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Abstract

An important research area in space physics and astrophysics is the transport
of energetic, charged particles, such as electrons, protons, and muons, in magnetic
turbulence, with active research in this field going back to Jokipii (1966|). For example,
the magnetic turbulence in the solar wind, arising from the combination of the motion
of the solar wind plasma and the Sun’s magnetic field, deflects energetic charged
particles away from their initial trajectories. These particles may have originated
in the Sun (solar energetic particles), or from sources outside the solar system such
as supernova remnants (galactic cosmic rays) or active galactic nuclei (extra—galactic
cosmic rays). Regardless of their origin, these high energy particles will be deflected in
the heliospheric magnetic field, with transport being described by diffusion coefficients
parallel and perpendicular to the local mean field. Research over the years has shown
that the perpendicular transport needs to be described by theoretical models that
are highly non—linear. Test—particle simulations performed using various analytical
turbulence models have allowed these theoretical descriptions of particle transport to
be improved by providing numerical results to compare with theoretical predictions.
In this work, a test—particle code has been developed using a new trajectory solver
that allows for better energy conservation and position accuracy. This is then used
in simulations performed to test the predictions of theory in the limit of small Kubo

number turbulence.
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Chapter 1
Introduction

When considering the objects that make up the universe, some of the first things
that come to mind are galaxies, stars, and planets. Other objects such as black
holes and nebula may also be thought of. While these objects are separated by
large distances, the space between them is not empty, but is instead filled with a
combination of dust, gas, and plasma that is collectively known as the interstellar
medium (ISM) outside the solar system and the interplanetary medium (IPM) within
it. Embedded within these media are electromagnetic fields that influence the motion
of charged particles, such as electrons, protons, and alpha particles that move through
them. Some of these charged particles are part of this medium in the form of a
plasma and coupled to the electromagnetic fields present as described by the laws of
magnetohydrodynamics (MHD). Other particles have been injected into this medium
after being accelerated to high energy by various processes such as diffusive shock
acceleration in supernovae and supernova remnants (Malkov and Drury, [2001)) or
from active galactic nuclei (Kronberg and Lovelacel 2015, [Pierre Auger Collaboration
et al., [2007)). Known as cosmic rays or energetic particles, the paths of high energy
ions is influenced by the medium they are moving through and the fields embedded

in it.



1.1 The Astrophysical Environment and Energetic

Particles

1.1.1 The Solar Wind

Filling our solar system is the solar wind: an outflow of plasma from the Sun.
Using observations of the motion of comet tails Biermann| (1951}, 1952, |1957)) suggested
that there must be a gas flowing away from the Sun with a velocity between 5 - 107
to 1.5-10% cm s™! and a density near Earth of around 500 hydrogen atoms per cubic
centimetre. Today, we know from measurements performed by the Ulysses spacecraft
in the 1990s that the solar wind has a velocity of approximately 4 - 107 ¢cm s~! near
the Sun’s equator and approximately 7.5 - 107 cm s~! outside the equatorial region
(McComas et al., 2003). Near the L1 Lagrange point, the solar wind speed has

! and an average density of around 3 protons

an average of around 4 - 107 cm s~
per cubic centimetre (NOAA| [2024). Data from Voyagers 1 and 2 show that the
electron density between 80 to 90 AU is between 0.0012 and 0.0044 electrons per
cubic centimetre, which then increases at the heliopause (around 120 AU) to between

0.039 and 0.055 electrons per cubic centimetre (Gurnett and Kurth, [2019)).

1.1.2 Heliospheric Magnetic Field

Utilizing the observations of Biermann, |Parker| (1958) predicted that the outflow
of plasma from the Sun will drag the Sun’s magnetic field out into the interplanetary
space, forming the heliospheric magnetic field (HMF). The field lines in this model
take the shape of what is now referred to as the Parker spiral. Measurements from
the L1 Lagrange point give a field strength of between 10 to 100 microGauss (pG) at
the L1 point (NOAA| 2024).

As noted by Parker| (1958), the resulting spiral pattern for the magnetic field is the
result of an idealized model of the solar wind. In reality, fluctuations in the solar wind
alter the shape of the magnetic field, leading to non—linear effects such as magnetic

turbulence. The magnetic field can be modelled ad?

—

B(Z,t) = By(&,t) + 6B(,1) (1.1)

1An Astronomical Unit (AU) is the mean distance between the Sun and Earth.
2This can be applied to any magnetic system, not just the solar wind.
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Figure 1.1: Contour plot of the magnetic correlation function for the solar wind
by Matthaeus et al.| (1990). Data is plotted as a function of distance parallel and
perpendicular to the mean magnetic field, with units of 10! cm. Reprinted with
permission from The American Geophysical Union-Matthaeus et al.| (1990).

where By(Z, t) is the background field and 6B(Z, t) describes the distortions in the field.
As discussed in Matthaeus et al.| (1990)), the two perspectives on dynamics of the HMF

can be summarized as either the view that the fluctuations are due to “significant non—

linear interactions” or that they are the result of the “superposition of noninteracting
MHD modes,” which at that point were modelled as Slab or Isotropic fluctuations ]
Regardless of the cause, Matthaeus et al.| (1990) used data from the ISEE 3 spacecraft

to calculate the two-dimensional correlation functionﬁ for magnetic field in the solar

wind (see Figure as a function of the distance parallel or perpendicular to the

3See Chapter [2| for a definition of the models.
4Also defined in Chapter



mean magnetic field. This analysis showed that the HMF could not be described by
either purely slab or isotropic fluctuations, but rather that it also contained “quasi—
two—dimensional, nearly incompressible fluctuations.” Based on this, Bieber et al.
(1994) proposed that the HMF be modelled as a combination of slab modes and a
new 2D model in which both the magnetic field and corresponding modes are confined
to the xy plane.

In addition to correlation functions, there is also the related correlation length
scale: the distance that two points can be separated by and still have the turbulence
be correlated. |Wicks et al.| (2009, 2010) found that the correlation length scale of the
solar wind magnetic turbulence at around 1 AU is on the order of 0.01 AUJ]

1.1.2.1 Very Local Interstellar Medium Data

Even after exiting the solar system, the Voyager spacecraft have continued trans-
mitting data back to Earth. Reported in Burlaga et al.| (2015), Voyager 1 observed
that the magnetic turbulence in the very local interstellar medium (VLISM | was
dominated by compressible fluctuations with a Kolmogorov-like spectrum (k~%/3).
Three years later, Burlaga et al.| (2018)) reported that the magnetic turbulence ob-
served by Voyager 1 had transitioned to be nearly incompressible with a similar
Kolmogorov-like spectrum. Furthermore, Burlaga et al. (2018]) reported that the
average magnetic field was 4.4 pG and that the ratio between the fluctuations and
the average field was 0.02. Zank et al. (2019) showed that this transition from com-
pressible to incompressible turbulence is a result of three—wave interactions in fast
magnetosonic waves which converts the turbulence to Alfvén waves and zero frequency

two—dimensional vortices.
1.1.2.2 A Note on Compressible and Incompressible Turbulence

When describing turbulence, there are two broad categories: compressible tur-
bulence and incompressible turbulence. Compressible turbulence is defined as hav-
ing a component of the turbulence parallel to the background mean field, such that
EO .0B # (0. This turbulence is termed compressible. On the other hand, incompress-
ible turbulence has its fluctuations confined to the plane perpendicular to the mean

field with no density perturbations.

5The theory and importance of correlation scales is discussed in Chapters [2| and [3| respectively.
6Defined by |Zank (2015),|Zank et al. (2017) as “that region of the interstellar medium surrounding
the Sun that is modified or mediated by heliospheric processes or material.”
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1.1.3 Energetic Particles

The first part of this section is a summary of the 1936 Nobel prize in physics award
ceremony speech, given by Professor H. Pleijel on December 10, 1936. (Nobel Prize
Outreachl, |1936)

By the year 1911, scientists knew that ionizing radiation could be found anywhere
on Earth. At the time, the source of the radiation wasn’t known, although it was
thought to be the breakdown of radioactive elements in the Earth’s crust. In 1911
and 1912, Victor Hess made measurements of the ionization rate in the atmosphere
by taking electroscopes up in hot air balloons. While his measurements showed a
decrease in the ionization rate up to around one kilometre above ground level, which is
consistent with ground based sources, the ionization rate increased above this altitude
such that at five kilometres the ionizing radiation was double the intensity at ground
level. Further measurements by other researchers showed that the radiation intensity
at just over 9 kilometres was about 40 times that at ground level. From this Hess
concluded that the radiation must be coming from beyond Earth’s atmosphere. By the
time Victor Hess was awarded half the Nobel prize in physics in 1936 for his research,
it had been found that this radiation (named cosmic rays or cosmic radiation) was
reaching Earth from every direction. The second half of the 1936 Nobel prize in
physics went to Carl Anderson for the discovery of the positron by observing cosmic
rays in a cloud chamber. These observations also showed that cosmic rays consisted

of charged particles, not just high energy photons.

Cosmic rays can be classified based on the amount of kinetic energy they possess.
The lowest energy particles are solar energetic particles (SEPs), sometimes referred
to as solar cosmic rays, with kinetic energies between 10 and 10% eV (Shalchi, 2009).
These cosmic rays were first indirectly detected by Forbush (1946) and have been
determined to come from the sun. At 10° eV are anomalous cosmic rays, named due
to their composition of elements that are difficult to ionize. Produced when neutral
particles are ionized and accelerated at the boundary between the solar wind and
ISM, the particles are thought to originate between 75 and 100 AU from the sun
(Shalchil [2009). Galactic cosmic rays are energetic particles originating outside the
solar system but within the Milky Way, with energies between 10° and 10 eV (1-
10° GeV). Particles of these energies can be produced via diffusive shock acceleration

(Malkov and Drury, |2001, Ackermann et al.; 2013) in supernova remnants, such as
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the Crab Nebula (Sekido et al., 1951). Ultra-high energy particles, with energies
greater than 10 eV, have been shown to come from active galactic nuclei using both
observation (Pierre Auger Collaboration et al., 2007, [Kronberg and Lovelace, |2015)
and theory (Honda and Hondal 2004). These particles are also referred to as extra—
galactic cosmic rays, since their origin is outside our Galaxy. Table summarizes

this classification of energetic particles.

Particle Energy Particle Type Source Example

10-10% eV Solar Energetic Particles The Sun

108 eV Anomalous Cosmic Rays ISM/TPM Boundary Shock
109-10% eV Galactic Cosmic Rays Supernova Remnants

> 10 eV Extra Galactic Cosmic Rays Active Galactic Nuclei

Table 1.1: Summary of the classification of energetic charged particles with source
examples.

When these particles move through a magnetized plasma, such as the interplan-
etary medium, their motion is affected by both the plasma and the magnetic fields
embedded in said plasma. [Parker (1965) describes what is now known as the Parker
transport equation, which describes the motion of energetic charged particles in a
magnetized plasma. This equation is given by

of ls o Of

E:V'[R’vf]_u’vf+§[v'“]alnp+S’

where f = f(Z, p,t) is the distribution of the particles as a function of position Z,

(1.2)

momentum magnitude p, and time ¢; K is the tensor of diffusion and drift coefficients,
4 is the bulk plasma velocity, and S describes any sources or sinks present. The terms
in the equation describe various transport processes: u - v f describes the convection
of the particles by the background plasma travelling at speed i, %[6 1) % describes
the adiabatic change in energy, and V - [k - V f] describes the diffusion and drift of
the particles due to the magnetic field (Engelbrecht et al., |2022).

Related to the diffusion coefficients is the mean free path (see Chapter for the
relation), the average distance a particle travels before scattering. In 1982, |Palmer
(1982) published a review of observational data and concluded that at 1 AU, the
parallel mean free paths of particles with magnetic rigidity between 5-10° and 5-10°
V (0.5 MV to 5 GV) was between 0.08 and 0.3 AU. The magnetic rigidity (Rp) of a
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Figure 1.2: Cosmic ray mean free paths as a function of rigidity (MV). Filled symbols
are electron results, while open symbols are proton results. Actual values are denoted
with circles, while triangles represent data where only the lower limit is known. The
shaded band in the middle is the “consensus range” detailed by (1982)). The
dotted line is the prediction of standard quasi-linear theory using a magnetostatic,
dissipationless slab geometry (Jokipii, [1966). Reprinted with permission from The
American Astronomical Society-Bieber et al.| (1994)

particle, which can be viewed as the resistance said particle has to being deflected by
a magnetic field, is defined (in cgs units) as
_ pe
~al’

where p is the momentum of the particle, ¢ is the particle charge, and c¢ is the speed

Rp (1.3)

of light. This result has since become known as the Palmer consensus range.
revisited the results, distinguishing the observation by both particle
type (electrons and protons) and whether the mean free path was an actual value or
just a lower limit. The resulting analysis (see Figure demonstrated that at low

rigidity, electron and proton scattering are fundamentally different and have a speed

dependency, not just a rigidity dependence at small values of Rp (Bieber et al., [1994).

Beyond their use in the transport of energetic particles in the solar system, diffu-
sion coefficients of energetic particles are required in the exploration of other astro-
physical fields, such as the timescale for particle acceleration in perpendicular shocks
(Zank et al 2004 and the acceleration of particles in supernova remnants

I i |




et al., [2002, Berezhko and Vélk, 2007) and active galactic nuclei (Honda and Hondal,
2004).

1.2 Theoretical Background

The scenario assumed in this work is as follows: charged energetic particles are
moving through a magnetized background plasma. Based on the solar wind density,
it is assumed that the particles do not interact with each other or the plasma itself,
only the fields embedded in the plasma. Furthermore, it is assumed that the particles
are moving fast enough relative to the background plasma that the temporal changes
in fields can be ignored. This assumption can be justified using the data presented for
the solar wind. To do this, however, several quantities need to be defined. Already, the
magnetic rigidity has been defined in . An alternative definition of the magnetic
rigidity is

Rp = BRy, (1.4)

where B is the magnetic field strength and Ry is the Larmor radius. In this work,
we define a unit—less rigidity as
Rp R,  pc

Boly E a qBolo

where ¢, is a characteristic length scale for the turbulence the particle is moving

R:

(1.5)

through and we have set B = B,.

Next, consider the solar wind data from the L1 Lagrange point (NOAA, 2024)):
the average speed of the solar wind is around 4-107 cm s~! and the average magnetic
field"]is about 52 pG. Using a value of 0.01 AU for £, so that it is approximately equal
to the turbulence correlation length, the unit-less rigidity for solar wind protons at
1 AU is approximately 5.4 - 107%. For electrons with the same velocity, the unit-less
rigidity drops to 2.9-1077. In the VLISM, the unit-less rigidity becomes 6.3-1072 for
protons and 3.5 - 1079 for electrons, assuming a similar correlation scale and particle
speed.

Finally, consider the Alfvén speed (Alfvén, (1942) of the solar wind,

By

VA = /_47Tpp ;

"Including both mean field and turbulence.

(1.6)




where By is the mean field in Gauss and p, is the thermal proton density. Using the
data from NOAA| (2024), at 1 AU the Alfvén speed is approximately 6.5-10% cm s7*;

while in the outer heliosphere it is around 6.3 - 10° cm s7!

, assuming that the proton
density is the same as the reported electron density (Gurnett and Kurth) |2019)) and
a magnetic field strength of 1 nG. Both of these velocities are smaller than the solar

wind speed (NOAA| 2024).

In this work, unit—less rigidities considered are all greater than the computed
values for solar wind protons and electrons. Therefore, the particles considered are
moving much faster than any changes in the background medium, and the time de-

pendence of the fluctuations can be ignored.

1.2.1 Particle Motion

As mentioned, the scenario assumed in this work is that the charged particles of
interest are collision-less and therefore only interact with the electromagnetic fields.
The motion of the particles is therefore described by the Newton-Lorentz equation,
which, in cgs units, is

dp = T
=Y E(Z,t)+ B x B(Z,t)| . (1.7)
Here, 7 is the particle position at time ¢, 3 is the particle velocity (¥) divided by the
speed of light (¢), ' = ym4 is the relativistic particle momentum, ~ is the Lorentz
factor, ¢ is the charge on the particle, and E and B are respectively the electric and
magnetic fields. A common assumption is that the electric and magnetic fields can

be split into a mean field component, ﬁo, and turbulent component, a , such that
F(Z,t) = Fy + 6F(Z,1) (1.8)

where F is the field in question. The mean field component, ﬁo, is an externally
imposed field, while the turbulent component, SF is derived from a combination of
models based on magnetohydrodynamics and observational data (such as data from
the DISCOVR spacecraft (NOAA, 2024))), and has a volume average of zero. As
the plasma has a high conductivity, we assume that the mean electric field is zero.
This allows the coordinate system to be orientated so that the mean magnetic field

is parallel to the 2z axis. The Newton-Lorentz force is therefore

dv 5 > - -
= qBof x 2+ q |B(@,t) + B x B(F, 1) . (1.9)



In the absence of any turbulence, the energetic particles undergo helical motion
around the mean magnetic field. Due to the presence of magnetic turbulence, the en-
ergetic particles are slowly but surely deflected from their original trajectory. Electric
turbulence results in a similar deflection, along with a spread in the velocities of the
ensemble. These processes are known as spatial diffusion and momentum diffusion,
and are described using diffusion and drift coefficients. Magnetic turbulence leads
to spatial diffusion, while electric turbulence leads to both spatial and momentum
diffusion. While the drift coefficients may be of interest in some applications, they
are not significant in transport theories considered in this work, and are therefore
assumed to be zero. Furthermore the turbulence models considered here do not have

an electric field component, and therefore only spatial diffusion is presentﬂ
1.2.1.1 Particle Motion in Magnetic Turbulence

In the absence of electric fields, the Newton-Lorentz force becomes

—

dpt ¢By_, B
— = —0U X —.
dt C Bg

Since the magnetic force conserves the kinetic energy of the particle, the force can be

(1.10)

further rearranged to read
dv CZBO . -
= U

B b 1.11

dt  yme e (L.11)
where

b= B/B,. (1.12)

Furthermore, the ratio % can be identified as the unperturbed synchrotron frequency

In numerical work, it is common to scale the equations being solved in a way that
renders them unit-less. There are several advantages in doing so, with a primary one
being that it becomes possible to see general effects more easily. Another advantage
is that the scaling can be done such that physical values are no longer required, only
the ratios of them are. For a particle in a magnetic field, there are several ways to
scale the equations, each one relating to how the synchrotron frequency is handled. In

this field, the common method for scaling the equations is to absorb the synchrotron

8The electric fluctuations in Alfvén waves are proportional to the magnetic fluctuations by the
ratio of the Alfvén speed and the speed of light. As will be shown in later in this chapter this ratio
is much less than one, and therefore the electric fields can be fully ignored.
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frequency into a unit-less time by the relation
T = Ot (1.13)

Having scaled the time by €2 and the magnetic field by By, the only remaining quantity
required is a length scale. There are two possible ways to obtain this: the length scale
can be set by scaling the position directly or the velocity can be scaled directly and
the length scale calculated from the ratio of the velocity scale and the time scale.

In this field, the common method is to scale the position by a characteristic length
scale ¢; of the magnetic turbulence the particle is moving through. For example, when
solving analytical theory the equations for the mean square displacement along a given
axis are often scaled by the length scale of that axis. The scaled equations of motion

are therefore

dR - - -
a7 = Bx XD, (1.14a)
ax 5

_ B 1.14b
ar ~ (1.14b)

where b = B /By =2+ db is the scaled magnetic field, T' = Qt is the scaled time, Ris
a vector version of the unit—less rigidity (|1.5)) and is used as the scaled velocity, and

—

- X
“

is the scaled position. The scaling of quantities is further discussed in Chapter [5.3
The exact solution of can be found by first defining the matrix

(1.15)

Eij == Gijkbk (116)

so that the acceleration can be expressed as
R="bR, (1.17)
which leads to (for example see Boas| (20006]))

T+Ty

—

R(T +Tp) = exp / AT o(X(T"), T")| R(Ty). (1.18)

To
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Next, by defining
T+Ty

o ()= [ arnEr).r) (1.19)
To

the velocity can be written as

HT)2H(T) Fsinom D) | g

————+coso(T)] +sino(T)—=| R(Tp) (1.20
where ¢(T) @ ¢(T) is the outer product of ¢(T) with itself and I is the identity
matrix. Although ((1.20) gives the ezact solution, it is not necessarily an analytical
one. With the inclusion of turbulence, the trajectory (T, X (T), E(T)) of any given

particle depends on both the initial conditions and the field configuration, making

—

R(T+Tp) = | [1 — cos ¢(T)]

the trajectory in phase space unique.

While the trajectory of a particle is unique, the displacement of the particle is not:
two particles may have different starting conditions, but have the same displacement
along a given axis. A perfect example of this is particle motion in slab turbulence
(defined in Chapter : two particles can have the same initial velocity and z-
coordinate, but have different starting points in the zy plane. Since this form of
turbulence depends only on the z coordinate, the displacement vectors of the two
particles are identical for their entire trajectory. From this example it can be seen
that if provided with the velocity and position of a particle, it is possible to determine
the unique trajectory. However, if the displacement is provided instead of the position
it is not possible to determine the trajectory. In terms of correlation functions, it
would be said that the particle displacement has become decorrelated from the initial
conditions.

When describing the motion of an ensemble of particles in magnetic turbulence, it
is often convenient to do so via statistical theories rather than an actual ensemble of
particle trajectories. Examples of such theories are the Quasi—Linear Theory (QLT,
Jokipii (1966))), the Non-Linear Guiding Center (NLGC, Matthaeus et al. (2003))
Theory, and the Unified Non—Linear Transport (UNLT), Shalchi| (2010, 2017)), Lasuik
and Shalchi| (2017)) Theory (see Chapter [3.3| for a description of these theories and
others). These theories employ various correlation functions in the calculation of

important quantities, such as the spatial diffusion coefficients.
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1.2.2 Particle Diffusion

Spatial diffusion is defined by
ki = lim —— ((Az,(t))?), (1.21)

where ((Ax;(t))?) is the mean square displacement of the system along axis i. When
comparing analytical calculations to results from test particle simulations, a quantity
called the running diffusion coefficient is used since it is not possible to run simulations

for an infinite amount of time. The running diffusion coefficient is defined as
dy(t) = =— <(Axl(t))2> (1.22)
so that the diffusion coefficient is then
t—o0

As previously mentioned, in the absence of turbulence, particles undergo helical

motion. In this case, the particle trajectories can be parameterized as

x(t) Vi cos(wt + ) + xg

w

y(t)| = /1 sin(wt + @) + Yo (1.24)

w

2(t) vt + 2o

where w is the gyro-frequency, ¢ is the initial phase of the velocity, and u is the cosine
of the angle between the velocity and the mean magnetic field. Referred to as the

pitch angle cosine,
p=v,/v (1.25)
is an important quantity in the transport of particles.

1.2.2.1 Diffusion Regimes

When considering the motion of an ensemble of particles, it is often assumed that

the mean square displacement is proportional to time by
(A1) o t7, (1.26)

and therefore the diffusion coefficient has the proportionality relation

g

d“(t) X Eta_l. (127)
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The motion parallel to the mean field is ballistic in the absence of turbulence. Mag-
netic turbulence deflects the particle motion parallel to the mean field, scattering

them. The possible behaviour resulting from this scattering is summarized in Table

o Diffusion Regime | Diffusion Coefficient
o=2 ballistic motion | linear

1 < 0 < 2 | super-diffusion monotonically increasing
oc=1 normal diffusion | constant

o<1 sub-diffusion monotonically decreasing

Table 1.2: Classification of diffusion regimes (Shalchi, 2009). Reproduced with per-
mission from Springer Nature.

Often, a system will start in one regime and then at some point transitions to
another. As seen in Figure [I.3] the ensemble motion in slab turbulencd’] in both the
parallel (1.3a) and perpendicular ([1.3b]) directions starts off as ballistic motion, and

then respectively transitions to normal diffusive or sub-diffusive motion.

14 Parallel Diffusion In Slab Turbulence Perpendicular Diffusion In Slab Turbulence
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(a) Running parallel diffusion (b) Running perpendicular diffusion

Figure 1.3: Example of diffusion in slab turbulence. The turbulence energy fraction
is (0B/By)” = 1.0 and the particle rigidity is R = 1.0.

While using (1.21]) and ([1.22) as the respective mathematical definitions of the
diffusion and running diffusion coefficients is useful in analytical theories, it is numeri-

cally problematic. The reason for this is that numerical data is often noisy, and taking

9Details on the slab model can be found in m
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a derivative numerically will only amplify the noise. As a result, it is convenient to
define the running diffusion coefficient as

1 2
=5 ((Az;(t))) (1.28)

when analyzing simulation data. If the system becomes diffusive, both definitions

d;i (t)

will converge in the limit of t — oo.

1.2.3 Accuracy In Numerical Methods

Anytime numerical work is compared to analytical work, a primary concern is
the accuracy of the numerical calculations. Ideally, the only error present would by
systematic errors due to floating point truncation, which can be minimized by using
floating point data types that have a higher number of bits. Practically, there is also
an error in the final results due to the type of numerical method utilized, although
this too can be minimized by a proper choice of numerical method. For example,
when using Runge-Kutta (RK) methods (such as the methods of [Fehlbergl (1969),
or Dormand and Prince, (1980)) the accuracy can be improved by decreasing the
size of the step in the independent variable or increasing the order of the method
used, or a combination of both. Unfortunately, the price of increasing the accuracy
in this way is that the number of times the differential equation must be evaluated
also increases, resulting in a longer run time required to find the solution. Adaptive
Runge—Kutta methods attempt to solve this by estimating the local truncation error
and then taking as large a step as possible while keeping the local error below a given
threshold.

In physics, there are often various conservation laws that can be taken advantage
of when checking the accuracy of a numerical solution. For particle trajectories, some
examples of this would be conservation of angular momentum in central potential
problems or conservation of momentum in elastic collisions. For a particle in a mag-
netic field, the applicable law is the conservation of kinetic energy. Unfortunately,
solutions from explicit RK methods often do not obey the applicable conservation
laws. A prime example of this is the RK solution for a simple harmonic oscillator
(SHO), which suffers from unidirectional energy drift (see Appendix |Al for a deriva-
tion). Furthermore, as the error in the RK solution is proportional to current energy
and the step size used, adaptive RK methods only amplify the energy drift by taking

as large a step size as possible.
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As the velocity differential equation of a particle in a magnetic field is similar to
the SHO differential equations, it too suffers the same unidirectional energy drift.
Worse still, this energy drift will alter the change in position of each step, which
will feed back into the acceleration if the magnetic field is a function of position.
Depending on the form of the magnetic field, this has the potential to lead to the
solution becoming wildly inaccurate in a relatively short time. Furthermore, since
it is expected that the scattering of the particles by the magnetic field is governed
by resonance interactions between the particle velocity and the wave modes of the
magnetic field (see Chapter [3]), changes in the magnitude of the velocity will change

what interactions are possible.

1.3 Thesis Goals

The goals of this work are to use the noisy slab and full 3D turbulence mod-
els (Chapter [2) to study the behaviour of the diffusion coefficients in turbulence
with low Kubo numbers (defined in Chapter and compare the results with
time—dependent analytical theory (defined in Chapter . To that end, a numeri-
cal method for calculating particle trajectories in magnetic fields is developed and
presented (Chapter [4)) which has superior phase and position accuracy compared to
existing methods. The method for generating the magnetic fields, which is based off
of the method used by other researchers in this field, is discussed (Chapter |5|) along
with the methods used to solve the equations provided by analytical theory for par-

ticle transport. Results are then presented and compared with the analytical theory
(Chapter [6).

1.3.1 Related Publications

In addition to being presented here, some of the results and methods have also

been published in the following articles{"|

Chapter 3 A. Shalchi and V. Arendt, On the Relevance of Magnetic Correlation Functions
in Energetic Particle Transport Theory, Brazilian Journal of Physics, Volume
54, Issue 4, article id.126, August 2024.

Chapter 4 V. Arendt, Numerical methods, energy conservation, and a new method for

particle motion in magnetic fields, Mathematics and Computers in Simulation,
Volume 205, p. 142-185, March 2023.

10 Articles are listed in the order of the chapter they are first used in.
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Chapter 6 V. Arendt and A. Shalchi, Detailed Test-Particle Simulations of Energetic Par-
ticles Interacting with Magnetized Plasmas II. Three-Dimensional Turbulence

with Small Kubo Numbers, Advances in Space Research, 2025, In Press.

Simulations for Shalchi and Arendt| (2024b) and |Arendt and Shalchi (2025]) were
performed by V. Arendt, at the direction of A. Shalchi. Analysis by both V. Arendt

and A. Shalchi. Manuscripts prepared by A. Shalchi with contributions from V.
Arendt.

1.3.2 Other Publications

Publications with results not presented in this work:

e A. Shalchi and V. Arendt, Distribution Functions of Energetic Particles Expe-
riencing Compound Subdiffusion, The Astrophysical Journal, Volume 890, Issue
2,1d.147, 13 pp, February 2020.

e V. Arendt and A. Shalchi, Detailed test-particle simulations of energetic par-
ticles interacting with magnetized plasmas I. Two-component turbulence, Ad-
vances in Space Research, Volume 66, Issue 8, p. 2001-2023, October 2020.

e A. Shalchi and V. Arendt, Simulations of field line random walk in noisy slab
turbulence, Advances in Space Research, Volume 74, Issue 9, pp. 4238-4249,
November 2024.
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Chapter 2
Describing Magnetic Turbulence

There are multiple different approaches for describing magnetic turbulence. The
primary one is using the equations of magnetohydrodynamics (MHD): a system of
non-linear equations describing the coupling of various fields such as density, pressure,

velocity, and electromagnetic fields. In cgs units, these equations are:

% (o (2.1a)
ov . I I J x B:
p[a [v v] v} = —VP+p.E+ == (2.1b)
nfzﬁ+g x B; (2.1¢)
&
V- E = 4dmp,.; 2.1d)
V.- B=0; (2.1e)
- . 10B
E=--2- 2.1f
VX c ot’ (2.16)
— — 47T = 18E
B=—J+-2. 2.1
VX c * c Ot (2.1¢)

Here is the mass continuity equation, where p is the density of a given fluid
and v is the velocity field for said fluid; each fluid present requires its own continuity
equation. The second equation, , is Euler’s equation, relating the change in the
velocity field of a given fluid to the gradient of the pressure P and the force density.
In MHD this force is the Lorentz force, where p, is the charge density, E is the electric
field, J is the current density, B is the magnetic field, and c is the speed of light. Here
it has also been assumed that the viscosity is negligible. The third equation, , is
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Ohm’s law, relating the current density to the electric, magnetic, and velocity fields
via the resistivity n. The last four equations are Maxwell’s equations, relating the
electric and magnetic fields to the charge density and current density, respectively,
as well as to each other. In addition to the above equations, the equation of state

relating the pressure to the density is also required.

Alternatively, one can use statistics to define various turbulence models. While
this approach doesn’t directly give the turbulence field for all positions and times, it
does allow for the grouping of fields based on common properties and configurations
which is ideal when examining statistical processes such as diffusion. The mathemat-
ical quantity commonly used in this approach is the two-point, two-time magnetic

correlation tensor:
an(f, fo,t,to) - <6Bn(f, t)éBm<fo,t0>> 5 (22)

which describes the relation between the magnetic turbulence field component 05, at
position Zy and time ty and the magnetic turbulence field component B,, at position
Z and time t. The angle brackets, (---), represents the averaging operator; in this
case the quantities being averaged are any variable that is allowed to take a random

value.
2.1 Statistical Description

2.1.1 Magnetic Correlation and Spectral Tensors

Often it is assumed that the turbulence in question is both spatially and tempo-
rally homogeneous (Shalchi, 2020]), meaning that the components of the correlation
tensor (22.2)) can be written as

Ry (%, Zo, t, to) = Ry (T — To, t — to). (2.3)

For example, [Matthaeus et al.| (1990) computed the static two—dimensional correlation
tensor R(ry,r.) for the solar wind, as discussed in Chapter |1} If the magnetic field

is represented using a Fourier transform,

OB(Z,t) = / Bk B (K, )™ (2.4)
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then the correlation tensor components become

an(f7 _’07t7t0> = <Bn(f7 t)Bm('f’07t0)>
v 2.5
= </d3k/d3k’ 0B (K, t)0B! (K, to)ei (FFF >> (2:5)

The temporal behaviour is left as part of the Fourier amplitude 6B , which allows for
various temporal effects to be included other than just undamped Alfvén waves. Addi-
tionally, since any ‘random’ variables present are contained in the Fourier amplitude,

the components of the correlation tensor can be written as
R (.50, t10) = [ €%k [ (8B (F. 0], (F.10)) (7). 2.6)

If the turbulence satisfies (2.3)), then the Fourier amplitude correlation is given by
(0B (. 1)0B,, (R, t0) ) = Prn (K, A)(E — ), (2.7)

where At is the time interval between tq and ¢, and P,,, is what is referred to as
the spectral tensor which is required extensively in the theory of both field line and
particle diffusion. Using (2.7]) in (2.6) and (2.3), the magnetic correlation tensor is
given by

Ry (AT, At) = / A%k Py (K, At)eFAF (2.8)

from which it can be seen that PB,,, is the Fourier transform of R,,,. Alternatively,

the spectral tensor can be calculated by

- 1 .
Pan(F, A1) = 5 / A2 Ry (7, At)e~ (2.9)

if the correlation tensor is known[l

2.1.1.1 Temporal Behaviour

In general, each component of the spectral tensor can have different temporal
behaviour. That said, it is commonly assumed that all components have the same

temporal behaviour (Bieber et al., [1994)). In this case, the spectral tensor is written

'Here, the variable transformation Az — x has been used.
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as
Pom(k, At) = P (K)T (K, AL), (2.10)

where P,.,,(k) is the static spectral tensor and I'(k, At) is what is called the dynamical
correlation tensor. In magnetostatic turbulence F(l;, At) = 1, while for undamped
shear Alfvén waves F(E, At) = eF®akit - A discussion of dynamical turbulence can be
found in Shalchi et al.| (2006).

2.1.2 Spectral Tensor

If the magnetic turbulence has the same spatial behaviour along all axes, the

spectral tensor can be split using

an(];) = Q(E)Spnm(lg)a (2.11)

- -

where g(k) is what is called the spectral function and ¢, (k) is a tensor describing the
relation between the orientation of the Fourier wave mode, k and orientation of the
magnetic field, 6B (IZ, t). For incompressible axi-symmetric turbulence, the spectral

function can be written as

-

g(k) = g(ky, k1), (2.12)
while ,,,, takes the form

Onimn ki, =0;n,m # z

(k) = 2.13
S P L 21
iR

such that the spectral tensor can be written as

1 00
P(k)=g(k) [0 1 0 (2.14a)
0 0 0
if k, =0or
1 —cos’ky —coskysinky, 0
P(k) = g(ky, k1) | — cos kg sin kg 1—sin’k, 0 (2.14b)
0 0 0
otherwise.
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2.1.2.1 Power Law Spectra
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Figure 2.1: Power law spectrum for the B, component of the solar wind at heliocentric
distance of 0.30 AU (left) and 0.98 AU (right). The relation between frequency and
wave number is discussed in Bieber et al.| (1996), and are proportional to each other.
The prediction of Kolmogorov, (1941) that the inertial range spectral index is s = 5/3
is close to the measured value of s = 1.7 seen in the spectrum (mid-frequency range
in figure). This figure was originally published in NASA Conference Publication —
\Denskat and Neubauer (1985). Reused under public licence.

A commonly used spectral function is that of a power law (for example, see the
models defined later in this chapter), given by (Shalchi and Weinhorst, [2009)

o(k) = NG, apr— D (2.15)

1+ (k] 7

where s and ¢ are what are referred to as spectral indices, ¢ is the length scale of

the model, dB? is the mean square magnetic amplitude, and N (s, q) is the normaliza-
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tion function for the model. The behaviour of this function falls into one of several

categories depending on the value of k¢ (Zhou and Matthaeus, 2005). Small wave

numbers (k¢ < 1), corresponding to large scale structure, form what is known as the
energy range, so named because it is the scale at which energy is injected into the

turbulence. In this region, the spectra scales as

g(k) oc k7 (2.16)
which is why ¢ is referred to as the energy spectral index. Normalization considera-
tions,

7 ke]
/dk: N(s,q)6B*¢ [+ — =1, (2.17)
) 1+ [k0)*] 7

require that the spectral index ¢ be greater than negative one in general (Zwillinger,
2012), although some models may restrict this value further.

Turbulence spectrum for various values of q
T T T

100 L

e

m

& 107

3

(@)]

£

2

e

3

o 10°10

210
q=0

e (| = 1
q=2
q=3
q=4
10-]_5 I | I
10 1072 10° 102 10*

Wave Number

Figure 2.2: Power law spectrum for various values of ¢, with s = 5/3.

