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Abstract

Energetic particle generation is an important component of a variety of astrophysical systems,
from seed particle generation in shocks to the heating of the solar wind. Starting from the
drift kinetic equation, we have derived a magnetic pumping model, where particles are heated
by the largest scale turbulent fluctuations. We have shown that for a spatially-uniform flux
tube, this is an effective heating mechanism up to v < w/k, and naturally produces power-law
distributions like those observed in the solar wind, as verified by particle-in-cell simulations.
When this model is extended to a spatially-varying flux tube, magnetic trapping renders
magnetic pumping an effective Fermi heating process for particles with v > w/k. To test this,
we used satellite observations of the strong, compressional magnetic fluctuations near the
Earth’s bow shock from the Magnetospheric MultiScale mission and found strong agreement
with our model. Given the ubiquity of such fluctuations in different astrophysical systems,
this mechanism has the potential to be transformative to our understanding of how the most

energetic particles in the universe are generated.
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Definitions

MHD

CGL

DSA

PIC

VPIC

Magnetohydrodynamics - a fluid model description of plasma dynamics

Chew, Goldberger, and Low - a closure for the fluid equations that

assumes that there is zero heat flux (¢ = 0)

Diffusive Shock Acceleration

Particle-In-Cell - a method for performing kinetic simulations that
involves dividing the simulation domain into a set of smaller regions, or
"cells", then computing the electric and magnetic fields on the domains

of the cells, then updating the locations of the particles accordingly

Vector Particle-In-Cell - a kinetic plasma simulation code developed at

Los Alamos
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Chapter 1

Introduction and Motivation

How are superthermal power-law tails
generated throughout the universe? What are
the other heating mechanisms that have been

used to explain this phenomenon?

Throughout the universe, nonthermal distributions of electrons and ions are commonly
observed. This observation is not entirely surprising - space and astrophysical plasmas tend
to have low collisionality, so it follows that the distributions of the constituent particles should
deviate from Maxwellians, and reflect that fact that such plasmas are far from thermodynamic
equilibrium. A feature of these distributions that is not necessarily expected is the presence
of hot tails of the distribution that follow a power-law, i.e. f oc v™7. Such distributions
are commonly observed in cosmic rays as well as galaxy clusters, as shown in Fig. 1.1(a)
and (b). There are many other space and astrophysical systems that exhibit such power-law
heating, a few examples of which, with a range of values given for their estimated power-law
indices, can be seen in Fig. 1.1(c), including interplanetary shocks, the Earth’s bow shock
and magnetosheath, and the solar wind. While we do not expect the distributions to be in
thermal equilibrium, determining the physical mechanism which heats these particles and
produces these specific, ubiquitous velocity signatures is still an open question, and is the
question that is at the heart of this thesis.

This thesis details a mechanism called magnetic pumping, which uses magnetic fluctuations



to heat the plasma and naturally generate superthermal power-law distributions. The most
important result of this thesis is the extension of the magnetic pumping mechanism that
incorporates the effects of trapped and passing particles. It is this extension that allows
the heating of particles moving far faster than the wave speed, a regime where few other
heating mechanisms are applicable. Because of the ubiquity of magnetic fluctuations, we
think that magnetic pumping may play a role in heating particles across the universe. While
there are a wide variety of systems where this heating mechanisms is applicable, for the
purposes of this thesis we have focused on the heating of space plasmas, specifically the
problems of anomalous heating of the solar wind, where one would expect the solar wind to
cool adiabatically as it streams away from the Sun, but observations show that this is not
the case, and heating of the plasma preceding the Earth’s bow shock. These applications
were chosen in part because of the relative abundance of in situ observational data on these
superthermal power-law tails.

In the remainder of this introduction I will put magnetic pumping in context of the other
heating mechanisms believed to be at work for collisionless space and astrophysical plasmas.
Because this thesis focuses in particular on heating in the solar wind and directly prior to
the Earth’s bow shock, this section will focus in particular on mechanisms that are believed

to have a strong role there.

1.1 Potential heating mechanisms

Understanding the transport of energy in these space and astrophysical systems is a compli-
cated problem, involving competing processes of charged particles interacting with electric
and magnetic fields. For these distributions which are far from equilibrium, we often discuss
heating mechanisms as being either wave-particle or wave-wave interactions. Wave-particle
refers to mechanisms where the dominant mode of energy transfer is in-between the waves
and the particles, and wave-wave refers to those where the dominant mode of energy transfer

is between the magnetic or electric field fluctuations. For the purposes of this thesis a more
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Figure 1.1: (a) Plot of the halo of the Coma cluster of galaxies - an example of galaxy
clusters where hot, power-law tails ar observed. Here the x-ray emission is shown in color
and the radio synchrotron emission shown in the contours. This figure is reproduced from
Brown and Rudnick[1]. (b) Plot of the observed power-law of cosmic rays with data from a
number of observations, with the plot reproduced from the IceCube Collaboration[2]. (c)
Power-law indices for a number of observed electron distributions within the heliosphere.
This plot was reproduced from Oka, et al. [3].

helpful organizing question to differentiate between these heating mechanisms is ‘at what scale
does this heating mechanism inject energy into the plasma?’ This allows us to differentiate
between heating mechanisms where energy is injected at a particular velocity scale and those
that act on the entire distribution function. Two of the most common examples of heating
mechanisms that inject energy at a particular scale are heating through the turbulent cascade,
where energy travels from the largest scale fluctuations to progressively smaller fluctuations,
until the particles are ultimately heated at the kinetic scale, and resonant wave-particle
interactions, where only particles at a particular velocity are heated. Whereas a few common
examples of non-resonant heating mechanisms are magnetic reconnection [4], stochastic

acceleration, and Fermi-like heating processes.



The reason this is such a helpful question is that it is very difficult to reproduce the
near-ubiquitous observations of power-law distributions of superthermal particles. However,
much of the work on a possible explanation for heating in the solar wind centers on resonant
processes as the primary heating mechanism, particularly resonant wave-particle interactions,
where energy is provided by the turbulence associated with propagating waves [5, 6, 7, 8,9, 10].
The best know examples of these resonant wave-particle interactions are the Landau and
cyclotron resonances. In these models, particles are energized at the resonant velocities,
where vk cos © ~ w, with cos©® = v - k/(vk), where v is the speed of the particle, w is the
frequency of the wave, and k is the wavelength. Particle energization is then limited to
v < w/(kcosO). Superthermal electrons then require energization by waves with large phase
velocities, v, = w/k, such as whistler waves [11]. However, in many systems, the energy
available in whistler waves has been found to be insufficient to explain the observed level of
electron energization. In a recent analysis using spacecraft data from the Magnetospheric
Multiscale (MMS) mission it was found that while whistlers are effective for pitch angle
scattering, the whistler bursts did not correlate well with electron energization [12]. Another
such method commonly used to explain the observed heating is a subclass of wave-particle
models developed for particles with cos® ~ 0. In this case the energization schemes only
apply to a limited fraction of the overall electron population. While the models of wave-
particle interactions play a strong role in heating particles up to v >~ w/(k cos ©), observations
often require energization beyond this limit.

While it is difficult to reproduce these superthermal power-law tails with a set of resonant
wave-particle interactions, such distributions are known to form in Fermi-like heating processes
where the energy gains of individual particles are proportional to their initial energies. One
such model which was able to provide an explanation for the observed power-law distribution
is a compressional pumping mechanism proposed by Fisk and Gloeckler [13, 14]. In their
model, particles are accelerated by random compressions driven by interplanetary wave
turbulence. The theory explores diffusion due to spatial non-uniformities and provides a

mechanism for redistributing particle energies to yield power-law distributions with the



observed index of 7 ~ —5. Critically, we note that this process is energy neutral and operates
without a net transfer of energy from the driving turbulence to the particles. The model
is derived from the Parker equation, and the lack of energy transfer is directly related to
the fact that the distribution function, f(v), is isotropic in velocity space. In contrast to
this model, magnetic pumping includes the diffusion of anisotropic features that develop in
velocity space. This difference is important because it allows energy to be transferred to the
particles directly and efficiently from the turbulent fluctuations. This energy transfer means
that magnetic pumping, in contrast to the model developed by Fisk and Gloeckler, will not

just generate power-law distributions but also will heat the plasma.

1.2 Overview of the work presented in this thesis

The remainder of the thesis will detail work we have done investigating magnetic pumping.
Chapter 2 will be devoted to a description of how magnetic pumping works physically and
how the main results of this thesis fit into existing work. After that point, we will review the
major results in detail. Chapter 3 will go through the results of work on the 1D magnetic
pumping model, its verification using particle-in-cell (PIC) simulations, and its application to
heating in the solar wind, including its extension to include an approximation of the effects of
spatial variation along a flux tube. In Chapter 4 we will detail the most important elements
of the 2D magnetic pumping model and compare it to spacecraft observations. Chapter 5
will go through the derivation of the analytic model used in Chapter 4. Finally, in Chapter 6
we will review the conclusions of this work as well as some possibilities for future extensions

of this work.



Chapter 2

Background and Connection to Other

Mechanisms

What is magnetic pumping? How do our results fit in with existing
work?

In this chapter we will start with an overview of the fundamental physics of magnetic
pumping. We begin by discussing adiabatic invariants and how the plasma responds to a
changing magnetic field in an infinite, spatially-uniform flux tube, then use this to obtain
physical intuition for how magnetic pumping works. The ultimate goal of this portion of the
chapter is both to gain a physical intuition for how magnetic pumping works and also to
understand the parameters that will determine when the mechanism is most effective, to
better recognize when it will play an important role in the energy transfer in a plasma.

Following this discussion of the magnetic pumping mechanism in a uniform flux tube,
we discuss how the introduction of spatial variation along the flux tube changes the heating
and energy transfer due to magnetic pumping. To the best of our knowledge the work in
this thesis is the first time the effects of spatial variation have been included in a model of
magnetic pumping. The goal the remainder of the chapter is to connect our assumptions
and results to existing work. The structure of the remaining two sections of this chapter

parallels the discussion of the main results in the remainder of the thesis. We start with an



approximation of the effects of spatial variation. To do this we incorporate the effects of
thermal streaming, which has been used to capture kinetic effects in fluid closure models.
This approximation is followed by a more rigorous treatment of spatial variation along a
flux tube. For this more rigorous treatment we use a derivation very similar to quasilinear
theory, a framework commonly used to find the energization from wave-particle interactions.
While very similar in practice, our treatment violates some of the fundamental assumptions
of quasilinear theory, so it can be better thought of as an extension of quasilinear theory.
The main results and assumptions of the derivation are given in more detail in Chapter 4
and 5, but it is helpful to review the the fundamentals of quasilinear theory and how our

treatment deviates from the standard version of quasilinear theory.

2.1 Physical Explanation of Magnetic Pumping

To understand how magnetic pumping works in a physical sense we start by considering
the behavior of a plasma in an infinite, uniform flux tube, for which the magnetic moment,
p = mv? /(2B), and the action, J = § vjdl, are conserved '. The parallel and perpendicular
directions are defined with respect to the magnetic field. We consider an element of this flux
tube of length L and radius r. From the form of = mov? /(2B) ~ T /B we can see that
the perpendicular temperature is positively correlated with the magnetic field, T, ~ uB,
so if the magnetic field increases T will increase as well. For a uniform flux tube we know
that J = § vjdl = v L, so we can use this expression to find that the parallel temperature
is positively correlated with the length of the flux tube element, T} o (J/L)?. From this
equation it is not immediately clear how a changing magnetic field will change the temperature
in the parallel direction. However, using the fact that the number of particles, N = n(nr?)L,
where n is the density, and the magnetic flux, ¢ = B(nr?) are conserved, we can find a

relationship for how the length of the flux tube element varies with a changing magnetic field.

IThis analysis can easily be generalized to a relativistic system using the appropriate replacements for
the relativistic momenta and fields.



By taking the ratio of the two conserved quantities we find N/¢ =nL/B, so L & B/n, and
when this length is increased the parallel temperature will decrease.

It is worth noting at this point that through our assumptions of an infinite, uniform flux
tube that undergoes motion such that the magnetic moment and action are conserved we

recover the Chew, Goldberger, and Low (CGL) [15] pressure relationship, namely

p| x n’/B?, pL xnB : (2.1)

The CGL limit is a closure scheme for the moments of the fluid equation for well-magnetized
particles in a collisionless plasma. This closure assumes that there is no heat flux in the
system (¢ = 0), which is an assumption that should be applicable to an infinite, uniform,
double-adiabatic flux tube.

Now that we have these relationships for T and 7', we can examine how the changing
magnetic field will affect the distribution function of the plasma. This process is detailed in
Fig. 2.1. If the magnetic field is increased the plasma will be heated in the perpendicular
direction and cooled in the parallel direction, with the reverse occurring if we decrease the
magnetic field. If we return to our original magnetic field amplitude, we will recover our
original distribution, and over the course of the cycle we will get no net heating.

However, we can consider the case where we increase the magnetic field as before, but
before we decrease it we apply some sort of isotropization mechanism - that could be Coulomb
collisions, thermal streaming, or scattering off of waves, as shown in Fig. 2.2. This will
redistribute f over the phase-space elements, so that when the magnetic field decreases we
will not recover our initial distribution function, and we’ll get net work from the positive work
done by the p; V| - v term averaged over the course of a cycle. This is the basic, physical
mechanism of magnetic pumping.

The amount of work done by magnetic pumping depends on a number of factors. From
Figs. 2.1 and 2.2 as well as our analysis for p; above, we can see that the amount that

the distribution function is heated in the perpendicular direction when the magnetic field is
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Figure 2.1: This cartoon demonstrates how the velocity distribution function and the magnetic
flux tube deforms under the effects of a changing magnetic field. The initial distribution
function is shown at the top of the figure. The second row shows the effects of increasing
the magnetic field. As discussed in the text, the distribution function is heated in the
perpendicular direction and cooled in the parallel direction. The flux tube increases in length
and decreases in area. The third row shows the results for a decrease in magnetic field, where
the effects are the opposite as in the second row.

increased is dependent on how much the magnetic field is increased, i.e. AB/B,. When the
distribution is redistributed over the phase-space elements a higher amount of initial heating,
or a larger magnetic field perturbation, will lead to more work over the course of the cycle.

If we examine the plot of the distribution function as a function of energy, log,, f(E)
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in Fig. 2.2, we can glean further insight into the pumping mechanisms. The most obvious
result from this plot is that the overall amount of heating from magnetic pumping is directly
dependent on how many pumps the system undergoes - with more pumps corresponding to a
higher overall amount of energy transferred to the particles from the fluctuations. However,
we can see the suggestion of a more subtle aspect of magnetic pumping from this plot as
well. Specifically, we can see that the amount of heating is dependent on the particles’ initial
energy. If the amount of heating were independent of the initial energy, the shape of the
distribution function would not change and the whole distribution function would instead be
shifted to a higher energy. Instead, we see a decrease of the number of particles at low energy
and a commensurate increase of the particles at high energies, so the amount of heating per
particle is proportional to the particle’s initial energy.

An important physical aspect of magnetic pumping, and the way in which it differs from
other models?, is in the role of pressure anisotropy in relation to the fluctuating magnetic
field. In the case with no scattering the pressure anisotropy and magnetic field fluctuate in
sync and there is no net work. We can think of collisions as pushing the pressure anisotropy
out of phase with the magnetic field, where this phase difference between the fluctuating
magnetic field and the pressure anisotropy accounts for the net work over the course of the
cycle.

