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ABSTRACT

Since the engenderment of fractional derivatives in 1695 as a continuous transformation be-
tween integer order derivatives, the physical applicability of fractional derivatives has been ques-
tioned. While it is true that they share a set of distinguishing characteristics, no two fractional
derivatives are alike. With each definition mathematically valid but results of one fractional deriva-
tive inconsistent with another, the theory of fractional calculus slowly evolved to create an inter-
connected web of ideas, limits, and insight. In time fractional derivatives came to be recognized
as a powerful and ubiquitous tool. For example, fractional derivatives easily characterize the dy-
namics of anomalous diffusion in experimental settings where particles are allowed to jump farther
than in a Gaussian-distributed random walk. With experimental evidence confirming the physical
realization of fractional derivatives, the emphasis in research has been on developing both analytic
and numerical tools to treat specific problems in fractional calculus.

Similarly in this work we approach fractional derivatives from analytic and numerical perspec-
tives. From large classical systems where it is easy to see the contribution of fractional deriva-
tives we transition to fractional quantum mechanics, where the physical interpretation of fractional
derivatives becomes more ambiguous. We concentrate on deriving the fractional Schrodinger equa-
tion via the Feynman path integral, under the assumption that space and time coordinates scale at
different rates. This generalization is particularly useful for quantum systems where the under-
lying potential is characterized by a scaling relation. Scaling relations common to dynamics on
self-similar geometries do not themselves justify the replacement of integer order derivatives by
fractional derivatives. Instead, we seek to describe the evolution of a quantum particle in a particu-
lar class of nonlocal potentials, where to realize the kinetic energy of a particle we need to consider
a large finite neighborhood. We study symmetry properties of the fractional Schrédinger equation
and conclude that only a small subset of fractional derivatives ensures the Hamiltonian is parity-

and time-reversal symmetric.
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To coalesce several fractional derivatives and further emphasize the similarities between them,
we cast the finite difference fractional derivative into a sum of integer order derivatives. This
expansion is particularly useful for approximating fractional derivatives of functions that would
normally be represented by Taylor series with a finite radius of convergence. In the case when
fractional derivatives are computed by first expanding the function into its Taylor series, we find
that if the Taylor series diverges so does the fractional derivative. The integer derivative expansion
allows for the fractional derivative to go beyond the function’s finite radius of convergence.

In an effort to come up with a universal way of ensuring the convergence of one fractional inte-
gral, we generalize the well-known Euler’s integral transform. Euler’s integral transform integrates
a power law with a linear argument hypergeometric function, the result of which is a hypergeo-
metric function with two additional parameters. We show that when the hypergeometric function
has a polynomial argument, the result of the integral is a hypergeometric function with the number
of added parameters equal to the order of the polynomial. With this ansatz we are able to cal-
culate the fractional derivative of a function if it is indeed expressible as a polynomial argument
hypergeometric function, which includes trigonometric, hyperbolic, and Gaussian functions.

Next we examine the fractional derivative of a composite function which generalizes Leib-
niz’s product rule. The product rule for a fractional derivative of a composite function is formed
in terms of integer derivatives of one function and integrals of a fractional derivative of the other
function. Finally in the Appendix we consider a preliminary numerical study that explores the Lax-
Richtmyer stability of explicit and implicit Euler schemes to simulate a space-fractional Schrodinger
equation.

With the framework of fractional calculus enriched by new methods of calculating fractional
derivatives, we look to refine our understanding of the fractional Schrédinger equation, and in

particular, set the stage for how it may be realizable in multiscale systems.
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CHAPTER 1
PHYSICAL INTUITION FOR FRACTIONAL DERIVATIVES

Fractional calculus is a remarkable field of study that questions the building blocks of our
mathematical intuition. By seeking to generalize known results, we find connections between old
ideas that build us a unique pathway along which we explore mathematical oddities in a self-
consistent way. In general there are many pathways we can take to get to the same well-known
limiting result. All pathways are viable, until one path is singled out by experimental evidence.

The scientific process lies not in the creation of worlds that could exist, but in narrowing down
the worlds that are possible. Self-consistency is a crucial test, as one seeks not only to be con-
sistent with themselves but with the body of knowledge that already exists. To know all existing
knowledge is an important undertaking, but more than that, we need to know which knowledge is
flawed, and which knowledge is flawed because it is based on flawed predecessors. Thus we must
be careful in accepting any new information without first verifying it ourselves.