Large wave numbers (k¢ > 1), corresponding to small scale structure, form the
inertial range. In this range, energy is transferred to progressively small scales (larger

wave numbers), and is unaffected by the dynamics of either ultra small scales or large
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scales. The spectrum in this regime goes as
g(k) oc k7%, (2.18)

with normalization considerations requiring that s is greater than one. In most mod-
els, the value of s is set to 5/3 based on the work Kolmogorov, (1941)) and results from
various spacecrafts, such as the Helios 2 spacecraft (Denskat and Neubauer, |1983)
shown in Figure . Figure shows the spectra for s = 5/3 and integer values of
q from zero to four. While not present in , there is also the dissipation range
which occurs at small scales. This range is so named because it is the scale at which
energy is dissipated from the system, and is important for solar energetic particles

(Bieber et al, [1994). The dissipation scale is not considered in this work.
2.1.2.2 Power Law Spectrum Integral

The general integral of the power law spectrum is given by (for example see |Grad-

shteyn and Ryzhik| (2000)))

xz

1 3
Q:/q xq+12F1(Q+ q+s. g+ '—$2>

G:E,s,q:/dx’ = 20 2 2 2.19
( ) O [1+x'2}5 T (2.19)

where o Fi(a, b; ¢; z) is the Gaussian hypergeometric function. This function appears
in several diffusion theories (see equation 4.32 of [Shalchi (2020) for example). If the

spectral index ¢ is odd, then there is an analytical solution given by

G(z,s,q) = [1 + Jcﬂ_ﬁg

Z an®™ | — ag (2.20)

where the coefficients a,, are calculated via the relations
P} r()

2 2
s+
2r(43*)
2
ap—1 = n Qs (221)
s+q—2n

1
Ug-1)/2 = T4

ag = —

where T'(---) is the gamma function. If the spectrum is normalized, the equations

becomes

Gn(z,s,q) = [[1+2°] 2 Z a, x| — aj (2.22a)
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with coefficients

' Qn
an

(2.22Db)

~ Jaol
These equations will be used in when calculating the wave amplitudes in the

test—particle simulations.

2.2 Synthetic Turbulence Models

Presented here are various theoretical models of magnetic turbulence. Not all the
models discussed are used in the simulations done for this work; some are simply
presented for comparison. The spectral tensor and function for each of the models
are initially given as they appear in literature. Section discusses an alternate
form of the spectral tensor that is useful in both analytical theory and simulations.
The figures shown in this section are maps of the variations in the magnitude of the
turbulence for an example instance of each model. The description of how an instance
of a model is created can be found in Section The parameters in these figures
are derived from those used in the simulations detailed in Chapter [6] and [Shalchi and
Arendt| (2024Db).

2.2.1 Slab Turbulence

One of the simplest models of incompressible magnetic turbulence is the slab
model, which has been used in particle diffusion research since Jokipii (1966). The
corresponding spectral tensor is given by
d(k1)

ki
where n,m # z. The spectral function proposed by [Bieber et al. (1994) and used in

P (k) = g% (k)

Sm (2.23)

this work for this model is
C(s)
27

with normalization constant

s
2

g k) = = Bl |1+ [y)?] 7 (2.24)

_TB)
O(s) = NGED] (2.25)

Figure [2.3] shows the variation in magnitude of a possible slab turbulence field con-

figuration.
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Slab Model Turbulence Variations

Figure 2.3: Variations in magnitude of a sample slab turbulence field. All axes are
scaled by the parallel length scale.

2.2.2 2D Turbulence

The 2D turbulence model is similar to the slab model in that it is a reduced
dimensional model of incompressible turbulence. In this model the wave vector is
confined to the xy plane, giving this model the transverse complexity that the slab

model lacks. The spectral tensor describing this model is

; 5(k .
PEo(k) = g*P (k1) (k) Onm — —5 (2.26)
ke =
where n, m # z. [Shalchi and Weinhorst| (2009) proposed
2 kil ]*
(k) = 20, it — L 2
2
1+ [ba]’]
as the spectral function, where D(s, ¢q) is the normalization function given by
(e
D(s,q) (") (2.28)

20 () T(s5H)
Comparing (2.25) and ([2.28)), it can be easily seen that C(s) = D(s,q = 0). It should
be noted that the spectrum can only be normalized for ¢ > —1 and s > 1. Figure

shows the variation in magnitude of a possible 2D turbulence field configuration.
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2D Model Turbulence Variations

Figure 2.4: Variations in magnitude of a sample 2D turbulence field. All axes
scaled by the perpendicular length scale.

2.2.3 Two—Component Turbulence

Ci ite Model Turl Variations 4

y-->

<--

70 Xen o

<-z->

are

Figure 2.5: Variations in magnitude of a sample two—component turbulence field.
The z axis is scaled by the parallel length scale, while the x and y axes are scaled by

the perpendicular length scale.

As the wave vectors in the 2D model are orthogonal to those in the slab model, it

is possible in linearized MHD to construct a turbulence field that is the linear com-

bination of the tonl The result is known as the two-component model or composite

model, and is often used as a model for the solar wind (Matthaeus et al., (1990, 1996,

Zank and Matthaeus| 1993 (Oughton et al., 1994, Bieber et al., [1996). Furthermore,

2See Chapter [1| for a brief description of how this model came about.
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the use of the model for the solar wind is supported by data from the ISEE-3 (or
ICFE) spacecraft (Matthaeus et al., [1990). The spectral tensor in this model is given
by

Poam?(k) = Pont (k) + Py (k). (2.29)

The magnitudes of the slab and 2D models are often given in terms of the total
magnetic field energy density, with solar wind observations giving an energy distribu-
tion of éB2,, = 0.80B%,,,, and 0B%,,, = 0.20B%,,,; (Bieber et al.| [1994)). Furthermore,

as this is a linear combination, the length scales and spectral indices need not be

the same in each model. Figure shows the variation in magnitude of a possible

two—component turbulence field configuration.

2.2.4 Standard Noisy Slab Turbulence

Standard Noisy Slab Model Turbulence Variations 4

<-y-->

Figure 2.6: Variations in magnitude of a sample standard noisy slab turbulence field.
All axes are scaled by the parallel length scale.

Proposed by [Shalchi| (2015)), the Noisy Slab Model is as its name implies: a noisy
version of the slab model. The noise is added by allowing a small range of wave modes

perpendicular to the mean field. The form of the model used in this work is
- 20 knkm,
PENS(E) = g% (k) =01 = kily) | Gum — —5 |
ky k7
where n,m # z as in the slab model, as proposed in [Shalchi (2015). Here, O(x) is
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the step function, given by

0 <0
O(z) = (2.31)
1 z2>0,
g% is the regular slab spectrum as given by , and ¢, is the perpendicular
length scale. In the limit ¢, = oo, the regular slab model is recovered. In this
work, the noisy slab model is used to explore particle transport in turbulence with
low Kubo numbersf| With the introduction of variations for the noisy slab model,
this particular version will be referred to as the Standard Noisy Slab model or SNS
model. Figure [2.6]shows the variation in magnitude of a possible standard noisy slab

turbulence field configuration.

2.2.5 Noisy Reduced MHD Turbulence

NRMHD Model Turbulence Variations

<--z->

Figure 2.7: Variations in magnitude of a sample NRMHD turbulence field. All axes
are scaled by the perpendicular length scale.

The Noisy Reduced MHD Model (NRMHD model), proposed by Ruffolo and
Matthaeus| (2013)), is the noisy version of the 2D model, leading to some calling
it the Noisy 2D Model. As with the noisy slab model, the noise in this model is

introduced by including modes that are not present in the regular 2D model. The

resulting spectral tensor is

Py — 20 () o~ ) [6nm - (2.3

[y
2k, ’

k1

3See [3.2.4.3| for a discussion and definition of the Kubo number.
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where g2P (k) is the spectral function for the regular 2D model, which is recovered
in the case | = co. In this model, the wave numbers are reversed compared to the
noisy slab model, making it an ideal model to explore particle transport in turbulence
with large Kubo numbers. Figure shows the variation in magnitude of a possible
NRMHD turbulence field configuration.

2.2.6 Modified Noisy Slab Model

Modified Noisy Slab Model Turbulence Variations

<--z-->

Figure 2.8: Variations in magnitude of a sample modified noisy slab turbulence field.
All axes are scaled by the parallel length scale.

The Modified Noisy Slab Model (MNS model) is a more general version of the
standard noisy slab model first introduced in [Shalchi and Arendt (2024b) for the
purpose of studying the effects of the perpendicular correlation function on particle
transport (see Section . The modification in this model affects the perpendicular

component, and is done by using the replacement

20 [k 0] = 2[24p| 2 [k L] (2.33)

Normalization of the spectra gives the constraint of p > —2. The spectral tensor for

this model is therefore given by

- knkom
PYNS () = gSlab (k) [2 2+ p] P [k 0,7 O(1 — /ﬁei)] [&m - k—Q] L (234)
1
The standard noisy slab model can be recovered by setting p = —1. Figure

shows the variation in magnitude of a possible standard noisy slab turbulence field

configuration.
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2.2.7 Gaussian Noisy Slab Model

A second variant of the noisy slab model introduced in [Shalchi and Arendt| (2024b))

for studying the effect of the perpendicular correlation function, the Gaussian Noisy

Slab Model (GNS model) does away with step function by replacing it with a Gaussian

function:
202 [k 0] O — ki ly) — 2 [k 0] e abrtal’, (2.35)
The resulting spectral tensor is given by
- knkom,
PEYS(R) = g% (k) |3 [l 0, e300 [5% = W} . (2.36)

While the small scale perpendicular complexity is no longer limited by the step func-
tion, the spectra still rapidly decays as k| increases. While this limits the amount of
variation in the magnetic field on small scales, it eliminates long range correlations
that will be explored in the next section of this chapter. Figure[2.9|shows the variation

in magnitude of a possible standard noisy slab turbulence field configuration.

Gaussian Noisy Slab Model Turbulence Variations

<--z-->

Figure 2.9: Variations in magnitude of a sample Gaussian noisy slab turbulence field.
All axes are scaled by the parallel length scale.

2.2.8 Full 3D Turbulence Model

Introduced in [Shalchi and Arendt| (2024b) with the modified and Gaussian noisy
slab models, the Full 3D Turbulence Model (F3D model) is so named because the

spectral tensor uses the full range of all possible wave modes. The spectral tensor for
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Full 3D Model Turbulence Variations

Figure 2.10: Variations in magnitude of a sample full 3D turbulence field. All axes
are scaled by the parallel length scale.

this model is given by:

PESP(E) = g8ab(ky) 22020 (1) | (8 — B (2.37)
ko K2
where
ko))
WP (k) = 4D(s, q) LN — (2.38)

1+ [kta]?]

In this work it is assumed that the spectral index s is the same in both ¢*'* (k)
and h*P(k, ), with a value of 5/3 motivated by the work of Kolmogorov| (1941)) and

solar wind observations. Figure [2.10] shows the variation in magnitude of a possible

standard noisy slab turbulence field configuration.

2.2.9 Different Forms of the Spectral Tensor

While the forms of the spectral tensor and spectral function listed for each model
are usable as is in theoretical calculations and numerical simulations, it can be con-

venient to rearrange them into the generic form

Pra) = L0848 1) g1 (k1) 0o o) (2.39)
P () = SB2E gy (Ry) g1 (k1) 9o (o), (2.39b)
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Model g (k) g1 (k1) 96 (ko)

s - 1
Slab 20(s) [L+ [kt )7] 7 [kity] 'o(kity) o
ke 0,91 1
2D S(ky) 4D(s,q) LI - = sin®(ky)
(14 kb)) T
q—1 1
NRMHD  2e(1 - [k l4) ap(s,— T L)
2 (14 [k l.]7] 2 s
Standard - -1 1 .
Noisy Slab 20(8) [1 + [k?HEH]Q} []CLKL] @(1 — k‘LfL) ; Sln2(k¢)
Modified -3 1.
Noisy Slab ZC(S) [1 + [l{‘HEH]Q} [2 + p] [lﬁ_gj_]p@(l — k‘LgL) ; sm2(k:¢)
Gaussian oo [ (k2] S[kue] et L (k)
Noisy Slab I 2 s ¢
_s k q—1 1
Full 3D 2C(s) [+ [ky0))?] 2 4D(s,q) LA — = sin®(ky)
(L4 [koli?] = T

-

Table 2.1: Alternate forms of the spectral tensor component P, (k). Equation ({2.39)

-

has been used to rearrange P, (k) such that each component is normalized to one in
cylindrical coordinates.

using the fact that 0B = 20B2. In this form, g|(k), g.(k1), and g4(ks) are defined
by

[e.o]

/dkn Crg(ky) =1, (2.40a)
/ dky ki 0% gy (k) =1, (2.40b)
0
and

21

/ iy go(kg) = 1, (2.40¢)

0
respectively. The form of g (k) and g, (k1) are especially useful when generating

wave amplitudes in numerical simulations. Table lists the alternate form for each
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model discussed.

2.3 Characterizing Turbulence Models

Besides the parallel and perpendicular length scales (¢) and £, ), there are several
additional length scales that can be used to characterize magnetic turbulence mod-
els. The ones discussed here are the integral scales and the ultra scale. The latter
scale is important in theory of field line random walk (see Matthaeus et al.| (2007)),
Shalchi| (2020))) while the former, when combined with the perpendicular magnetic
correlation function is important in the transport of particles in the turbulence. These

characteristics are summarized in Tables 2.2] and 2.3l

2.3.1 Magnetic Correlation Functions

The magnetic correlation functions R.,,(r;) are related to the magnetic correlation
tensor (2.2)) in that they quantify the correlation of the magnetic field between two

points. For axi—symmetic, homogeneous, and static turbulence, this relation is given

byf]
Rio(ri) = Rya(r;) = /d3k Ppo(k)e™ T, 1 =0, j #; (2.41)

where r; is the distance along the axis the correlation function is being calculated
on. If r; = z the function is referred to as the parallel magnetic correlation function,
while if r; = x or r; = y the function is referred to as the perpendicular magnetic
correlation function. These correlation functions often involve special functions such

as Bessel or hypergeometric functions (Shalchi, 2020)).
2.3.1.1 Parallel Magnetic Correlation Function
By using (2.39) to write the spectral tensor, the parallel magnetic correlation

function becomes

1 [ ik z
Ry o(2) = 5532 /dk O gy (ke (2.42)

while the perpendicular correlation function becomes

(&%) 21
1 .
Ry () = 5532 / dky k0% g (k) / Ay gg(kg)e're costho) (2.43)
0 0

4This is a generalization of the forms used in Shalchi and Arendt| (2024b).
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Model Rj(2) R, .(x)

Slab Ty 4] = K. (¥) 1532

2D 508 e [ﬁ} N Kot (ﬁ)

SIS 2 ] 7 ()

ey BT ra(®) e m(ien-[z])

Nty R[] Ea(®)  wm(epeee [2])
. o s—1 22

Full 3D 8T Ra () ] Ea ()

Table 2.2: Parallel and perpendicular magnetic correlation functions for various mod-
els. Results summarized from |Shalchi (2008) and [Shalchi and Arendt| (2024D).

If the model has a power law spectra for g with ¢ = 0, the parallel magnetic corre-

lation is
i cos(ky z)
Ryo(2) = 2C(s)0B? / dky £ ” s (2.44)
0 1+ [t]’]

which has solution (see |Shalchi| (2008]))
27 2] (1
Ry.(2) = C(s)oB* | = K., = 2.45
1) = Tep ) [25] 7 <€|| 249
where K, (z) is the modified Bessel function of the second kind. Expanding C(s)

allows the result to be rewritten as

me = i [21] 7 e (), 240
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2.3.1.2 Perpendicular Magnetic Correlation Function
For models with a power law spectra for g, , the perpendicular magnetic correlation

18

1, [ koo ]” 71
Ry o) = 508’ / dky £ 4D(s, ) —————— / ki, —sin® (kg e olbe)
2 s
0 |:1 + [kj_gj_} 2] 0
-1 o0 g—1
k¢
—4 {Eﬁ] D(s, q) 6B / dk. () LN — J, (kL x). (2.47)
- 1+ k6]’
If we restrict ¢ to 3, the result is (see [Shalchi (2008)))
20B? z 17 T
R, (2) = ——D(5,3) | =— K .| — 2.48
)= s Do || K () (2.48)
which can be further reduced to
6B? 17 T
R ()= —F—~ | K| — 2.49
w0 = gy 3] () (2.49)

which is identical in form to the parallel magnetic correlation function for a power law
with ¢ = 0. Table summarizes the magnetic correlation functions for the models
discussed in Section 2.2

2.3.2 Integral Scale

The general form of the integral scales for axi-symmetric, magnetostatic turbu-

lence is given byf]

o0

BiL, = [driRe), 1 =0, (2.50)
0

where L, is the integral scale, R,, is the zz component of the magnetic correlation

tensor , and r; is the axis for which the scale is being calculated. Effectively, the

parallel and perpendicular integral scales are the integral of the respective magnetic

correlation function. Given that the correlation functions involve modified Bessel or

generalized hypergeometric functions, the integral scale is more easily calculated as

o0

0B2L, = / Pk Py (k) / dr; e*iri (2.51)

0

This is a generalization of the equations given in [Shalchi| (2020)).
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Using (see |Zwillinger| (2012)))

o0

/ dr; e = w6(k;) (2.52)
0

the integral scales become

Ly=m /d/f 0y gy (ky)o(ky) = mg(0)¢ (2.53a)
and
L= /dkm /dky 03 g1 (k1 )ge(ky)d (k). (2.53b)

For the perpendicular integral scale g, (k,) and g4(k,) need to be converted from

cylindrical to Cartesian coordinates. For the slab model this becomes

1 o

Li=3 /dky (1 gi(|ky|) = oo, (2.54a)

—00

while for the other models the equation is

LL = KL /d/{?ygL gl(lkyD = 2£L /dkyéLgL(k:y) (254b)
— 00 0

where we have taken advantage of the symmetry of the spectrum. The computed

parallel and perpendicular integral scales for the models considered in this work are
listed in Table 2.3]

2.3.3 Ultra Scale

The ultra scale Ly is defined (Matthaeus et al., [2007) by

SB2L2 = / &%k Py, (k)72 (2.55)

Using ([2.39) to replace the spectral tensor allows the ultra scale to be written as

[e.9]

LQU = gi /d/{fj_ gJ_ [k'J_EJ_]il gJ_(/{:J_). (256)
0
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Model L L, Ly Restrictions

Slab 2rC(s){) 00 00 NA
2T(q/2)T(s/2) 1

2D > Merlon-att el ¢>1
20(q/2)I(s/2 s—

NRMHD | ey Y b= () ¢>1

Standard

Noisy Slab 2rC(s){) 00 00 NA

Modified D2 2

Noisy Slab 2rC () 2t \V 1+56 p>0

Gaussian - 1

Noisy Slab 2mC(s)t) Vil vt NA

Full 3D 21C ()¢ T s V=i q>1

Table 2.3: Integral scales and the ultra scale for turbulence models discussed in this
work.  Originally published in |Shalchi (2020) in Space Science Reviews (Springer
Nature). Reproduced under CC BY 4.0 licence. Updated with data from |Shalchi and

Arendi] (20240).

For an example of the ultra scale, consider a power law spectrum for g, , such as that
used in 2D turbulence (2.27)). In this case, the equation for the ultra scale is given by

r k]
L3 = 4D(s, q)2 / Ak, 0, [kil] -
0

[1 + [kuty] 2} :

for which the result is
s—1

L —
U q—l

().

Table 2.3 lists the ultra scale for the models discussed in Section 2.2
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Chapter 3
Diffusion Theory

Throughout the years, various theories have been proposed to explain the motion
of charged, energetic particles in astrophysical magnetic turbulence. The earliest of
these was Quasi-Linear Theory (QLT), proposed by Jokipii (1966)). While effectively
a perturbation theory, QLT showed the need to distinguish between motion parallel
and perpendicular to the mean field. The QLT description of parallel scattering is
that the particles scatter off of specific parallel wave modes, which are given by the

resonance equation
kpop £n8 =0 (3.1)

where v is the particle velocity, u is the cosine of the angle between the velocity and
the mean field (called the pitch—angle cosine), 2 = ¢By/ymc is the gyro frequency
associated with the mean field, and & is the wave mode the particle is scattering off

of. Equation (3.1]) can be rearranged to read
k”RL/L = Fn (3'2>

where Ry is the Larmor radius of the particle. Perpendicular diffusion in QLT is
tied to the random walk of the magnetic field lines, leading to the prediction of an
energy independent perpendicular mean free path.[] Overtime, several short comings
of QLT became apparent, such as the inability to describe scattering when the particle
velocity is perpendicular to the mean field (for example, see [Shalchi| (2005b)), and

that the predictions for perpendicular transport did not match the results of test

IThe relation between mean free paths and diffusion coefficients is discussed in m
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particle simulations. This led to the proposal of other theories, such as:E]
e Non—Linear Guiding Center (NLGC) Theory of [Matthaeus et al.| (2003)
e Unified Non-Linear Transport (UNLT) Theory

— Diffusive UNLT Theory (Shalchi, 2010)
— Time—dependent UNLT Theory (Shalchi, 2017, Lasuik and Shalchi, |2017)

e Field Line — Particle Decorrelation (FLPD) Theory. (Shalchi, [2021)

3.1 General Calculations of Diffusion Coefficients

As discussed in Chapter [1.2.2] the diffusion coefficients are calculated using equa-
tions ((1.21)) and (1.22)). While these are specifically for particles, the equations can
be generalized to any quantity as

14

d(A) = SN (Az(N)*) (3.3a)
and
K= /\h_)rgo d(\) (3.3b)

where X is the dependent variable. In the context of particle transport, A\ = ¢ and
the diffusion coefficients have units of length squared per second; while for field line
diffusion A = z and the diffusion coefficient has units of length. The problem in both
cases is to either determine the mean square displacement as a function of A from
theory and then take the derivative, or to take the derivative and then determine the
resulting function from theory. In the case where the distribution function is known,
the diffusion coefficient(s) can be directly calculated as

_1d

d(\) = ST dAz (Az)?p(Az, ) (3.4)

where p(Ax, A) is the distribution function at Az and A. A variant of this method (see
(1.28)) is used when analyzing numerical data. In analytical theory, the primary tool
for dealing with this is the Taylor-Green-Kubo (TGK) formulation (Taylor, |1922,
Green, (1951} [Kubo, (1957)).

2There are other theories that were proposed besides those listed here. However, they are not
relevant to this work.
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3.1.1 TGK Formulation
The essence of the TGK forumation is that the displacement, Axz()), can be

written as

dx

Ar(h) = [dN'5 )\()\) (3.5)

O\y

meaning that the equation for the running diffusion coefficient can be written as

:%S—/d)\/ X’< dA(X’)> (3.6)

Then, if the correlation function

<j—§ 5 <X’>> (3.7)

is homogeneous in A, only the difference in A matters. In this case, the running

diffusion coefficient can be written as

d()\) = j aN <j§ (X)j (0 )> (3.82)

and the diffusion coefficient as

- 7dX <3§ (/\’)j - (0)> (3.8b)

A particle specific derivation of (3.8)) can be found in [Shalchi (2009).
As a final note, (3.8a)) combined with (3.3a)) can be used to relate the second
derivative of the mean square displacement to the correlation function by
d? 9 de . dx
— ((Ax(A =2(—(A\)=—(0 3.9
T (@e?) =2 (GG 0), 39)
which is used in analytical theory to calculate the running diffusion coefficient when

the correlation function as a function of A can be defined, such as in time—dependent

UNLT theory (see Section [3.3.6.2)) and FLPD theory (see Section [3.3.8)).

3.2 Field Line Diffusion

Field line diffusion, more commonly referred to as Field Line Random Walk

(FLRW), describes the probability of finding a field line at a given point in space
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after travelling a certain distance along the z-axis. As such, the independent vari-
able here is the position along the z-axis, rather than time as in the case of particle

diffusion, and therefore the field line diffusion coefficient has units of length.

3.2.1 Diffusion Coefficient Derivation

To derive the running field line diffusion coefficient, first consider the field line

equation:

de dy dz

A 3.10

il (3.10)
which can be rearranged to read

dz B

= A1

dz B, (3.11a)
and

dy By

A 3.11b

dz B, ( )

Using (3.11]) in (3.6) yields

d(A2) / /dz” <J (#(z ))%(f(z"))> (3.12a)

for the x component and

d, QdZ/ /d 4 <— ))%($(z"))> (3.12b)

for the y component. If the turbulence is axi—-symmetric about the z axis, then there

is only one field line diffusion coefficient:
dypw(Az) = dyy(Az) = dpr(Az). (3.13)

Furthermore, in incompressible turbulence the z component of the magnetic field
consists of only the mean field and can be removed from the integral, which leads to

the equation:ﬂ

dpp(Az) = 2%3;7 / dz’ / d2" (8B, (#(2')) 6B, (Z(2")) | (3.14)

20

3In theory zj is generally set to zero due to the assumption of homogeneous turbulence.
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with an associated mean square displacement calculated by (Shalchi and Kourakis,
2007))

(Aa(2)") = 52 /dz /dz” (0B, (7(+')) 6Ba(F(="))) - (3.15)

Finally, if the field is represented as a Fourier transform, as per (2.4)), the equation

for the field line diffusion coefficient is written as

dpp(Az) = 32 dz dz / 42" / &3k / d3k’ 0B, (k)oB (E’)e"<’55<2’>—’5’f<2”>>>. (3.16)

For any field with transverse complexity, this equation is non-linear, while for those
fields that lack transverse complexity it can be solved exactly.

While calculates the field line diffusion coefficient directly, it is often more
convenient to take the second derivative with respect to z and express the result as
a second order, non-linear equation for the mean square displacement. In this form

the equation is

2 1 2 ~ T
%«Ax BQddQ/dz/dz”/d?’ /d3k’ 6B B (k)eilFeE-Fa( >]>.

(3.17)

The field line diffusion coefficient can be found from the result by either using ((3.3)
after solving for the mean square displacement, or by integrating (3.17)) with respect

to z.

3.2.2 Field Line Diffusion in Slab Turbulence

An ideal example of a turbulent field that lacks transverse complexity and has an

exact field line diffusion equation is the slab turbulence model discussed in Chapter

2.2.1} For this model (3.16) can be reduced to

2 1 2 ~ o~ - S
%((Aaz =5 dd2 / dz / dz” / &k / d3k’ 0B, (F) Bi(k')> =421, (3.18)
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As the slab model is being considered, the magnetic correlation can be replaced by
the zz component of the spectral tensor using (2.23)), resulting in

d? 2 2r d° i Slab [ / [ 1 ik (2'—2")
Fpe) <(Ax) > = e dky g7 (k) [d2" [ dz"e™ ) (3.19)
0 —00 20 20
Integrating over 2z’ and 2" yields

[e.o]

d2 9 27T d2 elk”Z _ eik)”ZO eflk”Z _ 677,”{“,20
— A == — | dky ¢°lb (L .20
12 \(B80)) = Fags [ kg (k) i - (3.20)
which can be rearranged to read
d? 4T i u
T (@) = 35 [ iy g cos(hyz). (3:21)
0

Finally, the field line diffusion coefficient is found by integrating with respect to z
and taking the limit of z — oo:

5B2 (o ¢] . oo
liglgb = C(S)ﬁgﬂ /dk” [1 + [/{ZMHP] 2 /dZ COS (k’”Az) . (3.22)
0

—00 20
Note that here ([2.24]) is taken as the spectrum of the turbulence. In order to deal

with the z integral, the relation

/ dz e t=K% — o6k — k) (3.23)
is used (Zwillinger, |2012)), for which a change of variables from z to 2/ = Az is

required. This leads to the diffusion coefficient being given by

0B? r _s
kg = mC(s)) 5y /d’fl [1+ ()] 2 o (ky) (3.24)
0

As pointed out in |Shalchi (2005a)), taking this equation at face value is problematic:
there is no energy in the turbulence at £ = 0. However, the Dirac delta came about
from using the limit 2z — oo, which is not physically permitted. As such, the in-

terpretation is that the function is evaluated in the limit & — 0, which results in
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oB?
g

for a spectrum given by (2.24)).

3.2.3 Field Line Diffusion in 2D Turbulence

kb = 1 C(s) (3.25)

If the slab model is an ideal example of turbulence without transverse complexity,
the 2D model (see Chapter is the opposite: the spatial dependency of this
model is entirely in the zy plane. As with the slab model, the starting equation
used here is , except here there is no explicit dependence on z on either side
of the equation. Furthermore, the orientation of the field amplitudes 6B are coupled
to the orientation of the wave vector k. This can be overcome, however, through
the use of Corrsin’s Independence Hypothesis (Corrsin, 1959) (also referred to as
Corrsin’s approximation), which is known in other research fields as the random
phase approrimation. The derivation contained here follows that of |[Shalchi (2020);
an alternate derivation can be found in [Shalchi and Kourakis| (2007)).

Using Corrsin’s approximation allows for the complex exponential to be split from

the Fourier amplitude correlation, resulting in
(0B, (F)aB (R TRy — (a3, ()b, () ) (197 F 71 ) (3.26)

which allows us to write (3.17)) as

d? 3 // z :B(z —Z( z”):|
—{(Aa)) = = 5 /d k Py (F /dz /dz ) (3.27)

using (2.7 to replace the Fourier amplitude correlation with the spectral tensor. To

proceed, the Leibniz integral rule is employed:
b(z) a(z)
4 /dt flzt)=f(z b(z))ib(z) — f(z a(z))ia(z) + /dt ﬂf(z t) (3.28)
dz R dz ’ dz oz" 7 '
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Using a(z) = 2z and b(z) = z, the first derivative is found to bef]

£ oo

ddz 4s {< *[f(z)—:c(z)b+<eié[f(z)—£(z')} >}

20

(3.29)

which can also be written as

2 /dz /dz” H)=a " ]> = 23‘&(?—2 dz’ <ei5[£(zl)_f(z)] > (3.30)

20
Next, it is assumed that the function being averaged on the right hand side depends

only on the difference in z, allowing us to use

/dz’ <eiE [f(zl)f(z)}> = /dz/ <e“;[f(zl)f(0)] > (3.31)
20 0

Finally, (3-28)) can be applied a second time to find

sz d» /dz” <"]> - 2§R< ’m> (3.32)

3.2.3.1 Characteristic Function

Before continuing, the quantity being averaged and integrated needs to be defined.

Called the characteristic function,
(e / dk p(AF)e AT (3.33)

is the Fourier transform of the distribution function for the quantity in question. For
a Gaussian distribution function given by[]

1 242
T,Y) = ———————¢ 2((Ax)?) 3.34
PFL( y) o <(A93)2> ( )

4A variable redefinition of z”” — 2’ has been used in the second term on the right.

5A Gaussian distribution is often used for both particles (for example, see Matthaeus et al.
(2003)), [Shalchi| (2017)), Lasuik and Shalchi (2017)) and field lines (see |Shalchi and Kourakis| (2007))
for example). |Lasuik and Shalchi (2018) considered the effect of non—Gaussian distributions in
particle transport theory, showing that there was only a minor effect on the resulting diffusion
coefficient.
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the characteristic function is
p= e 2{Ba))k (3.35)

3.2.3.2 Solving the Equation for 2D Turbulence

Combining (3.27) with ( and ( and using ) for the 2D spectral
tensor yields

o0

d;Mx )) = Z / dky g?P (ky)e 2 {A07H (3.36)

As per Shalchi| (2011)), this equation can be solved first by defining o = ((Az)?) and
multiplying both sides by ¢’ to get

e}

2 2
oo = BZ dky ¢?P (k) )o'e 27M (3.37)
0

from which we find

d 2 87‘(’ gQD(kJ_) d _1l,k2
& (U,) = B2 d/ﬁ_ ki 56 2 ki.
0

(3.38)

Integrating both sides with respect to z and assuming that ¢ > 1 in the limit of
z — oo results it

lim (0)? = 8—7T/dk:L ¢?P (k1) (3.39)

2 7 2D
Rrpp = —7T /dkl g (kJ_) (340)

by using the relation from (3.3b)). Comparing this to the ultra scale (Chapter [2.3.3)),
it can be seen that the field line diffusion coefficient for 2D turbulence (2.27) is equal

0B2 s—1 OB
2D :,/2—L =4/2 0, —. 3.41
FL B[Q) U q_1 LBO ( )

6This simply corresponds to the assumption that the field lines are diffusive in the limit z — oo.
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3.2.4 General Field Line Diffusion

In general, the turbulence wave vectors are neither completely parallel to the mean
field nor fully confined to the xy plane. For these models, we go back to and
consider the right hand side of it. For the cases of incompressible turbulence, such as
those considered in Chapter [, we can break the characteristic function into parallel

and perpendicular components, such that
<6u€M> _ eikHAz<6u€lA@> (3.42)

Note that since Az is the independent variable in this case, there is nothing to average
over.
Using this with (3.27)) and (3.32)) and assuming a Gaussian field line distribution

function yields

d? 5 2 [ 7 ~1{(az)?)R3
2 ((Az)™) = B d°k Pyy (k) cos(kjAz)e 2 1 (3.43)
for the field line diffusion equation, as per Shalchi and Kourakis (2007). If the spectral
tensor can be expressed by (12.39)), then (3.43)) can be written as

d2 o 0B [

12 (8e)) = 27 /dk () gy (ky) cos(ky Az)

- (3.44)

[e.e]

X /dk;L ko 02 gy (k) )e 2 (@)Kt
0
We will now apply this equation to the noisy slab model and the full 3D model defined
in Chapter

3.2.4.1 Field Line Diffusion in Noisy Turbulence
Using the noisy slab model, (2.30)), in (3.44) (see |Shalchi (2019a))) results in|Z|

& o B [ cos(k )
02 {(B2)) = 5= [ diy20(s) oE
d Bq —Z [1 + [kllgll] } (3.45)

X /dkl EL @(1 — klgL)eié«AI)Qwﬁi‘

0

"It has been assumed here that zg = 0.
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As a starting point for solving the equation, we define
k. = kyt, k., =k, 0,
Z=z/l, ol={(Az) >/€2

which allows ) to be written as

d’o2 EH 6B? cos cos(k.2) o252
FECire / dk, 2 FEYTH / dk, e~ 2% (3.47)
0

(3.46)

Integration over k, yields

T o2 T cos(k,2")
o rf( 7)]0/%20( e (3.48)

It is important to note that the quantity in brackets ([---]) goes to one should the

oz, 0o
d=? "2 B2

length scale corresponding to the noise go to infinity, which recovers the equation for
the regular slab model. The remaining integral for the noisy slab model has been
solved in Chapter [2.3] resulting in

d?c? 4 42 oB2 [ 7] = T o?
L — — K., (¢ fli/ = . 4
d22 e )gz B? [ 9 } Tl(|z ) 202 er 9 (3.49)

The relation 0B? = 26B2 has also been used. Neither of these equations can be solved

analytically.
3.2.4.2 Field Line Diffusion in the Full 3D Model
The field line diffusion equation for the full 3D model ({2.37)) is

a2 5B | k
@ <(AI)2> = 2? /dk” gH 20(5) COS( ”Z)2 B
° 0 1+ [y’
o0 (3.50)
[kl&}q —3{(a)?)k?
x/dklflélD(s,q) e 2
0 [1 + [k)LfL] 2] ’
Integrating over kj leads to
%02 _ 16D(s.q) {f dB2 qul r K, Ly
z i = K51(|z’\)/dk; — e 2%k (3.51)
12 1 2 2 =5 s+q
dZ (T) £ B " |:1 + le] P
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where (3.46|) has been used. As with the noisy slab model, this equation cannot be

solved analytically.

3.2.4.3 Introducing the Kubo Number

A common feature in (3.49) and (3.51)) is the presence of the product of the square

of the length scale ratio and field energy density ratio. This ratio is the square of
what is referred to as the Kubo number (Kubo| 1963), which is defined as
Ay 0B,
(. By

and is important in diffusion theory for both field lines and particles. In general, the

K (3.52)

Kubo number is one of the few variables that cannot be scaled away by combining it

with other quantities, and therefore it controls the behaviour of the diffusion coeffi-

cients. Given the equation for the Kubo number, any quantity that is a function of

the magnetic turbulence strength can be rewritten as a function of the Kubo number.

For example, the field line diffusion coefficients for Slab and 2D turbulence can

be written as

O r5lab 0} 6B?

