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ABSTRACT

The solar wind is a space plasma that de nes the volume of the heliosphere beyond
the solar corona, the outermost atmospheric layer of the Sun. It is mainly composed of ion-
ized hydrogen and other solar material. Once this material is heated enough to overcome the
Sun's gravitational pull, it generally ows radially away from the Sun at supersonic speeds.
This outward propagation of charged particles, with the interplanetary magnetic eld, is the
solar wind, which has anisotropic properties. Once solar wind plasma crosses a planetary
bow shock or the termination shock, it ceases to be a part of the solar wind. To accurately
guantify properties of a space plasma, in-situ measurements are signi cantly important. In-
situ measurements play a vital role in describing physical systems and provide ground truth
for con rming experimental observations and numerical simulations of the same systems.
When it comes to improving the understanding of physical processes in natural systems,
in-situ measurements are the highest priority. However, simulations and experiments are
extremely helpful when those environments are dif cult to access and measure directly.

Fortunately, the solar wind is one of the few space plasmas for which in-situ mea-
surements are available thanks to many spacecraft missions. Other space plasmas that have
been sampled in-situ include several planetary magnetospheres and the interstellar medium.
The Voyager mission led to the only two spacecraft, Voyagers 1 & 2, that surveyed the so-
lar wind from 1 Astronomical Unit (au) out to the interstellar medium, which surrounds the
heliosphere. Other missions, such as the Magnetospheric Multiscale Mission (MMS) and
Cluster, are active multi-spacecraft that have probed the near-Earth solar wind as well as
magnetospheric plasma. More recently, the Parker Solar Probe (PSP) spacecraft, launched
in 2018, is the rst spacecraft to probe the solar wind at heliocentric distances as close as 13

Solar Radii from the Sun.

XVili



This dissertation will focus on turbulence properties, including intermittency, anisotropy,
and compressibility, developing from the inner-heliosphere out to radial distances as large
as 10 au, as observed by several single-spacecraft. A related topic to intermittency is its
scaling behavior with heliocentric distance, spatial or temporal lag, and Reynolds number.
Well-known in the eld of hydrodynamics are these scaling relations due to the abundant
availability of data from experiments involving wind tunnels. Applying the same concepts
to the solar wind, we compare for the rst time the scaling relation of the kurtosis, a measure
of intermittency, and Reynolds number between two vastly different physical systems, the
solar wind plasma and wind tunnel experiments.

Data analysis of in-situ measurements in the solar wind makes it possible to study its
dynamics as it expands with increasing heliocentric distance. The data used in this disserta-
tion comes from an array of spacecraft launched by the National Aeronautics and Space Ad-
ministration (NASA), more speci cally Voyager 1, Advanced Composition Explorer (ACE),
WIND, Helios 1, and PSP spacecraft. Parameters measured in the solar wind that pertain to
results presented in this dissertation include the magnetic eld, solar wind velocity, proton
density, and proton thermal velocity.

Turbulence properties examined include the radial evolution of physical scales such
as the correlation and ion inertial scales, the turbulent system size of the energy cascade or
effective Reynolds number, and intermittency of inertial range coherent turbulent structures.
The correlation and ion inertial scales are often approximated as the outer and inner scales,
which are the scales that de ne the range of inertial scales. The outer scale separates the
energy-containing scales from the inertial scales, and the inner scale separates the inertial
scales from the dissipation range. | nd that the inner and outer scales are observed to scale
as nearly d Randl¢ P R, respectively, wher® is the heliocentric distance. These
scales are then used to de ne the effective Reynolds numhgy {WRich is seen to scale
nearlyasR R 3.

We also examine the isotropization and evolution of the outer scale anisotropy as a
function of heliocentric distance. Anisotropy refers to the preference of system dynamics

relative to the direction of the interplanetary background magnetic eld, in the case of the

XiX



solar wind. This results in the elongation or shortening of certain physical scales, as well
as energy transfer and storage preferences, along the direction of wavevectors perpendicular
and/or parallel to the background magnetic eld. I nd that as one moves outward from 0.08
au to 0.40 au, the parallel and perpendicular correlation Iengémmdl 8 respectively)
isotropize from an initial anisotropy favoring Iongleg . A deviation from isotropy occurs
once the solar wind reaches 1 au, favoring IoniérThis supports the heuristic picture that
the solar wind is becoming more fully-developed within 1 au, at which point other system
dynamics may begin to dominate over, such as the decreasing bandwidth of the inertial range,
as shown by a systematic decreasedn R

To investigate turbulence intermittency, we compute the second-order and fourth-
order structure functions, scale-dependent kurtosis, and intermittency parameters. The scale-
dependent kurtosis is written as an explicit function anaRd spatial lag, allowing a
systematic study of intermittency while varying B radial distance and keeping the spatial
lag xed to constant multiple of the inner scale. | nd that at any particular scale xed to the
inner scale, the kurtosis is decreasing with increasing heliocentric distance, signaling weaker
intermittency at the given scale at larger radial distances. Signi cantly, the kurtosis ata xed
inner scale is correlated withcR Comparison of this relationship between the solar wind
and wind tunnel experiments are presented for the rsttime, showing a striking similarity in
both the corresponding values of the two systems as well as their scaling behaviors.

Another related topic explored involves the relationship between density uctuations
and turbulent Mach numbelk), which is important for studies of turbulent compressibility.
Theories of the scaling relationship between density uctuationdvrate discussed, which
predict aM? scaling for a nearly-incompressible (NI) homogenous medium at large plasma
beta (ratio between the thermal and magnetic pressurelpsaaling based on linear wave
theory as well as NI theory for an inhomogenous medium. PSP data reveals a nearly linear
scaling, with its linear dependence affected by values of cross-helicity and plasma beta,

re ecting the same effects as seen in 3D MHD simulations.
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Chapter 1
INTRODUCTION

The solar wind is a space plasma that de nes the volume of the heliosphere beyond
the solar corona. It is mainly composed of ionized hydrogen and other material found in the
Sun, such as helium, carbon, and heavier elements. Once this material is energized enough
to overcome the Sun's gravitational pull, it generally ows radially away from the Sun at
supersonic speeds with an initially large acceleration. This outward propagation of charged
particles is the solar wind. However, once solar wind plasma crosses a planetary bow shock
or the termination shock, it ceases to be a part of the solar wind. To accurately quantify prop-
erties of a space plasma, in-situ measurements are signi cantly important. The solar wind,
like any space plasma, is a dif cult system to reproduce in a laboratory setting Therefore,
in-situ measurements play a vital role in describing physical systems that cannot be easily re-
produced and provide ground truth for con rming experimental observations and numerical
simulations of the same systems. When it comes to improving the understanding of phys-
ical processes in natural systems, in-situ measurements are the highest priority. However,
simulations and experiments are extremely helpful when those environments are dif cult to
access and measure directly.

This dissertation focuses on the in-situ sampling of the solar wind with the objective
of examining several different turbulence properties and how they change while varying
heliocentric distance. Therefore, let us rst describe the base of the heliosphere where solar
wind material originates. In this chapter | brie y introduce the physical and dynamical
system that is the solar wind, the problems to be investigated, and give an outline of the

topics to be discussed in this dissertation.



1.1 Background

Here some solar dynamics leading to the generation of the solar wind are reviewed,
and signi cant ndings motivating the analysis of this dissertation is presented in subsequent
chapters. Much of the background information presented in Chapters 1 and 2 can be found
in the following textbooks: Russell et al. [2016], Batchelor [1953], Tennekes and Lumley
[1972] and Hundhausen [1972].

1.1.1 Origins of the Solar Wind

Interplanetary space stretches from the surface of the Sun to the outer surface of the
heliosphere at heliocentric distances of approximately 100 Astronomical Units (au). Beyond
interplanetary space outside of heliosphere is the interstellar medium (ISM). Although it may
seem that interplanetary space is empty, there exists a radially outward supersonic ow of
plasma that pushes against the ISM as my solar system travels within the Milky Way Galaxy.
This radial out ow of plasma is the solar wind.

First, let us begin with describing internal solar dynamics leading to the near-solar
surface mechanisms that contribute to the generation of the solar wind and its expansion
through interplanetary space. At the center of the Sun, the ongoing process of hydrogen “p-p
chain” fusion, the process where a chain of reactions involving hydrogen atoms and reaction
byproducts, produces helium atoms radiating large amounts of energy, including photons, at
around 15-million K. This is the main source of energy generated in the Sun's core, as shown
in Figure 1.1, which illustrates the basic structure of the Sun. The outer layers of the Sun's
interior depicted in Figure 1.1 will be further discussed below. The other sequence of fusion,
called the CNO cycle, involves reactions of heavier elements such as carbon, nitrogen, and
oxygen, that will increase in frequency as the Sun ages. In order to maintain its “stability’, the
Sun releases energy at nearly the same rate as the mass-to-energy conversion rate in its core,
at approximately 4.26 metric tons per second. Material from the core is eventually pushed
outwards into the radiative zone where energy and material is slowly transferred primarily

via thermal radiation. In this zone, temperatures range as high as 7-million K closer to the



Figure 1.1: The structure of the Sun as viewed by the standard model. In order of increasing
radius, the core, radiative zone, and convection zone make up the interior of
the Sun, whereas the photosphere, chromosphere, transition region, and corona
make up the Sun's atmosphere. This illustration is adapted from [Russell et al.,
2016] with permission (see Appendix C.2).

core, and as low as 2-million K, closer to the convection zone. The core and radiative zone
comprise of nearly 0.7 solar radii ( R of the inner Sun.

| move on to the convection zone, the third interior region of the Sun. Here, the
ef ciency of radiative transport signi cantly decreases as solar material rises closer to the
surface resulting in a cooling phase. Once the material has suf ciently cooled, the density
of the material will signi cantly increase, becoming more dense than the material below.
This causes a repetitive cycle where hot material rises when less dense and cool material
falls when more dense. These motions form convective cells persist throughout the entire
convective region. However, due to the dynamics of the convection zone where mixing
and differential rotation occur much faster compared to the slower uniform motions of the
radiative zone, a shear boundary between these two zones is created. This boundary is called

the tachocline, a transition region which allows for the nearest layers of the above and below



Figure 1.2: A sketch showing several of the phenomena within the Sun's near-surface atmo-
sphere with the corona above and the photosphere (above the convection zone)
below. This illustration is adapted from [Russell et al., 2016] with permission
(see Appendix C.2).

regions to slip past each other. This completes the description of the solar interior.

The solar exterior is comprised of the photosphere (or solar surface), chromosphere,
transition region, and corona, in order of rising altitude from the Sun's surface. The pho-
tosphere is where the tops of convective cells super cially granulate, giving the surface its
grainy appearance, at temperatures near 6,000 K [White, 1977, Lean, 1991]. On a larger
scale, the phenomena of sunspots and active regions originate from the photosphere, where
photons with wavelengths characteristic to that of the visible light spectrum are produced.
The chromosphere and transition region between the photosphere and corona give way to
a large range of values for parameters such as temperature (between 3,800-30,000 K) and
density (between 0 10 particles per cubic centimeter).

The wide range of plasma parameters in the solar atmosphere is the result of a very
complex system of dynamics that may be described in part by Figure 1.2. Here | show

a sketched magnetic- eld topology showing several phenomena within the regions of the



chromosphere and transition region. Several of these magnetic features exist beyond the sur-
face of the Sun due to interactions with the solar wind. These non-uniform and inconsistent
interactions contribute to the variability of solar wind conditions, in addition to other and
larger solar dynamics.

By zooming out to a more macroscopic view of the super cial solar magnetic- eld
lines, | arrive at an heuristic picture portrayed in Figure 1.3 showing different magnetic
structures featuring open and closed magnetic eld lines. Open magnetic eld lines are
represented by lines that stretch out beyond the solar atmosphere and do not immediately
connect back to the surface. Closed eld lines are immediately connected back to the solar
surface having two foot-points with no extensions into interplanetary space. However, | note
that because all magnetic elds are divergence-less, open eld lines are still closed eld lines,
but with only one obvious foot-point on the solar surface. Since the magnetic eld strength
in this region is very strong, the particles with a large enough thermal and ow energy that
are able to escape the plasma must ow along the eld lines, introducing the concept of
particle trapping. This occurs when these potential escape patrticles follow a closed eld line
and are trapped by following the eld line back to the surface, instead of outwards along an
open eld line. As a consequence, this process tends to increase the temperatures within the
region of these closed eld lines.

Also shown in Figure 1.3 are types of streamer structures; Helmet streamers, pseu-
dostreamers, and streamer belts. Helmet streamers are represented by a singular set of closed
eld lines within a singular set of open eld lines that have opposite magnetic eld direction.
This results in a heliospheric current sheet, a magnetic discontinuity where the magnetic eld
direction ips sign. Pseudostreamers are similar to helmet streamers, however, they consist
of more than one set of closed eld lines and their open eld lines point along the same
direction. A streamer belt is formed when a series of streamers line up to create a “bridge”
of closed and open eld lines along the solar surface from one coronal hole to another.

These coronal holes are where strong magnetic eld lines emerge, with open and
closed eld lines concentrated towards the center and perimeter, respectively. At these coro-

nal sites, the thermal and magnetic pressures are considered on the same order (plasma beta -



Figure 1.3: A sketch of the complexities of the solar magnetic eld above the Sun's surface.
This illustration is adapted from [Russell et al., 2016] with permission (see Ap-
pendix C.2).

the ratio of thermal to magnetic pressure - is about 1), resulting in hotter temperatures and/or
larger particle densities [Rodiuez Gmez et al., 2019]. As material escapes along the open
eld lines, the overall temperature and density begin to decrease. This is due to the eld lines
spreading out as they extend out into the inner heliosphere, which in turn spreads out the ma-
terial over a greater volume. The solar corona is the furthest atmospheric layer past the sun's
surface where solar material ows outwards into the heliospheric “bubble” that contains my
solar system. This material that ows through interplanetary space at supersonic speeds is

the solar wind.

1.1.2 The Solar Wind and its Implications

Less than a century ago, the idea of the existence of the solar wind was widely re-
jected in the eld of astrophysics. Chapman and Ferraro [1931a,b] quantitatively modeled
the impact of a cloud of ionized gas, produced by a solar are, incident upon Earth's geo-
magnetic eld. In this model, an intermittent stream of ionized plasma emanating from solar
active regions was used as a mode of transport for geomagnetic storms. However, it was later

observed by Hoffmeister [1943] that the tail of a comet did not follow exactly the comet's



trajectory, but rather offset by a few angular degrees. If the plasma out ow had been inter-
mittent as modeled by Chapman and Ferraro, it would not justify a continuous shift of the
comet's tail. With a modi ed plasma out ow perspective, Chapman derived a coronal ex-
pansion model using a continuous ow. To understand this model, let us rst brie y review
the equations governing an arbitrary uid.

A uid's phase space distribution can be written as a function describing all particles
with a velocity vectorv, position vectorr, and timet, each independent from the others.
Let f(v;r;t) be this phase space distribution. Then, by de nition, | can compute physical
guantities, such as the particle number dengtyt), particle ux n(r;t)u(r;t), and pressure

p(r;t) for some volumetric phase spade, such that

Z
n(r;t) dvf(v;r;t); (1.1)
Z
n(r;t)u(r;t) dvfy; (1.2)
and 1Z
p(rit) 5 dvmfjv uj: (1.3)

The Boltzmann equation, which describes the statistical behavior of the system, can be writ-

ten for a uid as:

; (1.4)

whereF represents the presence of forces acting on uid parcels,%ncd represents colli-
sional effects.

