THE ROLE OF TURBULENCE IN THE
SOLAR WIND, MAGNETOSPHERE,
IONOSPHERE DYNAMICS

EDITED BY: Marina Stepanova, Joseph E. Borovsky, Vadim Uritsky,
Zoltan Voros, Alessandro Retino and Gaetano Zimbardo
PUBLISHED IN: Frontiers in Astronomy and Space Sciences and
Frontiers in Physics

,frontiers Research Topics


https://www.frontiersin.org/research-topics/12663/the-role-of-turbulence-in-the-solar-wind-magnetosphere-ionosphere-dynamics
https://www.frontiersin.org/research-topics/12663/the-role-of-turbulence-in-the-solar-wind-magnetosphere-ionosphere-dynamics
https://www.frontiersin.org/research-topics/12663/the-role-of-turbulence-in-the-solar-wind-magnetosphere-ionosphere-dynamics
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/research-topics/12663/the-role-of-turbulence-in-the-solar-wind-magnetosphere-ionosphere-dynamics

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88971-701-9
DOI 10.3389/978-2-88971-701-9

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers in Astronomy and Space Sciences 1

March 2022 | Turbulence in the SW-M-I Dynamics


http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/research-topics/12663/the-role-of-turbulence-in-the-solar-wind-magnetosphere-ionosphere-dynamics
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/about/contact

THE ROLE OF TURBULENCE IN THE
SOLAR WIND, MAGNETOSPHERE,
IONOSPHERE DYNAMICS

Topic Editors:

Marina Stepanova, University of Santiago, Chile

Joseph E. Borovsky, Space Science Institute, United States

Vadim Uritsky, The Catholic University of America, United States

Zoltan Voros, Space Research Institute, Austrian Academy of Sciences, Austria
Alessandro Retino, UMR7648 Laboratoire de physique des plasmas (LPP), France
Gaetano Zimbardo, University of Calabria, Italy

Citation: Stepanova, M., Borovsky, J. E., Uritsky, V., Voros, Z., Retino, A.,
Zimbardo, G., eds. (2022). The Role of Turbulence in the Solar Wind,
Magnetosphere, lonosphere Dynamics. Lausanne: Frontiers Media SA.
doi: 10.3389/978-2-88971-701-9

Frontiers in Astronomy and Space Sciences 2 March 2022 | Turbulence in the SW-M-I Dynamics


https://www.frontiersin.org/research-topics/12663/the-role-of-turbulence-in-the-solar-wind-magnetosphere-ionosphere-dynamics
https://www.frontiersin.org/journals/astronomy-and-space-sciences
http://doi.org/10.3389/978-2-88971-701-9

Table of Contents

05

08

21

35

55

69

78

87

97

107

129

145

159

173

179

Editorial: The Role of Turbulence in the Solar Wind, Magnetosphere,
lonosphere Dynamics

Marina Stepanova, Joseph E. Borovsky, Alessandro Retino, Vadim Uritsky,
Zoltan Vords and Gaetano Zimbardo

Plasma and Magnetic-Field Structure of the Solar Wind at Inertial-Range
Scale Sizes Discerned From Statistical Examinations of the Time-Series
Measurements

Joseph E. Borovsky

Transport Ratios of the Kinetic Alfvén Mode in Space Plasmas

Yasuhito Narita, Owen Wyn Roberts, Zoltan Vords and Masahiro Hoshino
Some Similarities and Differences Between the Observed Alfvénic
Fluctuations in the Fast Solar Wind and Navier—Stokes Turbulence
Joseph E. Borovsky and Tiziano Mina

Higher-Order Statistics in Compressive Solar Wind Plasma

Turbulence: High-Resolution Density Observations From the
Magnetospheric MultiScale Mission

Owen Wyn Roberts, Jessica Thwaites, Luca Sorriso-Valvo, Rumi Nakamura
and Zoltan Vords

The Effect of Solar-Wind Turbulence on Magnetospheric Activity

R. D’Amicis, D. Telloni and R. Bruno

On the Variation of Intermittency of Fast and Slow Solar Wind With Radial
Distance, Heliospheric Latitude, and Solar Cycle

Anna Wawrzaszek and Marius Echim

Driving and Dissipation of Solar-Wind Turbulence: What is the Evidence?
Charles W. Smith and Bernard J. Vasquez

The Impact of Turbulence on the lonosphere and Magnetosphere
Patrick Guio and Hans L. Pécseli

Plasma and Magnetic Field Turbulence in the Earth’s Magnetosheath at
lon Scales

Liudmila Rakhmanova, Maria Riazantseva and Georgy Zastenker
Magnetohydrodynamic Turbulence in the Earth’s Magnetotail From
Observations and Global MHD Simulations

Mostafa El-Alaoui, Raymond J. Walker, James M. Weygand,

Giovanni Lapenta and Melvyn L. Goldstein

Influence of MHD Turbulence on lon Kappa Distributions in the Earth’s
Plasma Sheet as a Function of Plasma (3 Parameter

A. V. Eyelade, C. M. Espinoza, M. Stepanova, E. E. Antonova,
[. L. Ovchinnikov and I. P. Kirpichev

The Impact of Turbulence on Physics of the Geomagnetic Tail
Elizaveta E. Antonova and Marina V. Stepanova

An Auroral Alfvén Wave Cascade

C. C. Chaston

Langmuir Turbulence in the Auroral lonosphere: Origins and Effects
Hassanali Akbari, James W. LaBelle and David L. Newman

Frontiers in Astronomy and Space Sciences

3 March 2022 | Turbulence in the SW-M-| Dynamics


https://www.frontiersin.org/research-topics/12663/the-role-of-turbulence-in-the-solar-wind-magnetosphere-ionosphere-dynamics
https://www.frontiersin.org/journals/astronomy-and-space-sciences

201 Effects of the Background Turbulence on the Relaxation of lon
Temperature Anisotropy in Space Plasmas

Pablo S. Moya and Roberto E. Navarro

213 Shock Propagation and Associated Particle Acceleration in the Presence
of Ambient Solar-Wind Turbulence

Fan Guo, Joe Giacalone and Lulu Zhao
228 Turbulence Upstream and Downstream of Interplanetary Shocks
A. Pitha, J. Safrankova, Z. Némecek, T. Durovcova and A. Kis
247 Plasma Dynamics in Low-Electron-Beta Environments
Stanislav Boldyrev, Nuno F. Loureiro and Vadim Roytershteyn
253 How Turbulent is the Magnetically Closed Corona?
James A. Klimchuk and Spiro K. Antiochos
258 Turbulence in the Magnetospheres of the Outer Planets
Joachim Saur
265 Mesoscale Structure in the Solar Wind
N. M. Viall, C. E. DeForest and L. Kepko

Frontiers in Astronomy and Space Sciences 4 March 2022 | Turbulence in the SW-M-| Dynamics


https://www.frontiersin.org/research-topics/12663/the-role-of-turbulence-in-the-solar-wind-magnetosphere-ionosphere-dynamics
https://www.frontiersin.org/journals/astronomy-and-space-sciences

'." frontiers

in Astronomy and Space Sciences

EDITORIAL
published: 17 February 2022
doi: 10.3389/fspas.2021.763190

OPEN ACCESS

Edited and reviewed by:
Rudolf von Steiger,
University of Bern, Switzerland

*Correspondence:
Marina Stepanova
marina.stepanova@usach.cl

Specialty section:

This article was submitted to
Space Physics,

a section of the journal

Frontiers in Astronomy and Space
Sciences

Received: 23 August 2021
Accepted: 30 August 2021
Published: 17 February 2022

Citation:

Stepanova M, Borovsky JE, Retino A,
Uritsky V, Vbrés Z and Zimbardo G
(2022) Editorial: The Role of
Turbulence in the Solar Wind,
Magnetosphere,

lonosphere Dynamics.

Front. Astron. Space Sci. 8:763190.
doi: 10.3389/fspas.2021.763190

Check for
updates

Editorial: The Role of Turbulence in the
Solar Wind, Magnetosphere,
lonosphere Dynamics

Marina Stepanova ?*, Joseph E. Borovsky?®, Alessandro Retino®, Vadim Uritsky>®,
Zoltan Vérés” and Gaetano Zimbardo®®

"Physics Department, University of Santiago of Chile (USACH), Santiago, Chile, Z2Center for Interdisciplinary Research in
Astrophysics and Space Sciences, University of Santiago of Chile (USACH), Santiago, Chile, >Space Science Institute, Boulder,
CO, United States, “Laboratoire de Physique des Plasmas, CNRS, Observatoire de Paris, Sorbonne Université, Université Paris-
Saclay, Ecole Polytechnique, Institut Polytechnique de Paris, Palaiseau, France, °Department of Physics, The Catholic University
of America, Washington, DC, United States, SNASA Goddard Space Flight Center, Greenbelt, MD, United States, "Space
Research Institute, Austrian Academy of Sciences Graz, Graz, Austria, ®Dipartimento di Fisica, Université della Calabria, Rende,
Italy, ®Istituto Nazionale di Astrofisica, Sezione INAF Presso I'Universita della Calabria, Rende, ltaly

Keywords: turbulence, space plasmas, heliosphere, solar wind, magnetosphere

Editorial on the Research Topic

The Role of Turbulence in the Solar Wind, Magnetosphere, Ionosphere Dynamics

This Research Topic is dedicated to one of the most intriguing and least understood phenomena
of space plasma physics: nearly collisionless turbulence. Even at the beginning of space
exploration, there was evidence that space plasmas might be turbulent. For example, Ness
etal. (1964) analyzed the magnetic field measurements made by the IMP 1 satellite and reported
the existence of the region of turbulence between the magnetopause and the bow shock now
known as the magnetosheath. Later on, Fairfield and Ness (1970) calculated the power-law
spectra of magnetic fluctuations in the magnetosheath using IMP 4 measurements. A highly
fluctuating magnetic field in the geomagnetic tail was observed by the IMP 1 Hruska and
Hruskova (1969) and IMP 3 Hruska and Hruskova (1970) satellites. Coleman (1968) analyzed
the magnetic fluctuations in the solar wind using the data from the Mariner 2 spacecraft. The
obtained power spectral density of these fluctuations closely resembled a typical turbulent
spectrum. More sophisticated space missions were launched during the following decades,
giving more insight about the main characteristics of space plasmas, including fluctuations of
all plasma macro-parameters and fields. Nonetheless, turbulence is only one possible
interpretation of these fluctuations, and the discussion about what we observe continues.
This Research Topic contains different, sometimes even contradictory, points of view on the
nature of turbulence and observed phenomena. It covers eight reviews and three mini-reviews,
providing the reader with a view of the current state of this field. It also includes original
research and prospective papers.

Four papers in this Research Topic are focused on determining what is turbulence and what
is mistaken for turbulence. In a perspective article, Klimchuk and Antiochos argue that in the
closed corona of the Sun the ubiquitous current sheets arise from the quasi-static twisting of
flux tubes rather than from the action of dynamic turbulence. These currents sheets, being the
sites of reconnection (nanoflares), could play a key role in the heating of the corona. Similarly,
the review article by Borovsky argues that much of the structures (including current sheets) in
the solar wind are also not turbulence: his review examines the properties of the structure of
the solar wind and the arguments for certain structure types having their origin in the corona.
Viall et al. extensively review solar observations, solar-wind measurements, and computer
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simulations to explore the issue of what structures in the solar
wind are created at the Sun and what structures are created in
the wind away from the Sun. Viall et al. assess the current
knowledge and outline future steps for progress. Borovsky and
Mina perform side-by-side analyses of the measurements of
fluctuations in (1) the Navier-Stokes turbulence of a wind
tunnel and (2) the Alfvénic solar wind, focusing on the
similarities and differences in the statistical and the
physical properties of the fluctuations. The question raised
is: Why do the Alfvénic fluctuations statistically look like
turbulence?

Our Research Topic also includes a set of works dedicated to
the study of different types of turbulence in the heliosphere. In
particular, Wawrzaszek and Echim concentrate on the study of
turbulence intermittency, an important diagnostics of turbulent
energy cascade, throughout the heliosphere. Various indicators of
intermittency are reviewed, and it is found that intermittency
increases with radial distance in Alfvénic solar wind, that the
intermittency of fast solar wind at solar minimum decreases with
latitude, while at solar maximum the intermittency values are
more scattered. Boldyrev et al. review several fluid models for
fluctuations in low-to-moderate beta plasmas, which are
representative of space plasma environments such as the
Earth’s magnetosphere and magnetosheath as well as the solar
corona. The general physical derivation of the model equations is
presented and three special cases are treated in detail, including
the derivation of the dispersion relations for linear modes as well
as the conserved quantities. Assumptions and limits of
applicability of each model are discussed. Guo et al. address
the fact that the presence of solar-wind turbulence leads to the
rippling of interplanetary-shock surfaces. The role of preexisting
upstream turbulence and shock surface rippling in enhancing the
acceleration of particles is emphasized, and it is proposed that this
may help to solve the injection problem of shock acceleration, in
particular at quasi-perpendicular shocks. Pitna et al. point out
that while particle acceleration at shocks in the presence of
turbulence has been long considered, only recently has the
evolution of turbulence itself from upstream to downstream
received enough attention. They show that, compared to
upstream, the downstream turbulent power in magnetic field,
velocity, and density is enhanced by about one order of
magnitude, and that downstream turbulence is always more
compressive. Both the papers of Guo et al. and Pitna et al. point
out that in-situ observations of interplanetary shocks provide an
invaluable opportunity to understand how shocks interact with
large-scale turbulence and accelerate energetic particles.

Smith and Vasquez review the evidence for multi-scale
turbulent in-situ dynamics that results in the heating of the
solar wind. The generation, transport and dissipation of
fluctuation energy are critically examined offering a wide
discussion of the often controversial scenarios for energy
transfer across scales. Perhaps some fundamental questions
remain unanswered because of the lack of multi-point
measurements and realistic simulations. Roberts et al.
investigated intermittency of turbulent electron density
fluctuations in the solar wind at sub-ion scales using calibrated
spacecraft potential from the Magnetospheric MultiScale mission.

Editorial: Turbulence in the SW-M-I Dynamics

The scale-dependent kurtosis is found to increase towards ion
scales. Then it plateaus through the sub-ion range. However,
discrepancies between statistics of temporal and spatial
fluctuation exist, for which several alternative explanations are
offered. Based on the linear Vlasov theory, Narita et al. examined
the plasma dielectric tensor deriving analytic expressions for
transport ratios and scaling laws for the electric and magnetic
fields. Fluid-scale properties of the kinetic Alfvén mode are
derived from the kinetic treatment of the dielectric tensor. The
developed methods are useful for the wave mode identification in
spacecraft observations. D’Amicis et al recent
developments on the complexity of solar wind magnetosphere
interactions with the emphasis on solar wind turbulence driven
geomagnetic response. The role played by Alfvenic turbulence in
the solar wind-magnetosphere coupling is accentuated. It is also
emphasized that the geomagnetic response is affected by internal
magnetospheric conditions and by the total energy of solar wind
fluctuations. Moya and Navarro used quasi-linear kinetic theory
to investigate the effects of a turbulence background spectrum on
the relaxation of the ion-cyclotron temperature anisotropy
instability in the solar wind. Different initial levels of
turbulence amplitude and spectral shapes are considered. It is
shown that all spectrum shapes can heat protons preferentially in
the direction perpendicular to the ambient magnetic field, even if
the plasma is initially stable. Possible implications for recent
Parker Solar Probe data are discussed.

Turbulence in the magnetosheath is reviewed by Rakhmanova
et al. In particular, they discuss the applicability of the Taylor
hypothesis, the main features of the spectra of plasma, magnetic
fluctuations fitted by power laws for various MHD and kinetic
regimes, as well as the intermittent character of turbulence. Of
special interest is the study of the plasma fluctuations measured
with sufficient time resolution to explore plasma turbulence at
kinetic scales, along with the influence of the solar wind
turbulence and geometry of the bow shock to the development
of the magnetosheath turbulence.

Antonova and Stepanova review the paradigm of the
geomagnetic tail as a turbulent wake behind an obstacle and
its application to the magnetospheric dynamics. In particular,
they examine the role of turbulence on the MHD scales in the
plasma transport and mixing, and the stability of the turbulent
plasma sheet. Based on their findings, the large-scale two-vortex
magnetospheric convection generated by the magnetospheric
plasma pressure gradients is proposed as a source of energy
for turbulence development and possibly the driving or integral
vortex of such turbulence. The turbulent flows in the magnetotail
appear during the 3D MHD simulations of the global
magnetosphere. Meanwhile, a review by El-Alaoui et al. describes
a method to couple the large-scale drivers of MHD turbulence to the
local kinetic scales. The obtained power spectral density of magnetic
fluctuations is consistent with observations of turbulence in the
magnetotail. The authors highlight the role of resistivity as a source
of dissipation that contributes to plasma sheet turbulence in two
ways. First, on a large scale, it causes reconnection, which drives the
turbulent flows, and secondly, it dissipates the energy on smaller
scales. They also consider the influence of the Kelvin-Helmholtz
instability along the flank boundaries. According to El-Alaoui et al.

review
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turbulent acceleration might lead to the appearance of non-thermal
tails in plasma distributions (a kappa distribution). Eyelade et al.
established a relation between the turbulent eddy diffusion and
kappa indexes for different values of plasma 3 parameter in the
Earth’s plasma sheet. They found that several processes related to
MHD turbulence lead to either an increase or decrease of the x index
of kappa distribution functions, depending on the value of f and the
direction of the turbulent transport with respect to the plasma sheet.

Studies of turbulent processes in the ionosphere are presented
in a number of works. The mini-review by Akbari et al. focuses on
Langmuir waves and turbulence in the auroral ionosphere caused
by magnetospheric electron beams. The review provides a concise
but rigorous theoretical description of the Langmuir wave
mechanism, and a summary of many years of observations of
this phenomenon using spaceborne and ground-based
instruments. The importance of conjugate multi-instrument
campaigns involving in situ wave and particle measurements
and incoherent scatter radar data is emphasized. Turbulence in
collisionless space plasmas is known to be a major cause of the
anomalous transport and resistivity. The paper by Guio and Pecseli
addresses these important phenomena, paying particular attention
to cross-scale wave mechanisms that contribute to the anomalous
resistivity and diffusion. Intermittent kinetic structures able to limit
the free flow of charged plasma particles (such as electron and ion
phase space vortices) are also discussed. The perspective article by
Chaston is dedicated to transient multiscale structures in the
auroral acceleration region playing a major part in shaping
auroral displays. The author emphasizes the importance of
coordinated in-situ and ground based observations allowing one
to relate the nonlinear forcing of the plasma above auroral arcs with
visible auroral forms. The examples presented in the paper provide
evidence for a turbulent cascade inside the auroral acceleration
region, likely supported by large-amplitude inertial Alfvén waves.

There are a few works dedicated to the turbulence in the
magnetospheres of the outer planets and some fundamental
aspects of space plasmas. In particular, Saur discusses plasma
turbulence at outer planets where conditions are different from
those in the solar wind, e.g., existence of a strong planetary
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magnetic fleld, stronger plasma inhomogeneities and larger
abundance of heavy ions. Spacecraft observations at Jupiter
and Saturn are reviewed, namely, in the magnetosphere,
magnetosheath and at moons, and implications for plasma
heating and particle acceleration are discussed. The need for
new measurements from future missions, in particular at Uranus
and Neptune, is discussed.

As shown in this editorial, past and present satellite missions
have provided us with an unprecedented opportunity to study the
turbulence in space plasmas in situ. As a result, the heliosphere
became the world’s largest laboratory for studying various types
of plasma turbulence. The majority of turbulent properties
obtained are universal and relevant not only for space physics
systems but also for other astrophysical objects with similar
turbulent processes. We believe that this Research Topic will
enable space scientists and astrophysicists, particularly those in
their early careers, to understand a variety of aspects of a wide
range of sometimes controversial topics and arrive at their own
conclusions.
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Plasma and Magnetic-Field Structure
of the Solar Wind at Inertial-Range
Scale Sizes Discerned From
Statistical Examinations of the
Time-Series Measurements

Joseph E. Borovsky*

Center for Space Plasma Physics, Space Science Institute, Boulder, CO, United States

This paper reviews the properties of the magnetic and plasma structure of the solar wind
in the inertial range of spatial scales (500-5 x 108 km), corresponding to spacecraft
timescales from 1s to a few hr. Spacecraft data sets at 1 AU have been statistically
analyzed to determine the structure properties. The magnetic structure of the solar wind
often has a flux-tube texture, with the magnetic flux tube walls being strong current sheets
and the field orientation varying strongly from tube to tube. The magnetic tubes also
exhibit distinct plasma properties (e.g., number density, specific entropy), with variations
in those properties from tube to tube. The ion composition also varies from tube to
tube, as does the value of the electron heat flux. When the solar wind is Alfvénic, the
magnetic structure of the solar wind moves outward from the Sun faster than the proton
plasma does. In the reference frame moving outward with the structure, there are distinct
field-aligned plasma flows within each flux tube. In the frame moving with the magnetic
structure the velocity component perpendicular to the field is approximately zero; this
indicates that there is little or no evolution of the magnetic structure as it moves outward
from the Sun. Large sudden velocity shears are seen across the boundaries between
the magnetic flux tubes as the magnetic field rotates and the field-aligned flow rotates.
The effect of the solar-wind current sheets on the magnetic power spectral density of the
solar wind is examined: the current sheets are found to dominate the spectral properties
of the solar wind.

Keywords: solar wind, heliospheric structure, turbulence, Alfvén waves, current sheets

INTRODUCTION

This review examines the plasma and magnetic-field structure of the inner heliosphere in the
“inertial range” of scale sizes, corresponding to timescales in the solar wind data from about 1s
to about 3 h, equivalent to advected spatial scales of about 500km to 5 x 10° km. These are
MHD scales sizes, larger than ion gyroradii rg ~ 20-100 km and larger than ion-inertial lengths
c/wpi ~ 50-150 km in the solar-wind plasma at 1 AU.
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In this range of timescales, the magnetic-field time series is
dominated by strong current sheets (directional discontinuities)
and calmer regions between the current sheets. The plasma time
series is dominated by sudden jumps in the plasma parameters
(e.g., number density, specific entropy, proton temperature,
plasma beta, magnetic-field strength, etc.) at the locations of
strong current sheets. The proton flow time series is dominated
by sudden jumps of the flow vector (abrupt flow shears) at the
location of the current sheets, especially for the more-Alfvénic
types of solar-wind plasma.

This review explores the properties of the structure of the
solar wind in the inner heliosphere as gleaned from spacecraft
time-series measurements. This paper is organized as follows.
In Section The Flux-Tube Texture of the Heliospheric Magnetic
Field the magnetic flux-tube texture of the solar wind is discussed.
Section The Motion of the Magnetic Structure through the Solar-
Wind Plasma examines the outward motion of the magnetic
structure through the solar-wind proton plasma. Section The
Alpha-to-Proton Ionic Composition and Magnetic Flux Tubes
discusses how the alpha-to-proton ionic composition varies from
tube to tube and Section The Electron Heat Flux (Strahl) and
Magnetic Flux Tubes discusses how the electron strahl (heat flux)
changes from tube to tube. Section Squashing and Stretching
of Magnetic Flux Tubes describes the squashing and stretching
of magnetic flux tubes in compression and rarefaction regions.
Section Mixing discusses the lack of evidence of mixing in the
solar wind as it moves outward through the inner heliosphere.
Section Current Sheets and the Fourier Power Spectrum explains
the impact of solar-wind current sheets on the magnetic power
spectrum of the solar wind. Section Current Sheet Thicknesses
discusses the thicknesses of the current sheets in the magnetic
structure. Abrupt velocity shears in the solar wind are discussed
in Section Intense Velocity Shears. Section Alfvénic Domains
in Coronal-Hole-Origin Plasma discusses spatial domains of
Alfvénicity that are found in the solar wind from coronal holes.
Magnetic switchbacks in the solar wind are discussed in Section
Magnetic Switchbacks. Section Types of Solar-Wind Plasma and
the Inertial-Range Structure reviews the systematic differences
in the inertial-range structure of the solar wind in four different
types of solar-wind plasma originating from four different types
of regions on the Sun. The review is summarized in Section
Summary and Discussion, which also contains some suggestions
about changes in nomenclature.

THE FLUX-TUBE TEXTURE OF THE
HELIOSPHERIC MAGNETIC FIELD

Figure 1 contains a binning of the temporal angular change in the
direction of the solar-wind magnetic field in 64-s time-resolution
time-series measurements at 1 AU during the years 1998-
2008. Two distinct populations can be seen in the occurrence
distribution, both fit by exponential functions: a population
of large angular changes and a population of smaller angular
changes. The large-angular change population is consistent with
the spacecraft crossing strong current sheets in the solar-wind
plasma, and the small-angular-change population is consistent

—y
o
=]

™ Magnetic-'FieId Directional Changés

—

=)
0

o

exp(-A6/20.0°)

ACE
1998-2008

flux-tube 3
walls

SO \
tube ~~,
internal __ ¥~ ™
luctuations ¥~

Number of Occurrences
(=]
»

103' o, \
lexp(-A6/5.93 \
p( )\l‘\ \
\‘ ., o
\‘ ¥ \*“'“,.:0.
> ) . O . . 0
109 20 40 60 80 100 120
64-s Change in Field Direction A6 [deg]

FIGURE 1 | The 64-s change in the solar-wind magnetic-field direction is
binned for 11 years of measurements at 1 AU by the ACE Magnetic Fields
Experiment (Smith et al., 1998). The sum of the two exponential fit functions
appears in green.

with magnetic field directional wiggles in the spatial regions
between the current sheets. The two distributions are consistent
with a picture of magnetic-flux tubes separated by current sheets,
with the direction of the magnetic field changing from tube to
tube. For a plot similar to Figure 1 closer to the Sun see the 1-s
curve in Figue 3 of Chhiber et al. (2020) and for a plot further
from the Sun see Figure 6 of Miao et al. (2011), indicative of a
flux-tube texture throughout the inner heliosphere.

