Magnetotail Configurations. 

Nonlinear Processes in Geophysics, 12(1), 101–115. https://doi.org/10.5194/npg-12-

101-2005

van den Berg, J., Strauss, D. T., & Effenberger, F. (2020). A Primer on Focused Solar 

Energetic Particle Transport. Space Science Reviews, 216(8), 146. https://doi.org/10.

1007/s11214-020-00771-x

Vasko, I. Y., Alimov, K., Phan, T. D., Bale, S. D., Mozer, F. S., & Artemyev, A. V. (2021). 

Kinetic-Scale Current Sheets in the Solar Wind at 1 Au: Properties and the Necessary 

Condition for Reconnection. Astrophysical Journal Letters, 923(1), L19. https://doi.

org/10.3847/2041-8213/ac3f30

Vasko, I. Y., Alimov, K., Phan, T. D., Mozer, F. S., & Artemyev, A. V. (2024). Kinetic-

Scale Current Sheets in the Solar Wind at 5 AU. Journal of Geophysical Research: 

Space Physics, 129(6), e2024JA032586. https://doi.org/10.1029/2024JA032586

Vasko, I. Y., Alimov, K., Phan, T., Bale, S. D., Mozer, F. S., & Artemyev, A. V. (2022). 

Kinetic-Scale Current Sheets in the Solar Wind at 1 Au: Scale-Dependent Properties 

and Critical Current Density. Astrophysical Journal Letters, 926(2), L19. https://doi.

org/10.3847/2041-8213/ac4fc4

Vasko, I. Y., Artemyev, A. V., Petrukovich, A. A., & Malova, H. V. (2014). Thin Current 

Sheets with Strong Bell-Shape Guide Field: Cluster Observations and Models with 

Beams. Annales Geophysicae, 32(10), 1349–1360. https://doi.org/10.5194/angeo-32-

1349-2014

Vasquez, B. J., Abramenko, V. I., Haggerty, D. K., & Smith, C. W. (2007). Numerous 

Small Magnetic Field Discontinuities of Bartels Rotation 2286 and the Potential Role 

230

https://doi.org/10.1029/2011JA016623
https://doi.org/10.1029/2011JA016623
https://doi.org/10.5194/npg-12-101-2005
https://doi.org/10.5194/npg-12-101-2005
https://doi.org/10.1007/s11214-020-00771-x
https://doi.org/10.1007/s11214-020-00771-x
https://doi.org/10.3847/2041-8213/ac3f30
https://doi.org/10.1029/2024JA032586
https://doi.org/10.3847/2041-8213/ac4fc4
https://doi.org/10.5194/angeo-32-1349-2014
https://doi.org/10.5194/angeo-32-1349-2014


of Alfvénic Turbulence. Journal of Geophysical Research: Space Physics, 112(A11). 

https://doi.org/10.1029/2007JA012504

Velli, M. (1994). From Supersonic Winds to Accretion: Comments on the Stability of 

Stellar Winds and Related Flows. The Astrophysical Journal, 432, L55. https://doi.

org/10.1086/187510

Velli, M. (2001). Hydrodynamics of the Solar Wind Expansion. Astrophysics and Space 

Science, 277(1), 157–167. https://doi.org/10.1023/A:1012237708634

Velli, M., Harra, L. K., Vourlidas, A., Schwadron, N., Panasenco, O., Liewer, P. C., 

Müller, D., Zouganelis, I., Cyr, O. C. S., Gilbert, H., Nieves-Chinchilla, T., Auchère, F., 

Berghmans, D., Fludra, A., Horbury, T. S., Howard, R. A., Krucker, S., Maksimovic, 

M., Owen, C. J., … Williams, D. (2020). Understanding the Origins of the Heliosphere: 

Integrating Observations and Measurements from Parker Solar Probe, Solar Orbiter, 

and Other Space- and Ground-Based Observatories. Astronomy and Astrophysics, 642, 

A4. https://doi.org/10.1051/0004-6361/202038245

Verscharen, D., Klein, K. G., & Maruca, B. A. (2019). The Multi-Scale Nature of the Solar 

Wind. Living Reviews in Solar Physics, 16(1), 5. https://doi.org/10.1007/s41116-019-

0021-0

Vlahos, L., Anastasiadis, A., Papaioannou, A., Kouloumvakos, A., & Isliker, H. (2019). 