This collisional term in Equation 1.4 can be conveniently ignored due to known solar
wind conditions. There were two arguments that were used to support this course of action:
either collisions were so frequent that the collisional term scaled much larger than the other
terms in Equation (1.4) or collisions rarely occurred, scaling much less. In fact, by ignoring

the effect of collisions in the limit of very small collisions, the Boltzmann equation becomes



what is known as the Vlasov equation. This is the assumption | will use for the purposes
of this dissertation. Although the plasma in the solar corona is highly collisional, once the
material ows radially outwards, the typical span of time it takes for the effect of coulomb
collisions to signi cantly modify some aspect of the velocity distribution function is esti-
mated to be on the order of the time it takes for the solar wind to reach 1 au [Jockers, 1970,
Lemaire and Scherer, 1971]. Also in Chapman's view, the solar wind was expected to have
densities on the order of 10100 cm 2 at a radial distance of 1 au. Therefore, throughout
the corona and interplanetary space, both of these arguments could be reasonably satis ed,
still keeping in mind this is a rough approximation.

Taking moments of the Vlasov equation involves taking a volume integral over all
velocity spaceRdv of each term that is multiplied by a factor @, wherea is the order of

the performed moment. Therefore, taking the zeroth, rst, and second moment of the Vlasov

equation give

Z
qt m v t ¢
Z qf .. F 1f Tf
and
Z 0f o F 1f_ 9f

respectively. When evaluated and simpli ed (see Hundhausen [1972]), the rst three mo-
ments of Equation (1.4) give the conservation equations of mass (Eq. (1.8)), momentum
(Eqg. (1.9)), and energy (Eqg. (1.10)):

r |« _ A
o N (ru=0; (1.8)
T(ru « e F
Tt + N (ruu)= Np+r ot (1.9)



and

%r u—22+¥ +N r u;+¥u: f\'l(pu)+r%u: (1.10)
Here,r is the mass densityis the uid velocity (not for just an in nitesimal parcel) angd
is the thermal pressure.

An issue of a pressure imbalance at the boundary between the heliosphere and the
ISM existed in Chapman's modi ed plasma out ow model. Taking into consideration the
observed shiftin the comet's tail mentioned above and this pressure imbalance, Parker [1958]
formulated the solar wind model, resolving both of these issues. To analyze this formulation,
let us simplify these conservation equations by assuming a few conditions that satisfy a solar

wind with continuous ow (in spherical coordinatesq, andf ):

» The system is in a steady-state with its surroundings. This means that all partial deriva-
tives with respect to time of any parameter is zero. | can assume this because the
boundaries of the solar wind, i.e., the coronal base and the interstellar medium, are
not changing over the timescales that are of interest with the expanding interplanetary
plasma.

» The ow is radially dominated, such that= u,f, wherevu; is the radial component of
u, andr is the radial unit vector.

« Variations perpendicular thare zero. Thereforq% = ﬁﬂf— = 0.

* And nally, for the macroscopic properties of the solar wind expansion, the external
forcesF acting on the uid only include the force due to gravity in the direction of
r with magnituddSM?L”,whereG 6:67 10 11m3 kg 2 s 2is the gravitational
constantM 2 10°0 kg is the mass of the Sun, ands the radial distance from
the Sun's center.

With these assumptions, | can rewrite Equations (1.8), (1.9), and (1.10). such that:

riz% rur? = 0; (1.11)
% PR = r21111_f FGM (1.12)



and

1ﬂ 3.2 _ 5ﬂ 2
oqr TUT 29

P I rGM uy; (1.13)

respectively. Equation (1.11) is of immediate signi cance, since it constrains the mass den-
sity and ow speed at any xed radial distanceFinding a solution to the radial ow speed
can be rather dif cult. However, using thermodynamic relationships for an expanding gas,
as is the solar wind, will be useful in simplifying the solutionupf

Assuming a system in which the average electron and ion temperalureéTe +
T;)=2) is constant, this gives the equation of stpte 2nkgT, wherep is the pressure and
ke 1:38 10 2 m?kgs 2K 1isthe Boltzmann constant. In a thermodynamic system,
the internal energy is equaltol S pV+ mN, whereSis the entropy is the volumemis
the chemical potential, ard is the number of particles. Taking a total derivativdoleads
to the fundamental equation of thermodynamitd:= TdS pdV+ ndN. Considering an
adiabatic process (no change of heat) with no change in particles (dN=0), as well as another
equation of state for the internal energy such that $NkgT, | can writedU as two equal
statements: 2pdV and $NkgdT = a (pdV+ Vdp when considering a system with two
particle species. Alternatively, | can write:
dv _ _dp

at+2)—=a—; 1.14
(a+2y =a (1.14)
wherea is the number of degrees of freedom. After integrating both sides of Equation
(1.14), lettingg = %2 = Cp=Cy be the polytropic index (ratio of speci ¢ heats at constant
pressure to constant volume), and setting integration constapgsatedVy for pressure and

volume, respectively, | have the following polytropic equation:

poVy = pVo (1.15)

This statement keeps a constant valuepw® at any radial distance given the boundary

condition set bypov(?. The value ofy can be understood as a parameter for different kinds of
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Figure 1.4: The set of velocity solutions that satisfy Equation (1.17). The values ahd
rc are given in the text. This gure is adapted from Hundhausen [1972] with
permission (see Appendix C.3).

systems, i.eg = 1 corresponds to an isotherm, a process at which the temperature remains
constant while changing the system's volume and pressure.

The rstintegral of Equation (1.11) results in a limiting set of solutions that obey

nur? = constant (1.16)

stating the constancy of proton (or electron) ux through a Sun-centered radial shell. By
substituting Equations (1.15) and (1.16) into Equation (1.12), | can nd solutions that obey

the following equation:
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ldu , 2T _ 4keT GM

— 1.17
udr m mr r2 ( )

| note that Equation (1.17) is retrieved by assuming an isoth&ris ¢onstant) out of conve-
nience to describe the set of solutions more clearly. Equation (1.17) also gives the convenient

measure

GM m

fc=

a critical radius that determines the resulting sign of the right-hand side terms. M¥#hiy)

then the right-hand side of Equation (1.17) is zero, allowing the possibility that

p
ur=reg)=u= 2kgT=m: (1.19)

IfIsetT < GM m=4kgrg as a temperature constraint on the coronal base positioned at radial
distancerg, then | can arrive at four different classes of solutions, each with different pairs
of behaviors for radial distances ranging< r < rc andr > rg:

» ClassI A set of solutions with an increasingr) forrg r < r¢, attaining a maximum
value less than; nearr = r¢, and decreasing far> re.

» Class II: A unique solution with a monotonically increasingr) with u(re) = uc.
* Class lll: A unique solution with a monotonically decreasing) with u(rc) = Uc.
* Class IV A set of solutions with a decreasingy) forrg  r < r¢, attaining a minimum
value greater thao. nearr = r¢, and increasing for > re.
These classes can be visually described in Figure 1.4, with velocity and radial distance axes
normalized tau; andr¢, respectively.

Firstly, one can limit the number of physical solutions down to the rst two classes
since coronal temperatures of10° K produces a coronal expansion speed on the order of
100 km/s, which is less tham. This eliminates Class Ill and IV solutions since they begin
with speeds greater thag for radial distances < r.. However, the behavior of the solar
wind speed at large values ptletermines whether solutions of Class | or Il are more phys-

ical. In fact, when considering the behavior of Class | solutions in the fimit¥, then the
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Figure 1.5: The two-dimensional structure of the interplanetary magnetic eld due to the
solar wind and solar rotation, also known as the Parker Spiral. This image is
adapted from Hundhausen [1972] with permission (see Appendix C.3).

pressure as! ¥ does not vanish, creating the same issue in the model produced by Chap-
man. However, the unique solution described by Class Il allows for a vanishing pressure that
could merge into the low background ISM pressure, while reconciling the coronal expansion
speeds for the observed coronal temperatures. The Class Il solution describes the solar wind,
whereas the Class | solutions describe a solar breeze.

An important caveat carries with the Class Il solution provided above. In addition to
those mentioned above, the assumption of an isothermal expansion is only well maintained
in the corona, unlike in the rest of interplanetary space beyond the corona. Even adiabatic
expansion does not reconcile observations via the Voyager spacecraft mission. The temper-

ature pro le does not drop off quite as predicted with adiabatic expansion, leading to some
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other dynamics, which are still not well understood, that can be heating the plasma at larger
heliocentric distances.

However, the prediction of a continuous solar wind was not widely accepted despite
its agreement with coronal expansion speeds, vanishing pressure ¥t and observations
of the comet's tail. Although the rst in-situ observations of the solar wind rst occurred
with the Luna 2, Luna 3, and Venus 3 spacecraft between 1959 and 1961 [Gringauz et al.,
1960, Gringauz, 1961, Gringauz et al., 1967], the Explorer 10 in 1961, with a much more
sophisticated and reliable instrument for measuring plasma properties, con rmed the exis-
tence of a supersonic ow in interplanetary space. A noncontinuous ow was observed with
velocities 280 knrs and proton temperatures at0:5 MK [Bonetti et al., 1963, Scherb,
1964]. This ow was not observed to be continuous since the spacecraft was passing in
and out of Earth's magnetosphere, although questions of whether a continuous ow existed
were extinguished with Mariner 2 spacecraft measurements [Neugebauer and Snyder, 1962,
Snyder and Neugebauer, 1964, Neugebauer and Snyder, 1966, 1967]. Mariner 2 observed
average ows of 504 km/s, always more than twice the thermal speed, and average densities
of 5.4 particles per cubic centimeter. Furthermore, it con rmed the existence of an inter-
planetary magnetic eld similar to that predicted by Parker [1958], whose geometric shape
was simpli ed using some constant solar wind speed and an approximate period for the solar
rotation. This Parker spiral describes the expansion of magnetic eld lines from the surface
of the sun into interplanetary space, depicted in Figure 1.5. The solar wind exhibits great
variability as observed by Explorer 10 and Mariner 2 spacecratft, which can be explained by
many different solar events, such as solar ares, coronal mass ejections, and even the solar
cycle. However, its variability is also a consequence of its turbulent nature. In the next chap-
ter, | look into how turbulence plays a role in the spatial and temporal variability of the solar

wind.
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1.2 Dissertation Outline

The solar wind is the main focus of this dissertation, more speci cally its turbulent
features and how they evolve radially throughout the inner heliosphere. In Chapter 2, | dis-
cuss further the topic of turbulence and what it means for a uid to be considered turbulent.
Then I shift into how the solar wind exhibits nearly similar turbulent properties when com-
pared to hydrodynamic uids. This is when | begin to raise questions pertaining to speci c
characteristics associated with turbulence, namely intermittency, and how | can study inter-
mittency with the utilization of single spacecraft in-situ measurements.

Moving on to the results, | discuss and explore two signi cantly important spatial
scales in Chapter 4, one characteristic of the energy-containing eddy sizes (large) while the
other is associated with the start of kinetic processes of ions (small). These scales are then
utilized in computing a Reynolds number applicable to the solar wind.

In Chapter 5, the effect of sampling direction on the interpretation of observations
based on single spacecraft data is examined. This study provides insights regarding the
radial evolution of anisotropy in the large-scale energetic interacting turbulent uctuations
in the heliosphere. The importance of tracking the changes in sampling direction in single-
spacecraft measurements is emphasized as the spacecraft travels through interplanetary space
when using these data to study the radial evolution of turbulence properties. This can prove
to be vital in understanding the more complex dynamics of the solar wind in the inner helio-
sphere and can assist in improving related simulations.

Furthermore, the radial variation in Reynolds number allows us to examine for the
rst time the relationship between kurtosis, an intermittency measure, and Reynolds number
in an interplanetary plasma (See Chapter 6. A conclusion from this observed relationship
is that regions with lower Reynolds number at a xed physical scale have on average lower
kurtosis, implying less intermittent behavior. Also, a comparison of this relationship is made
between the solar wind and wind tunnel experiments, showing for the rst time that the
dynamics of the solar wind, to an extent, behaves similarly to wind tunnel dynamics.

Finally, the compressibility scaling of density uctuations with respect to turbulent
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Mach number is investigated and presented in Chapter 7. Developed theory for compress-
ibility scaling lead to different possible outcomes depending on the ow's characteristics,
such as homogeneity and plasma beta. | see a general linear scaling between normalized
density uctuations and turbulent Mach number that is predicted by both linear wave theory
and nearly-incompressible theory generalized to inhomogenous ows. In Chapter 8 | sum-
marize the main results presented in this dissertation and provide my interpretation of solar

wind dynamics within the rst 10 au of my Sun.
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Chapter 2
TURBULENCE

Here, the concept of turbulence in a uid along with its de ning features is introduced
(2.1). Then signi cant features of magnetohydrodynamics (MHD) are explored, since the
solar wind has similar properties to, and acts in many ways like, an MHD uid (2.2). General
turbulence properties of the solar wind will also be discussed (2.2) while introducing the

guestions that this dissertation will strive to answer in later chapters.

2.1 Properties of Turbulence

Every day, people experience turbulence in at least one form or fashion, for example,
using a spoon to mix milk into coffee. Turbulence here can be de ned by the swirling motion
depicted in Figure 2.1. The generation of turbulence due to the energy input from the spoon
to the uids enables the two uids to mix together at a much shorter timescale compared to
the same initial conditions without stirring. Another example is the turbulence felt during
air travel when an airplane experiences a turbulent patch of air, where there is a disruption in
the velocities of particles in the patch compared to the surrounding region. However, instead
of de ning what turbulence is, it is more intuitive to provide the key properties of turbulent
oWw.

The main characteristics of all turbulent ows are their irregularity, diffusivity, suf-
ciently large Reynolds number, three-dimensionality (3D), and dissipation. Irregularity
refers to the chaotic signal of the uid's parameters, such as velocity and density, that are
distributed randomly over space and time. Diffusivity is the mixing of the system, whether
it be the transfer of heat or mass from one location to another over time. A suf ciently large
Reynolds number is also required but not always a set number. The Reynolds number is

a proxy for a ow's turbulent tendencies and is a dimensionless quantity that is unique for
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Figure 2.1: Graphic of milk mixing into coffee as a visual representation of turbulence and
its multi-scale nature. Image credit: https://www.eatingenlightenment.com.

each different uid. If the Reynolds number is not large enough, then the ow is considered
laminar (smooth ow), for example, molasses in a jar whose uid viscosity is large. Since
molasses is thick (viscous), the density and velocity will have non-random distributions and
can be predicted easily within the jar. This is not the case for water within the same con ned
volume and is therefore considered turbulent (chaotic ow). Additionally, a turbulent uid

is fully described in 3D, such that the randomness and diffusivity behave in all directions.
However, anisotropy may be present such that uid dynamics may favor one preferred direc-
tion. Such is the case near the boundaries of pipe ows, where the walls of the pipe breaks
down the ow isotropy that exists towards the center of the pipe. This topic of anisotropy in
the solar wind will be reviewed again later in this chapter and in Chapter 5. Finally, small-
scale dissipation allows for the irreversible transformation of uid kinetic energy into heat.
Although these are descriptors for the meaning of turbulence, there are quantitative methods
for analyzing turbulent ows. One valid approach, yet approximate, utilizes dimensional
analysis, a powerful tool to get a sense of which variables are dominating certain ow prop-
erties [Tennekes and Lumley, 1972]. Other methods exploit invariances, such as setting the

Reynolds number to in nity, simplifying the uid equations [Hundhausen, 1972].
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Figure 2.2: Graphic of the turbulent cascade of energy across scales (large to small from left
to right). This gure is adapted from Matthaeus et al. [2020] with permission
(see Appendix C.1).