A flux-tube texture of the solar wind has been realized since
early in situ measurements of the solar wind were available
(Bartley et al., 1966; McCracken and Ness, 1966; Ness et al.,
1966; Michel, 1967). The flux tubes were evident from the
sudden changes in the anisotropy directions of energetic particles
(Bartley et al, 1966; McCracken and Ness, 1966), from the
sudden changes of direction of the magnetic field (Ness et al.,
1966; Michel, 1967; Siscoe et al., 1968), and from sudden changes
in the plasma flow vector (Thieme et al., 1989).

Depictions of this spaghetti of magnetic flux tubes can be
found throughout the literature [cf. Figure 3 of McCracken and
Ness (1966); Figure 6 or Bartley et al. (1966); Figures 1, Figure
5, 9 of Michel (1967); Figure 30H of Schatten (1971); Figure 5
of (Bruno et al.,, 2001); Figure 1A of Borovsky (2008); Figure
22 of Borovsky (2010a); Figures 7, 8 of Bruno and Carbone
(2016); Figure 7 of Bruno (2019)]. In the flux-tube structure the
walls of the flux tubes are current sheets wherein the magnetic-
field direction changes suddenly. At 1AU the current sheet
thicknesses are on the order of 10° km (Siscoe et al., 1968;
Vasquez et al., 2007) and the flux-tube diameters are on the
order of 5 x 10° km (Borovsky, 2008; Zheng et al., 2017). In
streamer-belt-origin plasma and coronal-hole-origin plasma the
flux tubes meander along the Parker-spiral direction, with a
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spread in flux-tube orientations of about 40° about the Parker-
spiral direction (Borovsky, 2010a). At 1 AU Tong et al. (2016)
statistically measured the characteristic spatial scale L of flux-
tube meandering to be Ljj ~ 2 x 10°® km = 370 Rg = 0.016 AU
along the Parker-spiral direction.

The origin of the flux-tube magnetic structure of the inner
heliosphere is not known (Neugebauer and Giacalone, 2010,
2015; Li and Qin, 2011; Owens et al., 2011; Telloni et al., 2016; Tu
et al., 2016; Viall and Borovsky, 2020). Among the possibilities
are (a) active MHD turbulence (Dmitruk et al., 2004; Greco
et al.,, 2009), (b) turbulence that has exhausted its energy and
left behind a structured magnetic field (Dobrowolny et al., 1980;
Telloni et al., 2016), (c) fossil magnetic structure from the corona
(Huang et al., 2014; Burkholder et al., 2019; Eselevich, 2019), and
(d) steepened Alfvén waves (Malara et al., 1996; Vasquez and
Hollweg, 1999).

The flux-tube texture of the heliospheric magnetic field
impacts energetic-particle transport in the heliosphere and the
physics of particle scattering (Michel, 1967; Qin and Li, 2008),
with ducting and weak scattering in the interiors of flux tubes
where there are low levels of magnetic fluctuations (Trenchi
et al, 2013a,b) and with energetic particles with non-zero
gyroradii passing close to the flux-tube walls suffering large-angle
scattering. Energetic particles with gyroradii comparable to or
larger than flux-tube diameters [cf. Table 4 of Viall and Borovsky
(2020)] will suffer scattering associated with the distribution of
flux-tube orientations. The L;; ~ 0.16 AU wiggle of the flux-tube
orientations about the Parker spiral will also produce a scattering
of energetic particles [e.g., (Webb et al., 2006)].

The driving of the Earth’s magnetosphere by the solar wind
is very sensitive to the direction of the solar-wind magnetic field
(Sonnerup, 1974; Komar et al., 2015). From one flux tube to the
neighboring flux tube the magnetic-field direction of the solar
wind changes (Bruno et al., 2001; Borovsky, 2008; Bruno and
Carbone, 2016), with sudden strong jumps in the magnetic-field
direction as a flux-tube wall is crossed. The advection of the flux-
tube structure past the Earth produces a magnetic direction that
is quasi-steady for 15min or so, followed by a strong change
in the field direction. Depending chiefly on the orientation of
each flux tube, some flux tubes are geoeffective and some are
not, with the flux-tube structure of the solar wind resulting in
an intermittent driving of convection and geomagnetic activity
in the Earth’s magnetosphere (Borovsky, 2020a).

Statistical analysis of the orientations of the flux tubes at
1 AU finds two populations [cf. Figure 18 of Borovsky (2010a)]:
a population that is on average aligned in the Parker-spiral
direction with a spread of flux-tube orientations of about
40° about the Parker-spiral direction and a second, smaller,
population of flux tubes that are quasi-isotropically oriented
(cf. Section Types of Solar-Wind Plasma and the Inertial-
Range Structure).

The magnetic-flux-tube structure of the solar wind also
corresponds with a plasma-tube structure of the solar wind.
When the occurrence distributions of changes of plasma
properties are examined [e.g., Figure 3 of Borovsky (2008)],
a dual population is seen: a population of large changes and
a population of small changes, as in Figure 1. This holds for

changes in the plasma number density, changes in the specific
entropy, changes in the magnetic-field strength, changes in the
plasma-f, etc. The locations of the large changes correspond to
the locations of current sheets [(Borovsky, 2008; Owens et al,,
2011)], i.e., the plasma properties change from flux tube to flux
tube. In the slower types of solar wind these plasma changes
across the magnetic-tube walls are robust; in the faster coronal-
hole-origin wind the plasma changes are more subtle [(Borovsky,
2016)]. As will be discussed in later sections, the magnetic-
flux-tube structure also corresponds to a structure in the ion
composition of the solar-wind plasma and to a structure in the
electron heat flux (strahl intensity) of the solar wind.

Plasma boundaries and magnetic-flux-tube boundaries
are, in the MHD nomenclature, discussed as “tangential
discontinuities.” In Section The Motion of the Magnetic
Structure through the Solar-Wind Plasma it will be pointed out
that the magnetic structure of the solar wind moves en mass
away from the Sun faster than the proton plasma moves outward.
It is often stated to be the case that tangential discontinuities
do not propagate relative to the plasma [e.g., (Burlaga and
Ness, 1969; Tsurutani and Ho, 1999)], but in the case of flux
tubes a perturbation transverse to the axis of the tube will
propagate axially along the tube relative to the plasma in the
tube at a speed related to the Alfvén speed (Edwin and Roberts,
1983; Ruderman and Roberts, 2006; Goossens et al., 2009).
Perturbations of interest for the solar wind are the shuffling of
flux tubes (= plasma tubes) at the Sun, with this shuffling pattern
propagating outward faster than the plasma outflow.

THE MOTION OF THE MAGNETIC
STRUCTURE THROUGH THE
SOLAR-WIND PLASMA

In Alfvénic solar wind [i.e., in coronal-hole-origin plasma and in
streamer-belt-origin plasma (Xu and Borovsky, 2015; D’Amicis
et al., 2019)] the flux-tube structure of the magnetic field moves
outward from the Sun at a higher speed than the proton plasma
does (Borovsky, 2020b; Nemecek et al., 2020). For an interval of
solar-wind data, a single reference frame can be found wherein
v x B &~ 0 where v(t) is the measured solar-wind proton flow
vector and B(t) is the measured magnetic-field vector. That single
reference frame moves with the magnetic structure and it is found
to move typically at about 0.7v, in the Parker-spiral direction
relative to the proton flow vector of the solar wind, where va
=B/ (4nnpmp)1/ 2 is the proton Alfvén speed of the solar-wind
plasma with number density n, (Borovsky, 2020b). Nemecek
et al. (2020) refer to this frame as the DeHoffman-Teller frame of
the solar wind and they find that the alpha-particle beam of the
solar wind is at rest in this magnetic-structure reference frame.
In this reference frame of the magnetic structure, there is
a Sunward flow of proton plasma within the flux tubes that
is everywhere parallel to the local magnetic field, with the
flow vector changing across the walls of the flux tubes as the
orientation of one flux tube changes relative to its neighboring
flux tube. In Alfvénic intervals of solar wind, the perpendicular-
to-B plasma velocity v within the structure is found to be in the
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noise of the measurements. The fact that v| ~ 0 in the reference
frame of the magnetic structure indicates that there is little or no
evolution of the magnetic structure as it moves outward from the
Sun through the inner heliosphere.

The heliospheric magnetic structure with its spaghetti of flux
tubes moves en mass through the plasma in the Parker-spiral
direction. This outward-moving magnetic structure could be the
outward propagation of flux-tube dynamics happening in the
corona: the shuffling of flux tubes as they become rearranged by
reconnection in the dynamic corona.

When the solar wind at 1 AU is not Alfvénic, a reference frame
where v x B & 0 cannot be found. When the solar wind is not
Alfvénic, the solar-wind plasma is found to be inhomogeneous
(lumpy) with variations in the proton number density n,(t). In
this inhomogeneous plasma there are strong variations in the
local Alfvén speed from flux tube to flux tube. It could be the case
that owing to spatial variations in the Alfvén speed the spaghetti
of magnetic flux tubes cannot coherently propagate relative
to the proton plasma in the Parker-spiral direction; Alfvénic
fluctuations from the Sun are not expected to survive into the
inner heliosphere when the flux tubes have substantially different
internal Alfvén speeds [cf. (Heyvaerts and Priest, 1983; Magyar
et al., 2017)]. In these non-Alfvénic-wind cases, the pattern of
shuffling of flux tubes at the Sun appears to be advected out into
the heliosphere at the solar wind (proton) speed.

THE ALPHA-TO-PROTON IONIC
COMPOSITION AND MAGNETIC FLUX
TUBES

The alpha-to-proton number-density ratio o/p varies with time
in the solar wind, characterized by sudden jumps in the ratio
[e.g., (Safrankova et al., 2013; Zastenker et al., 2014)]. [See also
Figure 3 of Borovsky (2008)] The jumps in the o/p ratio at 1 AU
are statistically co-located with the magnetic walls of flux tubes
(Borovsky, 2020c). This is demonstrated in Figure 2. Here strong
jumps in the alpha-to-proton number-density ratio a/p are
collected with the ACE spacecraft and with the WIND spacecraft,
these jumps representing boundaries of the ion composition of
the solar-wind plasma. For each spacecraft the angular change
A6 of the magnetic-field vector (every 64-s on ACE and every
97-s on WIND) is measured and the superposed-epoch average
of A6 is plotted (in green for ACE and in red for WIND),
with the zero epoch being the crossing of each a/p boundary.
Figure 2 shows that the magnetic field tends to undergo a
strong change in direction at the o/p boundaries, with a storng
change in direction being indicative of the crossing of a strong
current sheet (a magnetic-flux-tube wall). Jumps in o/p represent
ion-composition boundaries in the solar-wind plasma and ion-
composition boundaries can only be created at the Sun; they can
be stretched and folded in the solar wind, but they cannot be
formed in the solar wind. Hence, the a/p boundaries are fossils
from the Sun. This implies that the magnetic boundaries at 1 AU
that are co-located with the a/p boundaries (the flux-tube walls)
are also fossils from the Sun not created in the solar wind.
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FIGURE 2 | For 315 a/p boundaries located with the ACE spacecraft (green)
and for 322 a/p boundaries located with the WIND spacecraft, the
superposed-epoch average of the magnetic-field vector direction change (over
64-s for ACE and over 97-s for WIND) is plotted with the zero epoch being the
a/p boundary crossing time.

Note that Owens et al. (2011) analyzed fractional changes in
the alpha-to-proton number-density ratio a/p in the 64-s ACE
data set in comparison with angular changes in the magnetic-
field direction and found that about 25% of strong current sheets
were associated with strong changes in o/p. Two comments are
relevant to this finding. First, there are solar-wind types that
exhibit strong plasma inhomogeneity (i.e., sector-reversal-region
plasma and streamer-belt-origin plasma) and solar wind that
exhibits weak inhomogeneity (coronal-hole-origin plasma), with
all exhibiting strong current sheets; the more-homogeneous types
of plasma will only rarely show strong fractional jumps in the
plasma properties such at o/p. Secondly, the measurements of
a/p at 1 AU are notoriously noisy and the measurements from
different instruments do not agree [cf. Figure 7E of Borovsky
(2016) and discussion therein]; this means that the jumps in the
measured values of a/p at current sheets are not that different
from the jumps in the measured values of a/p away from the
current sheets. The study of Borovsky (2020c) only focused on
distinct o/p changes that were above the noise level; those a/p
changes are overwhelmingly occurring at strong current sheets.

THE ELECTRON HEAT FLUX (STRAHL)
AND MAGNETIC FLUX TUBES

The electron strahl is a magnetic-field-aligned distribution of
energetic electrons moving outward from the Sun (Feldman
et al., 1976), representing the electron heat flux from the Sun.
At 1 AU the measured intensity of the energetic-electron strahl
of the solar wind is not steady, rather it undergoes sudden
temporal jumps in intensity. Those sudden intensity changes are
statistically co-located with the walls of the magnetic flux tubes
(Borovsky, 2020c¢): a superposed-epoch average of the magnetic-
field direction change associated with events where the strahl-
intensity jump (strahl-intensity boundaries) looks very much
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Squashing and Stretching Magnetic Structure
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FIGURE 3 | The cross sections of three flux tubes are sketched: a round flux tube (Top), a round flux tube that was compressed (Middle), and a round flux tube that
was rafefacted (Bottom). The blue dashed curves are sample spacecraft trajectories through the flux tubes and the red arrows are normals to the flux-tube walls at
the point where the spacecraft crosses the wall. The ecliptic plane and normal to the ecliptic plane are noted in green.

like Figure 2 for a/p boundaries does. Le., different magnetic
flux tubes have different strahl intensities (different values of the
heat flux).

The co-location of strahl-intensity boundaries and flux-tube
walls implies that there is a long-distance coherence of the flux
tubes seen at 1 AU going back toward the Sun. The confinement
of solar energetic particles by flux tubes (Trenchi et al., 2013a,b)
also implies a long-distance coherence of the magnetic tubes.

The electron strahl is associated with an electron-
mobility-driven (electron-pressure-gradient driven) ambipolar
interplanetary electric field E;| that points outward from the Sun
to retard electrons (Lin, 1998; Pierrard et al., 2001; Maksimovic
etal., 2005). This E| acts to accelerate solar-wind ions outward to
increase the solar wind speed in the inner heliosphere (Jockers,
1972; Lemaire and Pierrard, 2001; Pierrard and Peters, 2014).
Between 0.3AU and 1AU this interplanetary electric field
produces an observed statistical increase in the speed of the
slow solar wind (Schwenn et al,, 1981; Arya and Freeman, 1991;
Lemaire, 2010). The fact that the strahl intensity varies from flux
tube to flux tube implies that the interplanetary electric field may
act independently in each tube. The acceleration of the solar
wind in the heliosphere might vary from tube to tube.

SQUASHING AND STRETCHING OF
MAGNETIC FLUX TUBES

When a spacecraft crosses the wall between two flux tubes in
the solar wind, the orientation of the current sheet separating
the two flux tubes can be obtained using the cross-product
method (Burlaga and Ness, 1969; Knetter et al., 2004), taking the
normal to the current sheet being in the By x B, direction where
B; and B, are the magnetic-field vectors on either side of the
current sheet. At 1 AU, the statistical orientations of the current
sheets indicate that the magnetic flux tubes are on average round
(cylindrical) (Borovsky, 2008). However, in compression and
rarefaction regions of the solar wind at 1 AU the magnetic-flux
tubes are no longer statistically round, rather they are squashed
and stretched into flattened shapes (Borovsky and Denton, 2016).
This effect is outlined in Figure 3. The top panel depicts the
cross section of a round flux tube with red arrows showing
a sampling of the orientations of the normals to the current-
sheet walls. In the middle and bottom panels a round flux
tube that was compressed (middle) and rarefacted (bottom) are
depicted along with a sampling of the orientations of the normals.
Comparing in Figure 3 these orientations to the orientations
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for the round flux tube, the normals of the compressed tube
are more-concentrated toward the equatorial plane and the
normals of the rarefacted tube are more-concentrated normal
to the ecliptic plane. In corotating interaction regions (CIRs)
of the solar wind the compression factor of the solar-wind
plasma can be measured by the increase in the magnetic-field
strength and in the trailing edges of high-speed streams the
rarefaction factor of the solar-wind plasma can be measured by
the decrease of the magnetic-field strength. The squashing factor
for an initially round flux tube in a compression region and the
stretching factor for an initially round flux tube in a rarefaction
region can both be predicted knowing the compression or
rarefaction factor. Hence, the shape changes of the flux tubes
can be predicted, and the systematic variation in the statistical
orientations of the current sheets can be predicted. For CIRs
and for trailing edges, those flux-tube shape predictions agree
with the measured statistics of the current-sheet orientations
[cf. Figures 3, 14, and Al of Borovsky and Denton (2016)].
In compression regions the normals of the walls of the flux
tubes tend to be concentrated toward the ecliptic plane and in
rarefaction regions the normals of the walls of the flux tubes
tend to be concentrated perpendicular to the ecliptic plane. In
reality, because the flux tubes are pressed against each other an
unperturbed flux tube will not be round, rather it will have a
cross section more like the shape of a cell in a Voronoi pattern
[cf. Figure 8 of Borovsky (2018a)]. Nevertheless, the statistics of
the current-sheet orientations will follow the statistics for round
flux tubes and compressed or rarefactive round flux tubes.

If current sheets were being newly created in the solar wind
(e.g., by an active MHD turbulence), then the current sheets
would be created isotropically giving the statistical impression
of round-shaped flux tubes. At 1 AU, CIR compressions and
trailing-edge rarefactions have been ongoing for about 100 h. In
that 100 h the current sheets were not newly created; rather their
orientations reflect the ~100-h evolution of the compression
or rarefaction.

MIXING

A universal process occurring in active turbulence is mixing
(Liepmann, 1979; Ottino, 1990; Dimotakis, 2005), involving (1)
the stretching and folding of structure and (2) the eventual
homogenization of the medium. These two stages of mixing
are denoted as mesomixing and micromixing (Paul et al,
2003). In the inhomogeneous slow solar wind, Borovsky (2012a)
attempted to quantify these two processes using solar-wind
plasma measurements from 0.3 to 1 AU.

The stretching and folding processes produce a temporal
evolution of the distribution of structure sizes, with structure
sizes decreasing as time increases (cf. Figure 7 of Corrsin (1959)].
Between 0.3 and 1 AU Borovsky (2012a) found no evolution of
the distribution of plasma “chunk” sizes, i.e., no evidence for
ongoing stretching and folding in the solar-wind plasma.

The homogenization process produces a temporal evolution
in the distribution of passive-scalar values in the medium,
with the occurrence distribution narrowing with time toward

a single value. Between 0.3 and 1 AU Borovsky (2012a) found
no evolution in either the occurrence distribution of solar-
wind proton number density or the occurrence distribution of
solar-wind proton specific entropy, i.e., no evidence for ongoing
homogenization of the solar-wind plasma. (A passive scalar is a
scalar quantity that is convected by the fluid without perturbing
the fluid behavior; density, strictly speaking is not a passive scalar
but is still expected to homogenize under the action of stretching
and folding followed by diffusion).

The absence of measured mixing seen in the statistics of
plasma structure sizes agrees with the observation of the survival
of periodic density structures in the solar wind from the
corona to the Earth (Kepko and Viall, 2019). Periodic density
structures emitted by the corona are imaged by white-light
cameras (Viall and Vourlidas, 2015) and seen advecting into
the inner heliosphere. Upstream solar-wind monitors at L1 pick
up these periodic density structures at Earth, where they excite
periodic ULF disturbances in the Earth’s magnetosphere (Kepko
et al., 2002; Kepko and Spence, 2003). The frequencies of these
periodic solar-wind structures are typically 1 x 1073-5 x 1073
Hz (4-17 min periods), in the inertial range of the solar wind.
In the inertial range of an MHD turbulence one expects modes
to be destroyed and the energy of the modes to be cascaded
to higher frequencies (higher wavenumbers), but the action
of MHD turbulence in the solar wind does not destroy these
periodic perturbations in the ~100-h travel time from the Sun
to the Earth.

CURRENT SHEETS AND THE FOURIER
POWER SPECTRUM

The solar wind’s magnetic power spectral density in the inertial
range of frequencies comes dominantly from the strong current
sheets (directional discontinuities) in the solar wind’s magnetic
structure (Siscoe et al., 1968; Sari and Ness, 1969; Borovsky,
2010b); since the solar wind’s magnetic correlation function is
the Fourier transform of the magnetic power spectral density,
magnetic correlation functions of the solar wind are also
dominated by the current sheets. By creating an artificial time
series that only contained the occurrence statistics (waiting
times) and the amplitudes of the current sheets seen in solar-
wind measurements, Borovsky (2010b) was able to reproduce the
amplitude and spectral slope of the inertial range of frequencies
of the solar wind’s trace-B power spectral density with the
artificial time series. An implication of this finding is that
understanding the origin of the strong current sheets in the solar
wind is key to understanding the inertial range of the solar-wind
magnetic-field spectra.

At the high-frequency end of the inertial range (at about
1 Hz), the magnetic power spectral density of the solar wind
exhibits a breakpoint to a steeper magnetic spectrum above
the breakpoint. Using artificial time series wherein the current-
sheet thicknesses of the solar wind were stretched in time,
Borovsky and Podesta (2015) demonstrated that the frequency
at which the magnetic spectral breakpoint occurs is governed
by the thicknesses of the strong current sheets in the solar
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wind. When the strong current sheets in the solar-wind magnetic
time series are thickened by a multiplicative factor X, the
magnetic power spectral breakpoint terminating the inertial-
range spectrum shifts to lower frequencies by a factor of 1/X
(Borovsky and Podesta, 2015; Podesta and Borovsky, 2016). An
implication of this finding is that the physics of what governs the
breakpoint frequency of the solar-wind spectrum is the physics of
what governs current-sheet thicknesses in the solar wind.

With the strong current sheets of the solar wind dominating
the Fourier power, and with the thicknesses of the current
sheets determining the breakpoint frequency, it follows that the
temporal shapes (profiles) of the current sheets should determine
the Fourier spectrum at frequencies above the breakpoint.
By statistically examining the Fourier transforms of Gaussian-
windowed current sheets in the solar-wind magnetic-field
measurements, Borovsky and Burkholder (2020) demonstrated
the consistency (amplitude and shape) of the high-frequency
spectrum of the solar wind with the Fourier spectrum of solar-
wind current sheets. An implication of this demonstration is
that physical mechanisms acting within solar-wind current sheets
should be investigated to understand the high-frequency spectra
of the solar wind.

CURRENT SHEET THICKNESSES

At 1 AU the current-sheet (directional-discontinuity) thicknesses
are on the order of 103 km (Siscoe et al, 1968; Vasquez
et al.,, 2007), about 1-3s in the time series. [The solar-wind
current sheets appear to be thicker further from the Sun [cf.
Figure 7 of Miao et al. (2011)], and since the high-frequency
magnetic Fourier breakpoint appears at higher frequencies closer
to the Sun (Bruno and Trenchi, 2014; Duan et al., 2020), the
current sheets are probably thinner closer to the Sun]. At 1 AU
the current sheets are many times thicker than typical proton
gyroradii rgp and typical ion-inertial lengths c/wp; [cf. Figures
3A,B of Borovsky et al. (2019)]. The thicknesses of solar-wind
current sheets may be more consistent with Bohm diffusion Dy
= ckpT},/16eB (Borovsky, 2006) or gyro-Bohm diffusion Dgp
= (ckpTp/16eB) (rgp/L) acting over the age of the solar-wind
plasma. When the scalesizes of gradients in a plasma are much
larger than ion gyroradii, it has been argued that Bohm diffusion
transitions over to gyro-Bohm diffusion (Perkins et al.,, 1993;
Hannum et al., 2001), which is weakened by a term proportional
to the ratio of the gyroradius to the gradient scalelength: rg,/L.

It is well-known that the solar-wind plasma contains weak
double layers (time domain structures) [e.g., (Mangeney et al.,
1999; Lacombe et al.,, 2002; Salem et al., 2003a,b; Mozer et al.,
2020a)]. Malaspina et al. (2013) point out that the solar-wind time
domain structures are localized in the strong current sheets of the
solar wind.

INTENSE VELOCITY SHEARS

Figure 4 plots the occurrence distribution (black points) of
the 64-s change in the solar-wind flow vector for 11 years of
measurements by the ACE spacecraft at 1 AU. As was the case
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FIGURE 4 | The 64-s change in the solar-wind velocity vector is binned for 11
years of measurements at 1 AU by the ACE SWEPAM instrument (McComas
et al., 1998). The sum of the two exponential fit functions appears in green.

for the magnetic-field direction change distribution in Figure 1,
the velocity-change distribution shows two distinct populations,
both fit by exponential functions: a population of large velocity
changes and a population of smaller velocity changes. The
population of large velocity changes are abrupt wind shears in
the solar-wind plasma that are co-located with the strong current
sheets that form the walls of the flux-tube structure [cf. top panels
of Figure 3 of Owens et al. (2011)]. As was pointed out in Section
The Motion of the Magnetic Structure through the Solar-Wind
Plasma, the abrupt wind shears are field-aligned flows in the flux
tubes that spatially change direction at the boundaries between
flux tubes owing to the change in the magnetic-field direction.
The vorticity @ = V x v of these velocity shears is perpendicular
to the local magnetic field direction.

