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ABSTRACT OF THE DISSERTATION

Non-local fractional diffusion and transport in
magnetized plasmas

by

Adam Bryce Kullberg
Doctor of Philosophy in Physics
University of California, Los Angeles, 2014

Professor George Morales, Chair

This thesis addresses several limitations in the current state of the art fractional
models, and applies fractional transport concepts to transport in confined plasmas.
One limitation that is addressed is the discrepancy between the strict mathemat-
ical properties of the Lévy distributions that underlie fractional diffusion models
and the distributions observed in experiment and numerical simulation. Specifi-
cally, the second and higher moments of the Lévy distribution are infinite, while
the moments of observed distributions are finite. This issue is dealt with using
tempered, or truncated Lévy statistics in which the moments of the Lévy distribu-
tions are regularized by including exponential damping, with damping constant A,
into the tails of the distribution. In this thesis these tempered Lévy processes are
studied in the context of a spatially tempered fractional Fokker-Planck (TFFP)

equation and in the context of fluctuation driven transport.

Other limitations that this thesis addresses are related to the dimensionality
of the fractional derivatives commonly used to model transport, and the applica-
tion of fractional derivatives to transport in bounded finite-sized domains. Many
fractional models of radial transport in a cylindrical system are based on one-
dimensional Cartesian fractional operators. In this thesis a fully two-dimensional

fractional Laplacian operator is developed from a generalized random walk model.

i



This 2D operator can be azimuthally averaged to produce a radial fractional oper-
ator that correctly incorporates, near the origin, all the geometric effects of a 2D
circular system. There are also subtleties in applying fractional derivative opera-
tors, which are often formulated on an unbounded domain, to a finite domain. In
this this thesis a bounded domain model of radial fractional transport is formed
using mask functions that modify the kernels of the fractional operators and that
go to zero in a boundary layer to remove mathematical singularities associated

with limiting the range of integration.

This thesis also presents an analytic solution to the one-dimensional fractional
thermal wave equation for the unbounded domain. To the author’s knowledge, no

such thermal wave solution is present in the literature.

Finally this thesis also compares the results from the radial fractional model
to experimental results taken from several different tokamak fusion devices. The
devices considered include the General Atomic’s machine DIII-D and the major
European devices: the Joint European Torus (JET), the Axially Symmetric Diver-
tor Experiment (ASDEX-Upgrade), and the Rijnhuizen Tokamak Project (RTP).
The survey focuses on two types of experiment: steady off-axis ECH experiments
from RTP and power modulation experiments from JET, ASDEX-Upgrade, and
DIII-D. In the steady heating experiments from RTP, hollow temperature profiles,
or profiles that peak away from the center, are observed. Hollow profiles are an
intrinsic feature of the radial fractional model, and it is found that the radial
model is robust in describing the observed RTP profiles. In the power modu-
lation experiments, the fractional model only achieves good agreement with the
measurements for the high-frequency modulation in the purely Ohmic discharge
#10589 in ASDEX-Upgrade for a = 1.75. This disagreement suggests that frac-
tional transport does not play a major part in determining the thermal waves

excited in power modulation experiments.
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CHAPTER 1

Introduction

1.1 Motivation and History

A vital topic in developing a working fusion reactor is understanding the transport
properties of a confined plasma. In most transport models that have been applied
to magnetically confined plasmas, the transport paradigm has consisted of the
continuity equation and an expression for the flux that includes terms due to

Fick’s law and convection:

T

-V - q

SIS

(1.1)
Gd=—-xaVT+ VT .

In many situations, however, this model is insufficient. Within the field of plasma
physics, examples of non-diffusive transport, or transport in which equations (1.1)
fail, are as follows: the fast propagation phenomena in perturbative transport ex-
periments [CMNO8, Gen95, MRO06], the non-Gaussianity of experimentally mea-
sured fluctuations [JKKO03, Gon03|, numerical simulations of 3-dimensional, resis-
tive, pressure gradient-driven plasma turbulence in cylindrical [CCL04, CCLO05,
CLZ01] and toroidal geometry [GCO06], gyro-kinetic turbulence [SNLOS8|, and ob-
servations of nonlocal enhanced heat transport in magnetized temperature fila-

ment experiments [BMMO00, PSMO0S].

The deficiencies associated with the standard diffusion paradigm of equations
(1.1) have motivated the study of a class of nonlocal, non-diffusive transport mod-

els which are based on fractional derivative operators. These fractional derivatives



are, mathematically, integro-differential operators that extend the definition of
regular differentiation [OS74, Pod99, SKM93| to arbitrary real values. An intu-
itive representation of a fractional derivative, for example, can be found in the
Fourier transform of a one-dimensional, symmetric, fractional derivative in the

unbounded domain:
d* .
-— = —|k|* f(k) . 1.2
F{ e 1)} = Ikl £ (12)
In this equation, « is the order of the fractional derivative and is a continuous

real parameter such that 0 < a < 2.

The use of fractional derivative operators in the description of non-diffusive
transport is appealing for several reasons. One reason is the connection between
fractional derivatives and non-Gaussian Lévy processes. In the context of Con-
tinuous Time Random Walk (CTRW) models, fractional operators in the spatial
variable appear in the coarse grained description of a generalized random walk in
which the underlying jump probability density function (PDF) of the stochastic
process corresponds to Lévy flights [MKO00, SZK93]. The distributions associated
with Lévy flights have divergent second and higher moments, i.e. () > oo, and as
a result, they have long algebraic tails that allow for anomalously large displace-
ments. Thus fractional derivatives operators form a natural model for transport

in systems in which large non-Gaussian displacements are present.

Fluid limit descriptions of CTRW models can also contain fractional derivatives
when the waiting time distributions obey algebraic scaling laws. In this case, the
relevant transport equations contain fractional derivatives in the time variable and
describe systems in which memory effects play a significant part in the transport
process. In this work, all transport processes are assumed to be Markovian, i.e.,
no memory effects are included, and so in the transport equations considered here,

fractional derivative operators only appear in the space variable.

Over the years, a great deal of research has been devoted to the use of fractional

derivative operators in the description of non-diffusive transport. For example,



fractional diffusion equations have been developed and discussed in the context
of Hamiltonian chaotic dynamics [Zas94, ZEN97], turbulent systems near their
critical point in phase space [Pes87], quantum chaotic dynamics [KBD99], and
the transport of liquids in porous silica glass [ZSK99]. In each of these cases, the
resulting transport equation contained fractional derivatives in space, indicating
an underlying transport process containing Lévy flights, or in time, indicating the
presence of memory effects. A more thorough survey of fractional dynamics can

be found in Refs. [MK00, MKO04].

The goal of this thesis is to address several limitations in the current state of
the art fractional models, and to apply fractional transport concepts to transport
in confined plasmas. One limitation that this thesis addresses is the discrepancy
between the strict mathematical properties of the Lévy distributions that underlie
fractional diffusion models and the PDFs that are observed in experiment and
numerical simulation. For example, the second and higher moments of the Lévy
distributions are strictly infinite; in contrast, the moments of observed PDFs are
finite since the statistical samples from which they are constructed are finite and
do not allow jumps larger than some maximum value. In Refs. [Kop95, Ros07]
truncated or tempered Lévy distributions are introduced which guarantee the
finiteness of all the moments by including an exponential damping in the Lévy
densities. These tempered Lévy statistics motivated the development of truncated
fractional derivatives and tempered fractional diffusion models in Ref. [CCO7]. In
Chapter 2 of this thesis, these truncated fractional derivatives are incorporated
into a tempered fractional Fokker Planck equation, and the transport of particles

under the influence of tempered Lévy noise and external potentials is studied.

Other limitations that this thesis addresses are related to the dimensionality
of the fractional derivatives commonly used to model transport, and the applica-
tion of fractional derivatives to transport in bounded, finite-sized domains. Many

fractional models of transport are based on one-dimensional Cartesian fractional



derivatives, regardless of the dimensionality of the system in which the transport
occurs. Furthermore, there are subtleties in applying fractional derivative oper-
ators, which are often formulated on an unbounded domain, to a finite domain.
For example in Ref. [Cas06], a bounded domain Cartesian fractional model is pro-
posed that is based on the Caputo formulation of the fractional derivative which
avoids the singularities at the boundary that appear when truncating the range
of other types of fractional derivatives, such as the Riemann-Liouville derivative
[Pod99]. In Ref. [CMNOS§] this model is applied to radial transport situations
observed in the major European tokamak device JET[Gor08] during cold pulse
and perturbative power modulation experiments. Although Cartesian models are
reasonable in the slab approximation, in cylindrical systems they are insufficient
in describing transport near the origin. Moreover, there is no straightforward
method for modeling isotropic transport in the poloidal direction with Cartesian
operators. In Chapter 3 of this thesis, a fully two-dimensional fractional Laplacian
is developed from a two-dimensional master equation associated with a Continu-
ous Time Random Walk model. The resultant 2D fractional diffusion equation is
expanded into a poloidal Fourier series, giving a fractional diffusion equation for
each poloidal mode T™ of the expansion of the transported scalar 7. The frac-
tional diffusion equation for n = 0 describes isotropic transport in an azimuthally
symmetric system. This radial fractional diffusion equation correctly incorporates,
near the origin, all the geometric effects of a 2D circular system. Transport in the
poloidal direction is described by including the higher n > 0 solutions 7 in the
calculation of T'. Furthermore, in Chapter 3, an n = 0 bounded domain, radial
diffusion equation is also developed that is based on the use of mask functions to
modify the unbounded domain kernel. This method produces a bounded domain
model that avoids the mathematical singularities associated with directly truncat-
ing the range of integration in the Riemann-Liouville expression of the fractional

derivative; it also avoids a spurious heat flux term that is present in the Caputo



expression of the fractional derivative.

In Chapter 4, a derivation is presented of an analytic solution to the one-
dimensional unbounded domain fractional diffusion equation in the presence of
a harmonically oscillating delta function source. To the author’s knowledge, no
such thermal wave solution is present in the literature. From this derivation it
is learned that there are two contributions to the solution: an evanescent wave-
like part, with a wave-number k that is determined by a fractional dispersion
relation, and an anomalous algebraically decaying part H(x). It is hoped that
knowledge of the analytic thermal wave solutions will allow the development of
some perturbative experiment that can determine the fractional order o, and other

relevant transport properties, of a fractional system.

Finally, in Chapter 5, results from the n = 0 bounded domain radial fractional
model developed in Chapter 3 are compared to experimental measurements from

several different tokamaks.

1.2 Major results

The major results of this thesis are summarized in this section. In Chapter 2,
a tempered fractional Fokker Planck (TFFP) equation is studied in the presence
of harmonic and periodic (ratchet) external potentials. The TFFP equation de-
scribes the transport of particles governed by a tempered Lévy noise and external
forces or potentials. In the presence of a harmonic potential it is found that the
steady state solutions of the TFFP equation do not reduce to the Boltzmann
distributions in the limit ¢ — oo when a finite level of truncation A is included.
However as A — oo, the steady state solutions P(x) do approach the expected
Boltzmann distribution. Figure 2.1 on page 22 shows the numerically calculated
PDFs P(x) for increasing A and show the asymptotic approach to the classical

Boltzmann distribution. Previous studies [CGCO08] of the (untempered) fractional



Fokker Planck equation have found that a finite current exists in the presence of a
periodic potential that lacks reflection symmetry (i.e., a ratchet potential). When
truncation is included, these currents are reduced but not eliminated. Figure
2.7 on page 37 shows the reduced current for different levels of truncation A and
for different «v. Furthermore, the dependence of the current on other system pa-
rameters such as ratchet potential asymmetry A, external tilting force F', and
diffusivity scale o = Xé/ “ is qualitatively similar (aside from a reduction in cur-
rent magnitude) in both the untempered (A = 0) and tempered (A > 0) cases; see,
respectively, figures 2.12 on page 42, 2.13 on page 43, and 2.16 on page 46. An
exception to this general behavior occurs in the presence of an asymmetric Lévy
noise (i.e. # # 0) where the inclusion of truncation can change the direction of the

current. Figure 2.15 on page 45 plots the current for different fixed asymmetries

in the noise and shows a reversed current for increasing \.

In Chapter 3, a fully 2D fractional diffusion model is derived. This 2D diffusion
equation is expanded into a poloidal Fourier series that gives a separate fractional
diffusion equation for each term 7™ in the Fourier expansion. This expansion
allows for the description of fractional transport in an azimuthally symmetric
system (by considering only the n = 0 term) and allows one to account for poloidal
fractional transport (by considering the n > 0 terms). This expansion is given in
equation (3.18) on page 55. From the unbounded domain operator, a bounded
domain n = 0 radial fractional model is developed using kernels that have been
modified with mask functions. The resulting bounded domain model is given
by equation (3.48) on page 65. A numerical scheme that solves the non-trivial
integro-differential part of the bounded domain model is given in the appendix
B. The bounded domain radial model allows for the presence of uphill transport
over a large extent of the domain. By uphill transport it is meant that the heat
flux is in the direction of the temperature gradient. Figure 3.6 on page 73 shows

the resulting flux and steady temperature profiles for a strong off-axis heating



situation. In that figure, the temperature profile is hollow, or peaks near the off-
axis source, and has a region of uphill transport that extends from the origin to
72% of the domain radius. These hollow profiles are a characteristic of the radial
fractional model when the diffusivity is constant. In figure 3.7 on page 74, the
temperature profiles calculated from the radial fractional model are compared to
temperature profiles found from the Cartesian model proposed in Ref. [Cas06].
In that work, the Cartesian model produces profile peaking, or an enhancement
in the core temperature, when a strong off-axis heat source is present. This is in

contrast to the hollow profiles of the radial fractional model.

In Chapter 4 analytic solutions to the one-dimensional fractional thermal wave
problem are derived. The solution is given in equation (4.20) on page 94. The
main insight that is learned from the analytic expression is that there are two
contributions to the solution: an evanescent wave-like term, with wavenumber k&
given by a fractional dispersion relation (equation (4.19) on 94), and an anomalous
algebraic-decaying term H(x) (equation (4.21) on 94). Figure 4.3 on page 98 shows
the log-normal plots of the amplitude and the plots of the phase for a thermal wave
due to a symmetric fractional diffusion. The phase panel of this figure displays
an interference pattern due to the evanescent wave term and the anomalous H(x)

term.

In Chapter 5 calculations from the radial fractional model developed in Chap-
ter 3 are compared to experimental results from several different tokamak devices.
The survey presented in this Chapter concentrates on experimental results from
the devices: Rijnhuizen Tokamak Project (RTP), ASDEX-Upgrade, JET, and
DIII-D. In the RTP, steady off-axis ECH experiments have observed hollow elec-
tron temperature profiles that peak near the power source location. These steady
hollow profiles are well reproduced by the radial fractional model: see figure 5.4
on page 117 which compares experimental data, the calculated results from the

radial fractional model, and results from an internal transport barrier model pro-



posed by de Baar et al. in Ref. [BBH99|. Also, in the RTP experiments, several
hollow profiles are found for different heating locations. In figure 5.3 on page 116
the results from the radial fractional model, for each different power location, are
compared to experimental results. It is found that as the heating source is moved
towards the outer edge, the o value of the best fitting fractional result decreases.
This suggests that either the global fractional order « is changed as the heating
location is moved, or that the parameter o should depend on the spatial variable
p such that «a(p) decreases with p. Such an «(p) profile would correspond to a
system that has increasingly non-local and anomalous transport towards the edge

of the domain.

With regards to ASDEX-Upgrade, JET, and DIII-D, Chapter 5 applies the
fractional model to off-axis power modulation experiments performed in those
devices. These devices are chosen because the equilibrium temperature profiles
for each specific modulation experiment are readily available in the literature. In
figures 5.7 on page 125, and 5.8 on page 126 calculated results from the radial
fractional model are compared to experimental results from ASDEX-Upgrade dis-
charges #10589 and #10591, respectively. These two discharges represent two
different experimental regimes: discharge #10589 included steady Ohmic heat-
ing, a dominant modulated ECH source, and a higher modulation frequency of
100 Hz, while discharge #10591 included steady ECH heating and steady Ohmic
heating, a weaker perturbative modulated ECH source, and a lower modulation
frequency of 30 Hz. From figure 5.7 (i.e. discharge #10589), one observes reason-
ably good agreement between the fractional results for a = 1.75 and the measured
results. From figure 5.8 (i.e. discharge #10591) it is seen that none of the calcu-
lated fractional results agree well with the experimental data; however the best fit
is found for a = 2.0, corresponding to conventional diffusion with diffusivity ob-
tained from a power balance analysis. Figure 5.9 on page 127 compares the radial

fractional model to results from a critical temperature gradient model proposed



by Imbeaux et al. in Ref. [[RGO1], and experimental data for discharge #10589
in ASDEX-Upgrade.

Figure 5.12 on page 132 compares calculated results from the radial fractional
model, a Cartesian Caputo fractional model proposed by del-Castillo-Negrete in
Ref. [CMNO8], and a critical temperature gradient model given in Ref. [MCGO0§],
to experimental results taken from JET discharge #55809. In this figure both the
CGT model and the Cartesian fractional model fit the experimental data better
than the radial fractional model. As the Cartesian fractional calculation included
Fick’s law diffusion, this suggests that an adequate description of transport in this

experiment must include at least some level of conventional diffusion.

Figure 5.14 on page 136 compares the calculations from the radial fractional
model to experimental results from DIII-D reported in Ref. [DPW12]. In these
calculations, the power source profile width is varied and fitted to the experimental
data. It is found that for both a fractional model (o = 1.75), and a conventional
diffusion model, good agreement can be achieved between calculation results and
experimental measurements. However, the fractional calculations require a modu-
lation source profile with an unrealistically large width, suggesting that transport

in DITI-D may be adequately described by conventional Fick’s law diffusion.



CHAPTER 2

Transport in the spatially tempered, fractional

Fokker-Planck equation

2.1 Introduction

The problem of fluctuation-driven transport has a long and interesting history,
with early discussions dating back to a work by Smoluchowsky in 1912 [Ula57].
As is well known, when the fluctuations follow Gaussian statistics, the dynamics of
the probability density function (PDF) can be described, in the continuum limit,
using the Fokker-Planck equation. However, there has been growing interest in the
study of modified versions of the Fokker-Planck equation that describe transport
processes involving anomalous diffusion. In this chapter, a particular interest
is the inclusion of tempered fractional diffusion operators in the Fokker-Planck

equation.

From the statistical mechanics point of view, there is a close connection be-
tween fractional diffusion operators and non-Gaussian Lévy processes. In the
context of the continuous time random walk (CTRW) model, fractional diffusion
operators arise naturally from the continuum (long wavelength) limit of the gen-
eralized random walks with jump PDF's corresponding to Lévy flights; see, e.g.,
Ref. [MKO0O0] and references therein. Lévy statistics have been used to model a
wide range of problems involving PDFs with slowly decaying tails. However, an
often-overlooked issue is the differences that exist between the strict mathematical

properties of Lévy distributions and the PDFs found in practical problems involv-
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ing experiments or numerical simulations. For example, although the second and
higher moments of an a-stable Lévy distribution with 1 < o < 2 are formally in-
finite, all the moments of PDF's of practical interest are finite. One of the reasons
why PDFs of practical interest have finite moments is that they typically have
finite support since the statistical samples upon which they are constructed are
finite. For example, PDF's with algebraic decaying tails have been observed in the
description of particle displacements in turbulent transport [CCLO05]. These nu-
merically determined PDFs have finite moments because their support is limited

by the largest possible displacement computed in the numerical simulation.

One alternative to overcome the divergence of the moments of Lévy a-stable
distributions in transport models is to use truncated, or tempered Lévy distribu-
tions. These distributions were originally introduced in [MS94, Kop95] as a simple
prescription to guarantee the finiteness of the second moment. In [Ros07], a gen-
eral class of multivariate-tempered stable Lévy processes was considered and their
parametrization and probabilistic representations were established. General Lévy
processes, and in particular tempered stable processes, were incorporated into the
CTRW model and macroscopic transport models in [CCO7]. In that work, the no-
tions of truncated fractional derivatives and tempered fractional diffusion (TFD)
in the construction of non-diffusive transport models driven by truncated Lévy

flights were introduced.

Truncated Lévy distributions have shown applicability in many areas. In
plasma physics, it has been shown that these distributions reproduce the PDF of
the electrostatic potential fluctuations measured in the edge of Ohmically heated
tokamaks [JKKO03]. In fluid mechanics, it was observed that the PDF and the
scaling properties of truncated Lévy processes display several features of two-
dimensional turbulence simulations including a sharp transition from the alge-
braic to the exponential decay in the tails of the velocity probability distribution
function [DL98]. Truncated Lévy distributions were used in [BSCO04] to fit and

11



model the statistics of interplanetary solar-wind velocity and magnetic velocity
fluctuations measured in the heliosphere. In finance, it has been shown that trun-
cated Lévy distributions describe the scaling of the PDF of the S&P 500 economic
index [MS95].

Given the vast literature in the study of fractional diffusion, it is important
for applications to explore the role of tempering. Of particular interest is to study
how the results obtained in the context of models that assume Lévy distributions
with infinite moments are modified when tempering is incorporated. For example,
in [Cas09], the role of tempering on the super-diffusive acceleration of fronts in
reaction-diffusion systems in the presence of fractional diffusion was studied. In
this chapter the goal is to study the role of tempering in the fractional Fokker-

Planck equation.

The approach taken in this chapter is based on the spatially tempered, frac-
tional Fokker Planck (TFFP) equation, obtained by replacing the diffusion oper-
ator with the truncated fractional diffusion operator introduced in [CC07]. Two
complementary numerical techniques are used: a finite-difference method based
on the Grunwald-Letnikov discretization of the truncated fractional derivatives,
and a Fourier-based spectral method. The discussion focuses on the study of
harmonic (quadratic) confining potentials and on the study of periodic potentials
with broken spatial symmetry, also known as ratchet potentials. Previous stud-
ies in the context of the standard (a-stable) fractional Fokker-Planck equation
for confining potentials include the case of harmonic [JMF99, CG00] and non-
harmonic [CGK02, SG03, DS07] potentials, and the study of Kramers’ problem
in [Dit99, CGK05, DGHO07, IP06]. The study of the standard fractional Fokker
Planck equation with periodic potentials with broken symmetry is more recent.
The early work reported in [CGCO08] originally proposed a minimal model for Lévy
ratchets consisting of a time-independent ratchet potential in the presence of un-

correlated Lévy noise. It was shown that, even in the absence of an external tilting
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force or time dependence in the potential, or a bias in the noise, the Lévy flights
drive the system out of thermodynamic equilibrium and generate an uphill current
(i.e., a current in the direction of the steeper side of the asymmetric potential).
Following this, in [DGS08], the Lévy ratchet problem was studied and robust
probability measures of directionality of transport were proposed. In [Dyb08], the

influence of periodically modulated Lévy noise asymmetry was studied.