Nonlinear interactions of random processes generate turbulence, which enables the
coupling of energy over a wide range of wavenumbep=@ngth), or length scales. Ex-
ploitation methods of scaling and consideration of the similarity of energy transfer across
scales were used to construct ways to examine turbulence analytically [Kolmogorov, 1941,
Obukhov, 1962, Yakhot and Orszag, 1986]. In turbulent uids, often is the case that the
uctuations of uid parameters are large and comparable to the corresponding background
value for that parameter, enhancing the processes related to dissipation and energy transport.
When this is the case, it is useful to decompose the variables into an average and uctuating
component, known as Reynolds decomposition. For example, the velocity elth be
decomposed such that= hvi + Vo, wherelvi is the time-averaged velocity eld and is
the uctuating velocity eld. In regards to the conservation equations ((1.8),(1.9),(1.10)),
making this substitution for all parameters (decomposing each of the independent variables)
results in terms of leading, rst, and higher order. Leading order terms are those with only the
time-averaged elds or scalars, rst order terms (or linear terms) are those with a mixture of
time-averaged and uctuating components but never more than one uctuating component,
and the higher order terms (or nonlinear terms) are those with more than one uctuating
component. Nonlinear interactions arise from these nonlinear terms, which in turn give rise

to turbulence.
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It is these parameter uctuations from their respective means that can enhance the
processes related to dissipation and energy transport (as mentioned in the case with coffee
and milk). The energy in such a turbulent uid is guided along from large to small scales
known as thecascade A cumulative graphic of the energy cascade is shown in Figure 2.2.
The energy spectrua(k) as a function of wave-numbérdescribes the pro le of energy
transfer across scales. On the left, | have the energy-containing scales, where energy is
injected into the system. As the uid generates turbulence, energy is transferred to the inertial
range, where it cannot be released as heat. Throughout the entirety of this range, energy is
transferred from adjacent scales at a constant rate. Then nally the energy is transferred to
small enough scales in the dissipative range on the right, where kinetic processes occur and
energy dissipates non-uniformly and heats the uid. A physical justi cation of the energy
cascade arises in the transfer of energy between uctuations of nearly the same size, giving
the waterfall effect of energy from pool to pool of decreasing uctuation size.

Most of this dissertation will focus on turbulence statistics at scales in the inertial
range and larger. However, understanding the dynamics of processes at these scales is of
great signi cance in how fast the energy in the uid can dissipate in the form of heat. Path-
ways of heating is a largely debated topic in the space physics community, referring to the
problem of solar wind heating and its temperature pro le (see Matthaeus et al. [2020] for
an overview of the different pathways to dissipation). The solar wind is observed to have
a non-adiabatic proton temperature pro le due to increased heating. There must be mecha-
nisms beyond the solar surface that are responsible for heating the material, and heating via
turbulence dissipation is a contributing factor, as well as other mechanisms such as magnetic
reconnection and wave-particle interactions [Hollweg, 1986, Politano et al., 1998, Sorriso-
Valvo et al., 2002, Markovskii et al., 2006, Gary et al., 2008, Howes et al., 2008, He et al.,
2015b,a, Dmitruk et al., 2004, Retiret al., 2007, Sundkvist et al., 2007, MacBride et al.,
2008, Marino et al., 2008, Stawarz et al., 2009, Parashar et al., 2011, Perri et al., 2012, Ten-
Barge and Howes, 2013, Coburn et al., 2015, Bandyopadhyay et al., 2018, Sorriso-Valvo

et al., 2018, He et al., 2018]. Therefore, it is important to introduce the signi cant scales
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needed to understand the underlying physics of the cascade, as well as their placement rela-
tive to the three aforementioned scale ranges.

The correlation scale, also known as the “outer” scale, corresponds to the largest
eddy size of the system. An eddy refers to the circular movement of the uid, creating a
whirlpool-like feature. Let us set this outer length scale of the eddies todth ow speed
u. Next, consider the inertial and viscous forces that arise in the momentum conservation
Equation (1.9) to de ne the hydrodynamic Reynolds number. The inertial force contribution
isr u Nu (note that | have utilized the mass conservation Equation (1.8) to simplify the rst
two terms of Equation (1.9)). For a hydrodynamic (HD) uid with viscous dissipative forces,
the last term of (1.9) becomeaN?u, wherem= rn is the dynamic viscosity and is the
kinematic viscosity. Using scaling arguments enables a simpli cation of these terms such

that the inertial force scales as

ruNu ru’=L (2.1)
and the dissipative heating term scales as

~

mN%u  mu=L>: (2.2)

Taking the ratio of the inertial to viscous forces gives the Reynolds number

Ry = uL=n (2.3)

for an HD uid, characteristic of the large-scale ow. The scal¢éakes the role of setting a
higher limit of scales spanning the inertial range, for which larger scales contain the energy
that will eventually cascade to smaller scales. | discuss ways to compute this correlation
scale in further detail in Chapter 4.2.

Moving to the Kolmogorowmicroscalesor “inner” scales, they describe the scale that
separates the inertial and dissipations ranges. Kolmogorov's universal equilibrium theory

postulates that the rate of energy supplied from large scales to small scales, or cas@ade rate
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Figure 2.3: A copy of an image produced by the HI1 instrument onboard the Solar-
Terrestrial Relations Observatory (STEREO), acquired on 20:09 December 16,
2008. This image shows how it is affected by star- eld subtraction processing
and has been radial- Itered to compensate for the secular falloff in intensity far
from the Sun. This image and caption are adapted from DeForest et al. [2016]
with permission (see Appendix C.1).
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[energy per unit volume per unit mass per unit time], can be written in terms of the uid ve-
locity at the outer scale. This cascade rate also describes the transfer of energy throughout the
entirety of the inertial range, down to the inner scale. Following the basis for Kolmogorov's
universal equilibrium theory of the small-scale structure, the time scales of the small-scale
motion must be short and may be assumed to be statistically independent of the slower large-
scale structure. Therefore, the small-scale motion only depends on the rate at which energy is
suppliede andn [unit length squared per unit time]. Using dimensional analysis, or consid-
ering the units associated withandnu, one can derive these inner scales for length, time,
and velocity ash n3=e 124, th (n:e)lzz, andv (ne)1:4, respectively. In Chapter
4.3, 1 discuss how these inner scales are useful for de ning a Reynolds number applicable to
the solar wind. | note in passing, however, that a de nition of the Reynolds number can be
used as a quanti cation of the physical separation between the outer and inner scales. This
means that a small Reynolds number uid or plasma, i.e. small physical separation between
the outer and inner scale, can result in the absence of an inertial range of the magnetic or
velocity energy spectrum. In fact, such phenomenon has been reported via Magnetospheric
Multiscale (MMS) spacecraft observations of the turbulent magnetosheath [Sahraoui et al.,
2020]. In the case of the solar wind, a suf ciently large Reynolds number at all heliocen-
tric distances is demonstrated (see Chapter 4.3), although | conclude that with increasing
heliocentric distance, the system size (inertial range) is decreasing even though the plasma
continues to expand. For the entirety of this dissertation, turbulent system size refers to the
physical separation between the outer and inner scale, not the size of the physical system
being the heliosphere.

A similarity between turbulence portrayed by Figure 2.1 and solar wind turbulence
is their physical “swirling” features. Made possible by NASA's Solar-Terrestrial Relations
Observatory (STEREQ) mission, the solar wind from the solar corona exhibited a radially
owing material, showing features of self-mixing. One of these images can found in Figure
2.3. It is signi cant to have two uids with very different properties and origins present
similar physical dynamics in regards to their turbulent nature. However, these similarities

are not the only properties they share. Wind tunnel dynamics are extensively studied in the
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hydrodynamics community (Blocken et al. [2016] and references therein). In fact, in a later
chapter, | directly compare results from solar wind in-situ measurements with their analogous
results from wind pipe experimental data and observe striking resemblances. Keeping in

mind this comparison, | take a closer look into the role of turbulence in the solar wind in 2.2.

2.2 The Role of Turbulence in the Solar Wind

The scales of signi cance in the cascade are the outer and inner scales, as they are
the scales where the power spectrum bends, signaling a transition of dynamics. These bends
in the spectrum occur that scales around the outer and inner scales. A power spectrum refers
to the power density associated with a particular scale as a uid is owing, for which a
general spectrum is represented in Figure 2.2. For a cascading turbulent uid, a power-
law in the inertial range of the spectrum is one of its key signatures, yielding the famous

5=3 Kolmogorov scaling. The source of turbulence is in the non-linear interactions in
physical elds that govern the dynamical equations [Montgomery and Phillips, 1989]. These
non-linear interactions manifest as gradients, or uctuations, in these physical elds, which
exhibit the power-law nature in their spectrum. There are two ways to compute the power
spectrum of a eld's uctuation: the fast fourier transform (FFT) method and the Blackman-
Tukey method [Blackman et al., 1960].

The rst and rougher estimate of the power spectrum computation is the FFT method
that requires taking the fourier transform of a function that represents the data sample time
series, X(t), which is any arbitrary eld (scalar or vector) in the uid. This gives the data
sample in the frequenc domain,X( f). Afterwards, the power at each frequency is equiv-
alent to the frequency-average of the produckof) andX(f + Df), whereDf is the fre-
guency lag. The Blackman-Tukey method rst requires taking the time-average of the prod-
uct X(t) X(t+ t) with t, which is the autocorrelation functidnLet us call this function

C(t;t). Lastly, by taking the fourier transform @&(t;t), | arrive at the power spectrum.

1 The autocorrelation function is a measure of how correlated a function is to itself at different lags. | discuss
the normalized version of the function in Chapter 4.2.
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These two methods have been compared using Voyager 1 data at 1 au [Matthaeus and Gold-
stein, 1982]. Figure 2.4 shows this comparison between the FFT and Blackman-Tukey meth-
ods. The jagged curve is the result of the FFT method and the smoother curve is produced
via the Blackman-Tukey method. Because no information is lost using the Blackman-Tukey
method, and the result is visually cleaner, the Blackman-Tukey method is now the more

widely used method for computing power spectra in observational data analysis.

Figure 2.4: Magnetic energy spectrum of Voyager 1 data measurements at nearly 1 au in
units ofg? = nT2. The abscissa is given in both frequency (Hz) and wave num-
ber (km 1). The frequency spacing is® 10 7 km 1. The jagged, thin
curve is produced via the Fast Fourier Transform method, whereas the smoother,
thicker curve is produced via the Blackman-Tukey method. This gure and
caption are adapted from Matthaeus and Goldstein [1982] with permission (see

Appendix C.4).

The rst study of the solar wind magnetic eld power spectrum was performed in
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1968 using Mariner 2 spacecraft measurements [Coleman, 1968], yielding a similar power-
law nature compared to velocity power spectra of HD uids. Several studies after 1968
[Jokipii, 1973, Matthaeus and Goldstein, 1982, Tu and Marsch, 1995, Bruno and Carbone,
2013] have con rmed the existence of a magnetic eld spectrum extensively. Figure 2.4
shows the magnetic power spectrum of a Voyager 1 interval near 1 au, which exhibits a
nearly 5=3 scaling in the inertial range. However, the theory introduced by Kolmogorov
[1941] was strictly for the power spectra of velocity uctuations, whereas the aforemen-
tioned studies used magnetic eld uctuations as a proxy. | further discuss the implications
of this substitution in favor of magnetic eld uctuations in Chapter 6. Belcher and Davis
[1971] demonstrated that the uctuations in the solar wind are of &ife nature, such that

the magnetic and velocity uctuations are correlated, or anitcorrelated, as one expects via
their coupling from the Alfén wave dispersion relation [Alén, 1942]. This correlation
enables an expectation of similarity in spectral analysis between these two uctuating quan-
tities. Another reason for using magnetic eld data for spectral analysis is a consequence
of spacecraft instrument limitations, such that the magnetic eld can be measured at a much
faster rate compared to the bulk ow speed. In more recent spacecraft missions, the sampling
rate of plasma parameters has signi cantly improved, leading to the discovery of a second
break in the spectrum within the dissipation range [Sahraoui et al., 2009]. The two breaks in
the spectrum at scales smaller than the inertial range are related to the corresponding proton
and electron inertial scales, each marking the scale for which their respective kinetic effects
become relevant.

A natural phenomenon that occurs in a turbulent medium is intermittency. Turbulence
intermittency refers to the patchiness, or burstiness, of a signal, which happens to be highly
ordered and structured. For example, when comparing the distribution of a signal to that of a
random Gaussian distribution, then intermittency reveals itself in the tails of the distribution,
speci cally by the raised tails in the signal's distribution. A visual representation of inter-
mittency can be found in smoke from a chimney, where smoke at the boundary jets off away
from the rest of the ow chaotically, a result of intermittency. Referring back to Figure 2.2,

the emergence of coherent structures in the solar wind, such as electric current sheets, current
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cores, vortices, and density structures, allows the transfer of energy from larger to smaller
scales not subject to the global energy transfer rate between adjacent scales. This usually
means that the energy transferred to the targeted scale will be stored in the magnetic and
kinetic energies, hence a deviation in the dynamics compared to the surrounding bulk ma-
terial. This dissertation will extensively cover the evolution of the solar wind's intermittent
behavior at inertial range scales (see Chapter 6). Additionally, | investigate the relationship
between intermittency at a xed inertial scale and system size, which is directly related to
the effective Reynolds number {Ra quanti able parameter in the solar wind.

Another topic investigated in this dissertation is the effect of anisotropy on the outer
scale, an open topic of discussion in the space physics community. Anisotropy in the solar
wind is introduced along the direction of the background magnetic eld, a eld that cannot
be eliminated by the means of a Galilean transformation and therefore rendered statistically
isotropic. Such a transformation can be made for the velocity eld in HD uids [Batche-
lor, 1953]. The nature of the anisotropy is linked to the nature of the uctuations. In the
solar wind, the uctuations prefer to be perpendicular to the local magnetic eld [Belcher
and Davis, 1971]. Anisotropy is also evident in the uctuations' power spectrum along the
different wavevectors that are perpendicular and parallel to the magnetic eld. It has been
observed that the turbulent energy in the solar wind prefers to be stored in perpendicular
wavevectors at and within 1 au, leading to the suppression of the observed power in paral-
lel wavevectors [Shebalin et al., 1983, Oughton et al., 2015, Chhiber et al., 2020, Chhiber,
2022]. A supported model of the anisotropic nature in solar wind turbulence is the “two-
component model”, separating uctuations into two contributions: the “2D” (perpendicular)
component dominating the “slab” (parallel) component [Matthaeus et al., 1990, Bieber et al.,
1996]. The source of the power in the “slab” component is related to theAilfvuctuations
which propagate in the direction of the magnetic eld, whereas the “2D” component gets its
power from nonlinear couplings that generate strong turbulence. Outer scale anisotropy is
related to, but separate from, which wavevector is preferred for storing energy. This kind of
anisotropy corresponds to the difference in the scale at which energy is transferred from the

energy-containing scales to the inertial scales, not the amount of energy associated at that
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particular scale.

To help visualize this type of anisotropy, see Figure 2.5, which provides an overall
picture of the inner-heliosphere and a possible interpretation based on which modeled com-
ponent is favored. The top two right panels of Figure 2.5 provide two-dimensional magnetic
correlation functions that are elongated along the dimension/component with the larger cor-
relation scale at radial distances near 1 au and 0.20 au in descending order. The bottom right
panel is an image resolving the corona, which can provide information on spatial features
and predictions for anisotropy in the sub-Adfvic region. First, | start with below the Alén
critical point, or surface [Chhiber et al., 2022], where the solar wind speed overcomes the
Alfv én speed/p = B:p 4pri, where B is the magnetic- eld vector magnitude ands the
ion mass density. Due to a lack of in-situ observations below this region that are available to
the public, | turn to imaging that suggests the correlation scale of parallel structures are larger
than those of perpendicular structures. This suggests that the wavenumber associated with
the transition to the inertial range of the perpendicular energy is smaller and therefore leads
to a preferential storing of energy in wavevectors parallel to the magnetic eld. Beyond the
Alfv én region, a reversal of the anisotropy is observed, although is not very obvious, since
the ratio of the parallel and perpendicular correlation scales can be considered as being of the
same order, in addition to low sampling of the near-&Hwegion. | investigate this further
in Chapter 5 and discuss other possible mechanisms that support the observations of previous
studies and the present work.