The thicknesses of the velocity shear layers in the solar wind
are the same as the thicknesses of the current sheets, about 10> km
(Borovsky and Steinberg, 2014). Note the intense velocity shear
in Figure 3A of Borovsky (2020b) at time 9.8 UT where the flow
vector of the solar wind is observed to change by 98 km/s in 3 s.

Very strong wind shears, which occur on average about once
per day at Earth, can lead to comet-like disconnections of the
Earth’s magnetotail (Borovsky, 2012b, 2018b).

ALFVENIC DOMAINS IN
CORONAL-HOLE-ORIGIN PLASMA

In the Alfvénic solar wind from coronal holes, there are patches
of solar wind that are highly Alfvénic separated by abrupt non-
Alfvénic transitions. Within each patch, the Alfvénicity is very
high as measured by a high correlation between the vector v and
the vector va = B/ (4nnpmp)1/ 2. A set of these Alfvénic domains
in coronal-hole-origin plasma appears in Figure 14 of Borovsky
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FIGURE 5 | Magnetic switchbacks (labeled 1, 2, and 3) and the associated
solar-wind-velocity pulses at 0.31 AU. The curves are 40-s resolution
measurements by Helios 1 [cf. Fig. 11 of Borovsky (2016)].

(2016) with the Alfvénic correlation in each domain shown in
Figure 14A. Each domain lasts a few hours (corresponding to the
lower-frequency end of the inertial range). The Alfvénic domains
may represent some larger-than-flux-tube structure of the solar
wind at the low-frequency (large-spatial-scale) edge of the inertial
range: the Alfvénic-domain spatial scales magnetically map to the
expected sizes of supergranules in the coronal-hole photosphere.

MAGNETIC SWITCHBACKS

Localized magnetic-field foldings (magnetic switchbacks, field
reversals) are well-known in the coronal-hole plasma at 1 AU
[e.g., (Kahler et al., 1996)], further out in the polar coronal-hole
plasma of the Ulysses data set [e.g., (Balogh et al., 1999; Yamauchi
et al., 2004; Neugebauer and Goldstein, 2013)], at 0.3 AU in
the Helios data set (Borovsky, 2016; Horbury et al, 2018),
and at 0.17 AU in the Parker Solar Probe data set (Bale et al.,
2019). These magnetic-field deviations from the Parker spiral
are associated with localized increases in the solar-wind radial
velocity: a “velocity excess” [cf. Figure 5 of Michel (1967)], “one-
sided Alfvénic fluctuations” (Gosling et al., 2009), or “pulsed
Alfvénic fluctuations” (Gosling et al., 2011). An example with
three switchbacks appears in Figure 5, where 0.1 day = 2.4h
of measurements from the Helios 1 spacecraft at 0.31 AU are
plotted. The switchbacks are labeled in red. Figure 5 (bottom
panel) plots the direction of the magnetic field with respect
to the local Parker-spiral direction: the switchbacks are noted
by the reversal of the field from the Parker-spiral direction.
Figure 5 (bottom panel) plots the radial proton flow velocity,
which is locally increased within each switchback. A sketch of a
magnetic switchback appears in Figure 6, where the flow within
a folded flux tube is examined. With the magnetic structure of

the solar wind moving en mass outward from the Sun faster
than the average proton plasma flow (cf Section The Motion of
the Magnetic Structure through the Solar-Wind Plasma), in the
reference frame of the magnetic structure there is a Sunward
flow of plasma within the magnetic structure that is locally field
aligned (red arrows in Figure 6). Where there is a fold in the
magnetic structure, the flow within the structure is locally anti-
Sunward. A spacecraft sees this flow within the field folding as
a local increase in the solar-wind speed. These magnetic and
velocity structures can often be quite small (10’ of Rg), since the
switchback structure seen by the WIND and ACE spacecraft, both
upstream of the Earth near L1, can be very different [cf. Figure
10 of Borovsky (2016)]. Magnetic switchbacks close to the Sun
are presently of great interest for Parker Solar Probe observations
[e.g., (Bale et al., 2019; Kasper et al., 2019; de Wit et al., 2020;
Horbury et al.,, 2020; Mozer et al., 2020b; Rouillard et al., 2020;
Tenerani et al., 2020)].

Near the Sun (0.3 AU) the magnetic field in coronal-hole-
origin plasma tends to be aligned with the Parker spiral direction,
but with increasing distance from 0.3 to 2.3 AU the coronal-hole-
origin solar-wind magnetic field evolves into a less-aligned state
[cf. Figure 13D of Borovsky (2016)].

TYPES OF SOLAR-WIND PLASMA AND
THE INERTIAL-RANGE STRUCTURE

Based on unambiguous collections of solar wind from different
origins on the Sun, Xu and Borovsky (2015) developed a solar-
wind categorization scheme applicable to solar-wind data at 1 AU
[see also (Camporeale et al, 2017)]. The scheme categorizes
solar wind into four types: (1) coronal-hole-origin plasma, (2)
streamer-belt-origin plasma, (3) sector-reversal-region plasma,
and (4) ejecta.

In Table 1 some of the statistical properties of the four types
of plasma at 1 AU are collected. The first 3 rows are the wind
speed, the number density, and the Alfvén speed, with mean
values =+ standard deviations as taken from the OMNI2 data set
(King and Papitashvili, 2005) from the years 1995-2018. Note the
low average Alfvén speed in sector-reversal-region plasma and
the high average Alfvén speed in ejecta. For the inertial range
of timescales the homogeneity (lumpiness) of the plasma, the
magnetic-field orientation, and the Alfvénicity are noted in rows
4-6 of Table 1. Coronal-hole-origin plasma and streamer-belt-
origin plasma are quasi-homogeneous, they have magnetic fields
that tend to be Parker-spiral oriented (plus variations about the
Parker-spiral direction), and they tend to be Alfvénic. [Streamer-
belt-origin plasma is the “Alfvénic slow wind” (ID’Amicis and
Bruno, 2015; Bale et al, 2019; D’Amicis et al., 2019; Perrone
et al, 2020)]. On the contrary, sector-reversal-region plasma
and ejecta tend to be inhomogeneous, with non-Parker-spiral-
oriented magnetic fields, and tend to be non-Alfvénic. A Parker-
spiral magnetic-field orientation is consistent with a plasma
that is continuously emitted from a spot on the Sun; non-
Parker-spiral fields are characteristic of impulsive emission of
plasma from the Sun. Consistent with this is the strahl (row 7
of Table 1): coronal-hole-origin plasma and streamer-belt-origin
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FIGURE 6 | A sketch in the ecliptic plane of a magnetic switchback (folded flux tube) and the associated velocity perturations. The Sun is at the bottom of the sketch.
The sketched structure is approximately Parker-spiral aligned (see r-t coordinates in black). The red arrows are the flow of plasma in the reference frame of the

magnetic structure, with the structure moving at a velocity vinag (green arrow) with respect to the average plasma flow Vpama = Vsw (blue arrow). A spacecraft crossing
the folded flux tube sees a localized increase in the radial flow velocity where the magnetic field is reversed from the Parker spiral.

TABLE 1 | Some systematic differences in the properties of the four types of solar-wind plasma; the values are from the OMNI2 1-AU data set in the years 1995-2018.

Coronal-hole
-origin plasma

Streamer-belt
-origin plasma

Sector-reversal
-region plasma

Ejecta
plasma

Wind speed vy,

562 + 80 km/s

410 £ 50 km/s

339 + 39 km/s

429 + 98 km/s

Number density ngy, 32+1.7cm™8 56+ 32cm3 10.7 £ 6.5cm™2 6.4+57cm™3
Alfvén speed va 73 £19 km/s 51 £13 km/s 30 £ 11 km/s 111 £ 60 km/s
Homogeneity Quasi-homogeneous Quasi-homogeneous Inhomogeneous Inhomogeneous

Field orientation

Parker-spiral aligned

Parker-spiral aligned

Non-parker-spiral

Non-parker-spiral

Alfvénicity High High None Weak
Strahl Unidirectional Unidirectional Absent Bi-Directional
Plasma age at earth tage 76+ 11h 103+ 12h 124 £ 14h 101 £19h
Occurrence rate at earth 23.9% 41.6% 23.9% 11.5%

plasma have unidirectional strahls indicative of one magnetic ~SUMMARY AND DISCUSSION

footpoint on the Sun, sector-reversal-region plasma tends to have

no strahl indicative of no magnetic connection to the Sun, and ~ A coherent picture of the structure of the magnetic field
ejecta often has a bidirectional strahl indicative of both magnetic ~ and plasma of the solar wind in the inner heliosphere
footpoints on the Sun. Row 8 of Table 1 indicates the age of the ~ is being uncovered. Many of the properties of that
plasma at 1 AU (approximated using the velocity of the plasmaat ~ structure —are as yet underappreciated. The multiple
1 AU). Row 9 is the fraction of time each type of plasma was seen ~ properties of the structure that were discussed in
at Earth in the years 1995-2018. These fractions vary strongly ~ this review are summarized in the final paragraph of
through the 11-year solar cycle (Xu and Borovsky, 2015). Section Introduction.
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Examination specifically of the solar-wind spatial structure
leads to a description that differs from the description of physics
common in the solar wind in the literature, that common
description dominated by a Fourier analysis in frequency or
a structure-function analysis of time differences (Viall and
Borovsky, 2020). Some common terminology in the literature
may be biased and not as accurate as another terminology. Five
terminology examples are commented upon.

(1) The term “pressure balanced structure” [e.g., (Riazantseva
et al., 2005)] might be more-accurately replaced by “plasma
boundary”; the term plasma boundary better reflects the
inhomogeneity of the solar wind and the fact that the ion
composition, the specific entropy, the strahl, etc. can change
across the boundary between two flux tubes, whereas a
pressure balanced structure could be created by a localized
heating of the plasma accompanied by expansion. There will,
of course, be pressure balance across a plasma boundary.
The interpretation of plasma number density variations
or magnetic-field-strength variations as a signature of
“compressibility” [e.g., (D’Amicis and Bruno, 2015)] might
be better described as “inhomogeneity” of the solar-wind
plasma, or lumpiness of the plasma.

The high-frequency spectral breakpoint of the solar-wind
representing an “onset of dissipation” in an eddy-cascade
picture of the Fourier fluctuations [e.g., (Gary, 1999)]
might be better described as the “physics of current-sheet
thicknesses” in collisionless plasmas.

)
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Fluctuation properties of the kinetic Alfvén mode, such as polarization of the wave electric
and magnetic field around the mean magnetic field, parallel fluctuation to the mean
field, ratios of the electric to magnetic field, and density fluctuations are analytically
estimated by constructing the dielectric tensor of plasma based on the linear Vlasov
theory. The dielectric tensor contains various fluid-picture processes in the lowest order,
including polarization drift, Hall current, and diamagnetic current. Major discoveries from
the dielectric tensor method in the kinetic Alfvén mode study are (1) identification of the
mechanism of the field rotation sense reversal as a result of competition between the
Hall and diamagnetic currents, (2) behavior of the parallel magnetic field fluctuation (in the
compressive sense). The analytic expression of transport ratios serves as a diagnostic
tool to study and identify the kinetic Alfvén mode in space plasma observations in the
inner heliospheric domain.

Keywords: kinetic Alfvén mode, dielectric tensor, fluctuation properties, energy spectra, plasma turbulence

1. INTRODUCTION

Kinetic Alfvén mode is one of the small-scale variants of the shear Alfvén mode in which the electric
field parallel to the mean magnetic field direction (excited nearly in the electromagnetic fashion)
is balanced against the electron-scale Debye screening when the wavevector becomes nearly
perpendicular to the mean field [1]. The kinetic Alfvén mode is considered to play an important
role in various space plasma environments and is one of the likely fluctuation constituents in solar
wind turbulence. Indeed, various in situ observations of the solar wind plasma and magnetic field
are favorably interpreted as a realization of the kinetic Alfvén mode from 0.1 to 100 Hz in the
spacecraft frame (e.g., [2-8]).

The properties of the kinetic Alfvén mode and its possible realization in solar wind turbulence
has also been investigated in numerical experiments [9-21]. In particular, explicit use of spectral
ratios in order to characterize kinetic-scale fluctuations has been extensively used in recent kinetic
simulations [22-28]. Discussion in Groselj et al. [28] on the wave-like or coherent-structure nature
of the sub-ion-scale fluctuations is of great interest in understanding the solar wind microphysics.

Here we revisit the kinetic Alfvén mode and analytically derive the transport ratios and scaling
laws for the electric and magnetic fields in the spirit of developing useful tools for the wave
mode identification in the spacecraft observations, particularly in view of the inner heliospheric
observations, such as Parker Solar Probe, Solar Orbiter, and BepiColombo’s cruise to Mercury. Our
derivation is based on the dielectric tensor in the kinetic picture, and treat the dielectric tensor
analytically in the leading orders so that the fluid picture properties of kinetic Alfvén mode are
derived from the kinetic treatment. We fill the gap between the kinetic derivation and the fluid
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picture of kinetic Alfvén waves presented in Hollweg [29]
by identifying various terms in the dielectric tensor that are
physically relevant to the fluid picture, such as the polarization
drift, Hall effect, and diamagnetic current.

2. DIELECTRIC RESPONSE FRAMEWORK

2.1. Dielectric Tensor

Our starting point is the dielectric tensor € in the linear
Vlasov theory, which gives the dispersion relation through the
determinant-zero equation for the wave electric field, D(Iz, w) -
E=0,or explicitly (cf. Equation 73, Chapter 10 in Stix [30]),

e — Nj €y €+ NINL Ex
—€xy €y — N? €yz E, | =0. (1)
€xz + N||NL —€yz €77 — NJZ_ E,

Here the dispersion matrix D depends on the refraction indices
Ny = kjc/wo, N, = kic/w, and N = kc/w, and most
importantly, the dielectric tensor €. A total refraction index,
N?=N? +Nﬁ, appears in the diagonal elements in Equation (1).
We use the coordinate system spanning the mean magnetic field
in the z-direction and the wavevector in the x-z-plane (denoted
by k = (kx,0,k,) = k1,0,k))). Frequencies are assumed to be
sufficiently smaller than the ion cyclotron frequency, v < i,
where Q; = eBy/m;. Wavevectors are highly oblique to the mean
magnetic field such that kj <« k; holds.

Essential information on the wave properties is included in the
dielectric tensor, e.g., dispersion relation, fluctuation sense of the
wave electric and magnetic field. The elements of dielectric tensor
for the kinetic Alfvén mode are evaluated in the paper by Lysak
and Lotko [31], which can be simplified in the following way in
the spirit of deriving the fluid-picture property of the wave

1413 @
€xx = —1—-=w
XX Vi 4,u1
2 2 2
c Bkic
1+ — — — 3
Eyy + Vi 2 w2 (3)
1+ ! (4)
€ =
kirbe
62 Qi 3
€&y = lVii -1+ E//q (5)
ik, 3 ki
_ L= taf e — oL 6
€y2 2 kH Vi w ( + 2M1> 2 k” Exy ©
1 ¢ k”
= ——— —Uj. 7
€xz 2 Vi kj_'ul (7)

Here, €4 represents an extended form of the current for the
polarization drift ¢*/ V3 by correcting for the thermal motion in
the perpendicular direction. The argument 1 is defined as u; =
kﬁ_rgi, which is the square of the perpendicular wavenumbers
normalized to the gyroradius of the thermal ions rgi = v/ i
(here vy,; = (kgTi/m;)'/? is the ion thermal speed and €; the
ion gyro-frequency). The plasma beta j is defined for both ions

and electrons in an additive way, B = 2uonkp(T; + Te)/B%.
Quasi-neutrality is assumed, too.

The dielectric tensor method has been used in order to
derive the properties of kinetic Alfvén mode fluctuations [32-36].
For example, Boldyrev et al. [34] presents the dielectric tensor
method for both the kinetic Alfvén and the whistler modes.
Passot and Sulem [36] discuss limits and full expressions for
certain fluctuations. Our approach puts an emphasis on retaining
the thermal correction (finite Larmor radius) to the polarization
current in €y, (Equation 2) and extending the kinetic Alfvén
mode to higher frequencies at about the ion cyclotron frequency
in €yy, €xy, and €y, (Equations 3-6). We also use the notation
with the Alfvén speed in the dielectric tensor using the relation
A/Vio= wgi/ Q?, where wp; and ; denote the ion plasma
frequency and ion cyclotron frequency, respectively.

We treat a low-beta plasma case in deriving the properties
of kinetic Alfvén mode. The diagonal elements of the dielectric
tensor represent the plasma response for three different modes
in the low-frequency domain: €y represents the shear Alfvén
mode (through the polarization drift), €yy the fast magnetosonic
mode, and €,, the ion acoustic mode, respectively. The off-
diagonal elements represent couplings among these modes. In
particular, the first term in €xy represents a coupling of the Alfvén
mode (incompressible mode) with the fast mode (compressible
mode) through the Hall current and the second term a coupling
through the diamagnetic current (see Appendix A for the
comparison with the fluid picture). The off-diagonal elements
relative to the diagonal elements become increasingly more
important at shorter wavelengths. For example, the ratio of
the xy to xx elements increases quadratically as a function of the
perpendicular wavenumber in the dispersive range (retaining the
diamagnetic current and simplifying the dispersion relation into

21212 .2 (3 4 Te
w? = kH VAkJ_rgi (Z + Ta)) as

3 Vi (3 Te\ /2 3.,
~ Ztanf—2 (24 22 1+2K2), 8
2an Va (4+Ti —i—4J_rgl (8)

while the ratio in the MHD range (retaining the Hall term
anc.l simplifying the dispersion relation into w* = kjVa) is
estimated as

g

€xx

h

x~ ©)

NQi 9
T o kHVA'

GXX

The dispersion relation is obtained by decoupling of the fast
mode from the Alfvén mode and solving the determinant-zero
equation for the xx, xz, zx, and zz elements [31].

The dispersion relation of kinetic Alfvén mode is obtained by
decoupling from the fast mode (represented by the yy element)
and solving the reduced equation containing the Alfvén mode
fluctuation or polarization drift (represented by the xx element)
and the parallel electron motion (represented by the zz element):
[ e — Nj GXZJFN”NL] [E"] (10)
) .

GXZ+N”NJ_ EZZ—NJ_ E,

Frontiers in Physics | www.frontiersin.org

May 2020 | Volume 8 | Article 166


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Narita et al.

Kinetic Alfvén Mode

Furthermore, if the coupling term €y, is neglected since the
wavevector is nearly perpendicular to the mean magnetic field,
the determinant-zero condition is obtained as
2 2. _
exerZ—NHEZZ—NLEXX—O, (11)

from which the dispersion relation reads (Equation 2.44 in
Hasegawa and Uberoi [1]):

T.

T./)]

The electron temperature is higher than the proton temperature
in the low-speed solar wind (up to a ratio of 4) and lower in
the high-speed solar wind (down to about 0.7) [37], with a mean
value of T/ T; = 1.64 and a median of T./T; = 1.27 [38].

If the thermal correction is neglected in the polarization
current (i.e., in low-beta plasmas), the dispersion relation is
simplified into the following form (Equation E18 in Schekochihin
et al. [32]; see also Bian et al. [33], or Passot and Sulem [36]):

3
o =KV} [1+h gl<1+ (12)

o’ =kiVy (14K p7), (13)
where ps is ion-sound gyro-radius or sonic Larmor radius
defined as

(14)

The concept of ion-sound radius was introduced in the studies of
magnetic reconnection during the late 1960’s to early 1970’s.

At higher values of beta, thermal correction is needed by
keeping the coupling €y,, and in that case, the dispersion relation
is extended to the following form

3
2 = k2V2|: klrgl|:

The dispersion relation of kinetic Alfvén mode (Equation 15)
is graphically presented in Figurel for different values of
ion beta and propagation angles to the mean magnetic field.
The conventional expression (Equation 12) is valid up to
wavenumbers of k} rgi ~ 3.

Condition of a constant propagation angle (which is
observationally supported by multi-spacecraft wave analyses of
solar wind fluctuations, such as Perschke et al. [39] and Roberts
et al. [40]) is applied in Figure 1. The parallel and perpendicular
components of the wavevector are related to the wavevector
magnitude by kj kcos6 and k; = ksin6, respectively.
Different options are possible to plot the dispersion relations.
For example, the frequency can be divided by the product of
parallel wavenumber and Alfvén speed as w/(kVa) [32]; the
dispersion relation may be simplified into @ o kjjk | irrespective
of wavevector anisotropy [41]; application of critical balance [42];
and intermittency correction [20].

— ki ( kL g)H

(15)

2 — T — T — 1T
10} | i
0 .= 0.01 g
o 101 b 89.9°
~ 10~ T4
3 1o2— ..
,I _3r ............ 1
1 _; TN BTN Y
102 T T
10" 4:=0.01
B 100r o = 88° 8,=0.1
< 107! e
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1074 T BT BT
1072 107" 10° 10
kl rgi

FIGURE 1 | Dispersion relation of kinetic Alfvén mode for different values of ion
beta (top) and propagation angles to the mean magnetic field (bottom).
Electron-to-ion temperature ratio is set to unity.

2.2. Transport Ratios

2.2.1. Electric Field Polarization

Electric field polarization (field rotation sense around the mean
magnetic field) is evaluated by the ratio of the two perpendicular
field components, and can directly be obtained from the
dispersion tensor as follows:

& _ Dx;Dyx — DxxDy, (16)
Ex DyyDy; — Dx;Dyy
_ —(€x, + NllNJ_)fxy — (ex — Nﬁ)fyz (17)

Exy€yz — (€xz + N||NJ_)(6yy - N?) ’

where the dielectric tensor in Equations (2)-(7) is used in
deriving Equation (17). Since the yz element of dielectric tensor
is proportional to the xy element (Equation 6), the polarization
Ey/Ex is proportional to the xy element, Ey/Ex o €xy. Change in
sense of field rotation is hence associated with the competition
between the Hall current and the diamagnetic current.

A more complete expression of the electric field polarization
is shown in Appendix B. Approximation at lower wavenumbers
kirg < 1yetkd; > 1, where di = V5/S; is the ion inertial
length) yields a left-hand polarization (though polarization is
highly elliptic)

Ey .k”di
— ~ 1
Ex k2d2 (18)
cosf
~ i . 19
kd; (19)
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FIGURE 2 | Electric field polarization, parallel electric field, magnetic field
polarization, and parallel magnetic field as a function of the perpendicular
component of wavevector normalized to the thermal ion gyro-radius. lon beta
0.01. Propagation angle 88° to the mean magnetic field. Dashed and dotted
curves are the low-wavenumber and high-wavenumber approximations,
respectively. Electron-to-ion temperature ratio is set to unity. Equations (18),
(80), (36), (45) are used for the low-wavenumber approximation (dashed lines).
Equations (21), (31), (39), (46) are used for the high-wavenumber
approximation (dotted lines).

and approximation at higher wavenumbers (k  rgi > 1) yields a
right-hand sense of polarization:

2
E 3V @ 3
Y o .2 th 2.2
= ~i-—f— (1 - fklrgi> (20)
Ey 4 V2@ 4
4 3
9 Vg @
~ i B tan? 6. (21)
16 Vi Q

Electric field polarization is plotted in the top panel of Figure 2
for the full expression (Equation 17) and the two approximations
(Equations 17 and 21).

Dependence on the propagation angle 6y = tan™'(k /k|)
and the plasma beta (for ions) is displayed in the top panels of
Figures 3, 4, respectively. Electric field has a left-hand rotation
sense around the mean magnetic field at lower wavenumbers and
changes into right-hand rotation sense at k| rgi = v/2/3 >~ 0.816
and above (marked by vertical dotted lines in Figures 3, 4).

The fluid-picture of field polarization is associated with a
simplified version of Equation (17):

propagation angle dependence
,;\ 0'1 T T LB R | : ; T lIllllII T T I|IIII-
w ]
~ ]
= 3
o ]
N’
w . =
N * i
N
LlJ =
|
{ "
x . 89.9°
o) 0.0 oo e wace: e a AT - . 880
< i  85°
g€ -0.1¢ M | L el PR
==
>
{ [
5 Oor
= L
E 1t T p s s eyl PSSR,
1072 107" 10° 10"
kl rgu’
FIGURE 3 | Transport ratios for different values of propagation angle to the
mean magnetic field. The parameter set is taken from Figure 2.

Again, Equation (22) shows that the rotation sense of the wave
electric field depends on the sign of the dielectric response
€xy» which is a combination of the Hall current with the
diamagnetic current.