I

C(s) K> (3.53a)

and

03 s—14 B s—1
o =4[ 2———— = /2 K. 3.53b

respectively. From these equations, it can be seen that the field line diffusion in slab

turbulence is proportional to the square of the Kubo number, while for 2D turbulence
the proportionality is linear. In Chapter 5], the Kubo number will be used to replace
the magnetic field strength in the equations used to analyze simulation data.
3.2.5 Diffusive Approximation

One possible simplification of (3.43)) and (3.44)) is to assume that the field lines

are immediately diffusive. In this case the field line mean square displacement is

<(A$(z))2> = 2KkpL 2| (3.54)
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where kpy, is the field line diffusion. With this approximation, (3.43)) becomesﬁ

1 d 3 I'{FL|Z“€2
Kpp = EZILIEOE = /dz /d kPm ) cos(kjz)e 1 (3.55)

Solving the integral over z results in (Kadomtsev and Pogutse, (1979, Matthaecus et al.|
1995)

2
/{FL]{IJ_

&Pk Py (k) —— L
k:ﬁ + k2 k1

(3.56)

1
RrL = 32

If the spectral tensor can be expressed using ([2.39)), then the field line diffusion can
be calculated by

(582 7 T I@'FLk'z
KpL = dky €y gy (ky) /dkL k02 gy (k). (3.57)
B J 1 91 (K J 1 K+ ki

3.3 Particle Diffusion

When considering the diffusion of particles the TGK formulation, (3.8)), becomes

t

dis(t) = / dt’ (vi(t)i(0)) (3.58)

where we have used A = t. Likewise, the equation for the mean square displacement,

(3-9), becomes
S (A1) =2 (u(t)u0)). (3.59)

In both cases, the averaging operator (---) is an average over a two—point, two—time

phase space distribution function
p(f, fo,U, 170,t,t0). (360)

The equations can therefore be written as

/dt /d3 /d3 /d3 /d Vo V;Vg; P .fg ?7, ﬁo,t/,O) (361&)

8 A secondary assumption here is that zo = 0. This can also be done with a change of coordinates.
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and
d2
@ <(A$l<t))2> = 2/d3.1' /dgilfo /dBU /d3U0 V;Voi p(f, 50,17, ’Ug,t,()), (361b)

respectively, where we have used the assumption t; = 0. As mentioned in Chapter
[1, while the trajectories in phase space are completely unique, the displacements are
not, and it can therefore be assumed that the initial spatial distribution of particles is
unimportant for calculations involving the displacement. The equations can therefore

be written as
t
d“(t) = /dt, /d3l’ /dS’U /d3U0 V;Vo; p(Af, 17, ﬁo,t,) (362&)
0
for the TGK formulation and
d? L
o] <(A:E,(t))2> = 2/d3x /d3v /dgvo v;vg; p(ATZ, T, Ug, t'), (3.62b)
for the mean square displacement.

3.3.1 Quasi—Linear Theory

The first theory to describe the motion of charged particles in astrophysical turbu-
lence was the Quasi—Linear Theory (or QLT of|Jokipii (1966]). In QLT, the equations
for the diffusion coefficients are evaluated using the trajectories of the particles cal-
culated as if there was no turbulence, making QLT a first—order perturbation theory.
Unfortunately, parallel diffusion coefficients calculated from QLT theory do not agree
with the results from test particle simulations for most turbulence models, while the
perpendicular diffusion coefficients are incorrect for all turbulence models (see Tautz
et al. (2008), Shalchi (2009) for examples). Despite this, the equations for parallel
diffusion will be discussed in the next subsection.

While the theory fails in the calculation of the diffusion coefficients, one impor-
tant result that comes from this theory is that there is a sharp resonance condition
that affects the scattering of charged particles (Teufel and Schlickeiser, 2002). The

resonance is given by
kjvp +nQ = 0. (3.63)

where n is any positive or negative integer. In terms of the unit-less quantities given
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in Chapter [1.2.1.1} this condition can be expressed as
n
kg = ——. 3.64
10 ="%, (3.64)
Given the inaccuracies of QLT, it is expected that the real resonance condition is

broadened (Shalchil 2009).

3.3.2 Fokker—Planck Equation

As mentioned at the start of this chapter, there are multiple different paths that
can be followed when calculating particle transport parameters. The Fokker—Planck
equation is an equation for calculating the particle distribution as a function of po-
sition, velocity, and time. While the full Fokker—Planck equation contain terms for
describing additional effects such as stochastic acceleration and perpendicular trans-
port (see Schlickeiser| (2002) for a discussion), it is the two—dimensional Fokker—Planck
equation that is often used to calculate correlations used in other theories. The two—

dimensional Fokker—Planck equation is given by

of of d a_f]

ot +UPJ£ = @ [ W('u)@u

where f = f(z, u,t) is the particle distribution as a function of position z, pitch-angle

(3.65)

cosine p and time t. The quantity D,,(x) is the diffusion coefficient for p, referred

to as the pitch—angle Fokker—Planck coefficient, and can be calculated by

D= [ at (alt)i0) (3.60)
0
using the TGK formulation. The pitch—angle coefficient can be related to the parallel
diffusion and mean free path (Jokipii, [1966)) by the equation

1

)\” = %li” = % /d,u DD;TIZM]) (367)

The relation between the parallel mean free path and the diffusion coefficient will be

discussed in the next section.
3.3.2.1 Running Diffusion Coefficient

One of the applications of the Fokker—Planck equation is in the calculation of the

running diffusion coefficients. By assuming an isotropic pitch—angle Fokker—Planck
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coefficient (Shalchi et al., 2009),
Dy, =D [1— 1] (3.68)

where D is a function of the turbulence and particle physical properties but not p,
Shalchi et al| (2011) derived an equation for the running diffusion coefficient. The
derivation was done by first transforming the Fokker—Planck equation into Fourier

space, such that

flzp,t) = 7(”? F(ky, i, t)e™1? (3.69)
and B
%—f + jopky F = D% {[1 — ;ﬂ]g—ﬂ . (3.70)
The function F was then expanded using Legendre polynomials P, so that
Flit) = 3 CuOPu(). @)
n=0

On using (3.71) in (3.70)), |[Shalchi et al. (2011)) derived the recursion relation for the

coeflicients

: ) n ) n+1
Cn, = —Dnln + 1]C,, — vk 5 1Cn,1 — vk ot 3Cn+1 (3.72)
with
. 1

By using a two—dimensional subspace approximation (C,, = 0 for m > Q)EL the

function F' can be expressed as

while (3.72)) and (3.73) combined to read
. .1
Co = —QDCO — §U2kﬁ00. (375)

9Lasuik and Shalchi (2019) also examined the one— and three-dimensional approximations and
found that the one—dimensional solution was not useful while the three-dimensional was too complex
to be of use.
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With the ansatz
Coy = be*t (3.76)

and initial conditions z(0) = 0 and u(0) = po, Shalchi et al.| (2011) found that

1
wy (k) =—D=+/D?— §v2kﬁ (3.77a)

and
1ok + W
S P 77b
A ) (.7
which means the function F' can be expressed as
F(/{}H,p, t) = b+(k‘”)e‘”+(k\\)t + b_<k”)ew,(k“)t
(3.77¢)

B “?;_le [w ()b (e 0% o (k)b (e~ *10*]

Having obtained these results, Shalchi et al. (2011)) were able to obtain equations

for the particle distribution’s characteristic function (3.33|)

o w+(k3H)ew*(kH)f — w_(k;‘l)eﬁ‘”r(ku)t

+ikz
el = (3.78a)
< >Partzcles w“‘(kH) —w_ (kH)
and the pitch—angle correlation
) 1 k w+(k“)t o . k w_(kH)t
<uuoé”wz>=:—w+('0€ w-ky)e (3.78h)

3 wy (ky) — w-(ky)
which is required in perpendicular transport theories (see[3.3.6)). Furthermore, (3.78b)
can be used to derive an equation for the parallel velocity correlation (Shalchi et al.,
2011)
2
—iknz vt

(0:(6)0-(0)) = o7 (u(E)(0)) = proe™817)], = e (3.79)

Given that the integral of the velocity correlation is equal to the diffusion coefficient

as per the TGK formulation, the parameter D is found to be

v? v

- 3.80
6/1” 2)\” ’ ( )
where the relation
3/€||
A = — . 1
= (3.81)

has been used to relate the parallel mean free path and diffusion coefficient. With
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this definition of D, wy can be expressed as

2
v v 1
- _ I2)2
Wy N + \/{2)\} 3V ki (3.82)

Integrating (3.79) the running parallel diffusion coefficient is found to be

dy(t) = é’D [1— 2. (3.83)

Using ((3.80) , the running parallel diffusion coefficient can also be written as either

dy(t) = %” {1 — exp <—/\it)] (3.84a)

or

a0 1o 0] s

il

By integrating (3.3al), the parallel mean square displacement is found to be

((A2(1)%) = ;w\t — §A2 {1 —exp (—/\—”t)} (3.85a)

or equivalently

(A=(8))2) = 26t — 6:' {1 ~exp (—”—225)} | (3.85b)

3/£||

The application of these equations in analysis of test particles simulations will be
described in [5.4.11

3.3.2.2 Theoretical Parallel Diffusion Coefficient Calculation

As will be discussed in detail in Chapters [f] and [6] the parallel mean free path
for the simulations perform for this work is computed via fitting to numerical
data. However, it is possible to use QLT to make a prediction for the parallel mean
free path by combining with an equation for D,,. The equation used for D,
(see Teufel and Schlickeiser (2002)) is

QQ 1-—
DHH — T 232 E /d3k‘5 v,uk’” + TZQ)
P (08 oty + 2, (204 Py (3.86)
il T rr(K) + N 1L (k)
X

k v k v — . — .
_ Jn+1( L(ZL) Jnl( L§2L> |:PRL(]€)€2“% _i_PLR(k_)eszl%
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where kg is the cylindrical coordinate angle for mode k and the spectral tensor has
been computed using the left— and right—-handed components of the magnetic field.

These are related to the Cartesian components by

0B, = 7 (0B, + 10B,)] (3.87a)
and
1 .
0Br = E [0B, — 1B, (3.87Db)

By using (2.7)), the components of the spectral tensor for the left— and right-handed

field decomposition are

I T S e
Prr(k) = 5 Pm(k:) + Pyy(k:) ,
R T e
PLL(k) - 5 Py (k>+Pyy(k) )
L1 ~ 1 . . (3.88)
Pua(F) = 5 | PealR) = Py (B)| + 5i [ Poy (B) + Pa(F)]
o 17 - 11 . .
Pau(R) = 5 | PeaR) = Py (B)] = 5 | Pry(F) + Pra(B)]
Slab Turbulence Example
For the slab model, this reduces to
. L1
Prr(k) = Ppr(k) = —B*0 03 gy (k) g (k
rr(k) = Pro(k) = B¢ 619 (ky)go (kL) (3.89)

Pri(k) = Por(k) =0

where the alternate form of the spectral tensor has been used (see Chapter and
Table . Therefore, in the slab model, the pitch—angle diffusion coefficient is
7C(s)0)Q? (5B2 - _s
Dy = 1 [1 = Z /d’fu (vptky +nQ) [L+ [k )] 2

n=—0oo__

T kv kv
></01/gL [Jgﬂ( LQL) +J§1< Ei)]a(/ﬂ),
0

where the integral over k, has been performed. Integrating over k; gives

i kv, kv, I n==1
dk {Jg ( ) + J2 < )] 6(ky) = (3.91
0/ - Y U0 - 0 otherwise )

29

(3.90)




such that the equation for D,, becomes

ﬂC(S)f”QQ ) 9 0B? 7dk| [5(1),uk|| + Q)+ 5(1}/1/{5“ — Q)}

Dyp=—7——[1-] 5 (3.92)
2 B2 2] 2
s 1+ [kyy)’]
Using (see |Zwillinger| (2012) for example)
1
d(ax) = mé(l’) (3.93)

and the symmetry in the spectrum, the pitch—angle diffusion coefficient for the slab

model is finally found to be

2 2772
Dy, = % [1— 1] %2 1+ [%] (3.94)
This equation can be rearranged to find (Shalchi, 2009)
2 5—2
Dun = PG (= (3.95)
where we have used the unit—less rigidity, , to remove v /(€2
Turbulence with Transverse Complexity
For the non—slab models discussed in the previous chapter, becomes
Prr(k) = Ppr(k) = gﬂguﬁgu(k’u)h(h)
2 (3.96)
Pun(F) = Phy(F) = 6 0y (g (k1)
and becomes
Dy = 7T€4Q 532 Z /dk| (vpky +n)g (k)
T (3.97)

i kiv kiv ?
x/dkLkigi |:Jn+1( LQL) +Jn—1( LQL)} gi(ki)
0

where the integral over k, has been performed. Using (see Boas (2006)) for example)

s (@) 4 J,_(2) = %”Jn(x) (3.98)
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and integrating over k) yields

w0 o [€19]%60B> SN, [ nQ
Dy, = 1— 2] || —=5 —
mp v|u] [ H } vy Bg Z n-g v\,u\

n=—oo

o0 " (3.99)
x /dkL ij,%( lQ”> g1 (ky).
0
This can be further simplified by using v? = v?[1 — p?] and x = k, ¢, to find
T2 QY B2 XN ( nQ ) 7 o <k¢m)
D, =———— n“g | — dk, k1 J; g1 (k1). 3.100
B vlu| B2 n;m [ ol J 1 9 (k1) ( )
If the parallel spectrum is symmetric, then the sum over n can be reduced to
271'6”63_94532 > (nQ)/ 1 2(]@_?”_)
Dy, ="—"+E""—""_N "2 dk, k1'J gi(ky). (3.101)
vl B T elul) 0

At this point, a model needs to be specified in order to solve the equation.
Full 3D Turbulence
For the full 3D turbulence model, the pitch—angle diffusion coefficient can be

written as

v 3B
Dy = 167C(5)D(s,q) - 7 BQ\ u* 'R 42

X / dr Jz( I R\/i )
0
where the unit-less rigidity, (1.5, has again been used to remove v/¢|2, and the

[n? + M2R2 %
(3.102)

(1472 %"

variable substitution r = k, £, has been used. Solving the equations for D,, and A,
(3.67)), were done numerically by A. Shalchi at this point.

3.3.3 Compound Sub—Diffusion

When discussing diffusive particle transport, what is generally being referred to
is normal diffusion, as defined in Chapter [, Another important type of transport is
what is called compound sub—diffusion (see Shalchi| (2020) for a review). In this state
of transport, the perpendicular scattering of particles is suppressed by the parallel
scattering. The physical picture of this type of transport is that the particles are

bound to the magnetic fields lines, and are unable to ‘jump’ to another field line. As
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a result, when the particles scatter, they reverse direction along the field line and
retrace their path. While parallel scattering in this proceeds as normal diffusion,
perpendicular transport is now sub—diffusive, described by (see Webb et al.| (2006),
Shalchi and Kourakis (2007))

((Az)?*) = 4rpy “ﬂit (3.103)

such that the running diffusion coefficient is

Using ((1.28)) to define the diffusion coefficient for simulation data yields

K

dyo(t) = 26pp4 ) —L. (3.105)
mt

This type of perpendicular transport is primarily seen in turbulence that lacks trans-

verse complexity, such as slab turbulence (Jokipii et al., (1993, Jones et al., [1998).

3.3.4 Guiding Center Coordinates

One of the common features in particle transport theories is the use of what
are referred to as the guiding center coordinates, as opposed to the actual particle
position. The reasoning behind this is that the particle motion can be broken into two
components: the motion of the center of rotation, called the guiding center, and the
orbital motion around it. In both NLGC theory (Chapter and UNLT theory
(Chapter , the guiding center position is defined in cgs units by (see Schlickeiser
(2002))

- . ymcU X Eo
Xao = _—
S >

(3.106)

where By = Bos. The velocity of the guiding center is the total derivative of the

position,
., 7 x [By + 0B]| x B
7 g4 [T 15 . ] 3 (3.107a)
B;
which can be expanded using the triple vector product to read
— ~ 5B EO * 6B
=v,2+ v, B, B (3.107Db)
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If the turbulence is incompressible, then the third term on the right vanishes, resulting

in
~ 0B, 0B
V = UZB—O, UZ?Oy, Vs (3108&)
or equivalently
— ’17 . éo —
V= 3.108b
B? ( )

where B = éo + 0B. Using the guiding center coordinates filters out the orbital
motion of the particle, while giving the motion across the mean field as a function
of the parallel velocity and the turbulence field. Figure shows an example of a

particle trajectory in slab turbulence, accompanied by the guiding center position.

Particle Motion in Slab Turbulence

Particle Position
— Particle Velocity
= Guiding Center Position

<--z-->

<--y-->

Figure 3.1: Example of guiding center coordinates in slab turbulence. The blue line
shows the particle position, while the blue—green arrows show the particle velocity.
The thick red line is the guiding center position, as defined by (3.106)).

3.3.4.1 Validity of the Guiding Center Coordinates

A question that can be asked is “how valid is the use of guiding center coordinates
instead of the particle position?” This was explored by (Qin and Shalchi| (2016) using
the two—component model (2.2.3) as the test model and computing the following

63



quantities from test—particle simulation data:

o0

ne /dt< ()x(0)> (3.1092)

0

KGC = 7dt <Vm(t)Vx(O)>, (3.109b)
DP(t) = %di<(Ax(t))2>, (3.109¢)
Dgy(t) = ;jt<(AXac( 1)) > (3.109d)

Equation [3.109|(a) is the diffusion coefficient as defined by the TGK formulation for
the particle velocity, while [3.109(b) is the same but with the guiding center velocity.
Equations|3.109(c)-(d) are the running diffusion coefficients using the derivative of the
mean square displacement for the particle and guiding center positions, respectively.
From these results (Qin and Shalchi| (2016) calculated the ratio of the particle and

guiding center results:

a? = kb JKGC, (3.110a)
v = D (1)/DEC(t). (3.110D)

The simulations Qin and Shalchi| (2016]) performed involved varying both the amount
of energy in the slab turbulence component relative to the total energy and the
particle energy. What |Qin and Shalchi| (2016)) found was that both a? and b* were
both approximately one across all considered particle energies and turbulence energy
distributions. These results are important in the context of both the non-linear
guiding center theory and the unified non—linear transport theory, which are discussed

next, since they show the validity of using the guiding center coordinates.

3.3.5 Non—-Linear Guiding Center Theory

The first systematic theory for perpendicular diffusion was the Non—Linear Guid-
ing Center or NLGC theory of Matthaeus et al|(2003). The premise of NLGC theory
is that the particle velocity used in can be replaced with the velocity of the guid-
ing center which is assumed to follow the magnetic field lines. In |Matthaeus et al.

(2003) the guiding center velocity ¥ is expressed as

0B, 0B
Ve =av,—— V, =av,—%,
By

V, = v, 3.111
By’ v (3.111)
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where the parameter a is an unknown value determined by comparing the results of
the theory to numerical simulations. Given the results of |Qin and Shalchi| (2016),
non—unity values of the parameter must be the result of the approximations used

in computing the resulting correlation functions required by the TGK formulation
(Shalchi|, 2020)).

Using ((3.111]) in the TGK formulation yields

o0

CL2

B /dt< () z(O)éBm(f(t),tMBx(f(O),0)>7 (3.112)

0

Rl =

to which NLGC applies a series of approximations and assumptions to make the
theory tractable. The first of these is that the fourth order correlation is equal to the

product of two second order correlations, so that

o0

CL2

K= /dt< L(1)0.(0 )><(5Bx(x(t), 1)6B, ((0), 0)>. (3.113)
0
Next, NLGC assumes that the velocity correlation can be modelled using a decaying

exponential
2 vt

<vz(t)vz(0)> - %e ) (3.114)

which, at the time, was based off the earlier work of Bieber and Matthaeus| (1997). The
magnetic correlation function can be identified with the zo component of the magnetic
correlation tensor (see [2.2)). By using a Fourier representation of the magnetic field,

the equation becomes

KL= 332 / dt / &3k / B e *u 0B, (k)oB! (k’)ei[’?f“)*’g’f(o)w. (3.115)

As with field line diffusion, the positions here are not arbitrary coordinates; rather
they are the position of the particles. This means that Corrsin’s approximation (see

(3.26])) must be used, and the equation becomes

31 [ 434 X/ G (sl 1 i[ka(t)—k'7(0)]
Ky = 332 /dt/d /dk i (5B (k)(SBI(k)><e > (3.116)

Next, the magnetic amplitude correlation is replaced with the spectral tensor as per
(2.7) and the equation is integrated over &’ so that the diffusion coefficient can be
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calculated by

332 /dt/ddk e P (R, 1) < Z’CM“>>. (3.117)

The final quantity in can be identified as the characteristic function associated
with the particle distribution. To proceed, Matthaeus et al.| (2003)) assumed that the
system was instantaneously diffusive, which allowed for the particle distribution to
be modelled as a Gaussian with 0? = 2x;t. Furthermore, Matthaeus et al.| (2003)
assumed that the dynamical correlation tensor (see Section could be modelled

as

Rl =

F(/Z, t) — (B (3.118)

Integrating over time therefore results in the non-linear equation

2,2 P E
Ky = s /d3k; ra () . (3.119)
3BO )\L”—FliLki—f-/i”klzl—i-q/(k)

If PM(E) can be expressed using (2.39)), then the NLGC equation can be written as

v? 652 ki 00% g, (k k
o = T B2 /dk /dk 1009y (Ry)gu (k) (3.120)
3 Bg _”+Hiki+’f||kﬁ+7(k)

For static turbulence, v is equal to zero.
3.3.5.1 NLGC Application: Slab Turbulence
One of the known short comings of NLGC theory is its prediction of diffusive

perpendicular transport in slab turbulence (Giacalone, 2013)), compared to the sub—
diffusive behaviour observed in numerical simulations (Giacalone and Jokipii, (1994,
1999, |Qin et al., 2002, /Arendt and Shalchi, 2018)). For this model of turbulence, the
NLGC equation becomeq™”|

382

—0o0

2 62 = . -1
Kl = aQU dk ¢, 2C(s) [ —i—k 14 ] 2 {A —i—/ik} . (3.121)

As the integrand is positive for all values of k, its integral will be non-zero. There-
fore, the resulting non-zero perpendicular diffusion coefficient must be interpreted as

normal diffusion. Since there is no transverse complexity (k; = 0) in the slab model,

0This calculation assumes the spectral function is given by (2.24)).
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the perpendicular distribution of the particles is not required in the calculations and
the equation is linear. This means that the incorrect result must stem from one of the

assumptions made to simplify the correlation function, not the particle distribution.

3.3.6 Unified Non—Linear Transport Theory

The Unified Non—Linear Transport, or UNLT, theory can be split into two cat-
egories: the diffusive version of the theory (Shalchi, 2010) and the time-dependent
version (Shalchi, 2017, [Lasuik and Shalchi, 2017)). The theory begins with the same
assumption of NLGC: particle coordinates can be replaced with the guiding center
coordinates. Where NLGC and UNLT begin to diverge is in the simplification of the

perpendicular velocity correlation:

(v.(6)0-(0)3B. (7, 1)3B, (7,0))

s [ (e 0))(FFOFOT - NLGe
/d /dk 53 B(k:>> <vz(t)vz(o)ei[,;f(t)_glf(o)]> — (3.122)

which leads to different equations for the perpendicular diffusion coefficient. Further-
more, while UNLT theory uses the Fokker—Planck equation to derive an equation for
the velocity—phase correlation, the results depend on whether the diffusive or time—
dependent version of the theory is being used. It is important to note that, like NLGC
theory, both versions of UNLT theory require the introduction of the factor a? for

some turbulence models.

3.3.6.1 Diffusive UNLT Theory

Diffusive UNLT theory is so named as it is based on of the assumption that the
system is immediately diffusive in all directions. The derivation used here is based on
the derivation in Shalchi| (2010)). To begin, the Fokker-Planck equation is modified
to include the effects of perpendicular diffusion:

2 2
of of G{D 8f}+DL[8f 8_f}

— — 12
ot v oz T op | M ou (3123)

0x? * Oy?
What is needed is an equation for the time integral of the velocity—phase correlation
function:

i<vz(t)vz(0)ei[iéf(t);;/gz(o)]> _ <uuoei[ﬁz(t)7;;‘/f(o)]>, (3.124)

V2

T(k) =
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such that the perpendicular diffusion coefficient for homogeneous, static turbulence,

(3-122), is

a*v?

fL= / Bk P (F)R [T(E)} (3.125)

where the Fourier amplitude correlation has been replaced with the xo component of

the spectral tensor. In order to solve (3.125)), UNLT theory uses the Fourier transform
of (3.123) to derive an equation for T(E):

- 1 1
T<k>_§i+4n k3 +
AL

T (3.126)

3HLki

Therefore, the UNLT equation for the perpendicular diffusion coefficient is

a’v? P, k
FL= 57 /d3k — i ) T (3.127)
0 )\_”—i_g'%l—kJ_—i_—ilnlki

If the spectral tensor is expressed using (2.39)), then the diffusive UNLT equation

becomes

262 [ [ ygy(ky) k2 gy (k
p=at et [ dhy / dk, ”9“(4”) - Lgﬁfh}). (3.128)
0 — 0o 0 N + §HLI€J- + 3k k2

3.3.6.2 Time—-dependent UNLT Theory

The derivation of time-dependent version of UNLT theory starts off in a similar
manner compared to the diffusive version with the guiding center velocity correlation
being calculated via . Unlike the diffusive version of the theory, however, the
time—dependent theory utilizes an additional approximation for the velocity—phase

correlation function:

-

(. (0)u- () FOFTON) — (o (1), (0)e OO (lRr0RAOf) - (3.129)

As a result, the mean square displacement along the z axis for homogeneous turbu-
lence can be expressed as
B 2a?

7 (@0 =2 B P (w0000 (om0, (3:130)

The equation for the first correlation in (3.130)) is found using the Fokker—Planck
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equation as shown in Section [3.3.2] with solution

E(ky,t) = <Uz(t)vz<0)eik\\Az(t)> _ U2<u(t)u(0)eik”Az(t)>

v?w et —w_ev-t
= (3.131)

where w4 is defined by

v v 1?1 2
we = oy + \/lﬁl -3 [vky]”. (3.132)

The second correlation can be recognized as the perpendicular characteristic function,
the Fourier transform of the particle distribution in the xy plane, as per (3.33)). If the

particles have a Gaussian distribution in the xy plane, then <(Ax)2> can be calculated

by the second—order non-linear equation

;—; ((Az)*) = 23—? /dgk Pra(R)E(hy, t)e 3 {027 (3.133)

Using ([2.39) for the spectral tensor allows the equation to be written as

a2 B2 [
1 ((8)) = QGQB—g /d’fn 0y gy (k)& (K, )

(3.134)

x / dky ko 02 g (ke 2{Bn°)R
0
In order to compare to the diffusive version of UNLT theory, consider a scenario
in which the perpendicular motion is immediately diffusive. In this case can

be rearranged to read

[e.e]

2 w4t w-t
o 1 3 - wyett —w_e kK2t
=a°—— | &’k P.(k) | dt LELE, 3.135
o= g e (3.135)
0
Solving the time integral yields
21 P (k
K| = aQ%ﬁ/d?’k 2( ) T (3.136a)
0 ,\_H+’ﬂ/ﬁ+3mki
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or equivalently

6B2 o0 oo g g .
3B oy k2 4+ AL

—o0 0 >‘H SHLki

which is slightly different from the diffusive UNLT equation (3.128)). The reason for
this difference is that diffusive UNLT takes into account the pitch—angle by averaging
over it, while time-dependent UNLT ignores it (Shalchi, 2020)).

3.3.6.3 UNLT Application: Slab Turbulence
Consider the application of UNLT theory to perpendicular transport in slab tur-

K| =a —

(3.136b)

bulence. Using the spectral tensor as defined by (2.23) and assuming that a® = 1,
diffusive UNLT yields

(k)3 (k
Ky = 4l 2/dlq/dk| gstan ”) (k) (3.137)
3 B _+_ + [ka]
0 )\H 3I€J_k‘i

Integration over k, results in a 1/0 in the denominator, which means that the right
hand side is zero. Diffusive UNLT therefore predicts a perpendicular diffusion co-
efficient of zero, in line with numerical simulation showing sub—diffusive behaviour.
Time-dependent UNLT yields

5B2 20 w4t _ w_t
T (@) =22 [ (5)  wye —w-e (3.138)
dt 3 Bg ) [ + [kllfllm 2 Wy — w_
which can be rearranged to read
00 t
v? 0B? 20(s wye+t —w_ew-t
du(t) = 55 | dky H#& /dt’ — : (3.139)
04 [+ [k €y)2] 2 W T W
again assuming a? = 1. Solving the time integral results in
v? 0B? T 2C(s) ewtt — gw-t
04 [L+ [y 2]7 @+ -

and with R (ws) < 0, the running perpendicular diffusion coefficient is therefore

monotonically decreasing, as expected for sub—diffusion.
3.3.6.4 UNLT Application: Noisy Slab Turbulence
Having considered the application of UNLT theory to perpendicular transport in

slab turbulence, now consider its application to transport in noisy slab turbulence.
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In this scenario, the UNLT equations are

s

32 1+ |kt 2
FL = 1;}3532 /dkll 4 /dkl& [ 1k ”[]vg} (3.141a)
)‘_H + 3 Lk? KJ_Hki

for diffusive UNLT and

1/¢1
d? o 8B [ 20(s)E(ky 1) er
— ((Az)) = 2—2 dk) €| / (3.141b)
a Bo Wn 5

for time—dependent UNLT. Unfortunately, neither of these can be solved in the general
case. That said, it is possible to simplify the time-dependent UNLT equation by

solving the integral for k. This results in

RE o 2 ,0B T2 {(Az)?)
a (A7) = 5V gy (e 202

r 2C(s)  wyett —w e¥-t
X /dk‘| €|| * o — w
d [1+ (k)] o

As with the regular slab model, it has been assumed here that a = 1.

(3.142)

(NI

3.3.6.5 UNLT Application: Full 3D Turbulence

Finally, consider the application of UNLT theory to the full 3D turbulence model.
Here, the UNLT equations are

2 cp2
K| = U_(SE /dk‘“ éH 20(s) <

3 B2 3
" 1+ (]|
T (3.143a)
q
x / dk, ¢,4D(s, q) kLlu)” 1 _
0 [1 - [klgl]Q]z L + 3 :‘i ]{32 3m_“kQ
and
? 2 0B . o
. < Ax > =3V 5_2 dlﬁ_ KJ_ 4D(37q)[kl$]ée—§<(Az) >kj_
t2 3 B§ / [1 + [klfLPP
r t t (3.143D)
20(8) waoewtt — o ev-
X/dk”f 2% +w+_w_
0 [1 + [ky4] }
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for diffusive and time-dependent UNLT theory, respectively, where it has again been

assumed that a? = 1. Neither integral can be solved analytically.

3.3.7 General Features of NLGC and UNLT Theory

At this point consider NLGC thoery and both forms of UNLT theory from a

general perspective. In essence, both theories can be summarized as follows:

1. Tt is assumed that the guiding center coordinates, as defined by (3.106]), can
be used instead of the particle coordinates when calculating the diffusion coef-
ficients 7]

u(t) — V() =

2. Using the TGK formulation (see (3.8))), the diffusion coefficient is calculated via
the velocity correlation.

t

CL2

0.(0) = a0 (o0 0188, (210), 098, 70,0))

0

R = tlir&dj_(t)

3. The magnetic field is described via a Fourier transform. Corrsin’s approximation
(see (3.26))) is used to separate the magnetic Fourier amplitude from the rest

of the correlation, breaking the fourth order correlation into two second order

correlations.
(v-(0)0-(0)B,(#(), 3B, (&, 0))
/d3 /d3k’ (0)6B, (k, )5Bl(/2/,0)€i[k‘57’;/%0]> Fourier

/d3 /d3k’ (K, 1)0BI (K, )><vz(t)vz(0)ei[gf*’?ﬂ0]> Corrsin

4. The magnetic amplitude correlation is replaced with the spectral tensor as per

I As discussed in Section the parameter a should have a value of 1, with non—unity values
due to approximations used in the next steps.
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(2.7). The Dirac delta function is dealt with by integrating over &’.

/ &k / QK (8B, (R, )3BL, 0) ) (v (1) 0) T 7]
= /d3k/d3k:' P (k, )63 (k — ]?)<Uz(t)l}z(0)6i[ fﬁ]glﬂo]> Spectral Tensor

= /d3k P, (k, t)<vz(t)vz(0)eiEAf> Integral

5. The fundamental difference between these two theories is in how the velocity—

phase correlation is handled.

<vz(t)vz(0)eimf> = F(k,t) Theory dependent

6. With the velocity—phase correlation function computed, the diffusion coefficient

can be found.

t
2
d,(t) = % / dt’ / &k Py (k, ) F (K, 1) General
0
0
2,,2 ngx E
ko= oo [P - ()2 - NLGC
35 ay +RLkL + my ki (R)
2,,2 ngp k
Ri= Sy [ Ak —— (£) - UNLT
0 ALH + gf{Lki + 3/@_”k2
2 2 2 - 1 2\ 1.2
% (A = 7 /dgkpm(k)f(wt)e2<(A”““) ) UNLT
0

An alternative way of writing the general form of the diffusion coefficient is
9 t
d,(t) = % /dt’ /d3k/d3k’ P (k)8 (k — K)F (K, 1).
0
0

The Dirac delta in the equation describes the coupling between the velocity—phase
correlation and the magnetic field: the velocity—phase correlation couples to the mag-
netic field at equal scales. The final perpendicular transport theory considered in this
work, the Field Line — Particle Decorrelation (or FLPD) theory of Shalchi (2021)),

results in a coupling between P,, and F which is not described via a Dirac delta
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function. Instead a resonance function is introduced by considering the decorrelation

between the magnetic field lines and the particle trajectories.

3.3.8 Field Line — Particle Decorrelation Theory
The Field Line — Particle Decorrelation theory of [Shalchi| (2021)) can be derived by

first considering the phenomenon of compound sub—diffusion. This occurs when per-
pendicular diffusion of the particles is suppressed by their parallel diffusive motion,
resulting in sub-diffusive transport in the perpendicular direction. From a physi-
cal perspective, this occurs when particles are bound to a given field line. Webb
et al. (2006]) presented a description of this type of motion based on the Chapman—

Kolmogorov equation (for example, see (Gardiner| (1985))):

fole,y;t) = /dz fro(@,y; 2) fi(z;1) (3.145)
where f) (z,y;t) is the particle distribution in the zy plane as a function of time ¢,
frr(z,y; 2) is the field line distribution in the xy plane based on the position along
the z axis, and f)(z;t) is the particle distribution along the z axis as a function time.
The right hand side of the equation is a convolution of the field line distribution and
the particle’s parallel distribution. As noted in [Shalchi (2021), modelling the parallel
distribution is not trivial due to the fact that the particles are not instantaneously
diffusive in the parallel direction (see for example). The particle mean square
displacement along the x axis can be calculated from by

{(Ax(t))?) = 701;(; 7dy 22y (x,y;t)
= 7dx 7dy z? 7dz fro(z,y; 2) fi(z;t) (3.146)

N /dz ((A2(2))) py, Fi(2:0)

—00

where <(Aa:(z))2>FL

axis as a function of z. An underlying assumption in (3.146)) is that the initial particle

is the mean square displacement of the field lines along the x

distribution is a delta function.

As with the previously discussed theories, the preference is to work in Fourier
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space, which can be accomplished by defining

o0

f||(z;t) = /dk F( ‘/‘, )elk“z (3.147)
The particle’s perpendicular mean square displacement can therefore be calculated
as

{(Az(t)*) = / (Az(2))*) ., / dk| F(k{;t)e™i” (3.148a)

or equivalently

/dz/dk: ) (Bx(2)?),, €N (3.148D)

Next, the complex exponential is expressed as

ik z 1 a2 'Lk’
eI __¥@ 1% (3.149)

so that (3.148) can be written as

((Az /dz/dk Ok T ((Az(2)%) 5y dd; W2 (3.150)

Using integration by parts twice, the derivative can be transferred from the complex

exponential to the field line mean square displacement, so that

<( /dz/dk II’ * et dd <(A$ >FL (3.151)

To proceed, FLPD theory uses the results of Shalchi and Kourakis| (2007)) (see (3.43))),
in which an equation for the second derivative of the field line mean square displace-

ment was derived:

2

—{(Ax(2))? ¥k P, (k) cos (k2 e~ 3{(Ae()?) ;K1 3.152
d22 FL — Bz Il
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Therefore the particle mean square displacement is

<(Ax(t))2>:—3% d%/dk’ Py (k) F(K); )k~

(3.153)
/dz cos(kyz)e” 3{(Aa(2))?) o K +ik =,
By using the diffusion approximation for field lines,
((Ax(2))?) ~ 2kp|?] (3.154)
the z integral can be solved to find
o [ ,
T as Cos(/@”z)e_'{”lz‘k 1tk
2m
1 krLkl L1 KLkl (3.155)
o (k) + ki ) + k3 kT 27 (k) — k|/|)2 + K% kY
— 2r [R+(k, k) + R_(k, k)| = 2rR(E, k)
where the resonance functions
- 1 I{FLk’i
Ri(k, k) = — 3.156a
=(h k) = o (ky £ k1) + w3 k1 ( )
and
R(k, k) = Ry (k. k|) + R_(k, k) (3.156h)

“describe the coupling between particles and magnetic field lines” (Shalchi, 2021)E
Note that here the resonance functions have an additional factor of 1/27 in them,
as compared to how they are defined in |Shalchi (2021)). The particle’s perpendicular

mean square displacement can therefore be calculated via

(Ba(t)?) = /d3 /dk: R(F. k) F(k: )k ™. (3.157)

In order to find an expression for F'(k|;t), recall that it is defined as the Fourier
transform of the particle distribution along the z axis by (3.147)). As discussed in
Section [3.2.3.1} the result of the Fourier transform of a distribution function is its

I2The resonance functions can also be written as R(ky, kL, k‘l’l)
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associated characteristic function. Using

1 wiee*=t —w_ew+t

F(/{H,t) = o e o (3.158)
for the characteristic function, m becomes
9 3 w+€w_t _ w_ew+t ,—2
<(A1:(t)) > = d°k d/{: k: k ) o —w kH ) (3.159)

Recalling that the mean square displacement can be related to the velocity corre-
lation via , the second derivative of the function is taken to find

d2 3 wit _ o, ew-t
3 (D)) /d3 /dk R(FK)Z=C — 2% (3.160)

k;l’lz Wy — W

Using (3.82), wyw_ is found to be
1

Wyw_ = §v2kﬁ (3.161)
and (3.160]) becomes
2 _ w-t
L aa)?) = —2/d3 /dk: R(F, k) = Vet —woe
dt? B; 3 Wy — w_

(3.162)
dk/dk R(F. K) £(k] ).