Density uctuations, a scalar quantity, can also present anisotropy with stronger uc-
tuations in either the “2D” or “slab” component relative to the magnetic eld. | do not
investigate density anisotropy in this dissertation but rather investigate the compressibility
using Parker Solar Probe data. The development of compressibility in nonlinear theory has
been rigorously derived considering homogeneity and plasma beta [Matthaeus and Brown,
1988, Matthaeus et al., 1991, Zank et al., 1990, Zank and Matthaeus, 1992, 1993, Bayly
et al., 1992]. For a more complete description this theory, please see Chapter 7. The degree
of compressibility in a plasma can be connected to several pathways of dissipation. Density

uctuations can also originate from MHD waves and/or nonlinear structures. A large part of
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Figure 2.5: A schematic diagram (not drawn to scale) outlining the results of Bandyopad-
hyay and McComas [2021] and previous studies. The anisotropy information
near 1 au was reported by Matthaeus et al. [1990], Bieber et al. [1996], and
subsequent papers. There are no in-situ data in the sulethcorona at
the time of publishing so the nature of anisotropy there is not established, but
remote sensing observations [Cranmer and Winebarger, 2019] provide some
clues. Bandyopadhyay and McComas [2021] analyzes near-coronal solar wind
using PSP data. This gure and caption are adapted from Bandyopadhyay and
McComas [2021] with permission (see Appendix C.1).
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compressibility studies in plasmas involves the nature of scaling in several aspects regarding
the uctuations of plasma parameters. | investigate one of these relationships, speci cally
the scaling of normalized density uctuations on turbulent Mach number. These results are
presented in Chapter 7 and | discuss their implications in Chapter 8.

Although the results presented in this dissertation are mainly observations based on
single spacecraft data, there is much excitement in the space physics community for the ne-
cessity of multi-spacecraft missions. In single spacecraft data, | are limited to viewing only
one of these components at any given time. This is because the spacecraft speed is at most
times negligible compared to the solar wind's bulk ow speed. The direction of the solar
wind velocity therefore dictates the sampling direction of spacecraft measurements. The
angle between this direction and the interplanetary magnetic eld vector is the sampling an-
gle, which can be anywhere between aligned (zero degrees) and anti-aligned (180 degrees)
relative to the magnetic eld. This limitation means that | are unable to compare the “2D”
and “slab” components of a single data interval but rather | compare these properties be-
tween nearby intervals over various sampling angles. With multiple spacecraft sampling the
solar wind in a particular set of orientations, spatial gradients can be numerically computed
[Paschmann and Daly, 1998], an impossible operation to perform with single spacecraft data.
Spatial gradients of the magnetic, velocity, and pressure elds are of signi cant importance
given their dependency in the equations that govern the system (see Equations (1.8), (1.9),
and (1.10)), as well as their connection to estimate the cascade rate (the rate of energy trans-
fer at a given scale). The precursors of the next multi-spacecraft missions are the NASAs
CLUSTER [Escoubet et al., 1997, 2001] and Magnetospheric Multiscale (MMS) [Burch
et al., 2016] missions, each comprised of 4 spacecraft. Both of these missions were planned
to sample the near-Earth environment, speci cally Earth's magnetosphere; however, the re-
cently accepted plans for NASAs HelioSwarm [Matthaeus et al., 2019, Klein et al., 2019,
TenBarge et al., 2019, Spence et al., 2021] mission will be designed to probe the solar wind
near 1 au, and will be comprised of nine spacecratft. This will enable the space physics com-
munity to acquire multi-point and multi-scale sampling of the solar wind in the near future

for the rsttime.
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Chapter 3
MOTIVATIONS AND RELATED STUDIES

In Chapter 2, | establish the role of turbulence in the solar wind. However, | would
like to justify studies of the solar wind and its signi cance to the space science and uid
dynamics community. | do this in 3.1. Furthermore, | present relevant studies that build up
to the work and results presented in this dissertation. The story of these antecedent studies

are presented in 3.2.

3.1 Addressing the Problem to Motivate Research

The solar wind's existence is essential for life to exist on Earth; however, it also has
the ability to destroy all life on Earth. Earth's magnetosphere, a product of the interaction
between the solar wind and Earth's magnetic dipole, protects Earth's atmosphere from be-
ing stripped away from the planet, unlike the case for the planet Mars. Mars did not have
a suf ciently strong magnetic eld to ward off the solar wind, resulting in a nonexistent
atmosphere.

However, Earth's magnetosphere does not protect human life from all possible solar-
created harmful effects. For example, extreme solar events such as coronal mass ejections
and solar ares carry with them solar energetic particles that can damage spacecraft and satel-
lite electronics causing malfunctions and system shutdowns, as shown in Figure 3.1. This can
disrupt communications and GPS location which are used for navigation purposes on planes
during ights. Also, there is increased radiation exposure to passengers on ights close to
regions where these energetic particles are expected to pass through. Another byproduct of
these extreme solar storms are geomagnetically induced currents in the power grid which
can lead to a current overload resulting in regional blackouts. Since today's world is dom-

inated by technology requiring a consistent and reliable access to electricity, studying the
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Figure 3.1: Graphic describing the harmful effects of solar energetic particles carried by
extreme solar events such as coronal mass ejections and solar ares. Image
credit: https://www.spaceweather.gc.ca/tech/index-en.php.

solar wind has applications to space weather forecasting that is used to help mitigate these
solar storm effects.

Although space weather forecasting involves predicting the behaviors of structures
on macroscopic scales, it is important to understand the underlying dynamics of these larger
structures to make connections to their intrinsic properties. This leads to the problem that
is still a largely debated topic in the space physics community, namely the observed tem-
perature pro le of the solar wind. If the solar wind was assumed to adiabatically expand,
meaning no heat exchange from the system with its surroundings, then solar wind temper-
atures should decrease as a function of the radial disRnte. Instead, the solar wind is
only seen to decrease as ned®ly2. This requires the existence of mechanisms that assist
in raising and maintaining the observed radial temperature pro le.

Many researchers in the space physics community contribute these raised tempera-

tures as a result of turbulent dissipation, since turbulence has the ability to persist throughout
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Figure 3.2: The radial evolution of solar wind temperature as observed by Voyager 2 space-
craft. This gure is adapted from Richardson et al. [1995] with permission (see
Appendix C.5).

the heliosphere and maintains the transfer of energy from large to small scales. Others be-
lieve that magnetic reconnection has the ability to account for the observed temperature
pro le. Magnetic reconnection is a mechanism that arises from the build-up of magnetic
pressure of anti-aligned magnetic eld lines. When the energy associated with this extreme
magnetic pressure reaches a certain limit, the anti-aligned magnetic eld lines reconnect
causing strong out ows from the reconnection region. A strong current density is gener-
ated along the direction perpendicular to the magnetic eld lines as a result. Finally, a third
mechanism believed to contribute to solar wind heating involves wave-particle interactions
in which energy is transferred between waves and patrticles. A type of this interaction, for
example, is heating via Landau resonance, where the electromagnetic eld and the particle's
motion are aligned, resulting in the increase of particle ow energy parallel to the electro-
magnetic eld. Another type of wave-particle interaction is cyclotron resonance, where the
particle's gryo-motion about the electromagnetic eld leads to the transfer of heat in the par-
ticles velocity perpendicular to the magnetic eld. These interactions are highly anisotropic
and consequently leads nonuniform heating of the bulk ow along wavevectors perpendicu-

lar and parallel to the background magnetic eld.
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These contributing factors of solar wind heating occur over much smaller scales com-
pared to solar storms but nonetheless affects the overall dynamics of the expanding plasma.
Therefore, to have a complete description of the medium for accurate space weather fore-

casting, there is a necessity to understand the underlying small-scale dynamics.

3.2 Related Antecedent Studies

The studies presented in this dissertation correspond to the radial evolution of turbu-
lence properties in the solar wind and comparing many of them with well-established hydro-
dynamic properties. Therefore, it is important to delve into the brief history of prior efforts
motivating the work leading up to the results presented in later chapters. The following his-
torical references and progression of radial evolution of solar wind studies are reviewed in Tu
and Marsch [1995], Bruno and Carbone [2013], Verscharen et al. [2019], Zank et al. [2021],
Parashar and Matthaeus [2022].

Classical hydrodynamic turbulence theory [Chandrasekhar, 1949] adapted to plasmas
[Kraichnan, 1965] marks the rst movement of relating hydromagnetic dynamics to hydro-
dynamics. Earlier observations of the solar wind [Holzer et al., 1966, Coleman, 1966], in
conjunction with the hypothesis that coronal heating could be attributed to energy transfer
from waves or turbulence [Sturrock and Hartle, 1966], were utilized in the development of
the idea that classical hydrodynamic turbulence theory may be used to identify the physical
processes governing the increased heating of the solar wind [Coleman, 1968]. The impor-
tance of this work enabled the estimation of the rst cascade heating rate in the solar wind at
1 au, which accounted for the observed temperatures at 1 au.

This sparked the series of radial evolution studies in the attempt to examine further
the similarities between solar wind turbulence and hydrodynamic turbulence. Belcher and
Burchsted [1974] examined the turbulent power with radial distance nding a decreasing
power with increasing heliocentric distance. These observations alongside those of the inner
heliosphere [Roberts et al., 1990] were found to be consistent [Verma and Roberts, 1993]
with solutions for the evolution of turbulent power solved via WKB theory [Hollweg, 1974]

of a hydrodynamic radially expanding medium. Furthermore, these same observations were
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found to be consistent with a driven, expanding MHD medium [Zank et al., 1996] if ap-
propriate choices of solar base plasma parameters are chosen. Other studies examining the
total power observed via reduced spectral densities also found a decreasing total power with
increasing heliocentric distance [Bavassano et al., 1982, Horbury and Balogh, 2001, Bruno
et al., 2009].

Naturally, the investigation of the radial evolution of heating rates follows from exam-
ining power spectral densities, the theory of which is described by Hollweg [1986], Hollweg
and Johnson [1988]. The radial evolution of spectral shapes plays a role in the evolution of
the heating rates, and have been extensively studied [Tu et al., 1984, Tu, 1988]. These studies
motivated others in the space physics eld to merge turbulence theory with spatial transport
modeling of radially evolving solar wind properties, which have already been established to
be consistent with WKB theory. However, steps were made towards a non-WKB transport
theory with the goal of re ning the connection between HD turbulence theory and solar wind
observations [Marsch and Tu, 1989, Zhou and Matthaeus, 1989]. Since turbulence involves
nonlinear interactions of structures that amplify turbulent uctuations, transport theory was
developed to describe these turbulent uctuations at the energy-containing scales [Matthaeus
etal., 1994]. As mentioned before, it is energy at the energy-containing scales that is fed into
the inertial range scales [Dmitruk et al., 2002, Cranmer and van Ballegooijen, 2005, Ver-
dini and Velli, 2007, Chandran and Hollweg, 2009, van Ballegooijen et al., 2011, Perez and
Chandran, 2013, van Ballegooijen and Asgari-Targhi, 2016, Zank et al., 2018, Chandran and
Perez, 2019] as part of the picture of the energy cascade. Also, when speaking about heating,
one also naturally examines radial temperature pro les [Richardson et al., 1995, Smith et al.,
2001], that are observed to deviate from the temperature pro le predicted for an expanding
adiabatic medium (see Figure 3.2). The cross helicity andéhifsity of solar wind uctua-
tions have also been shown to decrease with increasing heliocentric distance [Roberts et al.,
1987b, Goldstein et al., 1995, Matthaeus et al., 2004, Bavassano et al., 2000], further adding
to the collection of radial evolution studies in the solar wind.

In particular relevance to the results presented in this dissertation, Smith et al. [2001],

Ruiz et al. [2011, 2014] examine the radial evolution of the correlation length, nding that
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it increases with increasing heliocentric distance via Helios, Voyager, and Ulysses observa-
tions. Our result (see Chapter 4) extends the radial scope of these studies, with extensions
to the inner heliospheric distances covered by Parker Solar Probe up to 10 au covered by
Voyager 1. Additionally, the radial evolution of the inertial range spectral slope for velocity
uctuations have been examined by Roberts [2010]. In Chapter 6, | examine the radial evo-
lution of inertial range higher-order statistics of magnetic uctuations [Cuesta et al., 2022b],
which are conceptually and mathematically connected to spectra of magnetic uctuations.
Predecessors to this work are Bruno et al. [2003], Parashar et al. [2019], the collection of
which show that the inner scale is increasing at a faster rate than the outer scale with in-
creasing heliocentric distance. This results in a shrinking of the inertial range bandwidth, a
feature that has been observed in high latitude solar wind turbulence possibly due to weaker
shears [Breech et al., 2008] or the lack thereof [Goldstein et al., 1995]. Heating of plasmas
have been known to occur intermittently [Parashar et al., 2011, Osman et al., 2011, 2012,
TenBarge and Howes, 2013, Yang et al., 2017], which can be investigated by examining
scaling relations of increments of uctuating ow elds (see Chapter 6). The relevance of
the results presented within this dissertation will contribute to the uni cation of solar wind
dynamics and wind tunnel dynamics, depicting similarities between the two physically dif-

ferent systems.
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Chapter 4
PHYSICAL QUANTITIES

The material in this chapter includes published results by Cuesta et al. [2022b] with
permission (see Appendix C.1). | de ne the magnetic eld uctuatiobsto be the differ-
ence between the total magnetic eld and the averaged magneticBeld Bi, whereh i
refers to a temporal average over an appropriately sized interval. The size of the interval,
for the purposes of my studies, should be on the order of several correlation lengths [Isaacs
et al., 2015] to include the dynamics of the energy-containing scales. Further discussion of
this can be found in Appendix A. For spacecraft and instrument speci cs, also see Appendix
A. Interval sample sizes and magnetic eld time series resolution used in this chapter are as

follows:

» 2 days for Voyager 1 at 1.92 second cadence.
» 1 day for Helios 1 at 6 second cadence.

» 6 hours for PSP at 6.8 ms cadence. The three 6 hr intervals are from each of the rst
three PSP perihelia. These intervals have start times "2018-11-06-00:00" for perihe-
lion 1, "2019-04-04-18:00" for perihelion 2, and "2019-08-30-12:00" for perihelion
3.

Again, these interval sizes are chosen adequately to contain at least several correlation times
worth of data, which has been shown to resolve a more accurate correlation scale from in
situ data [Isaacs et al., 2015].

For the analyses shown in this chapter, a temporal lssgmplicitly associated with
a spatial lag at mean solar wind spe&y according to = jVswt j [Taylor, 1938], namely
the Tyalor “frozen-in" hypothesis (TH). A temporal or spatial lag refers to the time or spa-

tial separation between two measurements. This approximate conversion from temporal to
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spatial lags is expected to be accurate wiMep is large compared to characteristic speeds

of the local uctuation dynamics, such as the root-mean-square (rms) uctuation speed or
Alfv én speed/a [Jokipii, 1973]. Applications of the Taylor hypothesis has been used for a
variety of statistics such as means and correlations, working well down to scales smaller than
the ion inertial scale [Matthaeus and Goldstein, 1982, Alexandrova et al., 2008, Bruno and
Carbone, 2013, Chhiber et al., 2018]. At distances near PSP perhglias comparable to

Va, weakening the validity of TH [Chhiber et al., 2019b, Perez et al., 2021], where at 1 au
the validity is much stronger. In these analyses (Chapters 4, 5, andl8}, of PSP intervals

that encompass only radial distandées 0:20 au exhibitVa=Vsw > 0:66, which | consid-

ered to be poor validity of TH. Only 0:10% of intervals hav®/a=Vsw > 1. Therefore, TH
remains at either intermediate or high validity for the large majority of the results presented

below.