In the context of fusion plasmas, ratchet models have been invoked to ex-
plain the inwardly directed transport of impurity ions[VSBO06] in tokamaks; in
that model, the random noise is a Gaussian process, instead of a tempered (or
untempered) Lévy process, and the directed current is driven by a time-dependent
stochastic electrostatic potential and the asymmetry in the magnetic field magni-

tude across the tokamak cross-section.

The rest of the chapter is organized as follows. In section 2.2, the main ideas
behind TFD are discussed. In particular, the truncated fractional derivative oper-
ator is defined, the fundamental solution (Green’s function) of the TFD equation
is computed and a large-truncation expansion of the TFD operator is presented.
In section 2.3, perturbative and numerical steady-state solutions of the truncated
fractional Fokker-Planck equation for a harmonic potential are presented. The
case of periodic potentials with broken spatial symmetry is considered in section
2.4. In this section, a numerical solution of the PDF along with a detailed study
of the ratchet current as a function of the truncation level is also presented. The

conclusions are presented in section 2.5.

2.2 Review of tempered fractional diffusion

The concept of tempered fractional diffusion (TFD) is first introduced in Ref.
[CCO7] in the context of the CTRW model. In that work, the following model is

proposed to study the fluid (long-wavelength) limit of a CTRW with tempered
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—00

Lévy jump distribution functions:
(D] P =xa 03P, (2.1)

where the parameter y, > 0 is the fractional diffusivity. The operator on the
left-hand side of the equation (2.1) is the Caputo fractional derivative of order
0 < B < 1, which in the limit § — 1 reduces to the regular time derivative, d/dt.

The operator on the right-hand side is the TFD operator defined in [CCO7] as

d
8§’G’AP:D§’9’AP+vd—P—uP, (2.2)

Xz

where D*%* is the A-truncated fractional derivative of order 0 < o < 2 and

asymmetry —1 < 0 < 1:
D0 = 1(0) exp(—Ax) _ D exp(Az) 4 r(0) exp(Ax) , D% exp(—Az) , (2.3)

with the parameter A > 0 determining the level of the truncation. The operators
D7 and DS, are the well-known Riemann-Liouville derivatives, which in Fourier

space are defined as
FLoD2] = (=ik)* P, F[,D] = (ik)* P, (2.4)

when the Fourier transforms are defined as

Flfl(k) = f= / f(x) exp(ikx)dz . (2.5)
The factors
S L S . .
l= 2 cos(arm/2)’ 2cos(arn/2)’ (2.6)

determine the relative weight of the left and the right fractional derivatives in

terms of the asymmetry parameter 0, and

0, O<axl \@

YT adae! T
1 9 cos(am/2)
| cos(am/2)] Sas

(2.7)
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In the context of the CTRW model, the order « of the fractional derivative and the
parameter A correspond to the index and tempering of the Lévy density wgp(x) ~
2| =1+ exp(—A\|z|) which describes the statistics of the particle jumps. In detail,
for this Lévy density, the Lévy -Kintchine formula gives the following expression

for the characteristic exponent Agr of the PDF of jumps n:

A Xa
Apr=Inf=——2o0
BT = A 2 cos(am/2)
(14 0)(\ +ik)* + (1 — 0)(\ — ik)™ — 2\, D<a<l (28
X

(14 0)(A+3k)* + (1 — 0) (N — ik)* — 20* — 2ikafX\*!, 1< a <2

where 7) = exp(Agr(k)) denotes the Fourier transform of 7. From equation (2.8),

it follows that, for A > 0, all the moments of the jump PDF 7 are finite since

(0z"), = /(5x nddz =i T, (2.9)
For example,
Vi, 0<a<l
(62}, = , (2.10)
0, l<a<?2
and
((62)%)y = 2xs + (02)2 0 < a <2, (2.11)
where the asterisked quantities are defined as
- —1
V. Xa0f Xacla — 1 (2.12)

- | cos(am/2)| A1—e” X = 2| cos(am/2)|\2—
For A = 0 (i.e. the absence of truncation), the Lévy density reduces to that
of an a-stable Lévy process, wrg(x) ~ |z|~0+%  and equation (2.2) reduces to
Riemann-Liouville fractional derivatives. As expected, in this limit, (62%), — co.
In addition, if 8 # 0, (éx), — oo for 0 < a < 1. On the other hand, as
expected, in the limit  — 2, the right-hand side of equation (2.1) reduces to the
diffusion Laplacian operator * P. Further details on the definition and properties

of the TFD operator and the A-truncated fractional derivative can be found in
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[CCO7, Cas]. Finally, as is well known, (see [MKOO] and references therein) for
0 < 8 < 1, the operator {D? on the left-hand-side of equation (2.1) accounts for
memory effects resulting from waiting time PDF's with algebraic decaying tails in
the CTRW.

In principle, it is possible to generalize the previous discussion to model trans-
port processes in which the truncation itself is asymmetric. One possible way to
do this is by assigning different truncation scales to the left and the right fractional

derivatives:

A®ONA P = g 90 "8 P 4 a, 008 P (2.13)

where a; = (1—0)/2 and a, = (1+6)/2, with —1 < § < 1. However, in this thesis,
the discussion focuses solely on the symmetric truncation case, which corresponds

to A, = A = \. In this case A%% A p = §a.0.A p,

2.2.1 Green’s function and temporal scaling of moments

The fundamental solution of the TFD equation is given by the solution of the

initial value problem
DV Gy = xa 020Gy, Ga(x,0) = d(z) . (2.14)
Using the Fourier transform properties of the truncated fractional derivatives

F [exp(—/\a:) _ D5 exp (Ax) gb} = (\— k)" b

o (2.15)
Flexp (A\z) D% exp (—Ax) ¢] = (A +ik)™ ¢
it follows that
1 & )
Gi(z,t) = oy / exp (—ikz) Eg [t° Apr(k)] dk, (2.16)

where Fj is the Mittag-Leffler function of order 5 [CCOT].

As mentioned before, one of the key issues of the tempered Lévy distributions

is the finiteness of the moments. Likewise, for A\ > 0, all the moments of the
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Green’s function exist, viz. (") = [ 2" G dx = i "9} G| . The temporal
k=0

scaling of the first and second moments are given by

%
— % O<a<l,
(@)= TB+1) (2.17)
0, l<a<?2,
and 5
CEVftQ’@—i—ﬁtﬁ, 0<a<l,
(le = (2)]*)(t) = 2o, (2.18)
S l<a<?,
L3+ 1) .

where Cy = 2/T'(28 + 1) — 1/ [[(8 + 1)]°, and V, and ¥, are defined in equation
(2.12). Note that the truncation gives rise to a finite first moment for 6 # 0 only
when 0 < a < 1. In this case, the scaling is sub-advective for 0 < § < 1. Al-
though less studied than anomalous diffusion, anomalous advection, characterized
by (z) ~ t¢ with ¢ # 1, has been observed in transport problems in fluid mechan-
ics [Cas98]. As expected, according to equations (2.10), the constant V, is the first
moment of the asymmetric, truncated jump distribution function in the CTRW
for 0 < a < 1. Moreover, as discussed below, V, determines the effective drift

velocity in the large-A expansion of the transport equation (2.33) for 0 < o < 1.

Two cases of particular interest in the solution of equation (2.14) correspond
to symmetric and totally asymmetric Green’s functions. In the symmetric, § = 0,

case, the Green’s function for 1 < a < 2 can be written as

;Gx(i’ﬁ) = /Ooo cos(Fu) B [t7®(u)] du, (2.19)
where
= ; u? o/2 cos (atant(u)) —
lu) = | cos(am/2)| [<1+ ) (ortan™ (u)) 1] ; (2.20)

and where & = Az, 7 = t/t., and

te = xSVBNTB (2.21)
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As discussed in [CCO07, Cas|, for 26 > «, the solution in equation (2.19) implies
that the scaling of the PDF transitions from super-diffusion at short times to sub-
diffusion at large times, with the cross-over time ¢, given in (2.21). This transition
is accompanied by a transition in the tails of Green’s function from algebraic decay
to stretched exponential decay. Another case, which is relevant to the study of
front propagation in reaction-diffusion systems [Cas09, Cas|, corresponds to the

totally asymmetric, 8 = —1, for § =1, and 1 < a < 2, solution

G = exp (—AZ — XaAt) (Yal) ™ Go(7) , (2.22)
where
1 [ee]
Gol#) = 5 / exp (i°k* + iki) dk | (2.23)
T J-x

is Green’s function of the asymmetric, a-stable (A = 0) fractional diffusion equa-

tion, in terms of the similarity variable
iF=1x(xat) Ve, (2.24)

where, for simplicity, it has been assumed that an advection velocity V = —uv is
present that cancels the drift velocity, which according to equation (2.7) arises for

A >0 and 6 # 0.

Using the asymptotic expression of the a-stable Lévy distributions, Go(Z) ~
717 for & > 0, it follows from equation (2.22) that the right tail exhibits the

tempered decay

exp(—Azx)

e (Xal)* (2.25)

G/\ ~ Xoet exXp (_Xa)‘at)

while the left tail, x < 0, exhibits the exponential decay

Gy ~ (Xat)’(”“)/o‘ exp(—Xa A1) |2|* exp (—bg(xat)*CQ/a|x|62 + /\|a:]) ,
(2.26)
|z >> (xat)"/* |

for all values of A > 0, where as, by and ¢, are constants.
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2.2.2 )\-expansion

To further understand the role of truncation, it is useful to consider an expansion
of the truncated fractional diffusion operator in the limit of large A. Taking the
Fourier transform of the A-truncated fractional derivative in equation (2.3), and

using equation (2.15), gives
o] 9 by Zk o Zk @ -
F[DyoAPl =X |1(0) (1- %)t r@) [ 1+ 5 P, (2.27)

for A > 0. The power functions in equation (2.27) can be replaced with the

expansion
(1—2)*= Z w§a) 2, (2.28)
j=0

()

which is valid for |z| < 1, where w;™" are the fractional binomial coefficients,

w(()o‘) =1, and wj(.“‘) =[1-(a+1)/j] wj(.f)l. Doing so gives

F[D2AP] = \° i w](.a) (%)J [1(60)+ (1) r(0)] P , (2.29)

which leads to the following expansion in Fourier space of the truncated fractional

diffusion operator in equation (2.2):

Floe0 Pl =~ 51— )8,P
cos (am/2) 2\ A 2j4+1) A ’

j=1
where V, is defined in equation (2.12), and H(z) is the Heaviside function equal

to 1 for x > 0 and equal to 0 otherwise.

Since the series in equation (2.30) converges in general only for |k| < A, care
must be taken when inverting the Fourier transform; rigorous inversion of (2.30)
requires the use of the low-pass filter operator defined for a given function f(x)

as

fla)=FHHN = k) Ff] - (2.31)
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When applied to P(z), this operator gives the coarse-grained function P(x) result-
ing from filtering all scales with wavelengths smaller than the truncation length
scale 1/X. Applying the low-pass filter to the operator, 9%%* P, in equation
(2.30), gives the following expression for the coarse grained truncated fractional

diffusion operator:

PN V. oP
P=—2H(1-
o Xa 1= 5 Oz

() 2 -
1 wy;t 9% 2] —a\ 0 0| =
A2 cos(am/2) Z \206-1) 92 [1 + <2j +1/) X\ox P

where the convergence of equation (2.30) is guaranteed because f’(k:) = 0 for

(2.32)

|k| > A\. The first terms of equation (2.32) yield the following transport equation

for the coarse grained PDF at scales larger than 1/\:

2 D _ 3 D
2P+VH<1_Q)3P PP (2—0)d PP

N (3—a)(2—a) 0'P .
A 12)2 azt

where V, and x. are defined in equation (2.12).

2.3 Tempered fractional Fokker-Planck equation: harmonic

potentials

When TFD is included in the Fokker-Planck equation, the model equation be-

comes,
0 0 0
—P=_—|P—V|+x,00"*P 2.34
ot oz { oz ] N ’ (2:34)
where 0%%* is the operator in equation (2.2) and V is the potential. In this

9 P =0) of equation (2.34) are found for harmonic

section steady state solutions (4

potentials. This is equivalent to solving the following equation

dV
P—-T1,=0, 2.35
dx A ( )
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where I'y is the flux defined by

3,
—— Ty =y, 0% P. 2.36

Explicitly, the harmonic potential used here is given by
Viz) = x. Vor? . (2.37)

In the calculations that follow, it is assumed that § = 0. The case of steady-state
and time-dependent solutions with 6 # 0 for periodic ratchet-type potentials is

considered in section 2.4.

2.3.1 Steady-state solution: Fourier spectral method

A spectral method can be used to numerically compute the steady state solutions.
In the case of the harmonic potential (2.37), the Fourier transform of equation
(2.35) gives

dP

2Wokxs = = Aepr(k) P, (2.38)

where Agr is the characteristic exponent of the symmetric, # = 0, tempered Lévy
processes with 1 < a < 2 as given in equation (2.8). The analytic solution of

equation (2.38) is

P(k) = exp (L(K)) , L(k) = 2ij

/k kK Apr(k)dk . (2.39)

Using the expansion in equation (2.30), the function £(k) can be written as the

series

A2 0 (_1)3‘ () (k)2j
L(k) = =S : V() 2.40
(%) 2a]a — 1|V AP (240)

=1

for |k| < A

An approximation of the solution P(x) is found by numerical integration of

the Fourier transform using the trapezoid rule and a large computational domain
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Figure 2.1: Convergence to the Boltzmann distribution in the large truncation,
A >> 1, limit for the harmonic potential in equation (2.37). The different curves
show the numerically computed, steady-state solutions of the TFFP equation
(2.34) for @ = 1.5, and different values of the truncation parameter \ with

X« = constant.
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Figure 2.2: Comparison between the first- and the second-order pertubative ana-
lytic solution according to equations (2.49) and (2.50), and the numerically com-
puted steady-state solutions of the TFFP equation (2.34) for the harmonic poten-
tial in equation (2.37), with & = 1.5 and A\ = 5. For reference, the corresponding

Boltzmann distribution is also shown.
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P(x):% /O cos(kz) P(k) dk

2.41)
Ak [1. 1 = . (
~ — 2P0 + 5 cos(kn) PN + ; cos (knx) P,

The first line in equation (2.41) is the inverse Fourier transform for a real sym-
metric function, i.e., P(z) € ® and P(x) = P(—z). The parameters in (2.41) are
defined as follows: k,, = nAk, P, = p(kn) and AkN = L >> 1. The vector P, is
obtained by evaluating equation (2.39) at k = k,,. For k, < A, L(k,) is evaluated
using the convergent series in equation (2.40). For k, > A, L(ky) is computed

using the recursion relation

1

L) = 2Vo X
0 X=*

kn
/ k! A () dis + L(kn 1), (2.42)

where the integration between k,_; and k, is done using Simpson’s rule with ten
points. The numerically computed steady-state solutions are shown in figure 2.1
for different values of A and y, = constant. For small values of A, the PDF ap-
proaches the steady-state solution of the a-stable fractional Fokker-Planck equa-
tion, which, as originally discussed in [JMF99, YCS00], is a Lévy distribution. On
the other hand when A increases, the solution converges to the Boltzmann PDF

of the regular Fokker-Planck equation.

2.3.2 Steady-state solution: perturbation expansion

To gain further insight into the role of truncation, a perturbative solution of
the TFFP equation for the coarse-grained distribution P can be studied. Using

equation (2.32), the steady-state equation (2.35) for P can be written as

dP  _dV d2k+1 _
Xe 7+ Pt Z ar e g P =0, (2.43)
where "
2w
— A2 _ 204D 2.44
¢ ) Ok ala —1) ( )
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Although the general solution of equation (2.43) requires the use of numerical
methods, this equation can be solve perturbatively in the limit of large truncation

or € << 1. This method gives the solution in the form of a perturbative expansion

o0

P=> " "Pyx). (2.45)

n=0

When (2.45) is inserted into the transport equation (2.43), equating equal powers
of € gives a hierarchy of equations for each P,. The zeroth order term is, as

expected, the Boltzmann distribution

1

Po(w) = = exp (=V(2)/x) (2.46)

where Z is a normalization constant. The higher order corrections of the Boltz-

mann distribution are determined by the recurrence relation
d2k+1

Pn(z) = —exp (=V(z)/x+) Z ak/ exp (V(2)/X+) 7y Pas(z) do, (247)

for n > 1. Note that, for any >\ > (), the resulting equilibrium distribution is not
a Boltzmann distribution if @ # 2. When « = 2, all the corrections identically
vanish (since a; = 0 for all k), and P = Fy is a Boltzmann distribution. As

expected, the Boltzmann distribution is also recovered in the limit A — oo.

In the case of a quadratic, harmonic potential, as in equation (2.37), the zeroth

order € Boltzmann distribution is

P(z) = \/% exp (—\70 x2> : (2.48)

and the peturbative solution to first order €' is

92&2 (2—a)(3 —a) H, (\/;Ox>

After some algebra, the second order correction P, is found to be

Py = T2 {1“218 H <\/;01:) + E He (\/;0:(;)] P, (2.50)

Note that in the above corrections H, denotes the Hermite polynomial of order

P(z) = L exp (—‘70932> 1+

E (2.49)

n. Figure 2.2 shows a comparison between the numerical steady solution and the

first- and second-order perturbative solutions.
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2.4 Periodic potentials

In this section the TFFP equation is studied for periodic potentials with broken
spatial symmetry. These potentials, also called ‘ratchets’; satisfy a periodicity con-
dition V(x) = V(z+L), where L is the length of the period, but also lack reflection
symmetry. A paradigmatic example is V = Vj [sin(27z/L) + 0.25 sin(4nz/L)).
For an easier control of the degree of spatial symmetry, following [CGCO08], the

potential below is used:

1 —cos[mx/ai], if0<z<a,
V(z) = Vo (2.51)

1+ cos[m(x —ay)/as, ifay <z <L,
where Vj is the amplitude, L = a; + ay is the period and A = (a; — az)/L is the
asymmetry parameter. In all the calculations presented here, Vy = L = 1. In the
study of ratchets, it is customary to add an external constant ‘tilting’ force F' to
the potential and to consider the effective potential V.;y = V — Fa. However,
unless mentioned otherwise, the calculations presented here for the most part

assume F' = 0. Figure 2.3 shows a plot of the ratchet potential in equation (2.51)
with a; = 1/4, a3 = 3/4, Vo = 1 and L = 1 that correspond to A = —0.5.

The conditions for the existence of ratchet currents in the presence of diffu-
sive transport have been extensively studied and are well understood; see, e.g.
[Rei02] and references therein. However, this is not the case for fluctuation-driven
transport in the presence of non-diffusive transport. The study of ratchet cur-
rents in the case of fluctuation-driven transport in the presence of a-stable Lévy
noise was originally studied in [CGCO08] in the context of the a-stable fractional
Fokker-Planck equation and the corresponding Langevin equation. The goal of
this section is to study this problem in the context of the TFFP equation in

equation (2.34) with the potential in equation (2.51).
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Figure 2.3: Ratchet potential in equation (2.51) for A = —0.5 and V = 1.
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2.4.1 Time-dependent and steady-state solutions

For the solution of the TFFP equation with periodic potentials, two complemen-
tary techniques have been used: a finite-difference method and a Fourier spec-
tral method. The finite-difference method is based on the discretization of the
truncated fractional diffusion operator in a finite domain. Following the scheme
reported in [Cas06], the finite-difference method uses the Grunwald-Letnikov rep-
resentation of the regularized (in the Caputo sense) fractional derivatives. The in-
corporation of the contribution of the potential is done using an operator splitting
method that separates the time step in a pure TFD step and a pure potential term
step. For the time discretization, a weighted average Crank-Nicholson method is

used.

The starting point of the alternative Fourier spectral method is the TFFP

equation (2.34) in Fourier space

% = Apr(k) P — ik F [P g—ﬂ (k) . (2.52)

In general, for a periodic potential, V(z + L) = V (z), the following expansion can

be made
o)A
B = 5 Cn exp (ikpx) (2.53)

where k,, = 2mn/L, and therefore,

o)

F [P aa—g ()= > caPlk+kn,t) . (2.54)

Substituting equation (2.54) into equation (2.52) and evaluating the resulting

expression at k = k, gives

~

dpP, L .
=M Py — ik, > Py (2.55)

j==oc

where A, = Agr(k = k,) and b, = p(k‘ = k,). For steady-state solutions,

dp, /dt = 0 and the problem reduces to the solution of a set of coupled-algebraic
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equations:

An By —iky Y ¢j Py =0 (2.56)

j=—00
In both equations (2.55) and (2.56), P, is constant and normalization of the PDF
requires that Py = 1. In the numerical computations, the infinite series in equa-
tions (2.55) and (2.56) are truncated at a large value of n = N >> 1; typically N
ranged from 500 to 2000. From the set of values {]5”}, the PDF corresponding to
the steady-state solution of the TFFP equation in a periodic domain is obtained

from the inverse Fourier transform: P(z) = Ziv:_ N P, exp (iknz).

In the Fourier spectral method, information about the solution of the TFFP
equation for a periodic potential is extracted from the solution of the set of cou-
pled equations given in either equation (2.55) or (2.56). For example, the time
dependent values of {P,}, obtained from (2.55), can be used to calculate the cur-
rent .J(t) of the system for all times. The steady-state values of {P,}, obtained
from (2.56), can be used to find the asymptotic steady-state PDF solution of the
TFFP. Note that this steady-state solution is never exactly achieved in the sys-
tem; instead, as t — oo the PDF solution of the TFFP equation is better and

better approximated by the asymptotic steady-state solution.

Figure 2.4 shows snapshots in time of the numerically calculated PDFs for
different levels of truncation using the finite-difference method. The initial con-
dition corresponds to a PDF localized in the potential well at the middle of the
computational domain:

Pz,0) = — exp(—M>, (2.57)

o\ 2T o?

with ¢ = 0.12. Compared to the A = 0 (a-stable) case, it is observed that the
tempering reduces the ‘leakage’ of the PDF out of the potential well. However, for
both A = 0 and \ = 3, the profile peaks are higher on the right than on the left,
indicating the presence of a net current. The existence of the current for A = 0

is consistent with the results previously reported in [CGCO08]. The understanding
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and characterization of the current for A > 0 is one of the objectives of this section.

Figure 2.5 shows the steady-state PDF P in the a-stable case, i.e. A = 0,
for different values of a. As expected, for & = 2, P corresponds to the Boltz-
mann distribution P(z) = (1/2) exp (—V(x)/Xa), where Z is the normalization
constant. As the value of a decreases, the PDF significantly departs from the
Boltzmann distribution and develops the asymmetry responsible for the finite net
current observed for @ < 2. The dependence of P on \ with y, = xo A*™ for a
fixed value of « is shown in figure 2.6. As expected, as the value of X\ increases,

the PDF approaches the Boltzmann distribution.