In this Chapter we introduce the concept of a fractional derivative and examine features com-
mon to all fractional derivatives. We list several physical systems where fractional derivatives
appear in order to emphasize their importance to the physical sciences. Finally we conclude with

an outline of our findings and a résumé of papers submitted and/or published.
1.1 Features associated with a fractional derivative & its physical niche

Fractional derivatives generalize integer derivatives to non-integer order. The “fractional” de-
scriptor is a misnomer as the order of the derivative does not have to be a fraction. The order can be
a fraction, but can also be an irrational or a complex number. For example, a simple way to define
a discrete fractional derivative is by extending the definition of the finite difference scheme. To
approximate a first-order derivative, we take a difference between two points; for a second-order

derivative, we take a difference between three points. We can find the pattern for coefficients in



front of each term in magnitude and in sign, and extend the scheme for higher-order integer differ-
ences. Then we can make the claim that the scheme for non-integer orders is the same. In general
to resolve the fractional finite difference scheme we need an infinite number of terms, alluding to
the nonlocal nature of the fractional derivative. In practice, because coefficients in front each term
decay, we need not keep all terms in the sum to find the discrete fractional derivative of a function.

Fractional calculus has come to be seen as a universal tool to simplify the characterization of
complex nonlocal phenomena. By encoding nonlocality, non-differentiability, and dynamics aris-
ing in fractional geometry into a single theory, fractional calculus is able to draw connections be-
tween concepts that before have been considered independently. This approach captures empirical
models rooted in experiment, and is versatile in tackling non-traditional, mathematical curiosities
that have widespread appearance in the physical, social, and life sciences.

The most important and the most accessible example of fractional dynamics is the study of
fractional diffusion (also known as anomalous diffusion) [1-5]. In the fractional diffusion equation
the time and/or the space derivatives are replaced by a fractional derivative. The mean squared
displacement of a particle undergoing fractional diffusion follows a Lévy distribution, where the
width grows as t* and « is a system parameter that determines the diffusion regime. For example,
in the superdiffusive regime when o > 1, the Lévy distribution allows particles to jump farther than
in a Gaussian-distributed random walk. This is supported by the distribution’s diverging first and
second integer moments, which establish the characteristic length scale and statistical variability
in the physical system. In other words, a system undergoing fractional diffusion has multiple
characteristic length (time) scales.

Integro-differential equations, intimately related to fractional differential equations, naturally
fill the gap to describe materials that exist on a spectrum. For example, viscoelastic materials such
as taffy or Bingham plastic are governed by equations of motion described by fractional partial dif-
ferential equations. Synthetic materials with enhanced transfer rate and mass exchange described
by fractional derivatives are made to emulate the transport through biological systems such as

animal tissues and leaves. Non-Fickian transport (associated with anomalous diffusion) through



porous materials, disordered media, and turbulent fluids is characterized by spatial heterogeneity,
scale-free distributions, non-Gaussian statistics, and diverging integer moments, all of which are
captured by the unified framework of fractional calculus.

What ties all of these properties together? Consider a non-analytic function that is continuous
everywhere. In the domain of mathematics, it is just an abstract object. In a physical scenario, this
function can model turbulent air speed, or the velocity of particles undergoing molecular diffusion.
It can also model some physical quantity that is a result of an underlying fractional topology. The
function’s first property is that it is non-differentiable, meaning we cannot assign tangent lines to
any point defined by the function. While the local description of a derivative may not exist, the
integral of such a function will be smoothly defined, and integer derivatives of such an integral will
be defined as well. The integral then brings to light a feature of nonlocality, the idea that we need
to sum over a point’s neighborhood and weigh each contribution in a particular manner to obtain
the function’s behavior to first order. Because our function is described by nonlocal dynamics,
it must be well-connected (imagine a network), have long-range correlations, and carry a basic
memory (if the fractional derivative is in time). In his introductory chapter on fractional calculus
[6], Herrmann gives an example of a cloud of gas to illustrate the effect of memory in a physical
system. The motion of a classical particle in a dilute gas is governed by a local theory when there
are no boundaries. On the other hand, if the gas is contained in a box, one particle’s motion will
be affected by a source term that allows other particles to reflect off of the wall at some previous
point in time. This is one way to model nonlocality in a physical system.