To get a better sense for what is happening physically we can consider a magnetosonic
wave. Assuming a background magnetic field, Bo = B2, and linear perturbations of the form
exp|—iwt + ik - r|, with E; +v; X Bg = 0 we can rewrite Faraday’s law, VX E; = —(0B1/0t),

as
0B4
ot

=V X (Vl X B()) , (22)
from which we can obtain the expression

B
B, = FiBovie (2.3)

w

2 Although not all models, notably [16] and [17]
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Figure 2.2: An illustration of the principles underlying magnetic pumping. The flux tubes on
the left hand side of the plot illustrate the deformations that occur in the flux tube as the
magnetic field, B, is enhanced (top) and reduced (bottom) in order to conserve the magnetic
flux, ® = Bnr?, and the total number of particles, N = wr?nL. The distribution functions in
the center correspond to the steps in the cartoon version of the magnetic pumping cycle. The
first distribution on the top left corresponds to the initial distribution function, the second
corresponds to the distribution function after the magnetic field is increased, the third after a
scattering operator is applied, the fourth when the magnetic field is decreased, and the final
distribution is the result after the magnetic field is returned to its initial value. This final
distribution function then becomes the initial distribution function for the next cycle. The
results for the pitch-angle-averaged distribution function as a function of energy, log,, f(F),
over the course of ten pumps is shown in the plot on the far right. The initial distribution
function is denoted in red.

For a standing fast magnetosonic wave we find that the velocity and magnetic field vary as

Uy = Uy (e—zwt—kzklr + e—zwt—szx) (24>

Bz — BO + Blz <e—iwt—|—ikl$ . 6—iwt—iklx) (25)

Here it is important to note that the sign of By, depends on k, explaining the relative phase

difference between v, and B,. This phase difference can be seen more clearly by taking the
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Figure 2.3: (a-d) These plots show the direction and magnitude of the perpendicular velocity,
where v, = v,, in arrows overlaid on the overall magnetic field in the z direction for various
points along the cycle. Points slightly off the maximum and minimum were chosen to more
easily ascertain which point in the cycle the plot corresponded to. (e) shows the magnetic
field in the z direction and (f) shows the velocity in the x direction. Both of these values
were taken at the point marked with the red circle in plots (a-d). (g) shows both the expected
perpendicular pressure for the the magnetosonic wave in black, as well as a cartoon of how
the perpendicular pressure would change if there was some sort of isotropizing process present

in red.

real part of this result,

Uy = 201, cos(wt) cos(k,x) (2.6)

B, = By + 2By, sin(wt) sin(k,x) . (2.7)
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As we can see, the flow is perpendicular to the background magnetic field, as shown in Fig.
2.3. We start with an unperturbed magnetic field, and the appropriate velocity perturbation
for a compressional Alfvén wave with alternating areas of rarefaction and compression. In
the areas of compression, the velocity perturbation, vy, will compress the magnetic field until
the magnetic field can be compressed no more. At this point of maximum compression, the
velocity perturbation will go to zero. After that point the velocity perturbation will reverse
its previous direction, and the regions of compression will become regions of rarefaction until
the adjacent regions of compression can be compressed no more, at which point the cycle
will again reverse.

From this description it is clear that the magnetic field and the perpendicular velocity
perturbation are out of phase by a factor of 7/2. From the CGL pressure relations we know
that the perpendicular pressure will oscillate with the magnetic field. So to obtain the amount
of expected heating we can integrate our energization term over the course of a pump cycle,
i.e.

2 2m
/ poLV v dt / sin(t) cos(t)dt =0 . (2.8)
0 0

This makes sense if we recall the physical explanation of magnetic pumping, where if there is
no scattering, there is no heating.

If we add in scattering, however, as the pressure increases, more and more of the
perpendicular pressure will be scattered away so the pressure will start decreasing faster than
it would in the same system without scattering. This will cause a phase difference between
the velocity perturbation and the pressure, which we can see from our energization term will

lead to a net amount of heating,

27

; pLV v dt /O27r sin(x) cos(z + ¢)dx = msin(¢p) (2.9)

that is dependent on the amount of scattering. From this form we can see that with no

phase difference, or no scattering, there is no heating. Similarly, in the limit where there is
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an infinite amount of scattering the distribution function will always be a Maxwellian, the
pressure anisotropy will approach zero, and there will be no heating.
The previous discussion is a very basic description of how magnetic pumping works, but

it does encapsulate some of the key elements of magnetic pumping, specifically that

1. The amount of heating is dependent on the strength of the magnetic perturbation

(AB/By).
2. The amount of heating is dependent on the amount of scattering.
3. The amount of heating is dependent on the number of pumps.

4. The amount of heating per particle is proportional to the particle’s initial energy,

leading to power-law distributions.

The last point is one of the most critical, as it is this Av ~ v dependence in the heating
that naturally generates the power-law distributions. This type of heating is typically called
a Fermi process, after Fermi’s 1949 theory for the origin of cosmic rays[18]. The idea was
that cosmic rays would have random reflections with interstellar magnetic clouds. Energy is
gained during a head-on encounter with a cloud, and lost during an encounter with a trailing
cloud so if each type of collision were equally likely, there would be no net energization
of the plasma. However, it turns out that head-on collisions are more likely than trailing
collisions. For relativistic particles we get an average increase of energy per collision that
is second order in velocity, AE/E = 2(u/c)?, and when we calculate the spectrum using
the diffusion-loss equation we get that the number of particles as a function of energy is a
power-law distribution, N(€) o< £7%, where x is dependent on the time between encounters,
or collisions, and the time that the cosmic ray spent in the system. The energy gains in this
model are second order O(v?/c?), but if the cosmic rays were to be trapped between two
clouds that were approaching each other, then every encounter would result in an increase of
energy and the acceleration mechanism would be much more efficient, becoming a first order

process, O(v/c). This very behavior is seen in diffusive shock acceleration (DSA), where
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particles bounce off magnetic fluctuations upstream and downstream of the shock front,
leading to multiple shock crossings and naturally generating power laws. While a different
physical mechanism, because of the first-order velocity dependence of the energization and
the power-law generation, we refer to magnetic pumping as a first-order Fermi process.

Magnetic pumping is not a newly discovered heating mechanism - it was first proposed
by Hannes Alfvén in 1950 as a possible way to explain observations of cosmic rays [19]. The
idea was further investigated as a possible heating mechanism for fusion plasmas[20, 21]. It
was abandoned in favor of other mechanisms, such as radio-frequency heating, that yielded
better heating rates. To the best of our knowledge, our work is the first time it has been
applied to explain heating in the solar wind, although it has been discussed as a possibility
in other space and astrophysical plasmas|22].

Historically speaking, one of the reasons magnetic pumping did not get more attention
is because of the low overall heating rate. From our basic physical model we can see why
this might be an issue. We know that the amount of heating is dependent on the amount of
scattering. From our initial description of magnetic pumping we know that in the limit of
no scattering there’s no heating and most space and astrophysical systems have extremely
low levels of Coulomb collisions. For example, during a typical transit from the Sun to the
Earth a particle will undergo on average one collision. For fusion systems its implementation
was hindered by the difficulty of squeezing the toroidal field in tokamaks. However, in a
field-reversed configuration (FRC) there is no toroidal field, so it is feasible to perturb the
plasma enough to obtain reasonable levels of magnetic pumping. This fact, combined with
the built-in scattering in the non-adiabatic orbits, make magnetic pumping a candidate for

heating fusion plasmas in FRCs [23].

2.2 Importance of spatial variation

The major contribution of the work detailed in this thesis, beyond applying the mechanism

to novel space and astrophysical systems, is in adding in the effects of spatial variation along



16

the flux tube into the magnetic pumping mechanism. We have used two different methods of
incorporating the spatial variation into the magnetic pumping model. The first is a more
approximate version of incorporating some elements of spatial variation along a flux tube,
specifically the effects of thermal streaming. Everything we’ve discussed up to this point
has been for an infinite, uniform flux tube. If there were spatial variation along this tube
then by definition there would be areas where AB/By was higher, and creating localized
areas where the pressure anisotropy would be higher. The particles will stream away from
these regions at their speed, v, isotropizing the plasma at a much faster rate than the level
of isotropization from Coulomb collisions, because for parameters relevant to collisionless
space plasmas the rate of isotropization from Coulomb collisions is incredibly low. For this
approximate version of incorporating 2D physics into the 1D model, we use the same 1D
model, but create a new effective scattering rate that encapsulates the rate of isotropization
from thermal streaming, veg = v/L, where L is the spatial extent of the perturbation.

Before we review how this connects to existing research it is helpful to review how to
capture the behavior of a collisionless, well-magnetized plasma in different regimes. We’ve
mentioned the CGL limit, where for well-magnetized particles in a collisionless plasma we
obtain the relationship for how the parallel and perpendicular pressures evolve when the
heat flux vanishes (¢ = 0). In general, however, we know that plasmas have finite heat fluxes.
In a collisional plasma the parallel heat flux is well modeled by q = —| V| T [24]. Taken
in the limit of collisionless plasmas, this scaling implies an infinitely high heat conduction,
which leads to the Boltzmann limit where the plasma is isothermal along field lines.

The validity of these two limits rests on how fast the fluctuations vary compared to
the thermal speed of the particles, or in other words how the time scale of the fluctuations
compare to the transit time of a particle through the perturbation, w/kj compared to vy.
The CGL closure is valid in the limit where the phase speed of the fluctuations is much
greater than the thermal speed of the particles, w/kj > vy,. In this limit the scale of the
perturbation, 1/kj is much greater than the distance a particle moving at the thermal speed

can travel during the time of a fluctuation, vy, /w, so the particle experiences the full temporal
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evolution of the fluctuation with relatively little spatial variation, the exact circumstances
that one would experience in a uniform flux tube. The Boltzmann limit occurs under the
opposite circumstances, where w/kj < vg,. In this limit the particles are moving so fast
relative to the speed of the fluctuations that phase mixing gets rid of all the anisotropy and
the plasma becomes isothermal along the field lines.

However, in real systems we know that heat fluxes are finite, usually neither zero nor
infinite, and the temporal scale of fluctuations compared to the transit time of a particle is
often in neither of those two extreme limits. To fully capture the behavior of the plasma in
realistic circumstances we can use the kinetic equation. However, both for the computational
benefits, as well as the additional insight into the underlying physics it is useful to find a set
of a finite number of velocity moments of the kinetic equation that captures the behavior of
the plasma.

A well-known approach, and the one that is most relevant to our extension of the 1D
pumping model, is the Landau closure originally developed by Hammett and Perkins [25] and
extended by Snyder et al., Ng et al., and others [26, 27]. These closures capture the effects of
phase mixing as well as Landau damping. By using these closures we recover the the CGL
limit for perturbations with w/(kjve) > 1, and the Boltzmann limit when w/(kjvm) < 1,
and a good approximation of the plasma behavior in the intermediate regime. These closures

use a heat flux of the form

~ \/Evth
k

dk = —MoX1 ikT), ; (2.10)

where T = (p — Tyi) /ng is the perturbed temperature and x; is a dimensionless coefficient.
This heat flux closure is equivalent to our incorporation of thermal streaming. The heat flux
closure form implies that the heat flux goes as the temperature of the plasma over the size of
the perturbation, Tjk, which accounts for the effects of thermal streaming.

Something neglected in these closure methods are the effects of trapped particles, which
can occur in the spatial variations along the flux tube. We would expect these trapped

and passing particles to play a strong role in the evolution of the plasma. An example of
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the importance of including trapping can be found in magnetic reconnection literature. As
described in Lé et al. [28], as flux tubes travel into the magnetic reconnection region, the
magnetic field decreases, and they deform such that the electron population splits into a
population of trapped particles and a population of passing particles. This closure is based on
a solution of the drift kinetic equation in the limit of a fast electron transit time [28, 29, 30].
The model transitions between the Boltzmann response in the limit of small values of n/B
where the plasma is dominated by passing electrons to the CGL scalings in the limit of large
n/B where a majority of the electrons are trapped. It is important to note that this analysis
is performed for a monotonically changing magnetic field. When instead of a monotonically
changing magnetic field a fluctuating magnetic field in combination with pitch-angle mixing is

considered, there is additional physics that comes into play, specifically the effects of magnetic

pumping.

2.3 Relationship to quasilinear theory

One of the most significant results of this thesis comes when we include the effects of
magnetic trapping. The extension of the 1D magnetic pumping model to include the effects of
thermal streaming works well for the ions, but for the electrons the power-law portion of the
distribution function cuts off before it would even be detectable in spacecraft measurements.
When we include the fact that magnetic fluctuations can trap superthermal particles it turns
out we can heat particles moving far faster than the wave speed, a regime where few heating
mechanisms are effective.

To appreciate how the inclusion of magnetic trapping fits into existing research it is
important to understand how magnetic pumping relates to heating through resonant heating
mechanisms, in particular Landau and transit-time damping. In our magnetic pumping
analysis the heating efficiency is derived by considering a standing wave for which wave-
particle resonances are unimportant. Thus, the resultant heating does not involve a specific

resonant velocity, as in Landau or transit-time damping where only particles with v ~ w/kj
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are involved in the heating. With the standing wave being comprised of two oppositely
propagating compressional waves, the heating can be interpreted as a nonlinear interaction
between these two waves.

To better understand the derivation of magnetic pumping in 1D and how the 2D model
is a significant departure from existing work, it is helpful to review quasilinear theory and
Landau damping. When looking at oscillatory or damped modes in the plasma, to describe
the evolution of the plasma and the transfer of the energy it is often (although not always)
sufficient to use the linear approximation, where the perturbations are treated as extremely
small when compared to the unperturbed equilibrium distribution, allowing us to express
the evolution of the plasma in terms of a set of analytically tractable, homogeneous linear
equations. Because the perturbations are assumed to be so small when compared to the
equilibrium distribution, we can consider one wave at a time and ignore the nonlinear effects
that come from waves interacting with each other. However, for unstable, or growing, modes
this linear behavior must eventually break down as the amplitude of the mode cannot exhibit
the predicted exponential growth indefinitely and it becomes important to take into account
the effects of these nonlinear interactions.

Quasilinear theory is a convenient mathematical framework to describe the energy transfer
and evolution in plasmas in the regime where waves change the background distribution
function, but the departures from equilibrium are small enough that we assume that the
background distribution changes slowly relative to the timescale of the fluctuations. The most
common usage is in explaining the energy transfer and evolution in wave-particle interactions
3 where energy is transferred from the fluctuations in the plasma to particles moving at a

particular, resonant velocity, but it has also been used in the derivation of the small-scale

3 As mentioned in the introduction, the other commonly discussed channels of nonlinear energy transfer
are wave-wave interactions, where the dominant mode of energy transfer is between fluctuations, as opposed
to between the fluctuations and the particles. If the wave amplitudes are large enough and the interactions
between different waves occur on a timescale on the order of or shorter than the constituent wave periods,
then we have entered the regime of strong turbulence [31]. Two classic examples of strong turbulence are
the Kolmogoroff treatment of homogeneous, isotropic fluid turbulence and the Goldreich-Sridhar theory
of small-scale Alfvén wave turbulence. Both of these energy channels, wave-wave interactions and strong
turbulence are outside of the scope of this thesis.
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dynamo field evolution[32], and in our derivation of 1D magnetic pumping.

Fundamental to quasilinear theory are two key assumptions

1. The amplitude of perturbations in the plasma are small compared to the unperturbed

plasma equilibrium (6B < By and 6 f < f).

2. A broad enough spectrum of waves is assumed such that phase-sensitive effects will

disappear.