2.4.2 Ratchet current

The current J(t) is defined as the rate of change of the first moment, (z) =

[ xPdz,
d(x 9 (0P
k=0

where P is the solution of the TFFP in Fourier space. From equation (2.58) and
(2.52), it follows that

J = — ez _r|pY . (2.59)
dk ) oz |,_,

The computation of the first term on the right-hand side follows directly from

the definition in equation (2.8). For 1 < a < 2, this term has no contribution

because, dApr/dk = 0, for any value of \. However, in the case 0 < o < 1,

00 A=0
—i (dAET) - (2.60)
v Jio v, A>0

That is, without tempering, the current is not well-defined for « < 1 due to
the divergence of the first moment of Lévy distributions. This issue motivated
the alternative characterization of the ratchet current in [DGS08]. However, the

truncation regularizes this term and gives rise to a finite contribution to the current
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Figure 2.4: Time-dependent solutions of the TFFP-equation (2.34) for A = 0 and
A=3, witha=1.50=0,V, =1 and x, = 0.5. Both solutions are found from
the initial condition (2.57) for the same final time. The solid line at the bottom
is the potential in linear-linear scale. The PDFs for A = 0 and A = 3 are shown

in a log-linear scale.
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Figure 2.5: Dependence on « of the steady-state solutions of the fractional Fokker—
Planck equation with the periodic potential in equation (2.51). The plot shows

the PDF's in a periodic domain for different values of o, and A =0,0 =0, V5 =1,

A =—-0.274, and x, = 0.5.
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Figure 2.6: Dependence on A of the steady-state solution of the TFFP equation

(2.35) with the periodic potential in equation (2.51). The plot shows the PDFs

in a periodic domain for different values of A, and «

=1250=0 V), =1,
A = —0.274, and y, = xo A*™® with yo = 0.5. The solid line denotes the corre-
sponding Boltzmann distribution.
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equal to Vi in equation (2.12) that, as expected, corresponds to the mean drift
in equation (2.33) and to the first moment of the jump distribution in equation

(2.10) and the first moment of Green’s function in equation (2.17).

The computation of the second term on the right-hand side of equation (2.59)

follows directly from equation (2.54) and leads to

S . dAET
J=— § Py — . 2.61
¢ ! ( dk )k:O ( )

n=—oo

Figure 2.7 shows the dependence of the current on the value of « for different
levels of tempering. In agreement with the results reported in [CGCO08], in the
absence of tempering A = 0, a net current is observed for a < 2 with a maximum
around o =~ 1.4. Most importantly, as the figure shows, a finite (albeit smaller)
current remains for A > 0. That is, in the presence of a ratchet potential, a net
non-equilibrium current persists in the steady-state asymptotic regime. Regard-
less of the value of ), in the limit o = 2, the current vanishes. It is observed that
as truncation increases, the value of « for which the maximum current is attained
shifts to the right, and for large values of A, the strength of the current exhibits
only a weak dependence on a. Figure 2.8 plots 6.J(t) = J(t) — J(o0) as a function
of time to show the rate of convergence to the steady-state asymptotic current.

An exponential convergence of the form
dJ ~ exp (—,t), (2.62)

is observed, and as shown in table 2.1, the decay rate v, exhibits a very weak
dependence on the value of a and A. In all the numerical results, the current has
been been reported in units of L/7 where 7 = L%/x,, is the fractional diffusion

time scale.

As the previous calculations show, as A increases, the current is reduced, and
a problem of significant interest is to find the rate of decay of the current in the

asymptotic limit A — oo. As shown in figures 2.9-2.11, depending on the value

34



of a, two asymptotic regimes are observed. For « near the diffusion value a = 2,

the current exhibits an algebraic decay for large A of the form
J ~ 276, (2.63)

where ( =~ 2.5 for « = 1.9 and ( = 6 for a = 1.75. This slow algebraic scaling
breaks down as « is reduced from the diffusion value. In particular, as shown in

figure 2.10, for 1 < a < 1.5, the current decays exponentially fast:
J ~exp (—CA), (2.64)

with ¢ = 0.40. As verified in figure 2.11, the same scaling is observed for a < 1.

Figure 2.12 shows the dependence of the current J on the potential asymme-
try A. In all cases, the current vanishes when the potential is symmetric A = 0.
Consistent with the results reported in [CGCO08]|, the curve A = 0, which corre-
sponds to an a-stable Lévy ratchet, shows the existence of a ratchet current in
the direction of the steepest side of the potential. An important conclusion of this
study is that, even in the presence of truncation, a ratchet current is observed and

its dependence on A is qualitatively similar to the a-stable case.

To elicit the dependence of the current on an external tilting force, the current
is also computed for an effective potential of V.;; = V(z) — Fx, where V(z) is
the ratchet potential in equation (2.51), and F' is constant. As shown in figure
2.13, the A = 0 case recovers the a-stable Lévy ratchet results, and as A increases,
the strength of the current decreases. Note that the value of the stopping force,
F' ~ —1, or the force needed to cancel the ratchet current, seems to be independent

of \.

An interesting effect of the truncation is observed when the truncated frac-
tional diffusion operator is asymmetric, i.e., when the weighting factors [ and r of
the left and right fractional derivatives in equation (2.3) are different. As shown

in figure 2.14, in the absence of truncation, A = 0, the current can be reversed by
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o 125 125 125 15 15 1.5 1.75 1.75 1.75

A 0 0 30 0 10 30 O 10 30
v 64 58 58 60 57 58 52 ol 93

Table 2.1: Dependence of exponential decay rate -, of transient current in equa-
tion (2.62) as a function of a and A for # = 0, A = —0.274, V5 = 1, and x, = 0.5.

Case a = 1.5, A = 10 is shown in figure 2.8.

biasing the asymmetry. In particular, for the case shown, increasing 6 to a large
enough value stops the positive current. As the value of 0 is further increased, a
negative current eventually appears. A similar phenomenology is observed when
the truncation is present, except that (in addition to the usual overall decrease of
the magnitude of the current) the critical value of  for current reversal increases.
The fact that the critical 8 for current reversal depends on A implies that for a
range of 6 values it is possible to reverse the current by changing A only. This
interesting feature of truncated Lévy ratchets is clearly illustrated in figure 2.15,
where it is shown that for § = 0.275 the truncation can in fact lead to a current
reversal. Consistent with the fact that for A = 0 and 6 = 0.180, the current van-
ishes (see figure 2.14), the current in figure 2.15 for = 0.180 is always positive
and vanishes for A = 0 and for large A. A further increase of the asymmetry to
0 = 0.275 gives rise to the vanishing of the current for A ~ 1/3. For successively
larger values of 6, the value of A for which the current reverses increases. To con-
clude the numerical simulations of the steady-state current, figure 2.16 shows the

dependence of the current on o = X}/

“ where Y, is the diffusivity. In the absence
of truncation, the current is maximum for ¢ ~ 1. However, as the truncation
increases, the value of the diffusivity for which the maximum current is attained

increases.
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Figure 2.7: Ratchet current J as a function of « for different levels of truncation

A, with # =0, A= —-0.6, V=1, and y, = 0.5.
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Figure 2.8: Exponential convergence of ratchet current as a function of time. The

plot shows 6.J = J(o0

) — J(t), where J(00) is the steady-state asymptotic current

(obtained from the solution of equation (2.56)) and J(t) is the time-dependent

transient current (obtained from the solution of equation (2.55)). The parameter

values are a = 1.5, A =10,0 =0, A = —0.274, V, = 1, and x, = 0.5. The dashed

line is an exponential fit of the form 0.J ~ exp(—~,t) with 7, ~ 57. Table 2.1

shows the exponential decay rate for different values of a and .
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Figure 2.9: Decay of ratchet current J as a function A for different values of «
and # =0,V =1, and A = —0.274. The log-log scale shows evidence of algebraic
decay for a > 1.75.
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Figure 2.10: Decay of ratchet current J as a function A for different values of «
and # =0, Vo =1, and A = —0.274. The log-linear scale shows the evidence of

exponential decay for av < 1.5.
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Figure 2.11: The same as figure 2.10 but for a < 1.
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Figure 2.12: Ratchet current J as a function of ratchet potential symmetry A for

different levels of truncation A\, with o = 1.5, 06 =0, V5 =1, and x, = 0.5.
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Figure 2.13: Ratchet current J as a function of external force F' for different levels

of truncation A\, with « =1.5,0=0,V, =1, A= —0.274, and x, = 0.5.
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Figure 2.14: Ratchet current, J, as function of fractional diffusion asymmetry
0 for different levels of truncation A\, with o = 1.5, Vj = 1, A = —0.274, and
Xo = 0.5.
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Figure 2.15: Ratchet current J as a function of truncation parameter A for different
levels of fractional diffusion asymmetry 6, a = 1.5, V5 = 1, A = —0.274, and
Xa = 0.5. For § = 0.275, the current is reversed for A ~ 1/3.
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Figure 2.16: Ratchet current J as a function of ¢ = X,ll/ “ for different levels of
truncation A, with increase, the value of the diffusivity for which the maximum

current is attained increases.
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2.5 Conclusions

The incorporation of tempering in models of anomalous transport due to Lévy
flights is motivated by the fact that in problems of practical interest, the mo-
ments of the PDFs represent physical quantities that cannot be unbounded. For
example, although anomalously large displacements have been well documented in
numerical simulations of turbulent transport and in fluid mechanics experiments,
it is clear from the physical point of view that particle displacements cannot be ar-
bitrarily large and that a cut-off or truncation has to be incorporated in the PDF's
describing these processes. This was the intuition behind the original proposal of
truncated Lévy flight in [MS94] and the main motivation for the construction of
spatially tempered FD operators in [CCO7]. In this chapter, the effects of spatial
tempering on super-diffusive transport is studied in the presence of an external
potential. This study is based on the spatially tempered FFP equation which is
obtained by replacing the diffusion term in the standard Fokker-Planck equation

with a tempered fractional diffusion operator.

The parameter study presented in this chapter focuses on harmonic potentials
and periodic potentials with broken spatial symmetry. In the case of harmonic
potentials, perturbative analytic solutions are constructed in the limit of large
truncation, i.e. A >> 1. Also steady-state solutions are numerically computed,
showing that the PDFs approach the Boltzmann distribution in the limit of large
A. In the study of periodic potentials, two complementary numerical methods are
used. For the computation of the space-time evolution of the PDF in a finite-size
computational domain, a finite-difference method is used which is based on the
Grunwald-Letnikov discretization of the truncate fractional derivatives regular-
ized in space. For the computation of the PDF in a periodic domain as well as
the time-dependent and asymptotic steady-state current, a Fourier-based spectral

method is used. The main object of study is the dependence of the steady-state

47



current on the level of truncation A, the stability index a and the asymmetry
0, as well as the asymmetry of the potential. The general conclusion is that in
most parameter regimes the inclusion of truncation does not change the qualita-
tive dependencies of the current on the different system parameters; instead, the
effect of truncation is mainly to decrease the magnitude of current. As expected,
in the limit A — oo, the PDFs converge to the Boltzmann distribution and the
current vanishes. An interesting situation occurs when there is an asymmetry on
the truncated fractional diffusion operator, i.e. for # # 0. In this case, truncation
can lead to a reversal of the current direction. The current is observed to converge
exponentially in time to the steady-state value, and the decay rate exhibits only
a weak dependence on o and A. The decay of the current for increasing values
of X\ exhibits different scaling properties depending on the value of a. For large
values of o, 1.75 < «, the current exhibits an algebraic decay and for small values,

a < 1.5, the current exhibits an exponential decay.
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CHAPTER 3

Isotropic model of fractional transport in

two-dimensional bounded domains

3.1 Introduction

Previous applications of fractional models to transport situations relevant to fusion
plasmas have been based on one dimensional Cartesian fractional derivative oper-
ators. A summary of this approach, for instance, can be found in Ref. [Cas08] (see
references therein as well). Although the 1D model can produce theoretical results
that are in relative agreement with perturbative transport experiments|CMNOS],
there are several deficiencies associated with using a purely 1D formulation to
model radial transport in a two dimensional domain. One important limitation is
the need for an ad hoc spatially-dependent fractional diffusivity that must go to
zero at the origin in order to keep the heat flux at that point equal to zero[Cas06].
Forcing the diffusivity to drop to zero creates a fractional transport barrier at the
origin that may not be physical and that can have a significant effect on the pre-
dicted transport in the core. This condition on the diffusivity is needed, because
the boundary condition 0, 7(0) = 0 does not in general lead to a zero fractional
flux when 1D Cartesian operators are used. More generally, the 1D Cartesian
operator also cannot correctly include, near the origin, all the geometric effects of

a 2D circular system.

Although radial transport is the more important contribution in determining

the confinement properties of a fusion plasma, it should also be noted that 1D
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operators cannot be applied to the polodial component of transport when the total
transport in the system is isotropic (cf. discussion in section 3.2). That is, any
sum of 1D operators (e.g., one for transport in the z-direction and one for the y-
direction) describes a 2D non-isotropic transport process that implicitly depends

on the directions of the x, y-axes.

In light of the limitations associated with 1D fractional operators, one objective
of this Chapter is to derive a 2D isotropic fractional derivative operator, referred
to as the fractional Laplacian. When expressed in polar geometry, this fractional
Laplacian can be expanded into a Fourier series in the f-direction. For each
mode n, this expansion gives an integro-differential equation in r, with kernels
that are parametrized by n. The n = 0 equation corresponds to an azimuthally-
averaged radial fractional transport model that naturally incorporates near-origin
geometric effects and produces a zero flux at the origin when 0,7°(0) = 0. The
study and application of this n = 0 radial fractional model is another objective of

this Chapter.

In an unbounded domain, the 2D fractional diffusion equation can be derived
as a macroscopic description of a continuous time random walk (CTRW). The
CTRW model describes the random excursion of an ensemble of representative
elements by allowing arbitrary jump, and waiting, probability distributions. A
key assumption in the present derivation is that the underlying stochastic process
associated with the CTRW is without a characteristic length-scale, i.e., it is scale-
free. This means that the underlying probability distribution function (PDF) has

infinite second and higher moments, i.e., (z?) diverges.

Although the fractional diffusion model for an unbounded domain can be de-
rived in a straightforward manner from a CTRW model, there is no direct method
for applying the unbounded domain fractional Laplacian to a bounded domain.
One practical difficulty lies in the appearance of singular terms that depend on the

truncation of the range of integration in the non-local integro-differential fractional
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Laplacian. One objective of this Chapter is to develop a plausible, and well-posed,

bounded domain model for the n = 0 radial fractional derivative operator.

Finally, this Chapter is organized as follows. The isotropic, 2D model is devel-
oped in Sec. 3.2. Section 3.3 examines applications of the bounded domain model
including: steady-state calculations with and without sources, comparison to the
Cartesian model, anomalous scaling of the confinement time, the propagation of
cold pulses, and fractional thermal waves. Technical details, including a numerical
method that solves the radial fractional diffusion equation, are discussed in the

appendices A and B.

3.2 2D Model

3.2.1 Isotropic CTRW and fractional diffusion limit in 2D unbounded

domains.

Fractional diffusion models are closely connected to continuous time random walk
(CTRW) models that are characterized by infinite second moments and anoma-
lously large displacements, or Lévy flights. In particular, fractional diffusion
equations in 1D can be derived as macroscopic descriptions of these types of
non-Brownian random walks by taking a fluid limit of the kinetic master equation
associated with the CTRW. In this section, a 2D model is derived based on these
concepts, as a way of obtaining a physically plausible model of fractional diffu-
sion. The derivation results in an operator that is well-defined in the unbounded

domain.

In the separable CTRW model, the random displacement of a group of rep-
resentative elements is described by two suitably chosen PDFs: n(AZ), the jump
PDF and 1 (At), the waiting time PDF. The product of these functions, n(Ax) ¢ (At),

gives the probability that an element at a position 7 and at time ¢ is displaced to
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position ¥+ AZ at time t 4+ At. This work only considers Markovian and isotropic
CTRWSs which correspond, respectively, to making 1)(At) a Poisson distribution
and to assuming that n(AZ) = n(|AZ]), i.e., the jump distribution only depends
on the size of the jump and not on the direction of the jump. Under these as-
sumptions, the time evolution of the probability density P(Z,t) is governed by the

master equation

%P(f,t):%//n(|f—f’|)P(f’,t)da?’—M , (3.1)

T

where 7 is the average waiting time between jumps. As it is written, the master
equation (3.1) gives a complete description of an arbitrary isotropic transport pro-
cess in terms of an unspecified PDF, n. For (3.1) to describe a fractional diffusion
process, it is assumed that the second moments of 7 are infinite. Equivalently, it

is assumed that the tails of 7 are algebraically decaying, i.e.

. 1
n([]) ~ e (3:2)

where o ranges between 1 < a < 2.

The fluid-like continuum limit of (3.1) is achieved by introducing a small scale

factor € into 7, e.g.,

n@) - (e (33)
and then taking the distinguished limit ¢ — 0 and 7 — 0 while holding €*/7
constant. Note that « is part of the exponent in (3.2) and that « is the order

of the fractional derivative. The continuum limit can be taken in Fourier space,

where equation (3.1) becomes,

9 Pk = [ateli) 1] PR (3.4

Thus the fluid limit is equivalent to expanding the Fourier transform 7 for small
wave numbers k or large wavelengths (i.e., at scale lengths pertinent to the tail

regions of the probability density). When 7 has tails of the form (3.2), the leading
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order term of 7j(e|k|) — 1 in the limit € — 0 is as follows (cf. appendix A.1)
ielk]) = 1= =7 xalk]" (3:5)

where x,,  €*/7 is the fractional diffusivity and it is assumed constant as €, 7 — 0.
Ezpression (3.5) is the Fourier transform of the 2D fractional Laplacian. To per-
form the inverse Fourier transform and obtain the fractional Laplacian in config-

uration space, the |k|* term is written as

~Xa K| P(F,t) = —xa R (JFI°2 PR, 1)) (3.6)
and the convolution theorem for Fourier transforms is applied with \E |2 as one
of the convolved functions. Note (cf. appendix A.2) that

- 1 1
—1 {|k|o¢—2} = — == , (37)
Yo 7]
and
I (1 la)
Yo =22 2L (3.8)
L (30)
There are two equivalent ways of applying the convolution theorem
Ao - - A - 1 1
e (R = R (2 PUE0) = B { - P}

- g A = 1 1
— 2 (<IRP P 0) = F{ - o vap@ )
where the star operator indicates convolution. The difference between the two
forms is in the location of the Laplacian operator due to the —|k|? factor; in the
first it appears outside the convolution integral, and in the second on the inside

of the integral. Thus, the inverse transform of (3.4) with (3.5) is

(9 1 AP ) »
375 //Rz o |a:—x| dz’ (or)

_on // dZE 9
. |as—x

where A is the conventional Laplacian derivative operator and the range of the

(3.10)

integration is R? or over the entire plane. In the unbounded domain, both expres-

sions in equation (3.10) are equivalent. Defining the fractional Laplacian A%/ in
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an unbounded domain as follows,

AY? p(& // df’ : (3.11)
R2 'Ya |:B—:l?

the fractional diffusion equation (3.10) becomes

0
EP(:z, t) = xa AY? P(Z,1) . (3.12)
When this equation is expressed in the form of a continuity equation,
0 P+V.g=0 (3.13)
at q Y *

the corresponding fractional flux is

oV / / ) a7 (3.14)
R2 ’ya |I'—

3.2.2 Isotropic fractional diffusion in 2D unbounded cylindrical do-

mains

In systems with cylindrical geometry it is possible to expand the fractional Lapla-
cian given in equation (3.11) into a Fourier series in the variable #. This expansion
gives a set of integro-differential equations for each poloidal mode n, with kernels
that are parametrized by n. In this section, this poloidal Fourier expansion is
obtained and the proper treatment of the boundary conditions at the origin is
developed for the n = 0 mode. Later sections focus on the study of the n = 0

radial fractional equation developed here.

In polar coordinates, the unbounded domain fractional Laplacian takes the

form

10 0 1 02
a/2 -
AYEP(r,0) = L or ( ) T 72 392}

3.15)
2 P(r'. ¢ (
/ r'dr’! / de’ (. 9) 7
Yo (r2 412 —2r7' cos(6 — 0))"
When P(r,0) is expanded into a poloidal Fourier series,
P(r,0) = > Py(r) exp(inf) , (3.16)
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the expansion (3.16) can be substituted into (3.15) so that, after the change of

variables z = 0’ — 0, the following is obtained

A o0 o0 2m
A2p == exp(ind / r'dr’ / dz
Vo Z (in6) 0 0 12

n=—0oo

P,(r") exp(inz)
72

+ a/2

(3.17)

— 211’ cos(2)]

The integration in z can be done analytically[GR80] to give the following poloidal

expansion of the fractional Laplacian:

A/? P(r,0) = i exp(ind) lgrg — n_2 /00 r'dr’ K(”)(r ') Pu(r")
o P ror or r2| J, « e

(3.18)

where the kernel K (r,r") is given by, for all n,

In| 2

27 1 1 T o Q T

KM (r,r') = = —<—<> Fil= =+ n;n+1;(—<) :
(r,7) Yo 0| B(a/2,|n]) r¢ \ s 2119279 [nl; In] rs

(3.19)

In the kernel (3.19), B(z,y) is the beta function, ,F (a, b; ¢; z) is Gauss’ hyperge-

ometric function[AS72] and r. = min{r, '} and r~ = max{r,r’'}.

Equation (3.18) allows for the 2D fractional diffusion equation (3.12) to be
solved in cylindrical geometry; solutions can be found by solving the poloidal

mode fractional diffusion equation

2 P.(r,t) = Xa [——r— — —] / r'dr’ Ké”)(r, ') P.(r') (3.20)
0

for each P, and then summing according to (3.16). Although each n mode is
governed by an integral equation with a different kernel, in practice this method
is much easier to implement than directly solving the two dimensional integral

equation in (3.12).

When n = 0, a radial fractional diffusion operator is obtained that describes
the transport of the poloidally averaged profile (i.e., Py(r) = (P(r,0))g). In this

case the average scalar profile Py(r) obeys the transport equation

%Po(r, t) = Xa Aff/z Py(r,t) (3.21)
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where

AY2P(r) = = —r— / r'dr KO (r, ') P(r") . (3.22)
0

Note that the zeroth order kernel K (r,7") reduces to

2
a o T
— 1= 2
279’ ’(r>)] ’ (3:23)

since lim, o |n| B(a/2,|n|) = 1.

In order for equation (3.21) to remain finite at the origin, the corresponding
radial fractional flux must go to zero there at least as fast as ¢ ~ r. This require-
ment is general to polar geometry, and is needed to remove the 1/r singularity
that appears in the polar form of the divergence operator. The radial fractional
non-local flux corresponding to the n = 0 transport equation (3.21) can be written

as

q00(T) = —Xa % / dr’ ' KO (r,r") Py(r') . (3.24)
0

For small r, this flux is governed by an asymptotic series with the following de-

pendence on the derivatives at the origin
w(r) =Y B"(0) Apr™H =+ 3" B et (3.25)
m=1 m=1

The coefficients A,, and B,,, given by equation (A.28) in appendix A.3, are con-
stants with respect to r and the values of Py(r) and its derivatives, evaluated at

the origin. From this expression, it is seen that the boundary condition

0
T pyr)| = 2
87" O(T) . 0 ) (3 6)

is sufficient to make the flux scale as (to leading order) ¢ ~ Byr for r — 0 and to

keep the divergence finite.