If the diamagnetic current dominates the dielectric response
(or equivalently, when the perpendicular wavenumber is
sufficiently large and the electron temperature is lower than that

of ions the electric field polarization reduces to that in the
fluid picture,
e
- =- (24)
Ex N2
3w le s 2
= —i-— Tgi 25
29 k2v; 8 29
2
3 w Vi
= —ic— - (26)
2 Q; Vi

Equation (23) can be compared with that obtained from the
fluid-theoretical approach Equation (46) in Hollweg [29]. Note
that Equation (23) is a measure of the out-of-plane component
of electric field (to the plane spanning the mean magnetic field
and the wavevector) relative to the in-plane component. The
inversion of Ey/Ex from Hollweg’s result reflects different choices
of the coordinate system Hollweg’s paper takes the perpendicular
component of wavevector as the y direction, while our paper
takes that component as the x direction. The factor 3/2 in

Ey €xy Equation 23) originates in the different use of temperature.

Ey = N2 (22) Hollweg’s paper uses the temperature through the sound speed

5 ¢s by including both the ion and the electrons thermal motions

~ 2 R ( 1+ = kiﬂ.) (23)  with the respective polytropic index y, while our paper uses

@ik V12\ 2 the temperature through the ion thermal speed. Our paper does
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FIGURE 4 | Transport ratios for different values of ion beta. The parameter set
is taken from Figure 2.

not include the electron thermal effect (such as diamagnetic
drift) in the perpendicular direction. Hollweg’s result is obtained
by replacing 3/2Vt2h,i by c. The factor 3/2 them arises when
considering the longitudinal ion motion in the ion sound speed
(which makes a factor of y 3) and the two perpendicular
components (x and y components) in the ion gyro-motion in the
definition of ion thermal speed (which makes a factor of 1/2).
Field (temporal) rotation is right-hand, which has the same sense
as electron gyro-motion as presented by Gary [43] and Hollweg
[29]. If the Hall current dominates, however, the field rotation
flips to the left-hand polarized sense.

2.2.2. Parallel Electric Field

The parallel component of electric field is obtained in the same
fashion as the polarization in the xy plane. The relation to the
dielectric (or dispersion) tensor is

nysz - DxxDZy

E,
szDzy - nyDzz .

B (27)

Again, the full expression of the ratio E,/Ey is shown in
Appendix B. If the value of beta is sufficiently low, the parallel
ratio E,/Ex is expressed as:

Approximation at lower wavenumbers (k1 rg < 1) is
E T
i ~ ——ekaJ_rZi (29)
Ex
~ —tan@ kl o (30)

and that at higher wavenumbers (k rg > 1) is
3
“+

3 T 3T (I -1
— -+ — |- -+ — )| = X
Ex 2tan6 \ 4 T; 2 4 T; T;

i r gl( kl gl>. 31)

Equations (28), (30), and (31) are displayed in the second panel
of Figure 2. The parallel electric field becomes more significant at
larger wavenumbers, and exceeds the perpendicular electric field
when k rg; > 2, particularly when the wavevector has a moderate
deviation from the perpendicular direction (e.g., 85 and 88° in
Figure 3 irrespective of the values of beta (Figure 4).

The fluid-approach derivation by Hollweg [29] is obtained
as follows:

E, 1

=~

- 1k
E, NN — N” (kl vz - 1) 1%
= (32)
X 2 1k
2 V2
<TT%2 v kBTe) kikL
— II (33)

@ (14K p7)
The low-wavenumber approximation can be derived in a more
simplified way:
Dyx

DZZ

E, Te 2
—_— = ——kyk, 5. 34
E, T, FIkLTg (34)
Equation (34) reproduces the second term (leading term) in
Equation (16) in Hollweg [29]. The parallel electric field
expression E,/Ey enters directly the dispersion relation, and is
essentially proportional to kjk | normalized to the (fictitious) ion

gyroradius using the electron temperature.

2.2.3. Magnetic Field Polarization

Magnetic field polarization is related to the parallel electric
field E,/Ex and the electric field polarization Ey/Ey through
'k x E. By noting that
the wavevector is in the x-z plane, k (k1,0,ky),
define the magnetic field polarization as the imaginary part of
—8Bx /8By because 3By is the most significant component in the
fluctuating magnetic field. In the definition above, the positive
value of imaginary part of —§By /8By corresponds to the left-hand
(temporal) rotation sense around the mean magnetic field in an

the induction equation, 8B =

we

2
& __hk E 1 ;’) - ( _Z k 2r 1) x agreement with the construction of the electric field polarization.
Ex ki 2k Vi & We obtain the magnetic field polarization as follows.
-1
2 -1
k Vi ki ng /Ti dBy Ex ky Ex
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At lower wavenumbers (k) rg < 1), the polarization is obtained
using Equations (18) and (29) as:
( - —k J_rgl> .

In fact, Equation (36) turns out to be a valid expression even
at higher wavenumbers (kL rg > 1) (dashed line in the third
panel of Figure 2). In the fluid picture, when the diamagnetic
current dominates at higher wavenumbers, the magnetic field
polarization is obtained in a simpler way from Equations (26)

8By 1 1

_ ~ (36)
5By

- 1tan@ kd;

and (34):
8By _ 3V @ o
S S k 37
5B, 2 VZQ irg (37)
3 kv
|| th1 (38)
2 w82
where the frequency is approximated to w ~ kVa(l +

klrgi(Te/Ti)l/Z) in Equation (38). The polarization at higher
wavenumbers (k1 7gi > 1) is obtained using Equations (21) and
(31) as:

5B, _
5By

9 Vthl ? tan® 0
6 Vi @3 2 2 3122
Vi ok (1- 3k gl)

17 gi
where the coefficient C is a numerical factor defined as

e V(3 T\ 3, (3, T\ (T -7 (40)
—5<1+i) ‘5+<1+i><i> ‘

Equation (39), however, turns out to be valid only in a narrow

range of wavenumbers (dotted line for 2 < kjrg < 3 in the
third panel of Figure 2). The low-wavenumber approximation
(Equation 36) gives a more practical expression of magnetic
field polarization.

Magnetic field polarization is plotted in the third panel of
Figure 2. The field rotation sense of the fluctuating magnetic
field inherits the polarization of the electric field, that is left-hand
polarized around the mean magnetic field at lower wavenumbers
and right-hand polarized at higher wavenumbers. Turnover
of the rotation sense occurs at kirg = +/2/3 0.816.
The polarization profile is persistent over different propagation
angles (Figure 3) and different values of beta (Figure 4). Another
change in the field rotation sense is associated with the value
of beta and the ratio of electron to ion temperature. See the
full expression of the magnetic field polarization is presented in
Appendix B. A more complete and convenient expression of the
polarization exhibiting the secondary change in the field rotation

(39)

~

sense is
8B L w2 3505
—— =i f—k —1+ ki r;
3By k2V3\< 2T, lg‘)( t T

-

T
(41)

Te 5 w?
(1 + Ekl gl) |:kirg1 (kzlvi —

2.2.4. Parallel Magnetic Field

The parallel component of fluctuating magnetic field §B, in
relation to the in-plane perpendicular component § By is obtained
from the induction equation,

8B,
5By

ke
k-

(42)

Equation (42) can also be derived from the divergence-free
equation for the fluctuating magnetic field, k- 0B 0. The
x component, §By, has the smallest amplitude among the three
components of fluctuating magnetic field since the wavevector is
nearly in the x direction.

The ratio of 6B, to 6By is obtained from the induction

equatlon as
( )
k” EX

Alternatively, it is more useful to estimate the ratio B,/ By over
the in-plane component & B:

ki E
k” Ex

8B,

5 (43)

5B,
5B,

8B, 8By
8By By

(44)

The ratio 8B,/8By at lower wavenumbers is then obtained using
Equations (42) and (36)
( — —k J_rgl> .

And the ratio at higher wavenumbers is obtained using Equations
(42) and (39)

6B, 1

— i 45
5B,  'kd 5

6B, _
5By

9 Vi o tan® 0
16 v 2.2 372 2\
V Q Ck <1 — Zklrgi)

17 gi
The bottom panel in Figure2 displays the magnetic field
polarization as a function of the perpendicular wavenumber
(normalized to the thermal ion gyroradius) for the exact
expression (Equation 43) and the two approximations (Equations
45 and 46). The parallel (or compressive) component of
fluctuating magnetic field is not small but competes against the
out-of-plane (incompressible) component, 8By both at lower and
higher wavenumbers. When the Hall current dominates at lower
wavenumbers, the fluctuation sense of parallel magnetic field is
left-hand polarized around the x direction or virtually around the
wavevector). When the diamagnetic current dominates at higher
wavenumbers, the fluctuation sense is right-hand polarized
around the x direction. The change in the polarization sense
is the same as that of Ey/Ex and —By/Ey. and the turnover
of fluctuation sense occurs at kjrg /2/3 irrespective
of propagation angles (Figure3).  Like the magnetic field
polarization study above, the fitting quality of low-wavenumber
approximation (Equation 45, dashed line) turns out to be valid
even at higher wavenumbers while that of high-wavenumber
approximation (Equation 46, dotted line) degrades at k, rg; > 3.

(46)
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The ratio 6B,/8By can reach a value of about 0.7 at lower
wavenumbers (k75 < 1). The reason for this is that the
electric field polarization Ey/Ex becomes amplified by a factor of
tan 0. The peak wavenumber shifts with the increasing value of
beta (Figure 4), indicating that the compressibility peak at lower
wavenumbers is associated with the Hall current around the ion
inertial length. Note that the ratio of ion inertial length d; to the
thermal ion gyro-radius is di/rgi = +/fi/2 in our definition of
thermal velocity th,i = kg Ti/m;.

In the fluid picture, when the diamagnetic current dominates
at higher wavenumbers, the parallel component of fluctuating
magnetic field is estimated using Equations (37), (42), and (44):

Te 2.2 -
<1+?ikJ_i’gi .

The reversal of fluctuation sense from the low-wavenumber
domain (Equation 45) is clear in Equation (47).

A useful quantity in the observational studies is the squared
ratio of parallel fluctuation to the total fluctuation, which is
approximated to |8B,|?/ |(SBY|2 at wavelengths around the ion
gyro-radius. The y component is dominant among the three
components of fluctuating magnetic field. The magnetic field
compression is estimated using Equation (47) as:

1 Tek2 2\ (48)
+E J_rgi .

Equations (38), (42), and (48) are in a good agreement with the
numerical results, such as hodograms in Pucci et al. [44] and
Vasconez et al. [12].

3kL Vi @
j2 oL Cthi &
2k Vf\ 9

8B,

5B, (47)

2
8B,> _ 18B® 9o o
I8Boall>  18Byl2 4 V2 L
Y A

2.2.5. E-B Ratios

The ratio of electric to magnetic field fluctuations (hereafter, the
E-B ratio) also serves as a useful quantity to diagnose the wave
property. The E-B ratios can be expressed by a combination
of the frequencies, wavenumbers, and ratios of electric field
components. For example, the ratio of Ey to §Bx and that to §B,
are obtained directly from the induction equation:

E
Ty _ @ (49)
8By k”
E 10}
y
—_— = ——. 50
6B, ki (50)
The ratio Ex/dBy is obtained as
B _ BBy 0B -
5By  Ey 8By B,
3 ki E, ) !
= 21—ty (52)
ki ( ki Ex

where Equations (35) and (49) are used in deriving Equation (52).
The ratio E¢ /8B, is obtained, by using Equations (49) and (42), as

& — %&SBX (53)
8B,  Ey 8By 8B,
w Ex
= ——. 54
kL E, (54)
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FIGURE 5 | Ratios of the electric field to the fluctuating magnetic field for

various combinations.

The ratios E,/8By and E,/$ By are, respectively,

B _ BB 5
8Bx  Ex Ey 8By
_ @Bk (56)
k|| Ex Ey
and
B _ BB -
8By  Ey 4By
E ki E,\ 7!
- 31(1——li) . (58)
k” Ex k\l Ex

Absolute values of the E-B ratios are normalized to the
Alfvén speed V, and plotted as a function of perpendicular
wavenumber kjrg in Figure5. Ey/6B, and E,/8By exhibit
a singularity at kirs = +/2/3. Ex/8By is the dominant
component and has a significant contribution when the electric
field energy is divided by the total magnetic field fluctuation
energy, |E|?/(|8By|* + |(SB),|2 + |6B,|?) (Figure 6 top panel).
Ey/8Bx and Ey /8By essentially represent the phase speed in the
parallel and perpendicular directions to the mean magnetic field,
respectively. E,/6By is a measure of parallel electric field, and
dominates eventually the electric field at higher wavenumbers
when plotting |E,|*/(|B|* + [8By|* + |8B,|*) (Figure6
top panel).

The ratio of Ey to 8By is also of great interest because
the both field components are the leading ones in the kinetic
domain. Using the induction equation (Equation 49) and the
diamagnetic current type magnetic field polarization (Equation
37), the ratio Ey /8By (with normalization to the Alfvén speed) is
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FIGURE 6 | Ratios of the electric field energy to the total magnetic field
fluctuation energy (top) and parallel magnetic field energy relative to the total
magnetic field fluctuation energy (bottom).

obtained as

1 E,  E 8B (59
Va 8By, 8By 8By
3 Vthl kyVa Te\ (Te\ "
-+ — — . 60
2 V2 9 4 + T; T; (60)

By introducing tan 6 = k| /kj|, the squared ratio of Equation (60)

is obtained as
3 T\ [T\
-4+ — — . (61
(4+ Ti> (Ti )

Equation (61) indicates that the E, energy spectrum is flatter than
the 6By spectrum by k2 =i? /tan 0 (see section 2.3).

2
EY

1
5B,

9Vth1 1 2 2
4 V2 tan?f L8

2.2.6. Density Fluctuation

The species-wise density fluctuation can be computed through
the continuity equation, wdng + nOS% us = 0, where the flow
velocity g is associated with the wave electric field through the
current den31ty, js = qsnsts, and Ohm'’s law, ]S = O'SE as follows
(cf., Gary [43]),

(€, — I E.

s, = —iwey (62)

SnS

Note that the conductivity is related to the dielectric tensor
through o5 = —iweg (€5 — I). The density fluctuation is linearly
proportional to the electric field (through the tensor operation).
To obtain the squared density fluctuation in an independent way
from the electric field, one may normalize the density fluctuation
to the parallel magnetic field fluctuation,

sn?) B2 Q2 7 E
( 25> (- T‘s k- (€5 — D E|? (63)
mos (OBy)  @ps (OB)

Q2w k- (e, — ) EP?

The ion compressibility is contributed largely by Ey since the
parallel electric field is smaller than the perpendicular one, E, <
Ey, and the ion compressibility is approximated to

4 V4
9 vthl

(8n}) B

n. ((SBﬁ)

1
>

(65)

which essentially agrees with the fluid-derivation except for a
factor of %. This factor is obtained by expressing the temperature
not with the thermal velocity but with the sound speed by
replacing 3wy, ;/2 by ¢ in Equation (14) in Hollweg [29]. One
may extend the expression in Equation 65 by correcting for the
ion thermal motion and multiplying a factor of (1 — 3 /,Ll) on the
right hand side of Equation (65), which reproduces Equation (22)
in Hollweg [29]. The electron compressibility is related to the
parallel electric field. The leading term is k,(e,, — 1)E;, yielding
the electron compressibility in the same form as Equation (65).
The relation of density fluctuation to the Ex component is

V2 d 1 E
C2 ADe kll)\De VABO

51’11

no,i

. kl VA Ex
1
Qi VaBo

(66)

where we introduced the ion inertial length d; = V5 / 2; and used
Equation (34). Equation (66) holds for the electrons, too.

2.3. Spectral Signature

The analytic expressions for the kinetic Alfvén mode properties
are useful in interpreting results from observations and
numerical simulations for kinetic Alfvén turbulence by, e.g.,
Howes et al. [9], Passot et al. [10]), Franci et al. [13], Told et al.
[15], Valentini et al. [19]. Cerri et al. [23], Groselj et al. [26]).
Perrone et al. [21], and Cerri et al. [27]. In some limited cases,
the analytic expressions are also useful to estimate the energy
spectra for the kinetic Alfvén mode, assuming the turbulent
field is primarily composed of linear-mode waves. The ratio of
fluctuation energies of the electric field (|Ex|?, |Ey|?, |E,|?) to
that of the total magnetic field fluctuation (|8 B = |8By|? +
|(SBY|2 +68B,|?) (Figure 6) indicate that the x and z components of
electric field can be expressed by a scaling law. The x component
of electric field to the magnetic field fluctuation is, with the help
of Equation (29), written as:

B IEP .
8Biotall* — |8Byl?
Vi (kyirgi < 1)
x [(Z+ Vi g~

The y component of electric field becomes larger than x at even
higher wavenumbers, and the energy ratio to the magnetic field is
(using Equation 61)

|Ey|? |Ey|? (69)
18Biotatl> ~ 18By|?
2 2.2
Vh,' lf’-
ﬁ (kirg > 1). (70)
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The z component using Equations (29) and (31) as:

|E.|* |E. > 1)
|SBtota1|2 |53y|2
(1) VAR, ry (kirg <1)
X 34 T\ y2p2,2 k 72)
iy T, ) VakTg ( LTgi > 1)

Different scenarios are possible to assess k| in the scaling law:

1. Filamentation. A parallel-propagating Alfvén wave interacts
with a density perturbation in the perpendicular plane to the
mean magnetic field and the wave-wave interaction generates
daughter waves which propagate in highly oblique directions
to the mean field. If the density perturbation has a vanishing
parallel wavenumber, the daughter waves retain the parallel
wavenumber of the pump Alfvén wave (e.g., [45]). In the
filamentation scenario, the parallel wavenumber is a constant,

k| = const. (73)

. Constant propagation angle. Multi-spacecraft observations

indicate that the treatment of constant propagation angle

over a wider range of wavenumbers is a valid assumption for
dominant wave components in the solar wind [39, 40].

ki

= —. 74
tan 6 74)

ki

3. Critical balance. The energy transfer time is modeled as
scale-wise balanced between the eddy turnover time in the
perpendicular plane to the mean magnetic field 7.q
(kiuy)~' (which originates in the fluid non-linearity) and
the Alfvén time scattering time 74 (ky V)t along the
mean magnetic field (which originates in the hydromagnetic
non-linearity):

kJ_l/lJ_ ~ kH VA. (75)
The flow velocity in the perpendicular plane is assumed to
follow the Richardson-Kolmogorov scaling:

o -1/3 173
uL kl 6turb’

(76)
where €, denotes the energy transfer rate in the inertial
range of fluid turbulence, and is modeled as the flow kinetic
energy (proportional to the square of flow velocity, ui)
divided by eddy turnover time (kju 1)~ Combination of
Equation (75) with Equation (76) yields a relation between the
parallel and perpendicular components of wavevector:

ky ~ ki/sLIB, (77)
where L = V3 /e is a integration-scale length of the system
[42].

Figure 7 displays sketches of the energy spectra deduced from
our dielectric tensor method, in particular, using the fluctuation
energy ratios shown in Figure 6. We assume a Kolmogorov-
type spectral slope —5/3 at lower wavenumbers (MHD inertial
range) and an electron-MHD-type spectral slope —7/3 at higher
wavenumbers (dispersive range) as presented in the theoretical
studies [34, 36] as well as in the hybrid Vlasov-Maxwell numerical
study [16]. The small-scale spectrum may be even steeper than
—7/3. For example, a hybrid simulation study by Franci et al.
[13] presents a steepening of the spectral curve from —5/3 in the
MHD domain to —3 in the kinetic domain while a flattening
of the electric field spectrum to a slope of —2/3 or —1 and a
steepening of magnetic field spectrum (steeper than —7/3) are
found in the kinetic range by hybrid simulations by Servidio et al.
[14], Cerri and Califano [46], Cerri et al. [20], and Arzamasskiey
etal. [47]. The observational values of the short-wavelength slope
are, e.g., —2.1 [2], —2.5 [48], and —2.6 [49].

The perpendicular electric field spectrum falls with the same
slope as the magnetic field energy at lower wavenumbers, and
falls more steeply than the magnetic field spectrum by a slope
difference —2. Yet, at sufficiently high wavenumbers (higher
than the wavenumber for the ion gyro-radius), the perpendicular
electric field spectrum exhibits a flattening because the out-of-
plane component (Ey component) becomes more significant than
the in-plane component (Ex component). The perpendicular
electric field spectrum has a slope of —1/3 for the constant
propagation angle and —1 for the critical balance (assuming
that the magnetic field spectrum has a slope of —7/3). The
parallel electric field spectrum exhibits a different sense of the
slope because the parallel electric field spectrum increases rapidly
toward higher wavenumbers. Three different scenarios above
indicate that the slope difference of the parallel electric field
spectrum to the magnetic field spectrum is 2 (filamentation), 4
(constant propagation angle), and 10/3 (critical balance) at lower
wavenumbers, and 0 (filamentation), 2 (constant propagation
angle), and 4/3 (critical balance). Yet, it should be noted that
the Landau damping parallel to the mean magnetic field is not
included in our discussion. The dominance of parallel electric
field energy depends on several details of the system under
consideration, e.g., injection amplitude and separation of scales.
The parallel magnetic field does not exhibit a simple scaling
to the perpendicular magnetic field. The parallel field becomes
enhanced at wavelengths around the ion inertial length and the
ion gyro-radius.

From polarization (or transport ratio) point-of-view, the
steepening of perpendicular electric field spectrum occurs
because Ex fluctuation energy (in-plane component in a
nearly electrostatic sense) becomes smaller than the total
magnetic field fluctuation energy at shorter wavelengths around
the ion gyro-radius. Then E, (out-of-plane component in
a nearly electromagnetic sense) becomes increasingly larger
at even shorter wavelengths and the Ey leads to a flattening
of perpendicular electric field spectrum. Figure5 shows
the competition between Ey and Ey components in terms
of fluctuation amplitudes, and Figure 6 the competition in
terms of the fluctuation energies. A drop of perpendicular
electric field spectral curve at wavelengths close to ion
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FIGURE 7 | Schematic energy spectra for the magnetic field (left) and electric field (right) of the kinetic Alfvén mode in the perpendicular wavenumber domain.
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gyro-radius has, so far, not been clearly identified in the
numerical simulation studies or observations. Possible
explanations include effects of higher-order correction of
the wave properties (through dielectric response) to thermal and
kinetic effects and excitation of other fluctuation modes (e.g.,
linear-mode waves, forced waves by wave-wave interactions,
non-linear mode) that mediate energy cascade of kinetic
Alfvén turbulence. Component-wise transport ratio studies
will help to diagnose the realization of kinetic Alfvén
mode in turbulent kinetic plasmas in the observational and
simulation studies.

Our naive estimate of spectral signature for kinetic Alfvén
turbulence predicts a local minimum of parallel magnetic field
spectrum at wavelengths close to the thermal ion gyroradius.
This is because the electric field changes the rotation sense of
wave field. Hybrid and particle-in-cell simulations [27] show
an evidence for a local minimum of the spectral slope in the
energy spectrum of parallel magnetic field in the perpendicular
wavenumber domain (but not changing the sign of spectral
slope). Note that Figure 7 merely reflects the fluctuation sense
studies presented in Figure 6 on the assumption of two distinct
power-law spectral domains for the perpendicular magnetic
field fluctuations. Yet, increasing sense of the parallel magnetic
field fluctuation and flattening of the perpendicular electric
field spectrum (relative to the perpendicular fluctuation) are
presented in numerical studies by Told et al. [15]. The parallel
electric field spectrum often exhibits a decaying sense of spectral
curve toward higher wavenumbers (e.g., [21]). Growing sense
of the spectrum (with a positive value of spectral index)
is confirmed at lower wavenumbers in the Eulerian hybrid
Vlasov-Maxwell simulations but not in the hybrid particle-
in-cell simulations [22]. The parallel magnetic field spectrum
has the nearly same spectral curve to the perpendicular
magnetic field spectrum, and has a smaller energy density than
the perpendicular magnetic field spectrum (e.g., [21]). The
perpendicular electric field spectrum has a larger energy density
than the parallel electric field spectrum, and the spectral curve
is flatter than the parallel spectrum in the kinetic domain (e.g.,
[21]). Flattening of the perpendicular electric field spectrum
agrees with the hybrid simulation [13, 14, 20, 46, 47], gyro-kinetic

simulation [9], fluid-model simulation [10], and particle-in-cell
simulation [26].

3. LESSONS AND OUTLOOK

Analytic derivation of the kinetic Alfvén mode properties is
presented in the lowest order picture (which reproduces the
transport ratios of the wave in the fluid picture) by assessing the
dielectric response in various directions, such as the polarization
drift, Debye screening, and Hall and diamagnetic currents
and evaluating the transport ratios directly by evaluating the
dielectric tensor. The presented method has a wide range of
applications in the sense that the dielectric tensor method
offers an algorithm to perform higher-order thermal corrections
due to the finite Larmor radius and Alfvén wave couplings
with the fast and ion-acoustic mode (e.g., treating €y, as a
non-zero quantity).

The dielectric tensor method shows that the Hall and
diamagnetic currents contribute to the wave properties
through the off-diagonal dielectric response. The off-diagonal
dielectric response determines the polarization property of
the kinetic Alfvén mode without altering the dispersion
relation significantly.

The (temporal) rotation of electric field is in the electron
gyration sense, right-hand polarized when viewing into the mean
magnetic field direction at a fixed point in space. The field
rotation sense originates in the diamagnetic current in the wave.
Field rotation sense may be reversed when the Hall current
dominates in the (off-diagonal) dielectric response, particularly
when the perpendicular wavenumber is not sufficiently large.

The obtained analytic expressions are simplified by using
approximations, and then are tested against the transport ratios
obtained numerically from the dielectric tensor in Equations (2)—
(7). From a practical point of view, Equations (18), (21), (30),
(31), (36), (45) provide useful tools of fluctuation sense studies,
which can easily be implemented for various data analyses and
applications to further studies.