Sources of Solar Energetic Particles. Philosophical Transactions of the Royal Society 

A: Mathematical, Physical and Engineering Sciences, 377(2148), 20180095. https://

doi.org/10.1098/rsta.2018.0095

Vogt, J. (2020). Analysis of Data from Multi-Satellite Geospace Missions. In W. Freeden, 

M. Z. Nashed, & T. Sonar (Eds.), Handbook of Geomathematics: Handbook of Geomath

ematics (pp. 1–28). Springer. https://doi.org/10.1007/978-3-642-27793-1_69-1

Wang, R., Vasko, I. Y., Phan, T. D., & Mozer, F. S. (2024). Solar Wind Current 

Sheets: MVA Inaccuracy and Recommended Single-Spacecraft Methodology. Journal 

of Geophysical Research: Space Physics, 129(2), e2023JA032215. https://doi.org/10.

1029/2023JA032215

231

https://doi.org/10.1029/2007JA012504
https://doi.org/10.1086/187510
https://doi.org/10.1023/A:1012237708634
https://doi.org/10.1051/0004-6361/202038245
https://doi.org/10.1007/s41116-019-0021-0
https://doi.org/10.1007/s41116-019-0021-0
https://doi.org/10.1098/rsta.2018.0095
https://doi.org/10.1007/978-3-642-27793-1_69-1
https://doi.org/10.1029/2023JA032215
https://doi.org/10.1029/2023JA032215


Weibull, W. (1951). A Statistical Distribution Function of Wide Applicability. Journal of 

Applied Mechanics, 18(3), 293–297. https://doi.org/10.1115/1.4010337

Whipple, E. C., Northrop, T. G., & Birmingham, T. J. (1986). Adiabatic Theory in Regions 

of Strong Field Gradients. Journal of Geophysical Research: Space Physics, 91(A4), 

4149–4156. https://doi.org/10.1029/JA091iA04p04149

Whitman, K., Egeland, R., Richardson, I. G., Allison, C., Quinn, P., Barzilla, J., Kiti

ashvili, I., Sadykov, V., Bain, H. M., Dierckxsens, M., Mays, M. L., Tadesse, T., Lee, 

K. T., Semones, E., Luhmann, J. G., Núñez, M., White, S. M., Kahler, S. W., Ling, A. 

G., … Hosseinzadeh, P. (2023). Review of Solar Energetic Particle Prediction Models. 

Advances in Space Research, 72(12), 5161–5242. https://doi.org/10.1016/j.asr.2022.

08.006

Whittlesey, P. L., Larson, D. E., Kasper, J. C., Halekas, J., Abatcha, M., Abiad, R., 

Berthomier, M., Case, A. W., Chen, J., Curtis, D. W., Dalton, G., Klein, K. G., 

Korreck, K. E., Livi, R., Ludlam, M., Marckwordt, M., Rahmati, A., Robinson, M., 

Slagle, A., … Verniero, J. L. (2020). The Solar Probe ANalyzers—Electrons on the 

Parker Solar Probe. Astrophysical Journal Supplement Series, 246(2), 74. https://doi.

org/10.3847/1538-4365/ab7370

Wicks, R. T., Roberts, D. A., Mallet, A., Schekochihin, A. A., Horbury, T. S., & Chen, 

C. H. K. (2013). Correlations at Large Scales and the Onset of Turbulence in the Fast 

Solar Wind. Astrophysical Journal, 778(2), 177. https://doi.org/10.1088/0004-637X/

778/2/177

Wilson, R. J., Bagenal, F., Valek, P. W., McComas, D. J., Allegrini, F., Ebert, R. W., Kim, 

T. K., Kurth, W. S., Szalay, J. R., & Thomsen, M. F. (2018). Solar Wind Properties 

During Juno's Approach to Jupiter: Data Analysis and Resulting Plasma Properties 

Utilizing a 1-D Forward Model. Journal of Geophysical Research: Space Physics, 123(4), 

2772–2786. https://doi.org/10.1002/2017JA024860

Wit, T. D. D., Krasnoselskikh, V. V., Bale, S. D., Bonnell, J. W., Bowen, T. A., Chen, C. H. 