In the remaining Chapters and sections of this manuscript, the n = 0 radial
fractional model defined by the equations (3.21), (3.22), and (3.23) is of primary

interest. In the subsequent discussion of the azimuthally averaged model, the

o6



reference to 0 in the sub- and superscripts are dropped so that the scalar profile

Py, kernel KO (r,7"), etc. are referred to by
Py(r,t) — P(r,t), KO ') — K,(r,7). (3.27)

Likewise, the n = 0 model is simply referred to as the radial fractional model.

3.2.3 Green’s function solutions of the initial value problem

The initial value problem associated with the 2D fractional diffusion equation
(3.12) has solutions that can be given in terms of a propagator function or a
Green’s function G(|Z—2"|,t). For an arbitrary initial condition f(x), the solutions
are

P(Z,t) :/ / f(@G (|2 —2|,t) d7" . (3.28)
The Fourier transform of G(|# — &’|,t) can be found from equation (3.12) with
expression (3.5) and the initial condition G(|Z — 2’|t = 0) = §(& — &’). When

transformed back to configuration space, the Green’s function takes the form

G(|7 — @),t) = F! [exp (z/%‘ F— Xa |/2|at)]

. - 3.29)
1 —2/a/ e g (1E=7 (
= = (xat ) (Rt ) I P
5 (Xa?) e JO((Xat)l/ay y

where Jy(z) is the zeroth-order Bessel function[AS72]. The Green’s functions are

self-similar, meaning they can be expressed as
G(T = 7|,t) = (xat) 7" G(X) (3.30)

where X is the self-similarity variable

_ lZ= 7

X = i (3.31)

The dependence of G(X) on X for different values of « is illustrated in the
log-log display of figure 3.1. The dashed line fits for large X indicates a power-law

behavior
1

Xo+2 '

G(X) ~ (3.32)
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This scaling is a consequence of assumption (3.2) concerning the nature of the
jump distributions. It should be noted that in 1D, the Green’s function has the
scaling ~ |z|7* L.

As in the full 2D model, there exist radial Green’s functions Gqgia (7,7, t) for
the isotropic radial diffusion equation (3.21). These Green’s functions describe
the time evolution of the 2D azimuthally symmetric delta function in radius, a
ring centered at r/,

Gradial (1,7, t = 0) = (3.33)

The solutions to the initial value problem, with initial condition f(r), are given

in terms of a convolution integral as follows
P(r,t) =2m / ' (") Gragia (T, 7', ) dr’ . (3.34)
0

The expression for the radial Green’s functions can be found by substituting the

initial condition (3.33) into the general convolution expression (3.28) to obtain

) o r r’
Gradia 1) = (Xa—/ V| ————— Jo| ———— dy .
dial(T, 7', 1) o ; ye "\ (at) Ve Y] Jo (xal) /e Yy dy
(3.35)

Note that when ' = 0 the radial Green’s function reduces to the 2D self-similar

Green’s function (3.29).

When " # 0, the radial Green’s functions approximate the Cartesian Green’s
functions for small times. By introducing the dimensionless time variable £ =
Yo t/r"® into (3.35), and taking the limit # — 0 and r/r’ — 1, the radial Green’s

function reduces to

- 1 / o0 o — ! -
27 1'% Gragiar (1,77, 1) ~ Ve 7 /% {/ e W cos (W y) dy + O (tl/a)] )

(3.36)

When r = 17, the leading order part of (3.36) is equivalent to the Cartesian Green’s
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function given by

1 o
Gl =a/st) = o [ explik (&= ) = xa K" ]

=5 N

1 —1/a OO . (ZE—Z‘/) a
:% (Xat) 1 /_Oo exXp llkw—‘k‘ ] dk

«

(3.37)

It should be noted that both the Cartesian and the small-time radial Green’s

functions are self-similar, i.e., they can be written as
211" Gradgiat (1,7, 1 << 1) = &’ Geape(z — ', 1) = 1Y G(X) | (3.38)

with self-similarity variables

r—r T —x
*= (e )V~ (xa ) (3.39)

As a measure of the agreement between the radial and Cartesian Green’s functions,
figure 3.2 displays in log-linear format the dependence of 27 12 £/ G,.qgias (1, 7', )
on X for several different times. For small times, the time-rescaled Green’s func-
tions collapse onto the self-similar function G(X) which is also the self-similar
function for the Cartesian Green’s functions. At longer times the influence of
the origin is felt and the left tail of the radial Green’s function lifts and departs
from the Cartesian self-similar function. In summary, for initial pulses, the slab
approximation requires

Xa'lt

t= rlo

<<1 and r=r". (3.40)

Figure 3.3 displays the temporal decay of the radial Green’s functions at the

peak r = 1’; they obey the power law Gqqia (17,77, 1) ~ t-1/2.

3.2.4 Isotropic fractional diffusion in a bounded domain

This section examines a model of fractional diffusion for a disk of finite radius

L. Obtaining a well-defined bounded-domain model for fractional diffusion is
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Figure 3.1: Log-log display of the scaled Green’s function G(X) from equation
(3.30) for different values of . The dashed lines are the power law fits G ~ X972,
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Figure 3.2: Log-linear display of radial Green’s function (3.35) at different times
for @ = 1.5. The red curve is the Cartesian self-similar function G(X') that appears
in (3.38). The peak of the radial Green’s function is re-scaled at each time by
multiplying with a factor of £'/%. At earlier times, the scaled radial Green’s
function well approximates the Cartesian self-similar function. At later times, the

radial and Cartesian functions deviate at the origin.
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Figure 3.3: Time dependence of the peak value of the radial Green’s functions
given by (3.35). For small times the peaks behave according to the power law

Gradial (7,/7 Tl? tN) ~ tN_l/a'
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not straightforward. Such a model requires that the range of integration in the
(radial) fractional Laplacian A" be limited to the bounded domain 0 < 7 < L.
If the range of integration is simply truncated in the unbounded domain fractional
operator, without modifying the kernel, then there are two possible finite domain

models (in light of equation (3.10))

CAN P )_/L Kalrt') 22 |- L P ar (3.41)
rp P(r) = i UGN bl Liwr r, .
RAQ/2 . 18 0 /L / / / /

AL P(r) = ™ {r—ar i ' Ko(r,r")y P(r')dr'| . (3.42)

Note that these two expressions are no longer equivalent; the integration and
the radial part of the conventional Laplacian can only be commuted when the
range of integration goes to infinity or when P(L) = P’(L) = 0. The superscripts
“C” and “R” on the operators refer to the fractional derivatives “Caputo” and
“Riemann-Liouville”, respectively, which have the same ordering of integration

and derivatives|Pod99] as the operators defined previously.

These operators appear to be the straightforward application of the fractional
Laplacian (3.11) to a bounded domain; however they both result in unsatisfactory
models for different reasons. The Riemann-Liouville type of fractional Laplacian
RA;':/LQ has singularities at the boundary. The leading order singular terms of
RAfffP(r) are as follows
%% [T%/OL Ko(r, 7 )P(r')dr'| ~

1

2m / 1o
- (_E (2—a)ca P(L)+ (2—a)(3—a) [ca P(L) + c5 P (L)]) (L—r)

2 —a
+7—7T(2—a)(1 —a)e P(L) (L—r)™+0(1)
(3.43)
where the ¢;’s are numerical constants (cf. section A.4). This operator has singu-

larities if P(L) and P’(L) are non-zero.

The Caputo-type of fractional Laplacian is regular regardless of the boundary

conditions at r = L. Mathematically this operator is well-posed and produces
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a solvable fractional derivative equation. However, whenever steep negative gra-
dients appear at the boundary (for example, if a narrow, positive heat source
is located near the boundary) then the Caputo bounded-domain model predicts
cooling in the core of the system that is proportional to the strength of the posi-
tive heat source near the edge. This effect is due to a spurious flux term that is

included to keep CAff finite at the boundary.

To overcome these deficiencies, the Riemann-Liouville operator (3.42) is adopted,
but with the incorporation of a modified kernel that includes a mask function
H,(r) whose purpose is to ensure that the operator is finite at the boundary. The

proposed bounded-domain operator has the form

1 L
AZfP(T) = ;% {r%/o r' Ko (r,r") Ho(r') P(r') dr'| | (3.44)
where H,(r) obeys the conditions
d
Ho(L) =0, —Ha(L)=0. (3.45)

These conditions on H,(r) ensure that the singular part of the operator (cf. (3.43))
is removed via a narrow and smoothly varying boundary layer. In the interior of

the domain, H,(r) = 1.

Although the mask function removes the singularities associated with (3.42),
the operator (3.44) is not well posed when a boundary condition is included.
Because H,(r) is zero near the boundary, any possible solution in the interior of
the domain is independent of the boundary value and it is not possible to solve the
diffusion equation while satisfying an arbitrary boundary condition. The situation
is similar to what would occur if one tried to find the steady-state solution to a

conventional diffusion equation

4
dx

d

{Xd(x)%P(x)} =0 z¢€lad], (3.46)

for xq(x) vanishing at z = b. In this case the steady-state solution has the form

Pl =+ [

dz’ (3.47)
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which cannot satisfy the boundary condition at x = b since the singular integral
requires that the constant § = 0 for a finite solution. To obtain a well-posed
fractional model, it is necessary to include at least a boundary layer of conventional
diffusion that connects the interior of the domain to the boundary. This motivates

the final definition of a bounded domain fractional Laplacian operator

a/2 _ 10 0 L / / / / /
AnLP(r): T 7“5 i "' Ko(r,r") Ho(r") P(r") dr

0

(3.48)
FCogr |- w56

>~ and controls the strength of the boundary layer.

where ¢ has units of [length)]
Equation (3.48) represents a well-posed, stand-alone, radial fractional diffusion
operator when ¢ # 0 and can be used for systems in which transport is purely
fractional in the interior. The first integro-differential operator is labeled the

masked Riemann-Liouville operator and the second term the boundary layer dif-

fusion operator.

If a finite amount of conventional diffusion is retained throughout the domain,
including at the boundary, it is possible to drop the boundary layer diffusion term
by setting ¢ = 0 and still have a well-posed equation. In this case the fractional
diffusion is considered to be an enhancement of the background diffusion and as

something that cannot exist without the background diffusion present.

The flux that corresponds to the bounded domain fractional Laplacian (3.48)
1s

4(r) = —xo [3 / P Ealr ) Holo') PY) '+ C (1= Ho(r) 2 P(r)

or r
(3.49)
Before the bounded domain fractional Laplacian proposed in (3.48) can be
applied, the mask function H,(r) and the boundary layer diffusion strength ¢
must be chosen. While the mask function is partially determined by the boundary

conditions (3.45) and the amorphous condition that H,(r) = 1 for r in the interior,
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the width of the boundary layer in which H,(r) goes from 1 to 0 remains arbitrary.

The calculations presented in Sec. 3.3 use a mask function of the form

Hgm:1—eq1—(3%i)1; 0<p<l1, (3.50)

with the boundary layer width set by b. In systems with no source and a finite
Dirichlet boundary condition, the boundary width and ¢ can significantly influence
the temperature profiles throughout the entire domain. However, the temperature
profiles resulting from a source with homogeneous Dirichlet boundary condition
can be made relatively insensitive to the choice of (, and width b, if these quantities
are made sufficiently small. Figure 3.4 provides a quantitative assessment for
the sensitivity of the results to the values of the mask parameters. The curves
displayed (for fractional order av = 1.5) show the dependence of the percentage
change in average interior temperature on the width parameter b for several choices
of the diffusivity strength (. The average temperatures (on p € [0, 0.9]) are
calculated from the steady state radial fractional diffusion equation that is formed

with (3.48) and (3.50) (cf. (3.52)) with heat source

1 0<p<0.5

0 05<p<l

It is seen from figure 3.4 that for narrow boundary layers, the average temperatures
converge to an asymptotic value regardless of value of ¢. In the following sections,
calculations are presented that use the values b = 0.025 L and ¢ = 1.0 L>~® which,

in figure 3.4, results in an 4.4% difference from the b — 0 asymptotic value.

3.3 Applications

This section examines several applications of the radial fractional model for a
bounded domain. Although the transport problems considered here are general,

most of the applications are motivated by transport in magnetically confined plas-
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Figure 3.4: Sensitivity of results to parameters of mask function (b, (). Curves
correspond to the percentage fractional change in calculated average values de-
scribed in the text. The percentage change is measured relative to the narrow

width b — 0 asymptotic value. The fractional order is a = 1.5.
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mas. The radial model is well-suited, in particular, for idealized models of plasmas
confined in tokamaks or stellarators since the temperature in those devices rapidly
equilibrates on each magnetic surface and only radial transport is relevant to con-
finement. In Chapter 5, the application of the radial fractional model to transport
situations observed in tokamaks is explored in greater detail. The following dis-
cussions are based on numerical solutions (cf. appendix B) of the radial fractional
diffusion equation

(0:0) = %o BT (1) 4 a5 [p ST, t)] £5(0); 0<p<1, (352)

—T
ot
where S(p) is a source term. The computational domain is fixed to the interval

[0, 1]; this is reflected in equation (3.52) with the use of the scaled parameters

~ Xa ~ Xd r = C
- _ _r o : 3.53
Xe=Ta Xa=75 P=7 C= o (3.53)

where Xa, Xa, p and ( are their dimensional counterparts. Table 3.1 reports the

different values of the model parameters used in each figure.

All the calculations (excluding those shown in figure 3.13) use a mask function

of the form
2
p—1
Ho(p)=1— _ (= 0 1. 3.54
(0) exp[ (0‘025” <p< (3.54)

The e-folding length of the boundary layer is set to 2.5% of the domain size. For
most of the calculations reported here this choice results in boundary layers that
have negligible effects on the interior solutions. In all calculations a boundary

layer diffusion strength of

¢ = =1, (3.55)

is used.
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Figure o} Xa

3.5 1.25, 1.50, 1.75, 2.00 1
3.6 15 1
3.7 1.5 1
I 22—«
3.8 1.25 (z)
I 2—a
3.9 1.25 (z)
2—«
3.10 1.25, 1.50, 2.00 (%)
3.11 1.25, 1.50, 1.75, 2.00 1
3.12 15 1
3.13 1.5 1

Table 3.1: Model parameter values
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3.3.1 Steady-state solutions
3.3.1.1 Uphill transport

In systems with non-local fractional diffusion, it is possible for the heat flux to flow
uphill or in the same direction as the temperature gradient. This uphill transport
is in contrast to conventional diffusion models in which Fick’s law holds and the

heat flux always flows opposite the direction of the temperature gradient.

A non-trivial example of uphill transport occurs in the radial fractional model
when no heat source (S(p) = 0) is present, but the surrounding wall is held at a

fixed temperature. In this case the non-local component of the flux

0 ! / / / / /
Qnonlocal(p) = —Xa a_p / 1Y Ka(p7 Y ) Ha(P ) T(p ) dp 9 (356)
0

is directed uphill inside the boundary layer. This uphill component of the flux
exactly cancels the downhill flux driven by conventional diffusion in the boundary
layer, and this cancellation prevents the core from reaching the same temperature
as the wall. Figure 3.5 shows the resulting profiles; the inset shows the non-local
flux inside the boundary layer. Note that for conventional diffusion, the steady-
state temperature profile is flat, i.e., the interior temperature is radially uniform

and its value is equal to the wall temperature.

Uphill transport also appears when an off-axis heating source is included, as

shown by the steady-state temperature profiles found for the following heat source
S(p) =O(p;0,0.9) + 1000(p;0.7,0.75) (3.57)

where
1 pé€la, b
O(p;a,b) = : (3.58)
0 otherwise
This heat source consists of two components: a weak, spatially uniform heater

and a strong, spatially localized source placed at p = 0.7. Such a situation is

70



1--—-----—-----—-----
:‘:-' — () = 1.25
::: =15
0.8t wne — ) = 1,75
w4 | ===a=20
s 7
0.6- '::.:. L
= -n':':"
0.9 .95 1
0.4¢
0.27
O ! ! ! !
0 0.2 0.4 0.6 0.8 1

Figure 3.5: Radial dependence of temperature exhibits uphill fractional trans-
port in a system with no heat source, but with fixed wall temperature (T(1)=1).
The profiles are calculated from the steady-state model formed from equations
(3.52) and (3.54) with model parameters given in Table 3.1. The inset shows the

non-local flux given by (3.56) inside the narrow boundary layer.
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characteristic of tokamak confinement devices that are heated by the off-axis,
electron cyclotron resonance technique. Figure 3.6 displays the resulting steady-
state temperature profile with the corresponding total heat flux for a = 1.5. For
nearly the entire domain (~ 70%) the heat flux is uphill. As in the no source case

of figure 3.5, this uphill flux results in a profile with a reduced core temperature.

The upward concavity of the profiles in the interior of the system is a persistent
feature of the radial fractional model when an off-axis heat source is present. This
is in marked contrast to the temperature profiles obtained from the Cartesian
fractional model proposed in [Cas06], which does not give rise to hollow profiles.
In fact the symmetric Cartesian fractional model predicts profile peaking or high
temperature near the core. Figure 3.7 compares a steady-state temperature profile
predicted by the radial model (3.52) to a temperature profile found from the
Cartesian model with fractional diffusivity given in equation (3.62) below. For
sources that maintain equal heat fluxes, it is found that the Cartesian model
displays an enhancement in temperature near the core while the radial model

predicts a hollow profile in which the central temperature is a local minimum.

To better appreciate the meaning of the comparison shown in figure 3.7, it

should be noted that the radial profile in figure 3.7 is found with the radial source

1 p—0.7 2
Smdmxp)—pexp[ ( — )] | (3.59)

while the comparison Cartesian profile is found with the source

Soart(®) = () — (3.60)

where ¢, is the steady-state heat flux set up by the radial source (the radial integral

of (3.59))
a(p) = \/7% % [erf <p&0%‘7) +erf (%)] . (3.61)

These different sources are chosen so that ¢.(z) = ¢.(p) when x = p. Also, the
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Cartesian model uses a fractional diffusivity shape-function

1 —-0.1 0.1
k(x) = 5 {tanh (x0.025 > + tanh (m)l : (3.62)
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Figure 3.6: Radial dependence of temperature showing uphill fractional transport
when an off-axis heat source (3.57) is present according to the radial fractional
model (3.52) with parameter values given in Table 3.1. Both the temperature
profile and the flux profile have been normalized by their maximum values; the
source profile has been normalized to half the figure height. The region of uphill

transport is approximately contained in the interval p < 0.72.
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Figure 3.7: Comparison of the isotropic radial fractional model given by (3.52)
and (3.54) to the Cartesian fractional model proposed in Ref. [Cas06] with diffu-
sivity shape (3.62). The black dotted curve is the radial temperature profile with
only conventional diffusion. The radial and Cartesian profiles are found from the
sources (3.59) and (3.60), respectively, so that the fluxes for both cases are equal.
While the Cartesian model predicts profile peaking, or an enhancement of the

temperature at the origin, the isotropic radial model results in a hollow core.
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3.3.1.2 Scaling of the confinement time

A common figure of merit used in describing the global transport in a steady-

state system is the confinement time, defined for a disk as

fOL r['(r) dr

fL rS(r) dr

0

, (3.63)

Te =

where S(r) is the source and T'(r) is the steady-state temperature profile. To
quantify the dependence of the confinement time on domain size L, it is useful to
introduce the time and length scales

. Ya 1/(2—a)
TI=X, L= (X_) . (3.64)

Note that the length scale Lis independent of the domain size L and is defined in
terms of the dimensional diffusivities x, and x4. Equation (3.52) can be rewritten

in terms of these parameters to obtain the dimensionless equation

L 2—a 0/ - B
(3)  AmTw+ade+80 -0 . (3.65)
with dimensionless functions

=22, =22, (3.66)

TdSO ’

where Sy is the peak strength of the source. The confinement time when expressed

with (3.64) becomes

Te)Ta = “——— , (3.67)

where T is the solution to (3.65).

Panel (a) in figure 3.8 shows the dependence of the confinement time on nor-
malized domain size L/L for the representative value of a = 1.25. Similar results
to those displayed in figure 3.8 have been obtained for other values of o but are
not shown. The confinement times are obtained from (3.67) using the temperature

profiles, such as those shown in panel (b), calculated from (3.65) and (3.54) with
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source (3.68). Confinement times are normalized to 7.4 which is the confinement
time, given by equation (3.67), when only the background classical diffusion term
in equation 3.65 is present. The horizontal (black) dashed line marks the classical

confinement time. The scaled source S(p) is

S(p) = ©(p;0,0.5) . (3.68)

For small scaled-domains, the confinement time approaches the value 7.4 and
the inclusion of fractional diffusion has a negligible effect on the confinement
time. For large scaled-domains, however, the confinement time is significantly re-
duced from the classical value by the non-local fractional diffusion. This behavior
suggests that for fixed diffusivities, the non-local fractional diffusion becomes im-
portant (compared to conventional diffusion) when the system size is much larger
than the length L. The effects of non-locality require a relatively large domain in

terms of % to be significant.

Panel (b) in figure 3.8 shows the temperature profiles for different scaled-
domain sizes L/L as well as the classical profile that is obtained when only clas-
sical diffusion is present. When the domain size is small compared to i, the
temperature profile is well approximated by the classical profile. When L >> L
the temperature profile is significantly reduced relative to the classical profile and

the confinement is degraded.

Figure 3.8 offers an opportunity to determine the value of the fractional diffu-
sivity and assess the importance of non-diffusive transport in a particular device
by using the measured ratio of the device confinement time to the confinement
time for Classical diffusion. For any fixed value of o, a confinement time plot sim-
ilar to panel (a) in figure 3.8 can be obtained, and the effective size of the device
can be found by matching the ratio between the confinement curve for Classical
diffusive confinement (the dashed black line) and the confinement curve for the

appropriate value of a. For example, if the measured ratio is 1/5 and a = 1.25,
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figure 3.8 indicates that the measured ratio is matched at % = 16.5. Using this
value of the normalized domain size, the value of the fractional diffusivity y, can

be determined since L and x4 are known.

3.3.2 Non-locality in cold pulse propagation

As might be expected from the results found for off-axis heat sources, the temporal
evolution of the temperature profile when subjected to sudden off-axis cooling (i.e.,
a cold pulse) also exhibits significant regions of uphill transport. The situation is

illustrated in figure 3.9 for an initial cold pulse given at ¢ = 0 by

0.012

This figure shows the radial dependence of the flux and temperature at different

0T(p,t =0) = —exp {—M} : (3.69)

times and displays the regions of uphill transport indicated by the black boxes.
Uphill transport is present until the pulse reaches the core and the profile peak is

centered on the origin.