The final step in the derivation of FLPD theory involves taking into account the effect
of the transverse complexity of the turbulence on particle transport. [Shalchi| (2021))
accomplishes this by including the factor 67%<(AI)2>ki, so that the equation of FLPD
theory is

T (A /d3 / Ak Pra(R) ROE,K) €(K, 1) e 300 (3.1630)
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or equivalently

a2 , 5B§°°
s {(ae) =252 [argew.n

— 00

3

dky ki 0% go (k) )e 2{(a”)k

ok\\ﬁ

(3.163b)

[e.9]

X /dkn O gy (k) R(Ky, kL k).

—00

It should be noted that while the resonance function Ri(E, kj) depends on ki, the

actual resonance is between k) and k|. As such, there is no £ in FLPD theory.

3.3.8.1 Diffusive FLPD Theory

Shalchi (2021)) also considered the application of the diffusive approximation,
<(Ax(t))2> = 2k, t, to FLPD theory. Integrating (3.163) over time and using a

diffusive approximation yields

k2
&k [ Ak P (F) R(E, k L
L SB2 / ) wiw_ + [wy +w_ |k k2 + K2 KL
KLkQ
3k dky P, R(k, ki 3.164
332 / ) Lrik + Rk + 3ok (3.164a)
Py (k: k)
3 / Il
. 164
332 a3k /dk P T (3.164b)
—00 M‘ 3Kk W

Alternatively, 3.164 can be written as

2_82 k k E:k,k ,H
oy V20 2 dk” dk”’ Qs kL) (k) g (ki) R( |[|Uk]t ) (3.1640)
3 B S+ Kk + gl

if the spectral tensor is written using (2.39). This can be compared with the equation
for diffusive UNLT, (3.127)): if there is no transverse complexity, (3.164) reduces to
(3.136|) rather than (3.127)), as the pitch—angle averaging is not taken into account.

3.3.8.2 FLPD Application: Examples

Consider the application of FLPD theory to slab turbulence. Using (2.23)) and
(2.24) for the spectral tensor and spectral function respectively, the equation of FLPD
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becomes

a2 B2 | 1 2
@) = T a2 fary 2
dt Ba [1+ k)22
oo (3.165)
x /dk|’| R(k, ki) €(K{. t).
Using the relation
I
vg(l);xQ%—vQ =(x) (3.166)
the resonance functions become
1
Ri(k||7 0, ]f|/|) = 55(/’6“ + k‘/‘) (3.167)

Since the integrals are symmetric in both k| and k|’|, after integrating over k, the

resonance functions can be written as
R(ky,0, k) = 6(ky — ky). (3.168)

As a result, upon integrating over kl’l the FLPD equation becomes

2 ,0B? 2C(s)  wyett —w_e¥?

a2 )
— ((Ax)") = Sv*—5 [dk ¢ .
dt? 3 B? ) [1+ [ky£y12] 2 Wy — w_

, (3.169)

which is exactly the same as , the time-dependent UNLT equation for slab
turbulence.
Now consider the application of FLPD theory to the noisy slab turbulence and
full 3D turbulence models. In this case, the FLPD equation becomes
o 52 et [
@<(Ax)2> = 2B§ /dkwle—z«m L /dk|’| E(ky, t)

0 —o (3.170)

[ 20(s) ,
dky 6y —————=R(ky, ki, k)
></ 141 1+ oty ] I Ly R

N|w

—0o0
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for the noisy slab model and

o0

’ ; 1 1 2 2
d—<(Ax)2> _ %, / dk, £,4D(s,q) LAY 2 {0’k
d? Bg 27 52
0 [1 + [kJ_gJ_} :|
- o (3.171)
x /dk,f(’fﬂvt) /d’f a Lﬁf?(/ﬁu,kﬂfﬂ)
oo e [1+ [y y)?]

for the full 3D model, neither of which can be analytically reduced. As can be seen
from these examples, FLPD theory provides the same result as UNLT theory when the
turbulence in question doesn’t contain any transverse complexity and gives different

results when the turbulence has transverse complexity.
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Chapter 4

Instantaneous Rotation Matrix
Methods

Copyright Permissions

The contents of this chapter were originally published in Numerical Methods,
Energy Conservation, And A New Method For Particle Motion in Mag-
netic Fields in the journal Mathematics and Computers in Simulation (Arendt,
2023)). The journal publishing agreement allows the author to reuse the contents
of the article in this thesis. As the sole author of the article, no other permissions
are required. The body of the article has therefore been reproduced here, while
the appendices of the article have been reproduced in Appendix [A] and Appendix
Bl Due to differences in page formatting, figures and tables may not appear in the
same locations in the text or be formatted the same compared to the original ar-
ticle. Cross—referencing between figures, tables, chapters, sections, and appendices
was also updated to be consistent with the rest of this thesis. Additionally, several

typographical errors have been corrected, with a full list at the end of the chapter.

On Mathematical Notation and Scaling

The mathematical notation and scaling of quantities used in this chapter are the
same as used in [Arendt| (2023), which is not the same as that used in the rest of
this work. The article was written with generic use in mind, and therefore scaling

anything outside of the magnetic field was avoided if possible. Conversions between
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Quantity Arendt]| (2023) This Work Relation

Time t T T =0t
Position x X X =2/t
Velocity 0l R R=u/Q
Magnetic Field & b b=a/0

Table 4.1: Conversion of quantities found in |Arendt (2023) and this section and those
in the rest of this work. The quantity €2 is the relativistic gyro-frequency as defined

in [[2TT

the quantities found in Arendt| (2023) and the rest of this work are shown in Table
41l

Abstract

This article mathematically examines the energy conservation of explicit Runge—
Kutta methods and basic symplectic integration methods for a simple harmonic oscil-
lator and a particle in a magnetic field. With the demonstration of the failure of these
methods to conserve the energy of a particle in a magnetic field, a new integration
method is presented for this type of system where energy conservation is dictated by
the type of floating point variable used, not the size of the time step or the method
order. Higher order versions of the method improve the accuracy in the calculation of
the particle position and allow for more accurate calculations of the velocity in a spa-
tially varying field. Furthermore, the new method is demonstrated to have improved

phase accuracy when compared to several common implicit methods.

4.1 Introduction

When solving the equations of motion for a particle or system of particles numer-
ically, a common issue is ensuring that the total energy of the system is conserved by
the solution. One of the simplest systems to consider is that of the one-dimensional
simple harmonic oscillator. Unfortunately, common explicit Runge—Kutta methods
do not conserve the total energy of this simple system, although the energy con-
servation can be improved by decreasing the time step. Of course, this leads to a
competition between how accurate the results need to be and how long it takes to

obtain the results. Using adaptive Runge-Kutta methods doesn’t improve the result,
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as taking larger time steps increases the energy drift. Alternatively, symplectic inte-
gration methods (Ruth| |1983] [Yoshidal [1990) can be used to achieve greater accuracy
without requiring as small a time step, with the energy oscillating around the initial

value.

In astrophysics one problem is the motion of charged, energetic particles in a
variable magnetic field. Theories that calculate the properties of an ensemble in these
fields (see Shalchi| (2009} 2020) for a review) are often compared with test particle
simulations, and therefore accuracy in the calculated trajectories is required. For
example, one of the primary quantities of interest in these theories are the spatial
diffusion coefficients, for which these theories assume a pure magnetic system (no
electric fields). Since the electric field is absent and particle-particle interactions are
neglected, the particle energies in any test particle simulation must be conserved
for comparisons with theory to be valid. As with the simple harmonic oscillator,
using explicit Runge-Kutta methods to solve the equations of motion for this system
will result in energy drift. Unfortunately, applying the same symplectic methods as
used for the simple harmonic oscillator to the system also results in energy drift,
albeit of a much greater magnitude, as these methods were designed for systems
where the Hamiltonian is separable. To address this, implicit methods that conserve
energy have been developed over time (see Ripperda et al.| (2018) for a recent review).
Unfortunately, while these methods conserve energy, the error is shifted onto the phase

of rotation.

In the following, the simple harmonic oscillator and a particle in a magnetic field
are considered as test cases (Section for energy conservation in explicit Runge—
Kutta methods (see Section and and basic symplectic methods (see Section
and . Then, having shown mathematically why and how these methods fail for
a particle in a magnetic field, a new class of integration methods is presented (Section
E| It will be shown that this new method provides superior energy conservation
compared to common explicit Runge-Kutta and symplectic methods for a particle in
a magnetic field, and superior phase accuracy compared to several implicit methods

that have analytical forms.

IThis method was briefly described in |Arendt and Shalchi (2018), where it used inverse trigono-
metric functions to calculate rotation matrices. In this article, the use of inverse trigonometric
functions has been replaced in favour of projection matrices calculated directly from the compo-
nents of the magnetic field vector in Cartesian coordinates.
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4.2 Test Cases: Analytical Solutions

In the analysis of the energy conservation of Runge-Kutta and symplectic integra-
tion methods two test cases will be considered: the simple harmonic oscillator (SHO)

and a particle in a magnetic field.

4.2.1 Test Case: Simple Harmonic Oscillator

The first case being considered is that of the one-dimensional simple harmonic

oscillator with the form

1
E=5p+d], (4.1)
where F is the total energy, with equations of motion
q=p, (4.2a)
p=—q (4.2b)

where p and ¢ are respectively unit-less momentum and position. The well known

solution for these equations is
q(t) = qo cos(t) + posin(t) (4.3a)
p(t) = po cos(t) — qosin(t), (4.3b)
or equivalently

q(t) = V2E cos(t + 1) (4.4a)
p(t) = —V2Esin(t 4 7) (4.4Db)

where 7 is the initial phase of the oscillator.

4.2.2 Test Case: Particle in a Magnetic Field

There are two formulations of a particle in a magnetic field: the Newtonian for-

mulation and the Hamiltonian formulation.
4.2.2.1 Newtonian Formulation

The classical Newtonian formulation in cgs units of a charged particle interacting

with a magnetic field is given by the Lorentz force:
LAy 7 -
F=—=q-xB(Z,t 4.5
3 — 4o X B@.), (4.5)
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where p is the relativistic momentum, v is the particle velocity, ¥ is the particle
position, ¢ is the charge on the particle, ¢ is the speed of light, and B is magnetic
field. Although the equation here is in cgs units for relativistic particles, the results

are generally applicable. Equation [4.5| can be rearranged to read

d—)
d—;’ = 7 x (T, 1), (4.6)
where & is defined in cgs units as
t) = ——~. 4.7
i) = (4.7

It should be noted that since there is no electric field in this system, (4.5 can also

be written as
% =p X d(Z,t) (4.8)
since the velocity and momentum are related to each other by p'= ymuv.

If the magnetic field is uniform and static, then || is the gyro—frequency for non—
relativistic particles or synchrotron frequency for relativistic particles. In component
form, can be written as

dv;
dt
from which the quantity w can be defined as

= Eijkvjwk(fv t)7 (49)

Wij (T, 1) = eijrwi (T, 1) (4.10)

such that the change in velocity is
dv
dt
yielding the solution

= &(Z, )7, (4.11)

Tt +to) = e“t(ty). (4.12)

Several properties of the matrix w will be used throughout this article: first, that the
matrix is anti-symmetric; and second, that since ¥ X & = wv, then (¥ x &) X Wy =

Wol1 U.
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4.2.2.2 Hamiltonian Formulation

The Hamiltonian for a non-relativistic particle in a magnetic field in cgs units can

be written as

- 1d )

H = 4.13
2m ’ (4.13)
where p'is the canonical momentum given by
§=mv+ LAF,1). (4.14)
c
The equations of motion are
LS I q 2
=V,H="— A1), 4.15
P =L L g (1.150)
o N H = ¥ B q,af(*t)r (4.15b)
_— — r = — r - - T, . *
P 2m c

In the analysis of numerical methods, the canonical momentum and Hamiltonian

will be redefined as a quantity per unit mass. The first step is to define

A - q = 5
A7 t) = —A(F, t 4.16
(7. 1) = “-A(F 1) (4.16)
so that
V x A'(Ft) = &(7,1). (4.17)

Next, the canonical momentum is redefined as

— — q T — _)/ —
= —A(7t) = ATt 4.18
=i+ LA =7+ A1) (118)
and the Hamiltonian, [4.13, becomes
H 1 . 2
H’:-:-[*—A’*t] . 4.19
() (119
With this transformation, the equations of motion become
F=p— A(F ) (4.20a)
and
. 1. . 2
p=—5V [F- 2| (4.20b)

Using the identity
]_ e d = —
SVlia =i x [Vxi| + [a9]a (4.21)
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the change in the canonical momentum can be written as

F= 7= A 0| x a0 + | [7- A 0] - V] A7), (4.22)
If the magnetic field is constant, then the magnetic potential can be expressed asE|

- 1

Al(r) = 5(3 X T, (4.23)
and the Hamiltonian as

H’—1 “+1F><(D2 (4.24)

=3 p 9 . .

The change in canonical momentum and position become

5 1, 1., -

P=— P+ TxXd| X (4.25a)

2 2

and

N — 1 — —

T = [p + 57 % w] : (4.25b)
respectively. Alternatively, (4.10]) can be used to write these equations as

i= 15 |§+ 2o (4.26a)

= —-W —@r 26a

p 5 p 9 )

5 — ]' = —

= [p + §wr] , (4.26Db)

which is the form that will be used during analysis in this article.

2This isn’t the only way the vector potential can be expressed, however, this expression readily
allows the results to be expressed in a vector format.
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4.3 Explicit Runge-Kutta Methods

4.3.1 General Form

The general form of an explicit Runge-Kutta (RK) integration method with N +1

intermediate steps can be expressed as:

y/ - f(y7 /\)
ko = f(y0, Xo)

n—1
kn=f (yo + ) anikih, A+ cnh)

=0

N-1
ky = f (yo + > anikih, A+ cNh>

=0

N

n=0

where X is the independent variable, h is the current step size, and a,,;, b,, and ¢, are

the coefficients of integration. Adaptive step size methods include the error estimator

step

N
Y=o+ hz bl k.
n=0

The coefficients for these methods can be conveniently expressed via a Butcher-

Tableau (Butcher] 1964)):

Ol

Qll

b
b

0 0
c1|ap 0
(4.29)
cy |ano -+ ann-1 O
by - - by
By e e by

Here, ¢ is a column vector containing the coefficients for calculating the time at each

intermediate point; a is a square matrix containing the coefficients for calculating the
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intermediate points from previously computed intermediate function evaluations; and
b is a row vector containing the set of coefficients for calculating the updated point
from the computed intermediate function evaluations. Adaptive methods also use b*
for calculating an alternate solution that is used to estimate the truncation error of
the updated solution. The results of expanding the updated point for the considered
test cases can be found in Appendix [A]

4.3.2 Energy Conservation

As already mentioned in the introduction, explicit RK methods do not conserve
the total energy of a simple harmonic oscillator or the kinetic energy of a particle in
a magnetic field. The derivation of this violation is found in Appendix [A] and the
results are summarized here.

4.3.2.1 Simple Harmonic Oscillator
As per (A.14), the energy drift per step of a RK method for a SHO is

E(t+ h) = E(t)

M
1+ anth] (4.30)

m=mgo
where my is the index of the first non-zero o term. The total energy drift after time
T =", h; is therefore

E(to+T) = E(to) ||

Of note is that the direction of the energy drift depends only on the RK method used,

not the step size; and that using larger step sizes increases the energy drift rate. This

M
1+ ) anh?m] . (4.31)

m=mg

is where the trade off between the number of steps required and the desired accuracy
comes in: doubling the the step size will halve the time required to complete the
calculations but will increase the energy drift by a factor of 4™°. Conversely, halving
the time step will double the time required while reducing the energy drift by a factor
of 1/4™0. For the fourth order RK methods considered in Appendix , the first

non-zero « term is ag, meaning that energy is conserved to sixth order.
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4.3.2.2 Particle in a Magnetic Field
As shown in Appendix [A.1.3] both the Newtonian and Hamiltonian formulations

of a particle in a uniform, static magnetic field have the same energy drift per step
of

M
E(t+h)=E{t)+E.(t) |1+ > azmywm?m] (4.32)
m=1
as per ((A.21]). This results in a total energy drift of
M
E(to+T) = E|(to) + EL(to) H 1+ Z ozgm|a7hi|2m] (4.33)
i m=mg

Energy Drift: Runge-Kutta Methods
] «108 Particle in a Uniform Magnetic Field

—O— Runge-Kutta - Non-Adaptive
+ Runge-Kutta - Cash-Karp

Runge-Kutta - Dormand-Prince
Runge-Kutta - Fehlberg

Time T %104

Figure 4.1: Energy drift in Runge-Kutta methods for a particle in a uniform magnetic
field.

From the energy drift in the Newtonian formulation for a spatially or
temporally varying field has the same base energy drift per step as in a uniform static
field, plus additional terms for the variation in the field at the intermediate points
k,. With the values of as,, being the same as those for the SHO in the fourth order
methods considered in Appendix[A.T.4] the kinetic energy is conserved to sixth order.
Figurel4.1|shows the resulting energy drift in the RK methods considered in Appendix
applied to the scenario defined in Section |4.5.5.1. For comparison purposes, the

step size has been held constant.
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4.4 Symplectic Methods

Symplectic integration methods are a set of differential equation solvers based on
Hamilton’s equations of motion (for example, see Ruth| (1983), [Yoshida (1990))):

_ 4.34
dt 9q; (4.34a)

_ 4.34b
dt — ap;’ ( )

where H is the Hamiltonian of the system, and ¢; and p; are respectively the gener-
alized position and momenta of the system. These equations can be expressed with

matrices and vectors as either

d [p] [o =1]]s, ]

Rl L vz (4.352)
dt _Qi_ _1 O_ _3%._
or

dlal [ o 1]]s,]

Rl N “| g, (4.35b)
dt _pi_ _—]_ O_ _8171'_

If the Hamiltonian can be expressed as

H(p.q) =T(p) +Ul(q) (4.36)

where T'(p) is the kinetic energy of the system and U(q) is the potential energy, then

the equations of motion can be written as

dp; . _8U<C]) o
AT Fi(q) (4.37a)

dg; _ oT (p) _ b
dt op; m

: (4.37b)

where Fi(q) is the force along axis i resulting from the potential and 2 corresponds

to the velocity along the same axis.

4.4.1 General Forms

Unlike Runge-Kutta methods, symplectic integration methods do not update all
elements of the solution simultaneously. Instead, these methods alternate between
updating the position and the momentum/velocity of the system. This leads to two
possible forms of the integration method, depending on which quantity is updated
first. Hereafter, methods which update the momentum first will be referred to as

momentum-position or P() methods, while methods that first update the position
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will be referred to as position-momentum or QP methods. Specific examples of these
methods can be found in Appendix [B.1.1]

4.4.1.1 Momentum-Position Methods

The form for momentum-position methods can be expressed as

ﬁn = ﬁn—l + PnF((Tn—l)dt (438&)
m

with pp = p(t) and ¢ = ¢(t). Quantities P, and @Q,, are the integration coefficients.
The updated quantities are p(t+dt) = px and ¢(t +dt) = ¢ where N is the number
of intermediate steps.

4.4.1.2 Position-Momentum Methods

The position-momentum form of symplectic integration can be expressed as

(Tn - q_’nfl + annildt (439&)
m
Pn = Pn1 + PuF(q,)d, (4.39D)

with integration coefficients @),, and P,.

4.4.2 Energy Conservation

4.4.2.1 Simple Harmonic Oscillator

As shown in [B.1.4] the energy drift in symplectic methods for the SHO is domi-
nated by a phase dependent fluctuation, with a constant energy drift only appearing
at higher orders. Furthermore, both components of the energy drift decrease as the
method order increases. For example, the fourth order methods considered both have
a fifth order phase dependent energy fluctuation and a tenth order constant energy
drift. This can be compared to the fourth order Runge-Kutta methods which had a
constant sixth order energy drift.
4.4.2.2 Particle in a Magnetic Field

While symplectic methods have a smaller constant energy drift for the SHO com-
pared to Runge-Kutta methods, they are worse for a particle in a magnetic field.
As shown in [B.1.5] specifically Table [B.21] the symplectic methods have a constant
second order energy gain regardless of method order and which formulation of the

equations of motion is used. Figure demonstrates the violation of energy conser-
vation. The physical scenario used here is defined in Chapter 4.5.5.1|
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Energy Drift: Symplectic Methods

Particle in a Uniform Magnetic Field
10900 |- ! .
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Figure 4.2: Energy drift in Symplectic methods for a particle in a uniform magnetic
field. Method coefficient sets are defined in Appendix [B.1.3]

4.5 Instantaneous Rotation Matrix Method

4.5.1 Basics
With the failure of both explicit Runge-Kutta methods and standard symplectic

methods to conserve the kinetic energy of a particle in a magnetic field, it is clear
that additional numerical methods need to be developed for this type of system. As
previously stated, the approach used here is to develop a set of methods that take into
account the physics of the system. The starting point for developing this new class of
methods, hereafter called Instantaneous Rotation Matriz Methods (or IRM Methods),
is to consider the instantaneous solution for a particle in a magnetic field. On a short
enough time scale, the magnetic field can be approximated as a constant. Therefore,
on this time scale, the solution is that the velocity vector will be rotated around
the magnetic field vector by an angle equal to the product of the magnitude of the
magnetic field and the step size. This rotation is done by decomposing the velocity
into three orthogonal vectors using projection matrices derived from the orientation
of the magnetic field.

To begin constructing the projection matrices, define orthogonal vectors 7, 7,

and 73 as either

= (_Wx7 —wy, _wz)’ (4.40&)
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Ty = (wxwza WyWz, _W?; - W§)7 (440b)

3 = (Wy, —wy, 0) (4.40¢)

Sl

or, if w? + w? = 0, as

FL:(OJL—1L (4.41a)
= (1,0 0) (4.41D)
= (0,-1,0). (4.41c)

These vectors have the following dot and cross product identities:

4.42a
4.42b
4.42¢
4.42d

<

R =0ifi# ],

7 X FQ = |7”1|27"37

N

—~

’FQ X ’f_"g = |773| Fl,

!
—~
~— ~— ~— ~—

Fg X T_"1 =T9,
which will be used later. Next, define the series of matrices

= 'Fi@Fj
Rij:

(4.43)

731751
where 7; ® 7; is the outer product between the two vectors. In the case where i = j,
the resulting matrix is a projection, and, by definition, the sum of all the projection
matrices is equal to the identity matrix. Having defined 77 = —d&, the change in
velocity can be written as
dv
dt

Since the magnetic field is assumed to be constant over the interval, the matrices

— 7 X T. (4.44)

}:%ij are also constant, and therefore the relation

3 S:dﬁ
Z}z 27%7 (4.45)

can be used to split the force equation into three componentsﬁ This decomposition

dt

of the force yields
= dv dv;
Riyi— = —
Yar e

3The requirement for this is that the total time derivative of the matrices is negligible. Addi-
tionally, since the result is still in the initial basis, it can be shown that sum of the derivatives must
cancel as the derivative of the identity matrix is zero.

= fin (Fl X ’U) = O, (446&)
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= dv dvy

20T A EQQ (" x v) = —Wf:%23?77 (4.46b)
= dv dv. = 5
B d—; = Rz (1 X V) = wRsy7, (4.46¢)

where the triple scalar product has been used to remove the cross product. The

solution to first order for each velocity component is therefore given by

Ty(t + dt) = Rasi(t) 4+ wdt Ryy (1) (4.47c¢)

As the known solution for charged particle moving in a static, uniform magnetic field

is helical motion, the solution can be re-written as

Uo(t 4 dt) = [cos(wdt)}:%m - sin(wdt)}:%gg} ul(t), (4.48b)
U3(t + dt) = [COS(Wdt)ég;g + Sin(bddt)égg] u(t), (4.48¢)

such that the full equation for the velocity after a time interval with duration dt is
Tt + dt) = [Ru + cos(wdt) [ﬁm + fzgg} + sin(wdt) {Egz - fz%} }m). (4.49a)
By integrating the velocity, the change in position is found to be

f(t + dt) == |:wdtf_€11 + Sin(wdt) [EQQ + §33i|

50 (4.49D)

+[1 = cos(wdt)] [fng - fzgg} ] — (1),

Using the relation between the projection matrices and the identity matrix, and the
fact that Rzy — Ras can be reduced to &/w, the velocity and position equations can

be rearranged to read

F(t + dt) = _[1 — cos(wdt)] Ryy + cos(wdt)I + Sm(wﬂ@} #(t) (4.50a)
and _
E(t+dt) = | [wdt — sin(wdt)] Ruy +sin(wdt) T + - C(f(“dt>@ US? +E(1), (4.50D)

respectively. For convenience in the following sections, the matrices M and M’ can
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be respectively defined as

- = = sin(wdt) _
M (&, dt) = [1 — cos(wdt)] Ryy + cos(wdt)I + M(D, (4.51a)

w

1-— dt
N cos(wdt)

M' (@, dt) = [wdt — sin(wd?)] Ry + sin(wdt)] (4.51Db)

gu

W

4.5.2 Method Construction

Having derived a general solution for an arbitrarily orientated magnetic field that
is both uniform and static, methods to solve the equations of motion for a varying
field can be derived, keeping in mind that the step size must be small enough so that
the field can be approximated as constant over the interval (Section [4.5.3.3)).

4.5.2.1 Euler Step Implementations
The simplest implementation of this method is an Euler step type method. In this

method there are no intermediate steps, making it relatively fast for a single step.
As an added benefit, the position and momentum can be updated simultaneously
using (4.50). The disadvantage of this method is that the step size d¢ must be set
quite small for spatially or temporally varying fields in order to maintain the required

approximation.
4.5.2.2 Higher Order Implementations

Higher order methods can be derived with an implementation scheme similar to
that used by symplectic methods. The reasoning behind this is that to perform
consecutive rotations, the matrices must be multiplied rather than added. This is
readily accomplished in the uneven consecutive intermediate points of symplectic
methods compared to the averaging of Runge-Kutta methods. However, while the
way that the intermediate steps are calculated in symplectic methods is ideal for
using rotation matrices, the rotation methods requires using the particle velocity or
momentum rather than the canonical momentum.

As with regular symplectic methods, there are two forms that can be used for
implementing higher order rotational methods: either the momentum-position form
or the position-momentum form. The equations for the intermediate steps in the

momentum-position form are

17n = M(Q(fn_l, t), Pndt)Un_l (452&)
7 = & 1 + QnTadL, (4.52b)

96



or

Ty = Tp_1 + Quiy_qdt (4.52¢)
Ty = M(&(Z, 1), Podt) 7, (4.52d)

for the position-momentum form, where P, and @), are the integration coefficients.

The updated velocity will always have the same form:
(t + dt) H M, (4.53)

where ]\Z/n is the rotation matrix from the n'"* step. From an analytical perspective,
this will perfectly conserve the energy of the system, however, due to the way that
floating point numbers are represented computationally, there can be a small error
introduced into the system via truncation of the floating point values. This will be
further addressed in [£.5.3] and then shown in [£.5.5.3

On the other hand, the equation for the updated position depends on the form

used, with the momentum-position form yielding

Tt + dt) = +ZQn J\? 7(t)dt (4.54a)

m=1
and the position-momentum form yielding

n—1
Z(t + dt) ) + ZQn M F(t)dt (4.54D)
where MO = I. The advantage of using higher order methods is that the step size can
be increased, equivalent to allowing the magnetic field a larger degree of change in
the same interval. The disadvantage is that the updated position is no longer given
by an exact equation. Before giving examples for this method, error analysis needs

to be performed.

4.5.3 Error Analysis and Coefficient Derivation

There are three primary sources of error in the results of this type method: errors
from the step size not being small enough (), errors from the truncation of float-
ing point numbers (ep), and truncation errors from the method order (ep). While
these sources of error are common to all numerical methods and can never be truly

eliminated, what needs to be examined is where these errors are occurring and what
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quantities are effected by them. This will be done here by looking at the velocity and

position solutions.

4.5.3.1 Velocity Solution

As mentioned earlier, the solution for the velocity perfectly conserves energy from
an analytical perspective. This means that for the motion of a particle in a uniform,
static field the velocity solution is also the exact solution. In this case, the only
source of error comes from the floating point calculations, in contrast to Runge-
Kutta and normal symplectic methods where the energy change is coming from the
truncation due to method order. For a floating point value of type double (C++) or
equivalent, this error should be on the order of e ~ 2752, For systems with spatially
or temporally varying fields, the energy is still conserved, but there is now an error
in the velocity related to how much the field changes over the interval. Furthermore,
there is the question of how time is updated at the intermediate steps: in the methods
described by , time is held constant over the interval. This goes back to the
approximation that the magnetic field is constant over the interval and the way that
the position and velocity are updated. As such, this type of method should not be
blindly applied to systems where there are abrupt, large changes to the field. Instead,
such systems could potentially deal with this by adjusting the interval length so that

the constant field approximation is still valid over said interval.

4.5.3.2 Position Solution

While the error on the velocity is due entirely to floating point truncation and
interval size, the error on the position comes from a combination of these and the
truncation error resulting from the method order. The error associated with this
last term can be calculated for a uniform, static magnetic field by Taylor expanding
the rotation matrices. For a uniform, static magnetic field the product of rotation

matrices can be written as

1 ™ @, P.dt) =M (w > Pmdt> : (4.55)
m=0 m=0

where Py = 0. In order to simplify the analysis, define

d¢ = wdt (4.56a)
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and
=) P (4.56b)
m=0

In momentum-position methods the index of ¢ runs from 1 to N, while for position-
momentum methods it runs from 0 to N — 1. The numerical solution for the position

in momentum-position methods is therefore
Z(t+dt) = ZQ @, &pdt) do o) (4.57)
n n w . .
Comparing (4.50b|) with ( combined with ( and - with m the

following condltlons for the coefﬁments in momentum—posmon methods are found{]

N
> Qn=1, (4.58a)
n]:vl
> P=1, (4.58b)
N n=1
> Qncos(&,de)de & sin(dg), (4.58c¢)
n;l
> Qusin(§,d¢)de ~ 1 — cos(dg). (4.58d)
n=1

The reason for conditions (4.58c) and (4.58d|) being approximations is that the sine

and cosine functions can be expanded into an infinite sum, leading to more equations

than there are terms. As such, the chosen coefficients should satisfy

N

2m—1)) Q&> =1 (4.59a)
n;l

(2m) Y Q& =1 (4.59b)
n=1

for as many values of m > 1 as possible. After a brief examination of the equations,

it can be seen that they can be combined to read

N
m' Z Qngrinlil
n=1

(4.60)

4The conditions for the position-momentum methods can be found by replacing &, with &,_;.
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where m’ is the order of the termPl The lowest value of m’ for which the chosen
coefficients do not satisfy (4.60) is the order of the error in the position.

4.5.3.3 Temporal Updates

The last item of method construction to be addressed is the size of the time step
used in this method. Due to the nature of the position solution in , the change
in phase must be less than one. Furthermore, the ideal step size would be such that
all terms in the Taylor expansion of sin and cos after the N** term are effectively

zero. This condition on the step size can be expressed as
wdt < 1. (4.61)

A separate condition on the time step comes from (4.45), which requires that the
total time derivative of the projection matrices R;; be negligible:

d -
This is equivalent to requiring that the direction of the magnetic field varies over

timescales greater than the size of the time step.

4.5.4 TIRM Method Coefficients

Next, consider two different types of coefficients: the coefficients from the symplec-
tic momentum-position methods and coefficients derived from for the momentum-
position form. The advantage of using the symplectic coefficients is that for the second
and third order methods the coefficients are rational, thereby reducing the number
of floating point errors that enter into the final result. The coefficients derived from

(4.60)), on the other hand, allow for better accuracy in the position calculations.
4.5.4.1 IRM Methods with Coefficients from Symplectic Methods

The coefficients taken from the symplectic methods are found in Tables [B.2h
(second order), (third order), and (fourth order). These are still referred
to as second, third, or fourth order coefficients, as they satisfy (4.60|) to that order,
as shown in Table (4.2
4.5.4.2 Derived IRM Method Coefficients

Using (4.60)) to derive the coefficients for a two step method results yields a single

set of real coefficients, while the three step method has two possible solutions. These

5The error will never be less than second order, since for m’ = 1 ({4.59)) is equal to (4.58al).
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(a) Second order (b) Third order (c) Fourth order
!/

m o Y QuE T L QT om0 QuE !
1 1 1 1 1 1

2 1 2 1 2 1

3 3 3 1 3 1

4 . 4 o 4 1

5 % 5 s e

Table 4.2: Results of (4.60)) to fifth order for the coefficients from symplectic methods.

3
O
3
| =
Wi w ;U
I
3

= oo
— W=

Table 4.3: Coefficients for the two step IRM method (IRM2).

are summarized in Tables for the two step method and [.4] for the three step
method.

(a) First coefficient solution for the (b) Second coefficient solution for the

three step method (IRM3a) three step method (IRM3b)
1 16+v6 4+v6 4-+v6 1 16—v6 4—6 4-v6
36 10 10 36 10 10
9 16—6 _ 26 4—/6 9 16+6 2:v/6 4+/6
36 10 10 36 10 10
4 6+6 4 6—6
3 36 10 1 3 36 10 1

Table 4.4: Coefficients for the three step IRM method.

4.5.5 Test Particle Results

To demonstrate the effectiveness and accuracy of the IRM method, a simple phys-
ical scenario will be presented (Section [4.5.5.1)), to which the IRM method will be
applied with the coefficients detailed in Section[4.5.4] Analysis will look at the result-
ing numerical energy conservation (Section , the difference in phase between
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the analytical and numerical solution (Section [4.5.5.4)), and the displacement between
the numerical and analytical solutions (Section [4.5.5.5]).

4.5.5.1 Physical Scenario

With the accuracy of an individual step considered, the next step is to look how the
total error behaves over time. To do this, the following scenario will be considered: a
particle moves through a static, uniform magnetic field, where ¢ = /3 2, with initial
(unit-less) momentum #/c = /32 and initial (unit-less) position y# = 3 - 3Y/2/x .
In this scenario, the orbital (Larmor) radius, R, of the particle is R = 3 - 3'/2/x, the
orbital period is Ty = 6, and the system is simulated out to 7" = 6 - 10*. Finally, the
time step size used in this example is d7° = 0.01, and therefore a single orbit takes
600 steps. The type of floating point variable used is a 64-bit precision floating point
variable, equivalent to the double variable type in standard C' and C++.

4.5.5.2 Analysis: Theory

In the following subsections, the results of applying the IRM method to the sce-

nario just described will be analyzed. To perform the analysis, first define the general

function
§(T; f) = fN(T)f_ falT) (4.63a)
0
for scalar quantities and
5T ) = | (T) = fa(T)] (4.63D)

Jo
for vector quantities, where f is the quantity being analyzed as a function of time 7.
Here, the quantity as calculated by the numerical method fy(7') is compared to what
it should be as per the analytical solution f4(7"). This result is then normalized to
some value fj intrinsic to the quantity. An example of the use of the scalar function
is calculating the energy drift, which is the first quantity that will be examined. In
some cases, due to fluctuations in §(7, f), the result is averaged over the last period

worth of time T:

6(1:0)) =5 [ v s (161

This is used in the analysis of the phase drift and solution displacements.
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4.5.5.3 Analysis: Energy Conservation and Drift

When considering the energy error (energy drift), the function §(7°; E(T)) can be

written as
E(T
0(T; E) = (T) -1, (4.65)
Eqy
where we have used fo = E(T = 0) = Ey. Alternatively, the function can be expressed
as
2
T
s By = 0 (4.66)

2

Dy
with p(T") being the magnitude of the momentum. While the IRM method conserves
energy from an analytical standpoint, numerically there will always be error due to

the truncation of floating point values, as can be seen in Figure 4.3

Energy Drift: IRM Methods
«107° Particle in a Uniform Magnetic Field

—O— IRM - IRM2
—~ IRM - IRM3a
= :g:mM - IRM3b
) -< -IRM - PQ2
= - B =IRM- PQ3

- A -IRM-PQ4

Time T x10*

Figure 4.3: Energy drift in the IRM method due to floating point truncation.