On the other hand, if non-differentiability is a quality that we inherited from some underlying
fractional or self-similar geometry (imagine the folds on the surface of the brain, or the branching
patterns of a lung), our system must lack a single characterizing length or time scale. Quantities
of mean and variance correspond to diverging first and second integer moments of a distribution
that has inverse power-law tails. For example, the probability of a given number of neurons to be
involved in a neuronal avalanche and the time interval between neuronal spikes are both described

by inverse power laws [7]. Similarly, the waiting time from one breath to another is distributed



according to an inverse power law. Such distributions are encompassed by non-Gaussian statistics,
which have fat tails that allow for rare events to occur more frequently. Indeed, non-Gaussian
statistics are often associated with fractional derivatives, for example, in anomalous diffusion of
pollutants through the water table [8].

These properties work together to create an organized, coherent theory that is able to capture the
behavior of many cooperating parts. Because fractional calculus is a theory that is self-interacting,
i.e. fractional derivatives allow the system to respond to its environment or its past, we have a

comprehensive set of tools to work with complex systems that share many of the common features.
1.2 Building a framework supporting the fractional Schrodinger equation & future studies

We derive the fractional Schrodinger equation in a way that accounts for a local fractional
spacetime metric, where the space and time coordinates evolve according to two different expo-
nents (Chapter 3). The fractional spacetime metric, by virtue of making physical properties of an
inhomogeneous self-similar space more explicit, directly impacts the definition of velocity in this
type of medium in terms of a fractional derivative. To set the stage for the Feynman path integral
description of the time evolution operator in quantum mechanics, we discretize the fractional ve-
locity as a ratio of space and time differences, each scaled according to the exponent found in the
local spacetime metric. By making these two assumptions we come to a self-consistent realization
of a fractional Schrodinger equation, where both the time and space derivatives are replaced by
fractional derivatives.

To choose the type of fractional derivatives appropriate for the fractional Schrodinger equation
we consider which symmetry properties the fractional Schrodinger equation must satisfy to have
norm and energy conservation. Specifically we consider parity- and time-reversal (PT) symmetry
and find that the time derivative needs to be anti-symmetric (as is true for all odd derivatives), and
the space derivative needs to be symmetric (as is true for all even derivatives). This narrows down

which fractional derivatives we can consider in the fractional Schrodinger equation.



We take a step back to the larger world of fractional calculus by considering several different
ways of evaluating fractional derivatives of common functions that could serve as initial conditions
to the fractional Schrodinger equation. Specifically hyperbolic secant and tangent functions that
correspond to the bright and dark soliton solutions of the nonlinear Schrédinger equation, and
the Gaussian function that forms a wavepacket envelope constitute a class of functions physically
relevant to the description of the fractional linear and nonlinear Schrodinger equations. This sets
the stage for a future study of the fractional nonlinear Schrodinger equation that combines an
interplay of nonlinear and nonlocal effects. For example, in [9] it was shown that the solutions
to the fractional nonlinear Schrodinger equation are fractional generalizations of cnoidal waves of
Jacobi elliptic functions that for a certain range of initial conditions reduce to localized solutions.
These solutions are hyperbolic-secant-like functions, the width of which is governed by the order
of the fractional space derivative used in the fractional nonlinear Schrodinger equation. Thus,
preliminary work based on numerical series methods indicates that the famous hyperbolic secant
solution to the nonlinear Schrodinger equation extends to the fractional Schrodinger equation by
way of a bright-soliton-like solution.

We develop an integer derivative series (Chapter 4) that expands three types of fractional deriva-
tives into a similar form. This expansion serves to highlight the similarities and differences between
several fractional derivatives, and in particular, alleviates the need to use Taylor series to find frac-
tional derivatives of functions like the hyperbolic secant. The hyperbolic secant has a Taylor series
with a finite radius of convergence, so by virtue of inheritance the fractional derivative also has a
finite radius of convergence when used in conjunction with the Taylor series. Contrary to the Tay-
lor series method, the integer derivative expansion for the hyperbolic secant function has an infinite
radius of convergence. For the Gaussian function the integer derivative series now expressible in
terms of Hermite polynomials oscillates more rapidly as more terms are kept in the expansion.