The evolution of an initial cold pulse in the presence of fractional diffusion can
display both fast and slow features when compared to the corresponding situation

in a system governed by conventional diffusion, depending on the normalized size

L

7 of the bounded domain. To identify the dependence of pulse propagation on

the fractional order «, the fractional model

9 ~ Ao
5108 = Xa A2 T(p,1) (3.70)
is compared to a benchmark conventional diffusion model
0 -

To extract the dependence of the pulse propagation on the normalized domain
size, the length scale parameter L defined in equation (3.64) is again introduced,

and equation (3.70) is expressed in the form

O = (E) " a1 (3.72)
675_ Ps - [A/ p,L Ps ) .
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Figure 3.8: (a) Log-log display of dependence of the confinement time 7./7.4 on
the normalized domain size L/L for o = 1.25. Confinement times are normalized
to the classical confinement time 7.4 plotted as the (black) dashed line. (b)
Radial temperature profiles for selected normalized domain sizes and o = 1.25.
The classical temperature profile is shown for comparison. Table 3.1 gives the

other parameter values.
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Figure 3.9: Radial dependence of temperature changes and heat flux according
to the radial fractional model (3.72) due to an initial cold pulse given by (3.69).
A large domain L = 10L is used. Table 3.1 gives the other parameter values.
The black horizontal boxes show the region of uphill transport. Note that the left

y-axis corresponds to the temperature and the right axis to the flux.

where £ = Y4t. That is, L is defined from the ratio of the fractional diffusivity
from (3.70) and the conventional diffusivity from the benchmark equation (3.71).
Figure 3.10 shows the time evolution of the temperature change at the origin due
to an initial off-axis cold pulse given by (3.69). Two different domain sizes are
considered: a relatively small domain, L = f), and a larger domain, L = 10 L.
When the domain is small, the conventional diffusion pulse reaches the origin (i.e.,
the time trace peaks first) before the fractional pulses; when the domain is large,

the fractional pulses arrive first.
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Figure 3.10: Temperature change at the center of the disk due to an initial cold

pulse at t = 0 given by (3.69). The influence of domain size is illustrated. Panel (a)

corresponds to a large domain L = 10 L and panel (b) corresponds to a relatively

small domain L = L. In large domains the pulse arrives earlier for fractional

diffusion; conversely in small domains the pulse arrives earlier for conventional

diffusion.
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3.3.3 Fractional thermal waves

The study of thermal waves that are excited by power modulation can be an im-
portant way of assessing the transport properties of a system. In the following
Chapters, fractional thermal waves are studied in the context of an infinite un-
bounded domain and a bounded domain resonator (Chapter 4) and in the context
of tokamak experimental results (Chapter 5). Thus it is useful to briefly discuss
the properties of thermal waves in the radial fractional model. When a modulated
power source is present, the m = 1 component of the resultant fractional thermal

waves are described by the equation

—iwT(p) = Na AT () + 5(p) (3.73)
where w is the angular frequency of the power modulations, and T represents the

m = 1 mode of the complete Fourier expansion of the temperature, i.e.,

o

T(p,t):m[f(p) exp(—iwt)]—i— S Toulp) exp(—imuwt) . (3.74)

m#1,—oc0
Note that in equation (3.73), the same scaled parameters are used as in equation

(3.52). In all the calculations presented here the m = 1 modulated source S(p) is

3(p) = Sp exp [— <p - 0'5)2] | (3.75)

given by

gs

Figure 3.11 shows the amplitude and phase of T for different values of the
fractional order ov. As « decreases, both the amplitude and phase profiles become

narrower; this trend is a characteristic feature of the radial fractional model.

Figure 3.12 compares the amplitude and phase profiles from the radial frac-
tional model to the amplitude and phase of an exact analytic solution found in
Chapter 4 for fractional thermal waves in a 1D Cartesian, unbounded domain.
This comparison is done for a large frequency w = 1000y, in order to mini-

mize any boundary effects in the radial calculation. As is discussed in Chapter
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4, the 1D Cartesian fractional thermal waves in an unbounded domain are com-
posed of an outwardly-traveling, exponentially-decaying part, and an anomalous
inwardly-traveling part (called the “H function”). In the Cartesian model, these
two contributions interfere near the source and produce peaks in the phase of the
thermal wave. Figure 3.12 shows that the radial fractional thermal waves also
contain such peaks in phase, indicating the presence of an anomalous, inwardly

traveling, “H function” contribution to the overall radial thermal wave.

Finally, figure 3.13 presents a study of the sensitivity of the fractional thermal
waves solutions on the boundary layer width b. That is, the profiles shown in

figure 3.13 are found from equations (3.73), (3.75), and the mask function

Ho(p) = 1 — exp [_ (p—;lﬂ | (3.76)

where b is the e-folding length of the boundary layer. For ¢ = 1, figure 3.13 shows
that as b decreases, the amplitude and phase of the thermal waves converge to
asymptotic curves. Similar figures can be produced for other values of (, i.e.,
for each ¢, the b — 0 limit produces the same asymptotic amplitude and phase
curves as in the ¢ = 1 case. Note that this result is only valid for the boundary
condition T'(1) = 0; when a finite modulation is allowed at the boundary, then the
thermal wave amplitude and phase are highly dependent on the boundary layer

parameters b and ¢ near the boundary.

3.4 Conclusion

This Chapter derives a 2D fractional diffusion operator, and presents a poloidal
Fourier expansion of the 2D operator that is applicable to cylindrical systems. For
systems in which azimuthal symmetry prevails, this Chapter describes a consistent
mathematical model, with a practical numerical method reported in appendix B,

for the description of fractional diffusion in bounded cylindrical systems. To the
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Figure 3.11: Radial profiles of amplitude and phase for fractional thermal waves
described by equations (3.73) and (3.75). The plotted amplitudes have been nor-
malized to their peak values. The calculations shown use an angular modulation
frequency of w = 10 x, and a source width of g = 0.025. As « decreases, both

the amplitude and phase profiles become narrower.

83



10° ¢ 35

max
¢ (rad)

1 - .
g 0.5F §
[ | = = = Cartesian model
I Isotropic radial model
10° ‘ 0
0 0.5 1 0 0.5 1
p P

Figure 3.12: Comparison of radial fractional thermal waves to 1D Cartesian ther-
mal waves in an unbounded domain. The radial model calculations use equations
(3.73) and (3.75) with a source width of og = 0.0035. The curves for the 1D
profiles come from the exact solution given in equation (4.20). For both models,
the amplitudes have been normalized to their peak values, the fractional order is
« = 1.5, and the power modulation frequency is w = 1000 y,. As in the Cartesian
model (dashed red line), the phase associated with the radial model (solid blue
line) has peaks near the source that indicate the presence of an inwardly travel-
ing component in the radial thermal wave that is interfering with an outwardly
traveling component. This inwardly traveling part can be identified as the radial

analogue to the 1D anomalous H functions reported in equation (4.21).
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Figure 3.13: Radial profiles of amplitude and phase for different boundary layer
widths b. The profiles are found from equations (3.73), (3.75), and (3.76). The
parameters used in this calculation are as follows: a = 1.5, w = 10 Ya, ¢ = 1, and
ogs = 0.025. As the boundary layer width b decreases, the amplitude and phase of
the thermal waves converge to an asymptotic shape (note that the b = 10™* and

b = 1072 curves overlap). For other values of ¢, taking b — 0 produces the same

asymptotic amplitude and phase curves shown here.
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author’s knowledge, no equivalent methodology has been developed that allows
the evaluation of important physical systems that exhibit these properties. Prior
investigations of fractional transport of such 2D systems have been based on the
judicious application of 1D fractional formalisms that utilize an ad-hoc localization
to avoid the behavior near the origin and at the outer boundary. The methodology
developed in this Chapter should facilitate the investigation of various physical
systems of contemporary interest, notably the modeling of non-local, anomalous

transport in magnetic confinement devices used in fusion research.

To arrive at a formulation of fractional diffusion that can be applied to actual
physical systems, it is necessary to implement a procedure that overcomes an
inherent singularity at the boundary. The present work in this Chapter proposes
a physically-motivated approach inspired by analogous situations encountered in
plasmas, namely the development of a sheath or boundary layer. Since no rigorous
theory has yet been developed that obtains the details of such a sheath, or of the
general fix for the singularity, a simple Gaussian shape has been used for the
mask function. The width and diffusion strength are chosen empirically to result
in minimal sensitivity of the results in the interior of the computation domain.
Figure 3.4 quantifies the sensitivity of calculated average temperatures on the
two parameters that enter into the mask function; it provides guidance for future

applications of the procedure.

In Chapter 5, the radial fractional model developed here is applied to steady
off-axis heating experiments and power modulation experiments performed in dif-
ferent tokamak devices. In that survey, the hollow profiles associated with the ra-
dial fractional model are compared to observed profiles seen in steady off-axis heat-
ing experiments performed in the Rijnhuizen Tokamak Project (RTP) [BBH99].
For spatially uniform y,, there is good agreement between the fractional model
results and the RTP experimental results. In the formulation presented in this

Chapter, off-axis heating can produce a peaked temperature profile (as occurs in
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the time-average temperature profiles observed in the power modulation experi-

ments) when the x, acquires certain spatial dependencies.

Following the same line of logic presented here for two dimensions, it is also
possible to derive a 3D fractional Laplacian. When this operator is expanded in
spherical harmonics, a hierarchy of fractional transport equations in r is again
obtained in which the kernels are parametrized in the mode numbers [ and m.
Solving this set of equations allows one to describe fractional transport in the
polar and azimuthal directions. The [ = 0, m = 0 diffusion equation describes the
spherically averaged radial fractional transport. In appendix C, the derivation of
the 3D operator is briefly described, and the 3D operator and its expansion in
spherical harmonics is given. However, no applications of the 3D formalism have

yet been explored.
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CHAPTER 4

Fractional thermal waves in one dimension

4.1 Introduction

An important topic relating to fractional diffusive transport is the nature of the
thermal waves generated from a fractional diffusion process, and the behavior
of fractional thermal waves in finite-sized resonator cavities. In the case of con-
ventional diffusion, thermal waves are exponentially damped, or evanescent, with

complex wave numbers k that are set by a dispersion relation
—iw = —xqk? | (4.1)

where Y4 is the conventional diffusivity and w is the angular frequency of the
modulated heat source. When conventional thermal waves are produced in a
bounded cavity, resonant frequencies, which maximize some component of the
temperature signal, can be found and used to measure the heat diffusivity x4
of the system (see, e.g., Ref. [SM94]). Such a procedure requires the knowledge
of a resonator condition, derived from a dispersion relation and a standing wave

resonance condition, that relates the resonance frequency to the diffusivity yq.

In this Chapter, exact analytic solutions to the fractional thermal wave prob-
lem in the infinite domain are presented. These solutions are obtained from the
one-dimensional fractional diffusion equation with Cartesian Riemann-Liouville
fractional derivatives on the infinite range. Depending on the asymmetry of the
system, it is found that the fractional thermal waves consist of two parts: an

evanescent wave-like contribution, with wave numbers k set by a fractional dis-
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persion relation, and an extra algebraically decaying contribution (labeled the
H function), with wave-like behavior near the source. The application of these

infinite domain solutions to a fractional resonator problem is also briefly discussed.

4.2 Analytic solutions of the fractional thermal wave equa-

tion

The investigation of fractional thermal waves in the infinite domain starts with

the following equation

2

—iwT = xo [l _oDs +7,D%] T+ x4 % T+ 6(z) . (4.2)
T

This equation describes the temperature response 1" of a single Fourier component
in time due to an oscillating, localized, heat source at unit strength at the origin.
Note that in equation (4.2) the operators _ DS and ,DS are the left and right
Riemann-Liouville operators, respectively, and that [ and r are asymmetry weights
given by (cf. (2.6))

1-46 1446
_ ___t+v 1.
! 2cos(ar/2)’ " 2 cos(am/2) (4:3)

The fractional thermal wave equation (4.2) can be solved by applying a Fourier

transform in z; the resultant expression for 7T is

T(x) = % /: %dk , (4.4)
where A(k) is given by
A(k) = Xa [l (iK)* + 7 (—ik)*] — xa k* . (4.5)

Note that to derive equation (4.4), the following convention for the Fourier trans-

form is used

T(x) = L /_00 T(k) exp(ikz) dk T(k) = /OO T(x) exp(—ikz)dz , (4.6)

21 o —00
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for which the transforms of the fractional derivatives are

FoDeT(@)] = (ik)*T(k)  F[DLT(x)] = (—ik)* T(k) . (4.7)

The above Fourier transforms of the left and right fractional derivatives are com-
plex conjugates of the expressions given in equation (2.4) in Chapter 2, which use

the conjugate convention for the transforms.

The integral in equation (4.4) can be performed by carefully applying the
residue method. In particular, it must be observed that the function A(k) is not
analytic over the entire complex plane, and that evaluating the integral in (4.4)
requires splitting the range of integration and applying the method separately
to the parts of the integral that lie in the left (R(k) < 0) and right (®(k) > 0)
half-planes. To understand this point, note that the function A(k) given in (4.5)

is only unambiguously defined for real k, in which case A(k) must reduce to
A(k) = xa [l exp(iamsign(k)/2) + r exp(—iarsign(k)/2)] |k|* — xak® . (4.8)

Any analytic continuation of A(k) in any part of the complex plane must use
branches of the (+ik)® functions that reproduce equation (4.8) on the real axis.
For example, it should be observed that the seemingly plausible method of fac-

toring out the common k® term is incorrect (see below):
A(k) = xa [l exp(ion/2) + 1 exp(—iam/2)] k* = xak? | (4.9)

Assuming that the branch of £ used in equation (4.9) takes the value (—1)* =

exp(iam), equation (4.9) gives the following expression for A(k) with negative k
A(=]k]) = xa [l exp(3ian/2) + 1 exp(iar/2)] |k|* — xa k> . (4.10)

This is in disagreement with equation (4.8) since the phase of the [ term is off
by ma. Other branches of k% also fail to reproduce equation (4.8). In order for
(1k)* = i* k* = exp(ima/2) k* to reduce to the correct value on the entire real axis,

a branch of k% must be chosen so that for negative real values k% = |k|* exp(—iam)
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and for positive real values k* = |k|*. This branch would require that the branch
cut lie in the upper half of the complex plane. In contrast for (—ik)* = (—i)* k* =
exp(—ima/2) k* to give the correct values requires that for negative real values
k* = |k|* exp(iam) and for positive real values k* = |k|* This branch would
require that the branch cut lie in the lower half of the complex plane. If the
following notation is introduced (which makes the complex polar angle 6, of the

branch cut explicit)
(2)p, = |2|” exp(iag.) where ¢. = arg(z), 0, — 27 < ¢. <0, (4.11)

then the correct factorization of the terms (ik)* and (—ik)®, in light of equation

(4.8), is as follows
LR)® 4 (=ik)® = L7 (K)gje + 7 (=0)7 (F)grya - (4.12)

In this expression, the | term has a branch cut located along the positive imaginary
axis and the r term has a branch cut along the negative imaginary axis. When
both terms are present there is no analytic continuation of A(k) that connects the
negative and positive real axes. The best that can be hoped for is the analytic
continuation of A(k) given by
AGH) = —xa K + xa (95, o [ exp(ima/2) + 1 exp(—ira/2), R(k) >0
[l exp(—ima/2) + 1 exp(ira/2)] exp(—ira), R(k) <0
AL (k) R(k) >0
A(R)  RE) <O
(4.13)
In this formulation, A(k) is separately analytic on the left and right half complex

planes and has a line of discontinuity along the imaginary complex axis.

Using equation (4.13) as the correct analytic continuation, the integral (4.4)
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can be evaluated by dividing the integral into two parts

0= [ shas [*gna

—00 (4.14)
=1 (z) + Li(2)
where ‘

and applying the residue method on the left (R(k) < 0) and right (R(k) > 0)
halves of the complex plane where A(k) is separately analytic. When z > 0 this

gives

R €
| awhars [ ammdir [ guwba
€ R

e+iR

0 as}g%oo

. exp(iky )

N (k) (4.16)
—e iR—e
/ g_(x; k) dk + / g—(z; k) dk + / g—(x; k) dk
—R FE;) —€

0 asﬂlg—mo

for quarter-circle contours located in the upper half plane (J(k) > 0); see figure
4.1 for the explicit contours used. In obtaining (4.16), note that the dispersion
relation Ay (k) = —iw has at most one root which lies in the first quadrant of the

complex plane.

In equations (4.16) when R — oo and € — 0 the first pair of terms reduce
to I(z) and I_(x), respectively. The second pair of terms, labeled with Fg[),
correspond to integration along a circular chord that connects £R and iR =+ e.
These terms go to zero due to the factor exp(ikz) in the integrand which decreases
exponentially as |k| ~ R — oo when (k) 2z > 0. The contours are closed in the

upper half plane when x > 0 in order to remove the contribution of this part of

the contour to the total integral. However the third pair of terms—corresponding
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Figure 4.1: Closed contours used with residue method in equation (4.16). When
x > 0, the blue contours are used and when z < 0 the green contours are used.
Because of the line of discontinuity in A(k) that exists along the imaginary axis,
the integration is split between the ®(k) > 0 or R(k) < 0 half-planes and each

contour is closed as a quarter circle shape.
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to the integration along the imaginary axis—do not disappear as R — oo or € — 0.
These terms represent an extra and novel contribution to the expected evanescent
wave term due wholly to the piecewise analytic topology of the fractional A(k).
When the above discussed limits are taken and the two equations in (4.16) are
summed, the following expression for the solution is obtained

. exp(ikix)

1) = =730 k)

+ H,(x) x>0, (4.17)

H, () = / T g (k) — g (@ k)] dk

> 1
T om /0 exp(—2s) {—z’w — Xa(l exp(iTa) + 1) s — x452
1
- - ds .
—iw — Xa(l exp(—ima) + 1) s& — x48°
(4.18)

It should be noted that the k. that appears in the exponential of equation (4.16)

and (4.17) is the root of the fractional dispersion relation

with positive imaginary part.

A similar analysis can be performed when x < 0 by reflecting the contours

across the real axis. When this contribution is included, the total solution is

found to be .
LSRR gy a0
N, ()
T(x) = , (4.20)
_exp(ik_x) L H_ () 2 <0
N (k) - ’
where
l o 1 1
H - _ — d
+(7) 2T /0 exp(=|zls) [—iw — Xa C+ 8 — Xa$? —iw — Xa Ch 8% — Xq S° y
cy =lexp(ira) +r c. =1l+rexp(ina),
(4.21)
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and where k_ is the root of the dispersion relation:
—iw—A_(k.)=0, (4.22)

with negative imaginary part.

For large |z|, Watson’s lemma can be used to obtain an asymptotic expression
for the Hy (x) functions:
(e T+ xa , 29(cs) Xo [Rlea) TR0+ 1) xa | xaT(a+3)

7 w? |zt w3 |z [20+1 || +3

(4.23)

H:t(ZL') ~

The H functions decay algebraically such that the second moments of the solution
are infinite, i.e., (%) > oco. This divergence of the second moment is a character-
istic of the Lévy statistics that describe fractional diffusion processes, and of the
fractional Green’s function (cf. [Cas06]). The presence of the H functions in the
total solution then is necessary to preserve the infinite second moments associated
with fractional diffusion. Figure 4.2 shows the amplitude and phase profiles of the
H functions for symmetric (@ = 0) fractional transport with no conventional dif-
fusion (x4 = 0). The slope of the phase profiles near the source indicate that the
H functions represent an inwardly traveling wave; that is, the H functions are a
“reflection” from infinity due to the non-local nature of fractional diffusion. These
inwardly traveling H functions can interfere with the evanescent part of the total

solutions to produce peaks in the phase profiles—see figure 4.3.

Figure 4.3 plots the total solutions for different a’s and with 6 = 0. The
amplitudes of the symmetric thermal waves exhibit exponential decay near the
source and then transition into algebraic decay farther away from the source; the

1/ — 10. As mentioned

crossover between the two regimes occurs around z(w/ x4 )
earlier, the phase for a < 2.00 has hills, or local maximums, as a result of the
inwardly traveling H functions that interfere with the outwardly traveling evanes-
cent waves described by the dispersion relation. Figure 4.4 plots the amplitude

and phase of the thermal waves for different levels of asymmetry and for the frac-

95



tional order o = 1.25. For the values of 8 > 0 chosen, the leftward moving wave
has been eliminated and the temperature perturbation to the left of the source is
entirely determined by the H(z) function. Note that in these asymmetric cases
(0 # 0), the H(x) function is outwardly traveling for z < 0. As § — 1, the
magnitude of the H,(x) contribution on the right side decreases, resulting in a

purely exponential solution for x > 0 when 6 = 1.

4.3 Roots of the dispersion relation

The roots of the dispersion relations (4.19) and (4.22) can be found analytically for
the purely fractional case (x4 = 0). When no conventional diffusion is present, the
dispersion relation can have one or two roots depending on the asymmetry 6 of the
fractional transport and the fractional order a.. For large enough 6, asymmetric
fractional diffusion can remove one root for low o < 1.5 (cf. figure 4.5). Recalling
equation (4.13), roots with (k) > 0 satisfy the relation

—iw — Yo [L™? 41 e /2] (k)3ea =0

iw

Xa [1 —1i0 tan(ar/2)]
If ¢ = Arg(1l — i6 tan(an/2)), where |Arg(z)| < 7, then equation (4.24) can be

(4.24)

= (k)gﬂ/2 =

rewritten as

(k)3 s = Ve ey exp(—i¢+im/2) . (4.25)

Since the branch (k)3 , maps the ®(k) > 0 half-plane into a sector of the complex

plane that lies between the complex polar angles [—an /2, an/2], equation (4.25)
only has a root if the complex argument of the right hand side is in [—an/2, an/2].
In other words, a rightward moving wave (R(k) > 0) only exists if —an/2 <

—¢ + /2 < ar/2. If this condition is met, then the wave number is
1/

d exp [—ig/a+in/(2a)] . (4.26)

Xa /1 + 02 tan?(am/2)

k+:
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Figure 4.2: Amplitude and phase of the algebraically decaying H functions for
6 = 0 and x4 = 0. The black dashed-dot curves are found from the leading order
term of the asymptotic expansion (4.23) for each a. The slope of the phase profiles

indicate that near the source the H functions represent inwardly traveling waves.
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Figure 4.3: Amplitude and phase of fractional thermal waves for # = 0 and y4 = 0.
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Figure 4.4: Amplitude and phase of fractional thermal waves for o = 1.25 and
Xa = 0. For 6 > 0.172, the leftward moving wave disappears (cf. figure 4.5). For

the 6§ > 0 cases shown, the temperature perturbation to the left of the source is

described solely by the contribution of the H_(z) function.
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Note that this wave number has a positive imaginary part since |¢| < 7/2 for all
0 and «, and is therefore the wave number for the the wave part of the solution

that appears to the right of the source.