Our work represents two major, related, departures from the standard quasilinear treat-
ment. First, while we follow the blueprint of quasilinear theory we explicitly disregard one of
the fundamental assumptions of quasilinear theory - that the distribution function will not
generate significant structure in phase space. In fact, the phase space structure that corre-
sponds to the trapped particle dynamics is integral to obtaining the heating and power-law
distribution generation in magnetic pumping for electrons. The reason we are able to do this
is the second major addition to the standard quasilinear approach - working specifically in the
limit that the bounce time, 7, is much smaller than the time scales associated with the waves.
In this limit, the particle orbits are well-described by the magnetic moment, p, and the total
energy, U = £ — e, as well as the parallel action variable J = § vjdl. We also only consider
particles moving with energies high enough that the v X B term dominates the Lorentz force,
allowing us to use p and £ to characterize the particle orbits. The multiple time-scale method
tells us that the distributions must be constant along these orbits. This allows us to integrate
along the full “perturbed" orbits, as opposed to the unperturbed orbits as is usually done in
quasilinear theory, and include the effects of trapped and passing particles in our analysis.

To see in more detail how our work compares to quasilinear theory it is helpful to go
through the quasilinear approach to Landau and transit-time damping and discuss how this
compares to our magnetic pumping analysis. The standard derivation of Landau damping

starts with the 1D kinetic equation

of  Jof _eEOf _
ot " 'or  mov 0 (2.11)
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Figure 2.4: Cartoon of a flux tube and a set of trapped (magenta) and passing (black) orbits.
The black and magenta orbits are both perturbed orbits, while the green dashed line denotes
the field line of the unperturbed orbit used in earlier analyses.

which is linearized by writing the distribution function and electric field as

f(z,v,t) = fo(v) + fi(v) exp(—iwt + ikx) (2.12)

E(x,t) = Eexp(—iwt + ikx) (2.13)

where f; and E are small enough that second order cross terms are neglected. When we
input these linearized version of f(x,v,t) and E(x,t) into Eq. 2.11 and solve for f; we can

obtain the expression
el 0f0 / ov

m w — kv

fi(v) = (2.14)

Here we can see that the perturbed portion of the distribution function is proportional
to some drive term times the velocity gradient of the background distribution function,
f1 o< (Drive) * (0 fy/0v), which is the form we will find for our magnetic pumping analysis
in Chapters 4 and 5, with the primary difference being that our drive term is different.

At this point, the standard quasilinear method makes the assumption that there is some

spectrum of waves present such that the microstructure of the particle orbits is destroyed,
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and the phase space structure in the distribution function is destroyed, allowing the use
of zeroth order trajectories. As mentioned before, we do not make this assumption in our
analysis.

Returning to the 1D Landau damping derivation, we can take Eq. 2.11, with our linearized
distribution function and electric field and average over a period we can obtain the equation

dfo _ € dfr
5 m <E8@> . (2.15)

where (...) is the time average over the course of a period and many wavelengths’. Only
terms in F and f; with the same k value will have non-zero contributions after the time
averaging, because all other terms will be oscillating and beat together at a finite frequency,
and will vanish when integrated over a given period.
We can use Egs. 2.14 and 2.15 to find the evolution of the background distribution plasma
2
8(,){:) _ _;maav lIm (; Tolk M) %{f’] . (2.16)
This is the same process that we use to find the expression for the velocity diffusion from
magnetic pumping. Our equation for evolution of the background plasma that we obtain
also has the form 0fy/0t o< (0/0v)({(Drive)?) (dfy/0v)), although, again, our drive term is
different.

However, all of this analysis has been for Landau damping, where energy is transferred from

the fluctuating electric field to the plasma. It is well known that propagating magnetosonic

4, We note that we can recover the field-particle correlation detailed in the paper by Klein and Howes
[33] by multiplying Eq. 2.11 by mv?/2 to obtain an equation for the evolution of the phase-space energy
density, w = mv?f,

ow mv3 0f1  ev? Ofy

2
T2 ar 3 o Pl g, Et).

Using the same method as was just described in the text, this equation can be averaged over the fluctuation
parts of the distribution function to obtain an equation for the transfer of energy in phase-space as a function

of time
ow _ [ev? Of)
ot 2 Ov
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waves are subject to transit-time damping, and Stix [34] showed that transit-time damping
is equivalent to Landau damping. In particular, Stix noted the similarity between the

guiding-center equations of motion for a particle in an electric field and that in a magnetic

field
dv
—¢E 2.1
mdt q (2.17)
aUH ~
— = —ub- Bl. 2.18
mL = —yb. v B (218)

Given the similarities of the equations of motion we can see that to derive f; or n for
transit-time damping, all we have to do is replace e with ¢ and E = V¢ with b-V |B|. This

gives us the equations

[ (2.19)

m w—kv— |
) (2.20)
v =w/k

ip|B| [ n . 0fo
In the above example of transit-time damping Eq. 2.20 is used to obtain the dispersion

n= — T =—
m (kvfh v

relation and damping rate of the magnetosonic wave. The result for the perturbed distribution
fi1 may then be applied in a quasilinear diffusion analysis (as in Eq. 2.15) to obtained a
diffusion equation for the back ground distribution (leading to diffusion and heating around
the resonance velocity v = w/k), at a level that is consistent with the damping rate.
Meanwhile, in the present analysis of magnetic pumping we assume a standing magnetic
perturbation caused by some wave activity, and carry out an analysis similar to that of quasi
linear diffusion in Eq. 2.15. This analysis reveals heating terms not included in Landau
damping. Thus, our present work is not concerned with the dispersion relation of the involved
waves, although, our derived heating could easily be translated into additional damping for,

say, a standing magnetosonic wave.
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Chapter 3

1D Model

How does the 1D magnetic pumping model, and its extension to
include thermal streaming, work? How can it be used to explain
heating in the solar wind?

The results in this chapter will focus on superthermal particles heated by magnetic

pumping in the solar wind. The majority of the work presented is this chapter has been

published in Lichko (2017) [35].

3.1 Introduction

One of the first hints that there was an outflowing streaming of charged particles from the
Sun to the Earth occurred in 1859 when Richard Carrington and Richard Hodgson observed
what we now know to be a solar flare, which was followed roughly 18 hours later by one of the
largest recorded geomagnetic storms on record, known as the Carrington event'. Carrington
believed there to be a connection between the two events, however, it was decades later,

after work done by Birkeland, Lindemann, Chapman, and Biermann towards the existence of

!During the Carrington event, auroras were seen as far south as Colombia[36] and the light of the auroras
in the northeastern United States were so bright that people could read newspaper print by their light.
Telegraph systems failed throughout Europe and North America, some to spectacular effect. However, some
telegraph operators were able to continue sending messages even after they had disconnected their power
supplies[37].
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‘corpuscular radiation’ coming from the Sun that the current picture of the solar wind was
postulated by Eugene Parker in 1958.

Two developments that were critical to Parker’s work were Biermann’s work on the tails
of comets and Chapman’s work on the properties of a gas at the temperature of the solar
corona. It had long been known that regardless of whether they are moving towards or away
from the Sun the tails of comets are always pointed away from the Sun. Biermann suggested
that there might be some sort of outflowing stream of particles coming from the Sun that
would cause this phenomenon. Since the 1930s it had become clear that the base of the
solar corona must be at an incredible temperature, roughly 10° degrees Kelvin. Chapman
calculated that a gas at this temperature must be an incredible heat conductor. Using both
these pieces of information, Parker showed that a static balance between the plasma pressure
and the magnetic field led to unphysical solutions, and that there needed to be an supersonic
stream of particles flowing outward from the Sun, which we call the solar wind.

The existence of the solar wind has been confirmed via spacecraft observations for many
years now. However, despite this there are a number of open questions about the solar wind,
many of which will be addressed by the Parker Solar Probe mission, which launched in
August of 2018. One of the most well known open questions in solar physics is one we’ve
already alluded to - the coronal heating problem. The surface of the sun is about 6000 K,
but over the course of only a few tens to hundreds of km the temperature jumps to over one
million degrees Kelvin, far faster than can be accounted for by diffusion alone. Determining
the source of this heating is an important part of Parker Solar Probe’s science mission, but
even beyond this point there is a discrepancy in the observed and predicted temperatures.
In the Parker spiral, as the plasma streams away from the Sun we would expect it to cool
adiabatically. As we can see from Fig. 3.1, this is not what is observed. Understanding the
additional heating mechanism that causes the plasma in the heliosphere outside of the corona
to be so much hotter than expected is the question that will be at the center of this section.

As mentioned in the introduction, there has been a great deal of work towards determining

the mechanism that is responsible for this additional heating. Most of the work on the subject



26

R Earth's
Bow Shock

Alfven

6l .
10 Solar Wind Adiabatic heating

To<r4/3

3
o
2 5L 4
© 10
()
o
e
(0]
|_
Parker Solar Probe
1041 =T __ 1 7
Earlier'Missions
1 Lol L |
107 1072 10° 10°
r/R Sun 1

Figure 3.1: Plot of temperature as a function of the distance to the sun in solar radii, Rgyy.
Temperature is taken from a prediction of a model presented in Cranmer 2012 [38]. Earth
cartoon is taken from [39].

has focused either on wave particle-interactions or the turbulent cascade. In both of these
categories the plasma is energized at a particular velocity scale, unlike magnetic pumping
which naturally generates superthermal power-law distributions like those observed in the
solar wind. We believe magnetic pumping is a complementary heating mechanism to these
wave-particle interactions and the turbulent cascade, but, as will be detailed in this chapter,
for realistic solar wind parameters magnetic pumping can account for a substantial amount
of the heating, suggesting that it is an important part of the heating process.

In this chapter we start by deriving the exact predictions for magnetic pumping in an
infinite, uniform flux tube, then verify these predictions using VPIC, a particle-in-cell (PIC)
code developed at Los Alamos National Laboratory. Once this model is derived and verified,
we then apply magnetic pumping to the problem of anomalous heating in the solar wind.
Because there are so few collisions in the solar wind, in order for magnetic pumping to be

physically relevant, we had to include some 2D physics into our 1D model, specifically the



27

effects of thermal streaming. For physically relevant solar wind parameters, we can see that
for pessimistic parameters, magnetic pumping could account for a substantial amount of the

heating in the solar wind.

3.2 Detailed derivation of the model

We next proceed to derive an analytic model to explain the energization and demonstrate
that it matches the results from the kinetic simulations. To that end, we consider a periodic
flux tube with length [ and radius r. The plasma within the flux tube is assumed to remain
uniform while r and [ change slowly in time such that the magnetic moment p = muv, /(2B)
of the particles is conserved. Furthermore, given the periodic boundary conditions, the action
integral J = ¢ v|dl is also an adiabatic invariant provided that the length of the tube is not
changed significantly during a typical particle transit.

For this system, our first aim is to obtain a reduced drift kinetic equation, df /dt = 0,
where

d o dv? 0 dvy 0

Tk S Ak B 1
a o dl ovt T vy’ (3:1)

is the total time derivative along the particle trajectories. Note that given the assumption of
a uniform plasma the convective spatial derivative term (v - V) vanishes.

Assuming p oc vy /B, J o< lyy, & = Brr?, and N = mr?nl, we use the conservation of
magnetic moment, action, and particle number to rewrite the above time derivative. For the

simple geometry considered, the drift kinetic equation df /dt = 0 simplifies to

aerBQﬁ <” B) af—o. (3.2)

o "B o 0 T B) oy T

In this limit without scattering, we note that evolution equations for p; and p, are readily
derived by calculating the vﬁ and v? moments of Eq. 3.2, which yields the CGL double
adiabatic scaling laws

pjxn’/B*, p.xnB . (3.3)
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In the following, we explore changes induced in f due to uniform perturbations of the flux
tube in conjunction with steady pitch angle diffusion limiting the development of pressure

anisotropy. Thus, we generalize our kinetic equation to include additional physical effects

;lJ; = I/ﬁf — le + CQfext , (34)

where £ = (0/9¢)(1 — ¢*)(9/() is the Lorentz scattering operator, ¢ = v /v is the cosine of
the pitch angle, and v is a typical frequency for the scattering processes. The constants ¢; and
¢y specify the rate of plasma losses and rate of incoming (external fey) plasma, respectively.

For the analysis below it is convenient to change variables from (v,v,) to (v,(). Eq. 3.4
then takes the form:

of of 3 n of

B +R (PQ(C)vaU + 5((1 - C2)> + V5 = vLf —af +cafet (3.5)

where P,(() is the second order Legendre Polynomial and R = %% — %. We note that
4 1og (H) = % log (g—i) = 3R, showing that R® is proportional to the rate at which the
pressure anisotropy builds in the CGL system (the system with v = ¢; = ¢; = 0).

To evaluate the efficiency by which the plasma is energized in the above framework, we
next consider periodic perturbations for the magnetic field and density. An approximate
solution to Eq. 3.5 can be obtained by expanding f in a series of Legendre polynomials
f(v,¢,t) = 3; Pi(¢) fj(v,t) where P; is the jth order Legendre polynomial. The approach
provides a set of coupled differential equations, which we solve numerically, and a first order
approximation to the results. These two numerical solutions will then be compared to the
results of the kinetic simulations.

We still consider the uniform and periodic flux tube but now with imposed sinusoidal

temporal variations in density and magnetic field:
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Our aim is again to obtain a solution to Eq. 3.5. Given the periodic variations of the
drive, contrary to the analysis in [40] we do not need to impose an ordering involving v, but
only require that 0 R < 1. By inserting the above expansion in pitch angle into Eq. 3.5 and
integrating over f_ll P,(¢)d(, we obtain a set of coupled differential equations for an arbitrary

order of Legendre polynomial:
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(3.6)

3.3 Deriving a Set of Coupled Differential Equations

to Arbitrary Order

In this section we will apply the appropriate manipulations and Legendre polynomial identities
to the drift-averaged kinetic equation to obtain a generalized set of coupled differential
equations that describe the evolution of the system to arbitrary order n. For this derivation

we will start with the equation for the 1D flux tube model from Section 3.2

of
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where we recall that £ = UH/U’ R = ‘%B _ %%ﬂ

,and £ = 6%(1 — 52)8%. We recall that P(€)

is the second Legendre polynomial, where the first few Legendre polynomials are given by

Po(z) =1 (3.8)
Pi(z) =z (3.9)
3@0:;@ﬁ—4) (3.10)
I%(m)::;(5m3——3x) (3.11)

which we can rewrite in terms of the powers of x

| = Pya) (3.12)
v = Py(x) (3.13)
ﬁ:é@g@yJM@) (3.14)
= é(ZPg(x) +3P(2) (3.15)

As in the derivation in Section 3.2, we start by expanding the distribution function in

terms of Legendre polynomials,

=2 falv,)Pa(§) . (3.16)

which will then insert into Eq. 3.7 to yield the equation,

op,
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For this derivation we will need to use the orthogonality of the Legendre polynomials over
the interval (—1,1)

1 2
[ Pal) Pu(@)de = 5 G (3.18)
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as well as the recurrence relations

(22 — 1)dpgf) = 2nP,(z) — nPy_ () (3.19)
2n+1DaP,(z) = (n+ 1)Pyr1(z) + nPy_1(x) : (3.20)

From the form of Eq. 3.17 it is clear that we will need to find P, P,, £(1 — £2)(dP,/d¢), and
(0/0€)(1 — €2)(OP,/0€). The latter is a commonly used expression that is known to have a

simple solution, i.e.

o,
a*é—“g

For the other expressions, a combination of Eq. 3.19 & 3.20 can be combined and with some

—n(n—1)P, . (3.21)

manipulations to obtain the necessary expressions

n+1

PUEPAE) = 57 Pua () + 5 Paa (6) (3.22)
3 (n+1)(n+2) n(n —1)
BOF©) =3 [(271 +1)(2n + 3) Bual€) + (2n +1)(2n — 1)P"‘2(5) 593
(n+1?@2n—-1)+n*2n+3) 1 () (3.23)
( (2n —1)(2n + 1)(2n + 3) 3> " 5]
AP (&) n(n—1)(n+1) n(n+1)
1 =8 ¢ (2n—-1)(2n+ 1)P”*2(5) e+t 3)P"(5) (3.24)
_n(n+1)(n—|—2)P (©) '
2n+1)(2n+3) "
When we insert these expressions back into Eq. 3.17 we obtain the expression
S B, af"+z (n+ VP () f + 3 Pa(€) %]Zl
(n+1)(n+2) ofn
* 2Rlz (2n +1)(2n + 3) m2(8)vg,
(n+1)%(2n — 1) + n*(2n + 3) 1 Ofn
3 ( EN N ) i (3.25)

n(n —1)

ofn n(n—1)(n+1)
BT (e R T By e | TR R
n(n +1) n(n+1)(n +2)

+Z 2n_1)(2n+3)Pn(£)fn_Z(2n+1)(2n+3> n+2(€)fn =0
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We then adjust the indices to more easily collect terms of P, (&)

S P, 8f"+z (n+ DWwP(€) fu+ 3 Pal€ n %{}"

3 n(n —1) (9fn_2
leZ @n—3)2n =1y "5,

(n+1)2(2n — 1) + n*(2n + 3) 1 Ofn
+Z< @2n—1)(2n + 1)(2n + 3) _Z>P o

+

(n+1)(n+2) Ofnt2 (n+1)(n+2)(n+3)
2 (2n + 3)(2n O P T @y O
(3.26)

It is at this point that we use the orthogonality condition shown in Eq. 3.18 to find the

nth order differential equation that describes the evolution of the distribution function.