The analytic expression of the transport ratios will serve as a
useful tool in the spacecraft observations of wave phenomena,
e.g., electric and magnetic field fluctuations in the inner
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heliospheric region by Parker Solar Probe, Solar Orbiter, and
BepiColombo. Even though the measurements are limited to the
magnetic field fluctuations only (e.g., the BepiColombo MPO
spacecraft measures the interplanetary magnetic field during its
7-years cruise to Mercury) the dielectric tensor method offers a
reference model of transport ratios for the kinetic Alfvén mode.

Of course, there could be other modes (both linear and non-
linear modes) contributing to the sub-ion-scale fluctuations in
solar wind turbulence, which may then show different behavior
of the spectral ratios (e.g., [16, 24, 34]) and cause deviations from
the expected kinetic Alfvén mode ratios (e.g., [27]). Numerical
simulations would play an important role to identify the linear
and non-linear modes when the kinetic Alfvén mode evolves into
turbulence and to properly associate the transport ratios with
various wave modes.

Our study is based on the linear-mode wave properties, in
which fluctuation amplitudes are assumed to be sufficiently lower
than the mean magnetic field and the waves do not interact with
one another (otherwise wave-wave interactions can in general
produce forced or pumped waves that differ from the linear mode
of the system. Under what condition the mean magnetic field
may be treated as a homogeneous and time-stationary field will
be an important question when working on the spacecraft data
In the case of strong turbulence, fluid non-linearities (eddies and
coherent structures) play a more important role.
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APPENDIX A: POLARIZATION, HALL, AND
DIAMAGNETIC CURRENTS

Polarization current is expressed by the dielectric response as
€p = c?/V3. The polarization current originates in the ion
polarization drift velocity, for example in the x direction, as

.mjw

_IQ?EX, (78)

Uy =

where m; is the ion mass, q the electric charge of ions. The
polarization current is thus expressed as

Jx = qnitix (79)
.minjw
= —i E 80
B(z) X ( )
.
= —1eoa)V—iEx. (81)

The corresponding conductivity is o},

2
) c
op = —i€w—, (82)
A
and the dielectric response €, is obtained from the conductivity
as

i

€, = —O; 83
P o (83)
2
c
= —. 84
vz (84)

Hall current (for example in the y direction) is associated with
the electric field (in the x direction) through:

1
E, = ——jxBo, 85
y nee]X 0 (85)

where 7, is the electron number density and e the electron charge.
Using the quasi-neutrality, one may interpret the electron density
nearly as ion density, ne =~ n;. Equation (85) then yields the
conductivity in the following form

eny
== 86
Oh By (86)
and the dielectric response as
i
€& = ——o0y (87)
EQw
en;
= —i— (88)
eowBy
2
c Q
= —i——. (89)
Vi@

Diamagnetic current is associated with the pressure
gradient as

j=—. (90)

Using the expression of pressure (for ions) pi = yinikpTi
and estimating the density fluctuation through the continuity
equation with polarization drift and frozen-in magnetic field
([29D)

dn; kx Ex

=—1——=, (91)
nio Qi By

the diamagnetic current in the y direction can be associated with
Ex as

_ YikpnioTi

0 ICEy. (92)
iBg

jy =
The conductivity and dielectric response are, respectively,

vikpnio T

= k2 93
T o =
€4 = ;O'd (94)
€
_ iﬁiz%kﬁrzi. (95)
2 Vo ™8
APPENDIX B: DIELECTRIC TENSOR
CALCULATIONS
The dispersion tensor elements are as follows.
Dyx = €xx — Nﬁ (96)
3 < 3
=—(1- fkﬁ_r;) —N? (97)
i I
V2 4 8
)| @ 3.2 2
Dy = €y (99)
2 Ql
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Dy = —€xy (104)
2 Q 3,509
= —lv—i;‘ ( 1+ szrg) (105)
Dyy = €y — N? (106)
Dy, = €y, (107)
1k,
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2Hy (108)
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2 k\l Vﬁ w 2 LTgi (109)
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Dy = —Dy, (111)
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1 2
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The electric field polarization is evaluated as:
E Dy« Dy, — Dy, D
Ty _ DxxMyz xzyx (114)
Ex  DyDyy — DyyDy,
o _Dyx - DxnyZ/sz (115)
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The parallel electric field in ratio to the in-plane perpendicular
electric field is evaluated as:

& o nysz - DxxDzy (118)
Ex szDzy - nyDzz
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The magnetic field polarization is evaluated using Equations
(117) and (121) as:
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The parallel magnetic field relative to the out-of-plane
component is obtained from Equations(42) to (123) as:
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Using two long data sets analyzed on equal footing, the properties of Alfvénic fluctuations
in the fast (coronal-hole-origin) solar wind and Navier—Stokes turbulence are compared.
A 26.4-s-long interval of hot-wire measurements in the ONERA wind tunnel is used,
and a 71-h-long interval of unperturbed coronal-hole plasma measured by the WIND
spacecraft at 1 AU is used. Similarities and differences between a Navier—Stokes fluid
and the collisionless magnetized solar-wind plasma are discussed, as are differences
between the physical natures of the advecting evolving turbulent fluctuations and the
propagating non-evolving Alfvénic fluctuations. The details of the power spectral densities
of the turbulence and the Alfvénic fluctuations are compared. Statistics of first and second
time derivatives are examined for the wind-tunnel and solar-wind time series, and the
statistics are compared with the statistics of time derivatives of phase-randomized time
series. Using running medians, the statistics of flat spots in the time series of Alfvénic
fluctuations is examined, which is evidence of a cellular structure to the magnetic field
and velocity field. A call for a campaign of expanded coordinated future work is made.

Keywords: solar wind, turbulence, Alfvén waves, heliosphere, coherent structure

INTRODUCTION

A side-by-side comparison is made between Navier-Stokes turbulence measured in a wind
tunnel and Alfvénic fluctuations measured in the fast solar wind. Measurements of the
Alfvénic fluctuations in the fast solar wind are often considered to be measurements of
magnetohydrodynamics (MHD) turbulence (Tu et al.,, 1989; Marsch and Tu, 1990a; Bavassano
and Bruno, 1992; Wicks et al., 2013; Telloni et al., 2019), although the Alfvénic fluctuations have
some properties different from a turbulence. Navier-Stokes fluid turbulence comprised rapidly
evolving advecting structures (eddies) that strongly interact with each other, whereas the Alfvénic
fluctuations in the solar wind propagate en masse through the plasma away from the Sun and are
largely non-evolving.

In the theory of MHD turbulence, Alfvénic fluctuations can only be involved in turbulence if
there are counterpropagating fluctuations in order to enable non-linear interactions (Kraichnan,
1965; Dobrowolny et al., 1980). If there is turbulence acting in the fast solar wind, it is related to
the inward (toward the Sun) propagating Alfvénic fluctuations, which, if they exist, are in the noise
of the measurements (Wang et al., 2018). Relatedly, in the reference frame that moves outward
away from the Sun at the velocity of the Alfvénic fluctuations, the plasma flow velocity component
locally perpendicular to B is in the noise of the measurement, indicating little or no evolution of the
magnetic structure as it propagates outward (Borovsky J. E., 2020a).
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TABLE 1 | Some properties of the wind-tunnel and Alfvénic solar-wind time series
analyzed in this study.

Property Wind tunnel Alfvénic solar wind
Mean flow velocity 20.5m/s 681 km/s
Length of time series 24.6s (505 m) 71h (1.74 x 108 km)

Data time resolution 4 x107°s(0.82mm)  3sforv (2, 040km)
0.09375s for B (64 km)
10% s (7 x 108 km)

0.3 (200km)

Low-frequency breakpoint 1s(20m)

High-frequency breakpoint 1,250 Hz (1.64 cm)

This study will make a systematic comparison of the
properties of Alfvénic solar wind fluctuations with true Navier—
Stokes Kolmogorov active turbulence, asking what is similar,
what is different, and for the properties that are similar asking
why they are similar. As will be pointed out, the Navier-Stokes
Kolmogorov turbulence measurements in the wind tunnel and
the MHD Alfvénic structure propagation measurements in the
fast solar wind are observations of two completely different
processes. Similarities might point to some universal properties.

For a sample of Navier—Stokes turbulence, hot-wire 4 x 107°-
s resolution measurements of the streamwise velocity v from the
return-flow channel of the ONERA S1 wind tunnel at Modane
are used (cf. Kahalerras et al., 1998; Malecot et al., 2000; Gagne
et al., 2004; Podesta et al., 2009). The measurements are taken at
the axis of the 24-m-diameter return channel. No grid is used in
the return channel to generate turbulence; rather, as is the case
for pipe flow (cf. Schlichting, 1979), the turbulence is driven by
a velocity shear across a boundary layer between the wind flow
and the wall (Kim et al.,, 1971). Some of the properties of this
Navier-Stokes-turbulence time series are collected into Table 1.
Applying the Reynolds-number scaling R ~ (Leqdy/Liolmog) "/
(e.g., Equation 7.18 of Frisch, 1995), where Leqay is the large
eddy size (taken to be the low-frequency breakpoint of the power
spectral density), and Lgolmog is the Kolmogorov scale (taken to
be the high-frequency breakpoint of the power spectral density),
with the values Leqqy = 20 m and Lgolmog = 1.6 cm in Table 1, the
large-eddy Reynolds number R for the wind-tunnel turbulence
is estimated as R ~ 1.3 x 10%. Gagne et al. (2004) estimate the
Taylor microscale to be A & 2.8 cm and the Taylor-scale Reynolds
number to be R;, &~ 2,260.

For a sample of Alfvénic fluctuations in the fast solar wind,
a 71-h interval of unperturbed coronal-hole-origin plasmas
measured by the WIND spacecraft at 1 AU is used. The long
sample (13:00 UT on November 4, 2005, to 12:00 UT on
November 7, 2005) of data analyzed is from “Flattop 15” in
Table 1 of Borovsky (2016). In Figure 1, the radial (from the
Sun) flow velocity —v, of the solar wind is plotted as a function
of time for the solar-wind high-speed stream that contains
Flattop 15. The flat top of the -v, plot indicates an interval of
unperturbed fast wind, unperturbed in the sense that it has not
been compressed or rarefacted by interaction with slower-wind
streams. The WIND spacecraft measured the plasma flow vector
v with 3-s time resolution using the 3DP (three-dimensional
plasma) instrument (Lin et al., 1995) and measured the magnetic-
field vector B with 0.09375-s time resolution using the MFI

(magnetic field instrument) (Lepping et al., 1995). Note that the
3DP velocity measurements are noisier than the MFI magnetic-
field measurements, and so some of the analyses will focus on
B instead of v. WIND spacecraft data are supplied in the GSE
(geocentric solar ecliptic) XYZ right-hand coordinate system,
where the direction X points from the Earth to the Sun, Y
points from the Earth duskward in the ecliptic plane, and Z is
normal to the ecliptic plane. During the 71-h interval denoted as
Flattop 15 in Figure 1, the mean values £ standard deviations
for some solar-wind parameters are radial flow speed -v, =
681 & 32 km/s, plasma number density n = 1.47 & 0.26 cm ™3,
magnetic-field strength Biag = 4.47 £ 0.60 nT, Alfvén speed va
= 81.1 & 10.5 km/s, Alfvén Mach number M = -v,/va = 8.6
+ 2.1, ion-inertial length c/wp; = 190 £ 18km, and thermal
proton gyroradius rg = 107 + 27km. To estimate an effective
large-eddy Reynolds number, the Reynolds-number scaling Reg
~ (Leddy/LKolmog)4/ 3 is applied, where the scale size associated
with the high-frequency breakpoint is used for Lyolmog, €ven
though it is not a Kolmogorov scale where viscosity balances the
cascade rate; with the values Leqay = 7 X 10° km and Lkolmog
= 200km in Table 1, the effective Reynolds number R for the
Alfvénic fluctuations is estimated as Reg ~ 1.1 x 10°. At 681
km/s, the transit time of the solar wind (= age of the solar-wind
plasma) from the Sun to 1 AU is ~61 h, which is less than the 71-h
duration of the interval; hence (like a wind tunnel), the beginning
of the Flattop-15 plasma interval was being measured at 1 AU
before the final part of the interval was created at the Sun. This
61-h transit time is also approximately the age of the plasma 7,g,
when it is measured at 1 AU. A large spatial scale for this interval
of coronal-hole-origin solar wind is defined by causality and the
age of the plasma: the spatial scale Lcaus = VA Tage, Which is the
distance an Alfvénic signal can propagate along the mean field
and so represents the “domains of communication” scale size
in the plasma. This value is L = vaTage = MXI d, where d =
1 AU = 1.5 x 10® km is the distance from the Sun to the WIND
spacecraft. It would be associated with a spacecraft timescale
fcaus = szltage = 7.1h. Another large spatial scale in this
plasma is the ~5-h domains of Alfvénicity shown in Figure 14 of
Borovsky (2016); it has been suggested that these domains could
be associated with the large-scale open-flux-funnel structure of
coronal holes. Some properties of this Alfvénic-fluctuation time
series are collected into Table 1.

In making the comparison between the Navier-Stokes
wind-tunnel measurements and the solar-wind fluctuation
measurements, it would be useful to normalize the two data
sets to each other, perhaps by scaling the amplitudes and
the times. Owing to uncertainties, such a normalization is
not made for the present study. One-time scaling could be
based on the correlation time of each time series; however, the
correlation time is ambiguous, and depends on the length of
the time series used for its calculation. A less-ambiguous time
normalization could be based on the timescale of the high-
frequency Fourier breakpoint of the power spectral density of
each time series. The analysis of the two time series in Similarities
and Differences in the Statistics of Derivatives will be based on the
timescale difference from the high-frequency breakpoint of the
two series.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

36

August 2020 | Volume 7 | Article 53


https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Borovsky and Mina

Borovsky and Mina: Alfvénic Fluctuations and Turbulence

| FlattOD 15

800 ‘
p—

7001
g
4
I

6001

x

T

500

WIND 3DP

306 307 308 309 310 311 312 313
Day of 2005
FIGURE 1 | The high-speed stream in November 2005 that contains Flattop 15. The radial-velocity measurements were taken by the WIND spacecraft at 1 AU.
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This article is organized as follows. In Similarities and
Differences in the Medium, similarities and differences between
a Navier-Stokes fluid and the magnetized collisionless solar-
wind plasma are discussed. In Similarities and Differences in
the Fluctuations, similarities and differences in the physical
nature of the fluctuations in Navier-Stokes turbulence vs. the
Alfvénic solar wind are discussed. Similarities and Differences
in the Fourier Spectra examines the similarities and differences
in the power spectral densities of the wind-tunnel Navier—
Stokes turbulence vs. the Alfvénic fluctuations in the fast solar
wind. Similarities and Differences in the Statistics of Derivatives
examines the statistics of time derivatives in the wind-tunnel
Navier-Stokes turbulence measurements vs. the measurements
of the Alfvénic fluctuations of the solar wind. Level Shifts and
Calm Regions examines flat spots in the measurement time series
of the wind tunnel vs. the Alfvénic solar wind. Summary and
Discussion contains a summary of findings and a discussion
about the possible origin of the properties of the Alfvénic
fluctuations. Similarities and Differences in the Medium also
contains a summary. A call for coordinated future work is also
made in Summary and Discussion.

SIMILARITIES AND DIFFERENCES IN THE
MEDIUM

A Navier-Stokes fluid (such as air) is an isotropic medium that
obeys the Navier-Stokes equation for momentum transport

p(3v/dt + veVy) = —VP + pvV2y, (1)

where p is the mass density of the fluid, P is an isotropic
pressure, and v is the kinematic viscosity. In this medium,

momentum is transferred locally from one element of fluid
to the adjacent elements via the stress tensor and via VP. In
transporting momentum long distances, one element transfers
its momentum to a neighbor, which in turn transports its
momentum to its neighbor, and so forth. In the Navier-Stokes
equation, momentum transport occurs at a sound speed ~P/p.

A collisionless magnetized plasma (such as the solar wind) is
anisotropic on global and local scales. It is anisotropic globally
in that the magnetic structure of the plasma can propagate
without evolution in the direction of the global mean magnetic-
field vector (cf. Figure 7.1 of Parker, 1979; Borovsky J. E.,
2020a; Nemecek et al., 2020), and it is anisotropic locally in
that the nature of the forces perpendicular and parallel to the
local magnetic-field vector B differs. In the MHD description of
plasmas, the momentum transport is given by

p(dv/0t + veVy) = —VP+ (1/0)jxB+ pvVv,  (2)
where j is the electrical current density in the plasma. In
the direction parallel to B, the j x B term of expression (2)
vanishes, and the MHD description reduces to the Navier-
Stokes equation (expression 1). A collisionless plasma has fluid-
like properties in the directions perpendicular to B where the
magnetic field constrains the charged particles of the plasma to
orbit the magnetic-field lines together (e.g., Chew et al., 1956;
Parker, 1957), but in the direction along B, the particles of the
plasma travel ballistically. In a collisionless plasma parallel to B,
momentum is transported at the speed of the individual particles
(e.g., ions), and momentum is not shared with neighboring
parcels of plasma. Occasional warnings have appeared about
the use of MHD to describe the collisionless solar wind (e.g.,
Lemaire and Scherer, 1973; Montgomery, 1992). As pointed out
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by Borovsky and Gary (2009), the solar-wind plasma fails fluid-
behavior tests in the parallel-to-B direction. Three examples are
the following. (1) The ballistic-ion behavior along B observed
when the solar-wind plasma and the magnetospheric plasma
are magnetically joined by field-line reconnection (Paschmann,
1984; Thomsen et al., 1987); fluid behavior would produce a local
sharing of momentum and a separation of the two reconnected
plasmas, rather than the long-distance interpenetration of the
ion populations that is seen. (2) The inability of the solar-wind
plasma to form a stationary bow shock when the shock-normal
angle is parallel to the solar-wind magnetic field (Thomsen et al.,
1990; Mann et al., 1994; Wilkinson, 2003; Lucek et al., 2004). (3)
The strictly particle-kinetic dynamics along B of the solar-wind
as it fills in the wake created by flow past the moon (Ogilvie et al.,
1996; Farrell et al., 2002).
This difference is noted as item 1 in Table 2.

SIMILARITIES AND DIFFERENCES IN THE
FLUCTUATIONS

In the Navier-Stokes wind tunnel, the fluctuations 3v are
interacting, “advecting” perturbations with a spatial pattern
that evolves with time. Historically, the fluctuations have been
described as eddies with a range of spatial scales (Tennekes
and Lumley, 1972 sect. 8.2; Frisch, 1995 sect. 7.3); however,
there are also coherent structures in the turbulence such as
vortex filaments (e.g., Belin et al., 1996; Jimenez and Wray, 1998;
Biferale et al., 2010). The eddies are thought to strongly interact
with each other, particularly eddies of similar spatial scales,
producing eddies of smaller spatial scale during the interaction;
those eddy-eddy interactions (along with intermittent-structure
interactions) create a cascade of flow kinetic energy from large
scales to smaller scales (e.g., Argoul et al, 1989; Ch. 6 of
Pope, 2000). Stretching of vorticity structures, important for
both Navier-Stokes and MHD (e.g., Figure 8.4 of Tennekes and
Lumley, 1972 or Moffatt, 2014), is dominant in the eddy-eddy
interactions. Because of the cascade of energy, driving must be
present for the Navier-Stokes turbulent fluctuations to persist.
In the Alfvénic solar wind, the fluctuations 8v and 8B are non-
interacting, “propagating” perturbations with a spatial pattern
that does not evolve. Figure 7.1 of Parker (1979) sketches a
volume of tangled magnetic field embedded in a uniform field
of strength B,. If the plasma is incompressible, Parker points
out that if there are field-aligned flows everywhere within the
magnetic structure, then the volume of tangled magnetic field will
propagate at the mean-field Alfvén speed B,/(47p)"/? without
distortion. Inside the volume, the total field is (B2 + B2)Y/2,
which is greater in strength than B,, and so the Alfvén speed
measured inside the volume B/(47p)!/2 is greater than the mean-
field Alfvén speed B,/(47p)'/2, and so the magnetic structure
moves at a speed lower than the Alfvén speed measured inside
the structure. Borovsky J. E. (2020a) and Nemecek et al. (2020)
have developed methodologies to find the moving reference
frame of the solar-wind magnetic structure relative to the solar-
wind plasma; at 1 AU, they find that the magnetic structure
propagates at about 0.7 v along the Parker-spiral direction

TABLE 2 | A summary of differences between the Navier-Stokes turbulence in the
wind tunnel and the Alfvénic fluctuations of the fast solar wind.

# Navier-Stokes fluid

Alfvénic fluctuations in

turbulence coronal-hole-origin plasma
1 Medium is an isotropic fluid Medium is an anisotropic collisionless
plasma
2 Medium is homogeneous Medium contains magnetic holes and
Alfvénicity domains
3 The fluctuations are advecting The fluctuations are propagating,
interacting structures largely non-interacting structures
4 Structure temporally evolving Interlocking network of non-evolving
structure
5 Interaction timescale teqay ~ Interaction timescale >> Lyctuation/8V

Lfuctuation /8v

6 Fluctuations are locally (near the
measurement probe) generated

7 Energy source is large-scale
shear

8 Fluctuation structure is not
cellular

9 High-frequency breakpoint
location is governed by viscous
dissipation balancing the energy
cascade

10  High-frequency breakpoint

location is mvable

11 High-frequency spectrum is
exponential

12 The power spectrum below the
low-frequency breakpoint
decreases with decreasing

frequency

13  Coherent structure is restricted
to the high-frequency end of the

inertial subrange

Fluctuations are generated nearer to
the Sun than the measuring
spacecraft

Energy source is argued to be
lower-frequency Alfvénic fluctuations
from the Sun

Fluctuation structure is cellular and
tube-like

High-frequency breakpoint is
governed by thicknesses of strong
current sheets

High-frequency breakpoint location is
fixed by the plasma properties
High-frequency spectrum is a power
law

The power spectrum below the
low-frequency breakpoint increases
with decreasing frequency

Coherent structure occurs throughout
the inertial subrange

relative to the proton plasma of the solar wind, where v, is the
local Alfvén speed within the magnetic structure. In Figure 2 of
Borovsky J. E. (2020a), the velocity of the magnetic structure is
plotted as a function of time for Flattop 15. In 1-min resolution
measurements of magnetic fluctuations at 1 AU, the angular
spread of magnetic-field directions about the Parker-spiral
direction is about 40° (cf. row 1 of Table 1 in Borovsky, 2010a).
Hence, B; = B, tan(40°) = 0.84 B,. Thus, B = (B(ZJ + B%)l/2 =13
Bo, and so the structure moving at the Alfvén speed of B, moves
at about 1/1.3 = 0.77 times the measured Alfvén speed of B. In
the reference frame of the magnetic structure, the proton flow
vector v is everywhere parallel to the local magnetic field B, and
the flow components in the structure change as the field direction
spatially varies in the magnetic structure. Note, however, that the
a-particle “beam” of the solar wind is approximately at rest in
the reference frame of the magnetic structure (Nemecek et al,,
2020). In the reference frame of the magnetic structure, the
magnitude of the perpendicular component of the plasma flow
vector is consistent with measurement error: the magnitude of
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the measured values of v, is consistent with a purely parallel-
to-B velocity v|; and the uncertainty in the parallel-to-B vs.
perpendicular-to-B directions owing to the angular variation of
the direction of B during the time required to obtain a vector
v measurement. Such perpendicular-to-B flows would signify
an evolution of the propagating magnetic structure, but the
measurements do not support the observation of evolution. Note
that measurements of the third-order Elsasser moments show
evidence of an evolution of the Alfvénic fluctuations of the fast
solar wind indicated by a non-zero energy-cascade rate in the
fluctuations (e.g., Sorriso-Valvo et al., 2007; MacBride et al., 2008;
Stawarz et al., 2010; Podesta, 2011).

There are two other aspects of the solar-wind Alfvénic
fluctuations that differ from the Navier-Stokes fluctuations.
The parallel-to-B flow of plasma in the reference frame of
the magnetic structure gives rise to (1) flow jets at magnetic
switchbacks, which produce (2) a solar-wind speed that has a
skewed distribution. In the reference frame of the magnetic
structure, the proton flow is toward the Sun: at locations
where there are localized magnetic-field foldings (denoted as
switchbacks or field reversals), the flow is anti-Sunward in the
reference frame of the magnetic structure. Going to the reference
frame of a spacecraft, which sees the magnetic structure moving
outward along the Parker-spiral direction, the spacecraft will see
a faster proton flow velocity in the magnetic-field switchback
than in the surrounding regions: this localized fast flow gives the
impression of a flow jet (Kahler et al., 1996; Balogh et al., 1999;
Neugebauer and Goldstein, 2013; Borovsky, 2016; Borovsky J. E.,
2020d). As seen by a spacecraft, the solar-wind bulk flow velocity
depends on the direction of the magnetic field. This gives rise to
the phenomena of one-sided variations of the solar-wind speed
(Gosling et al., 2009; Matteini et al., 2014).

These differences are noted in Table 2 as items 3 and 4.

In the wind tunnel data, the pattern of evolving fluctuations
is advected past the probe at a large velocity v, ~ 128v. In the
WIND spacecraft measurements of Flattop 15, the pattern of
Alfvénic fluctuations is advected past the probe at a large velocity
Vo ~ 218v.