4.1 lon Inertial Scale

The ioninertial length ds de ned as the scale at which ions decouple from electrons.
This causes the magnetic eld to be effectively frozen into the electron uid rather than the
bulk plasma, and so the ions become particles unbound to the magnetic eld. One can

compute ¢by the following:

c " —m — 228

di = VV_p| =C 4pnl7e2 = ﬁﬁ[km] (41)

wherec= 3  10° m=s is the speed of lightypi is the ion plasma frequenayy is the mass
of the ions,z is the charge state,  6:022 10 '° Coulombs is the particle charge of
electrons (which is equal and opposite to the charge of protons)nasdhe ion density
in units of cm 3 [Huba, Revised 2016]. Considering the ions as protars,1 andm
1:672 10 ?'kg.

The density in the solar wind is expected to scal®asvhen one assumes a radial
expansion at constant speed in equilibrium. This requires that all derivatives are zero ex-

cept along the radial direction. Additionally, any temporal derivatives are also zero due to
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equilibrium. These same assumptions were used to derive Equation 1.11, upon which | fur-
ther assume constant speed, resultinaﬂrinr r2 = 0 represented in spherical coordinates,
wherer represents the radial distance as dBeJ his statement requires thafR) R 2,

orn(R) R 2. Therefore, dshould scale, on average, Bs Variation in d is expected

due to a variety of factors, including solar cycle, stream structure, and solar events such as
coronal mass ejections, all of which cause variability in the proton density. These sources
of variability will also affect other plasma properties including the magnetic eld and proton

speed.

Figure 4.1: PSP, Helios 1, and Voyager 1 ion inertial lengths [km] at varying heliocentric
distancesR [au]. Overall trend is presented by a 50 point rolling median, which
follows very closely aR! power-law shown as a reference line (green dashed
line). Power-law ts of RY%4 for Helios andR*!! for Voyager are given with
uncertainty @031 and @046, respectively. This gure and caption are adapted
from Cuesta et al. [2022b] with permission (see Appendix C.1).

As depicted in Figure 4.1, | observe that the trend;0Rpinearly scales linearly with
R, a consequence of tiie 2 proton density radial scaling. The power-law ts for Helios and
Voyager areRl'04 0:031gndRL1L 0046 regpectively. The general linear radial scaling works

well even down to 0:16 au.
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4.2 Correlation Scale

A quantity of central interest is the two-time correlation functiand® time station-

ary magnetic eld uctuations, de ned as [Batchelor, 1953, Pope, 2000]:

Hb(t) b(t+ t )i
Fb(t) b(b)i

where agaihi represents a suitable averaging technique over tinkégure 4.2 shows the

Re(t) = (4.2)

auto-correlation and equivalent magnetic energy spectrum for an interval near PSP's rst

perihelion.

Figure 4.2: Auto-correlation and equivalent magnetic energy spectrum for PSP's rst peri-
helion. On the left panel | havedRas a function of spatial lag in units of d,
by applying the Taylor hypothesis to convert temporal lade spatial lags.
The intersection of the horizontal dashed line ardiitlicates the "e-folding”
correlation scale. On the right panel | have the equivalent magnetic energy spec-
trum in units of[(nT)? di] as a function of wave-numbér = * 1 in units of
d; . The vertical line in both panels showg 1. Expressed in left panel is the

effective Reynolds number de nition,& 'd—iC , which is further discussed

in Chapter 4.3. This gure and caption are adapted from Cuesta et al. [2022Db]
with permission (see Appendix C.1).

In the left panel of Figure 4.2 | show how to get the spatial correlation scale. The
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correlation timet¢ is a measure of the characteristic time separation over which the mag-
netic uctuations become uncorrelated. Here | identifywith the “e-folding” time, i.e.,

Rc(t = te) = 1=e. This correlation time corresponds to the size of the energy containing
eddies, within the interval used for computation. However, to extract a lérgtiom this
correlation time scale, a conversion is required. | use TH to make this conversion, and as a
result, the correlation length is de ned to bg = jVswtj. | also note the use of an absolute
value in the conversion. This is a subtle point that can be explained with the consideration
of how each spacecraft measurement is related to an adjacent point later in time. The so-
lar wind is owing past the spacecraft, and so it is measuring a location younger in the solar
wind compared to the last measurement, hence an implicitly negative temporal lag. This pro-
duces a positive spatial lag, and so TH is sometimes writterFas Vst with an explicit
negative sign to correct the aforementioned affect on the temporal lag. For convenience, |
usel ¢ = jVswit ¢ as the tracking of signed quantities is no longer necessary.

A general expectation thdiz scales radially as a power-law may be motivated by
appeal to von Karman similarity theory [de Karman and Howarth, 1938] in an inhomoge-
neous radially expanding medium. As summarized in Parashar et al. [2019], the relationship
between the turbulence amplitudgthe total ow and magnetic energy), and the similarity
scaleL (outer scale) [Zank et al., 1996, Breech et al., 2008] may be described by the coupled
ordinary differential equations [Matthaeus et al., 1996b]

dd_th = Tzaandccll—lt' = é; (4.3)
ignoring expansion. Note that | consider interval sizes that are small compared to the local
heliocentric distance over the range covered in my analysis. Therefore, expansion does not
strongly affect the observations for any given interval. As a result, one can nd.(bat
t1*2. The use of TH along with the association of the correlation scale with the similarity
scale leads to an expectation tha{R) R™2. The dependence of the correlation scale on
heliocentric distanc® has been observed to behavel aéR) R%4 in a mixed latitude

ensemble, with no strong dependence on plasma beta [Klein et al., 1992, Zank et al., 1996,
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Ruiz et al., 2014].

Figure 4.3: Combined correlation lengths{) for PSP, Helios 1, and Voyager 1 magnetic-
eld measurements, as a function of heliocentric distance. A 50-point rolling
median is plotted along with a referenB&? power-law (green dashed line).
Power-law ts of R%®? for Helios andR%#2 for Voyager are given with uncer-
tainty 0061 and @047, respectively. This gure and caption are adapted from
Cuesta et al. [2022b] with permission (see Appendix C.1).

As shown in Figure 4.3, | observe that the radial trend of the magnetic eld correlation
scalel ¢, for both Voyager and Helios data, is nearly consistent with a power-IaF\)Nﬁ)as
discussed above. Helios shows a slightly stronger radial dependeRE&%0f- %1 whereas
Voyager shows a slightly weaker power-law @43 %047 where each interval holds the
same weightin the ts. There s, however, considerable scatter. | must keep in mind that most
solar wind parameters are quite variable, and the spatial correlation scale may be expected
to vary due to a number of physical and methodological factors.

There is however an apparent decrease in the correlation lengtl®:d6 au. This
is associated with the PSP samples, which happen to be during solar minimum, where He-
lios and Voyager data span more times throughout the solar cycle. A more detailed analysis

would be required to determine if this is a statistically signi cant decrease. | should note that
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a corresponding decrease of the correlation length is not found in global MHD simulations

[Usmanov et al., 2018], which compute correlation lengths as part of an incorporated sub-
gridscale turbulence model that generally agrees approximately well with PSP observations
[Chhiber et al., 2021b].

Another possibility that may explain the decrease in the radial trend is that near peri-
helion, PSP is usually measuring correlation lengths parallel to the large scale magnetic eld,
and these may be systematically smaller than the more perpendicular correlation scales mea-
sured at larger heliocentric distances. This possibility is supported by a previous study using
Helios data [Ruiz et al., 2011]. The nding was that correlation lengths measured parallel
to the mean magnetic eld are systematically smaller than perpendicular correlation scales
in the inner orbits of Helios. This disparity was found to be diminished moving outward
towards larger heliocentric distances. | note that the small correlation scale values at PSP,
compared to the trend line from other spacecraft recorded at greater distances, may be in part
a systematic selection effect. These points are further analyzed in Chapter 5.

There is another region where one nds signi cantly smaller valueksgbver rela-
tively small distance ranges — at distaite 8:5 au. There may be two possible reasons for
this observed effect. The observed cluster of shortened valugs oy be a result of en-
countering pickup ions (PUIs), which can inject energy at high wave numbers in the inertial
range, pulling the correlation scale toward smaller scales [Zank et al., 1996, Breech et al.,
2008]. It is also possible that a combination of Jovian and Saturnian magnetospheric effects
contributed to this decreaselig. Jupiter's magnetosphere is inherently large extending out
to regions near that of Saturn's orbit [Khurana et al., 2004], and there is evidence that the
Voyagers' trajectory passed through Jupiter's magnetotail near 8 au [Scarf et al., 1981]. The
same effect was seen in Parashar et al. [2019], however, here | do not observe shortened
values ofl ¢ at distanceR 4.5 au as previously observed. This is the result of a change
in both interval size and statistical criterion, compared to that used in Parashar et al. [2019].
Therefore, | ignore results in the region aroun8l 8u while tting radial power-laws to R

since they strongly deviate from the average trend (see Chapter 4.3).
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4.3 Effective Reynolds Number
The correlation and ion inertial scales are utilized in estimating the effective Reynolds
Number R, which is a measure of system size from a turbulence perspective. In Chapter 6,
the behavior of Rwill be of interest in examining the macroscopic variations of intermit-
tency measures within the heliosphere as measured by various spacecraft. The hydrodynamic
value of the Reynolds numbedRy, is equal touL=n, whereu is the turbulence speedt,is
the correlation scale mentioned in Chapter 4.2, mer is the kinematic viscosity ordinarily
well determined for a collisional medium, amdis the dynamic viscosity. This de nition
can be derived by considering the scaled terms of the inertial and viscous forces, such that
mnu Nu m—[‘“z andmiN?u T, respectively. The termmN°uis in a different form from
the last term in Equation 1.9, which accounts for viscous forces acting on the uid. However,
for the solar wind within the inner 10 au of the heliosphera,is hard to numerically de ne
since the solar wind plasma is considered weakly collisional [Verscharen et al., 2019].
Another view of the Reynolds number in Kolmogorov theory is that it quanti es
the ratio of the outer scale to the inner scale [Pope, 2000]. These scales are described in
Chapter 2 In order to derive this alternate de nition, | begin with the velocity, time, and
3 1=
A :

respectively). The scale of interest is the length shalalso known as the dissipation scale.

length scale characteristic of the onset of dissipal‘ion((ne)lz"',t = 1 1:2, h =
Let us assume that the rate at which energy is transferred to small scales from larger scales is
proportional to the kinetic energy, i, and inversely proportional to time scale of the large
eddies, byL=u. Since the dissipation rateof the small-scale eddies should be equivalent

to the energy supply rate from the larger eddies, taenu3=L. Substituting this into the
expression foh, | have thah = UQ—; 1=4L. By taking the ratio betweelnandh, | derive

the effective Reynolds numbegR

(4.4)

which assumes the role 8%, but is now related to the ratio of the outer and inner scales.

Furthermore, | consider a spatial interpretation of these scales sudhlibabmes ¢ while
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h can be approximated to be on the order diod a weakly collisional plasma, resulting in

lc
d;

4=3

Re = (4.5)

Let us also note that this Reynolds number de nition is not the only valid represen-
tation of a Reynolds number in the solar wind. For example, there has been recent work
by Phillips et al. [2022] utilizing PSP data to compute an effective Reynolds number that is
dependent on the Taylor microscale in place for the dissipation scale in Equation 4.4. This
Taylor microscalel(t) is the characteristic scale of the smallest structures dominantly gov-
erned by nonlinear dynamics instead of dissipative dynamics. In doing so, Equation 4.4 is
equivalent tql c=l T)Z, enabling an estimation for the effective magnetic Reynolds number,
which can be used as another quantitative representation on the bandwidth of the inertial
range. An advantage for using the effective magnetic Reynolds number allows one to esti-
mate an inertial bandwidth without establishing or approximating the dissipation scale (i.e.,
h  d;) since not all of the energy in the solar wind is dissipated at such an approximated
scale [Alexandrova et al., 2009, Sahraoui et al., 2009]. However, both de nitions are very
useful in solar wind studies and their radial evolution should be further compared explicitly.
For reference, the average effective magnetic Reynolds number computed by Phillips et al.
[2022] is near the Rvalues estimated for the rst three PSP perihelia in Figure 4.4.

Now | discuss my results on the radial evolution of the effective Reynolds number
dependent ohc and d. A physical representation of{Ran be found on the right panel of
Figure 4.2. The value of &directly depends on the spatial separation betweeand d.

Using the expectations developed above for the radial behavior of the correlation length and
the ion inertial length, | then expect thag Bhould scale aR 2. This means that the scale
separation between the correlation length and ion inertial length is expected to decrease with
increasing heliocentric distance. Using Eq. (4.5), as well as the correlation lengths and ion
inertial lengths measured in the Voyager, Helios and PSP datasets, | accumulate the estimates
of effective Reynolds number; these are portrayed in Fig. 4.4. The Helios radial scaling of

R 056 0:069 follows more closely to the predicteé® 2= scaling than the Voyager scaling
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Figure 4.4: PSP, Helios 1, and Voyager 1 estimated effective Reynolds Numhgaga
function of heliocentric distance in au. A 50 point rolling median, the black
solid line, is plotted over Helios 1 and Voyager 1 distributions , in addition
to an un ttedR 2= power-law (green dashed line). Power-law ts Rf %56
for Helios andR %92 for Voyager are given with uncertainty@59 and 0102,
respectively. This gure and caption are adapted from Cuesta et al. [2022Db]
with permission (see Appendix C.1).
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of R 092 0:102 Although there is signi cant spread propagated by the spreadg®f end
| c(R), the average trend points to decreasipgh increasing radial distande> 0:30 au.

In contrast, the PSP Reynolds number data seems to be smaller than the average trend
and strongly deviates from tie 2= power-law, even taking into account the small sample
by extrapolating the trend line of Helios data to 0.16 au, which happens to be well above
the average of the three PSP correlation lengths. This is not associated with the behavior of
density, as there is no apparent deviation from the ion inertial length radial scaling for PSP as
seen in Fig. 4.1. As a result, the observed deviation of the radial trend of correlation lengths
for the PSP perihelia are responsible for the observed drop et Bhose distances in Fig.

4.4. Possible causes for this are discussed in Chapter 5.

4.4 Summary

| examine the radial evolution of physical scales relevant to the change of system
dynamics. As a general expectation based on observations, | expegt tHaaaddl ¢ P R;
see Figures 4.1 and 4.3, respectively. Via scaling arguments, the expected behayi® of R
that R. R 273; see Figure 4.4. This line of reasoning suggests that the bandwidth of the
inertial range is decreasing, i.e., the range of scales between the correlation scale and the
dissipation scale is decreasing with increaditagrhis conclusion is consistent with that of
Parashar et al. [2019], extending those results to span heliocentric distabéegi® R <
10 au.

There are several possible explanations for the apparent decrease in correlation scale
approaching PSP distance®:16 au from larger heliocentric distance, as seen in Figure 4.3.
It has been noted for example that there is a disparity in the radial evolution of correlation
lengths measured parallel to the mean magnetic eld and perpendicular to it. Although at
1 au these lengths are typically nearly equal, with the parallel length possibly a factor of two
larger [Dasso et al., 2005], this seems not to be the case closer to the Sun. Ruiz et al. [2011]
found in the Helios dataset that the measured parallel correlations increase more rapidly with
increasing heliocentric distance than do the perpendicular measurements. (These are single

spacecraft observations so the two orientations are not measured simultaneously.) Notably
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the parallel correlation scales closer to Helios perihelion are considerably smaller than the
perpendicular scales.

A similar kinematic issue is relevant to the PSP observations. Once again, as a single
spacecraft mission, PSP does not observe parallel and perpendicular scales simultaneously,
but relies on variation of the ambient eld direction. Therefore the frequency at which dif-
ferent angles are obtained strongly in uences the separation of parallel and perpendicular
correlations. Approaching perihelion the local magnetic eld direction is seen, as expected,
to become more radial and therefore observed correlation statistics become increasingly con-
trolled by parallel sampling. Chhiber et al. [2021b], Zank et al. [2021] note that this may
explain why PSP correlation scales near perihelion are systematically smaller than might be
expected based on extrapolation from 1 au observations and general trends from Helios ob-
servations. Adhikari et al. [2021] found that a recent turbulence transport calculation based
on a “slab” (parallel) and “2D” (perpendicular) representation of turbulence is able to repro-
duce the correlation scales found in selected parallel intervals in PSP data near perihelion
with an appropriate choice of parameters. This model result does not address the underlying
guestion as to what is the physical cause of the smaller parallel correlation lengths nor the
values of perpendicular scales (which are not observed).