The (k) < 0 root is found from the relation

—iw — Ya [l e—irra/2 + 7“6”0‘/2} e—iﬂa (k)gﬂ—/Q -0 ’
y (4.27)

Yo 1+ 02 tan?(am/2) exp [i(ma + ¢ +7/2)]

= (k)gﬂ’/Q =

where again ¢ = Arg[l — if tan(am/2)]. This root exists if the complex angle of
the right-hand side lies in the interval [am/2, 3am/2]. In other words, the leftward
moving wave exists if an/2 < an+¢+7/2 < 3amw/2. When this condition is met,
the leftward wave number is given by

1/
w

k- = I R e an)Y) exp [i(m + ¢/a+7/(2ar))] - (4.28)

This wave number has a negative imaginary part for all a and €, and corresponds
to the wave number of the solution to the left of the source. When 6 = 0 and

¢ = 0, this root is the negative of the rightward-moving wave number:

k- =—ky, when 6=0. (4.29)

Figure 4.5 shows the regions in the parameter space of o and 6 for which the
left and right propagating wave numbers exist. When o < 1.5, high asymmetry
can remove one of the roots, depending on the sign of #. Large positive values
of @, for example, eliminates the leftward moving wave number as a root of the

dispersion relation.

4.4 Exploration of a fractional thermal wave resonator

One motivation for finding analytic solutions to the fractional thermal wave equa-

tion (4.2) is their potential application to a thermal wave resonator situation. In
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Figure 4.5: Values of o and 6 for which the dispersion relation (4.19) has leftward
and rightward moving waves. When o > 1.5, both wave numbers exist for any
f, and when 6 = 0 both waves exist for all . However as o drops below 1.5,
increasing the asymmetry parameter 6 removes one of the roots. In the region of
parameter space below the red curve, positive values of 8 lead to the disappearance
of the leftward moving wave (J8(k) < 0). In the region below the blue curve,

negative values of 6 eliminate the rightward moving wave (%(k) > 0).
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particular it is presumed that knowledge of the infinite domain solutions would
allow one to predict, from the fractional dispersion relation, a resonance condition
that connects a characteristic resonance frequency with the fractional transport
parameters « and x,. This relation would allow for development of an experiment
that could clearly indicate the presence of fractional transport and also allow for
the measurement of o and y,. For example, in systems that are described by con-
ventional diffusion, it is possible to measure the heat diffusivity yg4 of a medium
in a cavity (e.g. see Ref. [SM94]) by finding either the frequency w or the cavity
length L that maximizes the quadrature signal of the thermal wave at the end of

the cavity. The diffusivity x4 is found from w and L from the resonance condition

2
W= 2v4 (W—L”) =123, ... (4.30)

which corresponds to fitting an integral number of half-wavelengths in the cavity

length L.

Exploration of several different fractional thermal resonator models has found
that the resonance response depends strongly on the finite domain model of frac-
tional transport considered and on the handling of the boundary conditions. More-
over, when these boundary effects dominate, it is difficult to connect the infinite
domain solutions, and the fractional dispersion relation (4.19) to the fractional
thermal wave solutions in a finite domain. For example, one model of a fractional
resonator can be formed by considering a finite region of space in which transport
is described by Caputo fractional derivatives and which impinges on a region of
purely conventional diffusion. For boundary conditions that assume that the tem-
perature of the modulations and the heat flux are continuous across the interface,
it is found that the thermal wave amplitude at the media interface (i.e., the end
of the cavity) is larger than at the modulated power source when the fractional
diffusivity x. is large. This response is unphysical, and is dominated by a spu-
rious boundary flux term that appears in the definition of the Caputo fractional

derivative.
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Another model of a 1D fractional thermal resonator, which avoids unphysical
large amplitudes at the cavity edge, can be formed using Riemann-Liouville frac-
tional derivatives. In this model, the singularities associated with the Riemann-
Liouville operators in a finite domain are removed with mask functions and dif-
fusivities x, that go to zero at the boundaries. For a given mask function, it
is found that the quadrature part of the fractional thermal wave, at the cavity
edge, has a maximum amplitude at a characteristic resonance frequency. The res-
onance frequency defined in this way has an asymptotic dependence the boundary
layer parameters; that is, as the strength of the boundary layer diffusion decreases
and the boundary layer width decreases, the resonance frequency approaches an
asymptotic value (this is a result of the fact that the thermal wave amplitude
and phase profiles approach asymptotic curves for each w as the boundary layer
parameters are reduced-see, for example, figure 3.13). However, this resonance
frequency cannot be predicted from considerations of the fractional dispersion re-
lation and a standing wave resonance condition. Moreover, the dependence of
the fractional quadrature signal on the driving modulation frequency w is qualita-
tively similar to the dependence exhibited by a conventional diffusive system. This
makes it impossible to distinguish, from the quadrature signal at a single point,
between a system described by fractional diffusive transport and one described by

conventional diffusive transport.

4.5 Conclusion

This Chapter describes the analytic expression for fractional thermal waves in
the infinite domain. These waves are solutions of the one dimensional fractional
diffusion equation with Riemann-Liouville fractional derivatives. From these so-
lutions it is learned that fractional thermal waves are composed of two parts: an

evanescent wave-like component and an algebraically decaying component. The
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wave-like component has complex wave numbers determined by a fractional dis-
persion relation. For symmetric diffusion, both left and rightward moving wave
numbers are present. For asymmetric diffusion with o < 1.5, either the left or
right root of the dispersion relation can disappear, depending on the sign and
magnitude of the asymmetry parameter . The second component of the total
solution—the H function—decays algebraically so that the second moment of the
thermal wave solution diverges. This divergence of the moments is a characteristic
of the Lévy statistics that describe fractional diffusion, and the presence of the H

function reflects this aspect of fractional diffusion.

The infinite domain fractional thermal wave solutions have limited application
to a fractional resonator situation. Fractional thermal waves in a finite-size cavity
are strongly influenced by which bounded domain model of fractional diffusion is
chosen. When a masked Reimann-Liouville model is used, the resonance frequen-
cies asymptotically approach a constant value as the boundary layer width, and
boundary diffusion strength go to zero. However, as of yet, no analytic condi-
tion for a fractional thermal resonance has been found that allows for the clear

identification of fractional transport and the measurement of the parameters « or

Xo-

104



CHAPTER 5

Comparison of the 2D fractional transport

model to tokamak experiments

5.1 Introduction

The main goal of this Chapter is to compare results obtained from the radial
fractional model to experimental results from several different tokamak devices.
In particular this survey focuses on experimental results from the following devices:

Rijnhuizen Tokamak Project (RTP), ASDEX-Upgrade, JET, and DIII-D.

These comparisons are made with the pure fractional model; that is, it should
be emphasized that the philosophy of the present study consists of isolating, in its
purest form, the results of a radial fractional transport model and comparing them
against expectations based solely on a Fick’s law transport model. This approach
is to be contrasted to a modeling exercise in which best fits to experimental
observations are obtained by judicious mixtures of fractional transport and Fick’s

law transport at different radial positions.

In RTP steady-state temperature profiles have been observed that exhibit a
centrally hollow shape similar to profiles that are an intrinsic feature of the radial
fractional model. Thus, it is pertinent to explore if the radial fractional model can
adequately reproduce these measured hollow profiles. With regards to ASDEX-
Upgrade, JET, and DIII-D, this survey applies the fractional model to off-axis
power modulation experiments performed in those devices. These devices are

chosen because the equilibrium temperature profiles for each specific modulation
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experiment are readily available in the literature. These equilibrium profiles are
needed to obtain the fractional diffusivities used in solving the fractional model

numerically.

5.2 Experimental comparison

This section explores applications of the radial fractional model to experiments
performed in several different tokamak devices. The choice of specific devices for
study is determined by the availability of sufficiently detailed information in the
open literature, since the data used for comparisons is digitally extracted [HS12]
from published graphs. Based on this criterion, comparisons are made to steady
off-axis heating experiments performed in RTP [BBH99]|, and to off-axis power
modulation experiments performed in ASDEX-Upgrade [IRGO1], JET [MCGO0S|,
and DIII-D [DPW12, HDP13].

The following discussion focuses on the numerical solutions found from the

bounded domain transport equation that is formed when the fractional flux ex-

pression
00lr) = =0l o) |5 [ ) B T a4 € (1= Ha) 5700
(5.1)

is substituted into a continuity equation (cf. equation 3.48). As in Chapter 3, the

mask function used in the calculations presented here is given by

Ho(r) =1— exp [— (T - “)2] . (5.2)

Also note that in (5.1) and in this Chapter the fractional diffusivity x.(r) is

allowed to vary spatially; in Chapter 3, x,(r) is assumed constant.

When the bounded domain flux given by equation (5.1) is inserted into a

fluid-like continuity equation, the resulting transport equation for the electron
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temperature T' is,
2 Tt =T o {7’ ne(r) Xa(r) (% /0 Ko ) Ha(r) T(, 1)
+¢ (1 — Hy(r)) %T(r, t))} + S(r,t)

(5.3)
where n, is the electron density and S(r,t) is the power density associated with
the heating source. The radial fractional diffusion equation given in (5.3) can be
solved numerically using a discretization scheme for the radial fractional operator
given in appendix B. In the following sections, numerical solutions of equation
(5.3) are compared to experimental measurements from various tokamak devices.
It is to be noted that no explicit terms are included to describe radiation losses
nor energy exchange with ions which are common features of these devices. Also,
convective heat fluxes, or heat pinch effects, are not included. Finally, throughout
this work, the electron plasma density is normalized to a characteristic value n,
and is written n.(p) = n. N(p). For some calculations N(p) = 1; otherwise,

appropriate density profiles are taken from the reported literature.

In the power modulation experiments of interest, the input power is a square
wave modulated at a fixed frequency, f,..4, S0 that it is convenient to write the

time dependent temperature as a Fourier series,

o0

T(r,t)= Y exp(—iwmt) T (r) (5.4)

m=—o00
where w = 27 f,,0¢ i the angular modulation frequency. Also, to facilitate the

comparison to experiment, the following normalized variables are introduced,

p="r Xalp) = X“E{O), fz%,
a s a a (5.5)
- /W S
Sm(p) = % /0 exp (iwmt) (f)’ ) dt .

In this scaling, w and Y, have units of Hz, 7™ has units of keV, and S, has

units of keV/sec. Recall that n, refers to the characteristic magnitude of the
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electron density. In terms of scaled variables, (5.3) becomes an equation for the

m-th frequency harmonic

SN T ) =1 [pzwp) (o) (a% |0 Kl Bl T
& (1 - Ha(p)) (%TW)] £ 5.(0)

(5.6)
The steady-state temperature profile (the case in which %T = 0) is then the
m = 0 component of the series in (5.4), T®. In the comparisons presented in the
next section, the results for conventional diffusion are also presented and labeled
as a = 2.0. In practice, these solutions are obtained using

10 0 -
= - — N(p)f@(p)a—T(m) + Si(p) when ao=2.0.

3

—ZiwmN(p)T™(p) = =

5 ()T e) =25, 1P ; .
5.7

When it is necessary to obtain an explicit functional form of the fractional
diffusivity Y., it is obtained from the steady-state profile and the corresponding

(normalized) steady-state heat flux ¢ = q/(an.) (which is measured in keV /sec),

o) = | [ Kl ) B TO )

+C (1= Halp))

; (5.8)

-1
a T (p)} -
The normalized heat flux is found for each particular device by either integrating
an assumed steady-state source profile, i.e.,

1

P .
q= —/ P So(p')dp" (5.9)
P Jo

or by using the heat flux reported in the literature associated with the specific

experiment.

In RTP, steady-state electron temperature profiles have been measured that
exhibit the type of hollow profiles naturally associated with the radial fractional
model, as shown in figure 3.6. Thus, the results of RTP are compared to model

temperature profiles obtained using equation (5.6) with m = 0, and a constant
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value of y,, while the order of the fractional derivative, « is varied. The value of

the temperature at the boundary (p = 1) is always the same, T'(1) = 0.2 keV.

The radial fractional model is also compared to the amplitude and phase of
temperature fluctuations produced by off-axis power modulation in the tokamak
devices ASDEX-Upgrade, JET, and DIII-D. These particular devices are selected
because the time-averaged equilibrium temperature profile for each power modu-
lation experiment is readily available in the literature. This equilibrium tempera-
ture profile is needed to determine the steady-state fractional diffusivity, x.(p), for
each choice of fractional order «, from (5.8) and the normalized heat flux specific
to each device and experimental arrangement. The effective fractional diffusivities
are then used in (5.6) to find the complex values of the fluctuating temperature.
For comparison to data, the complex functions 7™ (p) are decomposed into the

harmonic amplitude A,, and phase ¢,, via the relation

T (p) = Ap(p) exp(i dm(p)) - (5.10)

The Dirichlet boundary condition 7™ (1) for each m is set by extrapolating the

measured amplitude and phase data to the boundary.

In the power modulation calculations, a spatially varying electron density is
also used; figure 5.1 displays the density shape functions N(p) used in the calcula-
tions. These profiles are extracted from published figures of the measured electron
density for the individual experiment assessed or, in the case of ASDEX-Upgrade,
from density profiles measured under similar experimental conditions|APG04].
For the steady RTP calculations, it is assumed that N(p) = 1, and that 7. does

not vary significantly with deposition radii.

In all the calculations reported here, the mask function boundary layer pa-
rameter (refer to (5.2)), b = 0.025a and the boundary layer diffusion strength

parameter (refer to (5.5)), ¢ = 1. Also, the radial fractional model assumes that

the tokamak device is a torus with circular cross-section with minor radius a¢ and
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Figure 5.1: Electron density shape functions used in fractional power modulation

calculations.
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minor radius, | major radius,
machine a (cm) Ry (cm)
ASDEX-Upgrade 50 165
DIII-D 60 170
JET 125 296
RTP 16.4 72

Table 5.1: Effective major and minor tokamak radii

major radius Ry. Table 5.1 lists the effective minor and major radii used for each

device in the calculations.

5.2.1 RTP

Steady off-axis ECH experiments performed in RTP have found hollow electron
temperature profiles [BBH99, HCB98], or profiles with temperature peaks away
from the origin. These steady temperature profiles are reminiscent of the hol-
low profiles predicted by the radial fractional model (cf. figures 3.6 and 3.7 in
Chapter 3.3) when Y, is held constant. In these ECH experiments, the ECH
source location, or deposition radius pgep, is varied and for each pge, the resultant
steady temperature profile is measured. The core temperature 7'(0) is found to
depend on pge, such that 7'(0) exhibits several plateaus in which 7°(0) remains con-
stant over a range of pg, (see figure 7 in Ref. [BBH99]). The transition between
different plateaus occurs over changes in pge, sharper than the ECH deposition
width. These plateaus and the sharp transition regions between plateaus are
taken, among other things, as evidence of electron transport barriers (ETB) by de
Baar et al. [BBH99], who explain the experimental results using an ETB model
with transport barriers located at the rational safety factor surfaces, and an out-
ward convective heat flux. These transport barriers are modeled in a conventional

diffusion model as narrow valleys in the diffusivity which itself is constant outside
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the ETB. The outward heat flux is needed to produce a hollow temperature profile
as emphasized by Hogeweij et al. in Ref. [HCB9S].

The hollow RTP profiles have also been modeled by March et al. in Ref.
[MCDO04| using a simple sandpile model. The results of this model share sim-
ilar qualitative features with the experimentally measured profiles, such as the
hollow shape of the profiles, the presence of ears or sharp peaks at the power
source, and consistency in the outboard profile regardless of deposition radius.
However, in Ref. [MCDO04] direct quantitative comparisons are not made between
the model results and experimental profiles, and so these results are not included

in figure 5.4.

Although the radial fractional model cannot reproduce the plateaus observed
in 7(0) when x, is strictly constant over the domain, the fractional model does
predict hollow profiles for uniform y, that are in good agreement with the profiles
measured in RTP. These calculations achieve good agreement with the data using

a heat source of the form
_ 1 Pohm(pdep) @(pv 07 09) Pech ex o pP— pdep 2
A2 Rone | Mywn 1+ (p/05)2 " My ¥ 0.0431 ’
(5.11)

S(p)

and a value of y, that is chosen separately for each o to minimize the error
between calculation profile and measured data. It should be noted that the Cauchy
function chosen for the Ohmic source term is an ansatz; the shape of the Gaussian
ECH source term is obtained from figure 7 in Ref. [BBH99]. In the source given by
equation (5.11), P,p,, and P, are the total integrated power due to ohmic heating
and the off-axis ECH heating respectively. For all calculations, P.., = 0.35 MW.
The Ohmic heating power P, depends on pgp, since the Ohmic dissipation
near the core is reduced when the ECH heating moves closer to the center and
increases the conductivity. As reported by de Baar et al. [BBH99]: “During ECH
this [Ohmic dissipation] reduces to 50 kW for centrally heated discharges and
100 kW for off-axis heated discharges at pge, = 0.57. In the fractional model
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Plateaus
A B C D E
Pdep || 0.15 | 0.32 | 0.38 | 0.44 | 0.55

Ne 2.7 x 10" cm™3

Table 5.2: Deposition radii used in RTP comparison

calculations, this dependence is modeled with the following expression for the
total Ohmic input power

0lp  0<p<05
Popn(12) = 0.05 + (MW) . (5.12)

0.05 05 <pu<l
Also note that the constants M,y,,, and Mgcy are integration constants chosen
so that the volume integrals of the Ohmic and ECH terms equal the total powers

P,ym and Ppep respectively.  Also note that O(p;a,b) is the top-hat function

defined as

O(p:a,b) = boodtpele . (5.13)

0 otherwise

Table 5.2 gives the deposition radii pse, and characteristic electron density 7. used

in the fractional model calculations performed for each plateau profile.

Figure 5.2 shows the results of the fractional model calculations for several
values of « for the plateau temperature profile labeled “B” in Ref. [BBH99]. The
central valley in the data is well fit by the highly non-local value of o = 1.25 and
overall the best fit—in the least squares sense—is achieved with a = 1.5. When a =
2.0, no off-axis peaks can occur with constant x, and the calculation temperature

profile over-estimates the temperature in the core.

Figure 5.3 reproduces the measured temperature profiles for five of the plateaus
along with the fractional calculation profiles for the «a that best fits the corre-

sponding plateau profile. The trend in a appears to favor higher as when the
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ECH source is near the core and a lower, more non-local, o when the source loca-
tion is near the outer edge of the domain. This trend could indicate that the ECH
location changes the overall transport in the system and thus a changes globally
when pge, is moved, or alternatively, that the system is best described by an a(p)

that changes throughout the domain.

Figure 5.4 shows the temperature profile for a transitional deposition radius
located between different plateaus and the calculation profiles for the ETB model
proposed by de Baar et al. [BBH99] and the fractional model. The fractional order
« is chosen, again, to best fit the data. For the value a = 1.20, the fractional
calculation fits the measured data better than the ETB model. However it should
be noted that the constant y, fractional model does not reproduce the plateaus
in 7'(0) vs paep as the ETB model by de Baar et al. [BBH99] does (see figure 7 in
Ref. [BBH99)).

5.2.2 ASDEX-Upgrade

Power modulation experiments provide another method of assessing the results of
the radial fractional transport model. In this subsection, the fractional model is
applied to off-axis ECH modulation experiments performed in ASDEX-Upgrade
for various steady-heating schemes. In particular, this subsection focuses on ex-
perimental results reported in Ref. [[RGO1], which includes the measured ampli-
tude and phase for the m = 0,1 harmonics for several different discharges. That
manuscript emphasized a critical gradient transport (CGT) model in which the
(conventional) diffusivity x, depends non-trivially on the scale lengths of the tem-
perature gradients. The predictions of the CGT model reported in [TRGO1] are

compared to the radial fractional model.

To explore conditions under which the fractional model might be valid, the

radial fractional model is applied to two discharges, each with different heating
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Figure 5.2: Steady-state temperature profile in RTP device for the plateau in
core temperature labeled “B” in Ref. [BBH99]. Black circles are experimental
temperature measurements. Curves are results from equation (5.6) for different

values of the fractional order «.
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Figure 5.3: Steady-state temperature profiles in RTP device for different off-axis
locations of heating source (ECH). Individual dark symbols are experimental tem-
perature measurements. Curves are results from equation (5.6) using a value for
the fractional order v that gives best agreement for each location of heating source.

It shows that sources closer to the plasma edge cause greater departure from Fick’s

law.
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and system parameters. Discharge #10589 included steady Ohmic heating, a
dominant modulated ECH source, and a higher modulation frequency of 100 Hz,
while discharge #10591 included steady ECH heating and steady Ohmic heating,
a weaker perturbative modulated ECH source, and a lower modulation frequency
of 30 Hz. Table 5.3 summarizes the system parameters used to represent these

two discharges in the fractional calculations.

Jmod Te Porm | Peech | Prod | Pech | Oech | Bmod | Omod
discharge | (Hz) | (x10® cm™2) | (MW) | (MW) | (MW)
# 10589 | 100 4.4 0.5 0 0.7 |n/a| n/a 0.5 |0.038
# 10591 30 3.4 0.5 0.58 0.17 | 0.5 10.0234 | 0.5 | 0.025

Table 5.3: Physical parameters used in modeling power modulation experiments

in ASDEX-Upgrade device using equations (5.14) and (5.17).

For each discharge, the fractional calculation uses an effective diffusivity x,(p)
that is obtained from a power balance analysis using equations (5.8) and (5.9),
the electron density shape function N(p) shown in figure 5.1, the time averaged
m = 0 temperature profile Ty = (T'(p,t)), and the following form for the steady

sources

~ 1 P, Pecn p— teen \
S (p) = oM &(p;0,0.9 e - | —=
0(p) 472 g2 RO Ne Mohm <IO’ ’ )+ Mech P [ ( Tech ) ]] (514)

+ <Smod(t> p)>m:0 .

Note that in equation (5.14), Py, and P, are the total input power for the
steady Ohmic and ECH heating, respectively, and M, and M,., are integration

constants defined by

1 ! 1 ! P — Hech ?
©(p;0,09)dp =1, / ex —(—“) dp=1.
Mohm /0 P (p ) P Mech 0 P P [ Oech P

(5.15)

The function ©(p; a, b) is defined in equation (5.13) and (Sy,eq(t, p))m=o is the time
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Ps
a 0]

(rad)
1.25 0.74 -0.55

ASDEX-
1.50 0.84 -0.44

Upgrade,
1.75 0.97 -0.22

#10589
2.00 1.13 -0.19
1.25 0.56 -0.37

ASDEX-
1.50 0.70 -0.41

Upgrade,
1.75 0.85 -0.28

#10591
2.00 1.01 -0.21
1.25 1.24 -0.15
JET, 1.50 1.35 -0.12
#55809 1.75 1.48 -0.11
2.00 1.60 -0.11

Table 5.4: Source fitting parameter § for ASDEX-Upgrade and JET power mod-

ulation calculations.
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averaged m = 0 component of the modulated ECH heating, given by

& 1 1 Pmod _ P — Hmod 2 (5 16)
Omod ‘ ‘

Smo ta m=0 — & —
(Smod(t, £))m=0 2 412 a2 Ry e Mmod
Note that the functional form of the steady and modulated ECH sources, i.e., the

exp

widths and peak locations of the ECH Gaussians, are extracted from the figures
of the ECH sources reported in Ref. [[RG01]. The nearly constant form for the
Ohmic source is a simplifying ansatz. Figures 5.5 and 5.6 show the effective

fractional diffusivities calculated using the steady source (5.14).