Ofn n Ofn
W+n(n+1)yfn+37 %
—|—§R n(n —1) U@fn_Q <(n+1)2(2n—1)—|—n2(2n+3) 1) Ofn
2 [(2n—=3)2n—1) Ov (2n —1)(2n+1)(2n + 3) v
p A D(OF) D | (D F2(nt3) (3.27)
(2n+3)(2n+5) Ov 2n+3)2n+5) "
n(n+1) n(n —1)(n — 2)
T on = 1)(2n+3)f” -~ (2n—3)(2n — 1)f"—2] =0

3.4 Solving the coupled differential equations
numerically

We can see that the equations we have just derived can be solved numerically to arbitrary
precision. However, the size of the n-th order part of the distribution function, f, falls off

quickly with n and for this system contributions beyond the second order in n were negligible.
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Taken to second order, the coupled system of differential equations becomes:

L [ af?+3f2] b9 (3.28)
O fs 8f0 2 0fy n 3f2

In the following comparisons with the results of the kinetic simulations, all numerical
solutions were taken to second order, truncating at the f, equation, as further terms resulted
in negligible improvements in accuracy.

We were unable to find an analytic solution to Eq. 3.28 and 3.29, however it is possible
to find an analytic solution for the energy of the system in the limit where v = 0. We start

by taking the second velocity moment of Eq. 3.28 and 3.29 to obtain

PEl) 5% ) y(e) + 2R () Bl (3.30)
d%t(t) = R(t)Es(t) + @Z(t) + R(t)) E(t) (3.31)

where Ey = € = 6 [;° fov'dv and Ey = 3(P| — P.) = (67/5) [5° fov'dv. We can rewrite
this expression, using the real parts of the time-dependent density and magnetic field (n/n

and B/B), as

d | E fw‘;—" sin(wt 2wl R sin(wt E
- M (1) (wt) °l, (3.32)
Y e, wiRsin(wt) w (5 on | 5R) sin(wt) | | Ey

which we can represent as

= A(t)u(t), u(to) = uy - (3.33)

which has eigenvalues A\ (t) = w(5/3(dn/n) — dR)sin(wt) and Ao(t) = w(5/3(dn/n) +
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20R) sin(wt), such that

A 0
Alty=U"" U=U"AU , where U = : (3.34)
0 () 11

So we can rewrite the equation as
— = At)w(t) (3.35)

where w(t) = Uu(t). We can then use the Magnus expansion to get a closed form of the

solution, where

w(t) = exp(QUt, to)wlte), Q) = i_oj Qu(t), (3.36)

and
0, = / " A(r)dr (3.37)
_j jﬁ / SO)(r n>2 (3.38)

with the generating matrices given recursively through the equations

n—j

S9 =3[, S0V, 2<ji<n-—1, (3.39)
m=1
SO =10, 4, 4], SCY = adp L (A) (3.40)

where adg is shorthand for an iterated commutator. The commutativity of the solution, i.e.
A(t1)A(te) = A(te)A(ty) for any pair of values ¢; and ¢, means that all terms beyond 2 are
zero. Using the initial conditions Ey(t = 0) = & and Es(t = 0) = 0, a closed form solution

for the energy of the system with no scattering can be obtained,

Ey(t) = & exp((i? + ;(5]%) ﬁ(t)) [cosh (;5]%6(15)) - ;sinh (2(51%5(15))} (3.41)
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B(t) =1 — cos(wt). (3.42)

Despite what the form of the equation may suggest, the result is essentially sinusoidal, as

can be seen in the example in Fig. 3.2.

5 on/n=0.3,B/B = 0.3

AANANN

T
]
4

t [N pumps

Figure 3.2: Plot of Ey(t) as a function of time for on/n = 0.3 and éB/B = 0.3 with & = 1.

In addition to the numerical solution to Eq. 3.6 we obtain an approximate solution by
assuming that each f,, is comprised of a slowly varying component and a rapidly varying

component, denoted hereafter as:

fo=fi(v,t) + fu(v)e™t . (3.43)

Inserting this approximation into Eq. 3.6 and collecting terms proportional to P({)e™*

we obtain the relation:

i) = KU8f§ = woR(w + i6v)
= — T )

44
ov '’ w? + 3612 (3.44)

Eq. 3.44 shows how the P,-perturbation of the distribution develops and will, for finite
v, be offset in phase from the drive oscillation in R, by the angle § = arctan(6r/w). This
phase shift is important because when solving for f; we obtain non-vanishing time averages
from the terms involving fo. Since & = [ 2v%fd®v = 6 [ fov'dv, these non-vanishing terms
become the source of the energization. Using Eq. 3.44, an equation is obtained for the slowly

varying "background" distribution:
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dfg 3 vwiR)? 1 0 ,0f;

ot 5w? + 3612 ﬁ@vv ov

= _le(] + CZfext . (345>
Assuming that there is not a source of cold plasma (i.e. ¢ = 0), the solutions to Eq. 3.45
then take the form:

9 ¢« 3 v(woR)?

3
s v __2_ ]2, a _ o vwoh)™
Jo ol v el 5w + 3612

5\ 3 (3.46)

In the limit of no net losses (i.e. ¢; = 0), the exponent, 7, approaches -3. Thus, the heating
mechanism is more than adequate to account for the observations of f oc v=° distributions
typically observed in the solar wind [13, 14].

Applying the results above we can also obtain an expression for how the energy of the
system evolves. To accomplish this we first consider the v = 0 case, assuming f is truncated
at the fy term:

Eo(t) = E(0)e"® O cosh(af(t)) — ;smh@(t))] , (3.47)

where = 39 4 28 3(1) = 1 — cos(wt), and «(t) = 20RA(t). From the form of the above
equation, it is clear that &(t) is essentially sinusoidal with no net energization. To find an
approximation to the energy with the all-important scattering included, we combine the
v = 0 solution with an envelope obtained from the first order approximation.

To calculate this envelope, we use Eq. 3.45 to obtain the heating rate %. Taking G from

Eq. 3.46, for a Maxwellian f, and assuming v(v) is independent of v, we then find

o€ 3 © ,1 0 0
5 §G/0 1;2?% <v46];0> Arvido = 10GE , . (3.48)
which gives us
6u(w6R)2t
E =eme? | (3.49)

We combine these two expressions to obtain a solution for the energy of the system for
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arbitrary v that agrees with the simulations presented in the next section

61/(w6R)2

E(t) = E(t)ew?+sa?’ (3.50)

3.5 Kinetic simulations

These predictions were tested using particle-in-cell (PIC) simulations performed with the the
VPIC (Vector Particle In Cell) code developed at Los Alamos National Laboratory [41, 42].
While PIC simulations are computationally expensive when compared to other simulation
methods such as fluid models they can capture kinetic physics that other simulation methods
cannot. VPIC in particular has been used to simulate kinetic plasma physics from magnetic
reconnection to laser-plasma interactions in remarkable detail. One of the things that sets
VPIC apart from other particle-in-cell codes is its speed and efficiency. In particular, VPIC is
designed to minimize data motion within and between micro-processors, as this data motion
is more time consuming than the computations themselves and the maximum speed of this
data motion is strictly limited by the speed of light.

Outside of its innovative algorithmic set-up, as detailed in the paper by Bowers, et al.
2008 [43], VPIC follows the same general workflow as most PIC codes. This workflow is
represented visually in Fig. 3.3. First, the simulation domain is subdivided into several
sections called cells. For each of the cells, the fields are computed along the edges of the cell
from the constituent particles of the cell. To accomplish this, VPIC solves the relativistic

Maxwell-Boltzmann equations in a linear background medium,

0 -1 qs —1 — 5
a‘i"y UV—FE(E""V UXB)'V‘|fs_6tCOHfs (351>
0B
- _ E .52
o VX (3:52)
%];3 — WX B I 0E  (3.53)

V-B=0 (3.54)
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V-E=p/e (3.55)

where f, is the instantaneous phase-space distribution of species s, with ¢, being the charge
of species s, and mg, being the mass of species s. Additionally, ¢ and p here denote the
permittivity and permeability of the background plasma, o is the background conductivity,
and v = /1 + u2 is the relativistic factor.

Once the fields are found, the particles’ positions are updated based on the forces that

they experience from the fields, using the equations of motion

f; =cy tu (3.56)
da g, 1
U e [Brerux B| . (3.57)

After the particles’ positions are updated, the new currents for cell are calculated using the

expression

J= Z/duqscv_lufs : (3.58)

This current can then be used to find the electric and magnetic fields on the mesh, and the
entire process repeats until the simulation terminates.

While the §/6t|confs term can denote a variety of kinetic physics, including ionization
effects, for the simulations described in this work this term denotes the presence of a collision
operator for binary collisions. The VPIC simulations discussed in this work used a slightly
modified form of the Takizuka and Abe collision operator [44], implemented for VPIC by Bill
Daughton [45]. The traditional implementation of the Takizuka and Abe collision operator
selects particles within a certain radius of each other with a given probability and allows
them to ‘collide’, or exchange momentum with each other. It is a Monte Carlo method that
converges to a Boltzmann collision operator as the number of particles increases. Usually
the probability of any two particles ‘colliding” within a given radius is velocity-dependent

in order to obtain the expected velocity-dependence of the scattering operator. However,
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in our implementation of this operator we have removed the velocity dependence to obtain
a scattering operator that acts more closely to that of a pitch-angle scattering operator as

opposed to the Boltzmann collision operator.

Interpolate
® ® l . field effect '
(¢
e ©| o o Update Advance
e °[° o fields particles
) © ®
° ° Accumulate
currents

Figure 3.3: a) Cartoon representation of the simulation domain. The black lines denote the
edges of the cells, that the domain is divided into. The red dots represent the particles that
distributed across the domain, and evolved using the process described in b), where the fields
are computed along the edges of the cells, the fields are used to advance the position of the
particles, the updated particle positions are used to calculate a current, which is then used
to update the fields.

3.5.1 VPIC Results

Our initial set-up is a one-dimensional flux tube, as shown in Fig. 3.4(a). The domain is
doubly periodic and an external, periodically driven current is applied along two infinite
current sheets each located halfway between the mid-line and the top and bottom edge of
the simulation space. The oppositely directed current sheets cause flux tube expansions and
contractions as the current oscillates (as show in Fig. 3.4(b)). The background distribution
is given by a Maxwellian with uniform temperature, T, = T; = T, with the mass ratio given
by m;/me = 100. The simulations used a non-relativistic thermal speed vy,./c = 0.0707
and wye /S0 = 1. Spatial scales are normalized by d., and our pumping frequency, wpymyp, is

normalized by wy.. In the simulations presented below we use w = wpymp = 0.1 wye, where
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Wpump 18 Teferred to hereafter as w. Our density and magnetic field fluctuations are normalized
by the initial density, no = 1, and background magnetic field, Bg = ByZ = 1, respectively.
For the purposes of this initial analysis, the scattering frequency, v, is velocity-independent
and is implemented using the Takizuka and Abe Monte Carlo method employed to calculate
Coulomb collisions in VPIC [44, 45]. Only electron-ion collisions are included, so the energy
diffusion is minimal given the mass ratio. The 1D flux tube simulations were carried out
in VPIC for a variety of scattering frequencies. From Fig.3.4(d) it is clear that magnetic
pumping is increasing the temperature of the plasma. Furthermore, both the energization
and the phase difference between pressure anisotropy and magnetic field show a dependence
on scattering frequency, v.

Using the approximate solution, we recall that the phase will be offset from the drive
oscillation in R by the angle # = arctan(6v/w), which implies that for v/w € (0, 00), then
¢ € (0,7). This can be used to reinforce the intuitive picture of Fig. 3.5(a).

Given the above results, we next compare the predictions of our analytic model with the
results from the kinetic simulations. The relationship between the relative energy evolution
(E/E(t = 0)) and the scattering frequency is shown in Fig. 3.5(a). Again there is good
agreement between the VPIC simulations and both the exact numerical results of our analytic
model as well as the results from the first order approximation. Based on the form of
Eq. 3.50, the scattering frequency that will maximize the energization is obtained, as shown
in Fig. 3.5(a). The analytic solutions and VPIC results all peak at this most efficient
frequency, further lending credence to the agreement between the models. Similarly, for the
phase difference between Pj/P, and B there is a good agreement between the two analytic

solutions and the VPIC simulations, as in Fig. 3.5(b).

3.6 1D+ Model

For the solar wind, scattering is infrequent and the main isotropizing effect for the pressure

anisotropy is thermal streaming, for which we estimate veg ~ lpert/v. To verify this estimate
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Figure 3.4: (a) Representation of the simulation domain. The colored regions are where the
external current is applied. The width of the applied current region is increased 2.5x for
visualization purposes. The black circle represents the z-coordinate where the measurements
in (b-d) were obtained.(b) Plot of the magnetic field taken at z = 40d,. (c) Plot of the
pressure anisotropy taken at z = 40d, for v/wpym, = 0, 6.78E-2, 2.26E-1,and 6.78E-1. (See
legend in (d)) (d) Plot of temperature taken at z = 40d,. Temperature measurements were
obtained by taking T, = tr(P)/(3n.). The solid lines are the absolute results and the dotted
lines are the average taken over one period.
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Figure 3.5: (a) Comparison of fractional energy increase as a function of scattering frequency
for the results of the kinetic simulations and the two analytical methods. Error bars are
determined using the standard deviation of particle energies. (b) Comparison of phase
difference between P /P, and B as a function of scattering frequency. Phase difference
is normalized relative to the v = 0 phase difference. Error bars are determined using the
standard deviation of the phase difference calculated for each period in simulation.
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we set up a VPIC simulation using the same domain as the 1D simulations described above,
but with no magnetic fluctuations. We initialized the domain with a spatially dependent
anisotropy, as shown in Fig. 3.6(a), and observed the decay rate. The results of this for both
electrons and ions are shown in Fig. 3.6(b), where the decay rate matches our expectations
of Ve ~ lpert/ven. We note that we expect to observe veg ~ lpert/vsn here as opposed
t0 Vet ~ lpert/v as this figure shows the decay rate for the entire distribution, for which
Vet ~ lpert/V would average out to an observation of veg ~ lyert/Ush. A similar phenomena
has been used in other models, such as in the fluid closure by [25]. The isotropization caused
by thermal streaming is much larger than that induced by pitch-angle scattering off waves

and Coulomb collisions.

a) 80 1.5 b) — VPIC: Electrons
T (Utho/L)t
—— VPIC: Ions
(vpi/ L)t
3‘” -
S 40 B 1%,
[a W}
0.5 : :
0 0.0175 0.035

t(w/2m)

Figure 3.6: (a) VPIC initial set-up for testing the parallel streaming. Black lines are field
lines of the background magnetic field. (b) Results from the VPIC simulations of streaming.