4.5.5.4 Analysis: Phase Drift

When considering error in the phase of the solution (phase drift), the position
phase needs to be considered separately from the momentum /velocity phase due to

how the updates are calculated for each. In general, the change in the momentum
phase ¢, is a weighted average as per (4.53]) and (4.55]), while the change in position
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phase ¢, is a result of (4.54). The general error function here is

5(T: ) = ¢N(T)2; ¢a(T)

where we have chosen to use fy = 27. This results in (4.67)) giving the total number

of cycles that the numerical solution is out of phase by.

(4.67)

Position Phase Error: IRM Methods
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Figure 4.4: Position phase error for coefficients from the third order symplectic
method. The phase error continues the oscillations shown here for the entire solution
with a constant magnitude.

Figures and show the position phase error for the three step IRM method
with the PQ3 (see Appendix and IRM3a (Table [d.4h) coefficient sets, respec-
tively. Figures and show the period averaged position and momentum phase
errors for the coefficient sets listed in Section
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Position Phase Error: IRM Methods
g X 1012 Particle in a Uniform Magnetic Field
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Figure 4.5: Position phase error for IRM3a coefficients.

Averaged Position Phase Error: IRM Methods
x10710 Particle in a Uniform Magnetic Field
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Figure 4.6: Period averaged position phase error for coefficients from Section [4.5.4.2]
Not shown is the period averaged position error for the PQ2 coefficient set, which
oscillates between +1078. Coefficient sets IRM3a, IRM3b, and PQ4 all have period
averaged position phase errors on the order of 1072
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Averaged Momentum Phase Error: IRM Methods
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Figure 4.7: Period averaged momentum phase error for coefficients from Section
4.5.4.2] The coefficient sets from the symplectic methods have an average momentum
phase error of the same magnitude as the ones in the figure.

4.5.5.5 Analysis: Solution Displacement

The last quantities to be analyzed are the solution displacements: the magni-
tude of the difference between the numerical solution and correct analytical solution.
When analyzing the solution displacements, first consider the form of the position

and momentum solutions:

[ sin (7)) |
Z=r(T) |coso(T) (4.68a)
L 0 -
and
[cos ¢(T)]
p=p(T) |sing(T)| , (4.68b)
- O -

where ¢(0) = 0, r(T') is the Larmor radius, and p(T) is the magnitude of the particle
momentum. In the analytical solution r(7") and p(T') are constant, while in the
numerical solution they are not necessarily constant, which constitutes an error in
the solution. From (4.67), the phase of the numerical solution can be written as

on(T) = ¢a(T) +276(T; ¢). (4.69)
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This allows the error function (4.63bf) to be written as

5(T; 7) = \/ 14 20 o) osioms(T; 60)

for the position and

5(T; ) = \/ 1+ ng ) _ ng) cos(278(T; b))

for the momentum.

Momentum Error: IRM Methods
10710 Particle in a Uniform Magnetic Field

—O— IRM - IRM2
IRM - IRM3a

:‘z’: IRM - IRM3b

—<— IRM - PQ2

—pP—IRM - PQ3
—A— IRM - PQ4

Time T x10%

Figure 4.8: Momentum error for all considered coefficient sets.

Given the size of the phase errors shown in the previous section cos (27(7’; ¢))

1, which means (4.70) can be written as

o) = | ) < o)
and
S(T:5) = \p;? 1| = (i)

(4.70a)

(4.70D)

~
~

(4.71a)

(4.71b)

respectively, where 0(T;r) is the error function for the gyro-radius and (T p) is the

error function for the magnitude of the momentum. Furthermore, the momentum
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error function can be related to the energy drift function by

§(T; ) = ‘\/1 (T, E) — 1) . (4.72)

Since magnitude of the energy drift is much less than one (Figure [4.3)), (4.72) can be
Taylor expanded to

o(T;p) =

%5(7’; E)‘ . (4.73)

Figure |4.8 shows the momentum error for all considered coefficient sets, from which
it can be seen that the momentum displacement is roughly half the absolute value of
the energy drift, in line with .

The position error at early times for coefficient set PQ3 in Figure 4.9, while the
period averaged position displacement for all considered coefficient sets is shown in
Figure [£.10] The oscillatory pattern in Figure suggests that the orbital radius
oscillates around the correct orbit at half the frequency of the orbital motion for set

of physical parameters used.

Position Error: IRM Methods
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Figure 4.9: Position error for coefficient set PQ3. The pattern seen here repeats for
the entire particle trajectory.

4.6 Comparison to Implicit Methods

Over the years, implicit methods have been developed specifically for particles in

electromagnetic fields that analytically conserve energy. A recent review (Ripperda
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Averaged Position Error: IRM Methods
Particle in a Uniform Magnetic Field
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Figure 4.10: Period averaged position error for all considered coefficient sets.

, of these methods considered the resulting trajectories from several im-
plicit methods compared to the results from fourth order RK methods for systems
that included both electric and magnetic fields. Here, the second order methods of
Boris (1970), [Vay| (2008), and |Higuera and Cary (2017) will be considered in the
forms given in Ripperda et al| (2018), although in cgs units instead of SI units[f]

4.6.1 Analytical Equations for Implicit Methods

As discussed in Ripperda et al| (2018), the form that the considered implicit

methods take is as follows:

14,

ﬁ:n 1 — Un q /= ]‘ —\ B/ =
+T = E(Zni1y2) + p () X B(Zpi1/2) (4.74b)

. S 1 Un+1
Tl = Tpt1/2 + B

— (4.74c)

where « is the momentum per unit rest mass, given by

= 7; (4.75)

U=

3 =y

6The other two implicit methods considered by |[Ripperda et al. (2018) do not have analytical
forms for the change in velocity/momentum.
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v is the Lorentz factor, given by

y=1/1+ — (4.76)

and (¥) is an average velocity whose form is method dependent. The momentum
update is performed by inverting (4.74b), which requires that the average velocity be
specified. Since the implicit methods considered here evaluate the fields at 12,
define

En—i—l/? = E(fn+1/2) (4.77a)
and
§n+1/2 = é(fn+1/2) (4.77D)

to simplify the analysis of the methods.
4.6.1.1 Method of Boris

In the method of Boris| (1970)), the average velocity formula is

Up+1 + Unp,

Np o= 4.78
< >Boms 2’771—1—1/2 ( )
This leads to the following inversion:
1qE,
T =T, + - 2 g (4.792)
2 m
2 . -
T = — [ﬁ + (@ x )] x b (4.79b)
14102
1qE,
Ty = @ 4 = L2 gy, (4.79¢)
2 m

Here b is given by

po LBy, Loogy, (4.80)
2 v'me 2
where 7, is the Lorentz factor evaluated at the initial time, + is the Lorentz factor
evaluated at @', and & is defined as per (4.7)).

In the absence of any electric field, the momentum update for this method can be

reduced to

i

Up+1 =

[ %w2dt2 }_11 {1—iw2dt2]

wdt w
——— | — | U, 4.81
1+ fw2de? 1+ fw2de? * [ } w] N (481)

14 jw2de?
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where w is defined per (4.7) and evaluated at &,,;1/2. As the energy is conserved by
(4.81)), v can be removed from the equations by absorbing it into & and #. This is
the form that will be used in comparisons to the IRM method.

4.6.1.2 Method of Vay

The average velocity formula for the method of [Vay| (2008) is

— 1 ﬁn ﬁn+1
(U) =3 {— + } , (4.82)
2 Tn Tn+1
for which the inversion of (4.74b)) is
T =, + L2y 4 g, x o120 (4.83a)
m Ypmc 2
1 - — —
Ty = —= [ﬁ 4 (@) + T x b} . (4.83b)
1+ |b?
The additional quantities required in these equations are
1 q§n+1/2 1
= ———=dt = =ywdt; 4.84
T e g 10wCh: (4.842)
@’
v =4/1+ {—} ; (4.84b)
c
o= () —la (4.84c)
o2 ey [TA] (4.84d)
n+l = 5 o @ ) ’
Tn+1 5 1 -
- 1 1
b= —a=-Lgar. (4.84e)
Ynt1 27
For pure magnetic systems, 7,1 reduces to 7,, and the equations for ,.; can be
reduced to
12de?r ] = 1 — 1w?dt?] - wdt &
i = | | —2— — A T+ | —| = |, 4.85
et {1 + }ledtQ} H {1 + iuﬂdﬁ} 1+ }ledtQ w | ( )

which is exactly the same as the method of Boris. The difference therefore between
the method of Boris and the method of Vay is in how they are implemented and how
they handle the electric field.
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4.6.1.3 Method of Higuera-Cary

In the method of Higuera and Cary| (2017)), the average velocity is

Unp, + Un+1

L, N 2
2 /1+ Un+212n+1

and the resulting inversion isﬂ

(0) =

1¢E,
T =, + - 2y,
2 m
T [ﬁ’+(ﬁ’-z§)5+ﬁ’x5}
1+ (b)?
1¢E, .
anﬂzauﬁ%dwa”x b

The additional quantities required in this method are

1q§n+1/2 1

a= dt = —ywdt;
T e g 10wCh:
al?
/y/: 1+ |:_:| )
&
o= () - faf
— -2
e e e [l
- 1 1
Y Y

In pure magnetic systems, the equations for u,; reduce to

%aszdtQ 7 N 1-— }laszdtz I:—l— awdt
1+ iaszdtQ 1 1+ %cﬁw?dt? 1+ }la%}?dtz

—

Un4+1 =

(4.86)

(4.87a)

(4.87b)

(4.87¢)

(4.88a)

(4.88b)

(4.88¢)

(4.884)

(4.88¢)

W, (4.89)

£ | &

1
l

"The author suspects that there is a typo in |Ripperda et a1.| 42018[) in the equation for @, 11
(equation 21 in [Ripperda et al.| (2018)), as energy is not conserved for pure magnetic systems for
the equations in Ripperda et al. (2018)). The equations as listed here do conserve energy in pure

magnetic systems.
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where « is given by

~1/2
5 /

[1— jwdt?] + \/[1 + lwzae]? - [%dt}
=T 5 (4.90)

and v = v, = Yn+1- The form of the solution is similar to that of Boris and Vay,
however the effective rotation angle is altered, which changes the period of rotation,
although the energy of the particle is still conserved. If 7" is externally set to one,
the result is identical to that of Boris and Vay, meaning that any differences in results

come from the implementation of the method.

4.6.2 Analysis of Implicit Method Results

4.6.2.1 Implicit Method Energy Conservation

Energy Drift: Implicit Methods
«10°9 Particle in a Uniform Magnetic Field

Implicit - Boris
Implicit - HigeuraCary

—~/— Implicit - Vay

0 1 2 3 4 5 6
Time T x104

Figure 4.11: Energy drift in Implicit methods for a particle in a uniform magnetic
field.

While the considered implicit methods conserve energy analytically, when actually
running the calculations numerically there will always be errors due to floating point
truncation, as shown in Figure [£.11] Differences between the results here and those
in Ripperda et al.| (2018)) are due to how the method was implemented: the results
here are from using and . The energy drift is calculated as per (4.65)).
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Averaged Position Phase Error: Implicit Methods
Particle in a Uniform Magnetic Field
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Figure 4.12: Position phase lag in Implicit methods for a particle in a uniform mag-
netic field.

4.6.2.2 Implicit Method Phase Error

As the equations for the momentum updates in the implicit methods are not true
rotation matrices but rather approximations of them, the phase is not expected to be
completely accurate. Figures and show the resulting error in ¢ for both the
position and the momentum.

The Boris and Vay methods have a relatively small phase drift, being less than one
rotation out of phase after 10* cycles for the given input parameters. The Higuera-
Cary method, on the other hand, is drastically out of phase with the analytical
solution, due to the modified rotation angle. It is important to note that for the given
parameters, the particle rotates counter-clockwise, and therefore ¢ is a decreasing
function. This means that a positive phase error corresponds to the numerical solution

lagging behind the analytical solution.

4.7 Conclusions

Having shown that neither Runge-Kutta nor basic symplectic integration schemes
can conserve the kinetic energy of a charged particle in a magnetic field, the In-
stantaneous Rotation Matriz Method (IRM Method) is introduced and described.

Analysis of the new method using a uniform, static magnetic field reveals that, for a
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Averaged Momentum Phase Error: Implicit Methods
Particle in a Uniform Magnetic Field
N
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Figure 4.13: Momentum phase lag in Implicit methods for a particle in a uniform
magnetic field.

given step size, the IRM method conserves energy (Figure better than common
Runge-Kutta fourth order methods (Figure . Furthermore, compared to common
adaptive fourth order Runge-Kutta methods (see Appendix , the three step IRM
method still performs better with a constant step size as the adaptive method require
six or more intermediate steps to calculate the updated trajectory points compared
to the three steps required by the IRM method. To match the total number of field
evaluations required, adaptive methods would have to on average use double the step
size, which would have the effect of increasing the energy drift by a factor of at least
32 based on the equations in Appendix Conversely, to obtain a similar error
adaptive Runge-Kutta methods would need to settle on a time step that is smaller
than that used in the I[RM method, which would mean that the total number of field
evalulations for the Runge-Kutta method would be more than double that of IRM
method.

Also considered were several implicit methods, which conserve the kinetic energy.
For pure magnetic systems, these methods are similar to the IRM method in that
the momentum update has a similar form and the particle energy is analytically
conserved. Figure shows the energy drift of the IRM method as compared to
the implicit methods and Runge-Kutta methods of Dormand and Prince| (1980) and

8Based on the assumption of a uniform distribution of step sizes around the average. In this case
the energy drift could increase by as much as a factor of 585.
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X1 0® Energy Drift Comparison

.......... Zero Energy Drift
—<}— RK: Cash-Karp
—>— RK: Dormand-Prince
Implicit: Boris/Vay
Implicit: Higuera-Cary
IRM Method: IRM2
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Time T x10%

Figure 4.14: Comparison of the energy drift between the Runge-Kutta, Implicit, and
IRM methods using a constant step size.

Cash and Karp| (1990). Implicit methods, however, use an approximation of an
actual rotation matrix, meaning that the phase of the numerical solution drifts away
from the analytical solution phase (see Figures and . In constrast, the IRM
method conserves the phase to a much higher accuracy, with the phase drift primarily
occurring in the position (Figure , not the momentum (Figure . Therefore it
can be concluded that the IRM method is superior to both Runge-Kutta methods

and implicit methods for a particle in a magnetic field.
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List of Corrections

The following is a list of corrections made when reproducing |Arendt| (2023):

e Fixed caption for Table[.4p: designation of coefficient set is IRM3b, not IRM3a.

e Fixed Implicit Method Phase Error (4.6.2.2)) so that it is a sub-sub-section.
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e Fixed the caption on Figure (4.3} it is floating point truncation not floating point

trunction.

e Fixed a typo in Section [4.5.5.2] where the word “method” was missing in “nu-

merical method”.

e Removed the final sentence from Appendix as it was redundant.
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Chapter 5

ACEPTS

In order to perform the particle trajectory simulations discussed in Chapter [6]
a C++ program was developed to generate magnetic turbulence based on param-
eters contained in an input file and then propagate particles through this turbu-
lence. Named the Astrophysical Charged Energetic Particle Transport Simulator or
ACEPTS, the program takes advantage of several aspects of object orientated pro-
gramming to allow the equations used in the program to appear almost exactly as
they would if written normally. Combined with object inheritance, this allows for
easier modification of the code should changes need to be made, such as adding in

additional turbulence models[H

A single ACEPTS simulation consists of a group of particles moving through a
turbulent magnetic field. As particle-particle interactions are ignored, particles are
simulated sequentially. A data set is a collection of simulations run in parallel, each
with the same inputs but different realizations of the magnetic field. A parameter set
is a collection of data sets with the same physical parameters such as the turbulence
energy density or particle rigidity, but different internal parameters such as the num-
ber and range of wave modes or the maximum simulation time. Described in this
chapter are the methods used to numerically represent the magnetic field, calculate

the particle trajectories, and analyze the results.

!Simulation source code available by contacting the author at arendtv.physics@gmail.com
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5.1 Numerical Representation of Turbulence

As already discussed in Chapter 2.1} the models of turbulence considered in this
work are defined in Fourier space via a spectral tensor and spectral function. Ana-
lytically, the magnetic field is defined by ([2.4)), which can also be expressed as

B(#.t) = By: + / & A(R, 4)0B(F, 1)k (5.1)

where fl(/;, t) is the complex amplitude associated with wave vector k and 6B (E) is the
orientation vector of the wave field. Given that the magnetic field needs to be real at
all points in physical space and that the turbulence is axi—-symmetric in Fourier space,

the complex amplitude and orientation vector must satisfy the following relations:

Ak, t) = A(k,, k., 1) axi-symmetry, (5.2a)
A(—Fk,t)0B(—k,t) = + A" (k, t)0B(k, ) real valued. (5.2b)

With these relations, the integral defining the turbulence can be expressed as

/ Bk Ak, 1)0B(k, t)e'**

(5.3)
1 S o
=3 / &3k [A(k,t)dB(k;,t)e’k” iAT(k,t)aB(k,t)e—m] .
As a complex scalar, [1(/2, t) can be expressed as
A(E,t) = A(K, t)e*® (5.4)

where ¢(k) is the angle between the real and imaginary components and A(K, t) is the

absolute value of the amplitude. The turbulence can therefore be expressed either

6B(z,t) = / &k Ak, t)6B(k, t) cos(kT + ¢(k)) (5.5a)
8B(z,t) = / Bk Ak, t)6B(k, t) sin(kZ + ¢(k)). (5.5b)

It should be noted that the only requirement on the angle ¢(k) is that ¢(k) = ¢(—k)
k

in order to satisfy ([5.2b]). Once the field is written using either (5.5a) or (5.5b)), ¢ (k)
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can be given by a random value, such that ¢(k;) and ¢(ks) are completely unrelated.

5.1.1 Numerical Fourier Transforms

When using a superposition of waves to create synthetic turbulence numerically,
there are two general approaches, each with its own advantages and disadvantages.
The approach that most people would be familiar with is to use a Fast Fourier Trans-
form (FFT), which uses as its starting point. In this approach, the wave modes

in each direction are evenly spaced with

2k;
Ak — i,Max '
k; N1 (5.6a)
for waves modes running from —k; ;42 t0 Ki ez OF
ki max
Ak, = ——— (5.6b)

N; —1
for wave modes running from 0 to k; jq,, where NN; is the number of wave modes along
axis 7. Once both the grid of wave numbers and wave amplitudes have been created,
the FFT algorithm is used to switch from Fourier space to physical space, and the
field is then found by interpolating between points. The advantage of this method
is clear: the transformation from Fourier space to physical space needs to only be
performed once and calculation of the field at a given location can occur quickly by
interpolation. On the other hand, the disadvantage comes from the number of wave

modes needed to properly represent the turbulence.

Consider the maximum wave number required: large wave numbers represent
small physical scales, and therefore any interaction with the particles moving through
the turbulence will be noticeable sooner and have a greater overall effect. Ergo, the
question that needs be asked is: “How large a wave number is needed?”, and the
answer can be found by considering the wave spectrum (see Chapter , Figure .
Figure shows the integral of the spectrum from 0 to k, from which it is easy
to see that the majority of the turbulence energy is in waves with wave numbers
between 1073 and 10*. When using a FFT this presents a problem: the smallest wave
number is equal to both the wave spacing and the inverse of the length of the ‘box’
the particles are contained in. Using a maximum wave number of 10* and a wave
spacing of 1073 would require 107 waves along one axis and the ‘box’ length would be
10® length units. Increasing the ‘box’ length to 10° (Ak = 107°) would require 10°
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Figure 5.1: Integral of the power law spectrum from 0 to &, using s = 5/3 and integer
values of ¢q. For odd values of ¢, the integral was calculated using (2.20)); for even
values of ¢, the method described in Section [5.1.4.1| was used.

wave modes per axis (10%” wave modes for the full 3D model)P] If the wave modes are
stored as standard 8 byte floating point types (C, C++ double), using the slab model
with 10° wave modes requires approximately 22.4 gigabytes of memory for the array
of wave modes and associated amplitudes| While this may not seem like much for
modern HPC facilities, the memory listed is per instance of the simulation; if multiple
instances of the the simulation are run at once with each simulation having a unique

field configuration, multiple allocations of memory will be required.

The second approach, initially formulated by |Giacalone and Jokipii (1999), is
to represent the field using logarithmically spaced wave modes, calculating the field
at the particle position exactly rather than via interpolation. The advantages and
disadvantages of this method are opposite that of the FF'T and interpolation method:
the memory requirements are drastically lower but the computation time is increased.
The turbulence field in this method is calculated using the discrete version of
or . While both forms are equivalent, the discrete version of is the form

2Reduced dimensional or noisy full dimensional models (ie: the noisy slab model) can ignore
wave modes for which the spectrum is zero, thereby reducing the required number of wave modes.

3The slab model has the minimum memory requirements. Since the wave modes are only along the
z axis and the field is confined to the xy-plane; all three quantities (k, 0B, 0B, ) can be represented
as one dimensional arrays.
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that is used in this work. The turbulence is therefore calculated using

N-1
0B(E) =Y AuoB, cos(knd + ¢n) (5.7a)
n=0
for reduced dimensional models and
N-1M-1 )
OB(Z) =Y Y Apn0Bpm c08(knm + Grm) (5.7b)
n=0 m=0

for full dimensional models [

5.1.2 Wave Number Range

There are two mathematically equivalent ways to calculate logarithmically spaced

waves numbers. The first method (see Hussein et al.| (2015) for example) is

kmazx

kn = kmin eﬁlog(’%m‘n) (58)

where N is the total number of waves being used and n is the wave index running

from 0 to N — 1. The spacing between the wave numbers is

dkt =kpiy —kn =k, (c—1 forward spacin
dk, =kn, — kn_1 = kn (1 — 0_1) (reverse spacing)
where
c= eﬁlog(%>. (5.10)
The alternative method is to rearrange ¢ so that
kmax ﬁ
= 5.11
and
kmam ﬁ
A variation of (5.12)), given by
K = Kmin 1071, (5.13)

4Since the models described in Chapter are all static, the time component has been left out
of the equation here.
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is useful when the range of wave numbers needs to be extended while holding constant
the number of waves per order of magnitude. In this case N is the number of waves
per decade (order of magnitude), and k;,4 y—1 = 10k,,. If the minimum and maximum
wave numbers are held constant, will result in only one additional wave mode
compared to (5.12]).

5.1.2.1 Minimum Wave Number: Box Size

As mentioned in the introduction to this section, the size of the box the particles
are in is proportional to the inverse of the smallest wave number when using a FFT.
This is because all wave numbers are integer multiples of this value. When using
logarithmically spaced wave numbers, however, any two consecutive wave numbers
will in general not be integer multiples of each other. Consider (5.9): if k,Az = 27m,
where m is some integer then k, 1Az = 2rme. Unless ¢ is a rational number, there is
no distance Ax at which all waves will be in the same phase at points z and x + Ax.
Therefore, there is no true boundary to the box. In the simulation results presented
in this work the minimum wave number was set to ky = 107° in order to provide
large scale structure to the turbulence and be consistent with earlier works such as
Hussein et al.| (2015).

5.1.2.2 Maximum Wave Number

While increasing the maximum wave number does not cause the same drastic
increase in array size and associated memory usage in a logarithmic spacing scheme
as it would in a linear one, there is still the question of how large does the maximum
wave number need to be. To begin with, consider the particle rigidity R: to first

order, the change in position is given by

AX = RAT, (5.14)
meaning that the change in the phase of any given wave in the field is

d¢p =

— =kR. 5.15

T (5.15)

As such, the waves that meaningfully contribute to any change in the magnetic field
are those that have a component parallel to the direction of motion and for which
kR is not negligible. This means that, at minimum, the magnitude of the maximum

wave vector should be

kmaz > 1/ R. (5.16)
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At the same time, there is also the resonance condition from (3.64]) to take into
consideration. With this condition, the maximum parallel wave number needs to

follow
1

k| maz = m (5.17)
Unfortunately, u is a continuous variable; however, it needs to be kept in mind that
the resonance condition was derived using QLT, which does not accurately calculate
the parallel and perpendicular diffusion coefficients. There is also the spectrum of
the turbulence to consider: for wave numbers with £,¢, > 1, where £k, is the primary
wave component for the model and ¢, the associated length scale (see for a
definition), the spectrum follows ([2.18]) which goes to zero as the wave number goes
to infinity. Therefore, it should be expected that at some value there isn’t enough
energy in the waves the particle is resonating with to have a discernible effect on the
particle orbit. That said, the key words here are ‘discernible effect’: just because
there is no immediately discernible effect doesn’t mean that there isn’'t a cumulative
effect resulting from multiple interactions. As such, while it is much easier to use a
common minimum wave number, the maximum wave number required needs to be

verified as other parameters are changed.

5.1.3 Calculating Wave and Field Unit Vectors

In Tautz and Dosch! (2013), a method for generating isotropically distributed wave
vectors was described. In this method the orientation is a function of two quantities:
7, the cosine of the angle between the wave vector and the z axis; and ¢, the angle

from the x axis. The wave vector is then constructed by the equation

V1 =12 cos kg
ki =k | /T — 12 sin kg (5.18)
Mn
where k,, is the magnitude of the wave vector. To achieve an isotropic distribution,

the values of n and ¢ are each taken from a uniform random distribution given by

—-1<n, <1 (5.19a)
and
0 < kg, <27, (5.19b)
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The equation for the field unit vector 6B associated with the wave vector k is

— sin kyy, T, COS K,
0B, = cos kg, | COSy + | My sinky, | sinay, (5.20)
0 VT
where «,, is a model dependent angle. Non-isotropic distributions can be obtained by
changing either the distribution range or the distribution shape, or a combination of
the two. Comparing this to the turbulence wave vectors in Chapter [2] it can be seen
that

]f”n = ]{Jnnn (5.21&)

and

ki = kon/1—12. (5.21D)

The method used in ACEPTS to generate the field unit vectors is similar to that
just described, except rather than a general set of equations used by all models,
the generation mechanism has been tailored for each model. This is done by taking
advantage of various aspects of object orientated programming, specifically the use
of object inheritance and function overloading.

As the field is confined to the zy plane in incompressible turbulence, o = 0 and

therefore 623” can be written as

U
SB(F) = /ZZ

which is how the field unit vector is calculated in ACEPTS. The exception to this is

the slab model as the wave modes are parallel to the mean field. In this case either
(5-20)) or
cos kg,
0B, = | sinkgn (5.23)
0

=k x 2, (5.22)

can be used, with the angle in the later being equal to the former plus a shift of —m/2.
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5.1.4 Turbulence Amplitude Calculations

The final component in the creation of turbulence is the calculation of the field
amplitude. To derive an equation for the amplitude, first consider the magnetic
correlation tensor ([2.2)) for both the analytical (2.4) and numerical (5.7)) forms of the

turbulencef]
- /d3 /d3k’ 5B (R)OB! ()[R ’3“0]>, (5.24a)
= < Z Z AnAn/cSBm’néBl,n/ COS(Enf + Pp )COS( W o + O )> (5.24Db)

Next, set ¥ = ¥y and average over all space to find

—/dVR /d3 /d3k’5B (F)s E(k’)53(1¥—12')>, (5.250)

/dVRN (#) = <ZZA A /5an53m,5m> (5.25b)

respectively, where % JdV is the volume averaging integral. Here the relations

—/dVe (F=R% — 53 — ), (5.26a)

1 - 1
v /dV co8(knZ + ) co8(kny Ty + ) = §5m/ (5.26Db)

were used to calculate the integrals. This allows the results to simplified to

/ AV RA (7 / @k (3B, (F)B (7)), (5.27a)

- / dV RY, Z <A2 08081 n> (5.27b)

respectively.

SHere it has been assumed that the turbulence wave modes are written with a single index n.
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Given that (5.27a) and ((5.27h)) both represent the same field, they should be equal

to each other:

% 3 <Ai§2’3m7n5§l,n> - / &3k <5§W(E)5B; (E)>. (5.28)

The right hand side of the equation can be recognized as the spectral tensor ([2.7)) for

a static field and decomposed into the spectral function and orientation tensor via

(2.11)) so that
1 - - - -
3 > <A25Bm7n5317n> = / &’k g(k)am (k). (5.29)

Since the turbulence being considered is axi-symmetric and incompressible, the ori-
entation of the field must be independent of k, and k, while the spectrum needs to

be independent of k4. This allows the right hand side to be written as

00 0o 2
/ Pk (K)o (k) = / dk / dky kyg(ky, ko) / kg (k) (5.30)
—00 0 0

and the left hand side as
% 3 <A3L(579m,n5791,n> - % 3 Ai<5§m,n5§l,n>. (5.31)

In these forms, it can be seen that

2

<5Em7n5§l,n> - / dky o (k) (5.322)

0

and

1 o0 o0
3 d A= /dk:| /dkl kig(ky, ko). (5.32b)
n —o0 0

By using (2.39)) to write the spectral tensor, it can be seen that

02 (k) = go(ky) (5.33a)
and
gk, kL) = 0,03 gy (ky)go (k). (5.33Db)
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Models k, G (kp) ks G (ks)

Slab iy [14k] 2 o 5(k)
k4
2D Fils — ki) o (k)
[1+ 2] 2
L4
NRMHD kil P _ kil o1 — k)
[1+K2] 2
Standard -
Noisy Slab Kk [1+ kp] ’ kity O(1 — ky)
Modified 97—
Noisy Slab Kk [1+ kp] ’ kity kEPO(1 — k)
Gaussian N 1, i
Noisy Slab ki [1 + kp] ki, 5]{386
_s L
Full 3D k¢ [1 + k:f,] 2 kol —Sm
1+ 42

Table 5.1: Primary and secondary wave modes and spectral functions for the models
discussed in Chapter

Before proceeding further, define
kig(ky ki) = N(s,q)0b*G,(kp, s,q)Go(ks) (5.34)

where N(s,q) is the spectrum normalization as determined by the model, 6% is the
turbulence energy density relative to the mean field, G},(k,, s, q) is given by
ky

FER)

G (ky,s,q) = —F——
rr [1+42] 2

(5.35)
and G’ (ks) is model dependent. The quantities k, and k are respectively the primary
and secondary wave numbers multiplied by their corresponding length scales. The
primary wave number is the component of the wave vector on which the turbulence is
primarily dependent, while the secondary wave number is the component of the wave
vector which is either absent from the model (ks = 0) or provides the noise component
of the turbulence. For example, in the slab and noisy slab model, the parallel wave
number is the primary, while the perpendicular wave number is the secondary, whereas
in the 2D and NRMHD models the wave number roles are reversed. For the full 3D
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model we use the same definitions for primary and secondary wave modes as the noisy
slab model. Table summarizes the functions G} (k,) and G(k,) for each of the
models listed in Chapter [2]

Next, consider the combination of (5.32b) and (5.34){

-ZA (5.6 [y Gy .0) [k G (k). (5.36)
0 0

where N'(s,q) is the normalization factor N (s, q) multiplied by the results of inte-
gration over k,. At this point, the integral on the right hand side is broken up into

a sum of integrals by

00 En+dk;t
/dkp Gkpys,0) = / dky, G (Ky, 5, q) (5.37a)
0 " kn—dky
and
oo km+dk$
/dk G (k / dks G (ks, s,q) (5.37Db)
0 " ko —dkm,
such that
1 Z (5. 4168 Z (Gp(ky + dk; s, q) — Gk, — dk_;, $,q)] (5.38)
o L X [Gs(km + dkY) — Gk — dk,)]

where G,(x,s,q) is defined as per (2.19) and G4(x) is the integral of G/(z). From
this it can be clearly seen that the amplitude A,,, is calculated by

A = | 2N (s, )02 [Gp(kn + dE},s,q) — Gp(kn — dk,, , s, q)}] | (5.30)
X [Gy(km + dk) — Go(km — dk;,)]
Therefore, the analytical quantities G (ky, s, q) and G2 (kn,) can be defined as
G (kn, 5,q) = Gylkn + dk}, s,q) — Gk, — dk,,, 5,q) (5.40a)
and
G kp) = Gy(kp + dkF) — Go(ky, — dE) (5.40b)

SHere we assume that the amplitude has two indices, n and m, with n being for the primary wave
modes and m being for the secondary wave modes. For slab and 2D the index m can be dropped.
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respectively. Note that at this point dk¥ and dkE have not been specified, and
therefore ([5.40)) is a general definition.

While can be considered the ideal calculation of the wave amplitude, there
are several problems when it comes to implementing it: the first of which is that
G(z,s,q) does not have general analytical form. The second problem is that the

range of wave numbers used does not extend to infinity.
5.1.4.1 Numerical Implementation of the Integral

As noted in , outside of odd values of ¢, the power law spectrum G ,(w, s, q)
does not have an analytical form. As such, the integral needs to be calculated nu-
merically, for which there are multiple methods. A common approach (for example,
see |Giacalone and Jokipii (1999), |Tautz and Dosch (2013), [Hussein et al. (2015)) is

to calculate the integral using a basic Euler step method:
N _ +
G (kn,s,q) = G (ky, s,q)dE,, (5.41)

where G)Y(k, s,q) is the numerical approximation of the integral and dk; is defined
by . Unfortunately, this method is extremely inaccurate, even after normalizing
the result. Forward Euler integration ends up with a reduced amount of energy at
small wave numbers and excess energy at large wave numbers, while backwards Euler
integration reverses this effect.

In this work, the integral is calculated using a split trapezoid method, which is

done by first writing the integral as

kn+3dki Fn kn+3dki
/ dk, G (ky. 5, q) = / dk, G (ky, 5, ) + / dk, G (ky 5.q).  (5.42)
kn—21dky kn—2idky, kn

Next, the integrals on the right hand side are calculated using a standard trapezoid
method and the results combined so that the integral is approximated as
_ o B
G;<k;n — 5dky s, q)dkn
1
GY (ks 5,0) = 7 |+ (s 5.0) |k, + k]| (5.43)

1
+G;<kn + 5dks, q)dk;

The final point to consider when calculating the wave amplitudes is that the wave

numbers used in the numerical simulation are not between 0 and infinity, but rather
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between k,,;, and k..., which are non-zero and finite. As a result, the total energy
contained in the turbulence will not be equal to §b? if the normalization factor N(s, q)

is used. To rectify this, the amplitude is calculated as

GY (ks 5,4) G (k)
5 G (ks 5, )G (k)

Apm = | 2007

(5.44)

This has the effect of slightly increasing the energy of all wave modes, regardless of
the integration method used.

Figure shows the relative error on the amplitude for the Euler and split trape-
zoid integration methods. By using ¢ = 1 and ¢ = 3 for the comparison, can

be used to calculate the exact value of the integral. The 128 wave modes used were

generated according to (5.12)).

Relative Error in Amplitude A(x, 5/3, 1) Relative Error in Amplitude A(x, 5/3, 3)

128 Wave Modes, 10™ < ki <103 128 Wave Modes, 10™ < ki <103

8% F 20%

Forward Euler
Reverse Euler
Split Trapezoid
----F)=0

Forward Euler
Reverse Euler
Split Trapezoid
----F)=0

6%

15% [

Relative Error (%)
Relative Error (%)

-8%

10 1072 10° 10?

Figure 5.2: Comparison of amplitude calculated via Euler and split trapezoid inte-
gration methods with energy spectral indices ¢ = 1 (left) and ¢ = 3 (right).

5.2 Trajectory Calculation and Basic Analysis

5.2.1 Trajectory Calculation

Once the magnetic field has been generated, the next step is to compute the
particle trajectories. Each particle in the simulation is placed at a random position
)?p within a sphere of radius r centered on the origin and with a randomly orientated
rigidity (velocity) f{p of constant magnitude. An isotropic distribution is used for
both the position vector and the rigidity unit vector, using as the base for the
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unit vector orientation of both. The use of an isotropic rigidity distribution ensures
that the assumptions on the initial velocity distribution made in Chapter |3.3| are
correct. The random initial position means that the particles don’t necessarily all
start at the same point, and therefore the starting magnetic field is different for each
particle. The simulations discussed in this work all used a unit-less distribution radius
of r = 10.