The Navier-Stokes wind-tunnel turbulence fluctuations are
characterized by a velocity perturbation 3v on a mean flow v,,
whereas the Alfvénic solar-wind fluctuations are characterized
by a velocity perturbation 3v and magnetic-field perturbation
3B on a mean flow v, and mean magnetic-field vector B,. In
the Alfvénic fluctuations, 8B(¢) and 8v(¢) are highly correlated
(for a toward-the-Sun mean magnetic field direction) or highly
anticorrelated (for an away-from-the-Sun mean magnetic field-
direction). In the full Flattop-15 data set, the 3-s data correlation
coefficients are Reorr = 0.847 for vy<>By, 0.880 for vy<>B,, and
0.888 for v,<>B;, using 15-s changes in the vectors. For Alfvénic
fluctuations, it is convenient to describe v and B in terms of the
outward-propagating and inward-propagating Elsasser variables
Zouwt = + sb and Zi, = v — sb, where b = B/(47p)!/? is the
magnetic-field vector normalized to the Alfvén speed and the
sign s = —1 for toward magnetic sectors and s = +1 for away
magnetic sectors. The Alfvénic fluctuations of the fast solar wind
are described by Zoy, with the values of Z;, in the noise of the v
and B measurements (Wang et al., 2018).

An important difference between the turbulent fluctuations
in the wind tunnel and the Alfvénic fluctuations propagating
outward in the fast solar wind at 1 AU is that the wind-tunnel
fluctuations are locally generated near the measurement location,
whereas the Alfvénic fluctuations have been generated closer to
the Sun and propagated to the measuring spacecraft at 1 AU. It is
argued that the source of channel-flow fluid turbulence is large-
scale shear in the flow (cf. Ch. 7 of Pope, 2000); in the solar wind,
it has been argued that the energy source of the inertial-range
turbulent fluctuations is lower-frequency outward-propagating
Alfvénic fluctuations that originate at the Sun (Horbury et al,,
1996; Zank et al., 1996; Smith et al., 2001; Vasquez et al., 2007;
Bruno et al., 2019). These differences are noted in Table 2 as items
6and?7.

Four other differences between the solar-wind Alfvénic
fluctuations and the Navier-Stokes turbulent fluctuations are
described in the following four paragraphs.

(1) The pattern of fluctuations in the solar wind represents
a cellular spatial structure wherein the magnetic field
undergoes a strong directional change across a “directional
discontinuity” (strong current sheet) and then the magnetic-
field directional variations are relatively small for an interval
of time until another directional discontinuity is crossed.
This pattern represents a magnetic cellular structure or
flux-tube structure of the plasma wherein the directional
discontinuities (current sheets) are the cell walls, and the
intervals of small directional changes are the interiors of the
cells (cf. Bruno et al., 2001; Borovsky, 2008). The fact that the
flux-tube walls of the solar wind also coincide with intensity
changes of the intensity of the solar-wind electron heat flux
(electron Strahl) (Borovsky J. E., 2020b) implies that the
flux-tube structure has a long-distance coherence going from
1 AU back toward the Sun. In the Alfvénic solar wind, the
velocity fluctuations also have this cellular spatial structure
because, in the reference frame of the magnetic structure, all
flow velocities are parallel to B (Borovsky J. E., 2020a). This
is noted in Table 2 as item 8.

The solar-wind Alfvénic fluctuations exhibit matching pairs
of current sheets wherein the field and flow vectors B(t) and
v(t) are quasi-steady with a particular orientation, then B
and v both undergo a sudden change in orientation across
a first current sheet, and then after an interval of time, B
and v suddenly return to their original orientations across
a second current sheet. Two examples of this appear in
Figure 2 [and other examples can be found in the literature
(e.g., Gosling et al., 2011; Arnold et al., 2013)]. The event in
the left-hand panel has a total duration of 16 s (from the first
current sheet to the matching current sheet), with 144 s of
data plotted. The event in the right-hand panel has a total
duration of 5.5 min with 12 min of data plotted. The velocity
components measured by the WIND spacecraft are plotted
in red, and the magnetic-field components b (normalized
to the Alfvén speed b = B/(47p)Y/2) are plotted in blue.
In all panels, the locations of the two current sheets are
marked with green arrows. Note the strong correlations in
the temporal behaviors of v and B (that is what is meant by

2)
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FIGURE 2 | Two examples of paired current sheets, one with an event duration of 16 s (left panel) and one with a duration of 5.5 min (right panel). The velocity (red
curves) is measured with 3-s time resolution and the magnetic field (blue curves) is measured with 0.09375-s time resolution. The two current sheets marking the
beginning and end of the event are indicated in each panel with green arrows.
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the fluctuations being “Alfvénic”). In both panels, the v and
B vectors have the same orientations before current sheet “1”
and after current sheet “2,” but different orientations between
the current sheets. Such matching pairs of current sheets are
common in the Alfvénic fluctuations of the fast solar wind
and lead to a statistically non-randomness of the temporal
changes of the magnetic-field direction at 1 AU (cf. Figure 10
of Borovsky J. E., 2020c¢).

The fast Alfvénic plasma of coronal-hole origin exhibits
“domains of Alfvénicity” wherein the v(t) <> B(t) correlation
coefficient is very high for a temporal interval, then a non-
Alfvénic (poorly correlated) transition of v and B occurs,
and then another subsequent highly correlated v(t) <> B(¢)
temporal interval commences. For Flattop 15, the domains
of Alfvénicity are plotted in Figure 14 of Borovsky (2016). At
1 AU, typical durations of a single domain are a few hours.
These domains of Alfvénicity seen in coronal-hole-origin
solar wind may be associated with open flux funnels in the
downflow lanes at the edges of supergranules on the Sun
(Dowdy et al., 1987; Tu et al., 2005; Peter, 2007; Kayshap
et al, 2015), or they might be associated with magnetic

(4)

separatrices in the corona (Burkholder et al., 2019). This is
noted in Table 2 as item 2.

The fast solar wind also exhibits magnetic holes (Turner
et al., 1977; Winterhalter et al., 2000; Neugebauer et al.,
2001; Amariutei et al., 2011), which are spatial regions of
various sizes wherein the magnetic-field strength is locally
much reduced from the average value. In most of the
Alfvénic fluctuations of the solar wind, the direction of the
magnetic-field vector B can vary by up to 180°, whereas the
strength of the magnetic field Byag essentially does not vary.
Figure 3 shows an example of a magnetic hole in Flattop
15. Figure 3A plots the magnetic-field strength (blue), the
Alfvén speed (green), and the proton-beta B, = 8nnkg Ty /B>
(red) as functions of time for 9min of observations.
Figure 3B plots the magnetic pressure B?/8m, the proton
pressure nkgT}, and the electron pressure nkgTe, with
the electron properties measured by the SWE (Solar Wind
Experiment) instruments (Ogilvie et al., 1995) onboard the
WIND spacecraft. Note in Figure 3B the hint of pressure
balance at the magnetic hole where the magnetic pressure is
decreased within the magnetic hole and the particle pressures

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

40

August 2020 | Volume 7 | Article 53


https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Borovsky and Mina

Borovsky and Mina: Alfvénic Fluctuations and Turbulence

are increased. In Fourier analysis of the Bi,g(t) time series
and of the number density n(t) time series, magnetic holes
contribute Fourier power to the spectral density where
the interpretation of the Fourier power is the degree of
compressibility of the solar-wind fluctuations (e.g., Marsch
and Tu, 1990b; Goldstein and Roberts, 1999), but the true
origin of the power is not in compressions or rarefactions.
Note that a magnetic hole with a timescale ¢ contributes
Fourier power at all frequencies. Likewise, magnetic holes
make contributions to other Byag and n statistics where
they can be interpreted as compressions (Hnat et al., 2005;
Matteini et al., 2018). The origins of magnetic holes are not
known, and it is a matter of choice to consider them to be a
property of the fluctuations (this section) or a property of the
medium (Similarities and Differences in the Medium). This
difference is noted in Table 2 as item 2. As pointed out in
Borovsky J. E. (2020d), the descriptor “compressible” might
be more accurately replaced by “inhomogeneous”.

SIMILARITIES AND DIFFERENCES IN THE
FOURIER SPECTRA

In Figure 4, the power spectral densities for the streamwise
velocity in the ONERA wind tunnel (Figure 4A), the radial
proton-plasma velocity component of the solar wind in Flattop
15 (Figure 4B), and the radial component of the solar-wind
magnetic field (Figure 4C) are plotted. The power spectral
densities are calculated from the time series of measurements
using the periodogram method (Cooley et al., 1970; Otnes and
Enochson, 1972), with the power spectral density being the
square of the Fourier transform. Data that are not a factor of 4
below the Nyquist frequency are not plotted. Data gaps in the
time series are linearly interpolated.

The Inertial Subrange

In Figure4A, the inertial subrange of the Navier-Stokes
turbulence spans the frequency range from about 1 to 1,250 Hz,
and in Figures 4B,C, the inertial subrange of the Alfvénic solar-
wind fluctuations spans the frequency range from about 10~* Hz
(or lower) to 0.3 Hz.

Both the Navier-Stoke turbulence and the Alfvénic solar wind
have power spectral densities that are power laws in the inertial
subranges. In Table 3, the power-law spectral slopes for the
spectra plotted in Figure 4 are collected, with information about
the frequency range used for the power-law fits.

The power-law spectral index of Navier-Stokes turbulence
is well-known to be associated with a cascade of fluctuation
energy from larger-scale size fluctuations to smaller-scale size
fluctuations (cf. section 8.3 of Tennekes and Lumley, 1972;
section 5.1 of Frisch, 1995). A power-law spectrum is interpreted
as scale invariance or scale similarity (e.g., section 7.3 of Frisch,
1995).

In the Alfvénic solar wind, the inertial-range spectral index
of the magnetic power spectral density and the inertial-range
spectral index of the velocity power spectral index differ, with the
velocity spectra being systematically shallower than the magnetic
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FIGURE 3 | An example of a magnetic hole (denoted in purple) during Flattop
15. Nine minutes of WIND spacecraft data [plasma properties in panel (A) and
pressures in panel (B)] are plotted, and the duration of the magnetic hole as
seen by WIND was 130s.

spectra (Podesta et al., 2007; Tessein et al., 2009; Borovsky, 2012).
The amplitude and the spectral slope of the solar-wind magnetic
power spectral density in the inertial range is determined by
the amplitudes and occurrence distribution of strong current
sheets (directional discontinuities) in the solar-wind plasma
(Siscoe et al., 1968; Sari and Ness, 1969; Borovsky, 2010b),
which are coherent structures. Because 8v and 3B are strongly
correlated in the Alfvénic solar wind and because strong velocity
shears occur at the sites of strong current sheets, it is almost
certainly the case that the amplitude and the spectral index of
the velocity power spectral density of the Alfvénic solar wind will
be determined by the amplitudes and occurrence distribution of
intense velocity shears in the solar-wind plasma. The strength
of the contribution of coherent structures in the Navier-Stokes
turbulence to the Navier-Stokes inertial-range power spectral
density is not known.

The energy-transfer timescale in Navier-Stokes turbulence
goes as the eddy turnover time Teqdy = Leddy/dv, where Legqy is
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FIGURE 4 | Periodogram power spectral densities for (A) the streamwise
velocity v in the wind tunnel Navier-Stokes turbulence, (B) the radial (from the
Sun) velocity v for the Alfvénic solar wind fluctuations of Flattop 15, and (C)
the radial component of the magnetic field B for the Alfvénic solar wind
fluctuations of Flattop 15.

TABLE 3 | Spectral fits in the inertial subrange.

Index Fit range Data resolution used
v —1.625 5to 500 Hz 4%x1075s
By —1.561 108 t0 107" Hz 0.09375 s
By -1.607 1078 t0 107" Hz 0.09375 s
B, —1.548 108 t0o 107" Hz 0.09375 s
Trace B —1.570 10%t0 107" Hz 0.09375 s
Vy —1.404 10%1t04.16 x 1072 Hz 3.0s
Vy —1.511 107310 4.16 x 1072 Hz 3.0s
Vz —1.462 1073 t0 4.16 x 1072 Hz 3.0s
Trace v —1.458 10°104.16 x 1072 Hz 3.0s

a large-eddy scale size at the low-frequency end of the inertial
subrange, and 3v is the rms level of velocity fluctuations (cf.
Section 7.1 of Frisch, 1995). Teqqy is the evolution timescale
(lifetime) of a large eddy. The evolution timescale for the Alfvénic
solar-wind fluctuations can be gauged as 7.y, ~ L1 /8v] where
L, is the perpendicular-to-B fluctuation scale size, and dv
is the perpendicular-to-B fluctuation velocity. In the reference
frame moving with the collective magnetic-field structure, v, is
quite small, in the noise of the velocity measurements (Borovsky
J. E., 2020a. Hence, the evolutionary timescale 7., of the
Alfvénic fluctuations is long, much longer than an “eddy turnover
time.” This is akin to the Elsasser-mode evolution timescale for
the evolution of outward Elsasser fluctuations t°%; ~ L/8Z;
(Bruno and Carbone, 2016) where the amplitude 8Zn; of the
inward Elsasser fluctuations is in the noise of the measurements.
This difference is noted in Table 2 as item 5.

The High-Frequency Breakpoint

Both Navier-Stokes turbulence and the Alfvénic solar wind have
breakpoints in their power spectral densities defining the high-
frequency end of the inertial subrange, with the power spectra
steepening above the breakpoint.

For Navier-Stokes turbulence, the breakpoint is known to
be associated with the cascade of energy to smaller spatial
scales encountering stronger viscous dissipation of fluctuations
at smaller spatial scales. This balance at the breakpoint is at
the Kolmogorov dissipation scale. In Navier-Stokes turbulence,
the breakpoint frequency (or wavenumber) is movable: if
the turbulence is driven harder, the breakpoint moves to
higher frequencies.

For solar-wind power spectra, the location of the high-
frequency breakpoint is fixed by characteristic scale sizes
in the solar-wind plasma: the ion gyroradius and the ion-
inertial length (Leamon et al, 1998; Gary, 1999; Gary and
Borovsky, 2004, 2008; Bruno and Trenchi, 2014). If the
turbulence is driven harder, the frequency (wavenumber) of
the breakpoint does not move. These characteristic plasma
scale sizes represent a transition from fluid-like behavior at
large scales to particle-kinetic behavior at small scales. It is
known that the frequency of the high-frequency breakpoint in
the magnetic power spectra of the Alfvénic fast solar wind is
governed by the thicknesses of strong current sheets in the
solar-wind plasma (Borovsky and Podesta, 2015), another strong
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effect of coherent structure on the power spectral density of the
solar wind.

This difference is noted in Table 2 as items 9 and 10.

The frequency spectrum above the high-frequency break
tends to be exponential-like for Navier-Stokes turbulence (e.g.,
section 8.4 of Tennekes and Lumley, 1972; Sirovich et al., 1994).
For the Alfvénic fluctuations of the solar wind, the frequency
spectrum above the high-frequency breakpoint tends to be a
power law (cf. Figure 4B; Leamon et al., 1998; Alexandrova
et al., 2009; Podesta, 2010; Sahraoui et al., 2010; Chen et al,,
2014; Bruno et al, 2017). For Flattop 15, the fitted magnetic
spectral indices in the 0.5- to 1.333-Hz frequency range above
the breakpoint are —3.39 for By, —3.62 for By, —3.78 for By,
and —3.66 for trace B. The shape and amplitude of the magnetic
power spectral density above the high-frequency breakpoint are
consistent with the Fourier spectra of individual solar-wind
current sheets (Borovsky and Burkholder, 2020), suggesting that
the high-frequency spectra may be governed by the spatial
profiles of the solar-wind current sheets or by physical processes
ongoing within the current sheets. The origin of the solar-
wind high-frequency spectrum is an ongoing research issue, with
dissipation, mode conversion, and current-sheet physics being
considered (e.g., Podesta et al., 2010; Gary et al., 2012; Podesta
and Borovsky, 2016; Mallet et al., 2017). This difference is noted
in Table 2 as item 11.

The Low-Frequency Energy Subrange
At low frequencies, the power law of the inertial subrange ends.

In Navier-Stokes turbulence, the power spectrum rolls over
and decreases in amplitude as f — 0 (e.g., Figure 5.7 of Frisch,
1995; Figure 6.20 of Pope, 2000). The end of the inertial range at
low frequency is associated with a large-eddy scale size, usually
a fraction of the width of the flow channel. The rolling over of
the spectrum indicates an absence of energy in large-spatial-scale
(low-frequency) fluctuations.

For fluctuations in the Alfvénic solar wind, the power
spectrum at the low-frequency end of the inertial subrange bends
to a shallower spectrum that is often characterized by a power-
law index. The Alfvénic solar wind power spectrum increases
in amplitude as f — 0. In long streams of coronal-hole-origin
plasma, it is observed that the magnitude of the magnetic-field
strength B, stays approximately constant (with the exception
of magnetic holes). For the observed Alfvénic fluctuations, 8v is
correlated with 3B such that 8v & £ vA3B/Biag (with the + sign
for toward magnetic sectors and the - sign for away magnetic
sectors). In the magnetic power spectral density, the amplitude
3B is larger at lower frequencies. Eventually, going toward lower
frequencies a point in the power spectra is reached where 8B
A Bmag. The amplitudes 3B of fluctuations at frequencies lower
than this point saturate at 8B A~ Bpag (Villante, 1980; Matteini
et al., 2018; Bruno et al.,, 2019), and this part of the power
spectrum can have a spectral index near f ~!, which is fluctuations
with the same amplitude but with longer scale sizes (longer
periods). The velocity fluctuations also saturate at 8v ~ wvp
because they are tied to the magnetic-field fluctuations. Such
a low-frequency saturation does not occur in Navier-Stokes
turbulence. Certainly, at periods longer than about 1 day, the

solar-wind power spectrum is dominated by surface features on
the rotating Sun, with the differing surface features producing
plasma with differing properties and differing magnetic structure
(e.g., Matthaeus et al., 2007; Borovsky, 2018). It is often argued
that the low-frequency energy-subrange outward propagating
Alfvénic fluctuations are the energy source for the inertial-range
Alfvénic fluctuations (Horbury et al.,, 1996; Zank et al., 1996;
Smith et al., 2001; Vasquez et al., 2007; Bruno et al., 2019; but
see Tu and Marsch, 1995 for a contrary argument).
This difference is noted in Table 2 as item 12.

SIMILARITIES AND DIFFERENCES IN THE
STATISTICS OF DERIVATIVES

First and second time derivatives of the wind-tunnel and
Flattop-15 time series are calculated over timescales At. The
first derivative of a function f(t) is calculated as df/dt = [f(t
+ 0.5At) - f(t - 0.5At)]/ At, and the second derivative of
f(t) is calculated as dzf/dl‘2 = [-(1/3)f(t - At) + (16/3)f(t
- 0.5A1) - 10f(t) + (16/3)f(t + 0.5At) - (1/3)f(t - Av)l/
At2. The occurrence distributions of the first and second time
derivatives of each time series will be compared with the
occurrence distributions of the first and second time derivatives
of a corresponding phase-randomized time series. The phase-
randomized time series are created by (1) Fourier transforming
the original time series, (2) randomizing the phase of each
Fourier sine-cosine pair while preserving the amplitude, and
(3) inverse Fourier transforming the randomized-phase Fourier
transform. This process preserves the power spectral density
of the time series (as approximated by the periodogram) and
approximately preserves the autocorrelation function, which is
the Fourier transform of the power spectral density. Examples of
the original time series (blue curves) and a corresponding phase-
randomized time series are plotted in the three panels of Figure 5.
Note that a phase-randomized time series differs according to the
random numbers chosen. Figure 5A plots 0.5s of wind-tunnel
velocity measurements, and Figures 5B,C plot 2 h of solar-wind
measurements: these durations are a few correlation times. In
Figures 5B,C note the strong correlation between the blue vy and
By curves (similar jumps, maxima, and minima) of the original
time series.

Figure 6 bins time derivatives over a timescale At that
corresponds to a frequency just below the high-frequency
breakpoint of the Fourier power spectral density: At = 3.2 x
10=3 s for the wind tunnel and At = 65 for the solar wind.
These derivatives will correspond to the high-frequency end of
the inertial range. In each panel of Figure 6, the black curve is the
occurrence distribution of the absolute values of the derivatives
measured in the wind-tunnel v, Flattop-15 v, and Flattop-15
B, time series. The red curve in each panel of Figure6 is
the occurrence distribution of the absolute values of derivatives
measured in the same time series after the Fourier phases of
the time series have been randomized. Note in Figure 6 that
the standard deviations of the distributions of first and second
derivatives are the same for the phase-randomized time series as
they are for the original time series. The distributions are plotted
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FIGURE 5 | Comparisons of the measurement time series (blue curves) with randomized-phase versions of the time series for (A) the streamwise velocity v in the
wind tunnel Navier—Stokes turbulence, (B) the radial (from the Sun) velocity vy for the Alfvénic solar wind fluctuations of Flattop 15, and (C) the radial component of the
magnetic field By for the Alfvénic solar wind fluctuations of Flattop 15. The time duration plotted in each panel is a few correlation times.
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FIGURE 6 | Distributions of the measured first time derivatives (A-C) and second time derivatives (D-F) for (A,D) the streamwise velocity v in the wind tunnel
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-3, where X is the sum of i from 1 to N. The red distributions of
derivatives (corresponding to the phase-randomized data) are all
approximately Gaussian. The Gaussian distributions have K ~ 0.
The distributions of |dv/dt| and |d*v/dt?| for the Navier-Stokes
turbulence of the wind tunnel (black curves in Figures 6A,B)
are exponentials, with a weak tail at the end of the exponential.
This non-Gaussianity is an indication of coherent structure in the
time series of the wind-tunnel turbulence (with coherence being
destroyed by phase randomization). The distributions of |dv./dt|,
|dBy/dt|, |d*vy/dt?|, and |d*By/dt?| of the Alfvénic fluctuations
in the fast solar wind (black curves in Figures 6B,C,E,F are all
double exponentials). The second exponentials associated with
the larger values can be interpreted as derivatives measured
at the locations of strong current sheets and velocity shears
in the solar wind, and the first exponentials corresponding to
smaller values can be associated with measures of derivatives
away from the current sheets and velocity shears. Note in
Figures 6B,C,E,F that the weaker derivatives away from the
current sheets and velocity shears are not Gaussian, indicating
coherent structures in addition to the coherent structures of
the strong current sheets and velocity shears. In the panels of
Figure 6, the kurtosis values of the Alfvénic fluctuations of the
solar wind are significantly larger than the kurtosis values of the
Navier-Stokes—-turbulence fluctuations.

In Figure 7, the At = 6-s first and second time derivatives are
examined for the vector components of v and B in the Alfvénic
solar wind of Flattop 15. The derivatives for each randomized-
phase time series (all Gaussian distributions) are also plotted.
Each component of v and of B exhibits double exponential
distributions of the first and second derivatives.

In Figure 8, time derivatives are calculated over a timescale
At that is 10 times longer than those in Figure 6 (At = 3.2
x 1072 s for the wind tunnel and At = 60s for the solar
wind), corresponding to a frequency that is 10 times lower, and
in Figure 9, derivatives are calculated over a timescale that is
100 times longer (At = 0.32s for the wind tunnel and At =
600 s = 10 min for the solar wind). The distributions of Figure 6
correspond to the high-frequency end of the inertial subrange,
Figure 8 corresponds to a factor of 10 lower frequency than
the high-frequency end, and Figure 9 corresponds to a factor of
100 lower frequency than the high-frequency end of the inertial
subrange. In each panel of Figures 6, 8, 9, the black curve is
the occurrence distribution of time derivatives in the original
time series, and the red curve is the occurrence distribution of
time derivatives in the corresponding phase-randomized time
series. The red phase-randomized distributions are all Gaussian.
Note also that the rms values of the black and red occurrence
distribution in each panel are equal.

Figure 6A finds that the |dv/dt| distribution for Navier-Stokes
turbulence near the high-frequency end of the inertial subrange
is exponential-like (with kurtosis of the signed values K =
2.60), indicating the presence of coherent structures. However,
Figure 8A finds that the distribution of |dv/dt| a factor of 10 lower
in frequency is approximately Gaussian (with K = 0.56 for the
signed values of dv/dt), showing an absence of coherent structure
with scale sizes a factor of 10 below the high-frequency end
of the inertial subrange. Consistent with this, Figure 9A shows

an absence of coherent structure in the |dv/dt|distribution at a
frequency 100 times lower than the high-frequency end of the
inertial subrange, with K = —0.11 for the signed values.

This lack of lower-frequency coherent structure is not
the case for the first time derivatives of v, and B, in the
Alfvénic fluctuations of the solar wind. Figures 8B,C, 9B,C, show
persistent exponential distributions of |dv,/dt| and |dB./dt| at 10
times and 100 times lower frequencies than the high-frequency
end of the inertial subrange, with kurtosis values for the signed
first derivatives that are strongly non-zero.

Similar cases are found examining the occurrence
distributions of the second time derivatives in the right-
hand columns of Figures 6, 8, 9. (1) There is an absence of
coherent structure in the wind-tunnel Navier-Stokes turbulence
at frequencies lower than the high-frequency end of the inertial
subrange (although the disappearance of coherence is not as
rapid going down in frequency as was the case for |dv/dt|);
(2) the coherent structure as indicated by the |d*v,/dt?| and
|d?B,/dt?| occurrence distributions persists to at least a factor of
100 below the high-frequency end of the inertial subrange (cf.
Figures 9E,F).