Another line of reasoning relates to the issue of “aging” of the turbulence [Matthaeus
etal., 1998b], or the degree to which it has evolved since energy was injected into the plasma.
Some of this injection probably occurs closer to the Sun near the photosphere, while addi-
tional energy may be injected due to reconnection in the corona [Fisk and Kasper, 2020] or
above the Alfen zone [Ruffolo et al., 2020]. It is plausible that near PSP perihelia | observe
turbulence that is younger and not yet fully developed, being closer to the site of energy
injection. This implies that disparities in parallel and perpendicular scales, as well as their
rates of change with radius may be related to the location and nature of the energy injection.
The Ruiz et al. [2011] study organized the observations according to turbulence age, further

clarifying the stated effect.
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Chapter 5
ISOTROPIZATION AND EVOLUTION OF THE OUTER SCALE

The material in this chapter includes published results by Cuesta et al. [2022a] with
permission (see Appendix C.1).

Plasma turbulence in the magnetohydrodynamic (MHD) regime has a well-known
tendency to develop and sustain anisotropy relative to the mean magnetic- eld direction
[e.g., Oughton et al., 2015]. This anisotropy has been extensively studied in observational,
experimental, theoretical, and numerical works [e.g., Robinson and Rusbridge, 1971, She-
balin et al., 1983, Matthaeus et al., 1990, Goldreich and Sridhar, 1995, Dasso et al., 2005,
Chhiber et al., 2020], and has signi cance for heliospheric plasma dynamics [DeForest et al.,
2016], turbulence transport [Zank et al., 2021], and energetic particle scattering [Oughton
and Engelbrecht, 2021]. Studies of anisotropy in the solar wind have most often concen-
trated onspectral(i.e., correlation) anisotropy quolarization(variance anisotropy, in each
case as measured in the inertial range [Oughton et al., 2015]. Generally speaking, the larger,
outer scale, or energy containing eddies are expected to exhibit less anisotropy [Goldreich
and Sridhar, 1995]. Nevertheless it is of interest to examine the dynamical development of
outer-scale anisotropy, especially in Parker Solar Probe (PSP) spacecraft data [Fox et al.,
2016], which may provide valuable insights concerning the dynamics of the young solar
wind. Here | examine the radial evolution of large-scale anisotropies — at the scale of the
correlation length — as observed by PSP, complemented by other spacecraft at larger dis-
tances.

With each additional gravity assist from Venus, PSP compiles measurements of so-
lar wind plasma in previously unexplored regions. In the inner heliosphere, the distinctive
features of PSP's orbit implies sampling directions along the direction of bulk plasma ow

in the spacecraft frame that differ from earlier spacecraft. The directions of the ow and the
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magnetic eld as viewed by the spacecraft can be important when determining whether ob-
served uctuations of measured quantities are varying either parallel or perpendicular to the
magnetic eld. For a single spacecraft study such as this one, such restrictions on sampling
directions are fundamental, since ideally | would like to simultaneously measure parallel and
perpendicular correlations.

The angle between the ow and magnetic- eld vectoadignment angleQgy) in
PSP varies mainly due to the change in the heliospheric magnetic- eld direction between
PSP aphelia and perihelia, as well as the changes in the spacecraft velocity throughout the
orbit. At greater distance from the Sun, the spacecraft speed is smaller, and the magnetic
eld direction, while still varying, is much less radial than at perihelia.

The Parker spiral average magnetic- eld [Parker, 1958] organizes the baseline trend
of these angles with varying radial distance. However, for PSP's closest approaches to the
Sun, both the ow and the magnetic eld are dominantly radial and PSP most often measures
variations parallel to the magnetic eld, yielding a de cit in measurements perpendicular to
the magnetic eld. This calls for care in interpretation of PSP observations, since the ob-
served correlations may not be representative of the entire system. Here | examine separately
the radial evolution of parallel and perpendicular energy-containing correlation scales. Paral-
lel and perpendicular angular channels are chosen to correspond to angleQg, < 40
and 50 < Qgy < 90, respectively.

To expand the scope of this analysis, | employ observations by PSP, Helios 1, Ad-
vanced Composition Explorer (ACE), WIND, and Voyager 1. Previous studies have inves-
tigated the relationship between the parallel and perpendicular correlation sl(‘élaac{

I ¢). Note thatl (':( or | Z corresponds to the value bg within an interval that is identi-

ed to have an angle within the aforementioned parallel, or perpendicular, channel. Ruiz
et al. [2011] observed an anisotropy using Helios 1 data sucH @atl é whereas oth-

ers [Matthaeus et al., 1990, Dasso et al., 2005, Weygand et al., 2011] reported that parallel
lengths are greater near 1 au. More recently, PSP observes inits rst ve orbiiscktlecatc?

for heliocentric distanceR < 0:30 au [Bandyopadhyay and McComas, 2021].

| are unable to study fast and slow wind intervals separately, with the exception
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of ACE and WIND datasets. The other datasets used in this analysis are dominated by
slow wind {/sw < 450 knmes), yielding weak statistical signi cance for results in fast wind
(Vsw > 600 kmes). With this limitation in mind, | nd evidence for the isotropization b§
and| g with increasingR. Once isotropy is achieved, it continues to evolve depending on
system dynamics causing temporary deviations; however, | cannot con dently comment on
this evolution beyond 1 au due to weak statistical signi cance of parallel intervals observed
by Voyager 1.

Interval smaple sizes and magnetic eld time series resoltuion used in this chapter

are as follows:

» 1 day for Voyager 1 at 1.92 second cadence.

1 day for ACE at 1 second cadence.

1 day for WIND at 1 second cadence.

3 hours for PSP foR> 0:3 au at 1 second cadence.

1 hour for PSP foR< 0:3 au at 1 second cadence.

5.1 Radial Distribution of Alignment Angle
A key parameter for this analysis is the angle between the magnetic- eld and ow
velocity vectors, denote@gy. In most cases, the radial velocity component dominates the
tangential and normal components, thus motivating an approximation, and simpli cation,
of this alignment angle when appropriate. This is appropriate for many spacecraft, with
the exception of PSP having large tangential spacecraft velocities close to perihelia. This
approximation leads to theinding angleQggr representing the angle between the magnetic-
eld and radial unit vectors de ned as
hjBRii
hkB ki

Qsr = cOs * (5.1)

whereBgR is the radial component of the magnetic elin a heliocentric RTN coordinate
system [Fanz and Harper, 2003], is an absolute value, atkd k is a vector magnitude. The

winding angle may also be referred to as the alignment angle for convenience. Taking the
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absolute value dBg is necessary to avoid its average from vanishing in intervals that include
crossings of the heliospheric current sheet (HCS) with an associated polarity reversal. If this
operation is not performed prior to averaging then an interval with a HCS crossing may be
improperly labeled as a perpendicular interval.

For ACE, WIND, and Voyager 1, it is suf cient to examiri@sr since the observed
direction of the ow is dominantly radial and spacecraft speeds are negligible compared
to the bulk ow speed. However in PSP data the spacecraft velocity and the tangential
component of the solar wind velocity can be comparable to the radial component of the
latter [Fox et al., 2016, Kasper et al., 2019], so the angle between the magnetic eld and the
sampling direction is no longer well-representeddni. Therefore, | comput®gy directly,
de ned as

hjBji hV swi
hkB kihk V sy ki

Qgv = cos * (5.2)

whereVsy is the solar wind velocity measured in the spacecraft frame. For any intervals in
which the computation dgy is not possible (due to missing velocity data), tligskr will

be used instead. Additionally, | constrain the alignment angles to lie in the range between 0
and 90 by not distinguishing between parallel or anti-parallel.

The radial distributions of alignment angles are presented in Figure 5.1 for PSP, ACE,
WIND, and Voyager . The count in each bin is keyed to the color bar. | observe a radially
increasing alignment angle, corresponding to increasing central density in vertical slices.
This is consistent with the mean Parker spiral magnetic eld. | have suf cient coverage
of both angular channels, 0O< Qgy < 40 and 50 < Qgy < 90, for R< 1 au.
However, Voyager 1 has a narrower range of angular coverage, since the mean Parker-spiral
magnetic eld forms an increasingly large angle relative to the radial ( ow) direction, at

those distances.

1 Ruiz et al. [2011] show the angles between the magnetic- eld and ow vectors for Helios 1; however, their
parallel and perpendicular angular channels are narrower than those used in the present analysis. Any results
regarding to Helios 1 in Chapter 5 are extracted from Ruiz et al. [2011].
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Figure 5.1: Radial distributions of alignment ang@sy for PSP andgr for ACE, WIND,
and Voyager 1. PSP interval sizes are 1 hour and 3 hours for heliocentric dis-
tanceR< 0:3 au and @B au< R< 1 au, respectively. Single day intervals are
used for ACE, WIND, and Voyager 1 f&® 1 au. Interval count of each bin
is keyed to color bar. White bins denote zero count. This gure and caption are
adapted from Cuesta et al. [2022a] with permission (see Appendix C.1).

5.2 Radial Variation of Parallel and Perpendicular Correlation Lengths

Using results from PSP, Helios 1, ACE, WIND, and Voyager 1, | compare the evo-
lution of perpendicular and parallel correlation lengths fron®:08 au (16 R) to 10 au.
| illustrate the results in Figure 5.2. The top row of panels shows the radial variation of
I é and| g ; the bottom row of panels shows averages of these quantities within radial bins
equally-spaced in logR. The density of blue and red points (top) demonstrates the transi-
tion from dominant-parallel sampling close to the Sun to dominant-perpendicular sampling
above 1 au, as also seen in Figure 5.1. Both correlation scales systematically incre&se with
by nearly two orders of magnitude from5 10*kmat0.10 auto 3 10° km at 10 au.
The values between 0.40 au to 5 au are consistent with previous work using Helios, ACE,
and Ulysses observations [Ruiz et al., 2014]. The increabe ne ects the “aging” of tur-
bulence, with larger scales participating in the turbulent cascade as the solar wind evolves
[Matthaeus et al., 1998b, Bruno and Carbone, 2013] and ux tubes expand [Hollweg, 1986].
Radial power-law ts are presented in Table 5.2. The discontinuify=at0:30 au is due to a

shift from a 1-hr to 3-hr interval duration. The effect of interval size on the correlation scale
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is well-known [Isaacs et al., 2015] and can also be seen at the 1 au boundary between PSP

and ACE/WIND data, where | change from 3-hr to 1-day intervals.

Figure 5.2: Correlation lengths observed by PSP and Helios 1 (left), ACE and WIND (mid-
dle), and Voyager 1 (right), vs. heliocentric distance. (Top) results for individual
intervals. (Bottom) binned averages with bars representing standard deviation
about mean. Blue circles, red triangles, and black squares represent parallel,
perpendicular, and all intervals, respectively. Helios 1 data represented by three

turquoise crosses g) and starsl(é’) are extracted from Ruiz et al. [2011]. PSP
data to left and right of vertical dashed line at 0.3 au represent 1-hour and 3-hour
interval sizes, respectively. Columns afl au represent number density (darker

shades = larger counts) of 1-day intervals for ACE and WIND groupd(ﬁas
(left, blue) and g (right, red). Statistics of these distributions are in Table 5.1.

Power-law ts forl ¢, | (';( andl g are in Table 5.2. This gure and caption are
adapted from Cuesta et al. [2022a] with permission (see Appendix C.1).

For a quantitative examination of the radial evolution of anisotropy, | con‘rp@liz.xh 2i,
where each of the correlation scales are rst radially averaged in bins of sifead, for
R 1 au. These accumulated averages are shown in Figure 5.3, which demonstrates the
radial evolution of the observed anisotropy in the inner heliosphere. Data above 1 au are not
shown because parallel intervals have low statistical weight. Nevertheless, for the full collec-
tion of samples beyond 1 au, | compute an overall average bb,ﬁjé'i g i 0:97 0:17for

the heliocentric distances covered by Voyager 1. Therefore, | observe a continued evolution
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in the outer heliosphere that may be characterized as either mild anisotropy or approximate
isotropy.

Figure 5.3 shows that a trend toward increasing anisotropy develops belodvau,
with | ('; <| g This result, also seen by Bandyopadhyay and McComas [2021], appears
super cially to be in contrast to interpretations of images obtained by STEREO [DeFor-
est et al., 2016] that demonstrate a transition fsinatedthread-like morphology to more
isotropic occulated patterns. From their interpretation of imaging, one would expect stri-
ated structures as havirignger parallel correlations. Indeed, it has been argued that this
transition from coronal quasi-two dimensional structure [Zank et al., 2021] to more isotropic
turbulence outside the Alén critical zone is driven by dynamics of microstream shears
[Ruffolo et al., 2020]. However, | note that the length scales associated with the striation-
occulation transition in DeForest et al. [2016] correspond to lengths a decade larger than
those | examine here with in-situ measurements. It was already noted by DeForest et al.
[2016], that structures at the correlation scale are much smaller than structure detected in the
imaging studies. Therefore there is no direct contradiction, though the origins of an initially
very small parallel correlation scales remains unexplained. This contrast represents a possi-
ble change of symmetry between the ultra-large uctuation that are just beginning to interact
in the STEREO images, and the more strongly coupled nonlinear cascade that begins at the
correlation scale. | await the re nements of the Polarimeter to UNify the Corona and Helio-
sphere (PUNCH) mission [Deforest et al., 2021] that will span these ranges direct through
improved imaging.

The picture that emerges is of a faster increasleéotﬂp to 0:40 au, which can be
observed in Figure 5.3. Possible reasons for this more rapid increhge:trmpared mg
can be explained by the physical size of the granulated cells on the Sun's surface. As the
solar wind becomes more fully-developed, the initially smaller parallel scale needs to catch
up to perpendicular scale as both scales increase, hence the faster increase with increasing
radial distance. This is further discussed in Chapter 8.

After attaining isotropy near 0.40 au, the turbulence continues to evolve with in-

creasing radius, with some variation towards IoWérnear 0.60 au. The ratio then attains
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Figure 5.3: Ratios ofH éi/H é’i for PSP (blue circles), Helios 1 (red triangles), and
ACE/WIND (black square). Points represent radially binned averages of re-
sults presented in Figure 5.2. The statistics of the distribution from ACE/WIND
are given in Table 5.1. Error-bars represent standard error of the sieam,
wheres is standard deviation andis number of samples. | also compute an
average ratidi (';i/H gi 0:97 over all Voyager data out to 10 au, with 0.17
standard error. This gure and caption are adapted from Cuesta et al. [2022a]
with permission (see Appendix C.1).

| H & [10°km] | H 2i [108 km] | H &i=H Zi

All Vaw 198 0.09 | 155 0:02 | 128 006
Vew< 450 kmes | 1:98 0:11 | 1:67 0:02 | 1:19 0:07
Vew> 600 kmes | 1:78 0:31 | 1.05 0:05 | 1:70 0:31

Table 5.1: Combined ACE and WIND statistics fdrc':( and| 2, differentiated by wind
sp%ed. Values represent the mean value along with standard error of the mean,
s= n,wheres is standard deviation antis number of samples. This table and
caption are adapted from Cuesta et al. [2022a] with permission (see Appendix
C.1).
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lc R* ° |R<030au| 0:30au< R< l:0au| R>1lau
l c 0:97 0:04 0:29 0:01 0:27 0:01
s 1:03 0:06 0:28 0:03 0:64 0:12
Ig 0:61 0:.06 0:27 0:02 0:23 0:01

Table 5.2: Radial power-law ts tol ¢, | ('; and| g from Figure 5.2. Quantities represent

tted parametersa with standard deviatios about the best t. This table and
caption are adapted from Cuesta et al. [2022a] with permission (see Appendix
C.1).

isotropy again by 0.8 au and increases suchltgat I g near 1 au. This situation persists at

1 au where similar results are observed in ACE and WIND data. Table 5.1 shows averages
and standard deviations of the ACE and WIND observations that are shown as distributions
in Figure 5.2. Dasso et al. [2005] report tHrhﬁi =h Zi = 0:71 for Vsy > 600 kn¥s and

H (':(i =h C?i = 1:18 forVsw < 450 kn¥s. | report in Table 5.1 similar values to those of Dasso

et al. [2005] for slow wind but not for fast wind. A possible reason for the inconsistency in
the fast wind ratio lies in the differences in methods of comput@‘ugndl 2. Ifonerelieson

the “e-folding” method, then intervals whose correlation functions do not falkeocannot

be included in the study, whereas extracting a correlation scale via the tting method would
include those intervals that would be otherwise thrown out.

| provide individual radial power-law ts to results from Figure 5.2; these are shown
in Table 5.2 for different ranges of heliocentric distance. The more rapid radial evolution
of | ('; is re ected by the larger power-law exponents. Oméecatches up td)é’, isotropy
is roughly maintained, as can be interpreted by the combination of nearly equal power-law
exponents foré and| g as well as their similar radial scaling for radial distance9Gu<
R< 1au.