K., Froment, C., Goetz, K., Harvey, P. R., Jagarlamudi, V. K., Larosa, A., MacDowall, 

R. J., Malaspina, D. M., Matthaeus, W. H., Pulupa, M., Velli, M., & Whittlesey, P. L. 

232

https://doi.org/10.1115/1.4010337
https://doi.org/10.1029/JA091iA04p04149
https://doi.org/10.1016/j.asr.2022.08.006
https://doi.org/10.1016/j.asr.2022.08.006
https://doi.org/10.3847/1538-4365/ab7370
https://doi.org/10.1088/0004-637X/778/2/177
https://doi.org/10.1088/0004-637X/778/2/177
https://doi.org/10.1002/2017JA024860


(2020). Switchbacks in the Near-Sun Magnetic Field: Long Memory and Impact on the 

Turbulence Cascade. Astrophysical Journal Supplement Series, 246(2), 39. https://doi.

org/10.3847/1538-4365/ab5853

Xie, H. (2025). Efficient Framework for Solving Plasma Waves with Arbitrary Distribu

tions. Physics of Plasmas, 32(6), 60702. https://doi.org/10.1063/5.0275307

Xie, H.-s. (2014). PDRF: A General Dispersion Relation Solver for Magnetized Multi-

Fluid Plasma. Computer Physics Communications, 185(2), 670–675. https://doi.org/

10.1016/j.cpc.2013.10.012

Xu, F., & Borovsky, J. E. (2015). A New Four-Plasma Categorization Scheme for the Solar 

Wind. Journal of Geophysical Research: Space Physics, 120(1), 71–100. https://doi.

org/10.1002/2014JA020412

Yamada, M., Kulsrud, R., & Ji, H. (2010). Magnetic Reconnection. Reviews of Modern 

Physics, 82(1), 603–664. https://doi.org/10.1103/RevModPhys.82.603

Yang, Y., Wan, M., Matthaeus, W. H., Shi, Y., Parashar, T. N., Lu, Q., & Chen, S. (2019). 

Role of Magnetic Field Curvature in Magnetohydrodynamic Turbulence. Physics of 

Plasmas, 26(7), 72306. https://doi.org/10.1063/1.5099360

Yoon, Y. D., Laishram, M., Moore, T. E., & Yun, G. S. (2024). Non-Equilibrium Formation 

and Relaxation of Magnetic Flux Ropes at Kinetic Scales. Communications Physics, 

7(1), 1–9. https://doi.org/10.1038/s42005-024-01784-6

Yoon, Y. D., Wendel, D. E., & Yun, G. S. (2023). Equilibrium selection via current sheet 

relaxation and guide field amplification. Nature Communications, 14(1), 139. https://

doi.org/10.1038/s41467-023-35821-9

Yoon, Y. D., Yun, G. S., Wendel, D. E., & Burch, J. L. (2021). Collisionless Relaxation 

of a Disequilibrated Current Sheet and Implications for Bifurcated Structures. Nature 

Communications, 12(1), 3774. https://doi.org/10.1038/s41467-021-24006-x

Yuen, K. H., & Lazarian, A. (2020). Curvature of Magnetic Field Lines in Compressible 

Magnetized Turbulence: Statistics, Magnetization Predictions, Gradient Curvature, 

233

https://doi.org/10.3847/1538-4365/ab5853
https://doi.org/10.1063/5.0275307
https://doi.org/10.1016/j.cpc.2013.10.012
https://doi.org/10.1002/2014JA020412
https://doi.org/10.1103/RevModPhys.82.603
https://doi.org/10.1063/1.5099360
https://doi.org/10.1038/s42005-024-01784-6
https://doi.org/10.1038/s41467-023-35821-9
https://doi.org/10.1038/s41467-021-24006-x


Modes, and Self-gravitating Media. The Astrophysical Journal, 898(1), 66. https://doi.

org/10.3847/1538-4357/ab9360

Zaburdaev, V., Denisov, S., & Klafter, J. (2015). Lévy Walks. Reviews of Modern Physics, 

87(2), 483–530. https://doi.org/10.1103/RevModPhys.87.483

Zelenyi, L. M., Delcourt, D. C., Malova, H. V., & Sharma, A. S. (2002). ``Aging'' of the 

Magnetotail Thin Current Sheets. Geophysical Research Letters, 29(12), 49–1–49–4. 

https://doi.org/10.1029/2001GL013789

Zelenyi, L. M., Malova, H. V., & Popov, V. \. Y. (2003). Splitting of Thin Current Sheets in 

the Earth's Magnetosphere. Journal of Experimental and Theoretical Physics Letters, 

78(5), 296–299. https://doi.org/10.1134/1.1625728

Zelenyi, L. M., Neishtadt, A. I., Artemyev, A. V., Vainchtein, D. L., & Malova, H. V. 