The fractional calculations also use electron density shapes N(p) taken from
figure 2 in Ref. [APGO04]. In Ref. [APGO04], electron density profiles for ASDEX-
Upgrade in L-mode are given for a purely Ohmic discharge (the downward pointing
arrows in figure 2 of Ref. [APGO04]) and for a discharge with steady ECH heating
(the square symbols in figure 2). The extracted densities are normalized to the
peak density values reported in Ref. [[RGO1] for the power modulation experi-
ments, and used in the calculations for ASDEX-Upgrade discharges # 10589 and
# 10591, respectively.

The calculation of the different m-modes of the thermal waves excited use
equation (5.6) with a modulation source with a duty cycle of 50%, giving a mode

source S, (p) of the form

5(p) = 6 1— (=)™ 1 Prod exp [_ (M)Ql : (5.17)

2rm 4n2a® Ryne Miod Omod
where 0 is a complex fitting constant whose amplitude and phase is chosen so
that the calculation amplitude and phase matches the measured values at the
deposition radius fi,,,q. The values of ¢ used in Figs. 5.7-5.9 are given in table
5.4. It should be noted that in practice, modulations in electron temperature 7T’
can induce modulations in the Ohmic power source, collisional electron-ion energy
exchange and radiation which can have damping effects on the T" modulations.
However, these effects are not included in equation (5.17) and the fractional cal-

culations considered here.
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Figure 5.7 compares the results of the fractional calculation for discharge
# 10589 to the measured amplitude and phase data of the m = 1 mode of the
thermal wave. For this discharge, good agreement with the data is observed
for a = 1.75 on the right side of the modulated source location. On the left,
the a = 1.75 amplitude and phase profiles have flattened shapes near the ori-
gin which is suggestive of the measured amplitude and phase profiles. However,
quantitatively, the fractional model yields an amplitude near the center that is
several orders of magnitude smaller than the measured amplitude. The flattened
amplitude and phase profile of the a = 1.75 calculation and the zero in amplitude
near p = (.23 indicates the presence of a resonant standing wave and is a feature
of the fractional model when o = 1.75; see for example the o = 1.75 fractional
calculation in figure 5.8. However, it should be noted that saw-teeth are present
in the experimental data, with the inversion radius located at p &~ 0.3, which may

have distorted the amplitude and phase data near the origin [IRGO1].

Next, figure 5.9 reproduces the data in figure 5.7 but includes now the pub-
lished predictions of the CGT model proposed by Imbeaux et al. in Ref. [IRGO01].
The CGT result is in about as good agreement with the data as the a = 1.75
fractional calculation, although the CGT model follows the measured amplitude

on the left side more closely.

Figure 5.8 compares the fractional results for discharge # 10591 to the mea-
sured amplitude and phase data. In this discharge the modulation frequency is
smaller and the modulation source is small compared to the amount of steady
heating power. Also the off-axis steady ECH heating has produced a large gra-
dient in the m = 0 temperature profile at the modulation power location fi,,eq-
For this discharge none of the fractional calculations are in good agreement with
the measured amplitude and phase data. However, for the power balance diffu-
sivities x.(p) used, the best agreement is observed for the conventional diffusion

case with o = 2.0. As @ — 1 the calculation amplitude and phase profiles become
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increasingly narrow, which is a recurring feature of the fractional model results of

power modulation experiments.
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Figure 5.5: Effective fractional diffusivities for ASDEX-Upgrade discharge #
10589 extracted from power balance analysis using equations (5.8) and (5.9), the
time averaged temperature, the electron density shape N(p) given in figure 5.1,
and the steady source in equation (5.14). The time averaged temperature profile
is found by integrating the gradient profile reported in figure 5 of Ref. [IRGO1]
and then stipulating a peak value of 1.5 keV. Note the a-scaling used in the units

for the corresponding dimensional values.
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Figure 5.6: Effective fractional diffusivities for ASDEX-Upgrade discharge #
10591 extracted from power balance analysis using equations (5.8) and (5.9), the
time averaged temperature reported in figure 11 of Ref. [IRGO01], the electron den-
sity shape N(p) given in figure 5.1, and the steady source in equation (5.14). Note

the a-scaling used in the units for the corresponding dimensional values.
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Figure 5.7: Radial profiles of amplitude (left panel) and phase (right panel) of
thermal waves excited in ASDEX-Upgrade discharge # 10589. Open squares are
measured values extracted from figure 4 of Ref. [[RGO1]. Curves are calculated

from radial fractional model using the modulation source in equation (5.17) and

the x, shown in figure 5.5.
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Figure 5.8: Radial profiles of amplitude and phase of thermal waves excited in
ASDEX-Upgrade discharge # 10591. Open squares are measured values extracted
from figure 9 of Ref. [[RG01]. Curves are calculated from radial fractional model

using the modulation source in equation (5.17) and the x,, shown in figure 5.6.
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Figure 5.9: Comparison of radial fractional model to critical gradient model
(CGT) presented in Ref. [[RGO1] for ASDEX-Upgrade discharge # 10589. Same

as figure 5.7, but with gray curve showing the predictions of the CGT model and
only the a = 1.75 result (cyan dashed curve).
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5.2.3 JET

In this subsection the radial fractional model is applied to power modulation
experiments performed in JET. These experiments use ion cyclotron resonance
heating (ICRH) to heat the electrons and achieve the modulation in electron tem-
perature. In what follows, the discussion focuses on experimental results reported
by Mantica et al. in Ref. [MCGO8]. These experiments have been the subject of
several proposed transport models. In [MCGO8| the results of a CGT model are
reported. Also, in Ref. [CMNO8|, del-Castillo-Negrete et al. apply a Cartesian 1D
fractional transport model to the JET experiments. In figure 5.12 the results of
the the 1D Cartesian fractional model, the CGT model reported in [MCGO8], and

the radial fractional model are compared with experimental results.

The radial fractional calculations use effective diffusivities y,(p) that are ob-
tained from equation (5.8) using the measured steady temperature profile, electron
heat flux, and electron density reported in figures 6, 7, and 16 respectively, of Ref.
[MCGO8]. Note that the reported heat flux is produced by Mantica et al. with
the transport code ASTRA by finding the power deposition profiles that best fit

the measured data. Figure 5.10 shows the effective fractional diffusivities.

The radial fractional calculations also use the experimental modulation duty
cycle of 50% for which the even m harmonics of the source are eliminated. For

the odd harmonics, the modulated mode source is

Sw(p) =46 L- ()" Smo{ exp [—0.5 (M) 2] , (5.18)

2 2Tmn, Omod

where 0 is a complex fitting constant whose amplitude and phase are chosen so
that the calculation amplitude and phase matches with the measured data at
the modulated source location. The values of § used here are given in table 5.4.
The values used for the source amplitude S,,,4, source location fi,,.q, and source
width 0,,,q are reported in table 5.5; these values are extracted from the power

deposition profile reported in figure 6 of Ref. [MCGOS].
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fmoa (Hz) 15

Ne (x10%cem™3) | 3.0
Smod (523) 0.17
Hmod 0.34
Tmod 0.085

Table 5.5: Physical parameters used in modeling power modulation experiments

in JET device using equation (5.18).

Figure 5.11 shows the amplitude and phase of the first two harmonics (m =
1, 3) of the fractional calculations. As was observed in the ASDEX-Upgrade dis-
charge #10591, the amplitude and phase of the fractional model become increas-
ingly narrow as a — 1. In this case the best agreement between the model results
and the experimental data occurs for a = 2.0; however, none of the calculation

amplitudes or phases agree well with the measured experimental values.

For the same discharge, figure 5.12 compares the amplitude and phase cal-
culations from different models—namely, the Cartesian fractional model of Ref.
[CMNO8], the critical gradient theory (CGT) model of Ref. [MCGO8], and the
radial fractional model discussed here. To understand the comparison between
the models, it should be noted that the Cartesian fractional model consisted of a
mixture of fractional diffusion and conventional Fick’s law diffusion. In particular,

the diffusivities used in that model are as follows

—0.1 d
Xa(z) = tanh (x L > + tanh (O—) (m*s™') |
0.025 0.025 (5.19)

X2(z) =0.75+ 6z (m*s™') .

In the radial fractional model, no conventional diffusion is included in the interior
of the domain (away from the boundary layer at the edge), in part because it is not
possible to determine the diffusivities for both fractional and conventional diffusion
from the steady state profile alone. Both the CGT model and the Cartesian

fractional model fit the experimental data better than the radial fractional model.
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Figure 5.11: Radial profiles of amplitude (left panel) and phase (right panel)
of thermal waves excited in JET discharge # 55809. Black circles and boxes
correspond to the measured m = 1 and m = 3 modes, respectively, as reported
in Ref. [MCGO8]. Curves are calculated from radial fractional model using the

modulation source in equation (5.18) and the x, shown in figure 5.10.
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Figure 5.12: Comparison of radial fractional model (blue solid line) to Cartesian

fractional model (red dashed curve) of Ref. [CMNOS§|, and to the critical gra-
dient model (CGT, dot-dashed cyan curve) of Ref. [MCGOS] for the same JET

experiment of figure 5.11.
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5.2.4 DIII-D

Results of an ECH power modulation experiment in DIII-D have been reported in
Refs. [DPW12, HDP13]. In this subsection the radial fractional model is applied
to the data presented in the figures shown in Ref. [DPW12].

In this case the fractional model is implemented using a postulated Gaussian
radial shape for the ECH power source with parameters adjusted to minimize the
deviations between the numerical results and the measurements. This is done
to assess the dependence of the fractional model on the power deposition profile.
Thus, the modulated source takes the form

(o) = 2metl®) [— (L’”Od@)zl . (5.20)

MT e Omod ()

For each a-numerical result presented, the values of Sy,0q(0), thmoa(), and o,,0aq( )
are chosen to give the best agreement. Table 5.6 gives the optimal parameters
used. The effective fractional diffusivities are obtained from equation (5.8), and
the measured steady-state profiles, electron density profiles, and heat fluxes re-
ported in Ref. [DPW12] for the (1,4.5) ECH heating scheme. Figure 5.13 shows

the resultant effective fractional diffusivities.

Smod Hmod Omod ﬁe f mod
a (225) (x10" em™3) | (Hz)

1.75 || 0.055 | 0.618 | 0.148
2.00 || 0.086 | 0.625 | 0.102

3.0 28

Table 5.6: Source and physical parameters used in modeling DIII-D power mod-

ulation experiments.

Figure 5.14 displays the amplitude (left panel) and phase (right panel) of the
thermal waves excited in DIII-D. The dark squares are the data of Ref. [DPW12]
for mode m = 1, the results of the radial fractional calculation for a non-local

a = 1.75 are given by the blue curve, and the classical prediction, i.e., « = 2.0
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corresponds to the red curve. Note that the spatial shape of the power source
(shown on the lower part of the right panel) is different for the fractional and the
conventional cases. It is seen that both diffusion models can fit the observations
rather well, i.e., the phenomena being sampled is more sensitive to the source
shape than the details of the transport mechanism. However, the wider source

required for the fractional model is not realistic.

5.3 Conclusions

This comparative study surveys applications of a new, and more realistic, frac-
tional diffusion model to off-axis heating experiments performed in the RTP,
ASDEX-Upgrade, JET, and DIII-D tokamak devices. Although it may well be
possible to more accurately fit individual experimental results by using a judi-
cious mixture of fractional transport and Fick’s law transport at different radial
positions, this procedure has not been pursued in the present study. Rather, this
study directly compares the effects of purely fractional diffusion models to Fick’s
law diffusion, and thus provides an initial assessment of the presence of fractional

transport phenomena in magnetic confinement experiments.

For the steady-state heating experiments in RTP, the radial fractional model,
with spatially uniform diffusivity x., predicts hollow electron temperature profiles
that are in good agreement with the measured temperature profiles. The results
of the fractional model provide a fit as good as, or slightly better, to the data,
than the electron transport barrier (ETB) model investigated by de Baar et al.
[BBH99]. Moreover, it is found that the best fits to the experimental profiles
are obtained when the order of the fractional diffusion parameter o decreases
as the location of the off-axis power deposition moves outward. This behavior
suggests that in this experiment the fractional transport may not be described

by a single global «, but instead may require an a(p) that depends on spatial
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Figure 5.13: Effective fractional diffusivities for the DIII-D power modulation ex-
periment. Values are extracted from the steady-state temperature, electron den-
sity profiles (cf. figure 5.1), and electron heat flux profiles given in Ref. [DPW12]
for the (1, 4.5) ECH heating scheme. Note the a-scaling used in the units for the

corresponding dimensional values.
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Figure 5.14: Radial profiles of amplitude (left panel) and phase (right panel) of
thermal waves excited in DIII-D power modulation experiment. Black squares
are measurements reported in Ref. [DPW12]. Blue curve is the result of the
radial fractional model for o = 1.75 and the red curve corresponds to Fick’s law.
Different sources (shown in right panel) are used for each model to obtain best

fits to the data.
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position. In particular the value of « is found to decrease as the source approaches
the plasma edge. Physically this implies that the turbulent edge environment has
a larger departure from Fick’s law than the plasma interior. This perspective
is also supported by the comparison to the heat wave propagation in discharge
#10589 in ASDEX-Upgrade. In the region between the modulation source and
the plasma edge, the best fit to the data is obtained for o = 1.75, while the interior

side of the plasma column « = 2.0 does better.

In the power modulation experiments, the fractional model only achieves good
agreement with the measurements for the high-frequency modulation in the purely
Ohmic discharge #10589 in ASDEX-Upgrade. For the low-frequency modulation
represented by discharges #10591 in ASDEX-Upgrade and #55809 in JET, the
fractional model predicts amplitude and phase profiles that are narrower than is
observed. For both discharges, the CG'T model fits the data better than the radial

fractional model.

In modeling the recent DIII-D power modulation experiments, it is possible
to reproduce quite well the amplitude and phase of the heat wave by choosing an
appropriate profile for the modulation source. However, equally good fits can be
obtained both with the fractional model, for a = 1.75, and with conventional dif-
fusion. Since the larger source width required for the fractional fit is not realistic,
it is suggestive that the transport in this experiment may correspond to Fick’s

law.
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CHAPTER 6

Conclusions

Several useful perspectives can be gained from the research presented in this the-
sis. One such perspective relates to the subtle manner in which the A\-tempered
fractional model acts as an intermediate model between the local conventional
diffusion model and the highly non-local fractional diffusion model. More specif-
ically, the A\-tempered fractional model retains many of the anomalous features
associated with fractional transport for finite A and only obtains the local classi-
cal result in the A — oo limit; this is in contrast to the expectation that classical
results might be obtained in the long-time limit. Moreover the tempered model,
in the presence of an asymmetry in the underlying stochastic Lévy process, can
also exhibit novel behavior that is not present in either the local conventional
diffusion model or the highly non-local fractional diffusion model. The mecha-
nism for this behavior is related to the strongly asymmetric tails that appear in
the distributions and which are attenuated by increasing the tempering \. These
observations are supported by the parameter study presented in Chapter 2 that
focuses on A-tempered fractional diffusion in external harmonic potentials and
periodic potentials with broken spatial symmetry. In the case of harmonic po-
tentials, it is found that while the steady state PDF solutions do approach the
Boltzmann distribution in the limit A\ — oo, for finite A the long-time steady-state
solutions differ non-trivially from the classical Boltzmann distributions that are
predicted by the conventional (o = 2.0) Fokker-Planck model. In the case of

(asymmetric) periodic potentials, the survey finds that for many system parame-
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ters, the presence of tempering acts mainly to reduce the magnitude of the current
relative to the untempered case, without significantly altering the qualitative de-
pendencies of the current on the system parameters (cf. figures 2.7, 2.12, 2.13,
and 2.16). However, an important exception occurs when there is an asymmetry
in the truncated fractional diffusion operator, i.e., for 6 # 0 (see figure 2.15). In
this case, the inclusion of tempering can change the direction of the current when
the asymmetry 6 in the Lévy noise is strong enough (in the A = 0 case) to drive

the current in the direction opposite to that favored by the ratchet asymmetry.

As A-tempered fractional models represent a more physically plausible de-
scription of non-local transport, future work with 1D fractional thermal waves
and with 2D fractional diffusion will almost necessarily require the eventual in-
clusion of tempering effects. In that case, the observations given above can guide
expectations; in particular, one can expect that a finite A level of tempering will
not, in the long-time limit, remove anomalous features present in the untempered
case. For example, with respect to 1D fractional thermal waves, it is reasonable
to speculate that the H functions present in the total thermal wave solution will
still be retained in some form for finite A, and will only be removed in the limit
A — 0o0. With respect to the hollow temperature profiles associated with the 2D
radial fractional model with off-axis heating, it is reasonable to speculate that the
inclusion of a finite level of tempering will mainly reduce depth of the indentation
in center, and that in the limit A\ — oo the upward concavity of the hollow profiles

will be flattened.

A large number of fractional transport models are based on 1D Cartesian frac-
tional derivatives that cannot accurately describe the radial transport near the
origin of a 2D cylindrical system and which require an ad-hoc condition on the
fractional diffusivity to enforce zero flux at the origin. The work presented in
Chapter 3 derives a fully 2D isotropic fractional Laplacian from a generalized ran-

dom walk model that assumes the presence of Lévy flights. In cylindrical geometry

139



this 2D operator can be expanded into a poloidal Fourier series that allows for the
description of both radial fractional transport and poloidal fractional transport.
The n = 0 fractional operator forms a model of radial fractional transport that
is appropriate for azimuthally averaged systems. This model correctly describes
radial transport near the origin and naturally enforces a zero flux condition at
the origin when 0,7(0) = 0. The higher n > 0 terms can be included to describe
fractional transport in the poloidal direction. Although the (average) radial com-
ponent of transport is of primary interest in fusion plasma applications, there
may be cases where including the poloidal component of fractional transport is
appropriate. For example, the study of a model that includes a zonal shear flow,
i.e., a convective flow in the f-direction, and heat sources or initial conditions
with 6 dependence requires the higher n > 0 terms. Such a model would assess
the interaction of the shear flow with the fractional diffusion and the effect of the
shear flow layer as a transport barrier with respect to the radial propagation of

cold pulses and thermal waves.

The method of deriving the 2D fractional Laplacian can also be generalized
to derive a 3D fractional operator. Although no detailed study of this 3D opera-
tor has yet been performed, appendix C gives the expression for an isotropic 3D
fractional Laplacian that is derived from the CTRW model that includes the pres-
ence of Lévy flights. The 3D fractional Laplacian can be expanded into spherical
harmonics; the [ = 0, m = 0 operator describes the radial transport in a spheri-
cally averaged system. This 3D radial fractional model could have applications in
describing non-local transport in stellar interiors and compressed targets in laser

fusion.

Additionally the research presented in Chapter 3 illuminates the the differ-
ences, near the origin, between the radial fractional model and the Cartesian
fractional model. Figure 3.2, for example, compares the functional shape of the

radial Green’s function at different times to the self-similar shape of the Cartesian
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Green’s function. From this figure, it is learned that the slab approximation is
valid—i.e., the Cartesian and radial Green’s functions match—for small times only;
once the pulse reaches the core there are significant discrepancies between the
two functions. Figures 3.5 and 3.6 display the steady state temperature for the
cases: no heating, and constant heating with strong off-axis heating, respectively.
In both figures, the temperature profiles exhibit upward concavity near the core
suggesting that the radial model strongly favors transporting material away from
the core of the system. This is in contrast to the predictions of the Cartesian frac-
tional model with zero fractional diffusivity x,(z) at the origin; figure 3.7—which
compares the steady state temperature profiles found from the radial and Carte-
sian fractional models for an off-axis heating situation-shows that the Cartesian
profile is peaked or enhanced at the origin, unlike the hollow profiles of the radial

model.

Another impression that is suggested by the research presented here is the
need for a more physical model of bounded-domain fractional transport. The
bounded-domain model of radial fractional transport presented in section 3.2.4
is based on an unbounded fractional operator that is modified extempore until
a plausible operator is obtained. In detail, the steps taken are: the Riemann-
Liouville type of operator is used to avoid a spurious flux term in the Caputo
formulation, the range of integration of the unbounded domain operator is limited
to a finite domain, the kernel is modified with a mask function H, that removes the
mathematical singularities associated with the boundary, and a judicious amount
of conventional diffusion is included inside the boundary layer where H, drops
to zero. Although this technique is motivated in part by physical considerations—
namely the analogous development of sheath or boundary layers that can occur
in plasmas—and the results of the model can be made relatively insensitive to the
boundary layer parameters, more sophisticated applications of fractional transport

concepts to bounded systems will require a bounded domain model in which all
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the model boundary parameters are predicted from the physical characteristics of
the system. For example, such a sophisticated bounded domain model is almost
certainly needed for the development of a fractional resonator model that can be
used to design an experimental procedure for finding the a and y, of a physical

system (cf. the discussion in section 4.4).

This manuscript also advances current understanding of fractional transport
as it relates to the nature of fractional thermal waves in the unbounded domain
and in the bounded domain or resonator cavity. In Chapter 4, the exact analytic
expression for the fractional thermal wave in an unbounded domain is derived for
one dimension. To the author’s knowledge there is no such analytic expression
given in the literature for fractional thermal waves. These solutions were sought
in the hope of finding a distinctive feature of fractional transport that could con-
clusively identify the presence of non-local fractional transport. In the expression
for the fractional thermal waves given in equation (4.20), such a distinctive feature
can be found in the anomalous H functions. These functions are algebraically de-
caying and, for symmetric fractional diffusion (f = 0), inwardly traveling such that
they interfere with the outwardly traveling evanescent waves present in equation
(4.20). A signature, then, of fractional transport is the appearance of interference

peaks near the oscillating source in a homogeneous system.

With regards to the fractional thermal resonator, it has been found that the
behavior of fractional thermal waves in a bounded resonator-like domain depends
strongly on the bounded domain model of fractional transport. For example, a
bounded domain model of fractional transport can be formed with the Caputo
fractional derivatives and, in this model, the magnitude of the temperature mod-
ulation at the end of the cavity can be larger than at the source location. This
unphysical super-resonance effect is due to a contribution in the fractional flux
that regularizes the Caputo derivative at the boundary. In the masked Riemann-

Liouville model of bounded fractional transport, resonances can be found in the
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quadrature component of the temperature signal; however, these resonant peaks
cannot be related to any resonance condition formed from the unbounded domain

dispersion relation and a standing wave resonance condition.