Once a particle has been initialized, its trajectory is then calculated using the IRM
method described in the previous chapter using the third order symplectic coefficients.
The coefficients can be found in Table [B.3p while Table [£.2b shows the accuracy
calculations. The reason for using these coefficients instead of those specific to the
IRM method is the method was originally developed by modifying the symplectic
integration method. As the third order coefficients from the symplectic method are
both rational and result in third order accuracy in the modified method, they were
kept and used in the author’s previously published work. It was only during the
generalization of the method to any order that the IRM specific coefficients were
derived.

In particle transport theory, the diffusion coefficient k;; is the value of running
diffusion coefficient in the limit of infinite time, as discussed in Chapter [I} That said,
particle trajectories cannot be simulated for an infinite amount of time, since the
simulation would never finish. Instead, the particles are simulated for a duration of
time, T},q., typically in thousands or tens of thousands units of time, with the units
given by . The physical argument for this is that in space, particles don’t have
an infinite amount of time either, and therefore the mathematical limit of ¢ — oo can
be viewed as being in the regime of very long periods of time.

The maximum value of T,,,, is limited by several constraints, the first of which
is that the calculation of an individual particle trajectory must finish within the
time allocated for the simulation by whatever server it is running on. For this work,
all simulations were run on servers provided by Compute Canada (now the Digital
Research Alliance of Canada). As these servers are used by researchers across the
country, a maximum run time of 7 days (168 hours) is imposed on all submitted tasks.
For its part, ACEPTS is designed such that it writes data to file only at specific points
in the simulation, one of which is whenever a trajectory has been fully calculated. It
can therefore be restarted from the last finished trajectory calculation, but not from

in the middle of a calculation. As a result, the trajectory calculation must finish
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within the allocated time, or no results will be kept.

The second constraint relates T),,, to the number of particles per simulation and
the desired accuracy of the results. From statistics, it is expected that noise on the
final calculated quantities (ie: the diffusion coefficients) will decrease as the total
number of particle trajectories used in the calculation increases. However, increasing
the number of particles per simulation will increase the required run time. Therefore,
in order for a simulation to finish in a reasonable amount of time, both the number
of particles and T,,, must be considered.

As an example of these constraints, the noisy slab simulations for parameter sets
with R = 0.01 and T},,, = 10° required around six days per particle. With six
particles per simulation, the total time for each simulation in each parameter set
was a minimum of six weeks. Given that normal diffusion was never observed in the
perpendicular direction and the first constraint had been reached, it made no sense
to further increase the maximum time, as the simulations would not finish within the

physical time constraint.

5.2.2 Basic Analysis

Diffusion Definition Comparison

= 2 _
0.035 R =0.01, 6b“ = 0.2

Derivative Definition, Numerical
0.03r Simulation Definition

0.025

T

0.02 -

0.00(1): _ AN Al ! M\‘ \ i IM\ WIHM ‘ \ i‘

o M yl il M M |~ | H”

-0.005

D,,(T)

-0.01 |

-0.015 1 | 1 | |
0 2 4 6 8 10

Time T %10°

Figure 5.3: Comparison of the running parallel diffusion coefficient calculated using
(1.28]) (black) and a numerical derivative (blue).
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After all simulations in a parameter set have been completed, the results are an-
alyzed and the running diffusion coefficients computed. As was noted at the end of
Chapter [1.2.2.1] taking the time derivative of the mean square displacement analyt-
ically or numerically amplifies any noise in the signal. Therefore, is used to
calculate the running diffusion coefficients. Figure [5.3| shows the results of the two
different definitions, demonstrating the need for using .

5.3 Scaling of Quantities in Simulation

Before discussing the methods used to solve the equations for various transport
theories, the scaling of all quantities used in simulation and theory needs to be dis-
cussed. As already discussed in Chapter [I.2.1.1], basic scaling can be derived from
the equations of motion, the results of which are summarized in the first four lines
of Table [5.2] From this starting point, it follows that the wave vector in simulations

must be scaled as

kS =kl (5.45)
so that the wave phase

b=k T+ o=kl T/l +do =k - X + o (5.46)

remains unchanged. As a direct result of this, the parallel and perpendicular wave
modes have the same scale.

When it comes to calculating the amplitude of the waves, the use of a single
length scale presents a minor problem in that the turbulence has its own set of length
scales. For turbulence in which there is only one relevant length scale, such as the
slab model (parallel wave number) or the 2D model (perpendicular wave number),
this can easily be overcome by setting ¢, equal to the characteristic length scale of
the model. On the other hand, for turbulence which has multiple length scales the
question becomes “Which length scale should be used?”. From the original way /g
was defined in Chapter [[.2.1.1] ¢y should be equal to the primary length scale of the
turbulence, which was defined in Section [5.1.4] as the length scale corresponding to
the wave number on which the turbulence is primarily dependent. As also stated in
Section , this corresponds to the parallel length scale in slab, noisy slab (includ-
ing variants), and full 3D turbulence, and the perpendicular length scale in 2D and
NRMHD turbulence.
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Quantity Unscaled Scaled Scale Factor Scale Name

Time ; T— O O — 1B Synchrotron
yme Frequency
. . >, Primary Charac-

Position o X =7/t b teristic Length

, . 5 Boly
Velocity U R =v/Q, Qe, = 02
Magnetic Field B b=15 /By By Mean Field
Turbulence 9 9 22 12 Mean Field
Energy Density 0B 00" = 0B%/ By By Energy Density
Wave Vector k kS = Efp ¢,
Parallel
Wave Vector il k= Pty b
Perpendicular s
Wave Vector + kL =kl b

Running Diffusion
Coefficient

dii(t) — M d-S-(T) _ dii(t) nga _ qBol?

2t (4 yme

Table 5.2: Summary of quantity scaling used in simulations. For the slab and noisy
slab models £, = {.

From this, it therefore follows that the running diffusion coefficient calculated by
the simulation using ((1.28) has the form

AX(T))%)
d5(T) = <(l— 4
S(r) = S0 (5.47)
and is related to the physical running diffusion coefficient by
d;i(t)
ST = 221 5.48
D=5 (5.45)

Table summarizes the scaling of quantities used by the simulation. Since this
work focuses on the noisy slab and full 3D models, the primary length scale in the

result is the parallel length scale.
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5.4 Solving Equations From Theory

In this section the unit—less versions of the equations for describing field line diffu-
sion and particle transport (see Chapter [3)) will be discussed. Additionally, alternate
parameterizations for several of the equations will be introduced. In the analysis of
simulation results the equations discussed here were solved using MATLAB, so that

the results could be compared visually.

5.4.1 Parallel Transport Equations

As was discussed in Chapter [3.3.2] the equations for the parallel mean square
displacement <(Az(t))2> are given by ((3.85)):
2 2
SUNT — —/\ﬁ 1 —exp —it Mean Free Path
3 3 Al

6/{ﬁ

((Az(1))%) =

2/'1” — _122

2
[1 — exp (—;—t)} Diffusion Coefficient

ul
where v is the particle velocity, | is the parallel mean free path, and r is the parallel
diffusion coefficient, with )\ and x| being related to each other by . In |Arendt
and Shalchi (2018), a unit-less version of the running parallel diffusion equation was
derived by defining

dy (1)
Qﬁﬁ

(% Ii”
T=0Qt = — Ky = —_
Q) "o

Dy(T) = (5.49)

and combining the parallel mean square displacement equation with the numerical
definition of d| to find

D(T)=K 3KH2 1 U T 5.50

(1) = _W{—exp(—ﬁ )} (5.50)

In order to find a unit—less version of the equation using the mean free path, define
A

A =20 (5.51)
f)

so that the unit-less equation is

im0 M1y (7)) o2

In addition to the two forms of the parallel mean square displacement described
in (3.85)), there is a third form of the equation. To derive this form, first define the
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parallel scattering time, 7|, as

Al 3K
=" = 2

(5.53)

Writing the mean square displacement in terms of 7 results in

(A=()) = §v2 [Tt . {1 — exp <—1>H | (5.54)

T

To make this equation unit—less, define

» (A1)

o’ = £—ﬁ (5.55a)
and
Ay
F Qg = 2l 5.55b
T =80T = 5 (5.55D)

such that the equation becomes

7'|’|T — 7'|/|2 [1 — exp (—%) ” . (5.56)

With this form of the mean square displacement, the running diffusion coefficient is

1 —exp (—Z)” : (5.57)
I

5.4.1.1 Summary and Numerical Implementation of Parallel Transport

O,ZZERZ

3

R? A
Dy(T) = 5

Equations

In the analysis and results presented in Chapter |§|, is used to determine
the scattering time, while is used to plot the diffusion coefficient. The parallel
scattering time is determined by using MATLAB to fit to the numerical data.
Table lists all the quantities discussed and the scaling used for each, while Table
[b.4] shows the conversion between simulation and theory scaling. Conversions for
the parallel diffusion coefficient, mean free path, and scattering time are not listed
as these quantities are not computed directly in the simulation. Furthermore, the
results presented in Chapter [6] are plotted using the theory scaling, not the simulation

scaling.m

"Technically, the theory and simulation scales are identical for the noisy slab and full 3D models.
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Quantity Unscaled Scaled Scale Factor Defined in

Time t T=Qt Q= %
. . v 1 mc
Particle Velocity v R= o o = JB—O@‘

Parallel Mean Square

T~

=

N

~—

[\e}

~—

)

™ DN

I

—

~| P

N ¥

o

~—

&l)_,
EEEERIENERIERE
o i W o) = —_
— Ne)] Ne] ot Ne) w
Se— S— S I S— Se—

Displacement i i

Difsion Cosficent W0 D=4 oy = s

Parallel Diffusion . Ko L 1 ame

Coefficient I = ae Q7 T 4Bl

Parallel Mean Free Path )| A= 2—“: ﬁ

Parallel Scattering Time 7 T =QOm 0= 120 (5-53). (5-55b)

Table 5.3: Summary of scaled quantities used in parallel transport equations.

5.4.2 Perpendicular Transport Equations

Before deriving the scaled versions of the various theoretical equations for cal-
culating the perpendicular diffusion coefficient, first consider the common functions
and quantities. For analysis purposes, the xx component of the spectral tensor is
written in the form given by . The functions and quantities that need to be
considered are therefore the wave numbers k| and k., the spectral functions g (k)
and g, (k1 ), and the perpendicular diffusion coefficient «, itself. The perpendicular
diffusion coefficient can be scaled similarly to by

K1
K =—. (5.58a)
Qe
Alternatively, the unit-less diffusion coefficient can be defined as
gl il
Kj_ = EHJ_ = Q—giﬁj_ (558b)
such that
K/
K| =—, (5.58¢)

-
I
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Quantity Simulation Theory Conversion

Time TS = Ot T = Ot T =T%

Particle Velocity RS = v/, RT = v/, R" = 2R*
Parallel Mean Square gs _ {((82)?) g {(82)?) T _ 21 o1
Displacement =) = [ LHE G 2] = E[UZ]
Parallel Running g () T d(t) T _ 2 s
Diffusion Coefficient | () Qe Dy(T) = o Dy(T) = fﬁD” (T)

Table 5.4: Conversion between simulation and theory scales for parallel transport.

where 7 is the parallel scattering time defined in ([5.53)) E|

Given ([5.58)) and the form of the parallel and perpendicular spectral functions in
Table 2.1} the natural scaling for these functions is

9:(kz) = g (k=/€)) (5.59a)
and
gr(kr) = gL(kr/gL)a (559b)

respectively, where ([3.46]) has been used to scale k and k. This scaling is used when
solving the equations for all analytical theories used in the analysis of simulations in
Chapter [6]

5.4.2.1 Time-Dependent UNLT Theory

In the time-dependent UNLT theory, the equation for perpendicular transport is
(13.134]):

d ,0B2 [ [
Tz ((Ba)") =205 [ by € gy (k))& (K 1 /d/ﬁ kil g (ke 2 (A9,
0
—00 0

a non—linear, second—order differential equation, with

2 W+€w+t _ wiew,t

v
bot) =
sk 1) = 3 o

8The reason for using this definition of the unit-less diffusion coefficient is so that the scaling is
consistent with that used for the time—dependent UNLT equations.
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oo 50

as per and , respectively. As with the parallel diffusion coefficient, there
is more than one way to scale the equation. To derive the parameterization used in
this work, first consider the equation for w;. The common component in each term
is the velocity, and one possible way to parameterize the equations is to use t' = vt,

which removes any direct reference to the particle energy. In the method used in this

work, both the particle velocity and the parallel mean free path are factored out of
w4, so that
v v 1?1 2 v
=+ = = ZTok = ——
Y {%} 3 (1] 2

4 1
/ 21.2| _ ;
1F4/1— §)‘Ilk||] = —ZT”ij, (5.60)
where W/, is defined as

4
1+4/1— §)\ﬁkﬁ Unscaled
(5.61)
1£4/1— gAﬁkg Scaled.

Additionally, for reasons which will be made clear shortly, define

4

W =

1 1- §)‘ﬁkﬁ Unscaled
Wy = 5 [wﬁr — Cd/_} 1 (562)
1- gAﬁkE Scaled.
With this parameterization, the equation for {(kj,t) can be expressed as
LN W e —i?t
E(ky 1) = A HC T T (5.63)

372 2wo

with (5.53]) being used to replace v. As a result, the differential equation becomes

/ ’

d? 9 2 )\ﬁ oB? r e —w'_e_w;
—{(Ar)*) = 22122 [ dk ) —
g (b)) = ' B EEIGD 2
L= (5.64)

. /dkL koll gl(lﬁ)eﬁ«m)zﬂi-
0

While it is possible to apply the same scaling used for in parallel transport and
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diffusive UNLT at this point, there is one additional step used in this work: define t’

as

f=—=25 (5.65)

7
L

such that £(k,t) becomes

1A}
£k, t) = gT—ﬁe(Ww/Tn) (5.66)
where
k t/ wﬁrefg — w’iefg 5 67
(k. ) = o (567)

As a result, the differential equation can be written as

B2 [
5 / dky € gy (ky) e(ky ), t')
0

. o (5.68)

0

d? 2
W <(AI’)2> = §CL2/\

and the fully unit-less form is therefore

dZUz 2 2142 2 T / T —10'2]62
gz = 3¢ MK [ ks ga(Re)e(ks, €) [ dky kg, (Rp)em27. (5.69)
—00 0

where o2 is defined using (3-46) [

There are two points to be aware of when evaluating the parallel integral in ,
both related to . The first point is that wy is equal to zero at k, = \/§/2A||,
meaning that there is a potential singularity at this value. The second is that wy
becomes complex for values of k. greater than +/3/ 2A). The latter issue can be
solved by writing the function in terms of sine and cosine functions for k, > v/3/ 2A;
while the former can be solved by taking the limit &k, — \/3/ 2A. The equation is

91n this case the mean square displacement is that of the particles.
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therefore numerically evaluated as

! - p—
e k. < V3/2A,
2(,00
, /
() =4 {1 _ %} k. = V3/2A, (5.70)
_t Cdot/ 1 . th/
G {COS( 5 ) —;Osm (T)} k’z>\/§/2A”

Writing €(k.,#') in terms of hyperbolic trigonometric functions for k, < v/3/2A is
problematic as it results in a 0 - oo for ¢’ > 1, which is numerically undefined.

When using the noisy slab model, the integrals can be partially solved as per
(3.142), for which the unit-less version is

262 9 AN 2
% = SAPK?, /%erf ,/% /dkz e(k:z,t’)iz)s (5.71)
T B [1 + kz]2

where erf(x) is the error function. On the other hand, the UNLT equation for the
full 3D model,

2 2 2 w 2 N q
47 2k / dk, e(k, ) —2C) / Ak, AD(s, ) —t—_ =32 (5.79)
et 3 1+ k27 ) 1+ k2]

can not be simplified at all. The method used to solve these equations is discussed in

Section 5.4.2.4]
5.4.2.2 FLPD Equations

For FLPD theory, both (3.163))

o0

382 s
t2< (®)) = B2 / 1 6K, )/dkL kil go(ky)e 3 (B07)H
E /
X /dkn Oy gy (ky) R(ky, ko, k)
and (357)
5B2 T T KFLki
= dley £y gy(ky) [ dky k0% gi (k) it
RpL = BQ_OO 141 91 ||0/ Lk g i)kﬁ+H%Lki
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need to be made unit—less. To start, consider the field line diffusion coefficient equa-
tion: by using ([5.58)), the equation can be written as

[e.e] o0

k‘2
ke = K2 /dkz g-(k2) /dkr ky gr(kr)# (5.73)

To determine the ideal scaling for the field line diffusion coefficient, next consider the
resonance function (|3.156al),

. 1 /{FLkﬁ_
N 2 (k” + k?|,|)2 + K%ij{.

Ry (k, k)

By working through the units of each quantity in the resonance function, it can be
seen that Ry has units of length. As there is also an additional integral involving k:|’|,
the ideal length scale for R4 is £, so that the integral can be transformed from l<:|’| to
k. = k"‘én. By combining this with (5.58)), the resonance functions become

¢ Krik}
2m [k, + k.)° + K2,k

were the field line diffusion coefficient has been scaled as

Ry (k, k) = = O Rl (k. by, k) (5.74)

s
Kpp = ”KQFL. (5.75)
1
Alternatively, the same scaling can be derived by considering the original definition
of the field line diffusion coefficient:
1d
Kpp = lim —— (Ax)2>. (5.76)

z—00 2dz
Using ([3.46)), the equation becomes
2 1do?
= — lim -
€|| Z—oo 2dJ

(5.77)

RFL

which can be rearranged to find

€||/€FL . 1 dO’%
= 1im —— =
ﬁi Z—o0 2 dZ

KFL7 (578)

yielding the same scaling as in (5.75)).

Using ((5.58) and ([5.75]), the scaled resonance functions can be written as

1 Kpik?
Rl (ks by, KL) = — ala (5.792)
27 [k, + kL) + K2 k2
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and
R'(k., k,, k:;) = Rﬂr(kz, k., k;) + R (k., k,, k:;) (5.79Db)

Therefore, the scaled field line diffusion coefficient equation is

oo

KFL — K2 /dkzgz(kz> /dkr k?"gT(kT)
—0 0

Kprk?
e 5.80
k2 + K2, k¥ ( )
while the scaled FLPD equation is

o0 [e.9] [e.9]

2 .2 2 1272
% - gAﬁKQ/dk;/dkr/dkz e(k;7t/)gz(kz)R/(kz7kr>k;)kr gr(k’r)e_i%kr' (5'81)

—00 0 —00

Applying the field line equations to the noisy slab and full 3D models results in

00 1
KFLkz 20(8)
Kpp =2K? [ dk, [ dk, r _ 5.82
i / / {k%K%Lk‘ﬁ} [[1+k§]2 (5.82)
0 0
and

ToT Kpp k2 9 o

Ky = 2K / k. / dkr{ T 4H 0(3)5} {4D<s,q)—’"5+q (5.83)
4 0 kz + KFLkr {1 + kg]Q [1 + k-%] 2

respectively.
Given that the integral over k, in the FLPD equation does not depend on any
quantities related to the particles, such as the particle velocity or mean free path, it

can be performed independently of any simulation by defining

o0

Flky k) = /dkz 9 (k)R (ks Koy, KL) K g (Ky). (5.84)

—0o0

With this, the scaled FLPD equation can be written as

dZO-g 2 2 7.-2 i / i 1oy 1\ —152k2
T = N[ AR [ dbe ekl ) f Ry B2 (5.85)
—00 0

where all information on the spectrum is contained in f(k,, k.). For the noisy slab

model, ([5.84)) becomes

o

fSNS(kmk;) = /dkz R,(k27kr7k;> |:

—00

2C(s)

e k]] ol — k), (5.86)
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whereas for the full 3D model it becomes

2C(s)
1+ k2]

q

} [4D(s, Q)[Hkﬁ . (5.87)

Nl

fF3D(kr7k,/z> = /dkz R/<k27kr7k,/z) l

—0o0

It should be noted that f(k,,k.) is related to the field line diffusion coefficient by

o0

Kpp, =27 K? /dk;T f(k,,0). (5.88)
0

5.4.2.3 Compound Sub—Diffusion Equations

The last set of equations for perpendicular transport that need scaling are those
for compound sub—diffusion ([3.103)):

<(AQ?)2> :4/€FL %lt

and (|3.105))
il
d,(t) =2k —.
1(t) FLA
Since these equations do not need to be solved, as they have no unknowns and are just
overlaid on the simulation data, the scaling that is applied to the UNLT and FLPD
equations for time is not used here. Instead, the equations are scaled using ([5.49)

for the parallel diffusion coefficient and ({5.75|) for the field line diffusion coefficient to
find

> KT
O, = 4KFL T (589&)

and
d. () K
— =2K — .
Qﬁi FLN T (5.89D)

for the mean square displacement and running diffusion coefficient, respectively.

5.4.2.4 Summary and Numerical Implementation of Perpendicular Trans-

port Equations

Having scaled all the equations used in the analysis of the results presented in

Chapter [0 a brief summary is discussed here. The time-dependent UNLT theory
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equation for noisy slab turbulence (5.71)) is

202 2 2\ T 20
?f; = SATK? ;—Qerf % /dkze(kz,t')%,
o2 1+ k2%

—0o0

while the equation for full 3D turbulence (5.72) is

o2 2 [ 20(s) [ %
S0 CARK? /dkze(/cz,t’)i)s/dkr AD(s, q)——L ¢~ 298k
dt’ 3 1+ k2)2 J (14 k2] 2
Here €(k,,t") is given by (5.70)):
(2t )2
e el e k, < \/§/2AH
2w0
/ t
E(kz,t/) = et/ |:1 — §:| k, = \/§/2AH .
/ t/ 1 t
et/ |cos [ 20} -~ gin (00 k. > \/§/2AH
L 2 Wo 2

The scaled quantities w/, and wy are respectively given by (5.61)) and (5.62)):

4
o T2
Wy =141 - ZARRZ,
[, 4

The noisy slab and full 3D field line diffusion coefficient equations, required for FLPD

theory, are respectively given by ((5.82)) and (/5.83))

2 Kprk?
o0 1 { C<S)5} [ FLQT } Noisy Slab
[1+k2)2 | Lk2 + K k?
Kp, =2K* [ dk, [ dk, : 5
20(8) KFLkT k’g
0 0 =1 |73 5 | [4D(s,¢)————| Full 3D
[T+ k2]2 | k2 + Kk, 1+ k22
while the FLPD theory equations are ({5.85)
dQUg 2 T T _1l,
= gAﬁKQ/dk:;/dkre(k;,t’)f(kr,k:’z)e 37,
—0o0 0
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The function f(k,, k), given by (5.84)), is

o0 [ 20(]{;3 < } O(1 — k) Noisy Slab
Pl k) = [k ROk k) e .
00 |: S:| 4D —Ts+q Full 3D.
1+ k22 1+ k2]

as per equations ([5.86]) and ( -

A summary of the quantities appearing in these equations is found in Table [5.6],
while the conversion between simulation and theory scaling can be found in Table
. Note that the parameters derived from the parallel transport (T‘/‘, Aj) don’t need

to be re-scaled for use in the perpendicular transport equations.

Quantity Simulation Theory Conversion
Time TS = Qt " =t/7 " =179
il

Perpendicular Mean o5 — ((Az)?) oT ((Az)?) oT 505
Square Displacement [ z G z T
Perpendicular ,
Runnine Diffusi Sy _ du(t) Ty _ T4 ®) T 15 s

unning Diffusion D3 (T) = 0e Di(T) = o Di(T) = T||EDL(T)
Coeflicient

Table 5.5: Conversion between simulation and theory scales for perpendicular trans-
port.

When it comes to solving the equations describing perpendicular transport, there
are two solution methods needed. First, the equations for field line diffusion coefficient
and diffusive UNLT theory need to be solved using either an iterative method or with
a root finder. The iterative method has the potential to be faster than the root finder,
provided it converges. The root finder, on the other hand, should be more robust than
the iterative method. Unfortunately for both methods, the equations have at least
two positive roots, one of which is zero. That said, it was found that so long as the
initial guess isn’t zero, the iterative method will converge to the non—trivial value.

The second solution method needed is an ODE solver for the time—dependent
UNLT and FLPD equations. In this work MATLAB’s ode45 solver, the fourth order

Runge-Kutta method of Dormand and Prince| (1980)), is used to solve the equations.
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Quantity Unscaled Scaled Scale Factor Defined in
Time t t'=t/7 TLH = )\il (15.65)
Particle Velocity v = QLZH QL"H JB—% (1.5)
Parallel Mean Free Path | A= 2—““ ﬁ (15.51])
Parallel Scattering Time 7 7'|/‘ = Q7 Q= gi ¢ %’
EEZE;}Ifegceensity 4B K* = %% %B% 852
?ggsgal Normalization C(s), D(s,q) C(s), D(s,q)
Parallel Wave Number k| k. =k a
e T ST
el Mews () ol
Pepentila b ) G-

Table 5.6: Summary of scaled quantities used in perpendicular transport equations.
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Chapter 6

Results

Statement of Originality

This chapter contains both figures (6.4a and and variations of figures (6.1b
and a) for particle transport in noisy slab turbulence that were originally published

in|Shalchi and Arendd (2024b), Brazilian Journal of Physics, Volume 54, p. 126, 202}
by Springer Nature. They have been reproduced under the publishing agreement with
Springer Nature. Figure titles and azis labels have been modified to be consistent with
the rest of this work.

The analysis figures for parallel and perpendicular transport in full 3D turbulence
are a variation of figures set to appear in an upcoming article (Arendt and Shalchi,
2025)), which has been submitted to Advances in Space Research. Figure titles and

axis labels have been modified to be consistent with the rest of this work.

As the name of the chapter implies, the results of the noisy slab and full 3D model
simulations performed for this work are presented here, along with the corresponding
analysis. The parameter sets (see the beginning of Chapter [5| for a definition) used
in this work are summarized in Table [6.Il In order to limit the number of internal
parameters that need to be determined, a set of guidelines were used. These guidelines

are:

e Each simulation consists of the trajectories of at least six particles. A data set
is, at minimum, one thousand simulations (each with a unique field) for a total

of 6000 particles per data set.
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The initial sphere that all particles are created within is set to a radius of r = 10.
This allows for variation in the field due to both parallel and perpendicular
Fourier mode components.

The integration time step size is set based on the particle rigidity.

001 R<1
o001 R>1

The data is output at an interval given by

Tmax
AT = max (5 ) .

" 2000

This reduces the number of points that need to be stored and later analyzed to

a manageable amount.

As stated in Chapter |5, the minimum Fourier wave number is set to 107°. More
specifically, the minimum Fourier wave number is set to 1075¢,/¢;, where ¢, is
the primary length scale and ¢; is the length scale for the direction in question.

This means that the minimum perpendicular Fourier wave number is 5 - 1076

for ﬁL = 2€||.

The maximum Fourier wave number, which needs to be determined, is set to
Eimaz = 10", where n is an integer greater than or equal to 3 and ¢ is the Fourier

wave mode axis.

— For the noisy slab model, the maximum perpendicular Fourier wave num-
ber is /{J_ymaxgn = €||/€J_.

The number of parallel (N) and perpendicular (M) modes used is given by either
a power of two or a sum of two powers of two. Equation|5.12|is used to generate
the Fourier modes both when determining how many modes are needed and for

the final simulations. Equation [5.13]is used when varying the maximum mode.

— To simplify the analysis and reduce the number of data sets needed, it
is assumed that the required values of N and M are independent of one

another.
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Parameter Name Parameter Symbol ~ Parameter Value(s)

Particle Rigidity R 0.01, 0.1, 1.0, 10.0

Field Energy Density ob? 0.2, 0.5, 1.0, 2.0

Primary Length Scale l, b, =1

Secondary Length Scale l, by =10, =2l
11 11

KU_bO Number K m, 1 m, 5

Table 6.1: List of physical parameters used in this work. Altogether there are 16
parameter sets examined per field model, one for each combination of the field energy
density and particle rigidity. The Kubo number is calculated as per (3.52)).

With the goal of studying the predictions of analytical theory in the limit of small
Kubo numbers, |Hussein et al.| (2015) was chosen as a baseline when selecting model
parameters, as it contained data regarding the diffusion coefficients for various particle
energies for a single Kubo number for noisy slab turbulence. For this work, the range
of Kubo numbers was expanded from a single value to four different values, with four
particle rigidities per Kubo number (see Table [6.1)). Using [Hussein et al| (2015)) as a
starting point meant that the number of parallel and perpendicular modes used in the
noisy slab simulations should be N = 32 and M = 256, respectively, and a maximum
time of t,,4, = 10°. The influence of the number of parallel and perpendicular modes,
as well as the maximum parallel mode, were investigated using field energy density
ratios of 60 = 0.2 and db* = 2.0. What was found was that the number of parallel
modes needed to be increased to 256, while at low particle rigidities (R < 1) the
number of perpendicular modes could be reduced to 16. At higher particle rigidities
(R > 1), the number of perpendicular modes needed to be increased to at least 64.
The maximum parallel mode had negligible effect at low turbulence energy densities,
whereas at higher energy densities it needed to be increased by at least an order of
magnitude. Details on the calibration of the turbulence parameters, using R = 0.01
as an example, can be found in Appendix [C]

One of the difficulties encountered with low rigidity particles was that, compared
to theoretical predictions and simulations with R = 1, the system took much longer
to transition from a state of compound sub—diffusion to a state of normal diffusion in
the perpendicular direction. Specifically, the simulations with R = 0.01 and R = 0.10

were still in a compound sub-diffusive state at a maximum times of 7' = 10° for the
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former and T' = 10° for the latter. Compounding this was the fact that the simulations
were reaching the maximum run time allowed on the computational servers being
used. In order to be able to perform the simulations with an increased maximum
time, several changes to the simulation parameters were made. First, the integration
method was changed from the three—step, third—order IRM to the single—step exact
method (see Chapter . Secondly, the number of parallel modes was decreased from
256 to 128. Finally, the step size used in the integration method was increased from
dT = 0.01 to dT = 0.02[] The combination of these changes allowed for the maximum
time to be increased to T},e, = 107, where normal perpendicular diffusion was found
using particles with rigidity R = 0.10 in noisy slab turbulence with §b* = 1.0. The
reason for this delay in the transition from compound sub—diffusion to normal diffusion
is discussed in [Shalchi and Arendt| (2024b), where it is shown that the long-range
correlations in the magnetic field are the cause of the delay. As a result of this, the
majority of the low rigidity noisy slab simulations are not used in this work outside
of Appendix [C], where the R = 0.01 simulations are used as an example for the
field calibration. Only the noisy slab simulation used in |Shalchi and Arendt| (2024b))
is shown in this chapter, as it shows that the system does reach a state of normal
diffusion in the perpendicular direction.

With this in mind, the simulations were repeated with the same physical param-
eters (see Table using the full 3D turbulence model, as it does not have the
long-range correlations that the noisy slab model does. Unlike the noisy slab model,
the full 3D model did not go through the same calibration process for N, M, and
kmaz- Instead, these values were determined in simulations of the field line random
walk performed by A. Shalchi, and as a result this data is not presented in this work.
The simulation results for the full 3D model can be found in Section [6.2] while the

noisy slab results are discussed next.

!The number of particles used in the simulation was also decreased to 2000. Since particles are
simulated and written to file sequentially, this didn’t affect the run time per particle. Rather, it
decreased the number of times the simulation needed to be repeated.
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6.1 Noisy Slab Model Results

Rigidity Field Energies N M K. Source
0.10 1.0 128 16 10® [Shalchi and Arendt| (2024b))
1.00 0.2, 0.5 128 64 103 This Work
1.00 1.0, 2.0 288 64 10 This Work
1.00 0.2, 0.5 256 64 103 This Work
1.00 1.0, 2.0 320 128 10° This Work

Table 6.2: Noisy slab model parameters per rigidity and field energy.

Parallel Transport in Noisy Slab
R=0.1,6b% = 1.0

~N = B
= 0.04
=)
© 0.03
0.02
0.01
o . .
0 2 4
TimeT=0Qt

(a) Parallel transport

d (m/ szzﬁ
= o
o S

-
S
s

10

10?

Perpendicular Transport in Noisy Slab
R=0.1,db% = 1.0

103 10* 10° 10° 107
TimeT=0Qt

(b) Perpendicular transport

Figure 6.1: Running diffusion coefficients in the noisy slab model with R = 0.10 and
60> = 1. Shown is the data from |Shalchi and Arendt| (2024b). As can be seen, the
system does transition to normal diffusion in the perpendicular direction. Reproduced

with permission from Springer Nature.

The field parameters used in the simulations presented here are listed in Table
6.2 Figure shows the results published in [Shalchi and Arendt| (2024b) without

the accompanying analysis, from which it can be seen that although the system is sub—

diffusive for a large period of time initially, it does in fact transition to normal diffusion

in the perpendicular plane. Figure [6.2] shows the results of simulations without any

accompanying analysis, such as parallel curve fitting or theoretical predictions for

perpendicular transport.
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Parallel Transport in Noisy Slab
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7k
6 (\M\_W
5
P — b’ =02
= 4 b2 = 0.5
e 5% = 1.0
° 5 5b? = 2.0
P'A'N B e —
2
1
o . . . . )
0 2 4 6 8 10
Time T = Ot «10%

(a) Rigidity = 1.00, Parallel Transport
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(c) Rigidity = 1.00, Perpendicular Transport (d) Rigidity = 10.0, Perpendicular Transport

Figure 6.2: Parallel and perpendicular running diffusion in noisy slab turbulence.
Colour coding by turbulence energy: 6b> = 0.2, 6b* = 0.5, 6b° — 1.0, 6b* = 2.0.
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6.1.1 Parallel Transport Analysis

Parallel Transport in Noisy Slab Turbulence
Rigidity = 0.1, 6b% = 1.0

2
I

E .
F
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0.02

0.01

0 . " .
0 2 4 6 8 10
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5 4 A’=05,.\”=5397 E ———L$b2=0.5,\H=1491
e b? = 1.0, Simulation e ~———4b? = 1.0, Simulation
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5 - - - b =204, =393
1
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Figure 6.3: Parallel running diffusion in noisy slab turbulence. Shown is the sim-
ulation data (solid lines) and fit of the theoretical equation (dashed lines). Colour
coding by turbulence energy in sub—figures (b) and (c): §b* = 0.2, 0b* = 0.5, 00” = 1.0,
5b? = 2.0.

Field Energy Density
0.2 0.5 1.0 2.0
1.00 | 20.08 8.397 4.077 2.175
366.6 149.1 76.46 39.30

Ay =N/

Rigidity

Table 6.3: Parallel mean free path in noisy slab turbulence.

As discussed in Section [5.4.1} ([5.55a]) is fitted to the simulation data to determine
the parallel scattering time T‘/‘ , which is combined with ({5.55b]) to get the parallel
mean free path. Figure shows the resulting theoretical functions overlaid on the

simulation results, while the computed parallel mean free paths are listed in Table

157



6.3 Parallel transport is seen to be well described by the theoretical equations in
Chapter [3.3.2

6.1.2 Perpendicular Transport Analysis

Perpendicular Transport in Noisy Slab
Rigidity = 0.10, 6b% = 1.0

Simulations

2
Il

Composite Formula
Compound Subdiff.

d (T)/u

105 . . . . ,
10% 103 10* 10° 108 107
TimeT=Qt

Figure 6.4: Comparison of simulation results and analytical theory in noisy slab
turbulence for R = 0.10. Originally published in |Shalchi and Arend{| (2024b).

Figure(6.4| (originally published in|Shalchi and Arendt|(2024D)) contains the results
for perpendicular transport in noisy slab turbulence with B = By and R = 0.10. In
addition to compound sub-diffusion, UNLT theory, and FLPD theory,
‘Arendt| (2024Db) also considered several other methods of calculating the perpendicular

diffusion coefficient. The composite formula referenced in the figure is an equation

derived from heuristic arguments in |Shalchi (2019b):

63_1)2 HFLK” 2
= 1 —1] . 1
T 16k { T } o

Also considered was a modification of UNLT theory, where “delay” factor v is intro-

duced into the equation via
<6iﬁl£> _ 6—%7<(Az)2>kf_' (62)

The standard UNLT equation can be recovered by setting v = 1. Shalchi and Arendt|
(2024bl) found that a delay factor of v = 0.04 could reproduce the results for the noisy
slab model and its variants better than standard UNLT or FLPD theory. This was

not found for the full 3D model however. In the figure it can be seen that the system is

in a compound sub-diffusive state till between 7" = 10* and T' = 10°. The noticeable

divergence from compound sub—diffusion and transition to normal diffusion occurs for
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Figure 6.5: Comparison of simulation results and time-dependent analytical theory
in noisy slab turbulence for R = 1.00. Colour coding: simulation, compound sub—
diffusion (dashed, diamond markers), UNLT (square markers), FLPD.