These differences are noted in Table 2 as item 13.

LEVEL SHIFTS AND CALM REGIONS

As discussed in Similarities and Differences in the Fluctuations,
the solar-wind plasma is characterized by a cellular spatial
structure wherein the magnetic field undergoes a strong
directional change across a “directional discontinuity” (strong
current sheet), and then the magnetic-field directional variations
are relatively small for an interval of time. In the Alfvénic solar
wind, the velocity v, which is everywhere parallel to B in the
reference frame of the magnetic structure, also has this cellular
spatial structure (Borovsky J. E., 2020a). In the time series of the
individual components of v or of B, the cell interiors appear as
flat spots (with noise).

In Figure 10, running medians of the wind-tunnel v(f) time
series and of the Flattop-15 By(f) time series are plotted. The
running median of v(t) is over 4 x 1073-s time intervals, and the
running median of B, (f) is over 16-s time intervals: each of these
interval lengths corresponds to a frequency that is about a factor
of 5 below the high-frequency breakpoints in their respective
power spectral densities. The original time series is plotted in
red, and the running medians are plotted in blue. The 2s of
wind-tunnel data plotted in Figure 10A is ~500 running-median
interval lengths, and the 2h of Alfvénic solar wind data plotted
in Figure 10B is about 450 running-median interval lengths. The
shifts in levels, resulting in “flat spots,” can be seen in the blue By
running-median curve in Figure 10B.

To gauge this effect in the Alfvénic solar-wind fluctuations
relative to the Navier-Stokes turbulence, running medians of
the time series are calculated, and then time differences in the
running-median time series are statistically analyzed looking for
an excess of small differences representing flat regions in the time
series. The occurrence distributions of the time differences are
plotted in Figure 11. The red curve is the occurrence distribution
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of 8-s changes in By(t) after the Flattop-15 B (f) time series
is subjected to 16-s running medians. The running median
of 165 is approximately five times the period associated with
the 0.3-Hz high-frequency breakpoint of the B, power spectral
density (cf. Figure 4C). The plotted occurrence distribution is
normalized (horizontal axis) so that the root mean square of
the distribution of differences is unity. For comparison, the
blue curve in Figure 11 is the occurrence distribution of 2 x
10735 changes in v(t) after the wind-tunnel v(t) time series
was subjected to a 4 x 1073-s running median. The running
median of 4 x 1073 s is approximately five times the period
associated with the 1,250-Hz high-frequency breakpoint of the
wind-tunnel v power spectral density (cf. Figure 4A). Again,
the blue plotted occurrence distribution is normalized so that
the root mean square of the distribution of differences is unity.
Figure 11 shows an excess of small differences in the distribution
of By(t) changes in the Alfvénic fluctuations of the solar wind that
are not seen in the v(t) changes of the Navier-Stokes turbulence.
This excess indicates a prevalence of flat regions of the Alfvénic-
fluctuation time series relative to the Navier-Stokes-turbulence

time series. The excess of small differences in B, (t) changes (cf.
Figure 11) can also be seen if running averages are taken instead
of running medians.

This difference is noted in Table 2 as item 8.

SUMMARY AND DISCUSSION

As analyzed in the present study, similarities between the
Alfvénic fluctuations of the fast (coronal-hole-origin) solar wind
and Navier-Stokes turbulence are restricted to the well-known
fact that both exhibit an inertial subrange with (1) a power-
law functional form with similar spectral indices, (2) a high-
frequency breakpoint, and (3) a low-frequency breakpoint. The
differences discussed and found are summarized in Table 2;
the differences cataloged in Table 2 pertain to the medium (1
and 2), to the physical nature of the fluctuations (3-8), and to
the properties of the power spectral densities and statistics of
the fluctuations (9-13). The extensive cataloging in Table 2 of
differences between Navier-Stokes turbulence and the Alfvénic
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fluctuations of the coronal-hole-origin solar wind is unique to the
present study. Difference 13 in Table 2 is a new finding.

An outstanding question is why would the inertial-range
spectral properties of the outward-propagating Alfvénic
fluctuations in the solar wind be similar to the properties
of Navier-Stokes turbulence? A related question is how the
outward-propagating structures obtained their properties?
Three possibilities are suggested here. (1) Maybe the outward-
propagating fluctuations are fossils of turbulence at the Sun in
the sense that the structure seen in the inner heliosphere is the
relaxation of an MHD turbulence near the Sun to an Alfvénic

state (e.g., Dobrowolny et al., 1980; Matthaeus et al., 2008; Telloni
et al,, 2016). (2) Maybe the outward propagating fluctuations
carry the signal of turbulent footpoint and/or reconnection
motions in the corona. (3) Maybe the outward-propagating
fluctuations carry the signatures of non-linear interactions
that occurred when non-Alfvénic perturbations near the Sun
propagate apart into non-evolving Alfvénic perturbations (cf.
Section 7.1 of Parker, 1979). Note that Smith et al. (2009) and
Stawarz et al. (2010) have suggested that an inverse cascade is
ongoing to enforce the dominance of outward propagation in
the fast solar wind.
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In the present study, two distinct types of fluctuations
were analyzed on equal footing with a few different analysis
techniques. The differences in the fluctuation properties from
the Navier-Stokes fluctuations cited in the present study are
specific to the highly Alfvénic fluctuations in coronal-hole-origin
plasma: for other types of solar-wind fluctuations in other types
of solar-wind plasma, these specific properties and differences
(e.g., Table 2) do not hold. For the future, there are more types of
classical solar-wind data sets and more analysis techniques that
can be applied. A future challenge would be to bring together
experts in different analysis techniques to simultaneously analyze
the various data sets that are characteristic of the different types
of solar wind and the different types of solar-wind fluctuations.
The two data sets used here are (1) Navier-Stokes turbulence
in a wind tunnel and (2) Alfvénic fluctuations in the fast
(coronal-hole-origin) solar wind. A third data set would be (3)

Alfvénic fluctuations in the slow (streamer-belt-origin) solar
wind (e.g., D’Amicis and Bruno, 2015; D’Amicis et al., 2016,
2019; Borovsky et al, 2019), and a fourth data set would
be (4) non-Alfvénic slow wind. Candidate long-duration data
sets are available in the collection of long pseudostreamer
intervals of streamer-belt-origin solar wind that were collected
to develop the Xu and Borovsky (2015) solar-wind plasma
categorization scheme. A fifth data set would be (5) non-
Alfvénic non-Parker-spiral sector-reversal-region plasma. There
are long intervals of this plasma that have been collected for
use in developing the Xu and Borovsky (2015) solar-wind
categorization scheme. Among the analysis techniques that could
be applied to each data set are (a) Fourier power-spectral
analysis, (b) autocorrelation-function analysis, (c) third-order
moments, (d) fractal and multifractal analysis, (e) compressibility
analysis, (f) intermittency studies (wavelet, partial variance
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of increments), (g) running-median analysis, (h) dimensional
analysis, (i) Taylor scale analysis, (j) fractional-derivative analysis,
(k) zero-crossing analysis, (1) peak-valley counting statistics, (m)
current-sheet orientation statistics, (n) event statistics, and (o)
time-series clustering.
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Turbulent density fluctuations are investigated in the solar wind at sub-ion scales using
calibrated spacecraft potential. The measurement technique using the spacecraft potential
allows for a much higher time resolution and sensitivity when compared to direct
measurements using plasma instruments. Using this novel method, density fluctuations
can be measured with unprecedentedly high time resolutions for in situ measurements of
solar wind plasma at 1 a.u. By investigating 1 h of high-time resolution data, the scale
dependant kurtosis is calculated by varying the time lag + to calculate increments between
observations. The scale-dependent kurtosis is found to increase towards ion scales but
then plateaus and remains fairly constant through the sub-ion range in a similar fashion to
magnetic field measurements. The sub-ion range is also found to exhibit self-similar
monofractal behavior contrasting sharply with the multi-fractal behavior at large scales. The
scale-dependent kurtosis is also calculated using increments between two different
spacecraft. When the time lags are converted using the ion bulk velocity to a
comparable spatial lag, a discrepancy is observed between the two measurement
techniques. Several different possibilities are discussed including a breakdown of
Taylor’s hypothesis, high-frequency plasma waves, or intrinsic differences between
sampling directions.

Keywords: plasma turbulence, intermittancy, solar wind, coherent structure, plasma

1. INTRODUCTION

The solar wind is an excellent example of turbulent plasma where disordered fluctuations are observed
in velocity, temperature, and density as well as in electromagnetic fields [1-5]. At large scales, a fluid
description of the plasma is valid and fluctuations transverse to the mean magnetic field direction
dominate. This region is often termed the inertial range, where magnetic fields and density are often
observed with a power spectral density that has a —5/3 spectral index [6-8]. However, the presence of
several different species (protons, electrons, and heavy ions), each with their characteristic scales,
causes several different distinct ranges to be present in the plasma [9-11]. When fluctuations approach
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proton scales, kinetic effects become important, the magnetic
spectra steepen [7], and fluctuations become more compressive
[12]. In this range, usually called sub-ion range, the Kolmogorov-
like phenomenology can be adapted using Hall-MHD and kinetic
models. These predict different spectral scaling exponents, typically
near the observed values ~ — 8/3 (see e.g., Ref. [13]). There are also
observations and numerical simulations that suggest the third order
law based on Hall MHD is valid, supporting the hypothesis that
there is another fluid like cascade in this region [14, 15]. However,
the additional presence of kinetic effects, such as Landau damping
[16] suggest that another fluid like cascade is not completely
sufficient to describe the phenomenology. At smaller scales
electron kinetic effects become important and the morphology of
the magnetic spectrum is unclear [17-20]. At the sub-ion scales,
density measurements are challenging due to the need for high time
resolution. Investigating density fluctuations can be especially
taxing due to the lower (compared to instruments that measure
fields) sampling rates. One novel way to measure the electron
density at the same time resolution as electric field measurements is
to calibrate the spacecraft potential [3, 21-29]. In the solar wind
typically the two dominant currents to and from the spacecraft are
the photoelectron current I, and the electron thermal current I,. If
all other current sources are small it can be assumed that both of
these currents are equal and have opposite signs. This is typically the
case in the solar wind at 1 a.u. Using lower time resolution electron
density and temperature data from plasma instruments, the electron
thermal current can be calculated as a function of the spacecraft
potential. The variation of the current with the potential can be
modelled by a superposition of exponential functions. By using the
obtained model and the direct measurement of electron
temperature the electron density can be derived from the
spacecraft potential.

Turbulent flows tend to develop vortices or eddies, which are
intermittently distributed in the flow [30, 31] and are often
termed coherent structures. Due to the presence of a strong
ambient magnetic field in a plasma, coherent structures
become elongated along the magnetic field direction [20, 32,
33]. Furthermore, the plasma allows other types of structures to
form such as current sheets, flux ropes, or magnetic vortices
[34-38]. These structures are associated with large gradients' in
the measured variables (such as electron density), which are often
investigated by calculating differences of time-lagged or spatially
lagged variables and evaluating their scale-dependent statistics. A
time-lagged increment is defined as:

on, (t,7) = n.(t + 1) — n. (1), (1)

where 7, is the plasma electron density, ¢ is the sample time and «
a time scale where 7> &t where 8¢ is the time resolution.

Similarly, a sp_a)tial lag) between two measurement points at
position vectors 1; and A, are defined as

— — —
8ne</11,2,t) = ne<A1,t> - ne<A2,t)-

'A large gradient may be defined from the statistical properties of the fluctuations
in a time series, i.e., larger than one standard deviation.

@

Intermittency in the Solar Wind

To quantify how intermittent a given time interval is, higher-
order statistics of increments such as the kurtosis are calculated.
Kurtosis is defined as;

(dnty
K= 5
(on2)?

3)

and measures the deviation of a probability distribution
function from being Gaussian, specifically how heavy the tails
of the distribution are. For a Gaussian process, the kurtosis is
equal to three. An intermittent signal would be expected to have a
scale dependence in the kurtosis [e.g., 39-42] and a departure
from self-similar or monofractal scalingz’ [43-46].

Previous studies in the solar wind have shown that the kurtosis
of magnetic and velocity fluctuations do exhibit a scale
dependence in the inertial range [47, 48], suggesting that the
inertial range is strongly intermittent. Furthermore, magnetic
field measurements also indicate that this range is characterized
by multifractal behavior, a standard framework to model
intermittency [12, 44]. Different components of the magnetic
field have also been shown to have different intermittency
properties. The component of the magnetic field along the
mean-field direction (also termed the compressive component)
has also been shown to be more intermittent at large scales [49]
when compared to the transverse components. This was
interpreted as a combination of the transverse fluctuations
phases being randomized by large scale Alfvénic fluctuations,
in effect reducing the kurtosis’. Meanwhile, in the large scale
compressive component, Alfvénic fluctuations have very little
effect as they are incompressible. Additionally, compressible
coherent structures are more prevalent causing the kurtosis to
be larger. At smaller scales below proton characteristic scales,
there are conflicting observations. In the study of Alexandrova
et al. [13] the kurtosis was found to increase rapidly in the sub-ion
range. This is similar to the result of Chhiber et al. [42] in the
magnetosheath ie., a rapid increase in the kurtosis of the
fluctuations in the sub-ion range. Meanwhile, observations of
Kiyani et al. [44] show that the sub-ion range in the solar wind is
monofractal, juxtaposing strongly with the multifractal inertial
range. Other studies in the solar wind have observed the
fluctuations in density Chen et al. [45] and magnetic field
Chhiber et al. [42] which do not have a strong increase of the
scale-dependent kurtosis in the sub-ion range. A recent analysis
based on empirical mode decomposition concluded that the sub-
ion scale turbulence of density fluctuations is not intermittent
[50]. However, in the study of Sorriso-Valvo et al. [46] different
methods applied to density measurements of the same intervals
yielded different results. The various different results point to the
fact that higher order statistics obtained in plasma turbulence are
not universal, but may depend on the specific interval.

*Throughout this paper, the word intermittency refers to intermittency in fully
developed turbulence, unless otherwise specified.

*It is important to note that coherent structures have constant phase in scale, while
waves have constant phase in time. However waves at different scales will have
different phases and can shuffle the phases at each scale effectively reducing the
cross scale coupling of phase.
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The majority of the studies mentioned have used single
spacecraft measurements and have used a time lag (Eq. 1) to
obtain the fluctuation. This is limited to investigating a single
direction (i.e., along the bulk velocity vector), and also requires an
assumption that the plasma does not evolve over the timescale it
requires to be measured, so that the spacecraft see a one-
dimensional spatial cut through the plasma. This assumption
is termed Taylor’s frozen in flow hypothesis [51]. To avoid
assuming this, multi-point missions such as Cluster and the
Magnetospheric MultiScale mission were developed which
allow increments to be calculated using two different
spacecraft, overcoming the inherent Spatio-temporal ambiguity
associated with single spacecraft observations.

Calculating spatially separated increments defined in Eq. 2 has
the advantage that multiple directions can be sampled, but are
limited to a single scale for a tetrahedral constellation of four
points i.e., six baselines in different direction of size of order [1;,|.
At the distance of the order of tens of kilometers, magnetic field
increments calculated from two points can vary wildly from being
close to Gaussian [42], to being strongly leptokurtic [41].
However, due to magnetic field instrument’s sensitivity in the
sub-ion range, a comparison between time-lagged and spatially
lagged measurements is difficult.

The goal of this paper is to use density fluctuations in the solar
wind estimated from the spacecraft potential on the
Magnetospheric MultiScale mission to obtain an extremely
high time resolution measurement of the electron density [52].
Although there are limitations to this technique, it also has several
advantages, most notably the higher time resolution, fewer data
gaps, and the absence of large errors due to low particle counts.
Using this novel method, density fluctuations can be measured
with unprecedented time resolutions. Such time resolutions are
not possible using plasma measurements, and exceed what has
been done in the current literature with spacecraft potential. This
method applied to the MMS spacecraft allows density
fluctuations to be measured deep into the sub ion range up to
40 Hz. This range of scales has only previously been accessible to
magnetic field measurements in the solar wind [e.g., 12]. Previous
studies of density with spacecraft potential [e.g., 53, 54] have been
limited to ~ 7.5 Hz due to sensitivity or a Nyquist frequency of
16 Hz using a direct measurement [e.g., 40, 46, 55]. The novel
spacecraft potential measurement will be compared to the direct
measurement from the plasma instrument and to the magnetic
field data which are both available but similar to the previous
studies [41, 42] are limited to a smaller range of time scales due to
the limited sensitivity in the magnetic field measurement in the
sub-ion scales. In the following section, we will present the data.
This will be followed by the results of the kurtosis of the density
fluctuations, a discussion and a conclusion.

2. DATA/METHODOLOGY

Data is used from the Magnetospheric MultiScale mission [56]
(MMS) when an hour-long interval of burst mode data in the
slow solar wind was available. The MMS mission consists of four
identical spacecraft in a tetrahedral configuration optimized for

Intermittency in the Solar Wind

studying magnetic reconnection in the Earth’s Magnetosphere.
However, there are also intervals of solar wind plasma which have
been sampled by MMS. The close spacings of MMS of the order of
a few km to tens of km make it an excellent mission to study sub-
ion scale turbulence. A 1-h long burst mode interval is analyzed
here which was previously studied in [42, 57]. The spacecraft are
located at [xgse, Yase> zgse] = [16.5,17.5,6.3]Rg and were not
magnetically connected to the foreshock. The subscript GSE
denotes the Geocentric Solar Ecliptic coordinate system, where
the x component points from Earth towards the Sun, z points to
the North solar ecliptic. This is very far from the nominal bow
shock nose which is approximately at xgsg = 10Rg [58].
Furthermore there are no signatures of backstreaming ions or
electric field fluctuations in this interval [52] and the magnetic
field is predominantly in ygge direction meaning that there is no
connection with the foreshock. The magnetic field is measured by
the fluxgate magnetometers [59] which have a sampling rate of
128 Hz in burst mode and sensitivity which allows the study of
the magnetic fluctuations at inertial (fluid scales) and ion kinetic
scales before noise becomes significant near 5 Hz for this interval.
We do not use the Search coil magnetometer as it is already at the
noise level. The plasma measurements are provided by the Fast
Plasma Investigation’s (FPI) Dual Ion Spectrometers and Dual
Electron Spectrometers and have sampling rates of 6.6 and 33 Hz
respectively [60].

The Spacecraft potential can be used to estimate the electron
density (see e.g., [3, 21-29, 52]). A detailed description of the
calibration process and of the spin removal is presented in [52]. It
is important to note that the spacecraft have a characteristic
charging timescale, and respond to the ambient electron density
after that timescale. Assuming constant photoelectron emission
this time scale is very large of the order of kiloHertz [32]. This is
far outside of our range of interest. Even if we relax the
assumption that the photoelectron emission is constant such
as when large amplitude electric fields are present the charging
timescale is still much larger than the largest scale we survey [61].
Therefore in the solar wind we do not expect any finite charging
effects in the solar wind at these scales. The spin is removed by
constructing an empirical model of the spacecraft charging by
binning the potential based on the spacecraft phase angle. A
model is fitted to the median in each bin and then subtracted. For
this interval, spin effects were present also in the FPI electron
data. These have been removed using the same approach. The
spacecraft potential is calculated from measurements performed
with the Spin Plane Double Probe instruments [62] and has a
sampling rate of 8.192 kHz. The spacecraft potential is measured
from the four spin plane probes. The four measured probe to
spacecraft potentials are averaged to give the spacecraft potential.
If one probe is unavailable ie. for MMS4 due to one probe
becoming unbiased due to a dust strike then the average of two
opposing probes is used rather than all four probes [61, 63, 64].
This results in a difference in the quality of the measurement
when comparing spacecraft 1 through 3 with 4. The electron
density data from FPI the has an upper limit of 3 Hz for electrons
due to Poission noise from finite counting statistics. For the
spacecraft potential we used the upper limit of 40 Hz to avoid
noise from the preamplifier. The limit of 40 Hz was chosen so that
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FIGURE 1 | Measured data from MMS1 during the interval studied. Top panel shows the three magnetic field components and the magnitude. Middle panel shows
the electron density measured from the FPI-DES instrument. Bottom panel shows the electron density measured from the spacecraft potential calibration method.

the signal from the spacecraft potential is three times larger than a
quiet interval when the spacecraft potential is regulated by the
Active Spacecraft POtential Control (ASPOC) instrument [65] is
operating [52].

An overview of the event is given in Figure 1. Both
measurement techniques show good agreement for the
electron density. An important caveat of the spacecraft
potential is that it can be severely affected by dust strikes or
similar inverted signatures discussed by [e.g., 66-68]. These
events are characterized by an abrupt jump or drop in the
density estimation which can affect the calculation of higher-
order statistics [69, 70]. In our sample, there is a sharp decrease in
the potential at one point which is likely due to a dust strike, or an
inverted signature as discussed by [67]. Such strikes, present in
the spacecraft potential data set, are removed here by linear
interpolation as they are not density perturbations intrinsic to
the solar wind. Rather the perturbation in density is the result of
the dust vaporizing on contact with the spacecraft and cause a
density perturbation due to the dust/spacecraft interaction. This
can be seen in the bottom panel of Figure 1. The interval has a low
ion bulk speed of 377 km s™!, a mean electron density from FPI of
8.8 cm ™ and ion and electron plasma beta (dimensionless ratio of
plasma pressure to magnetic pressure) of g; = 0.4 and g, = 0.7.
There are no signatures of large scale events such as
Interplanetary coronal mass ejections in the day before or the
day after the event from OMNI. This means that the interval is
characteristic of typical slow solar wind. It is important to note
that the measurement of the ion temperature is unreliable from
MMS [e.g., 57, 71] and here we use OMNI data [72] for the
calculation of the ion plasma beta.

This interval is a typical example of the slow solar wind. The
spacecraft separations are in the range r € [15,20]km. Based on
Taylor’s frozen in flow hypothesis [51] this corresponds to a
timescale of . € [0.04,0.06] s. When considering inter-

spacecraft fluctuations, the time resolution needs to be
sufficient to distinguish the changes, otherwise some
fluctuation may be advected over the spacecraft before it has
been sampled [e.g., 57]. Out of the three measurements which we
use in this study (magnetic field, electron density from FPI, and
electron density from the spacecraft potential), the lowest time
resolution is the FPI electrons at 0.03 s. This is sufficiently small
so that no blurring of the information occurs when calculating
increments between two spacecraft which are radially aligned
(i.e., along the solar wind bulk flow direction). That is to say
advection time of a fluctuation in the radial direction of 15 km/
377 km/s = 0.04 s which is larger than the time resolution of the
FPI electrons.

3. RESULTS

The power spectral densities of the spacecraft potential-derived
electron density, the trace magnetic field and the magnetic field
magnitude are shown in Figure 2. The frequencies corresponding
to the different spatial scales the ion and electron inertial lengths
(di,d.) the ion and electron gyroradii (p;,p,), as well as the
combined scales [73], are indicated. A typical inertial range
scaling is observed at low frequencies for both the electron
density and the magnetic fluctuations, with a power-law
scaling exponent close to —5/3. Spectral breaks are found by
fitting a power law from either side of the break and is indicated
by the vertical dashed black lines. There is a flattening in the
magnetic field spectra near 5 Hz which is due to instrumental
noise. The decrease at higher frequencies (f > 10Hz) is due to an
anti-aliasing filter and is not of physical origin. The electron
density from the spacecraft potential shows a power law until
100 Hz where the spectrum flattens. In the region above 100 Hz
the spectrum is flat indicating white noise, the kurtosis is 3 (see
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FIGURE 2 | Power spectral densities from MMS1. (A) shows the

electron density from the spacecraft potential, (B) shows the trace magnetic
field from the fluxgate magnetometer (C) shows the magnetic field magnitude
from FGM. The colored lines denote several of the characteristic scales,
while the black dashed lines denote the spectral breaks. The power-law fits
and the break frequencies are indicated on the plots.

Figure 3) at a value of three and the structure functions are also
flat regardless of the order (see Figure 6). This is likely due to
noise and is consistent with the Poisson noise in the electronics

Intermittency in the Solar Wind

[62]. Although, pre-amplifier noise may be significant at smaller
frequencies and has a non-zero spectral index. In order to avoid
noise effects, here we limit our analysis to the range up to 40 Hz.
At jon scales there is a flattening in the central region of the
electron density spectra [45, 74] which we term a transition
region.

Figure 3 shows the scale-dependent kurtosis of the density
fluctuations calculated from both the direct measurement from
FPI and from the spacecraft potential. Both time lags (lines) and
spatial lags (points) are used for this calculation. An unfortunate
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FIGURE 3 | Scale-dependent kurtosis for electron density fluctuations
obtained from the spacecraft potential (A) and FPI (B). The orange vertical line
denotes the region where instrumental noise becomes significant for the two
different measurements. The green horizontal line denotes a kurtosis of

3, characteristic of a Gaussian process. The arrows denote the same
characteristic scales as previously in Figure 2. The lines denote the time-
lagged values from different spacecraft, and the pink data points denote the
kurtosis calculated from two spacecraft measurements. Black-dashed lines
indicate power-laws expected from the scaling of the structure functions, and
are displayed for reference. Error bars are indicated based on 100 bootstrap
resamplings but they are smaller than the plotting symbols.
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consequence of sampling heavily tailed distributions such as
turbulent fluctuations is that some large fluctuations might
significantly alter higher-order statistics. To ensure better
statistical consistency we follow the scheme presented in
Kiyani et al. [70]. This involves removing the largest
fluctuation in the probability distribution function,
recalculating the kurtosis, and repeating until the kurtosis
converges. This has the advantage that outliers from either
side of the heavy tails will be removed, and do not need any a
priori information e.g., the standard deviation [75, 76].
Practically, this does not remove many data points. In our
scheme of convergence we set a maximum limit of at most
0.1% removed data points. The error bars, prevalently smaller
than the symbols, denote the estimated error from one hundred
bootstrap resamplings of the fluctuations.