The connection between PSP and ACE/WIND and their general consistency pre-
sented in Figures 5.2 and 5.3 suggest a reversal of the initial anisotropy at radial distances
within 0:40 au. The combined ACE/WIND ratid Iéi:H gi > 1 for all Vsyw conditions
given in Table 5.1 con rms this observation. However, whether this reversal of the initial

anisotropy is preserved past 1 au, or is just a temporary deviation from isotropy, remains
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inconclusive. One might presume from the radial scalings in Table 5.2 for radial distances
beyond 1 au thalt('é continues to grow past the perpendicular scale. However, no strong
conclusion can be drawn from the available data since very few parallel intervals are found
in the Voyager data. Pickup ions are also expected to dfééabove 5au[Zanketal., 1996,
Adhikari et al., 2014, 2015, Zank et al., 2017].

5.3 Summary

In response to concerns raised in Chapter 4.4, | extend my analysis of the correlation
lengths to further investigate outer scale anisotropy using PSP, Helios 1, ACE, WIND, and
Voyager 1. Data from the rst eight PSP encounters reveals an anisotropyt @H:hl g
at :08 au, also observed by Bandyopadhyay and McComas [2021]. This is likely ex-
plained by the physical size of granulated cells on the Sun's surface. The parallel scale is
more dependent on the nature of the mechanisms that inject magnetic energy along the ra-
dial component of the magnetic eld in the corona. In this regard it is possible to develop
arguments [Matthaeus et al., 1990, Zank et al., 2021] of a general nature that the scale of
energy injection relative to the magnetic eld exerts a strong in uence on the corresponding
correlation scales. This reasoning may well explain the anisotropy observed in the inner
heliosphere but there are no observations or detailed theories as yet that rmly establish this
connection.

As one moves outward to 0:40 au | é andl é’ isotropize. A deviation from isotropy
occurs once the solar wind reaches 1 au, as observed by PSP, ACE, and WIND. Near 1 au,
a reversal of the initial anisotropy is observed, such that the parallel correlation scale be-
comes the larger of the two, with'ézl g = 1:28 (see Table 5.1). This is consistent with the
observations by Dasso et al. [2005].

The trend towards greatégzl g at 1 au and beyond might be interpreted in at least
two different ways:

1. The anisotropy at 1 au represents a temporary deviation from the isotropy achieved at

0:40 au. As a result, for heliocentric distances beyond 1 éal g remains 1,
even as other transient deviations occur, as seen in Figure 5.2. | note that turbulent
MHD simulations support this view, nding that, after a startup transient which lasts
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several nonlinear times, the MHD system settles into a regime in which the correlation
scale ratio remains roughly constant with values not far from unity [Bandyopadhyay
etal., 2019]. Analysis of turbulence “aging” in the solar wind [Matthaeus et al., 1998Db]
indicates that this condition should be well ful lled within 1 au and beyond [see also
Chhiber et al., 2016].

2. The anisotropy at 1 au marks a change in system dynamics that causes a more rapid
increasing i (':( relative tol g beyond 1 au. This can be supported by radial power-law

ts yielding a stronger radial dependenceli'é. A caveat for both these possibilities
is the weak statistical weight of parallel intervals from Voyager 1. Therefore, | cannot

draw any strong conclusions from the evolutiori éﬁl & beyond 1 au.

A stronger basis for conclusions may emerge from analysis of the more populated
data intervals in the range betweeB@ au< R< 1 au, where one observes anisotropy
increasing with radial distance. For example, there is ample evidence that solar wind turbu-
lence has not yet attained a fully-developed character in the inner-heliosphere where there is
evidence of increasing small-scale intermittency with increasing heliocentric distance [Al-
berti et al., 2020, Telloni et al., 2021, Cuesta et al., 2022b, Sioulas et al., 2022]. However,
near 1 au, the rate of increase of intermittency reverses and decreases moving towards larger
radial distances [Parashar et al., 2019, Cuesta et al., 2022b]. If the solar wind is still evolv-
ing towards fully developed status near 1 au, then the outer-scale anisotropy — what | have
characterized by measurirt@:I g beyond 1 au, may also still be evolving. In this sense
the trend just inside of 1 au may represent the relatively slower evolution towards a weakly
guasi-two dimensional state. Such anisotropy may be the consequence of enhanced forma-
tion of perpendicular gradients relative to the large-scale magnetic- eld direction [Shebalin
et al., 1983], even if this observed anisotropy is more often associated with inertial range
scales where the effect is of greater magnitude than the moderate departure from isotropy
observed here in the outer heliosphere beyond 1 au.

Future PSP orbits will provide the opportunity to examine the evolution of turbu-
lence correlations closer to the Sun's surface. The magnetic eld direction and the solar
wind direction are expected to be principally radial at the lower altitudes, so most observa-
tions will be of the parallel type, when standard Taylor hypothesis is applicable. However,

lower solar wind speed, higher Al speed, and rapid spacecraft motion across the radial
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direction near perihelion may permit valuable studies of correlation anisotropy to be carried
out using modi ed forms of the Taylor hypothesis [Matthaeus, 1997, Klein et al., 2015, Perez
et al., 2021]. Large tangential velocities in the bulk ow close to the Sun [Weber and Dauvis,
1967, Kasper et al., 2019] may also permit evaluation of perpendicular correlations below
the Alfvéen transition region [Chhiber et al., 2022].

Concerning the fundamental limitation of the present results, it is not possible to
simultaneously sample perpendicular and parallel correlations. Even with this limitation,
the above analysis offers some interesting conclusions while also raising additional ques-
tions concerning the original evolution of correlation anisotropy in the solar wind. In any
case, a more complete study of correlation anisotropy requires a multi-spacecraft mission
that enables simultaneous measurements at varying angles, thus eliminating the in uence
on the results of variation of ambient conditions. | anticipate that the HelioSwarm mission
will provide re ned answers to these and related questions about the state and evolution of

interplanetary turbulence.
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Chapter 6
RADIAL EVOLUTION OF TURBULENCE INTERMITTENCY

The material in this chapter includes published results by Cuesta et al. [2022b] with
permission (see Appendix C.1).

Traveling outwards from the solar corona, the solar wind expands to Il inthe increas-
ing volume of the heliosphere. At the same time the solar wind plasma, behaving in many
ways as a turbulent magneto- uid (although it is not a strongly collisional gas) supports a
cascade, with the implication that its larger structures break down into smaller structures,
or eddies [Pope, 2000]. These complementary effects occur simultaneously to modify the
scales of solar wind turbulence; turbulent structures breaking up into smaller structures due
to cascade as their relative size increases due to expansion.

However, in the cascade the production of small scale magnetic eld uctuations
due to local nonlinear interactions does not occur uniformly. Magnetic eld uctuations and
independently evolving eddies, upon their mutual encounter and interaction, can produce co-
herent structures such as sheets of electric current, current cores, vortices and density struc-
tures [Goldstein et al., 1995, Pope, 2000, Alexandrova et al., 2008]. Small scale structures
can form, due to, for example, a collision of ux tubes leading to reconnection. This type of
process leads to intermittency of turbulence, a term that qualitatively refers to the irregular
alternation between regions of strong increments (or gradients) and regions of weaker spatial
increments. More formally, intermittency refers to the presence of non-Gaussian statistics of
certain quantities such as increments of magnetic eld [Frisch, 1995].

Such irregular variations are known to occur in MHD uids as well as in the solar
wind. However, there is an intrinsic competition between the expansion and the evolution
of the turbulence, aforementioned, that can affect expectations regarding intermittent behav-

ior. Several effects accompany solar wind out ow and expansion. The turbulence amplitude
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itself can evolve, increasing near the Adfv critical point [Chhiber et al., 2019a, Adhikari
et al., 2020a] and subsequently decreasing, on average, except where driven strongly by
shear or other effects. Constant speed expansion also causes transverse outer length scales
to increase, and density to decrease. Meanwhile the turbulence “ages” in terms of eddy
turnover times [Matthaeus et al., 1998a], and may or may not be immediately or always in
a “fully developed” state [Pope, 2000]. The competition involving these effects is complex
and it is not obvious how to assess the radial development of physical properties such as in-
termittency. | address that issue here, with a concentration on development of the correlation
scale, the effective Reynolds number, and at a given physical scale, the energy content and
the kurtosis, the latter being a measure of intermittency. Previous studies have carried out
surveys of turbulence properties using Helios and Voyager datasets [e.g., Zank et al., 1996,
Smith et al., 2001, Greco et al., 2012, Pine et al., 2020], and these represent antecedents to
the work presented in this chapter, even if the goals and techniques were somewhat different.

The energy-related statistics such as second-order structure functions maintain a form
that suggests the turbulence is well-developed at all distances observed in this analysis. The
selected intermittency measure that | study, the scale dependent kurtosis, is evaluated us-
ing two physically relevant normalizations — in one case normalized to the outer, energy-
containing scale, and in the other, normalized to the inner, or kinetic scale. 1 nd that the
kurtosis varies with the Reynolds number, becoming less intermittent in this sense as one
moves towards the outer heliosphere. The latter result is qualitatively in accord with well-
known behavior of the kurtosis with varying Reynolds number in hydrodynamics. This com-
parison extends further the general parallelism between turbulence in ordinary uids and the
behavior of turbulence in weakly collisional space plasmas.

Preliminary results involving SDK anddRomputed from a re ned Voyager 1 mag-
netic eld dataset have been published [Parashar et al., 2019]. | also nd that the SDK held
at 10 d decreases with increasing heliocentric distaRcabove 1 au, suggesting weaker
intermittency at largeR but smaller R. The results presented in this chapter extend these
earlier ndings [Parashar et al., 2019] to the inner heliosphere in order to better examine

the relationship betweensRAnd SDK. Helios 1 and PSP data are used for this purpose. For
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spacecraft and instrument speci cs, see Appendix A. Interval sample sizes and magnetic

eld time series resolution used in this chapter are as follows:

» 2 day Voyager 1 interval size at 1.92 second cadence.
» 1 day Helios 1 interval size at 6 second cadence.

* 6 hour PSP interval size at 6.8 ms cadence.

6.1 Structure Function

The (two point) structure functions contain a wealth of information about the struc-
ture and intensity of a turbulent eld [Pope, 2000] and are usually written as a function
of spatial lag” = Vswt. The Kolmogorov Re ned Similarity Hypothesis (KRSH) [Kol-
mogorov, 1962, Obukhov, 1962] written for longitudinal increments of the velocity uctua-

tions,Dv- = © Dv, postulates that

Dv 18 (6.1)

whereDv- = v(r+ °) v(r) ande is the dissipation rate averaged over a volume of order
*3, This relation may be provisionally adapted to magnetic eld increments as a surrogate
for Elsasser increments [Politano et al., 1998, Wan et al., 2012, Chhiber et al., 2021a], where
the Elsasser variables depend on both the uctuating velocity and magnetic eld. These
variables are pertinent to computing the cross helicity, which | do in Chapter 7. Here | will
analyze the structure functions of the magnitude of magnetic vector increments in place of
the longitudinal velocity increments entertained in Kolmogorov's hypothesis. | should note
that the KRSH for MHD (or plasma) has not been fully demonstrated or con rmed as far as
| are aware [see, however, Merri eld et al., 2005, Chandran et al., 2015].

The set of magnetic eld structure functions of oraeffor varying increment scales

t, may then be de ned as:

SF(t) = KDb(t;t)j" : (6.2)
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For the purpose of further analysis below | shall assume that the moments of the magnetic

increments, under the modi ed KRSH, behave as

SFn(‘) — Cnen:S\n:3+ m(n) (63)

wherem(n) is called the intermittency parameter, aneg 0 for Gaussian turbulence lacking
intermittency. The presence ofn) arises from using magnetic increments as a surrogate
for velocity increments.

In order to observe small scale intermittency, in the analysis below, it is important to
compute diagnostics such as SDK at scales spanning the inertial range; in particular, scales
closer to the dissipation range. SDK (see below) is related to magnetic increments as de ned
above. One use of the second-order structure functiensSté help determine the inertial
range for a given interval. Ignoring intermittencyn@) = 0), K41 theory [Kolmogorov,

1941] implies that for magnetohydrodynamic (MHD) uids at high enoughlRxpect Sk
to scale a$2=3 within the inertial range, outside of which s®ill behave differently.

Computing this quantity will help determine the lags within the inertial range for that
particular interval. By doing so, | lay out the scales at which to compute SDK in order to
properly examine intermittency. In the left panels of Figure 6.1, | computedgsbuped
in bins of radial distance keyed to the color bar. These suggest that spatial lags between
10 d and 1000 dare reasonably well within the inertial range for all three spacecratft. | also
provide the same binned curves for,SF the right panels of Figure 6.1. However, | must
keep in mind that the power-law in the inertial range for data may not re ect the scaling
predicted by K41 theory due to the intermittency parameter. Therefore, | visually inspect
some power-law that is near the K41 value and assume the scales this power-law exists is the
inertial range. | note that the time resolution for the individual spacecraft's magnetometer
places a lower limit on the scale for measuring intermittency. Voyager 1 and PSP data were

able to resolve down to 1Q,dvhereas Helios 1 data resolved down to 120 d
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Figure 6.1: Second-order (left panels) and fourth-order (right panels) magnetic structure
functions for PSP (top), Helios 1 (middle), and Voyager 1 (bottom). Each curve
in the Helios and Voyager panels represents an average of 15 available nearby
intervals, with their average heliocentric distance keyed to the color bar. This

gure and caption are adapted from Cuesta et al. [2022b] with permission (see
Appendix C.1).
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6.2 Scale-dependent Kurtosis

The scale dependent kurtosis is the ratio of the fourth statistical moment to the square
of the second moment. For a scalar quantity with Gaussian distribution theeSDR here-
fore for increments of a scalar with Gaussian distributions for all lags, the SDK does not vary
with lag, assuming the ensemble is stationary and otherwise well-behaved. If SDK takes on
values greater than 3, its distribution will have wide tails that deviate from a Gaussian dis-
tribution. Typically in turbulence, the distribution of velocity or magnetic eld component
increments [Sorriso-Valvo et al., 1999] are Gaussian at large lags, and exhibit enhanced tails
atsmall lags in the inertial range. In such cases one expects the SDK to increase with decreas-
ing scale in the inertial range. Intermittency is associated with a super-Gaussian kurtosis, or
SDK> 3.