(2013). Quasiadiabatic Dynamics of Charged Particles in a Space Plasma. Physics-

Uspekhi, 56(4), 347. https://doi.org/10.3367/UFNe.0183.201304b.0365

Zelenyi, L. M., Rybalko, S. D., Artemyev, A. V., Petrukovich, A. A., & Zimbardo, G. 

(2011). Charged Particle Acceleration by Intermittent Electromagnetic Turbulence. 

Geophysical Research Letters, 38(17). https://doi.org/10.1029/2011GL048983

Zhang, M., Qin, G., & Rassoul, H. (2009). Propagation of Solar Energetic Particles in 

Three-Dimensional Interplanetary Magnetic Fields. The Astrophysical Journal, Volume 

692, Issue 1, Pp. 109-132 (2009)., 692(1), 109. https://doi.org/10.1088/0004-637X/

692/1/109

Zhang, Z. (2025, December). JuliaSpacePhysics/DMSPData.Jl. https://doi.org/10.5281/

ZENODO.17946429

Zhang, Z. (2026, February). JuliaSpacePhysics/GeoCotrans.Jl. https://doi.org/10.5281/

zenodo.18478222

Zhang, Z., Artemyev, A. V., & Angelopoulos, V. (2025b). Quantification of Ion Scattering 

by Solar-Wind Current Sheets: Pitch-Angle Diffusion Rates. Physical Review E, 112(1), 

15209. https://doi.org/10.1103/pkzv-k5t3

234

https://doi.org/10.3847/1538-4357/ab9360
https://doi.org/10.1103/RevModPhys.87.483
https://doi.org/10.1029/2001GL013789
https://doi.org/10.1134/1.1625728
https://doi.org/10.3367/UFNe.0183.201304b.0365
https://doi.org/10.1029/2011GL048983
https://doi.org/10.1088/0004-637X/692/1/109
https://doi.org/10.1088/0004-637X/692/1/109
https://doi.org/10.5281/ZENODO.17946429
https://doi.org/10.5281/ZENODO.17946429
https://doi.org/10.5281/zenodo.18478222
https://doi.org/10.5281/zenodo.18478222
https://doi.org/10.1103/pkzv-k5t3


Zhang, Z., Artemyev, A. V., Angelopoulos, V., & Vasko, I. (2025a). Solar Wind Disconti

nuities in the Outer Heliosphere: Spatial Distribution between 1 and 5 AU. Journal 

of Geophysical Research: Space Physics, 130(7), e2025JA034039. https://doi.org/10.

1029/2025JA034039

Zhang, Z., Artemyev, A. V., Angelopoulos, V., & Zhang, X.-J. (2026). Peculiarities of 

Precipitating Electron Spectra Revealed through a Combined DMSP-ELFIN Dataset. 

Journal of Geophysical Research: Space Physics, under review.

Zhang, Z., Artemyev, A., Angelopoulos, V., Phan, T., & Shi, C. (2026a). Comparison 

of Solar Wind Current Sheets in the Inner Heliosphere. The Astrophysical Journal, 

1000(1), 21. https://doi.org/10.3847/1538-4357/ae46a1

Zhang, Z., Artemyev, A., Mourenas, D., Angelopoulos, V., Zhang, X.-J., Kasahara, S., 

Miyoshi, Y., Matsuoka, A., Kasahara, Y., Mitani, T., Yokota, S., Hori, T., Keika, 

K., Takashima, T., Teramoto, M., Matsuda, S., & Shinohara, I. (2024). Relativistic 

Electron Flux Decay and Recovery: Relative Roles of EMIC Waves, Chorus Waves, 

and Electron Injections. Journal of Geophysical Research: Space Physics, 129(12), 

e2024JA033174. https://doi.org/10.1029/2024JA033174

Zhang, Z., Shi, X., Kamaletdinov, S., Artemyev, A., Angelopoulos, V., & Velli, M. (2026b). 

Multifluid Equilibrium Model of Current Sheets with Interpenetrating Ion Beams. 

Physics of Plasmas, under review.