Another outlook gained by the research presented here is that some physical
model of fractional transport is still needed to make a truer comparison between
fractional transport models and experimental results. In the applications of the
fractional model to power modulation experiments discussed in Chapter 5, the
conventional diffusivity is set to zero and the fractional diffusivity yx, is fitted
to the experimental time averaged equilibrium temperature profiles. Although
this procedure still allows for a partial assessment of the presence of fractional
phenomena through the comparison of the model thermal wave results with the
time dependent experimental data, a physical model of fractional transport would
allow the a priori prediction of the fractional order o and the fractional diffusivity
Xo from the physical characteristics of the system. These derived parameters
could then be used in producing steady state temperature profiles and oscillating
thermal wave profiles from the fractional model that could be compared with
experiment. Moreover a physical fractional model would allow one to predict the
correct mixture of fractional diffusion and conventional diffusion at each point in

the domain.

A possible avenue of developing a physical model of fractional transport might
be found in homogenization theories that average convective features to obtain ap-
proximate effective diffusive and non-diffusive transport models. See for example
Chapter 13 in Ref. [PS08] in which periodic convective rolls in a convection dif-
fusion model are averaged to produce an effective Fick’s law diffusion model with
a diffusivity that is enhanced beyond the initial level of “molecular diffusivity”
present in the original convection-diffusion equation. In Ref. [Tar89] convective
features are averaged to produce non-local non-diffusive effective transport models;

however, these non-diffusive models do not correspond with fractional transport,
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and it remains to be seen if the averaging process described in Ref. [Tar89] can

be connected to fractional transport concepts.

In Chapter 5 the radial fractional model developed in Chapter 3 is applied
to transport experiments performed in the following tokamak devices: Rijnhuizen
Tokamak Project (RTP), ASDEX-Upgrade, JET, and DIII-D. This survey di-
rectly compares the effects of purely fractional diffusion models to conventional
Fick’s law diffusion, and thus provides an initial assessment of the presence of
fractional transport phenomena in magnetic confinement experiments. For the
steady-state heating experiments in RTP, the radial fractional model, with spa-
tially uniform diffusivity x., predicts hollow electron temperature profiles that
are in good agreement with the measured temperature profiles. Moreover, it is
found that the best fits to the experimental profiles are obtained when the order
of the fractional diffusion parameter « decreases as the location of the off-axis

power deposition moves outward.

In the power modulation experiments, the fractional model only achieves good
agreement with the measurements for the high-frequency modulation in the purely
Ohmic discharge #10589 in ASDEX-Upgrade for a = 1.75. This disagreement
suggests that fractional transport does not play a major part in determining the
thermal waves excited in power modulation experiments. For the low-frequency
modulation represented by discharges #10591 in ASDEX Upgrade and #55809 in
JET, the fractional model predicts amplitude and phase profiles that are narrower
than is observed. For both discharges, the critical gradient theory model fits the

data better than the radial fractional model.

In modeling the recent DIII-D power modulation experiments, it is possible
to reproduce quite well the amplitude and phase of the heat wave by choosing
an appropriate profile for the modulation source. However, equally good fits can
be obtained both with the fractional model, for a = 1.75, and with conventional

diffusion. However the larger source width required for the fractional fit is not
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realistic and suggests that the transport in this experiment may correspond to

Fick’s law.
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APPENDIX A

Analytic details of the two dimensional isotropic

operator

A.1 Asymptotic expansion of 7

In this appendix the leading order term of 7(e ]E]) — 1, in the limit € — 0, is
derived. This term depends only on the nature of the tails of 7(|Z]) in the limit

|Z| — oo, or only on the assumption that
=n(|7|/e) ~ €*/|Z|*"? as € =0 . (A.1)

Starting with the Fourier transform of 7(|Z])

€)= [ [ nae eraz
27 ] (A2>
:—2/ / rez‘k‘m’s(e)n(r/e)dﬁdr,
o Jo

where r = |Z| and using a coordinate system for the integration variable such that

k- T = |k|rcos(f), equation (A.2) can be rewritten as
S 1 [ o - "
ek =1+ - d9/ rdr y(r/e) (ellklrws@ 1 —z'ykymosw)) . (A3)
€& Jo 0

using the two identities:

—/ d@/ rdrn(r/e) =1 "

/027r de /0 rdr r|k| cos(0) n(r/e) =0 .
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Changing variables and dividing the range of integration gives

27 6
H(elk]) —1=|k|~2 [/ do / drre?n <L> (e"cos(e) —1—ircos(9))
0 0

elk|

27 o)
+ / de / drre?n . (e"c"s(e) —1—ircos(9))| ,
0 5 e| k|

(A.5)

where ¢ is a small parameter defined to obey the asymptotic relation:
e<<d<<1. (A.6)

In the limit d,e¢ — 0, while keeping € << § << 1, the algebraic tail of  becomes
the dominant contribution to the second integral of (A.5). The leading order
behavior of this integral can be found by substituting (A.1) for 7 in its integrand.
This substitution is valid since in the range of integration r € [J, co| the argument
r/e of n is always large, viz.,

"% s forallr €[50 . (A7)

€ €

Substituting (A.1) into the second integral of (A.5) gives

2T e ¢}
k|2 / de / drr e 2y | — (e —1 —ir cos(6))
0 5 e|k|

2w 00
=€ |k|* / do /5 dr r17@ (e”cos(‘g) —1—ir 003(0))
0

(A.8)
27 00
=" |k|* / dé / dr rte (6"008(9) —1—ircos(d)) + O(e* §*%)
0 0
N—Xar|l;|a as d,e —» 0,
where o .
Xa = c / do / dr r='7% (14 ir cos(0) — e"cos(a))
T 0 0 (A.9)

21 e®

_ /U N

T

All that remains is to find the leading order behavior of the first integral in

(A.5). In the limit 6,e — 0, this integral can be approximated by replacing the
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expression in the parentheses with the leading order term in its Taylor expansion

about p = 0:

27 0
k|2 / dé / dr re?p (%) (e"cos(e) — 1 —ir cos())
0 0 €

=2 2T 0
SO GL Vi / df cos*(0) / drrin | — (A.10)
2 0 0 e| k|

L 5/€lk|
~ _(€|];|) / df cos*(#) / ds s°n(s) ,
0 0

where in the last line the change of variables s = r/e|k| is made. The leading
order behavior of the s integral can be found by 7(s) with its asymptotic behavior

(A.1). Integrating gives

2m 0
k|2 /o dé /0 dr re?p (ﬁ) (e"“’s((’) — 1 —ir cos())
E 2 27 5/5“2‘
_ (e[k) / a0 0052(0)/ ds 3 g2 (A.11)
0

2
ko w

L 5270404
2 2—« ‘

This contribution to the total Fourier transform can be neglected in the limit
d,e — 0, since 62~ — 0, making this term asymptotically smaller than the
contribution —e® |k|* that arises from the integration on [§ o). In conclusion, the

leading order term is

Aelk]) ~1 = xaT|k|* ase—0. (A.12)
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A.2 Inverse Fourier transform of |k|>®

The quantities |k[2~* and ||~ form a Fourier transformation pair. Note:

]-"{|f]“}:// R |7 A
e 27 -
:/ TdT/ de ez\k\rcosw) re
0 0 (A.13)

oo 27
_ ‘k|a—2 / Td’/’/ do eircas(@) P
0 0

= Ya ’k’a72 )

[e'¢) 2
Yo :/ rdr/ dg e'reos(0) p—a
0 0

=2 / dr '~ Jo(r) (A.14)
0

(1 - a/2)
['(/2)

where

=722

A.3 Behavior of radial flux near the origin

The following appendix derives an asymptotic expansion of the flux for small r

near the origin. The derivation starts with the intermediate finite domain quantity
L
I(r)= / dr' v Ko(r,r") P(r') | (A.15)
0

where K, (r,r’) is the zeroth order kernel given in equation (3.23). For a bounded
domain, the derivative of this expression is the negative of the flux for the masked
Riemann-Liouville fractional operator for a suitably chosen P(r); see (3.49). Tak-
ing the limit L — oo , equation (A.15) is also related to the unbounded domain

flux (3.24).
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Implementing a Taylor expansion P(r) about r = 0,

0 pim) L
](T):Z P (0)/0 dr' ™ Ko (r,7') (A.16)

m)!

m=0

Z 27 m| 1<1>+I,§3>) , (A.17)
=0 T

where

r m 2
I :/ a (e (T
m 0 ro 2727 7\ r

L 2
17(3) _ / d?”, T/l—oz-I—m F (%’ %; 1; (i/) ) . (A18)
, r

The integrals 1Y and 12 can be found by using the Taylor series of the hyper-

geometric function and integrating term by term:

I i L(a/2+ )’ / AL
P2 oz G o T (A.19)
— Cm rm—i—?—a ’
where
= T(a/2+ 5)? 1
: A.20
04/22JZ (G2 2 +m+2 (A.20)
Also
1 = T(a/2+5)? [* N\ 2
@ __ - /e Jj) / N—a+m (_) dr
R Y YEIED Dl v
o (A.21)
_ L 3 (/2 + ) L (f)”__D 20
T T(a/2)? g ("2 m+2-—a—-25 \L " ’
where
1 = T(a/2 4+ 5)? 1
D, = 3y (/2 + ) . (A.22)

[(a/2)?

Combining these expressions in (A.17) gives:

G2 m+2-—a-2j

o0

I(r) = 2 (Cy, — D) rm e

2 o= 27 PM™(0) LMt D(a/2 + )2 1 T\ 2

Yam! T(a/2)2 (12 m+2—a-2j \L

(A.23)
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It should be noted that the infinite sums in the expressions for C; and D;
converge for a < 2, but not for a = 2. For large j, the ratio of the gamma
function and factorial in both sums becomes

DG+a/2) TG+a/2)  n
g TGy Y ’

(A.24)

so that the magnitude of the terms decrease like ~ 777 with p = 3 —a > 1,
for < 2. When p > 1 the series converge. When a = 2, p = 1 and both
series diverge. Note that Dy and Cj are the Taylor expansions of hypergeometric

functions evaluated at 1 and are equal to each other.

Commuting the order of summation in the final term results in

where

1 F(OC/Q —|—j>2 i Lm+2—a—2j P(m) (0)
m+2—a—27 m!

[mt2—a=2j P(m)(o)
m+2—a—25 ml

T2 ()2 (4.26)

L ‘ 2—1 )
+/0 plma=2 (P(r) — Z Pm!(O) rm> dr]

m=0

The G are the only quantities that depend on L. In the limit L — oo they reduce

to
1 (@240 [ s (py, 3= P™(0) )
“i =T~ () / (P( -2 ) o A

If P(r) is integrable on the infinite domain, then the G,’s are finite; the singularity

near the origin is integrable and at infinity the integrand scales as ~ r=¢.

Finally, taking the negative of the derivative of (A.25) yields the behavior of
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the flux near the origin:

o 0o P(m) (O) o o 0o _
q(r) = —— — oy (Cpp — D) (m+2—a)r _’Y_a 212me7“

I
M2
Q

P(m)(()) A, pmtl-a + Z B,, p2m—1 :
m=1

1

3
I

(A.28)

where A,, and B,, are constants with respect to r.

A.4 Singular behavior of finite domain fractional Lapla-

cian near boundary

This appendix extracts the leading order singular behavior near » = L for the

Riemann-Liouville fractional Laplacian in a finite domain (cf. expression (3.42))

10

L
RAYPP(r) {rﬁ / dr' ' Ko(r,r') P(r)| (A.29)
0

which appears in Chapter 3.2.4. Only the singular terms of the expansion of
(A.29) near L are calculated; the full asymptotic expansion is too tedious to work

out completely. To find these singular terms, the intermediate quantity
L
I(r) E/ dr'r' Ky (r,7") P(r') | (A.30)
0

is expanded about r = L to obtain the leading order, non-analytic terms whose
derivatives are singular at » = L. To that end, the integral I(r) is divided into

two pieces:

where



In the first integral, the change of variables

yields:

no =20 [Cassr (550 P(2) . e

Replacing the r in the argument of P with r = r — L + L, and expanding in the

small parameter r — L obtains

rrre S 1 (r—L\" [F a S\ 2
_ = s (m)
L) =7 m§0: — ( . ) /0 dssF(2 2,1,(L) ) P (s) . (A.32)

From this expression for [;(r), it can be concluded that I;(r) is analytic at r = L
and that all derivatives of I;(r) are non-singular.
In the second integral, the following change of variables is made,

r

s = (—)2 : (A.33)

T/

giving,

1
Ly(r) = 17"2_“/ ds s/%~ 2F< 1; s) Pl . (A.34)
2 (/12 22" Vs

T

When (r — L)/L << 1, the interval [(r/L)?, 1] is small and thus the terms in the

integrands can be approximated by expansions around s = 1:

so‘/Q_?P(%):P(r)nL{(%—Q) P(r )—%TP, } (s —1) +Z P (5 — 1)

where
o i I(1—a) T(a) T(a/2+m)?
™ ml T(1 — /22 T(a/2)2 T(a+m)
, _1T@-1) T2-a) I(l-a/2+m)?
" oml T(a/2)? T(1-a/2)? T(2-a+m)
L d™ s r
=P ()L
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Substituting these expansions into the equation for I, gives

L) =57 [0 P0) = 20) ( (5 -2) PO = 5rP0)) + 00|

where

00 a T2 m+1 b T2 m+2—a
= m 1— — — (1= =
Silr) mz:: m+ 1 ( L2> +m+2—a < LQ) 7
oo a, r2 m—+2 bm TQ 3+m—a
= 1— — —_ (1= =
falr) =2 m+2( L2) +m+3—a< L2) ’
) 00 a; T2 Jjt+m+1
= -H)"py | —m——— (1 - —
=3 3 e (s (- 3)

+ bj 1_ﬁ Jj+m-+2—a |
j+m+2—a« L?

The leading order terms of the above expansion that become singular after differ-

entiation are as follows:

HORE (%)H [2 ﬁ)ap(r) (1 * %)H (L=r)f % 3 i o
Hbl - (% - 2) bo] P(r) + %borP’(T)] (1 + %)3_“ (L - r)H} .

~c P(L)(L—7)**+[c; P(L) 4+ cs P/(L)] (L—7)>“+0 [(7’ — L)3_a} ,

where in the second line the functions multiplying (L —r)* ® and (L —r)3~* have
been expanded about r = L, and where the ¢;’s are constants (not shown). From

this equation the leading order singular expansion of (A.29) is
FANP(r) ~

2r (—% 2—a)ag P(L)+(2—a)(3—a) [ea P(L) + ¢3 P’(L)]) (L — r)l_a

Ve
+ (2= a) (L= a)a PL) (L=1) " ...
(A.35)
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APPENDIX B

Numerical Method

In this section a discretization scheme is developed for the masked Riemann-
Liouville operator that is part of the bounded domain fractional operator (3.48).
The scheme can be used to obtain numerical solutions of the bounded domain
fractional diffusion equation (3.52). The method allows for a spatially varying
fractional diffusivity y.(r) and is based on separating the Riemann-Liouville op-
erator into its two constituent operators: the conventional Laplacian and the
(radial) Riesz fractional integration operator [SKM93]. In particular, the method
requires appropriately discretizing the Riesz integral operator. The starting point

18

10 o [* —a
~ [r Xa(T) E/o ' Ko(r,r") Ho(r") P(r') dr’} = A, 152 Ho(r)P(r) ,
(B.1)
where the Riesz fractional integration is defined as
L
152 P(r) = / dr'r" Ko (r,r") P(r') | (B.2)
0
and where
10 0
A, P(r)y=—-—— P B
PO = 2 o) 2 P(r) (B3
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On a mesh of N+1 points with grid spacing h = L/N, the fractional Riesz integral

operator can be approximated as

N-1

hn+h/2
(132, Hao(r) P(r)], = Z /h ' Ko(hk, ) Hy(r') P(+') dr'

n—h/2

n=

+ / " ' Ko(hk, ') Ho(r') P(r") dr’
0 (B.4)

L

+ / r' Ko(hk,r") Hy(r") P(r") dr’
L—h/2
N—1

AW My P+ hVO Ry

n=1
where P, is the value of P at the grid point r = hn, and the arrays M;,, and Vk(o)

are defined as
n+1/2
My, = Hu(hn) / s Ko(k,s) ds
n71/2 (B5)

1/2
v = H,(0) / s Kok, s) ds .
0

The integral term with limits [L — h/2, L] is dropped since H, (L) = H/ (L) = 0.

The integrals in the expressions for the weights My, and Vk(o) can be performed

exactly:
( s=n+1/2
2r a o k\?
CF | =, = —1:1; | — k
2—a’ 272 (s)] ="
s=n—1/2
2 a o k 2
E+1/2)*“F |- - —1;1;
H,(hn) 2—a< 12 272 7 k+1/2)]
Mkn:
e 2
T a o k—1/2
o= —(k—=1/2*F | =, = 2; k=
ka( /) 2727 7( k >] n
s=n+1/2
T ol « 5\2
— s F{—,—;Z;(—)] k>n
\ka 272 k s=n—1/2
s=1/2
o Ha0) 7 , o « (.9)2
= — —s*F|—=, =:2; (= k .
Vi w20 L >0
(B.6)

The outer conventional Laplacian part of the operator can be approximated

using the standard central differencing scheme. The Riemann-Liouville operator

156



can be approximated at a grid point r = hk as

N-1
—Q 1 —Q
[AﬁX Ilg%iesz Ha(T)P(’f’)} k = ﬁ Lkn [[I%iesz HOé (T) P(T)}n
n=1
11 2—a
+ 5 ﬁ X1/2 [IRiesz Ha(r) P<T)][) 5k71
1 N—-1/2 Y
+ ﬁ N -1 XN—1/2 []}221'652 Ha(T) P<T)}N 5k,N—1 )
(B.7)
where the array Ly, is defined as
k+1/2 k+1/2 k—1/2
Ly, = / Xk+1/2 Okt1,n — / Xk+1/2 + / Xk—1/2| Okn
k k k (B.8)
k—1/2 5
2 Xk—1/2 Ok—1n ;
and where x; = Xa(hk). Note that Jy, are Kronecker-delta functions. The
boundary condition
0
—P =0 B.9
57| =0, (B.9)

requires that Py = P;. The previous expressions can be succinctly rewritten as

the product of matrices
[AKX [?%;eiz HQ(T)POA)LC = hia [(‘C M + Bl + B2> P]k 9 (BlO)

where M and L are matrices of the arrays M, and L,, respectively, on the index

range n,k =1... N — 1, and where B; and B, are boundary matrices defined as

Co Moy CoMos CoMon—2 CoMyn-
0 0 0 0
0 0 0 0
B, = (zeros)
0 0 0 0
0 0 0 0
CnMy: CnMyo CnMyn—o COnMyn_
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and

2711\/:—11 Ll,nvrgo) + 3 X1/2 ‘/0(0)7 00 ...0
Zf;f Loy 71(0)7 00 ... 0
By =
S Lv—an Vi, 00 ...0
ZnNz_ll LN71,nVTSO) + ]\;—_1{2 XN-1/2 V]\(fo), 00 ... 0

The first boundary matrix B; is zero except for the first and last rows; this ma-
trix accounts for the last two terms in (B.7). The constants that appear in the

expression for B are defined as

1 N—-1/2
Co= = Cn=——""—XnN-1/2 - B.11
0 2X1/2, N N _1 XN-1/2 ( )

The second boundary matrix B, is nonzero only for the first column; this first
column is the vector 2711\/:—11 Lkmvn(o) plus two extra terms that appear on the first

and last row only. The matrix By enforces the boundary condition (B.9).

Equation (B.10) approximates the masked Riemann-Liouville operator that
is part of the fractional Laplacian defined in (3.48). When the boundary layer

diffusion operator is included, the complete scheme takes the form

[A?/L?P (7“)} [FP), + Py Vy (B.12)

k pum—
where the vector V; represents the contribution to the approximation due to the

Dirichlet boundary condition at » = L and where the matrix F is given by
F=h""[L M+ B+ Bs] + > Hooundary » (B.13)

where Hioundary 15 @ matrix representation of the central differencing scheme that
approximates the boundary layer diffusion operator. The time dependent diffusion
equation can be solved using a fully time-implicit scheme, i.e., the solution is

advanced to time t,,.1 = At (m + 1) via the matrix equation

m—+1 m
L i

N = [FPI"" + Py V. (B.14)
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Solving for P,;n“ results in

P =1 — At F] 7' [P+ At Py V] (B.15)
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APPENDIX C
Isotropic fractional diffusion in three dimensions

In this section, the derivation of a 3D fractional Laplacian is briefly sketched and
the resulting operator and its expansion into spherical harmonics is given. This
derivation follows the same line of reasoning presented in Chapter 3, although the
mathematical details are not shown. No applications of this 3D formalism have

yet been explored.

The derivation starts with the Montroll-Wiess master equation associated with

the CTRW model in three dimensions:

%maw:%//é;mﬁ@wmﬂnwuépﬁn. (C.1)

This equation describes Markovian transport in terms of a general jump or dis-
placement PDF 7(¥) and average waiting time 7. As in the 2D derivation, two
assumptions are made concerning the PDF n(Z): first, the displacements are
isotropic, i.e., n(#¥) = n(|Z]) and second n(|Z|) has algebraically decaying tails
such that the second and higher moments diverge, i.e.,

N 1
n(|Z]) ~ EEk (C.2)

When equation (C.1) is transformed into Fourier space, it can be shown that the

long wavelength fluid limit of ¢ ~37(|Z|/¢), with tails (C.2), is given by
Aelk]) ~ 1= xaT|k|* aselk]—0, (C.3)

and the fluid limit of the master equation in Fourier space becomes

%ﬂﬁﬂz—m%ﬁﬂéw- (C.4)
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The expression on the right hand side of (C.4) is the Fourier transform of the 3D
fractional Laplacian:

F{A2 P} = —|k]*P . (C.5)
When (C.5) is inverted back to configuration space, the following expression for

the 3D fractional Laplacian is obtained

A2 p(z /// d7’
®3 VYa |x_x/’a+1 v
, (C.6)
/// 1 A'P(i) 4
B w3 Yo |T— 2|01 ’

(2=«
Yo = (271_)3/221/2701 ( 2 ) ) (C?)

()

It should be noted that in the infinite domain both expressions given in (C.6) are

where

)1

[\

equivalent.

The 3D fractional Laplacian operator in (C.6) can be expanded into spherical

harmonics Y,,,(6, ¢)[Jac99]:

00 l 1 a+1
27TF(—) F(l—i——)
A2 P(r.0,¢) = A - 2 2
2 2 FE T
00 2
+1 3
dr' —— P S 2204 2002 P b Yin(0
{A T’T‘g—’—lp |:27 92 ) +270 l (T> l (7¢)7
(C.8)
where 7« = min{r,7'}, r» = max{r,7'}, and p = [=. In (C.8) the function
F(a,b;c,z) is Gauss’ hypergeometric function[AS72], and P, is given by
Punlr) = [ 402%;1,(6,6) Plr.6.9) (©9)
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