T > 10°. This can be contrasted with the results for R = 1 (see Figure , where
the system is in normal diffusive state by 7' = 10°, and with the results for the full
3D model with R = 0.10 (see Figure , where the system is in a normal diffusive
state by T' = 5 - 10%.

Figures [6.5] and show the time—dependent UNLT and FLPD theoretical pre-
dictions for particles with R = 1.00 and R = 10.0, respectively. In both figures it can
be seen that FLPD theory results become equal to UNLT theory results in the limit
of small Kubo numbers for the noisy slab model. Comparing the ratio of the FLPD
theory prediction to the simulation results shows that the theoretical predictions are
with an order magnitude of the simulation results (see Table . The simulation
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Figure 6.6: Comparison of simulation results and analytical theory in noisy slab
turbulence for R = 10.0. Colour coding: simulation, UNLT (square markers), FLPD.

results are calculated by averaging the last 50 data points, whereas the FLPD result
is the value obtained from theory at T},

AFLPD /3Sim Field Energy Density
L = 0.2 0.5 1.0 2.0
- 1.00 | 3.192 3.016 2.716 2.630
Rigidity
10.0 | 0.896 0.891 0.914 0.888

Table 6.4: Ratio of the predictions of FLPD theory and simulation results for noisy
slab turbulence.
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6.2 Full 3D Model Results

Parallel Transport in Full3D
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Figure 6.7: Parallel running diffusion in full 3D turbulence. Data is colour coded
based on the magnetic field energy density 6b% = 0.2, 6b° = 0.5, 00” = 1.0, 6b* = 2.0.

As was mentioned at the start of this chapter, the internal field parameters (N,
M, kpae) were determined in simulations of the field line random walk performed
by A. Shalchi. These parameters were set to N = M = 128 and k., = 103, with
each simulation using the same parameters. The results of the simulations are shown
in Figures (parallel transport) and (perpendicular transport). In Figure
it can be seen that system does not fully reach a normal diffusive state within the
time frame considered for R = 0.01; however, it will be shown in Section that

the system is not in a compound sub—diffusive state either. Due to the fact that the
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Figure 6.8: Perpendicular running diffusion in full 3D turbulence. Data is colour
coded based on the magnetic field energy density db> = 0.2, 5b* = 0.5, o0 — 1.0,
5bv? = 2.0.

total number of wave modes used for the full 3D model is four times greater than
that used in the noisy slab model, extending the maximum time was not much of an
option. Therefore, the diffusion coefficient for these data sets can be viewed as an
upper limitﬂ It is also possible that normal diffusion has already been reached and

is just obscured due the definition of the diffusion coefficient being used (see Chapter

1223).

2Longer times could be simulated by switching the integration method to use fewer intermediate
steps, such as the single step version of the IRM method, as was used for|Shalchi and Arendt| (2024b).
However, in order to be consistent, this was not done.
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6.2.1 Parallel Transport Analysis

Ay =

Al

401 02

Field Energy Density

0.5 1.0 2.0

Rigidity

0.01
0.10
1.00
10.0

2.918
7.156
37.17

1769

0.977
2.629 1.209
14.45 6.950
695.3 335.7

0.452 0.204
0.575
3.307

169.5

Table 6.5: Parallel mean free paths in full 3D turbulence.
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A, in Full3D Turbulence

Constant Kubo Number, Variable Rigidty
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Figure 6.10: Parallel mean free path in full 3D turbulence as a function of rigidity
(left) and Kubo number (right). Results are colour coded by the variable that is held
constant in each figure.
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Figure 6.11: Parallel mean free path comparison between simulation results (solid
circles) and QLT predictions (lines). Data is colour coded based on the magnetic
field energy density 6B?/B2: 6b* = 0.2, 0b*> = 0.5, 607 = 1.0, 6b* = 2.0.

As with the noisy slab model, is fitted to simulation data to determine
the parallel scattering time, from which the parallel mean free path and diffusion
coefficient can be calculated. The computed parallel mean free paths for particles in
full 3D turbulence are summarized in Table[6.5, while the theoretical parallel running

diffusion coefficients are compared to simulation data in Figure 6.9 As was found
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for the noisy slab model, the theoretical equation for the running parallel diffusion
coefficient readily describes the simulation behaviour. Figure shows the parallel
mean free path as a function of particle rigidity (left) and Kubo number (right).
Figure [6.11| shows the comparison between simulation results and QLT predictions.
The ratio of the QLT predictions and simulation results are given in Table [6.6] The
QLT calculations were performed by A. Shalchi for |Arendt and Shalchi (2025), and
take into consideration finite gyro-radius effects. From the figure and table it can
be seen that as the rigidity increases the agreement between simulation and theory
increases.
)\ﬁgLT / Aﬁim Field Energy Density
0.2 0.5 1.0 2.0

0.01 | 1.774 2.120 2.294 2.543

0.10 | 1.736 1.890 2.055 2.160

1.00 | 1.362 1.401 1.457 1.531

10.0 | 1.131 1.150 1.191 1.180

Rigidity

Table 6.6: Ratio of QLT predictions and Full 3D simulation results.

6.2.2 Perpendicular Transport Analysis

In the introduction to this section, it was mentioned that the perpendicular trans-
port for a rigidity of R = 0.01 does not reach a normal diffusive state within the time
frame simulated. What can be seen in Figure |6.12] is that while the system is not
in a normal diffusive stateE] neither is it in a state of compound sub—diffusion, and
therefore the perpendicular diffusion coefficient for R = 0.01 can be taken as upper
limits. For rigidities of R = 0.1 (Figure and R = 1 (Figure we find that
the system is diffusive within the time frame considered, with almost perfect agree-
ment between FLPD theory and simulation results for R = 1 and 6B* = BE. At a
rigidity of R = 10 (Figure , analytical theory predicts that the system becomes
diffusive much faster than it actually does. However, at this particle energy finite
gyroradius effects are present, especially at lower turbulence energy densities (sub—
figures (a) and (b)). Finite gyroradius effects are due to the fact the magnetic field
at the particle location is not the same the magnetic field at the particle’s guiding

center. For low energy particles, the difference is negligible, but as the energy of the

3t is easier to see that the system is not diffusive in Figure a) due to the range on the y—axis.
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Figure 6.12: Comparison of simulation results and analytical theory in full 3D tur-
bulence for R = 0.01. Colour coding: simulation, compound sub—diffusion (dashed,
diamond markers), UNLT (square markers), FLPD.

particle increases, these effects become important (see [Neuer and Spatschek (2006)),
Shalchi| (2015] 2016]) and |Qin and Shalchi (2016)). Figure shows the signature

oscillations in the running diffusion coefficient of finite gyroradius effects for R = 10

at early times. It can be seen in this figure that these oscillations are present for
all turbulence energy densities considered, with the effect being stronger for weaker
turbulence.

Figure shows the perpendicular mean free paths (see Table as a function
of rigidity (left) and Kubo number (left). The value of the perpendicular mean free
path from simulation data is computed by averaging the last 50 data points and using
to relate the diffusion coefficient to the mean free path. Figure plots the
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ratio of the perpendicular and parallel mean free paths as a function of rigidity (right)
and Kubo number (left). In addition to the simulation results, the figures also show
the FLPD and UNLT theory predictions. In Figure it can be seen that the
agreement in the mean free path ratio between simulation and theory increases with
increasing rigidity for constant Kubo number, with the agreement between UNLT
theory and FLPD theory also increasing. This can also be seen in Figure [6.17h, as
well as Table[6.8, where the ratio of the FLPD theory predictions to simulation results

is listed. Figure shows that the mean free path ratio (simulation data) converges
with increasing Kubo number for low rigidity particles.
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Figure 6.14: Comparison of simulation results and analytical theory in full 3D tur-
bulence for R = 1.00. Colour coding: simulation, UNLT (square markers), FLPD.

0.5

Field Energy Density

1.0 2.0

_ AL
A=7 0.2
= 0.01 | 0.0120
S 0.10 | 0.0213
o70]
~ 1.00 | 0.0390

10.0 | 0.0576

0.0160
0.0352
0.0948
0.1351

0.0197
0.0507
0.1757
0.2705

0.0227
0.0670
0.2961
0.5393

Table 6.7: Perpendicular mean free paths in full 3D turbulence. The value of A for

the R = 0.01 are upper values.
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Figure 6.15: Comparison of simulation results and analytical theory in full 3D tur-
bulence for R = 10.0. Colour coding: simulation, UNLT (square markers), FLPD.

\FLPD /)Sim Field Energy Density
AT 09 05 100 20

0.01 1.890 1.904 1.818 1.686
0.10 1.625 1.594 1.432 1.317
1.00 1.481 1.177 0.983 0.840
10.0 1.390 1.270 1.105 0.935

Rigidity

Table 6.8: Ratio of QLT predictions and Full 3D simulation results.
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Figure 6.16: Close up of the finite gyroradius effect for R = 10.0 in full 3D turbulence.
The oscillations in the running perpendicular diffusion coefficient at early times for
high rigidity particles is the signature of the effect.
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Figure 6.17: Perpendicular mean free path in full 3D turbulence as a function of
rigidity (left) and Kubo number (right). Simulation results (solid circles) are plotted
along with FLPD (solid line) and UNLT (dashed line) predictions. Results are colour
coded by the variable that is held constant in each figure.
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Figure 6.18: Ratio of A; to A full 3D turbulence as a function of rigidity (left) and
Kubo number (right). Simulation results (solid circles) are plotted along with FLPD
(solid line) and UNLT (dashed line) predictions. Results are colour coded by the
variable that is held constant in each figure.
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Chapter 7

Conclusions

7.1 Numerical Method and Simulation Summary

Presented in Chapter |4/ was a new method for calculating the motion of a particle
in a magnetic field. Named the Instantaneous Rotation Matriz Method, the method
was based on the idea of using an exact infinitesimal rotation rather than an approx-
imation. As shown in Chapter [4] it produces results with increased accuracy in both
the position and velocity phase compared to not only Runge-Kutta method but also
single step implicit methods such as those of Boris (1970)), |Vay| (2008)), and Higuera
and Cary (2017). Expanding the method to include electric fields for both relativistic
and non-relativistic particles would allow the IRM method to be used as a replace-
ment for other implicit methods in various applications, such as in particle-mesh

particle-in-cell simulations.

7.1.1 ACEPTS Summary

Chapter [5|introduces the Astrophysical Charged Energetic Particle Transport Sim-
ulator code, abbreviated as ACEPTS. A copy of the source code for ACEPTS can be
obtained from the author at arendtv.physics@gmail.com. This simulation code was
designed to compute the trajectories of energetic and electrically charged particles
in magnetic turbulence, with the aim of minimizing numerical errors in the calcula-
tions whenever possible. To that end, the particle trajectory is calculated using the
numerical method presented in Chapter [4] which has the advantages outlined above.
The same philosophy of numerical error mitigation applies to the calculation of the

amplitudes of the magnetic field Fourier modes. Rather than following the common
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approach of using an Euler integration method for the field amplitudes (see Giacalone
and Jokipii (1999) or |Hussein et al. (2015) for examples), ACEPTS calculates the
amplitude using what is referred to as a split trapezoid method. While this method
does not remove the numerical error completely, it does greatly minimize it as seen
in Figure 5.2l The dominant error in this calculation is now due to the fact that
the spectrum is re-normalized for the range of wave numbers used. Furthermore, by
determining the magnetic field model to use at run time, the simulation code does
not need to be recompiled whenever the model or model parameters are changed.

The greatest weakness of the ACEPTS program comes from flip side of one of its
strengths. The goal of minimizing numerical error was extended to the calculation
of the mean square displacement and the related diffusion coefficients. Since one of
the greatest sources of fluctuations in statistical calculations comes from the number
of sample points, ACEPTS was designed such that additional particle trajectories
could be added to the simulation in order to increase the number of sample points.
As part of the implementation of this, the simulation is incapable of extending the
maximum time of previously computed trajectories. The result of this is that the
trajectory calculation for a single particle must finish within the allotted time when
running on high performance computing facilities. This was a major constraint for
the simulations of low rigidity particles in noisy slab turbulence, and is the reason why
particles with a rigidity of R = 0.01 were not done for a maximum time of 7" > 10°.
7.1.1.1 ACEPTS Future Research

There are several improvements that can be made to ACEPTS as part of future
research, either professional or personal. The first of these is the modification of how
particle trajectories are written to file so that the maximum time the trajectory is
calculated for can be extended. This would allow for ACEPTS to be used to study
particle transport in magnetic fields that require long time frames for the ensemble of
particles to reach a state of normal diffusion, such as that seen in the simulations of low
rigidity particles in noisy slab turbulence. Another important upgrade is improving
the procedure for adding new magnetic field models. The current procedure requires
directly modifying the source code; ideal improvements would allow for custom field
models to be compiled as a separate library that is then imported into the simulation
at run time. This type of improvement would simplify the work needed to be done to
add new models, and also reduce the amount of source code the researcher would need
to be familiar with. A third upgrade to ACEPTS would be to update the numerical
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method to be able to handle electric fields. This would allow ACEPTS to be used in

the study of momentum diffusion, rather than only spatial diffusion.

7.2 Conclusions Concerning Particle Transport

In Chapter [0}, the results of particle transport simulations in noisy slab and full
3D turbulence were presented. These simulations were performed using the three—
step, third-order IRM method presented in Chapter 4 The noisy slab simulations
for R < 1 demonstrated that it takes a long time for the particles to transition from
a state of compound sub—diffusion to a normal diffusive state in the perpendicular
direction, but that this transition does occur (Figure . For particles with R > 1
normal diffusion in noisy slab turbulence was reached within the simulated time frame.
Comparison of these results to FLPD theory shows that the theoretical predictions
are within an order of magnitude, with the predictions for R = 1 being roughly
three times larger than simulation and the predictions for R = 10 being roughly 10%
smaller than simulation.

For particle motion in full 3D turbulence, it was found that systems with R >
0.1 are diffusive in the perpendicular direction within the time frame considered
in simulations. Systems with R = 0.01 were not found to be diffusive within the
considered time frame, but at the same time are not in a compound sub-diffusive
state. As a result, the listed perpendicular diffusion coefficients for the full 3D model
with R = 0.01 can be taken as upper limits. For parallel transport in the full 3D
model, QLT predictions are shown to give more accurate results as the particle rigidity
increases. For perpendicular transport, the Field Line — Particle Decorrelation theory
predictions were closer to the simulation results than those from the Unified Non-
Linear Transport theory. Furthermore, the FLPD result for full 3D turbulence with
0B? = B? and a particle rigidity of one is a near perfect match with the simulation
results. At a rigidity of R = 10 the system experiences finite gyro-radius effects which
are not accounted for in the theoretical equations being used. Despite this, FLPD
theory results are still closer to the simulation data than UNLT theory. This reinforces

FLPD as a superior theory to UNLT, although there is still room for improvement.

7.2.1 Considerations for Future Research

Based on the results of this research, there are multiple considerations for future

research with the models used here. For the noisy slab model, two options that need
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to be considered for future research come from |Shalchi and Arendt| (2024b)), either
“Our existing theories for perpendicular transport are incomplete since they work only
for a certain family of turbulence models, namely models for which the magnetic cor-
relations decay exponentially. Therefore, such theories need to be improved so that
they can be applied for any possible turbulence model,” or “One is only interested
in turbulence models for which the correlation function is exponential or something
very similar. This is, for instance, the case for commonly used models such as the
slab/2D model with dominant two-dimensional modes. The latter model is often used
to approximate solar wind turbulence. An improvement of existing theories for per-
pendicular diffusion is not required because such theories only fail for academic cases
which have not much to do with real turbulence. However, any model which is used in
particle transport theory needs to get tested to explore whether the correlation function
decays exponentially or not.” If the second option is true, then the noisy slab results
can effectively be ignored in future research. On the other hand, if the first option is
true, then based on the results presented here more work is required to explore the
parameter dependence of the observed effects.

As noted in |Arendt and Shalchi (2025), the full 3D model can be considered to
be “a three-dimensional version of the slab/2D model often used to approximate solar
wind turbulence.”lﬂ In theory, therefore, the full 3D model has the potential to be
used as an alternative to the slab/2D model in solar wind studies. In order to do
this, however, future research would need to compare simulation results using the full
3D model to data from the solar wind to determine the validity of this replacement.
Furthermore, for large studies, it would need to be determined if this improvement
in replicating solar wind data is worth the increased computational cost of the full
3D model, since it requires many more wave modes than the two—component model.
If the improvement is large enough to warrant the increase in computation costs,
then the full 3D model could be used instead of the two—component model in both

simulations and analytical theory calculations for the solar wind.

!The two-component model (see Chapter D is also referred to as the slab/2D model.
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Appendix A

Analysis of Runge-Kutta Methods

Statement of Originality

The contents of this appendix were originally published as Appendix A in Nu-
merical Methods, Energy Conservation, And A New Method For Particle
Motion in Magnetic Fields in the journal Mathematics and Computers in Simula-
tion (Arendt| 2023|). The journal publishing agreement allows the author to reuse the
contents of the article in this thesis. As the sole author of the article, no other per-
missions are required. The first appendix has therefore been reproduced here, while
the body of the article has been reproduced in Chapter |4/ and the second appendix in
Appendix [B] Due to differences in page formatting, figures and tables may not appear
in the same locations in the text or be formatted the same compared to the original
article. Cross-referencing between figures, tables, chapters, sections, and appendices

was also updated to be consistent with the rest of this thesis.

On Mathematical Notation and Scaling

As in Chapter [4] the mathematical notation and scaling of quantities used in this
appendix are the same as used in |Arendt| (2023)), which is not the same as that used
in the rest of this work. Conversions between the quantities found in |Arendt| (2023))
and the rest of this work are shown in Table 4.1l
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A.1 Analysis of Runge-Kutta Methods

Here we consider the application of explicit Runge-Kutta methods as described
by (4.27) to the test cases outlined in Chapter and the resulting energy drifts.

First though, we consider the general application to particle motion.

A.1.1 Particle Motion

If the differential equations being solved are equations of motion then y is a 2D M
element vector, where D is the number of dimensions per particle and M is the number
of particles in the system. In these situations the independent variable is time ¢, y
can be expressed as y = (Z,7), and the function f(y,t) = (7, F(Z,¥,t)) where F is
the force per unit mass (acceleration)ﬂ The intermediate times ¢, and points y,, can

be calculated via

t, = to + c,h, (A.1a)
Yo =Yo+ D> anki. (A.1b)

The intermediate position and velocity of individual particles can be expressed as

n—1
[l_i"n = ZL_"Q + h E (lm’Ui

,_.

n—1 i—

=T+ vohz ani + h? Z i F xj, Uj,t;), (A.2a)
=0 7=0
n—1
1=0

and the final position and velocity is then

N n-—1

Z(to + h) —x0+vthb —I—hQZZb ani F (%, 03, 1), (A.3a)
n=0 =0

T(to+h) =T+ h Z bo F(Z,0, T, ). (A.3b)

n=0

!This notation is used to prevent confusion with the integration coefficients a;;
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A.1.1.1 Taylor Expanding the Solution

If #, v, and F (Z,7,t) vary slowly enough, the force can be Taylor expanded to
first order such that

+ [55- vx} F(7,7,) + [517- vv] F(7,7,1).
From (A.la), the first order change in time is 0t, = c¢,h, while the intermediate

position and velocity are respectively

n—1
0Ty = Th Y an; (A.5a)
i=0
and
n—1
5?7n = F(fo,ﬁo,to)hzam. (A5b)
1=0

as found from (A.2). The assumption used here is that the force at intermediate
points is approximately equal to the force at the initial point. In practice, this can be
used either for systems in which the force varies slowly or by setting the step size such
that the force changes little. If the Runge-Kutta method being used has coefficients
that satisfy the property

n—1
Cp = Z i (A.6)
i=0

then the force per unit mass can be approximated as

—

F(Z, T, 1) ~ (T, T, t) + cah [@ﬁ(fo,ﬁo,to)

+

(F - V) F(@o, T, to) + [F(@0, T, to) - V] Fi(@o, o, o)
~ ﬁ(f{), ?70, to)

ol [[B0 - V] + [F(@, o, to) - V] + 8] F(o, T, to)

~ ﬁ(f@, ’(70, to) + Cnh dtﬁ(fg, 170, to). (A?)
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With this, the final results of a single step can be approximated as

N N
E(to + h) & Zo + Toh > _ by + F(To, T, to)h> Y _ bucn

n=0 n=0

N (A.8a)
+dF (Zo, Vo, to) Z ananicia
0 =0
N
(to+h) ~U0+F Qfg,vo,to thn+dt ZEQ,’UQ,tO h Zb Cp. (A8b)
n= n=0

While this is only an approximation, it can be used in some situations to provide a
simple analysis as to whether or not a specific method is suitable for the problem at
hand. Furthermore, the expansion will be used later when considering particles in a

magnetic field.

A.1.2 Test Case: Simple Harmonic Oscillator

When numerically solving the equations for a simple harmonic oscillator using
explicit Runge-Kutta methods, both the intermediate steps and the final updated
point can be recursively expanded to find the exact numerical result. The expansion
of the intermediate steps yields

n—1 i—1

Gn = Qo + pocuh — h° Z Z AniQijq;

i=0 j=0
n—1 n—1 i—1
2 3
= qo + pocnh — qoh g aniC; — poh e
i=0 i=0 j=0 (A.9a)
n—1i—1 j—1 k-1
4
+h Qi Qi Q55 AKIq1
i=0 j=0 k=0 (=0
n—1
=po—h E Aniq;
i=0
n—1 n—1 i—1 j—1
= Do — qoCnh — Poh? anic; + h A G Qs (A.9D)
= Po qoCn Po niti niQij A5k
=0 =0 j=0 k=0
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while the updated step becomes

N N n-—1
q(t+ h) = qo + poh Z by, — h? Z Z bnniqi
N N N n-1
= go+poh Y _bn = qoh” Y bucy — poh® D D bnanici
n=0 n=0 n=0 =0
N on1 (A.10a)
+ q0h4 Z Z bnamaijcj +
n=0 i=0 j=0
N
p@+h)=po—h§:&ﬂn
N N n—1
—po—qthbn— poh” Zb Cn 4 60h* D Y bpanic;
n=0 =0
N n-1i-1 (A.10D)
+ p0h4 Z bnamaijcj + .-
n=0 i=0 j=0
The results can be simplified by defining the following quantities:
N
Bi=> by (A.lla)
n=0
By = bE (A.11Db)
By =A™ m >3 (A.11c)

where Z, a, and ¢ are the matrix representation of the integration coefficients as per

the method’s Butcher-Tableau. With this, the results of a single step can be written

as
o . 2 4 6
q(t+h) = q(t) [1 = Boh® + Byh* — Bsh® + - -] (A12a)
+ p(t) [Bih — Bsh® + Bsh® — Bzh" + -],
o _ 2 4 6
p(t+h) = p(t) [1 — Boh® + Bah* — Beh® + - -] (A.12b)

—q(t) [Bih — Bsh® + Bsh® — Bk + -],
where ¢o and py have been replaced with ¢(t) and p(t), respectively.

Having derived an exact equation for the updated position and momentum in
terms of the state at the start of the step, the step size, and the integration coefficients,

it is now possible to calculate what the energy of the system will be after a single
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step. The result is

E(t+h) = E(t) (A.13)

[1— Boh® + Bah* — Beh® +---]° ]
+ [51’1—53’134‘55]15—57}17‘1‘"']2

Given the nature of the result, all terms will be of even order in respect to the step

size. As such, the energy at the end of each step can be written as

E(t+h) = E(t)

M
1+ anhQ’”] , (A.14)
m=1

where M is the total number of terms, given by M = N + 1. From this it can be
seen that, regardless of the step size or step direction, there will be a unidirectional
change in energy as all terms are of even power with respect to h. The direction of
this change is determined by the sign of the first non—zero o term, with a negative
value leading to a exponential decrease in energy and a positive value leading to an
exponential increase in energy. In adaptive methods, the goal of taking as large a

step as possible will only amplify the violation of energy conservation.

A.1.3 Test Case: Particle in a Magnetic Field

A.1.3.1 Newtonian Formulation

The expansion of the solution given by explicit Runge-Kutta methods for the
Newtonian formulation of a particle in a magnetic field is rather straight forward. To
begin, define

Wy, =

€

(fm tn) (A15a)

=/ a AV, (X
~ w(To, to) + cnh {_ - UOV:| AT t)|507t0

ot
A g + cphivg, (A.15b)
so that the intermediate velocities can be written as
n—1 n—1 i—1
Un = 170 + h Z am'(j}ﬂ?o + h2 Z a,m(f}i Z aij(f}jl_fo + - (A16)
i=0 i=0 j=0
and the updated velocity as
N N n-—1
U(t+h) = () + h Y 0p@,0(t) + 5> ) bpni@n@i(t) + -+ . (A.17)
n=0 n=0 =0
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Uniform Static Field For a uniform, static field w,, = @ and the solution becomes

N N
Ut + h) = 0(t) + QTR by + @ T()h? Y bucy +
n=0

n=0
3 N N
f+@thn +E)2h226ncn +
n=0 n=0

where [ is the identity matrix. The coefficient on each term can be identified as [,

(t) (A.18)

from the result of the simple harmonic oscillator, and the entire solution can therefore

be written as

U(t+h) =

I+ Z Ba@™h ] (A.19)

with energy

E(t+h) =1

I+ Z a2mw2mh2m] u(t). (A.20)

As with the SHO, the system energy is not conserved, although in this situation it is
the kinetic energy of the particle coming from motion perpendicular to the magnetic
field that is affected. The velocity of the particle parallel to the field will not be

affected and therefore the energy change can be expressed as

E(t+h) = E|(t)+ EL(t)

1+ a2m|wh|2m] (A.21)

m=1
taking into account the fact that o'(¢)0?™v(t) = (—1)™|&|*"EL(t) where |&| is the
magnitude of the field.

Non-Uniform Non-Static Field If the field varies with either space or time (or
both), the field can be expanded using the same technique from (A.7)) so that the

result can be written as

N
Gt +h) = (t) + h Y by (@0 + cahidh)] 7(t)
n=0
R (A.22)
F 02 Y buan [@o + cahig] (@0 + cihh) T(t) + - -
n=0 =0
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Expanding each term leads to

F(t+h) = I+Zﬁnw3h” (t) + @it hQZb Cn
o (A.23)
+ 153N boan [cn@gao + el + cncihi)[’)z} () + -
n=0 =0

It can already be seen that the energy will, at minimum, follow the same trend as if

the field was constant.
A.1.3.2 Hamiltonian Formulation

For the Hamiltonian formulation of a charged particle in a magnetic field, consider

the case of a uniform field as per (4.19) and (4.26). Expanding the intermediate
evaluations (k) of f(y) leads to

n—1 1—1

N 1 = = - s,
Pn=73 o+ &%h Z ani + @°h? Z Z Anitij + 70 (A.24a)
i=0 7=0
and
n—1 1—1 )
I+oh Z an; + @*h? Z Z Aniij + 7o, (A.24Db)
=0 j=0

where 7 = (ﬁg + %@Fo). Since the Hamiltonian is independent of time, it must be
conserved by the solution. Furthermore, it can be seen from and that
the Hamiltonian is equal to the kinetic energy of the particle, and that 7is the particle
velocity. Therefore, after calculating the updated position and canonical momentum,

the updated particle velocity is
U(t + h) = [@ + Bi1hd + Boh®D% + - - -] T(t), (A.25)

which is the same result as for the Newtonian formulation, and therefore the energy

drift is given by .
A.1.4 Analysis of Select Fourth Order Runge-Kutta Meth-
ods

Next, several Runge-Kutta methods will be examined for energy conservation in
the context of the presented test cases. The methods considered are: the “standard”

non—-adaptive fourth order method, the fourth order adaptive method of [Fehlberg
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(1969), the adaptive method of Dormand and Prince| (1980), and the adaptive method
of (Cash and Karp, (1990).

A.1.4.1 “Standard” Non—Adaptive Method

The Butcher Tableau for the “standard” RK4 method and the resulting SHO

coefficients are shown respectively in Tables |A.1a] and [A.1b]

0 m | B
11 1] 1
i3 2| 4
1 1 3| &

§ 3 3 § 4| 5

(a) Butcher Tableau for the “standard” non-  (b) Resulting SHO coefficients (,,.
adaptive 4" order Runge-Kutta method.

Table A.1: Butcher Tableau and the resulting SHO coefficients for the RK4 method.

The energy change with this method for the SHO and a particle in a magnetic

field are respectively

1 1
E(t+h)=E@)|1— ==h®+ —h® A2
(141 = (0 |1 = n + on® (A.260)
and
1 1
E =F E 1 — —|&h|® + —|5h®| . A2
(141) = EY0) + EL(0) |1 = 75lahl* + sl (.261)

This means that energy is continuously bled from the system for both the SHO and

a particle in a magnetic, regardless of the step size or sign.
A.1.4.2 Fehlberg Method

The Butcher Tableau for the 4" order Runge Kutta-Fehlberg method and the
resulting SHO coefficients are shown respectively in Tables |A.2al and [A.2b|

The energy change with the Fehlberg method for the SHO and a particle in a

magnetic field are respectively

17 7 11 1
hG _ hS th
9360 12480 - 374400 i 4326400

E(t+h)=E({t) |1+ h'? (A.27a)
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0
*
4 4
s | s B 1] 1 1 0
8 32 32 1 1
12 | 1932 7200 7296 2 3 3 0
13 2197 2197 2197 1 1
1 439 _3 3680 845 3 s 5 0
216 513 4104 1 1
1| _s o _3344 1859 _ 1l 41 5% m 0
2 27 2565 4104 40 1 1 1
16 0 o656 2861 _9 2 S| @ T w0
135 12825 56430 50 55 1 1
25 0 M8 201 _1 6 |lww U 20
216 2565 4104 5

(b) Resulting SHO coefficients
Bm, secondary solution (y*) co-
efficients 3),, and error estimate
(y — y*) coefficients d,,.

(a) Butcher Tableau for the adaptive 4" order
Runge-Kutta-Fehlberg method.

Table A.2: Butcher Tableau and the resulting SHO coefficients for the 4" order
Runge-Kutta-Fehlberg method.

and
17 7
1+ — (@[S — ——|Gh
E(t+h) = Ey(t)+ E.(t) 9300 12480 (A.27b)
—’h 10 —’h 12
+ 372200 “M * 13262001“"

The energy change for this method is opposite that of the “standard” method, al-
though the direction of the change is also independent of step size and sign. However,
this energy change is amplified when using an adaptive step size, as the method tries

to take as large a step as possible.
A.1.4.3 Dormand-Prince Method

The Butcher Tableau for the 4* order Dormand-Prince method and the resulting
SHO coefficients are shown respectively in Tables and [A.4]
The energy change with the Dormand—Prince method for the SHO and a particle

in a magnetic field are respectively

1 1 1 1
1 — hﬁ h8 o 10
1800 + 1600 14400 + 360000

E(t+h)=E(t) h'? (A.28a)
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0
1 1
5 5
3 3 9
10 0 40
4 4 56 32
5 15 15 9
8 | 19372 25360 64448 212
9 | 6561 2187 6561 729
1 9017 _ 355 46732 49  _ 5103
3168 33 5247 176 18656
1 35 0 500 125 2187 11
384 1113 192 6784 84
35 0 500 125 2187 1
384 1113 192 6784 84
5179 0 7L 393 _ 92097 187 1
57600 16695 640 339200 2100 40

Table A.3: Butcher Tableau for the adaptive 4" order method of Dormand and
Prince.

m Brm By, dp,
1 1 1 0
1 1
2 5 5 0
1 1
3 5 5 0
1 1
4 51 51 0
5 1 1097 97
120 120000 120000
6 1 161 13
600 120000 40000
1 1
7 0 34000 32000

Table A.4: Resulting SHO coefficients 3,,, secondary solution (y*) coefficients [}
and error estimate (y — y*) coefficients d,, for the Dormand—Prince method.
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and
1

E(t—i—h) :El|(t)+EJ_(t) _@

1
1600

1
- QRO =
12200 “M™ * 350000

The energy drift for this method is similar to that of the “standard” method, although

at a slower rate. As with the Fehlberg method, using an adaptive step size has the

|oh|® + |&oh|®

(A.28b)

|(Dh|12

potential to amplify the energy drift rate.
A.1.4.4 Cash-Karp Method

The Butcher Tableau for the 4 order Cash-Karp method and the resulting SHO
coefficients are shown respectively in Tables and [A.6]

0
1 1
5 5
3 3 9
10 40 40
3 3 _9 6
5 10 10 5
1 1 5 10 35
54 27 27
7 | 1631 175 575 44275 253
8 55296 512 13824 110592 4096
37 D 125 EE
378 621 594 1771
2825 0 18575 13525 277 1
27648 48384 55296 14336 4

Table A.5: Butcher Tableau for the adaptive 4" order Cash-Karp method.

*
m 5771 m dim
1 1 1 0
1 1
2 3 3 0
1 1
3 5 5 0
1 1
4 24 24 0
5 1 10517 ot
120 1228800 1228800
6 1 1771 277
800 1638400 1638400

Table A.6: Resulting SHO coefficients 3,,, secondary solution (y*) coefficients [,
and error estimate (y — y*) coefficients d,,.
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The energy drift with the Cash-Karp method for the SHO and a particle in a

magnetic field are respectively

1 1 1 1
E(t+h)=E®) |1 RS - S p— A.29
(t+h) |1+ 3600 T 4300 28800" T 640000 (4.29a)
and
1 1
1+ ——|5h|® + ——|&h|®
E(t+h) = Ey(t) + E.(1) 3600 4800 . (A.29b)
— Lywhﬁo + ————|&h|*?
28800 640000

The energy drift for this method is similar to that of the Fehlberg method, although at
a slower rate. As with the Fehlberg and Dormand-Prince methods, using an adaptive

step size has the potential to amplify the energy drift rate.
A.1.4.5 Summary of Fourth Order Methods
In each of the methods analyzed, the energy drift is sixth order for the SHO and

a particle in a magnetic field. For these methods, the energy conservation to the first

non-zero term can be written as

E(t+h) = E(t) (1 + ash®) (A.30a)
for the SHO and

E(t+h)=E|t)+ EL(t) (1 + aglah|®) (A.30b)

for a particle in a magnetic field.

Method Q6 Energy Drift Trend
“Standard” —% Energy loss
Fehlberg —I—% Energy gain

1

— 1500 Energy loss

Dormand—Prince

Cash-Karp + 3555 Energy gain

Table A.7: Summary of the analysis of various fourth order Runge-Kutta methods
to first non-zero term.

The values of ag for the methods considered are summarized in Table [A.7] along
with the direction of the energy drift. From the table it can be seen that for a given

step size, the Cash-Karp method has the lowest energy drift rate. This is offset,
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however, by the fact that Cash-Karp method is adaptive and will therefore attempt

to use as large a step as possible (or allowed if there is an upper limit).
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Appendix B

Analysis of Select Symplectic
Methods of Various Orders

Statement of Originality

The contents of this appendix were originally published as Appendix B in Nu-
merical Methods, Energy Conservation, And A New Method For Particle
Motion in Magnetic Fields in the journal Mathematics and Computers in Simu-
lation (Arendt, 2023)). The journal publishing agreement allows the author to reuse
the contents of the article in this thesis. As the sole author of the article, no other
permissions are required. The second appendix has therefore been reproduced here,
while the body of the article has been reproduced in Chapter [4] and the first ap-
pendix in Appendix [A] Due to differences in page formatting, figures and tables may
not appear in the same locations in the text or be formatted the same compared to
the original article. Cross-referencing between figures, tables, chapters, sections, and

appendices was also updated to be consistent with the rest of this thesis.

On Mathematical Notation and Scaling

As in Chapter [4, the mathematical notation and scaling of quantities used in this
appendix are the same as used in |Arendt| (2023)), which is not the same as that used
in the rest of this work. Conversions between the quantities found in Arendt| (2023))
and the rest of this work are shown in Table [4.1]
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B.1 Analysis of Select Symplectic Methods of Var-

ious Orders

Here we consider the application of explicit symplectic methods to the test cases
outlined in Chapter and the resulting energy fluctations and drifts. First, the
test case solutions will be examined fo both the momentum-position form (4.38)) and

position-momentum form (4.39)) using generic coefficients.