Zhao, J., Wang, S., Sun, W., Zhu, X., Hou, C., Zong, Q., He, J., Zhou, X., Yue, C., & 

Yang, L. (2025b). Statistics of the Interplanetary Magnetic Field from 0.1 to 30 Au. 

I. Distribution Character. Astrophysical Journal, 980(1), 89. https://doi.org/10.3847/

1538-4357/ad9b28

Zhao, J., Wang, S., Sun, W., Zhu, X., Hou, C., Zong, Q., He, J., Zhou, X., Yue, C., Yang, 

L., & Heyner, D. (2025a). Statistics of the Interplanetary Magnetic Field from 0.1 to 

30 Au. II. Dynamical Variability. Astrophysical Journal, 987(1), 93. https://doi.org/

10.3847/1538-4357/add72f

235

https://doi.org/10.1029/2025JA034039
https://doi.org/10.1029/2025JA034039
https://doi.org/10.3847/1538-4357/ae46a1
https://doi.org/10.1029/2024JA033174
https://doi.org/10.3847/1538-4357/ad9b28
https://doi.org/10.3847/1538-4357/ad9b28
https://doi.org/10.3847/1538-4357/add72f


Zhdankin, V., Uzdensky, D. A., Perez, J. C., & Boldyrev, S. (2013). Statistical Analysis of 

Current Sheets in Three-Dimensional Magnetohydrodynamic Turbulence. Astrophys

ical Journal, 771(2), 124. https://doi.org/10.1088/0004-637X/771/2/124

Zimbardo, G., & Perri, S. (2020). Non-Markovian Pitch-angle Scattering as the Origin 

of Particle Superdiffusion Parallel to the Magnetic Field. The Astrophysical Journal, 

903(2), 105. https://doi.org/10.3847/1538-4357/abb951

Zimbardo, G., Amato, E., Bovet, A., Effenberger, F., Fasoli, A., Fichtner, H., Furno, I., 

Gustafson, K., Ricci, P., & Perri, S. (2015). Superdiffusive Transport in Laboratory 

and Astrophysical Plasmas. Journal of Plasma Physics, 81(6), 495810601. https://doi.

org/10.1017/S0022377815001117

Zimbardo, G., Pommois, P., & Veltri, P. (2006). Superdiffusive and Subdiffusive Transport 

of Energetic Particles in Solar Wind Anisotropic Magnetic Turbulence. Astrophysical 

Journal, 639, L91–L94. https://doi.org/10.1086/502676

236

https://doi.org/10.1088/0004-637X/771/2/124
https://doi.org/10.3847/1538-4357/abb951
https://doi.org/10.1017/S0022377815001117
https://doi.org/10.1086/502676

	Table of Contents
	Acknowledgments
	Vita
	1 Introduction
	1.1 Overview
	1.2 Thesis Organization
	1.3 Observations of Solar Wind Current Sheets
	1.3.1 From MHD Discontinuities to Kinetic-Scale Current Sheets
	1.3.2 Analysis Methods: Normal Determination and the Planar Approximation
	1.3.2.1 Single-Spacecraft Methods
	1.3.2.1.1 Multi-Spacecraft Methods and Higher-Dimensional Structure


	1.3.3 Statistical Surveys and Identification Methods
	1.3.3.1 Small Intensity jump, Δ|B|
	1.3.3.2 Field Rotation Angle
	1.3.3.3 Occurrence rate
	1.3.3.4 Spatial Scale and Current Density
	1.3.3.4.1 Thickness
	1.3.3.4.2 Current Density and Scale-Dependent Properties

	1.3.3.5 Alfvénicity, Walén Relation and Propagation Direction
	1.3.3.6 Additional Statistical Properties
	1.3.3.6.1 Orientation
	1.3.3.6.2 Plasma Beta Dependence
	1.3.3.6.3 Bifurcated Current Sheets and Reconnection Exhausts
	1.3.3.6.4 Contribution to the Magnetic Fluctuation Spectrum
	1.3.3.6.5 Other Plasma Jump Conditions