To estimate v.g for the solar wind we need to take into account the spatial anisotropy of
the fluctuations, i.e. that k; > kj [46]. Because the particle streaming is restricted to be
along magnetic field lines, only the field-aligned parts of the perturbations are important, such

that veg ~ vk /21 ~ v/lpers (k) /E) /2T ~ v/ lpert (k) /k L) /2. Because the magnetic moment
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Figure 3.7: (a) Simulation domain for the 2D simulations. Notice that the current sheets
only stretch across one-fifth of the domain. (b) Log-log plot of the distribution function for
the 1D simulation. The level of heating is dependent on the scattering frequency, v. (c)
Log-log plot of the distribution function for the 2D simulation. Note that the heating is now
independent of scattering frequency.

is conserved during streaming, the energization will now be in the parallel direction. The
parallel heating can be transferred to the perpendicular directions through standard scattering
mechanisms [47, 48]. However, in cases where scattering is sufficiently slow, the large scale
and slowly-varying background distribution may develop a significant anisotropy f5 2 f>. To
be investigated elsewhere, this will then introduce additional terms in Eq. 3.45 which will
help increase the effectiveness of the heating process beyond the examples considered here.

The role of parallel streaming can be tested directly in 2D kinetic simulations, but given
the numerical cost only for a limited number of pump cycles. As shown in Fig. 3.7, the

set-up is similar to that in Fig. 3.4(a), with the domain extended in the x direction, and the
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current sheets providing the oscillating magnetic perturbations only cover a portion of the
simulation domain. From Fig. 3.7(c), we can see that the heating is no longer dependent on
the scattering frequency, v, as it was in the 1D simulations shown in Fig. 3.7(b). The thermal
streaming of electrons in and out of the pumping region acts as an effective scattering process,
dominating the applied scattering rates and leading to the expected increase in heating for

low values of v.

3.7 Application to the solar wind
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Figure 3.8: Numerical solution for the distribution function after many oscillations. Note
that the slope approaches the value commonly observed in the solar wind, v = —3. In this
plot v, = 90 km/s.

To address heating over hundreds of pump cycles, we evolve Eq. 3.5 using parameters
relevant to ions in the solar wind. To generate the results in Fig. 3.8 a selection of frequencies
were randomly generated and their corresponding dB/B(w) were taken from the spectra in
[49]. After every cycle a new randomly-generated frequency and corresponding dB/B(w) was
chosen, so that every cycle the plasma would experience a new frequency, consistent with the

observation that fluctuations in MHD turbulence decohere after a single cycle. From [46]
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Fig. 7 we used kj/k, ~ 8 when generating Fig. 3.8. Assuming a solar wind speed of 800 km/s,
we obtain an estimate of the total transit time from the Sun to the Earth. We further assume
that only 10% of the perturbations that the plasma experiences will be compressional. As
shown in Fig. 3.8, we obtain a power-law distribution out to two orders of magnitude in
velocity. In the model, the streaming rapidly dissipates the anisotropy at higher velocities,
causing the drop-off in the power-law in Fig. 3.8 for v > vynq(k1/k)). While we observe a
power law extending about four orders of magnitude in £, work which will be detailed in
Chapters 4 and 5 suggests that the streaming can be reduced by trapping effects, extending

the power-law part of the distributions to even higher velocities, v > vwina (k1 /k|).
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Chapter 4

2D Model

How does the 2D magnetic pumping model work? How can it be used
to explain spacecraft observations of heating in the plasma preceding
the Farth’s bow shock?

4.1 Introduction

Superthermal populations of ions and electrons are abundant in a wide variety of astrophysical
systems throughout the universe, often with distributions characterized by energetic power-law
tails [3, 13]. However, the consensus on the physical mechanisms that heat these particles is
far from settled. While it is well known that plasma can be energized by waves, most theories
of wave-particle energization are only effective for heating particles moving at velocities
close to the phase velocity of the waves [50, 51]. We here present a new analysis of particle
heating by magnetic pumping. While previous work suggests that heating by pumping is only
effective up to the phase velocity of the wave [35], we show that the addition of magnetic
trapping of particle orbits renders pumping effective for heating particles moving far faster
than the wave speed. The mathematical treatment reveals the underlying Fermi mechanism
consistent with the formation of energetic power-law distributions.

Magnetic pumping is a mechanism where energy is transferred from magnetic fluctuations
to directly heat the plasma, bypassing the turbulent cascade [52, 53, 54]. Extensive prior

work has suggested that the mechanism is not effective for energizing superthermal particles.



48

For example, in the seminal book on waves in plasmas by Stix, magnetic pumping by
compressional waves, related to transit-time damping [34], is shown to be a Landau damping
process, where heating is limited to particles moving at the magnetic-field-aligned phase
velocity of the wave considered, v, = w/kj. In the framework of quasilinear theory Landau
damping causes velocity diffusion limited to particles near the resonance velocity, v ~ w/ky,
and is derived based on the standard procedure of integrating the plasma kinetic equations
along unperturbed particle trajectories.

While the present analysis also follows the approach of quasilinear diffusion, a key
difference is that the kinetic equation is integrated in the fast transit time limit[31] including
the full evolution of the electron orbits. When a standing wave geometry is considered, the
integration along the full orbits yields new, previously-neglected quasilinear terms. With
the inclusion of these terms magnetic trapping generates extensive particle energization,
applicable for electrons moving at high velocities, v > w/k.

The effectiveness of pumping in the regime v > w/kj is closely tied to the presence
of trapped electrons, an example of which is shown in Fig. 4.1. Over the course of each
pump cycle the trapped portion of the distribution function develops significant structure in
velocity space. The corresponding pressure anisotropy can be moderated by processes such
as pitch-angle-mixing or a limited confinement time of the electrons in the magnetic wells,
causing a phase delay between the perpendicular pressure, p,, and the flow perpendicular to
the magnetic field, u; . Given this phase delay, when averaged over a pump cycle, mechanical
work by p; V| -u, then becomes finite and is the source of the energy for the heating process.

The main result of our quasilinear analysis with trapped electron effects in the limit where
v > w/ky is a velocity diffusion equation similar to that obtained by Lichko 2017[35] for the
opposite limit, v < w/kj. More specifically, the slowly-varying background distribution fj
is governed by a diffusion equation of the form

O _ 10 (ap0B) g (OB
((975_1)281)(@1)(%)7 D = wv*g B,l//w (4.1)
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Figure 4.1: Cartoon of a flux tube and a set of trapped (red) and passing (black) particle
orbits.

where G is independent of v, but is a function of the effective scattering frequency relative to
the frequency of the fluctuations, v/w, and the size of the magnetic perturbations relative
to the background magnetic field, 6 B/B. The result that D oc wv? is evidence of a Fermi
heating process with a diffusive step size proportional to the velocity, Av o v.
Fundamentally, magnetic pumping is a nonlinear interaction between two oppositely-
propagating compressional waves, which is typically neglected in the derivation of quasilinear

diffusion. In the analysis mentioned above, the assumption of an isotropic background
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distribution was relaxed and nonlinear terms that beat with the applied perturbation
were included. However in this analysis, as well as many classic derivations of quasilinear
diffusion, only the zeroth-order trajectories of the particles where the orbits are assumed to
be unperturbed are considered, such as the trajectory shown by the black line in the inset to
Fig. 4.1. As will be shown in this chapter, when the perturbed orbits are included, such as
those shown in Fig. 4.1 which include the effects of trapped and passing orbits, magnetic
pumping can heat particles moving much faster than the wave speed, i.e. v >> w/kj. The
inclusion of trapping allows for pressure anisotropy to remain persistent in the trapped

particle population, thus allowing magnetic pumping to energize the particles.

4.2 MMS Observations

Below we will outline how Eq. 4.1 is obtained and provide an evaluation of G, a metric
of the effectiveness of the pumping process. Meanwhile, it is instructive to first consider
observations by the Magnetospheric Multiscale (MMS) mission in the region of the Earth’s
bow shock [55]. These observations served both as guidance and motivator of our analytic
model.

The MMS mission consists of four spacecraft flying in a tetrahedral formation around
the magnetosphere, as shown in the cartoon in Fig. 4.3. The leftmost red ellipse denotes the
orbit of MMS in Phase 1 of the mission, where the spacecraft observed magnetic reconnection
near the Earth’s dayside. Now the spacecraft are moving into Phase 2, denoted by the
rightmost red ellipse, which will allow data to be collected on magnetic reconnection in
the Earth’s magnetotail. The science mission of MMS is to resolve the microphysics of
magnetic reconnection, and to determine the kinetic processes that are responsible for
collisionless magnetic reconnection. Studying this regime required a significant upgrade in the
measurement of the velocity distribution function. Previous missions required the spacecraft
to undergo a full rotation in order to get a full 3D distribution function. Since the spacecraft

may only pass through a reconnection site for a fraction of a second, something much faster
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Figure 4.2: (a) Plot of the average magnetic field from MMS1 as a function of time. The
spacecraft starts in the solar wind and as time goes on approaches the Earth’s bow shock. (b)
Plot of the density from MMSI as a function of time. (b) Plot of the observed temperature
(Tows. = Tr(P)/(3n)) from MMSTI as a function of time. (d) Plot of the observed temperature
as compared to the temperature expected from compressional heating alone (Txgip, = n%/?).
(e) Pitch-angle-averaged distributions at the times denoted by the colored lines in (a-d). The
green dashed line denotes what the final distribution at the last point should look like if it
only underwent compressional heating from the yellow time point to the blue time point. All
of these time points are chosen to be upstream of the shock front itself.
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was needed to resolve the kinetic physics. In Fig. 4.3 we can see one of the MMS spacecraft
with the diagnostics that measure the distribution function. Each spacecraft has four sensors
are used to detect the electrons and another four for the ions, denoted in the picture above
as DES (Dual Electron Sensors) and DIS (Dual Ion Sensors), distributed evenly around the
spacecraft. Each sensor is made of two spectrometers whose field of view is separated by 45
degrees, each of which can scan through a 45-degree arc for a larger panorama. All together
the sensors can observe the entire sky. For reference, the box for each dual sensor and its
components is about the size of a small toaster oven. These sensors can combine to produce
a 3D distribution function every 30 milliseconds. The incredible detail in the velocity-space
distributions make MMS ideal not just for investigating magnetic reconnection, but also

kinetic processes in general, including magnetic pumping.

magnetopause

Figure 4.3: The leftmost diagram depicts the incoming solar wind, and the bow shock that
forms as the wind hits Earth’s magnetopause. The red ellipses denote the different orbits of
the spacecraft during the different phases of the MMS missions. This image was taken from
Burch, et al. 2016[55]. The first inset depicts the four MMS spacecraft, flying in a tetrahedral
formation, with the image reproduced from Amano 2016 [56]. The final inset shows a close-up
of one of the MMS spacecraft, with the different electron and ion distribution diagnostics

labeled, taken from NASA [57].
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Upstream of the shock front there are ripples, variations in the magnetic field itself, that
have been shown to be a source of electron acceleration, as well as other large-amplitude
magnetic field fluctuations[58, 59, 60, 61, 62]. An example of such fluctuations can be seen
in data from the MMS mission, taken as the four spacecraft crossed the Earth’s bow shock
on October 7th, 2015[63]. From the time histories of |B|, n, Tobs, and Tops/Tadiabatic; as
shown in Fig. 4.2(a-d), it can be seen that despite the strong, compressional fluctuations the
temperature increase is greater than would be expected from compressional heating alone.
The pitch-angle-averaged distribution functions in these pre-shock fluctuations, as shown in
Fig. 4.2(e) for the times marked in Figs. 4.2(a-d), demonstrate energy transfer consistent

with a Fermi heating mechanism, where Av ~ v.

4.3 Detailed derivation of the model

Because the formation of anisotropy in the electron distributions is fundamental to our
pumping model we start this analysis by demonstrating that the observed anisotropy is
consistent with electron trapping in a standing wave perturbation and is representative of
the perturbed distribution function driven during each pumping cycle. We consider the limit
where the bounce time, 7, is much smaller than the time scales associated with the waves.
In this limit “instantaneous" particle orbits are then described by the magnetic moment,
p = mv? /(2B) and the total energy U = £ — e®. Furthermore, we consider electron energies
larger than the electrostatic potential associated with the perturbations [64], such that the
v X B part of the Lorentz force dominates the orbit motion. At each time point during the
magnetic pump cycle an instantaneous electron orbit is fully characterized by p and €. In
turn, from the multiple time scale method[31, 65] the distribution must be constant along
these instantaneous orbits, reducing the dimensionality of the problem.

Starting with the drift kinetic equation[66] with pitch-angle mixing, i.e.

af _ 0
%—I/,Cf, E_af(l £%)

9
9

Y
(vﬁ + v3)1/2

, = (4.2)
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we then change variables from f (¢, z,v.,v)) = f(t,€, x), where € = smv? and x = A/(j2+A),
where A = uBy/€ and j = J/(4vL) = 1/(vL) [ vjdz with L, denoting the bounce point.
Here £ and y are both constant of motion variables where y is representative of v /v* along
the instantaneous orbits.

The kinetic description applied in this work is limited to the superthermal particles
characterized by speeds, v, sufficiently large that the Lorentz force is dominated by the
magnetic term, i.e. vB > FE. To be more specific, in our drift kinetic analysis we are concerned
with the parallel motion along the magnetic field, in general governed by forces due to the
parallel electric field and the magnetic mirror force. For plasma variations of scale length L, the
magnitude of these forces can be estimated as [eV®| ~ T, /L and |uVB| ~ mv?*dB/(2ByL),
and it follows that the superthermal limit requires v? > v?B,/(0B), where v; is the electron
thermal speed and 0B/ By is the normalized magnetic fluctuation amplitude.