The SDK of theX-component increments of magnetic eld uctuatiofBhy = X Db

with X! R;T;N, is de ned as, with = jVawt j:

. iDby (t:t)j*
()= UL (6.4)
hDbx (t;t )}
A general expectation based on the re ned similarity is that
= S4ma 2m2)
kx()= = (6.5)

3

where | assume as in Equation (6.3) that re ned similarity is applicable to magnetic in-
crements. In this framework any dependence on Reynolds number remains unspeci ed.
However Reynolds number variation kfmay be inferred from additional empirical and
theoretical considerations, which | pursue below. As a prediction based from my previous
observational results [Parashar et al., 2019] with Voyager 1, | expect stronger intermittency
(larger R) at smaller heliocentric distances.

I may also examine how the kurtosis at a xed scale evolves with varying heliocentric
distance. To formulate a theoretical description, | need to nd a link between the kurtosis and
the two scaling factors, &and lag™. To illustrate how intermittency and Reynolds number

are intertwined in this way, | temporarily adopt a special case in which the intermittency
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statistics are represented by a log-normal distribution [Obukhov, 1962]. In Chapter 6.3 |
will introduce other intermittency theories [She and Leveque, 1994, Marsch and Tu, 1997]
for use in certain comparisons. This specialization selects a particular Reynolds number
dependence, which | may write explicitly, as follows. Referring to van Atta and Antonia
[1980], their expression for the n-th order structure function is:

mpn(3 n)=18

MO0 = Cofe T ¢ (6.6)

wherelL inherits the spatial de nition of the correlation scale amglis assumed to be a
universal constant. Note that the log-normal scaling ofritle order structure function in
Eq. (6.6) corresponds to the more general formulation in KRSH (see e.g,, Chhiber et al.

[2021a]), as in EqQ. (6.3), where for this special case one identi es

m(n) = mn(3 n)=18: (6.7)

Further manipulating Eq. (6.6), | can elimindten favor of Re andh, and approximate
h = d; as has been my practice; cf. Chapter 4.3. SinceR>™ d;, Equation (6.6) may

also be expressed in the form

m(n)
h(DW)"i = Co[e R, S o (6.8)
|
As a result, I can write the kurtosis of the velocity increments as
D E
D)* g, ()R, = T
== : 6.9
pw? - G, e PN CI ()
(Du) (€)°Re M= o
- m4) 2m(2)
Re ¥ — (6.10)

di

Note that van Atta and Antonia [1980] arrive at the conclusion that 0:25 based on
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hydrodynamic experimental observations, a result that may not apply to magnetic eld ob-
servations in space. In fact, below | will nd that the observed magnetic eld intermittency
statistics in the solar wind depart considerably from the Van Atta - Antonia result when
computed as in this exercise employing log-normal statistics.

Here, | examine how the kurtosis measured in the solar wind datasets varies with
lag and with heliocentric distance. The typical non-Gaussian probability distributions with
“enhanced tails” found in solar wind increments at smaller inertial range lags [Sorriso-Valvo
et al., 1999] have SDK greater than 3. The kurtosis of longitudinal magnetic eld increments
computed from the PSP, Helios and Voyager datasets are shown in the respective panels of
Figure 6.2. Each panel of Figure 6.2 shows estimates of scale dependent kurtosis computed
as a function of lag in units of ion inertial scale. For clarity, each curve that is shown, for
Helios and Voyager, is an average of 15 cases computed from nearby available intervals. For
the Voyager and Helios panels, the color of the curve is keyed to the heliocentric distance.

| also provide estimates of scale dependent kurtosis for the tangential and normal
directions. The signi cance of focusing on the radial direction is connected to the sam-
pling direction, which is, on average, nearly radial for any of these spacecraft measurements.
Therefore, the increments for each of the magnetic- eld components are along the radial unit
vector, making the radial SDK the most relatable to investigating intermittency. However,
it is important to observe howgt andkgy also evolve, even though the lag direction is
perpendicular to their respective eld direction. | provide these in Figure 6.2.

Figure 6.2 demonstrates a consistent picture that SDK is larger at smaller scale, as
is expected in general. It also shows, in the Helios (middle panel of Fig. 6.2) and Voyager
(bottom panel of Fig. 6.2) data, that the kurtosis at a given normalized scale decreases with
increasing heliocentric distance, with only a few exceptions. The general trend is towards
weaker intermittency at largé&t.

There is one region where the kurtosis deviates from the overall trend observed by
\Voyager 1 — at distand® 8:5 au — that can be clearly indicated in the decrease of kurtosis
values in Fig. 6.3. This decrease can be produced by wave activity associated with Jupiter's

magnetotail [Scarf et al., 1981]. Such wave activity can result in magnetic eld uctuations
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Figure 6.2: SDK for PSP, Helios 1, and Voyager 1, for the radial (top left panels), tangential
(top right panels), and normal (bottom middle panels) components. Curves
for Helios and Voyager represent averages of SDK over 15 nearby available
intervals with their colors keyed to the average heliocentric distance. The solid
horizontal green line markSDK = 3. This gure and caption are adapted from
Cuesta et al. [2022b] with permission (see Appendix C.1).
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that are uncorrelated in phase [Smith et al., 1983], and thus responsible for a tendency to-
wards Gaussian kurtosis (see discussion in Hada et al. [2003], Wan et al. [2012]). The local
magnetic uctuations from pickup ions can also produce the same effect.

This feature in the kurtosis occurs at ranges of heliocentric distance for which the
correlation scale is seen to shorten relative to the prevailing trend (c.f. Chapter 4). my work-
ing hypothesis is that these features are explained in both cases by injection of incoherent
uctuations by wave-particle interactions. However, apart from this speci c region, inter-
mittency generally weakens with both increasing heliocentric distance and scale. Power-law
analysis for the inertial range is discussed later in Chapter 6.3.

To provide a quantitative context for these observations, | may adopt two key as-
sumptions — the validity of the re ned similarity hypothesis, and a log-normal distribution
of increments. This allows us to write the SDK of velocity increments as a function of lag
“and R as in Eq. (6.10). Below | will exploit this approach to separately examine the
variation of kurtosis with properly normalized physical scale, and with effective Reynolds
number R. These details are presented in the next three subsections. In selecting scales of
interest, | focus on the inertial range, which can be identi ed (see Figure 6.1) as the range in
which SK,  “3 approximately. For a xed R then the kurtosis of the longitudinal velocity

increments is expected to scalekas ™4 2M2) [Chhiber et al., 2021a].

6.2.1 Radial Variation of SDK at Constant Multiple of d|

Instead of holding R constant and varying, now | hold ~ constant after proper
normalization, and examine SDK behavior as a function of heliocentric distance. First, |
look at lags that are multiples of the inner scale, speci célgg(" = 10 d) for PSP and
Voyager 1, andkpr(" = 120 d) for all three spacecraft. The latter choice is a result of the
limited Helios 1 data resolution that cannot resolve down to ;10 dow describe results
for k at these xed physical scales vs heliocentric distaR@nd provide power-law ts to
the radial trend ak  R9. Here | are assuming that the kurtosis dependf®as a strict
power-law; however, this is only in an attempt to extract a general trend of the kurtosis as

a function of distance. In fact, it is clear from Fig. 6.3 that a single power-law will not
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accurately describe the radial evolution of the kurtosis over the entire range of heliocentric

distance.

Figure 6.3: PSP, Helios 1, and Voyager 1 radial variation of RTN components akd
at 10 d (top) and 120 d(bottom). Information for power-law ts for Helios 1
and Voyager 1, separately, are shown under the dashed curve in the same color,
respectively.g represents the tted power-law dependence with radius of the
SDK ata xedlag . Uncertainties are provided explicitly for the corresponding
tted values ofg. This gure and caption are adapted from Cuesta et al. [2022D]

with permission (see Appendix C.1).

The top panel of Figure 6.3 shows the Voyager and PSP resulis &r10 d, for
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Cartesian magnetic eld components R, T, and N. Weaker intermittency is found at larger
heliocentric distanc& at this scale, excluding PSP (see discussion in Chapter 8). This
is supported by the value @f at varying lags, which is nearly negative for all Cartesian
components of the uctuating magnetic eld (see Fig. 6.4). The uncertainty isfgiven
explicitly in Figure 6.3.

However, for the larger lag= 120 d, | report in the bottom panel of Fig. 6.3 slightly
different radial trends when comparing Helios and Voyager observations. On average, the
tangential and normal kurtosis components are weakly dependdédhtoross PSP and He-
lios results, with a transition to a stronger dependence for Voyager results. The tangential
kurtosis for Helios shows a slight increasing trend for increasing heliocentric distance, at
which pointg for Voyager is negative for distand®> 1 au. On the contrary, the kurtosis
of the radial magnetic eld increment, which is based on the standard longitudinal magnetic

eld component, shows a clear trend toward less intermittency at l&ger

Figure 6.4: Helios 1 (top) and Voyager 1 (bottorghs a function of lag calculated for each
component of the magnetic kurtosis. Note thaefers to the tted parameter
for the radial dependence k{ =d;) R, with error bars associated with the
corresponding uncertainty @ This gure and caption are adapted from Cuesta
et al. [2022b] with permission (see Appendix C.1).

| also investigate further into hogis dependent on In Figure 6.4g computed from
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all three components of Helidsare generally invariant with respect toHowever, Heliog

values do slightly decrease with increasingnd the tangential kurtosis even switches sign.
This suggests that larger scale intermittency falls off faster than smaller scale intermittency as
a function ofR for 0:30 au< R< 1 au. On the contrarg from all components of Voyager

k suggest that small scale intermittency weakens faster than large scale intermittency for
1 au< R< 10 au. This further demonstrates a change in solar wind dynamics around 1 to

2 au, further discussed in Chapter 8.

6.2.2 Radial Variation of SDK at Constant Fraction of| ¢

| also investigate the kurtosis at scales that are constant fractidis 85 expected,
the dependence of SDK on heliocentric distance changes accordingly. The corresponding
expectation may be examined by lettihg: cl ¢ wherec, a number generallg 1, is to
be held constant. Inserting this in the right-hand side of Equation (6.10), which assumes a
log-normal distribution, one nds tha RI(| c=di)29 RO, the latter step following from
the approximation discussed earlier tha{R)=di(R) R 2. In this case the kurtosis of
the radial velocity eld increments would not vary with radial distafte

To examine this case in the observations, | carry out the analysis usihg=10 and
" = 1 ¢=100. These results are shown in Fig. 6.5. | compute power-law ts to characterize
the results, indicating the behaviorlkas R™ in Figure 6.5.

For™ = | ¢=10, the bottom panel of Figure 6.5 shows that the strength of intermittency
on average remains approximately weakly dependent Bt dlhis is consistent with the pre-
dicted lack of dependence on heliocentric distance. At smaller seale:=100, the kurtosis
trend for Helios remains nearly the same as in the caseZdrc=10, decreasing slightly in
value as shown in the top panel of Figure 6.5. However, there is a signi cant chang®of
all three components of Voyagkr, such that there is a weaker radial dependende foir
" = | ¢=10 compared to = | c=100. These results suggest that the intermittency at scales
related, and closer, to the outer scale is only weakly dependdRt on

These results are consistent with a heuristic picture of the emergence of intermittency
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Figure 6.5: PSP, Helios 1, and Voyager 1 radial variation of RTN components akd
atl ¢=100 (top) and =10 (bottom). Power-law ts for Helios 1 and Voyager
1, separately, are shown under the dashed curve as in Figurm@epresents
the assumed power-law dependence of the SDK on heliocentric didRaatce
a xed lag . Uncertainties are provided explicitly for the corresponding tted
values ofm. This gure and caption are adapted from Cuesta et al. [2022b] with

permission (see Appendix C.1).
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as the cascade towards smaller scales progresses [Matthaeus, 2021]. Beginning with cou-
plings at the energy containing scales, one may view the dominant quadratic nonlinearities
in the MHD equation as affecting the transfer of energy from wavenumbewavenum-

bersq 2k. If the statistical distribution of the originating modes is Gaussian, then it can

be shown that a quadratic product, such that they enter the time derivatives, will have an
exponential-like distribution. The cascade, being quasi-local in scale, may be viewed as a
succession of such couplings. Thus as the cascade progresses and excites higher wavenum-
bers, these will have increasing non-Gaussianity. That is, higher wavenumbers will tend to
have stronger intermittency due to the greater number of factor of two “hops” needed to
reach that part of the spectrum. Foa xed fraction ofl ¢, the number of hops to reach

from the energy containing range is the same regardless of the Reynolds number. Thus the
kurtosis at xed =l ¢ should be insensitive to Reynolds number, consistent with my ndings.
Conversely, at a xed multiple of the inner scalejdthere will be more hops required to
reach that scale for systems with larger inertial range bandwidth. This implies that when R

is increased, one should nd highkrat xed "=d;. | now examine this expectation in the

observations.

6.2.3 Dependence of Kurtosis on Effective Reynolds number

The results of Chapter 4.3 demonstrate that on average the effective Reynolds number
of interplanetary turbulence systematically changes (and in fact decreases) with increasing
heliocentric distanc® Therefore | may examine the Reynolds number dependence of the
kurtosis by evaluating its variation witR To facilitate meaningful comparison with theory,
the evaluation of the kurtosis proceeds at a xed physical scale, here a=dd

It is important to emphasize that the re ned similarity hypothesis itself leads to the
expression fok (") in Eq. (6.5), from which | cannot anticipate variations with Reynolds
number, as Rdoes not appear explicitly. (I note that in re ned similarity there is residual,
presumably weak implicit variation withdRn the constant€, andC, which | ignore here.)
However if | adopt the log-normal hypothesis [van Atta and Antonia, 1980] as an approxi-

mation, then the relevant equation is Eq. (6.10), and in that expressiapgears explicitly.
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Accordingly, | may proceed as follows.

Let us once again assume that the radial dependeric€=sl) R9. | recall that
Re R %2isreasonably well established on average, with however very large uctuations,
in both Helios and Voyager data. Therefore, due to the in uence of these uctuations |
cannot conclude th&t('=d;) Re 392

However, | can proceed to determine empirically the behaviokgpf with xed
“=d; for varying effective Reynolds number.Rwith no additional assumptions (e.g., log-
normality). The panels of Figures 6.6, 6.7, and 6.8 show the result of plotting the sampled
observations dt vs R for each of the RTN components of the magnetic eld direction. This
is done for Helios observations at 120 d in Figure 6.6 and Voyager at both= 10 d in
Figure 6.7 and = 120 d in Figure 6.8. While there is considerable scatter, one may derive
an average relationship from power-law ts (to these log-log scale distributions). The result
iskgr(" = 120d) Re>® for the Helios data, ankigr(" = 10d) Re’2° for the Voyager
data, with uncertainty :003 and @09, respectively. Again, | should focus on the radial
components of the kurtosis as per the de nition of taking an increment along the sampling
direction, which is on average radial. Results for the other components are provided in their
respective panels of Figures 6.6, 6.7, and 6.8, as well as noted in their captions.

These determinations of kurtosis at relatively small inertial range scales are relevant
to understanding intermittency and coherent structures, and their effects on the heating and
dynamics of space plasmas. There are, however, as far as | are aware, no analogous exper-
imental results in collisionless plasmas to which | may compare these observations. How-
ever, recent kinetic PIC simulation results [Parashar et al., 2015] address this issue directly,
although the much smaller systems employed correspond to much lower effective Reynolds
numbers. In particular, evaluatikd™ = d;) for varying R;, Parashar et al. [2015] found that
k(d) Re*withavaryinginarangeof 0:1to 0.5, are computed in the range of flom
10 to 100. The variation of SDK withd&shown in Figures 6.6, 6.7, and 6.8 encompasses the
lower end of this range, even though the range @irRhe spacecraft observations is at far
higher values, between 10*to  10’.

It is also of interest to adopt a wider turbulence perspective and compare the present
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