	1.3.4 Summary and Open Questions

	1.4 Energetic Particle Interaction with Solar Wind Current Sheets
	1.4.1 Energetic Particles in the Heliosphere
	1.4.1.1 Sources of Energetic Particles
	1.4.1.2 Two Classes of Solar Energetic Particle Events
	1.4.1.3 Reservoir and Dropout Phenomena
	1.4.1.4 Turbulence Transport Frameworks
	1.4.1.5 New model of particle transport in reversing magnetic fields
	1.4.1.6 Pitch-Angle Scattering by Current Sheets
	1.4.1.7 Perpendicular Transport
	1.4.1.8 Evidence for Current Sheet Modulation of SEP Intensity
	1.4.1.9 Non-Diffusive Transport Effects

	1.4.2 Quasi-Adiabatic Dynamics of Charged Particles and Its Destruction in Current Sheets
	1.4.2.1 Adiabatic Motion and Its Breakdown
	1.4.2.2 Adiabatic Invariants in Slow–Fast Hamiltonian Systems
	1.4.2.3 Separatrix Crossing and Destruction of Adiabatic Invariance
	1.4.2.4 Application to Current Sheets: the Quasi-Adiabatic Invariant
	1.4.2.5 Symmetric Current Sheets: Slow Diffusion
	1.4.2.6 Guide Field Effects on the Quasi-Adiabatic Theory
	1.4.2.6.1 Modified phase-space structure
	1.4.2.6.2 Trajectory types in the current sheet with By
	1.4.2.6.3 Four regimes of particle motion
	1.4.2.6.4 Importance of geometrical jumps

	1.4.2.7 Non-adiabatic Effects: Destruction of the Quasi-adiabatic Invariant
	1.4.2.7.1 The improved quasi-adiabatic invariant and its jumps
	1.4.2.7.2 Nonzero mean dynamical jump and accelerated stochastization
	1.4.2.7.3 Geometrical chaotization: rapid destruction independent of κ
	1.4.2.7.4 Current sheet dynamics: particle reflection, transmission and resonance

	1.4.2.8 Application to Force-Free Solar Wind Current Sheets: Superfast Scattering

	1.4.3 Summary and Open Questions


	2 Solar Wind Discontinuities in the Outer Heliosphere: Spatial Distribution between 1 and 5 AU
	2.1 Dataset, Models, and Methods
	2.1.1 Dataset
	2.1.2 Methods

	2.2 Results
	2.2.1 Waiting time
	2.2.2 Occurrence rate
	2.2.3 Current Density and Thickness

	2.3 Discussion
	2.3.1 Spatial Variations of Discontinuity Properties
	2.3.2 Radial Dependence of Occurrence Rate

	2.4 Conclusion
	2.5 Supplementary Material

	3 Comparison of Solar Wind Current Sheets in the Inner Heliosphere
	3.1 Dataset and Methods
	3.2 Results and Discussion
	3.3 Conclusion
	3.4 Supplementary Material

	4 Quantification of Particle Scattering by Solar Wind Current Sheets: Pitch-angle Diffusion Rates
	4.1 Basic Equations
	4.2 Adiabatic invariance and its violations at separatrix crossings
	4.3 Test particle simulations
	4.4 Long-term pitch angle evolution
	4.5 Conclusion
	4.6 Data availability

	5 Energetic Particle Transport driven by Solar Wind Current Sheets
	5.1 Current Sheet Model
	5.2 Transport Model
	5.2.1 Individual Particle–Current Sheet Interaction
	5.2.2 Accumulation across Multiple Current Sheets

	5.3 Results
	5.4 Summary and Discussion

	6 Summary and Future Perspectives
	6.1 Research Summary
	6.2 Opportunities for Future Research

	A Multifluid equilibrium model of current sheets with interpenetrating ion beams
	A.1 Multifluid Model
	A.2 Results
	A.3 Discussion
	A.4 Data Availability
	A.5 Appendix

	B The JuliaSpacePhysics Ecosystem: High-Performance, Modular, and Scalable Software for Space Physics Data Analysis
	B.1 Introduction
	B.2 Data Discovery, Access, and Loading
	B.3 Data and metadata model
	B.3.1 Abstract Interfaces for Heterogeneous Data Formats and Representations
	B.3.2 Metadata Interoperability and Mapping Across Standards

	B.4 Accelerated Computation and Interactive Exploration
	B.4.1 Leveraging Existing Ecosystems through Interoperability
	B.4.2 Julia-Native implementations and Performance-Critical Kernels
	B.4.3 Tplot

	B.5 Decentralized Development, Modular Architecture, and Ecosystem Sustainability
	B.6 Summary and Outlook

	Bibliography