In the superthermal limit the description of the orbit motion is significantly simplified as the
value of v /v = v/1 — AB along an orbit is only dependent on A = B, /€ (and independent
of the electron energy € with the assumption £ = 0). This strongly simplifies the calculation
of the second adiabatic invariant J(v, A) because j = J/(4vL) is then a function of only A,
readily evaluated numerically for the slowly evolving magnetic perturbation considered, as

illustrated in Fig. 4.4, where

'(At)—ly{v”dl—l/% 1~ AB(t2)d (4.3)
IO =4r P v = o ), e ‘

Given this calculation of j(A,t) over the course of a full pump cycle we can determine
A(x,t) and in turn obtain j(x,t) as shown in Fig. 4.4(c). This function is fundamental
to our analysis as it is related to the instantaneous rate of particle energization. Because
dJ/dt = d(vj)/dt = 0 it follows that jdv/dt + vdj/dt = 0. Furthermore, as j = j(x,t) and
dy/dt = 0, we have dj/dt = 0j/0t|,, such that v~'dv/dt = —j~'9j/0t|,. We then obtain

the result implicit in Eq. 4.5 that



95

€

€ 29§
dt
X

= —&H, where H = -
J 8tx

(4.4)

Using these new variables and following the approach of Montag et al. 2017[67], we obtain

an orbit-averaged form of Eq. 4.2

of
ot

of

— H(t,)E 5

— L), f (4.5)

Xt

where H = (2/5)(05/00),. ((...)), = 1/(RL) Jo* dz(...)/\/1 — A(B/By) is the orbit-averaging
integral, and 7, = v7,/(4L) is the velocity-normalized bounce time.

As outlined above, our model is averaged over the fast electron orbit motion. Locally we
assume that the scattering process is described by the familiar Lorentz pitch-angle scattering
operator, £, which is then subject to orbit averaging [65, 31]. For this orbit averaging, it is
convenient to express £ in terms of the constant of motion variable A. Starting with the

Lorentz pitch-angle scattering operator in terms of { = v /v,

10 0
= - (1-)— 46
£= 55 0-% (1.6
we rewrite the scattering operator in terms of the new variables, A and £
_ mwB§ 9 0 ~
= "5 g, x|, U= V(- AB)/m (4.7)
which then takes the form
2 0 02
L— (B - 3A) o8], * A(l _ AB) ol (4.8)

After averaging along the spatial dimension of the flux tube we then obtain the orbit-averaged
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Figure 4.4: (a) Plot of the maximum magnetic field amplitude over the course of a fluctuation
for a maximum magnetic field of §B/B; = 0.5 (b) Plot of j as a function of A over the
course of a fluctuation for the magnetic field in (a). (c) Plot of j(x,t) normalized by j(x,to)
for the same fluctuation. (d) Plot of j(x, o).
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where the definition of ((...)), is given just below Eq. 4.5.
In the limit of negligible scattering, v = 0, we solve Eq. 4.5 numerically, assum-
ing an initial isotropic distribution and a standing wave magnetic field, B(z,t) = 1 —

(0B/By) sin(wt) cos (l{:Hx). The resultant distribution functions are shown in Fig. 4.5(a-h)
for selected positions along the flux tube at a time ¢, where sin(wt()(6B/By) = 0.5.

Despite the idealized form of the magnetic perturbation, there is good agreement between
these model distribution functions and the distribution functions observed by MMS, as shown
in Fig. 4.5(f-1), over the course of a single fluctuation of commensurate size, as shown in
Fig. 4.5(j). This is true not just for this representative fluctuation, but also throughout the
bow shock encounter, as can be seen in Fig. 4.6.

The model distributions (here at ¥ = 0) have sharper features in velocity space compared
to those observed by MMS. This difference may be related to the imperfect confinement of the
trapped electrons within the local magnetic mirrors, but in some cases can likely be accounted
for also by pitch-angle diffusion through electron scattering off of whistler waves[12].

An estimate of the effective scattering rate for the MMS event can be found by integrating
the model in Eq. 4.5 for various values of v and using this reference set to match the
anisotropic features of an observed distribution function. For example, the distribution
displayed in Fig. 4.5(k) was obtained by integrating Eq. 4.5 with v/(w/27) = 0.75 and
provides an excellent match to the MMS distribution in Fig. 4.5(d).

We can estimate how much scattering is needed to match the spacecraft observations
by comparing the MMS distributions to theoretical distributions generated by integrating
Eq. 4.5 for a range of scattering frequencies, v. By comparing the anisotropic features in

the MMS distribution to the features in this set of theoretical distribution functions, we can
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Figure 4.5: (a-d) show the electron distributions recorded by MMS3 for the rippled fore-
shock event reported in Ref. [63] for the estimated points along the fluctuation where
B € {5/4,1,3/4,1/2}. The distributions are weighted by the factor v° to visually enhance
the anisotropic features. (e) Magnetic field strength along the foreshock encounter, where
the colored lines denote the times where the distributions in (a-d) were taken. (f-i) Expected
distribution functions computed using Eq. 4.5 integrated at (0 B/By) sin(wtg) = 0.5. The
distributions are evaluated at the same B inferred from the MMS data in (a-d). In this
comparison we have applied the Taylor hypothesis[68], that the changes in B recorded by
the spacecraft are mainly caused by the spatial, not temporal, variations. For all electron
distributions, the red dashed lines indicate the trapped/passing boundaries, characterized
by v /v = (Bo + 0B)/B(to, ) — 1. The enhanced values of f along these trapped-passing
boundaries are due to the fact that electrons near these boundaries have orbits with near
stagnation, v /v =~ 0, which causes the orbit average of the energizing term, ;(0B/0t), to
become large and positive. (j) shows a cartoon version of the flux tube. (k) shows the
theoretical distribution in (i) scattered with the Lorentz operator, £, for v/(w/27) = 0.75
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Figure 4.6: (a) Magnetic field strength, B, recorded by MMS4. (b-m) Electron distributions
measured at times corresponding to the peaks and valleys of the magnetic perturbations,
where the distributions with colored borders correspond to the peaks marked in (a) and the
subsequent distribution functions correspond to the adjacent valleys, marked on (a) with the
dashed lines. The anisotropy is highlighted by applying the weighting factor of v°.

estimate the effective scattering frequency in the solar wind. Based on a least-squared-fit
analysis, the scattering frequency that best fit this data varies as a function of velocity, where
v/(w/2m) € [0.25,1.5]. A scattering frequency within this range, v/(w/2m) = 0.75, is chosen
to generate a comparison with the MMS data, where the resulting scattered distribution is

shown in Fig. 4.5(k).
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Figure 4.7: (a) This distribution function was generated by the model for a perturbation
with 0B/By = 0.5. This distribution was scattered using a Lorentz collision operator with
v = 0.75. The red dashed lines denote the trapped-passing boundaries and the distribution
sis weighted by a factor of v® to better visualize the anisotropic features. (b) shows the
same distribution function, but transformed to (v, A) space. In both (a) and (b) the lines
of constant velocity are plotted in black. (c¢) shows a velocity distribution from the MMS
spacecraft during a fluctuation of commensurate size as the distribution shown in (a) the
distribution is again weighted by a factor of v®. (d) shows the same velocity distribution as
in (c), but here plotted in (v, A) space.
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To find the scattering frequency that best fit the MMS observations, we created a set
of scattered distribution functions with scattering frequencies, v/(w/2m) € [0,1.5]. The
method of least-squared fit, R(v,n; 0 Famp; 0Aamp) = >on ((frheory (Vim, A+ 0Aamp) + 0 Famp) —
fanms (Vm, Ay))?, was used to find the best fitting parameters for a given line of constant
velocity for a given scattering frequency. This is due to the difficulty in reproducing exactly
the same distribution function - some variations in the absolute magnitude are to be expected
from the difference in the inflowing and outflowing plasma.

Once the set of best fitting parameters are found, the x? value was found for the partic-
ular velocity, v,,, and scattering frequency, v/(w/27), where x* = 3, (fTheory.Fit (Vm, An) —
Janis (Vms An))?/ faas (Ui, Ay) and the minimum value of x? corresponds to the best fit.

Because the theoretical distribution that these scattered distributions were compared to
were generated under the assumption of high velocity particles, only velocities that correspond
to energies above 200 eV were considered.

The agreement demonstrated above suggests that the model is capturing the anisotropic
features of the observed distribution functions and the analysis can be extended to address
the heating of the electron population over many cycles. Following the blueprint of the
quasilinear method, we then separate the distribution function into the slowly-varying,

isotropic background distribution, fj, and the anisotropic portion of the distribution function,

1,
f = f0<t78) + f1<t,g,X), fO(tag) = <f(t7g7X)>X7 (41())

where the y-averaging, ((...)), = (/ dx(dA/dx)7y(...))/ ([ dx(dA/dx)7). To make Eq. 4.5
more analytically tractable, the Lorentz operator is approximated with the Krook operator,

where

Lic=—~Cxlf — (1)) - (.11)

The Lorentz operator more effectively isotropizes anisotropic structures with sharper, finer
features. As can be seen in Fig. 4.5, the angular scale length of these features is related to

the opening angle of the trapped-passing boundaries, which is controlled by 6 B/ By, so the
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Figure 4.8: Plot of the y-squared fit as a function of scattering frequency, v, and energy, E.

effectiveness of £ must depend on §B/By. In our Krook representation this dependency is
included through Cx = Cx(6B/By).

As is clear from the form of Eq. 4.6, the Lorentz operator describes diffusion of anisotropic
features of the distribution function, f. Accordingly, the diffusion time scales as 7p o< (6€)?,
where 0§ is the typical scale for the anisotropic features of f. As the magnetic field increases,
the trapped portion of the distribution function will increase commensurately, yielding larger
values of €.

The Krook operator does not have this same dependence on 0§, as the rate of isotropization
is in fact independent of 6¢. When computing the Krook collision operator the new, scattered

distribution function is formed from a linear combination of the original distribution function,
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and a fully isotropized version of the distribution function,

Jrene =1 =) fi+a(fi),, (4.12)

where o = exp(—vCkAt) determines the rate of isotropization.
To approximate the 0¢ dependency of £ we have introduced the coefficient C. From an
analysis of the kinetic equation it follows that 6¢ of f is similar to 6§ of g = j2 + A, which

we used to provide a calibration for the efficiency of the Krook operator:

o, — o= 9))Eg)y (4.13)

(g = (D))

By repeating this computation for a multiple § B/ By we find the result scales as

Ck(6B/By) = 1.15/(6B/By)**? (4.14)

which is the result we used to compute the Krook distribution curves earlier in the chapter.
In addition to this approximation of the Lorentz scattering operator, the anisotropic part
of the distribution function, f;, as well as the other relevant anisotropic terms H (¢, x) and
h(t,x) = H — (H),, are Fourier transformed such that f; = 3, f{'e"™", H =%, H"e"", and
h =Y, hnent,
By inserting these expansions and Eq. 4.10 into Eq. 4.5 an equation for the anisotropic

part of the distribution function is found,

n__ 0f0 . h”(—inw + CKI/)
fi=KalGe,  Ka= oG (4.15)

Inserting f; back into Eq. 4.5, an evolution equation is obtained for the slowly-varying
background distribution 0 f,/0t = <<H f1) X>t' Evaluating <<H f1) X>t is somewhat involved

and the calculation is given in detail in Chapter 5. Here we just provide the result of the
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calculation which is the recovery of Eq. 4.1

O 10 (0pIh)  p_ g (98
8t_"0281)<vD8v)’ D—WUQ(B,V/CU>

with ' A
Cicv Jw ((Re(H"e™t) Re(h"e™)) )

G= ; dw?(n? 4+ (Cgr/w)?) . (4.16)

which again evidences the characteristic dependence of diffusive step size on velocity, Av ~ v,
that would be expected for a Fermi heating process.

We validate the analytical model of Eqgs. 4.1 and 4.16 by integrating Eq. 4.5 numerically
for a range of v and considering a range of perturbation amplitudes, B/ By.

The numerical solver works as follows. First, the relevant parameters as a function of x are
computed over the course of a fluctuation, specifically B(z,t) = 1 — § B/ By sin(t) cos(rx),
where € [0,1] and ¢ € [0,1]. Earlier in this section we described how to find j as a
function of A for a given dB/ By, which here is associated with a given time. The same can
be done for other parameters for a given time, ¢, specifically A, g = j* + A, j2/A, 7, and
(1/7) [(1/B)/\/1 — AB/Bydz. The latter is used to calculate the orbit-averaged Lorentz
operator, (£), . These values can then be interpolated using the same method as before
to find their values as a function of y. We can also use the conservation of the magnetic
moment, uv?A(x)/(2By) to find the change in energy over every time step.

Using the expected change in energy from the magnetic moment conservation, dF and
the fact that x is a constant of motion, a new distribution Fey (In(vpew), X) is found at every
time step by interpolating the old distribution Fiq(In(veq), x). If there is no scattering, this
interpolation will evolve the distribution, including the effects of particle trapping, without
any net energization.

After the interpolation to the new variables, the distribution function is scattered using
the appropriate operator. For the Lorentz operator, the scattered distribution is computed

using Eq. 4.9, where Fleyw = Foq + dt (v (L), Foa). For the Krook operator, the scattered
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Figure 4.9: (a) The energization G as a function of the amplitude of a fluctuation, § B/ By, and
the scattering frequency, v, for the numerically-computed Lorentz (solid) and Krook (dashed)
operators, as well as the analytic solution in Eq. 4.16(dotted). (b) Combined estimate of the
evolution of the distribution function from magnetic pumping and compressional heating
for the points denoted in colored lines in Fig. 4.2(a), approximated using the number of
fluctuations, Nyctuations = 195, 0B/By = 0.7, and v/(w/27) = 0.75. (c) Reproduction of
Fig. 4.2(e).
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distribution is computed using Eq. 4.12.
Numerical values of G in Eq. 4.16 are estimated through Eq. 4.17, where T' = 27 /w and
the numerator and denominator are found to be nearly linearly dependent functions of v

before averaging,

(Jo (@1 /ot)dt) /T> | o

1 0 (,49f
v2 dv (U 81})

In Fig. 4.9(a), the numerical model of Eq. 4.5 is evaluated both with the full Lorentz operator

gestimate = <

and its Krook approximation, and demonstrates good agreement with Eq. 4.16.

Using the estimated parameters for the MMS event shown in Fig. 4.2, including an
estimate for the overall amount of compressional heating, we apply the model in Eqgs. 4.1
and 4.16 to predict the evolution of the pitch-angle-averaged distributions recorded by MMS.
The result of this calculation is shown in Fig. 4.9(b) and is in good agreement with the
observation from Fig. 4.2(e), repeated for convenience in Fig. 4.9(c). While there are some
differences at lower energies, likely due to the effects of electric fields, which are neglected
in our approach, the model provides a good account for the energization of electrons at

moderate to superthermal energies, £ > 100 eV.

4.4 Conclusions

We have here presented a heating mechanism, magnetic pumping, that becomes applicable
to superthermal particles, v > w/k, when the affects of trapping are incorporated into
the model. The application of the pumping model to MMS observations provides evidence
that magnetic pumping has a significant role in electron energization in the region of the
Earth’s bow shock. Given the potential universal applicability of the model, this could have
a far-reaching impact on our understanding of electron and superthermal ion energization
in many other plasma environments where particles with v > w/k are observed, such as
the solar corona, cosmic ray generation pumped by magnetic turbulence in the interstellar

medium, or shocks driven by supernova explosions.
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Chapter 5

2D Pumping Derivations

In this section we will go through the derivation of the equation for the background evolution
of the 2D magnetic pumping model. Before we get into the details of the derivation we want to
go through some background on the method that this result relies on, the multiple-time-scale

perturbation analysis method!.

5.1 Multiple-Time-Scale Perturbation Analysis

The multiple-time-scale perturbation analysis method is a technique that leverages the fact
that different processes happen on dramatically different time scales to construct a solution
to a perturbation problem. Following the example of Davidson [31], we can go through a
description of what happens fundamentally in such an analysis. In a conventional perturbation
analysis, we expand the variable of interest, x(t) in terms of a small-amplitude parameter, €,

where 0 < € < 1, such that

2@ 4™ @ g (5.1)

!This method is also referred to as the multiple scale analysis. It is used in many contexts beyond plasma
physics and is analogous to time-dependent perturbation theory in quantum mechanics[31, 69].