At the largest scales, the kurtosis «= 3 indicates approximately
Gaussian distributions. There is a bump in the kurtosis at a scale
of 271 ~ 107> km™" which is likely related to the finite signal
length. In the inertial range, the kurtosis increases roughly as a
power law, as expected from the scaling properties of turbulence.
The expected scaling laws are indicated for reference, the
exponents =0.1 being estimated using the structure functions
scaling exponents (see below) and Eq. 4. As the time lags become
smaller near ion scales there is a plateau and then the value of the
kurtosis starts to decrease near the combined electron scale before
the noise floor. The noise floor is indicated by the orange dashed
line at 3 Hz for the FPI data and 40 Hz for the potential data. Both
density measurements show similar scale-dependent kurtoses at
large scales. However, due to FPI data reaching the noise floor
sooner, at a higher frequency they begin to disagree. The time-
lagged measurements from the four spacecraft agree well with
one another. The data points from MMS4 differ slightly in the
spacecraft potential possibly due to the probe failure mentioned
previously. This may be a result of two probes being used from
MMS$4 rather than four probes on the other spacecraft. The PDFs
show some skewness. At small scales, this is necessary in order to
have non-vanishing odd-order moments. At large scales, we still
observe skewed PDFs, which are probably a finite sample effect,
for example due to the presence of statistically underrepresented
large-scale structures which may affect the statistics. We do not
discuss those scales in this paper. The pink data points show the
kurtoses calculated from the spatial lags. The values of the
kurtosis from the spatial lags are small, close to being
Gaussian for both measurements. A salient feature here is that
for the FPI data the time and spatial lags agree, however, the time
lag is unreliable due to noise. This is a similar result to the
magnetic field in [42]. However, the spacecraft potential is less
affected by noise and there is a disagreement between the time
and spatial lags.

Figure 4 shows the scale-dependent kurtosis for the magnetic
field measurements B (). To put the fluctuations in a physically
relevant co-ordinate system, we convert the fluctuations from
the Geocentric Solar Ecliptic system to a mean-field scale-
dependent coordinate system [32]. This is defined for each
pair of measurements that make an increment as By, (¢,7) = [B (#) +
B(t+1)]/2 for a time lag, or B (t)=[B; (£)+B,(¢)]/2 for
spatially lagged measurements. The perpendicular components
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FIGURE 4 | (A) The scale-dependent kurtosis for the magnetic field
components in a local mean-field co-ordinate system. The connected lines
denote the time-lagged increments and the points denote the spatially lagged
values. (B) Three different measures of the compressible magnetic field
component. Blue denotes the global mean field over the entire interval, red
denotes the magnitude of the magnetic field and black denotes the same local
mean-field as in (A). The green horizontal line denotes a kurtosis of 3 which
corresponds to a Gaussian distribution. The orange vertical line denotes 5 Hz
where instrumental noise becomes significant in the fluxgate magnetometer
data. The colored arrows denote the characteristic ion scales the cyclotron
scale, the inertial length and the Larmor radius.

are defined as the cross product of the local magnetic field and
the radial direction from the Sun, and the cross product of the local
magnetic field with the first perpendicular direction. The three
components of the magnetic field are displayed in Figure 4 with
the lines denoting the time-lagged quantities and the points
denoting spatially lagged quantities. We recover the same result
as [42], i, there is an approximately power-law increase in the
inertial range towards ion scales, and then a reduction before the
signals become noise dominated. However, as we use a different
coordinate system we also have information about the compressive
and the transverse components. At these scales, the transverse
components seem to dominate the kurtosis.

We also compare our results to other measures of the
compressive magnetic field in Figure 4B. Here the kurtosis of
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FIGURE 5 | Probability distribution functions for standardized density fluctuations based on spatially lagged measurements from FPI-DES (A) from spacecraft
potential (B) and for time lags at a comparable scale to the spatial lags for FPI (C) and for the spacecraft potential (D).

the global magnetic field (which is defined as the mean direction
of the field over the entire interval) and of the magnitude of the
magnetic field are plotted along with that of the local magnetic
field. The local magnetic field and the magnitude agree very well
with one another, which is expected for the solar wind as the
fluctuations in the magnitude are small 6B/By « 1. However, the
global magnetic field is much more intermittent. This suggests
that when using a global magnetic field some of the intermittent
transverse fluctuations might be contributing to the compressible
part if there is an abrupt change in the magnetic field direction
away from the global mean field direction. On the other hand, the
local magnetic field may follow the fluctuations too closely and
therefore gradients may not be fully captured, which would result
in a lower kurtosis for the local magnetic field definition. This is
essentially because the direction of a local magnetic field is not a
fixed direction but is also varies in time (or space), reducing the
strength of the gradients. For a more detailed discussion on the
use of local vs. global mean magnetic field, the reader is directed
to the discussion of [77]. Here, we remark that both local and
global magnetic fields have limitations, where a local definition
may underestimate the intermittency while a global magnetic
field may overestimate it.

Figure 5 shows the probability distribution functions (PDF)
for the electron density fluctuations from FPI and the spacecraft
potential. These PDFs show the spatial lags (b, d) and the time
lags (a, c) where 7 corresponds to the spatial lag sizes assuming
Taylot’s hypothesis. The fluctuations here have been normalized
to the standard deviation for each scale. Both spatial lags show
approximately Gaussian distributions with low kurtosis values.
The pairs which include MMS4 for the spacecraft potential are
noticeably different which is again likely to the probe failure on
MMS4. The time lags based on the FPI data also show a similar
distribution. However, the time lags from the spacecraft potential
are leptokurtic and show prominent heavy tails.

Figure 6 shows the m-th order structure functions fromm = 1
to m = 6. These are defined as:

Sm (1) = I6n. (£, )", (4)

For an intermittent signal at higher orders of m (m > 3), S,
becomes more difficult to estimate due to the assumptions of
ergodicity in the statistical approach and the reality of the finite
length of time series [e.g., 69, 70, 78]. Higher orders accentuate
the effects of the largest fluctuations and outliers in the data,
which can cause the estimation of S,, to degrade if the largest
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amplitude fluctuations are not sufficiently sampled in the signal.
Therefore the quality of the structure-function obtained is
dependent on the statistics of the extreme fluctuations in the
signal. In particular, the estimation is difficult when using time
lags when the increments at a given time lag have large
amplitudes and the time-lagged series is strongly intermittent,
which is usually the case in turbulent flows. This can somewhat be
mitigated by having a longer time interval so that rare events are
sufficiently sampled. However, our data lengths in MMS and
Cluster are typically very short [e.g., 41, 79] because of orbital
constraints. For MMS at best there are some intervals with a few
hours of continuous burst mode in the solar wind.

The maximum order that can be estimated accurately is
dependent on the intermittency in the signal, and the length
of the time interval used. A rough estimate for the largest order
that can be estimated is log (N) — 1 where N is the number of data
points. For the number of data points, here N=20 x 10° this
corresponds to the largest possible order of 6 [40]. However using
the approach of [69], and analyzing a timescale of 0.5s where the
scale-dependent kurtosis is near its peak a maximum order of 4 is
obtained. Structure functions from orders 1 through 6 are shown
in Figure 6 although orders larger than 4 should be interpreted
with caution as discussed.

The structure functions show two distinct ranges with power-
law behaviour S,, (r) oc *™. A possible suggestion of a power-law
behaviour is also present in the transition range, at intermediate
scales. However, it is difficult to resolve the inertial range and the
transition range as they don’t cover a very large range of scales.

The variation with the order m of the scaling exponents ¢,
obtained by fitting the structure functions to the inertial range
and the sub-ion range is investigated.

For a monofractal scale-invariant process the scaling index
expected to vary linearly as ¢ () oc m, while for a multifractal
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process the scaling exponent will have a nonlinear relationship to
the order. Physically this means that more than one moment of
order m is needed to fully capture the details of the PDF, and the
signal is more intermittent. The relationship between the scaling
exponent and the order (with step ém = 0.1) is shown in Figure 7
for two of the ranges which correspond to the fits shown in black
in Figure 6. As the transition range is shorter than a decade in
scale and the scaling exponents are strongly concave we are not
able to fit a p-model to them and we do not display them. The
scaling relations of the inertial are concave, while the sub-ion
range shows a linear relation. A linear fitting is performed for
orders below m = 3 which is shown in black and the order four is
marked by the orange line. This is one order below the maximum
physical m estimated from the technique of [69]. Before m = 4 is
reached, the inertial departs from the linear scaling. This suggests
that there is multifractality in the inertial range. This is in stark
contrast to the sub-ion range which exhibits linear scaling even at
orders m > 4. Similar relations between the scaling exponent and
the order are obtained for the magnetic field in Figure 8.
However, as there is a smaller range available due to the noise
floor occurring at a lower frequency than the electron density
meaning that the sub-ion range is fitted over a smaller range of
scales and is not as reliable as the electron density. For the two
transverse components, there are only two ranges fitted, the ion
inertial and the sub-ion range as there is no apparent transition
range in the trace spectra in Figure 2A. Some studies have
observed transitions in the trace magnetic spectra between the
ion inertial and ion gyroradius scales, which may be related to ion
damping, the interplay of Hall and convective terms or plasma
instabilities [e.g., see 11, 80 and references therein]. However the
spectral signature of this region is different to the flattening
observed in the density spectra. Typically the transition
observed in the magnetic spectra is very steep ~ —3.4
although the same process may affect the density and
magnetic spectra differently. However in this interval we have
no evidence of a transition in the trace spectra for this interval.
For the compressive component, there are three ranges.
However, similarly to the density spectra the transition range
is too short to be fitted satisfactorily. The inertial ranges show
weak concave relations while the sub-ion range shows mono-
fractal behavior. This behavior has been observed in
magnetic field observations of [12, 44], and in ion density
fluctuations [45].

In order to obtain a more quantitative estimate of the level of
intermittency, each scaling exponent curve can be fitted to a
standard p-model of intermittent turbulence [81]. In such
phenomenological framework, intermittency is modeled as the
result of a multifractal multiplicative cascade for the fraction of
volume in which the energy is transferred across scales. It predicts
a  simple relation for the scaling  exponents:
tm=1-log,[p™  + (1 —pmodel)mH], where H is the Hurst
exponent, related to the spectral index through « =2H +1 or
to the structure function scaling exponents through ¢,, = mH,
and indicating the roughness of the signal. In the present work, H
has been left as a free fitting parameter of the model. The second
fitting parameter pyoq0 € [0.5,1], related to the fraction of
volume where the energy transfer is concentrated during the
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parameters P00 are given in each panel. The fitted values of H
are always compatible with the scaling exponents of the second
order structure functions, within error bars. This confirms the
possibility to describe the turbulence using the P-model, and
corroborates the meaningfulness of the intermittency parameter
Pmodel For the electron density, a strong intermittency value
Pmodel = 0.98 £0.30 was found in the inertial range, in
agreement with the large scaling exponent of the kurtosis. We
do not show the scaling exponents or fit a p-model for the
transition range, the bad quality of the fit did not allow
modeling the data with the p-model. This is consistent with
the extreme curvature of the scaling exponent (not shown), which
for large orders m becomes a decreasing function of the order.
This feature is typically forbidden for an “ideal” turbulent field,
which requires monotonic increase of ¢,, (constant exponents are
expected in the presence of topological discontinuities, for
example in the absence of dissipation as described by the
Burgers equation for neutral flows) [31]. The indication of this
observation is that the stochastic fluctuations of the transition
region are not simply the result of a turbulent cascade, but other
physical processes must occur in generating the exceptionally
strong gradients in that range of scale. This is not surprising, since
in this range kinetic effects start to be relevant in the dynamics, so
that wave-particle interactions may play an additional role in
generating density fluctuations. Specifically this may be
consistent with damping of compressive slow mode waves
which are cascaded as a passive scalar, and are heavily
damped as they reach the ion scales, in addition to an active
cascade of kinetic Alfvén waves [e.g 74, 82].

In the sub-ion range, the p-model fitting parameter poder =
0.5 + 0.2 indicates clearly the absence of intermittency, again in
agreement with visual description of the PDFs and of the kurtosis,
and with recent results on density intermittency [50]. Finally, the
magnetic field components present high level of intermittency in
the inertial range (P00 =0.8), and strictly mono-fractal scaling
in the sub-ion range (Ppoder =0.5).

4. DISCUSSION

The evolution of the scale-dependent kurtosis is shown to
increase throughout the inertial range until it reaches the
proton characteristic scales whereafter it decreases in the
magnetic field or plateaus as in the density. This behavior is
different from that in the magnetosheath, where the scale-
dependent kurtosis continues to increase down to the smallest
scales [42]. This may be due to the magnetosheath turbulence
being strongly driven by the shock while the solar wind
turbulence is decaying and the kurtosis decreases with radial
distance [e.g., 83, 84]. This is to say that turbulence in the solar
wind at large heliocentric distances is far from the drivers, e.g.,
velocity shears between streams, shocks, etc. Another possibility
is that high-frequency wave activity in the solar wind may act in
the sub-ion range to reduce the kurtosis [48]. These waves would
need to have the property of having strong wavevector anisotropy
ky >k, and approximate equal power in the compressive and
stransverse components. In this region of large k, these waves
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could be either Ion Bernstein [e.g., 85] or Kinetic Alfvén waves
[e.g., 54]. The damping rates of such waves are highly sensitive to
the propagation direction and the plasma beta. In the
magnetosheath, due to processing at the shock the ion
temperature (and consequently the ion beta) are much higher
[e.g., 86]. At higher plasma g, linear plasma waves are typically
more heavily damped [87]. This suggests that such waves could
exist in the solar wind and act to reduce the kurtosis while in the
magnetosheath they cannot exist leading to the magnetosheath
being more similar to a neutral fluid.

One of the more puzzling results here is that there is a
difference between the time and the spatial lags of the electron
density from spacecraft potential. For the magnetic field data and
the density from FPI, there is an agreement between the time and
the spatial lags. However, this is somewhat misleading as the time
lags are heavily affected by instrumental noise. As instrumental
noise is uncorrelated between spacecraft the spatial lags are more
robust to the effects of noise. In the spacecraft potential data, the
time lag corresponding to the spatial separation occurs before
instrumental noise becomes significant and show a leptokurtic
distribution. The spatial lags show approximately Gaussian
distributions. This could be due to several reasons. Firstly,
there may be a physical difference between the different
directions i.e., that there are more structures in the direction
of the bulk flow (time lags) as opposed to other directions (spatial
lags). This may be a naturally occurring difference or there could
be a sampling effect related to the bulk flow direction [88].
Another possibility is that Taylor’s hypothesis breaks down in
this region. In the numerical study of [89] they concluded that the
Taylor’s hypothesis is likely to be violated at small scales for
intervals where the Alfvén speed is comparable to the bulk speed
[e.g., in the magnetosheath 90]. The geometry of the magnetic
field with respect to the bulk velocity direction also plays a role
with more radial configurations of the magnetic field being more
likely to violate the hypothesis. In this interval Vy,/V4 = 7.6, the
magnetic field makes a large angle (86 + 11°) with the bulk
velocity and the hypothesis should be well satisfied for large
scales. However, at small scales such as we study here, the
hypothesis may still break down despite the interval having a
large bulk speed and a favorable magnetic field configuration. A
breakdown in Taylor’s hypothesis could be due to wave activity or
that structures evolve at faster timescales at these scales. The
waves that can exist in the sub-ion range such as kinetic Alfvén
waves [91], or fast mode branch waves such as Ion Bernstein
waves, or parallel whistler waves [92, 93] are very dispersive.
Furthermore wave activity could act to reduce the kurtosis here
similarly to how MHD-scale Alfvén waves act at larger scales [49].
Another possibility is that electron scale coherent structures
evolve very quickly. For example, vortices could merge such as
is discussed in neutral fluid turbulence in a process called vortex
collapse [e.g., 94] or could develop or be destroyed on time scales
faster than the advection time. This hypothesis could be tested
directly with several spacecraft that are aligned with the bulk flow
direction at a range of distnaces. Other possibilities are that the
timing accuracy is not sufficient to compare inter-spacecraft
increments, although this seems unlikely. Another issue could
be that the resampling required to put the time series from
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different spacecraft on the same timeline causes some issues at the
edges of the time series [42]. To ensure that outliers due to this
effect are not present data points at the edges (the first and last
4 s) of the resampled time series are removed at each edge. Finally,
we remark that coherent structures are characterized by phase
coherence across many scales, therefore when looking at time lags
larger scale coherent structures may affect the smaller scales,
whereas using spatial lags the larger scale fluctuations could be
more effectively filtered. It is however important to note that the
structure of coherent structures may be complex with larger
coherent structures, possibly having smaller “daughter”
structures associated with them [95].

The scale-dependent kurtosis of the magnetic field gives
complementary information to the density. In Figure 4 we see
that the compressive component is smaller than the transverse
components. This is different from observations of larger scales
where the opposite is true [49], this may reflect a difference in the
nature of coherent structures. At large scales coherent structures
are likely strongly compressive, magnetic holes or boundaries
between streams, while in the ion ranges the structures may be
predominantly incompressible or very weakly compressible such
as Alfvénic vortices and current sheets [34, 37]. There is a large
difference between the scale-dependent kurtosis using a global
mean as opposed to a local mean or the magnitude of the
magnetic field. Using a global field may result in a larger
kurtosis as it is potentially polluted by some of the transverse
coherent structures. However, when using a local field gradients
may not be able to be identified. In this case the local magnetic
field agrees well with the values of the kurtosis of magnetic field
magnitude and the density. The good agreement between the
local magnetic field and the magnitude is likley because the
fluctuations are small. However as the fluctuations are larger
in the magnetosheath the magnitude may not be reliable, and one
should use a local definition. However, it should be stressed that
both approaches to calculating a local field have advantages and
limitations, and the choice has implications for the interpretation
of the results as shown here.

When comparing the spatial lags of the magnetic field and the
density we see agreement between all of the different methods, that
they all have small kurtoses. This complements previous
measurements of the power of compressive and transverse
fluctuations ie. that they have similar powers in the sub-ion range
[12, 20]. One potential explanation for this is that the fluctuations are
kinetic Alfvén wave-like. As the KAW develops a larger wavenumber
in the perpendicular direction it becomes strongly compressive. In the
sub-ion range, this could account for equal power in the compressive
and two transverse components [e.g.,, 12, 96].

Structure-function anaysis presented in Figures 7,8 also
suggests that the sub-ion range for magnetic and density
fluctuations are monofractal. For the density measurements, the
scaling exponents are somewhat smaller than what is expected
based on the Fourier spectrum in Figure 2. This may be due to the
flattening in the spectrum at ion scales, meaning that there is a
shorter range of scales available for fitting compared to the
magnetic field data. The flattening of the spectra at ion scales
could be due to the competition of large scale slow waves and small
scale kinetic Alfvén waves, Hall effects, or an increase in the
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compressible coherent structures at this range. In this range, the
scaling indices are anomalous® suggesting a larger degree of
multifractality in the density fluctuations. However, the scale-
dependent kurtosis reaches a plateau and is not very different
in Figure 3 when the scales close to the transition range are
compared to the sub-ion range. Here we reach a similar conclusion
to [46], that different measures of intermittency capture different
properties of intermittency. The scaling indices in the sub-ion
range of magnetic and density fluctuations suggest monofractal
scaling, in agreement with the spatially lagged kurtoses which show
predominantly Gaussian statistics. However, the time-lagged
measurements show leptokurtic distributions.

5. CONCLUSION

To summarize; we have investigated compressive and
incompressive intermittency in the solar wind. Using the
exceptionally high resolution data provided from MMS allows a
view deep into the sub-ion scale with unprecedented time resolution
for an in situ measurement of electron density fluctuations. Further
more the multiple measurement points allow an investigation of
different directions in the plasma. Previous studies of the electron
density have been limited to single point measurements and are
only able to sample along the bulk flow direction. The results are
found to be similar to those found with the magnetic field in [12, 44]
and in ion density fluctuations at larger scales than are studied here
[45]. In these studies, the scale-dependent kurtosis was not found to
evolve significantly and the evolution of scaling index with the order
suggested monofractal scaling or only very weak multifractality
when juxtaposed with the inertial and transition ranges.

A discrepancy was observed between temporal and spatial lags
and we have put forward several possible explanations for this. This
could be due to a breakdown in Taylor’s hypothesis. This could be
investigated using two spacecraft data where the baseline is aligned
with the bulk flow. This would give a direct measurement of whether
Taylor’s hypothesis is valid. However, for this interval none of the
spacecraft pairs are aligned closely enough to the bulk velocity
direction to make such a comparison. Other possibilities include
directional differences. To investigate this possibility detailed
comparisons with numerical simulations may be needed, and
more sampling points than the four points that MMS or Cluster
offer. One strong possibility is high-frequency waves which may
affect these scales of randomizing the phases of the signal, reducing
the kurtosis. Waves such as those described tend to have strong
wavevector anisotropies (k, > k;) [e.g., 97, 98] and could cause
different kurtoses in different directions. Furthermore, such waves
would also be strongly dispersive and could also lead to a violation of
Taylor’s hypothesis. Alternatively it may be coherent structures in
this interval are all much larger than the spacecraft baseline sizes. In
this case there would not be much difference between the different
spacecraft, whereas the gradients in the time lags would be larger.
One final possibility is that there could be a sampling effect inherent

*Anomalous refers here to a deviation from self-similar, linear order dependence of
the structure functions scaling exponent, typical of intermittency.
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with the bulk velocity direction [e.g., 88]. This could cause a bias in
the bulk flow direction so that more structures are seen in this
direction than compared to others.

The differences in the different measurement techniques
support the statement in [46] that to investigate intermittency
a variety of different techniques should be employed. We also
remark that four-point measurements have revolutionized in situ
plasma turbulence study. However, four points are inherently
limited to providing either homogeneous coverage of the plasma
at a single scale or multi-scale coverage at the cost of losing
directional information. The natural next step in investigating
space plasma turbulence is to go beyond four points to obtain
multi-direction multi-scale measurements [99-101].
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The Effect of Solar-Wind Turbulence
on Magnetospheric Activity

R. D’Amicis'*, D. Telloni? and R. Bruno'

TInstitute for National Astrophysics, Institute for Space Astrophysics and Planetology, Rome, Italy, Zinstitute for National
Astrophysics, Astrophysical Observatory of Turin, Turin, Italy

The solar wind is a highly turbulent medium exhibiting scalings of the fluctuations ranging
over several decades of scales from the correlation length down to proton and electron
gyroradii, thus suggesting a self-similar nature for these fluctuations. During its journey, the
solar wind encounters the region of space surrounding Earth dominated by the
geomagnetic field which is called magnetosphere. The latter is exposed to the
continuous buffeting of the solar wind which determines its characteristic comet-like
shape. The solar wind and the magnetosphere interact continously, thus constituting a
coupled system, since perturbations in the interplanetary medium cause geomagnetic
disturbances. However, strong variations in the geomagnetic field occur even in absence
of large solar perturbations. In this case, a major role is attributed to solar wind turbulence
as a driver of geomagnetic activity especially at high latitudes. In this review, we report
about the state-of-art related to this topic. Since the solar wind and the magnetosphere are
both high Reynolds number plasmas, both follow a scale-invariant dynamics and are in a
state far from equilibrium. Moreover, the geomagnetic response, although closely related
to the changes of the interplanetary magnetic field condition, is also strongly affected by the
intrinsic dynamics of the magnetosphere generated by geomagnetic field variations
caused by the internal conditions.

Keywords: solar wind, interplanetary magnetic field, turbulence, geomagnetic response, geomagnetic activity
indices, magnetic storm and substorm

1. INTRODUCTION

Ref. [1] discovered an important connection between the solar wind and the magnetosphere: the level
of magnetospheric storminess depends strongly on the direction of the z component of the
interplanetary magnetic field (IMF) given in geocentric solar magnetospheric (GSM)
coordinates. In particular, the geomagnetic activity is driven mainly by interplanetary structures
with intense, long-duration and southward turning of magnetic fields (B;), reconnecting with the
Earth’s magnetic field, following the scenario proposed by Ref. [2]. This process initiates the
substorm sequence, with a net transfer of solar wind energy to Earth [3-6]. Overall, the
magnetospheric activity results into several phenomena including geomagnetic substorms and
storms, turbulence, ionospheric currents and auroras, and magnetic reconnection [7], thus
determining a system far from equilibrium [8]. The response of the magnetosphere to the
forcing exerted by the solar wind is not simply proportional to the input. When a critical
threshold is reached, the magnetospheric system tends to reconfigure through a sequence of
energy-loading and stress-developing processes [9, 10], determining episodic and abrupt, rather
than slow and gradual, changes in the magnetosphere. This behavior motivates the description of the
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