B.1.1 Test Case: Simple Harmonic Oscillator

The equations for an intermediate step in a symplectic integration method for the
simple harmonic oscillator, as defined in (4.1)) and (4.2), are either

Pn = Pn—-1 — Pn‘]n—ldt (Bla)

for momentum—position methods or

On = QGn—1 + annfldt (BZ&)

for position—-momentum methods.
One of the simplest ways to analyze the energy conservation of symplectic methods
for this system is via recursion relations. The first step in this analysis is to assume

that the solution after a pair of intermediate steps can be written as

G =00 |1+ D (=1 Apmdt®™ | +po | Y (1) Bypdt*™ ! (B.3a)
L m=1 | Lm=1 |

Po=po |14+ > (1) Comdt™| = qo | Y (1) ' Dppdt®™ " | ; (B.3b)
L m=1 | | m=1 |

where A,,., Bum, Cpm, and D,,, are the coefficients that need to be found. The

resulting recursion relations are shown in Table B.1]
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Momentum—position methods

Position—momentum methods

A 1 m =0 1 m =0
i Anim + @QnDnm m<n Apim + @QnDp1m m<n
Bym By im + @nChm—1 m<n By am+QnCrima m<n

o 1 m =0 1 m =0
i Craim+PBy1;m m<n Crn-im+P.Bpm m<n
D, Dy i+ PA 11 m<n Dy 1m+ P Ay m<n

Table B.1: Recursion relations for coefficients in the solution the SHO via symplectic

methods.

The resulting energy after a single step is

N
E(t+dt)=E(t)+ Y (=1)"[Dxn — Bya]qopo dt*™
n=1

_I_

WE

i
I

WE

(_1)n [AN,nq(Q) + CN,np(Q)] dt2n

(_1)n+m [CN,nDN,m - AN,nBN,m} qoPo dt2(n+m)_1

n=1 (B4>
m=1
al [AnnA CnnC
1 n—+m NnANm 2 Nn“YNm 2 dtz(n+m)
+ ;( ) 5 @t Py
m;l
al Dy, D BynB
1 n+m Nnt/Nm 2 NnDPNm 2 dt2(n+m71).
+ HZ_;( ) 5 P
m=1
Alternatively, the change in energy can be expressed as
AE(t+dt) = E(t+dt) — E(t)
2N 2N
= [Aan(t) + 1P ()] A+ g(0)p(6) Y oudt (B.5)
n=1 n=1

where A\, 7,, and o, are the coefficients resulting from (B.4)). Without specifying

the terms @), and P,, it is not possible to fully examine all terms; however general

outcomes can be considered.

For terms of odd order, there are two possible cases: either o,, is zero or it isn’t,
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with a non-zero value meaning that there is a phase dependent change in energy. For

terms of even order, there are multiple cases to consider:
e If \, =, =0, then there is no change in energy
o If \, =, # 0, then the change in energy is constant.
e If )\, = —7,, then the change in energy is phase dependent.

e In all other cases, there will be a combination of a constant change and a phase

dependent change.

If the numerical solution is a close enough approximation to the analytical solution,
then the frequency of the phase dependent energy changes will be double the frequency
of the oscillator and will average to zero over the cycle. As such, the average change in
energy per step occurs at the order for which A\, + 7, # 0. For the sets of coefficients
analyzed in[B] the energy fluctuations are dominated by phase dependent fluctuations,
with the steady energy drift only occurring at higher orders and therefore with smaller

amplitude.

B.1.2 Test Case: Particle in a Magnetic Field

Technically, the symplectic methods described previously are designed to handle
separable Hamiltonians (Yoshida, [1992), and the Hamiltonian for a charged particle
in a magnetic field is nonseparable. Although there are methods for splitting nonsepa-
rable Hamiltonians (Taol [2016b)), and other methods have been specifically developed
for this type of system (Qin et al.| 2016, Xiao et al., 2015, [Taol 2016a)), the analysis
of this system will be done with method forms described in and ([£.39).

B.1.2.1 Hamiltonian Formulation

One of the simplest adaptions of integration equations is

ﬁn = ﬁnfl - PnﬁqH(anlaﬁnfl)dt (BGa)
Fn = anl + QnﬁpH(anhﬁn)dt <B6b)

for momentum-—position methods and

Fn - 7:‘n—l + QnﬁpH(Fn—laﬁn—ﬁdt (B?a)
ﬁn = ﬁn—l - PnﬁqH(Fmﬁn—l)dt (B?b)
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for position-momentum methods. Using the form of the Hamiltonian from (4.19)),

the intermediate points can be expanded to

- 1 _ 1 _
P = |1+ EPndtw} DPn—1 + [andtwﬂ Tho1 (B.8a)
T 11 . -~ 1.
7, = |1 + §Qndtw + ZQnPndt @7 o1 + | Qndtl + §QnPndt @\ Pt (B.8b)
or
S ) )
7= |1+ iQndtw] ot + [Qndu} Foa (B.9a)

= 1 _ 1 _ 1 o, 1 _
o= |1+ §Pndt@ + ZQnPndt%Q] Pt + hpndtaﬂ + anPndtQJF] o1 (B.9b)

depending on the method used.

An interesting aspect of this problem appears if the particle velocity is considered
after a pair of steps have occurred, calculated by
1_
Up = Pn + 5@77”. (B.10)
The velocity is found to be given by

= 1 -1 _
7, = [I + 5(Qu+ Pt + ZQnPndthﬂ Up1 (B.11)

regardless of which method is used. This means that the velocity at t 4+ dt is given
by

(t + dt) =

I+> Bndt”w"] (t) (B.12)

where 3, is the set of coefficients calculated from the product of (B.11]) over all values

of the index n. The energy will therefore change in a similar fashion to that described
in equation (A.21]).

B.1.2.2 Newtonian Formulation

While symplectic integration methods are designed to solve Hamilton’s equations
of motion, the Newtonian formulation of a particle in a magnetic field will be con-
sidered for the purpose of of comparing with the Hamiltonian formulation and with
Runge-Kutta methods. However, only the case of a time independent field will be

considered.

First, define the matrix @, as per (A.15a), so that the numerical integration
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equations are eitherﬂ

Pr = Pn1 + Pn @n_1Pp—1 dt, (B.13a)

Tn = Tn—1+ Qn Pn dt; (B.13b)
or

Tn = Tn-1+ Qn Pn—1 dt, (B.14a)

Pr = Pn1 + Py @ppn—1 dt. (B.14b)

The final, updated momentum /velocity of the particle is

pe+dt) =] F + Pt @n_l} A(t) (B.15a)

n=1

for momentum-position methods and

plt+dt) =] [f + P,dt @n] P(t) (B.15b)

n=1
for position-momentum methods. The solution is of the same form as that of the

Hamiltonian formulation although here the magnetic field is no longer constant.

In the case of spatially varying field, the intermediate position 7, to first order is
o 7o+ > Qudt i, (B.16)
m=1

regardless of the method used. If the magnetic field varies slowly enough, it can be

approximated as
O~ Gy + > Qudt &, (B.17)
m=1

similar to (A.15)). This means that the change in momentum can be approximated

as either

N n—1
plt+dt) =[] |7+ Padt @+ P, Y Qudt® &5 | p(2) (B.18a)
n=1 m=1

1 As noted earlier, for a system in which there are no electric fields, particle momentum and
particle velocity are interchangeable.
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or

N n
Pt +dt) = H I+ Podt &g + Py Y Qudt® & | flt), (B.18D)

m=1
depending on the method used. If the field is also uniform, then the change in
momentum can be calculated by setting &) = 0. In this case, the momentum can be
written in the same form as (B.12]), with the coefficients calculated similarily.

B.1.3 Symplectic Methods of Various Orders

Given that the energy fluctuations and violations cannot be as neatly summerized
for symplectic methods as they can for Runge-Kutta methods, the listing of the
methods and their analysis are split. Listed here are symplectic methods of second,
third, and fourth order. Analysis of these methods can be found in for the SHO
and for a particle in a magnetic field.

B.1.3.1 Second Order
The second order method |[Ruth| (1983)), also referred to a leapfrog method, is setup

such that the one of the quantities (momentum or position) is only updated once,
while the other is updated using the average of its derivative evaluated at the initial
and final points of the first quantity. This can be seen from the coefficients in Table
B.2l

(a) Coefficients for the second order (b) Coefficients for the second order

momentum-position method (PQ2) position-momentum method (QP2)
n Qn P, n Qn P,
1 11 i 1
2 0 T2 : 0

Table B.2: Second order symplectic integration method coefficients.

B.1.3.2 Third Order

The third order method analyzed here, first discovered by [Ruth| (1983)), involves
both forward and reverse intermediate steps (see Table [B.3)). |Ruth| (1983) specifically
formulated the coefficients for the momentum-—position form; others, such as|Yoshida

(1992), use them for the position-momentum form.
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(a) Coefficients for the third order (b) Coefficients for the third order

momentum-position method (PQ3) position-momentum method (QP3)
2 7 7 2
1 3 a1 21 3
2 18 18 2
2 ~3 a2 21 3
1 1
3 1 —5; 9 —51 1

Table B.3: Third order symplectic integration method coefficients.

B.1.3.3 Fourth Order

Coefficients for a fourth order symplectic integrator were discovered by |Forest
and Ruth (1990)), while [Yoshida| (1990) showed that higher order methods can be
constructed via compositions of lower order methods, provided the method order is

even. The fourth order coefficients are shown in Table [B.4]

(a) Coeflicients for the fourth order (b) Coefficients for the fourth order
momentum-position method (PQ4)  position-momentum method (QP4)

1 2.:21/3492/3 14 2:21/3492/3 44 1 2.21/3492/3 14 2:21/3492/3 14
6 12 12 6
9 _2:21/3492/341  2-22/3_9.91/3 9 2—22/3_9.91/3 _2:21/3492/3.
3 12 12 3
3 2:21/3492/3 14 2-22/3_9.91/3 3 2—22/3_9.91/3 2:21/3492/3 14
6 12 12 6
91/392/3 91/3192/3
4 0 2-2 -{22 +4 4 2:2 -{-22 +4 0

Table B.4: Fourth order symplectic integration method coefficients.

B.1.4 Analysis of Symplectic Methods for the SHO

Here, we present the results of the analysis of the considered symplectic methods

for the simple harmonic oscillator. Results are grouped by order method with a

summary included after (Section [B.1.4.4)).
B.1.4.1 Second Order Methods

Table B.5] shows the resulting coefficients for the solution to the SHO, while Table
shows the coefficients for the energy. The resulting equation for the energy after
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(a) SHO solution coefficients as per (b) SHO solution coefficients as per

the second order momentum—position the second order position—momentum
method. method.
n Asp B, Caon Dy, n Asp B, Con D,
1 % 1 % 1 1 % 1 % 1
2 0 0 0 }l 2 0 %1 0 0

Table B.5: Solution coefficients for the simple harmonic oscillator using the second
order methods.

(a) SHO energy coefficients as per (b) SHO energy coefficients as per

the second order momentum-—position the second order position—-momentum
method. method.
n An Vi On n An Vn On
1 0 0 0 1 0 0 0
N b R
3 5 0 —5 3 0 5 5

Table B.6: Energy coefficients for the simple harmonic oscillator using the second
order methods.

a step has been completed is

1
E,(t+dt) = E(t) + q(t)QﬁdtG

1 1 1 (B.19a)
Fan() |0t - 5ar| = [P0 - 0] gar
for the momentum—position method, or
1
E,(t+dt)= E(t) + p(t)23—2dt6
1 1 1 (B.19Db)
~alo)p(t)| a8 = gar] + [o) - 0] g

for the position-momentum method. By assuming that ¢(¢) and p(t) are accurate

representations of and any affect of the energy drift on the phase of the oscillator
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is negligible over a single oscillation period, the energy drift can be written as

Ey(t+dt) 1 e
O L4 g5t
+ sin(2¢(t)) Edt?’} {1 - %dtQ} (B.20a)

— cos(2¢(t)) th“} {1 — ldtQ]

4 8
and
Ep(t+dt) 1
B L4 odt
— sin(2¢(t)) Edtﬂ {1 - %dtﬂ (B.20b)

+ cos(2¢(t)) Edt“} [1 — %dtQ]

where ¢(t) is the phase of the oscillator at time ¢. From (B.20)), it can be seen that
the constant component of the energy drift is the same for both forms of the second

order method, and is given by and is given by

—E(tEJ(;)dt) =1+ 3—12dt6. (B.21)
Comparing this result to the various fourth order Runge-Kutta methods, it can be
seen that the second order symplectic methods have the same order for the average
fractional change in energy per step. What is not taken into account with this com-
parison is effect of the lower order terms on the energy as a function of time. These
terms result in a fluctuation in the energy, where the frequency of the fluctuations
is double that of the oscillator. Furthermore, the lower order terms will dominate
the change in energy with a relative amplitude of 1/4d#3 compared to the relative
magnitude of the constant increase at 1/32dt5, assuming a step size that is less than

one.
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B.1.4.2 Third Order Methods

(a) SHO solution coefficients as per (b) SHO solution coefficients as per

the third order momentum-—position the third order position-momentum

method. method.

n A2,n BQ,n C2,n D2,n n AQ,n BQ,TL 02771 D2,n
1 1 1 1

11 1 1 N 1 1 1
5 1 1 1 1 1 5 1

2 5 5 7 s 2 0@ 5 7 5
7 1 7 7 7 1

3 wm @ 0 s 5 0 TE % 7

Table B.7: Solution coefficients for the simple harmonic oscillator using the third
order methods.

(a) SHO energy coefficients as per (b) SHO energy coefficients as per

the third order momentum—position the third order position—momentum
method. method.
n An Vn On M An Vn On
1 1 1 1
2 36 T 36 0 2 T 36 36 0
3 1 1 113 4 23 13 7
48 18 1728 10368 3456 384
A 13 _ 23 7 4 23 13 7
3456 10368 384 10368 3456 384
5 1631 1 197 5 1 1631 197
5971968 10368 124416 10368 5971968 124416
49 7 49 7
6 5971968 0 124416 6 0 5971968 124416

Table B.8: Energy coefficients for the simple harmonic oscillator using the third order
methods.

Table [B.7shows the resulting coefficients for the solution to the SHO, while Table
shows the coefficients for the energy. The resulting equation for the energy after

a step has been completed is

1 1055 49
E = B(t) + *(t) | oo dt® — oot o dt
(L4 dt) (t) +q°(t) {648& 50719680 T 5971068 ]
113 7 197 7
(1) | o dt® — ——dt” + ———dt? — ———dt'|  (B.22
+aq(t)p(t) [1728 381" T 121416 124416 } (B220)

1 1 23 1
28) — p2(¢ } —dt* — —dtb 4+ /4t — ——— '
+ [q (t) = p*(t) 36 48 * 10368 10368
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for the momentum—position method, or

1 1055 49
E,(t+dt) = E(t) + p*(t) {@dﬁ ~ 971968 Sdtm + 2971068 8dt12]

113 7 197 7
—q(O)p(t) | e dt® — - dt” + ——dt® — ———d'|  (B.22b
q(t)p(t) {1728 352" T 104416 124416 ] ( )
1 1 23 1
— | (t) — p*(t ] —dt' — —dt® + ——dt® — ——dt"
[q B =p"0)] |36 ~ 5+ 10368 10368

for the position-momentum method. As with the second order method, (4.4]) is used
for q(t) and p(t) to find

Epq(t + dt) 1 . 1055 49
T —dt — dt dt
E(t) T 648 5971068 | 5971968
113 ] 63 197 7
in(26(t)) | —=dt®| [1 — —dt? + ——dt* — ———dt°
+sin(20(1)) [1728 _ { 226" T 8136 3136 (B.23a)
- 1
1 1-— zdtG + —238 8dt8
4
+ cos(2¢(t)) L_8dt } 2207 o 49 o
L 331776 331776
and
Epq(t + dt) 1 .o 1055 49
P T At — ——— At ———dt
E(t) T 643 5971068 | 5971968
113 ] 1
— sin(26(t)) 3 qs] 11— 93 gp + 197 g T g
1728 | 226 8136 8136 (B.23D)
- 1
1 1— idtﬁ + %dts
4
— cos(2¢(t)) 1—8dt 9907 49
— At + ——dt"?
L 331776 331776

As with the second order method, the constant energy drift component is the same
for both methods:
E(t+ dt) 1 1055 10 49 19

ST B N I V) B.24
E®) 58" T 5or1068" T 5071968 (B:24)

Comparing this result to the various fourth order Runge-Kutta methods, it can be
seen that the constant energy drift component for the third order symplectic methods
is smaller than the Runge-Kutta methods, provided the step size is less than one. That
said, the phase dependent fluctuations dominate the change in energy compared to

the constant component.

202



B.1.4.3 Fourth Order Methods

Tables and shows the SHO solution coefficients, while Tables and
show the coefficients for the energy when using either the momentum-—position
method or the position—momentum method, respectively. For these coefficients, the

lowest order change in energy is fifth order, and the average change per cycle is tenth

order.
n 1 2 3 4
1 1 _ 5:21/344.92/3 46
A47n 2 24 288 0
1 4.21/343.22/3 14
Bun 1 6 T 14 0
1 1 _ 5:21/344.92/346
C4,n 2 24 288 0
D 1 1 _ 21/3492/3 _20-21/3416-22/3425
4,n 6 144 1728

Table B.9: SHO solution coefficients as per the fourth order momentum-—position
method.

n 1 2 3 4
1 1 _ 5:21/344.92/34¢

Ay 2 24 288 0

B 1 1 _ 2l/8492/3 _20-21/3416-22/3425

4,n 6 144 1728

1 1 _ 5:21/344.92/34¢

Cin 2 24 288 0
1 _4:21/343.92/344

Dyn 1 6 144 0

Table B.10: SHO solution coefficients as per the fourth order position-momentum
method.

B.1.4.4 Symplectic SHO Analysis Summary
In each of the symplectic methods analyzed, the energy drift is dominated by phase

dependent fluctuations while the constant component of the energy drift is several
orders higher. Table shows the results to lowest order for each component.
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n )\n Tn On
3 3-21/342.92/3 14 _3.21/349.92/344 _3.21/349.92/344
288 288 144
4 14-21/3412.22/3 417 _14-21/3412.92/3417 _2:21/344.92/3 41
3456 3456 1728
5 _ 16-21/3413.22/34.20 20-21/3416-22/3425 17-21/3414.22/34.91
13824 10368 3456
6 54.21/3443.92/3 1 68 92-21/3473.22/31116 _ 74:21/3459.22/3493
165888 165888 41472
7 504-21/34400-22/3 4635 0 _373.21/31296.22/3 1 470
1990656 497664

Table B.11: SHO energy coefficients as per the fourth order momentum-—position
method.

n An Yn On
3 _3.21/342.92/344 3-21/349.92/3 14 3-21/349.92/3 44
288 288 144
4 _14-21/3412.92/3417 14-21/3412.92/3 417 2:21/344.92/3 41
3456 3456 1728
5 20-21/3416-22/34.25 _16-21/3413.22/34 20 _17-2Y/3414.22/3491
10368 13824 3456
6 92-21/3473.22/3 1116 54-21/3443.22/3 168 74-21/3459.92/34.93
165888 165888 41472
7 0 504-21/34400-22/34-635 373-21/34296.22/3 4470
1990656 497664

Table B.12: SHO energy coefficients as per the fourth order position-momentum
method.

Form Order Phase dependent drift Constant drift
PQ 2 +1dt? sin(26(t)) 351"
QP 2 —2dt?sin(26(t)) 3516
PQ 3 +2dt* cos(26(1)) agdt®
QP 3 —5dt* cos(26(1)) s dt®
PQ 4 —3'21/3Jﬁ;122/3+4dt5 sin(2¢(t)) 32'21/3112457'32/3+40dt10
QP 4 3222 45 i (265 (t)) 8221/025:2/%4:40 410

Table B.13: Lowest order terms for the energy drift in Symplectic integration methods
for the SHO.
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B.1.5 Analysis of Symplectic Methods for a Particle in a
Magnetic Field

Next, we present the results of the analysis of the considered symplectic methods
for a particle in a magnetic field. As with the SHO analysis, results are grouped by
order method with a summary included after (Section [B.1.4.4)).

B.1.5.1 Second Order Methods

The velocity and energy coefficients for the Hamiltonian formulation of a particle
in a magnetic field are shown in Table [B.14] The coefficients are same for both forms
of the method, as per (B.11)), since the coefficients are swapped between forms. The

results for the Newtonian formulation are shown in Table [B.15l

n ﬁn Qop
1 1 3
2 i 7
3 2 021
4 0

Table B.14: Solution () and energy («) coefficients for the particle in a uniform, static
magnetic field using the second order methods and the Hamiltonian formulation.
Since the method forms swap coefficients, the results are same for both forms.

(a) Particle in a magnetic field so- (b) Particle in a magnetic field so-

lution and energy coefficients as per lution and energy coefficients as per

the second order momentum-—position the second order position-momentum

method. method.

n 571 Qop, n 671 Qop

1

1 1 3 1 1 1
1 1

2 3 6 2 0 0

Table B.15: Solution (f) and energy («) coefficients for the particle in a uniform,
static magnetic field using the second order methods and the Newtonian formulation.
Note that unlike with the Hamiltonian formulation, the coefficients are not the same.

The energy drift, to lowest order, of the Hamiltonian formulation for this these
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methods is therefore

E(t+dt) = E|(t)+ E (1) |1+ §|th|2 , (B.25)

while the Newtonian formulation has an energy drift of

- _
E(t+dt)=E|t)+E.(t)|1+ §|c3dt|2 (B.26a)

for the momentum—position method and
E(t+dt) = Ej(t) + EL(t) {1 + |u_5dt|2} (B.26D)

for the position—-momentum method. Note that the energy drift is second order for

both methods regardless of the formulation used.

B.1.5.2 Third Order Methods

As expected, the third order methods fail for a particle in a magnetic field re-
gardless of whether the Hamiltonian or Newtonian formulation is used. As with the
second order methods examined, the energy drift is of second order and positive, as
per Tables [B.16] and [B.17] leading to an exponential increase. To lowest order, the
energy drift is

] (5.27)

_ oL L2
E(t+dt) = Ey(t) + EL(t) {1 + Tag wdt

for the Hamiltonian formulation, while the Newtonian formulation has an energy drift
of

[ 1
E(t + dt) = E”(t) -+ EJ_(t) 1+ %Mfdtﬁ] (B.28a)

for the momentum—position form and

[ 17
E(t + dt) = E”(t) + El(t) 1+ E’(Edt‘z] (B.28b)
for the position—-momentum form.

B.1.5.3 Fourth Order Methods

Table show the solution and energy coefficients for the particle in a uniform,
static magnetic field using the fourth order methods and the Hamiltonian formulation.

Note that since the methods swap coefficients, the results are identical. To lowest
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n Bn Qo
731
1 1 1152
9 421 261203
2304 1769472
3 _ 185 47562769
2048 3057647616
4 _ 11021 78094609
331776 110075314176
5 _ 383 524819
165888 55037657088
6 7 49
110592 12230590464

Table B.16: Solution (f) and energy («) coefficients for the particle in a uniform,
static magnetic field using the third order methods and the Hamiltonian formulation.
Since the method forms swap coefficients, the results are same for both forms.

(a) Particle in a magnetic field solution (b) Particle in a magnetic field solution

and energy coefficients as per the third and energy coefficients as per the third
order momentum-position method. order position-momentum method.

n Bn Qap, n 6n Qop

187 17

1 1 558 1 1 5

101 16249 4 88

2 576 331776 2 ) 81

7 49 4 16

3 768 589824 3 ) 81

Table B.17: Solution and energy coefficients for the particle in a uniform, static
magnetic field using the second order methods and the Newtonian formulation. Note
that unlike with the Hamiltonian formulation, the coefficients are not the same.

order, the energy drift for the fourth order methods and Hamiltonian formulation is

17 4+11-2Y3 4+9.922/3
24

E(t+dt)=Et)+ E. (1) |1+ |adt|?]. (B.29)

Tables [B.19] and [B.20] show the solution and energy coefficients for the particle in

a uniform, static magnetic field using the fourth order methods and the Newtonian

formulation. Note that unlike with the Hamiltonian formulation, the coefficients are

not the same. The energy drift with the Newtonian formulation is given by

3 21/3 22/3
E(t+dt) = By(t) + EL(t) |1+ 2 6+ B’ (B.30a)
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n Bn Oop
1 1 17+411-21/349.92/3
24
9 7—11.21/3-9.92/3 666+518-21/34413.22/3
48 1536
3 _ 34+43-21/3435.02/3 960647604-21/346039-22/3
192 73728
4 _ 5244-526-21/34431.22/3 2433964193091-21/3 +153266-22/3
9216 14155776
5 764+42-21/3499.92/3 508404-40347-21/3432023-22/3
18432 56623104
6 65+50-21/34-39.22/3 14961+11874-21/349424.22/3
36864 1358954496
7 _ 25+420-21/3416-22/3 635+504-21/34400.-22/3
221184 16307453952
8 0 0

Table B.18: Solution (/) and energy («) coefficients for the particle in a uniform,
static magnetic field using the fourth order methods and the Hamiltonian formulation.
Since the method forms swap coefficients, the results are same for both forms.

n Bn Qop
1/3 2/3
1 1 3+2 6+2
9 3-—22/3_91/3 104-6-21/345.22/3
12 96
3 _ 21/3492/3 644.21/313.92/3
24 1152
4 2:21/34.92/3 14 443-21/349.92/3
576 55296

Table B.19: Particle in a magnetic field solution (5) and energy («) coeflicients as
per the fourth order momentum—position method with the Newtonian formulation.

for the momentum-—position form and

7+5-213 44.2%3
3

for the position-momentum form. As with the second and third order methods, the

E(t+dt)=E|t)+E.(t)|1+ |odt|? (B.30Db)

fourth order method does not conserve the kinetic energy of a particle moving through

a magnetic field.
B.1.5.4 Symplectic SHO Analysis Summary

As has been demonstrated here, none of the symplectic methods considered con-

serve the kinetic energy of a particle in a magnetic field, with the energy drift being
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n 6n Qo

21/344.92/3
1 1 7+5-2 3—|-4 2
9 _ 445-21/344.02/3 564-44-21/3435.22/3
6 12
3 _ 645-21/344.92/3 116492-21/34.73.22/3
6 36
4 0 0

Table B.20: Particle in a magnetic field solution (5) and energy («) coeflicients as
per the fourth order position—-momentum method with the Newtonian formulation.

Form Method Order Hamiltonian as Newtonian «s

3 1
PQ 2 o 3
QP 2 % 1
731 187
PQ 3 1152 288
731 17
QP 3 1152 9
17411-21/349.22/3 3+421/3422/3

PQ 4 24 6
17411-21/349.22/3 7+5-21/344.22/3

QP 4 24 3

Table B.21: Lowest order terms for the energy drift in Symplectic integration methods
for a particle in a magnetic field.

second order regardless of the method order. Moreover, the energy drift rate increase

with method order, as can be seen from the increase in the value of «,, as the method

order increases. Results are summarized, to lowest order, in Table
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Appendix C

Noisy Slab Field Calibration

As discussed in Chapter [f] the determination of the number of waves modes and
range of wave modes required for a given parameter set needs to take into account
the particle energy due to the parallel resonance prediction of QLT. Furthermore,
it is reasonable to assume that the strength of any resonance is a function of the
energy contained in the wave with which the resonance is occurring. As a result,
stronger turbulence should have stronger parallel scattering, leading to a lower parallel
diffusion coefficient. This is readily demonstrated with the results presented here and
in Chapter [6]

Two basic questions that arise from this are “How many Fourier modes are
needed?” and “How large should the maximum mode number be?”. The first ques-
tion is related to the distribution of energy among the wave modes. Since the total
energy in the turbulence is fixed, the total energy between wave modes k; and ks is
also fixed; increasing the number of modes between k; and ky means that the energy
in each mode will decrease. This decrease in energy will reduce the strength of the
resulting scattering when a particle interacts with a particular mode. Opposing this
reduced scattering is the increase in the number of potential scattering interactions
resulting from the increase in the number of modes. Therefore, what the first ques-
tion is fundamentally asking is this: “How many modes are required such that the
combination of decreased scattering per mode balances out the increase in potential
scattering interactions, resulting in a stable diffusion coefficient?”. Given the QLT
parallel resonance, it can be expected that for a given model the number of waves

required is primarily dependent on the particle energy.
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The second question is related to the amount of energy contained in wave modes
with large wave numbers. Using the general spectrum given by , the energy per
mode goes to zero as the wave number k goes to infinity. While the implications of
this were discussed in Chapter [f] it was left open as to how large a maximum wave
number is needed for a given parameter set. To address this, consider the following:
as the turbulence energy density (6b?) increases, the amplitude of all the waves used
increases. As it is expected that the scattering is a function of the energy (amplitude)
of the mode the particle is interacting with, this increase in amplitude should increase
the strength of the resulting scattering. Conversely, decreasing the turbulence energy
density decreases the wave amplitude, lowering the scattering strength. Based on this
reasoning, it should be expected that if there is a difference in the required maximum
wave number for the parameters considered, it will be most obvious when comparing

ob? = 0.2 and 6b* = 2.0.

C.1 Rigidity: R =10.01

The running diffusion coefficients for R = 0.01 and turbulence energy density
ratios of §b? = 0.2 and §b*> = 2.0 are shown in Figures and respectively,
for various values of N and M. It can clearly be seen that the results for the lower
turbulence energy density are more dependent on the number of parallel waves than
the higher turbulence energy density.

Averaging over the different values of M (sub—figures (c¢) and (d) and
used indicates that for the low turbulence energy a minimum of N = 256 parallel
modes are needed. For the higher turbulence energy density, the parallel results are
not as clear due to the fluctuations in the N = 128 results. In the perpendicular
data however, values of N > 128 produce nearly identical results. As a result, it was
determined that the minimum value of N = 256 would be used in further simulations.

Having established the number of parallel waves needed, the next step was to
determine the required number of perpendicular waves. From sub—figures (e) and (f)
in[C.I]and [C.2] it can be seen that the value of M has very little effect on the results.
The apparent difference in effect on the perpendicular transport can be attributed to
noise in the results, due to the fact that the effect reverses itself between the high

and low energy ﬁelds.ﬂ Based on this, the number of perpendicular waves to be used

IThe effect could also be real, although it is quite small compared the effect of the number of
parallel modes.
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Noisy Slab Running Parallel Diffusion Coefficient Noisy Slab Running Perpendicular Diffusion Coefficient
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Figure C.1: The effect of wave number density on the running diffusion coefficients
for particles with R = 0.1 and §b? = 0.2. Colour coding: sub-figures (a)—(d), number
of parallel wave modes; sub-figures (e)—(f), number of perpendicular wave modes.
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Figure C.3: The effect of the maximum wave number on the running diffusion coeffi-
cients for particles with R = 0.01 and §b*> = 0.2. Results are colour coded based on
the maximum wave number. Top: Tye. = 10%. Bottom: T)ue. = 5 - 10%.

at this rigidity was set to 16.

The final quantity that was determined is the maximum parallel mode required.
While the number of parallel and perpendicular waves needed are assumed to be
independent, the same assumption cannot be applied to the the relation between the
number of parallel waves and the maximum parallel mode. For simplicity, in this
work the assumption that is made in this work is that the required number of waves
per order magnitude is constant, such that
N -1
- logyo (g2x)

which allows for N and k,,,, to be determined independently. From the initial value

Ny (C.1)

of kmar = 10% and 256 parallel modes, the minimum mode density is 31.875 waves

214



Noisy Slab Running Parallel Diffusion Coefficient Noisy Slab Running Perpendicular Diffusion Coefficient

1 #1072 R =0.01, 6b% = 2.0 x10" R =0.01, 6b% = 2.0

k.. =10°
max

10t
5F Kinax = 10

- 10°
—Kpax = 10

0.8

0.6 f}

0.4

=103
Kax = 10

— 10
kmax =10 1

Running Diffusion Coefficient
Running Diffusion Coefficient
w

0.2

-10°
Kax = 10

0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

Time T Time T
(a) Parallel transport (b) Perpendicular transport
Noisy Slab Running Parallel Diffusion Coefficient Noisy Slab Running Perpendicular Diffusion Coefficient
15 x107 R =0.01, 6b% = 2.0 6 X107 R=0.01, 6b2 = 2.0
— Kmax = 10°
O e —

10t
5 Kinax = 10

-10°
—Kax = 10

0.8

0.6

0.4

Running Diffusion Coefficient
Running Diffusion Coefficient

0 1 2 3 4 5 0 1 2 3 4 5
Time T x10% Time T x10*

(c) Parallel transport (d) Perpendicular transport
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per order magnitude. Using the previously listed guidelines, the number of waves per
order magnitude used is Ny yseq = gceil(logy(Na)) 11 = 33, F igures and shows
the effect of increasing the number of modes. Unfortunately, due to a calculation error
at the time, the Fourier mode density for the lower energy turbulence (Figure
was set to Ny = 17, not Ny = 33. Since there is clear separation between the parallel
transport results for kpe, = 10° and ke = 10* for the higher energy turbulence
(Figure [C.4), the maximum Fourier mode at low particle energies (R = 0.01,0.1)
was set to ke = 10* with N = 288 parallel modes for higher energy turbulence
(60* = 1,2).

Once the initial calibration of the field has been completed, it does not need to be

redone in its entirety when changing the particle energy. Rather, it simply needs to
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be verified for each new rigidity, which can be done using fewer data sets. Table

shows the calibration results for the noisy slab turbulence model, and is an extension
of Table 6.2

Rigidity Field Energies N M K. Source
0.01 0.2, 0.5 256 16 103 This work
0.01 1.0, 2.0 288 16 104 This work
0.10 0.2, 0.5 256 16 103 This Work
0.10 1.0, 2.0 288 16 10 This Work
0.10 1.0 128 16 10 [Shalchi and Arendt| (2024b))
1.00 0.2, 0.5 128 64 103 This Work
1.00 1.0, 2.0 288 64 104 This Work
1.00 0.2, 0.5 256 64 103 This Work
1.00 1.0, 2.0 320 128 10° This Work

Table C.1: Noisy slab model parameters per rigidity and field energy, determined by
calibration.

A critical point to consider is that the maximum time used for the low energy
particles (R < 1) is smaller than the time required for the system to reach a diffusive
state in the perpendicular direction. This is, of course, due to the fact that normal
diffusion is not restored until a much later time (see Figure . As such, the apparent
lack of effect from the number of perpendicular modes on the diffusion coefficients is
due to the simulation time. It is entirely possible that the number of perpendicular
modes needs to be higher than 16 for R < 1 for accurate calculations, but time
required to do so makes such a determination unfeasible.

As discussed in Chapter [6], several modifications to the parameters used in [Shalchi
and Arendt| (2024b)) needed to be made in order to make the simulations feasible.
Beyond increasing the time step and reducing the number of particles, the values of
N and K,,,, were modified, as can be seen in Table This was done to keep
the maximum run time per particle to under seven days, as was required by the

computational servers used to perform the simulations for this work.

C.2 Numerical Method and Statistics Testing

In addition to calibrating the magnetic turbulence parameters, both the numerical

method and the statistical fluctuation in the diffusion coefficients were tested. To
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Figure C.5: Comparison of the running diffusion coefficients from simulations using
the IRM33 and RK4 methods. As the non—adaptive RK4 method requires an addi-
tional evaluation of the magnetic field per time step (see Appendix |A)), it could not
be run out to as large a maximum time.

test the numerical method, the non-adaptive 4 order Runge-Kutta method was
employed using N = 64 and M = 256 as listed in |Hussein et al.| (2015), as well
as with N = 256 and M = 64, since it was found that the number of parallel
modes had an effect on the diffusion coefficients. Since the Runge-Kutta method
requires an additional field evaluation per time step and the simulations were done
for comparison purposes rather than to reach normal diffusion, these were only run
out to 7" = 10*. The innate perpendicular energy loss from the Runge-Kutta method,
described in Appendix , is estimated to be on the order of 107 or smaller,
and therefore not important in this example.ﬂ Figure shows the results of this,
where it can be seen that there is little to no difference between the two Runge-Kutta
simulations. While the Runge-Kutta simulations have running diffusion coefficients
that are slightly larger than those computed from the IRM method simulations, this
difference needs to be viewed in the context of the statistical fluctuations on the
results.

In order to test the level of statistical fluctuations in the diffusion coefficients,
simulations with the basic slab model were performed. These simulations used 3600

particles with R = 1, moving in slab turbulence comprised of 256 modes and a

2Using AT = 0.02 and T},q, = 107, as was required to find diffusion for low rigidity particles in
noisy slab turbulence, has the potential for a much higher energy loss.
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field energy density of 0> = 1. This was repeated 90 times in order to measure
the statistical fluctuations, illustrated in Figure The black lines are the resulting
running diffusion coefficients, while the grey lines are the running diffusion coefficients
for the 90 individual data sets. Assuming a Gaussian distribution, the expected
fluctuation level is calculated as the time averaged ratio of the standard deviation to
the mean. This results in a fluctuation level of 2.4% for the parallel coefficient and
3.7% for the perpendicular coefficient. Due to these results, the number of particles
per noisy slab and full 3D data set was set to a minimum of 6000 particles. The
reason for using the basic slab model for the statistical fluctuation analysis is that

the simulations do not require a significant amount of time to complete.
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Figure C.6: Statistical fluctuations in running diffusion coefficients using slab turbu-
lence. Black: average running diffusion coefficient. Grey: running diffusion coefficient
of individual data sets.
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