68

For certain analyses there is a great disparity between the time scale of different physical
processes, such as the characteristic time of the linear growth rate of an instability when
compared to the timescale of an oscillation in the plasma. For the moment we will refrain from
committing to a particular physical system, but to incorporate the time-disparity between

these processes, whatever they may be, we extend the number of time variables from one

variable, t, to many independent time variables 7y, 7y, 7, ..., where
d d d
ﬂ — ]_’ j = 67 2 = 62’ (52)
dt dt dt

and the expansion of our relevant parameters take the form

T ~ QT(O)(T(), T1, Ty -..) + ex(l)(To,Tl,Tg, )+ 62{13(2)(7'0, TI, Ty o) + e (5.3)

Since we are treating 79, 7, T2, ... as independent variables the time derivatives are also
expanded as
d 0 0 0

— = — — . 5.4
dt 87'0 +€87'1 te (9’7'2 * ( )

The coefficients of successive powers of € are collected to obtain a set of coupled differential
equations.

The new variables 20 (7, 71, ...), 2 (79,71, ...), ... , are ‘generalized’ solutions, which
include both physical and unphysical solutions. Specifically there solutions included that
have time secularities, where the parameter of interest steadily increases in time, violating
physical constraints like energy conservation. However, the additional time variables allow us
the freedom to remove these unphysical solutions, a feature that is not present in conventional
perturbation analysis. Removing these time secularities puts constraints on the perturbation
solution, called solvability conditions.

After the solution is obtained to the desired order of accuracy we can return to the
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physical time variable, ¢, and make the replacements
To = t, 71 = €t, Ty = €, . (5.5)

This method can provide solutions to perturbation problems that conventional pertur-
bation theory cannot solve. For example, in the solution to the Van der Pol equation,
conventional perturbation analysis must include infinite terms to obtain the correct the solu-
tion, whereas with multiple-time-scale perturbation analysis it is only necessary to expand to

the first order, 71 to recover the correct solution.

5.2 Jean’s Theorem

For the derivation of the 2D magnetic pumping result it is helpful to briefly consider the
Boltzmann equation, as this equation is at the core of the analysis. Fundamentally, the
Boltzmann equation describes the statistical behavior of a thermodynamic system not in
a state of equilibrium, the latter part of the definition being an key point in applying this
equation to collisionless space and astrophysical plasmas systems, such as the solar wind.

The general statement of this equation is

df _ (9f
% N <8t>coll (56>

where f = f(x, v, t) is the probability density function, defined such that dN = f(x, v, t)d*xd*v
is the total number of particles that have positions within a volume element d*x around the
position vector x that have momenta within the momentum space element d®*v of momenta
v at time ¢t. The term on the right-hand side accounts for the effects of forces acting between
the particles in the form of collisions.

Jean’s theorem states that any steady-state solution of the collisionless Boltzmann equation

depends on the phase-space coordinates only through the integrals of motion in the given
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potential, and conversely any function of the integrals of motion is a steady-state solution.
An integral of motion is any function of only phase-space coordinates that are constant along

an orbit, 7.e. some function I(x,v) such that

= L (x(t),v(t))] = 0 (5.7)

along all orbits’. We can see Jean’s theorem directly by constructing some function, f, that

is a function of only the n integrals of motion, for which we can see

DL V), BV e T V) = 3 dd[;n(fzi _ i(0)£ _

% m=1 m=1

0 (5.8)

so f satisfies the steady-state collisionless Boltzmann equation.

To get a better sense of the underlying physics of the Boltzmann equation, and how
it explicitly relates to the kinetic equation in plasma physics, it is helpful to review the
theoretical foundation of these equations. To do this we will begin with the Klimontovich
formalism, which describes the space-time evolution of the microscopic distribution function
in 6N dimensional phase space, where N is the total number of particles, then move to an
ensemble-averaged distribution function. This will allows us to make a connection to the

six-dimensional standard form of the kinetic equation, i.e.

Afs Ofs s dfs _ dfs
ot Y ox T m, BETVXB) 8v_<8t>cou ’ (5:9)

where the subscript s is due to the fact that we have multiple species in our plasmas and
(Ofs/0t)con represents the effects of collisions.

We start with the Klimontovich distribution® and the Klimontovich equation. We consider

2We note that every integral of motion is a constant of motion, but not every constant of motion is an
integral of motion. A common example of this is a particle moving in a circular orbit in a spherical potential.
The azimuthal speed will be of the form ¢ = Qt + 1o, where C(¢,t) =t — ¢/Q will be a constant of motion,
but not an integral of motion because of its explicit dependence on time.

3Some statistical mechanics textbooks start with the Gibbs ensemble instead of the Klimontovich
distribution. The primary difference being the Klimontovich distribution consists of N points in six-
dimensional space, while the Gibbs ensemble is a single point in the 6N dimensional phase space. However,



71

a system of N particles in a box of volume V in a six-dimensional phase space of the position

x and the velocity v, where the phase state vector for the ith particle is written as

The exact single particle phase space density is then a summation of six-dimensional delta

functions,

fexact = Z d [X - Xz(t)] 5 (511)

where X = (X, V). fexact is what is known as the Klimontovich distribution function. From

the property of delta functions we can directly calculate the total time derivative of fecact

af exact a o dXz a . Y a.f exact
so we can see that fow.ct satisfies the continuity equation in phase space
af exact Y 8f exact
X . = d
B + X 0 , (5.13)

which is a shorthand notation for Hamilton’s equations of motions for the N individual
particles[70]. Changing our variable back to x and v and using the fact that the motion of

the ith particle is governed by the Lorentz force,

dXZ'

=V, .14
at (5.14)
dv; g

we obtain the standard form of the Klimontovich equation,

df exact af exact 8f exact q af exact
0 o +v- o + [E(x,t) + v X B(x,t)] - v

they encapsulate the same essential idea.

-0 . (5.16)
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The solutions of the Klimontovich equation can be found by the method of characteristics,
where the the characteristics correspond to the particle trajectories. It is clear that these
trajectories depend on the electric and magnetic fields in the plasma, which can be thought
of consisting of a combination of external fields and those produced self-consistently by the

microscopic fine-grained distribution, i.e.

E(x,t) = Eext(x,1) + e(x, 1) (5.17)

B(x,?) = Bexi(x,1) + b(x,1) (5.18)

where e and b are determined from Maxwell’s equations.

This equation shows that the distribution function, fec.ct, is constant along the particle
trajectories. While this solution is exact, it is not a practical form to use. Solving for the
trajectories of the Klimontovich equation is equivalent to finding the exact trajectories of
all N particles in a plasma, essentially the function of a PIC code, when combined with the
electric and magnetic fields. In order to overcome this problem it is useful to replace fexact,
singular, discontinuous function, with a smooth, continuous differentiable function. To make
this transition we introduce a distribution function that is averaged over an ensemble of

identical copies of the original system, called the phase-space averaged distribution function,

Fs(x, v, 1) = (foxact (X, v, 1)) . (5.19)

This can also be interpreted as the number of particles in a given volume of phase space, i.e.

fo(x,v, 1) = J Jao feanéX,V,t)dQ 7 (5.20)

where AQ) = AzAyAzAv, Avy,Av, . We then write the exact functions and fields in terms of

the ensemble-averaged distribution functions and fields, where the terms of the form d¢g are
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referred to as the fluctuations,

fexact fs + 5fexact (521)
E™ =E + /E™ (5.22)
B™ =B +/B" (5.23)

where (d fexact) = (JE™) = (0B™) = 0, so E = (E™) and B = (B™). Using these new

definitions, with the Klimontovich equation given in Eq. 5.16, we obtain the expression*

afs afs af _ qs m m adfexact
8t+ I +E(E+ v X B)- v m. (0E™ +v x 0B )-T (5.24)
which can also be written as
dfs dfs
R . .2
dt < at )coll <5 5>

We note that the left-hand side of the equation corresponds to the large-scale, collective
effects and the right-hand side corresponds to the effects of collisions. In the limit of low

collisionality, (Ofs/0t)con — 0 we recover the Vlasov equation,

Ofs Ofs Ofs
8t+ o +HS(E+ v X B) - .

=0 . (5.26)

The Vlasov equation has the form of a Liouville equation for a set of non-interacting particles
under the an external field. As discussed earlier, because these field are generated self-
consistently from the moments of the distribution of charged particles, this equation is
inherently nonlinear.

While the exact nature of the collisional term on the right-hand side of the equation

varies between the Boltzmann equation and the kinetic equation derived in this manner, it

4There is a more rigorous way of obtaining the plasma kinetic equation, and by extension the Vlasov
equation, that involves starting with the Gibbs ensemble, then using the Liouville equation, and finally the
BBGKY hierarchy equations. This method better captures the correlations that result in the collisional term,
but a thorough derivation is beyond the scope of this thesis. For the interested reader several very accessible
derivations are given in [71, 72, 73, 74, 75, 76, 77]



74

is clear that the equations can be derived from the same first principles, and that Jean’s

theorem must hold for the plasma kinetic equation as well.

5.3 Jean’s Theorem and the Multiple-Time Scale
Perturbation Analysis

It turns out that we can recover Jean’s theorem using the multiple-time scale perturbation
analysis method for a particle trapped in a spatially-varying magnetic field, following the
analysis from Davidson[31], Cordey et al. [65], and Kolesnichenko et al. [78]. Here the
fundamental assumption is that the frequency of the bounce motion far exceeds the collision
frequency, as well as the time scale for variations in the magnetic field. We define the small
expansion parameter, €,, as the ratio of these two quantities, €, = 7,/7., where 7, is the
characteristic time of particle motion in the magnetic field, or the bounce time, and 7, is the

characteristic time for particle collisions. For the kinetic equation

df G
== C(f) = - (5.27)

we introduce independent time-variables of the form

7O = ¢/7, (5.28)

7 — (ep)"T(O), where n = 1,2, ... (5.29)

where the time derivative is of the form

e_1 ¢ ¥ (5.30)
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and the distribution function is expanded in terms of these new independent variables and

this small parameter

f= fO(T(O), e o)+ Epfl(T(O),T(l), ) (5.31)

Using these expansion terms, to the lowest order in €, we obtain the equation

dfo
dr ()

-0 . (5.32)

This equation can be solved by integrating along it’s characteristics, which are the equations
for the particle orbits. The characteristics are given by = = x(ay,as,...,ay,t), where

a1, o, ..., ay are the integrals of motion. The solution then becomes

fo=glar, az, ..., a5) (5.33)

where g is an arbitrary function. From this form we can see directly that this result, Eq. 5.32
is the equivalent statement to Jean’s theorem.
To the next order in €, we have the equation

i dhy
dr©® — qr@)

+G (5.34)

To avoid time secularities, 7.e. unphysical solutions to the kinetic equation, we have the

Th df
/0 (dT(Ol) - G) dr® =0 . (5.35)

This equation can be expressed as

solvability condition

dfo . 1 [ dt
50— T*/O o (5.36)

Eq. 5.36 is equivalent to the step where we orbit average the scattering operator in Eq. 4.5.
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We also notice that Eq. 4.5 has an additional 9/0€ term on the left hand side of the equation.
This is due to the fact that while £ is a constant of motion during a orbit transit, it is
not over the timescale of the pumping cycle. In fact, the energy of each particle oscillates

significantly during each pumping cycle.

5.4 2D Magnetic Pumping Derivation

Now that we have used the multiple-time scale perturbation analysis to verify that Jean’s
theorem is valid in our system, our aim is to provide a derivation of the important result in
Eq. 4.16. From the multiple-time scale method we know that the distribution is constant
along the instantaneous particle orbits and thus can be expressed in terms of the integrals of
motion. We recall from Chapter 4 that these are p = mo? /(2B) and € = 3mv?. While we
worked in f = f(t,&,x), where x = (A)/(j% + A), where j = J/(4vL) and A = uBy/E, we

will instead for the purposes of this derivation work in f = f(¢,€, A*), where

(5.37)

While the maximum value of A changes with time in our sinusoidal perturbation, this new,
normalized value of A* has the same maximum value at every timestep, specifically A* € [0, 1].
At the end of the chapter, we will switch variables back to the f = f(¢,&, x) to connect to
our results in Chapter 4.

In these new variables, the kinetic equation is

dt — Ot|,.. dt O\ dt 9E

g _0f|  a\of deof . (5.38)

We now seek to obtain expressions for the total derivatives, dA*/dt and d€/dt. Consider

the ratio J2/u. This is clearly a constant of motion which has the special property that it is
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independent of £. Using the normalized action integral, 7, we find

iﬁ _ i]ﬂBmin o
dt u dt A

(5.39)

such that

2dj 1 dBuw 1 dA\*

- - 4
Gdt T Bon dt M dt (5.40)

Our aim is now to obtain an expression for dA*/dt. To evaluate the total differentials we

notice that j = j(A*,t), while By, = Bmin(t) and A* = A*(¢). Thus,

dji 0 dA* 9j

- == 5.41
dt ot dt ON* (5.41)
By then combining Eqs. 5.40 and 5.41 we find
* a3 ] dBmin
1dA :28—§+2Biin R (5.42)
A+ dt j—2A%2L
Considering the definition of A* in Eq. 5.37 it follows that
dA*  A*dE By
=——— TEA 5.43
dt E dt  Buin ’ (5.43)
so using Eq. 5.42 we may solve for d€/dt to find
d&
— = —g& 5.44
v =Y (5.44)
with
287.7 _I_ QBmin * 8.7*
g(A*,t) _ ot : Bm;n 7 OA
dj 3min A * Oj
_ 25+ 2 gmin A*
b
03 Bmin ) =
_ 25 + 52l — ) (5.45)

To



This also allows us to write an expression for dA*/dt, i.e.

dA* B
_ min A*
dt (g * Bmin>

Note, to find the above expression for f we used

. dj
T, =Jj — 2A"
= OA*
which is readily shown using
™ 0J 0 0 0
m  0E| O oE|,. + ON*
1 It

Combining this all together, the kinetic equation in Eq. 5.38 now becomes:

g o g N Bmin * af
ot ~ 9% o€ (“ Bmm> Ao Tl

or

of _ vof <g+Bmm>A* of

200 Bmin aA*

5_9260 +vLf

5.4.1 Krook approximation for the scattering operator
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(5.46)

(5.47)

(5.48)

(5.49)

Ideally, at this point we would use a quasilinear-like analysis as we did in Chapter 3 to

find the evolution equation of the background distribution. Unfortunately, the Legendre

polynomials are no longer good eigenfunctions of this equation with the inclusion of trapping

along the flux tube, so the analysis in Chapter 3 cannot be directly repeated. While it may

be possible to find good eigenvalues of this equation with the Lorentz scattering operator and

solve for the slowly-varying background distribution, we were unable to solve this equation

directly.

However, we were able to find an approximation to the Lorentz scattering operator, the
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Krook operator,

Lxf=—-Ck (f — g;:) , (5.50)

where Ci is the Krook coefficient that we discussed in detail in Chapter 4. We note that
this scattering operator is the same as the one given in Eq. 4.11, although it appears to be
different. The different appearance is due to the fact that in Chapter 4 we were using the
normalized version of the distribution function. Throughout this Chapter, we will be using
the unnormalized version of the averaging over pitch-angle. More specifically, the averaging

operator we will be using throughout this chapter is given by the expression

<(...)>A=/dA*TTb(...) . (5.51)

By using this approximation in place of the Lorentz scattering operator we were able to
find an equation for the slowly-varying background distribution function. As we mentioned
in Chapter 4, this is a much simpler scattering operator than the Lorentz scattering operator.
Unlike the Lorentz operator, it does not scatter sharper features in phase-space more efficiently.
As can be seen from the form of Eq. 5.50 and the analysis in Chapter 4, the Krook operator
can be thought of as a linear combination of the full distribution function, f and the fully
isotropized distribution function, (f), / (1),. We note that L f conserves particles and if
the anisotropy in f were of the form P(v|/v), which it is not because of the additional
phase-space structure coming from the trapping, L f would yield an exact result.

In the remainder of this chapter we will find the equation for the evolution of the slowly-
varying background distribution and show that this equation conserves particles. We will
first do this in the limit where v/w > 1, and then for the case without restrictions on v/w.

This will ultimately yield the result in Eq. 4.16.
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5.4.2 Variables and Assumptions

We know that the number of particles in our system, 7.e.

N = /fd%d% _2m Ay/dé’/du/dllfn,f (5.52)

m2

is conserved. Assuming that we have a sinusoidal magnetic field perturbation such that for
x = L/2 we have B = By, and evaluating the width Az of the flux tube at this location,
we find that AV = ByAz. We use this expression, as well as our definitions from before,

7y = v/ (4L) and d€dp = m?v3 dv dA/ By to rewrite the particle conservation statement as

5o #f (5.53)

N = QWAyAZL/Usz/dA*

min

Guided by Eq. 5.53 we define the averaging operator as in Eq. 5.51 and define

F(v) = (f)a (5.54)

such that

N = 2rAyA-L / Fo?dv (5.55)

where it is clear that Fv?dv is proportional to the number of particles of the entire flux-tube
within a differential velocity interval dv.
Using these newly defined variables and averaging operators, we split f into its isotropic

and non-isotropic parts

f - f0<t7 U) + fl(tv U, A*) ’ (556)

where

Jo= Yla _ LF(v) : (5.57)

—~
—_
~—
=
—~
—_
~
=2
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5.4.3 Extreme ordering of v > w

Using our newly defined variables, we can start the process of deriving an expression for
OF/0t, or the evolution of F' due to magnetic pumping. Inserting f = fo + fi back into

Eq. 5.49 we obtain the equation

of _ volfot fi) <g+ Bmi“) L (5.58)

a2 o Bum) O
Throughout this analysis we will use the fact that (f1), = 0 and that (kfy), = fo (k),. We

can evaluate the expression for the scattering operator,

vLkf =vLy(fo+ f1) = —Ckv (fo + fi— @) =—Ckgvfi . (5.59)
A

Using Eq. 5.58 and taking the difference between 0f /0t and (0f/0t),, and assuming a small

amplitude ordering |g| ~ | f1| < | fo|, then we obtain approximate equation for f;

8f1 . Uafo

where h = g — ((g) / (1))

Up until this point we have not made any assumptions of the scattering frequency as
compared to the fluctuation frequency, v/w. At this point we can introduce the extreme

ordering v/w > 1, which causes Eq. 5.60 to reduces to

_,v0f
0= h2 7 Cgvfi (5.61)
such that
h v8f0
= — = .62
h Crgr 2 Ov (5.62)

Our aim is to derive an equation for OF /0t which describes the evolution of F'(v) due to
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magnetic pumping. So we start with the expression for 0F/0t

o = (a1 ()]

lTllH lTllH

<af> + [y 6t< iﬁf")
)+

~(5), + g () + favng (523)
=<68{>A+fo/dA* (m ) <f1 Zz>A+/d “f ioin%i"
g = () v [ g (gon) + Javnge (563)

and evaluate the terms on the right hand side.

We start with the (0f/0t), term, beginning with Eq. 5.49 and inserting our expression
for fi in Eq. 5.62.

af 1 vOouv o
<8t> = (5 5 90 fo o {9h)A 5555900

1 Bui oh v 0
- min | \x ve 64
CKV<<9+Bmm> aA*>A2avf0 (5.64)

Plugging this result back into Eq. 5.63 we obtain the expression

oF 1 v O wv o
o0 =\ >Aza fot G 9 55559570

1 Bmin oh v 0 % BO a%b
B CKV <<g+ Bmin) A aA*> 77][‘0 /dA lemina

+fo/dA* ( Ho %b) . (5.65)

mll’l

To rewrite the above equation in a more tractable form we will need to use the relations

3 . Bmin % oh aTb *
B (gh), = — < (g + Bﬁﬁﬂ) A SA” >A + Bmmh o dA (5.66)
3 X By

5 /dA at< mme> ’ (5.67)
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which we will now prove.

To prove Eqgs. 5.66 and 5.67 it is useful to introduce the expression

L dA* 8] Bmm AN

This expression follows directly from Eq. 5.42 and Eq. 5.47. We also note that H is unrelated
to the H used in Chapter 4. Here, like dA*/dt we have that H vanishes for A* = 0 and
A =1.

We start be considering Eq. 5.67 and using the definition of ¢ in Eq. 5.45, as well as the

fact that

8 ( BQ N) BO 87~_b ~ BO Bmin
by | —

_ —2 = _F
8t mein Bmin

B i (5.69)

min

we can rewrite the expression as

L0 By \
_/dA ot (BminTb) -

DO | W
—~

By
<9>A+ /dA*8t< 0 Tb>

at + mll'l ]

* ~ Bmln BO BO a] Bmln .
B <g>A * /dA [ K Bmln Bmm + m1n (

0 / By
— A — T
/ N (Bmmﬁ’)
== J U LI e
2 >A+/d min ( ot * ot + mmj>
_ LB
2B

i} Bmm o on, _9j B
— /dA K B ( —Tb)> +2 <_8t +2§ —I—

Using Eq. 5.47, 7, = j — 2A*(0j /OA*), the expression becomes

[\3\00

Bin 2 Bhin ON* Ot ot Biin B OA*
_ 1 BO * Bmm . * a a] Bmm .

1 By A\
- QBmm/d OA*

/dA*at< By %b) _ 1 5 /dA* [4/\* 9 9j +48J+23mmj+ mmA* 0) ]

1
2
IRy By (.0 Bum . . L9 [ By .
- 5 —I—/dA B (2815 + B (j Tb)> /dA T <BminTb
1 .
2

min

Hlln

)

)
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(5.70)

We can see that indeed the expression in Eq. 5.66 is valid.
We can do a similar analysis to verify that Eq. 5.67 is true. Using the fact that dA*/dt =

A*(g 4 Buin/Bumin), we can rewrite the expression as

3 Bmin % ah % BO aTb
g lohiat <<g - Bmin> A 8A*> + [ an Bu " 01
1B
B 2 Bmin

dA* Oh 2h87b

A [37gh + 27,2 O 90T
K [37”9“ "at on o

(5.71)

then inserting the definitions from before for first ¢ and then 7, we obtain the expression

= i 0 3 (25 Gt - Y
_ ;szn /dA* 3 (2(;1 Bmmzmiﬂ) hzndga% - 2h§t (; - 2A*ai*>]
— ;Bfin / dA* 6th +6h mmA aij* +2%bd$*§£ - 2hg‘z + 4hA* ai* gﬂ . (5.72)
Before proceeding it is useful to note the relation
s v = [av g
- fax )
B min . Bumin B
_ ;Bmom /dA*thmm - /dA* m(jn h7,
B Buin . Buin
b7 Kl B e O
_ ;Biom /dA*thzzj . (5.73)
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5.72 to obtain the expression

3 Bmin % 8h % BO aTb
3 (9t <<g+ Bmm> A 8A*> * /dA mmhﬁ
1 By dj Buin . Buin ., 0J oh 0 0j
=— dN* |4h— 2h 2h A* H 4hA* -
2 Boun / ot " Bom? T Bam s on T onr M g o
1 By dj Buin . 0 dj in oh
= - A* 4— +2 A* 4— +2 H
2 Bumn fan | (( ot muﬂ) T ( at muﬂ)) * 8/\*]
1 By .|, OH oh
= 2 B faa haA* +H8A*]
1 By L0
" 2 B / aA 8A*
_ : (5.74)
so we can see that Eq. 5.67 does in fact hold to be true.
To show numerically that Eq. 5.66 is true we define
3
T = (gh)y (5.75)
Buin \ . Oh
T, =— < <g + Bmin> A DA >A , (5.76)
1 aTb
T = O hZlan* 5.77
3 0 Bmm 875 3 ( )
and Fig. 5.1 shows that indeed T, =T, + T5.
Inserting our newly-verified expressions, Eq. 5.67 and Eq. 5.66, into Eq. 5.65 and using
fo=F/ (1), we find
OF (% 8f0 1 v 8f0 1 3 (Y 8f0 3
i Z2J0 B) . — S lah) . =20 4 2
5 = 9350 T G sy (2 ov ) T vz WA g, Tl
_ {94 |vOF . (gh)y v 0 (vOF) 3vOF
IRONEED CKV (1), [20v\20v )22 dv
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Figure 5.1: Here we have the different terms involved in our density conservation. From the
plot it is clear that 77 = T, + T3, and we can see that the relation we verified analytically

holds numerically.
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which we can then rewrite as

oF 1 (gh)y 1 0 40 (gha 1 0 4
9 e el U N ) .
ot Cgv (1), 4v? v v * (1), 202 " (5.78)

We can see that the first term on the right hand side corresponds to the energy diffusion,
or the heating by magnetic pumping, and the second corresponds to the modifications in F
due to compressions and expansions. In the analysis above, we have verified that this form
conserves particles at every point in time. However this is also clear from the form of Eq. 5.78.
To find the density we integrate the above equation over all velocities, and the left hand side
yields On/0t. Because both terms on the left hand side are of the form 0/0v(...) when we
integrate over all velocities and use the fact that as v approaches infinity F' approaches zero,
we can see that the terms on the right hand side disappear and we get an expression for

density conservation.

5.4.4 General Case

Above we solved Eq. 5.60 in the limit v/w > 1 to get an approximate solution for f;. To

address the general case with no restrictions on v/w we apply Fourier expansions of g, h and

S
g(A*, 1) = g*(A*)e™ + g*(A")e™ + ... (5.79)

h(A*,t) — hl(A*)eiwt + h2<A*)e2z’wt N
FA" 1) = FLAT)E 4 F(AT)H
Then for the separate frequencies Eq. 5.60 reads

v 0 fo

- CKVf{Z



88
such that f1 =%, f1', with

v dfo h*(—inw + Ckv)
< (U
fi " nw? + (Ckv)?

"2 0v’

We may now follow the same steps that led to Eq. 5.78. Furthermore, we find that parts
of f{' are in phase with g" causing the time average ((gf1),), to become finite. An equation

for the slow varying component Fy(v,t) is then obtained as

0K, _ 10 ([ 5,0k o,
8t_v2av<”D8t>> D = wvg,

o 1 OKV/(,U Re(gneinUJt) Re<hneinwt)
Gvjw) = 4 Zn: n? 4+ (Cxv/w)? < w2 <1>A . (5.80)

Finally, while (1) \ 18 not constant during a pump cycle, its periodic variations do not influence
the rate of heating and we can introduce the approximation Fy = (1)  Jo x fo, yielding the

form of Eq. 4.16 in Chapter 4.
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Chapter 6

Conclusions

This thesis details magnetic pumping as a candidate for heating and power-law generation
in a variety of space and astrophysical systems. Analytic work for a model assuming an
infinite, uniform flux tube, an extension to this 1D model assuming the presence of thermal
streaming, as well as a model that captures the effects of spatial variation along a flux tube,
including magnetic trapping, are all detailed in this work. For the first two cases, the model
is validated using particle-in-cell simulations. For the 2D case spacecraft observations of
the pre-bow-shock region from the MMS mission are used to compare to the results of the

analytic model. The key results of the thesis are listed below:

e In the 1D uniform flux-tube model of magnetic pumping we obtain power-

laws and heating that match kinetic simulations.

« With the inclusion of some two-dimensional effects magnetic pumping can
play a significant role in heating the plasma of the solar wind. This heating

is on par with well-known heating mechanisms such as wave-particle interactions.

o With the inclusion of magnetic trapping, magnetic pumping can heat par-
ticles moving far faster than the wave speed. This is the most important result
of the thesis, as this is a regime in which power-law distributions are observed, but few

heating mechanisms are effective.
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There are two lines of inquiry for future work on magnetic pumping - better understanding
how the magnetic pumping model works under different physical conditions and applying
the heating mechanisms to different astrophysical systems. For example, the analysis in
Chapter 4 has been done for particles moving fast enough that the v X B term dominates the
electric field, however recent research shows that electric fields in the pre-bow-shock area can
play a strong role in heating particles moving at slower velocities[64]. Extending the model to
include the effects of trapping in electric fields is one possible avenue of future work. Another
promising avenue is examining at the effects of different mechanisms of phase-space-mixing
that will be naturally present in space plasmas, such as local trapping arising from the
presence of multiple, interacting waves, and the effect that this phase-space mixing will have
on the resultant plasma and rate of energization from magnetic pumping, particularly in the
case of low scattering, where magnetic pumping is not as effective of a process.

A variety of the different potential astrophysical systems where magnetic pumping could
be applied were mentioned in the conclusions to Chapter 4, including explaining heating
and power-law generation in . One potential application with particular promise is in using
magnetic pumping to explain differential ion heating in the solar corona, the observation
that different ion species experience different amounts of heating, an effect which is linearly
dependent on their mass[79]. Recent work suggests that there is a zone of preferential heating
close to the Sun, and after that point the plasma no longer experiences this preferential
heating, but simply evolves with the changing plasma environment [80]. Given the strong,
compressional fluctuations present close to the Sun, the plasma environment makes magnetic

pumping a potential candidate to explain this heating.



“What we call the beginning is often the end. And to make an end is
to make a beginning. The end is where we start from.”
— T.S. Eliot, Little Gidding
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Appendix A

Magnetic Mirrors and Trapping

We consider a magnetic field that varies in space, but not in time. Because it is static, there
are no induced electric fields and the particle’s kinetic energy, W = (m/ 2)(vﬁ +v?), and
magnetic moment, p = mwv? /(2B), are both constant. From the form of W and p we can see
that if a particle enters a region of increasing magnetic field, v L will need to increase for the
magnetic moment to remain constant, which means that the parallel velocity, v, will need to
decrease in order for the kinetic energy to remain constant. If the magnetic field increases
enough v will become zero and then the particle will be reflected back towards the weak
field region. While the parallel velocity of the particle will increase as it enters the weak field
region, for a sinusoidal field structure this process can trap both electrons and ions.
However, a particle moving in an increasing magnetic field will not necessarily be reflected.
Naively, we can see this by considering a particle with v = vy and v, = 0, where the changing
magnetic field will not change v, so v) will remain unchanged as the particle passes through
the region, “escaping’ the trapped region. We can figure out which particles will be trapped
by considering the marginally trapped particles and using the fact that the magnetic moment
and kinetic energy are conserved in this system. We consider a region of increasing magnetic

field where the minimum magnetic field is B, and the maximum magnetic field is Byax,
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and Gv, /v is the pitch-angle of the particle. We know that

2 sin? 6
"= = Al
W=t = (A1)

is a constant. We are considering the marginally trapped particle, so we assume that the
particle can reach the point B = B... Its pitch-angel at that point must be limited by

Omax < /2, S0
, SIn® Opax 1
M B Bmax Bmax

(A.2)
So the condition for particle starting at B, that can reach the point By,., in the flux tube is

B min

sin?# < sin® 0 = (A.3)

max

If sinf > sin A and the particle could reach B, then we would have sin @ > 1, which is not

possible, so in that case the particle cannot reach B,,., and it is reflected before it reaches

Bmax-
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