To treat a wavepacket and resolve the fractional derivative of a Gaussian we build on the already
well-known Euler’s integral transform that evaluates the integral of a hypergeometric function with

a power law that is the kernel of the fractional derivative (Chapter 5). We generalize the integral



transform to work with hypergeometric functions that have a polynomial argument because many
elementary functions can be expressed in terms of the hypergeometric function, specifically an
extended family of Gaussian, trigonometric, and hyperbolic functions. We see that in general
the fractional derivative of a hypergeometric function is another hypergeometric function with
extra arguments. In particular we confirm that the fractional derivative of a Gaussian function is
convergent and given by a hypergeometric function with a polynomial argument.

To strengthen the mathematical framework for describing the dynamics of the fractional non-
linear Schrodinger equation, we seek to find the fractional derivative of the hyperbolic tangent that
is a solution to the nonlinear Schrodinger equation with a defocusing (repulsive) nonlinearity. It
is the second of the two fundamental localized solutions to the nonlinear Schrodinger equation,
corresponding to bright and dark solitons. Because the hyperbolic tangent is a ratio of hyperbolic
sine and cosine functions, it cannot be expressed in terms of a single hypergeometric function with
a power-law argument. To remedy the fractional derivative of the hyperbolic tangent function we
develop the fractional product rule which can be used to calculate the fractional derivative of com-
posite functions (Chapter 6). The product rule for a fractional derivative of a composite function is
formed in terms of integer derivatives of one function and integrals of a fractional derivative of the
other function. We find that the fractional derivative of the hyperbolic tangent function is given by
an infinite sum of hypergeometric functions with a polynomial argument.

The Appendix contains additional material related to the Lax-Richtmyer stability of explicit
and implicit Euler schemes in the simulation of the space-fractional Schrodinger equation.

This thesis contains the following manuscripts to be submitted, under review, or in press:
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CHAPTER 2
WHAT IS A FRACTIONAL DERIVATIVE?

Many definitions exist for fractional derivatives, as we can generalize integer derivatives in
different ways such that the limiting case is true. Some definitions offer advantages over others,
or retain properties that we would like to carryover from classical calculus. But in general, one
fractional derivative is not consistent with another. In other words, they do not produce the same
results, and are not interchangeable.

The idea of a fractional derivative originates in a letter from Leibniz to L’Hopital in 1695 [13] in
which Leibniz asks the question, “Can the meaning of derivatives with integer order be generalized
to derivatives with non-integer orders?” Leibniz later wrote, “It will lead to a paradox, from which
one day useful consequences will be drawn.” The idea is that if we take two half-derivatives of
a function, we should get back its first derivative. In 1730 Leonhard Euler extended the integer-
order derivative of a monomial to non-integer order in terms of the Gamma function. In late 1800s
Joseph Liouville similarly extended the derivative formula acting on the exponential to non-integer
order. In that sense many first fractional derivatives of functions came from recursive relationships.

In this Chapter we take a closer look at fractional derivatives. We consider several important
definitions of fractional derivatives, and cover several functions common to the study of fractional

calculus.
2.1 Survey of fractional derivative definitions

A fractional derivative of order o € C must satisfy the following two rules [6]:

1. Correspondence principle:

lim L ) = 2

= — N 2.1
a—n dx® dx™ (517), ne ’ ( )



2. Linearity:

da

dz

(af(x) + bg(x)) = a%f(x) + bczj—aag(x), a,be C. 2.2)

A discrete fractional derivative often used in numerical applications is the Griinwald-Letnikov
fractional derivative. It was separately developed by Griinwald (1867) and Letnikov (1868), and is
an abstraction of the finite difference formula. We know that for a first-order difference, we need a
difference of two points, for a second-order difference, we need a difference of three points, and so
on. There is also a sign change for each term, and in front of each term in the difference, there’s a
particular coefficient. If we take this formula and say it works for non-integer orders, then we have
a Griinwald-Letnikov fractional derivative. Just like in finite differences, we can have a derivative
in terms of backward or forward differences, which is the point of left-sided and right-sided flavors
of the Griinwald-Letnikov derivative.

For example, the left-sided Griinwald-Letnikov derivative is defined as,

N
: yae :
D f() = lim Y (1) <j> fla = jh), (2.3)
where h = A is the step size, and (;“) is the binomial coefficient, given by,

a\ MNa+1)
() ~torn ey 24

['(z) denotes the Gamma function defined by Eq. (2.23). Because we require knowledge of the
function on an infinite domain, Griinwald introduced in his original work the idea of a finite upper
bound. In particular, he suggests using N as the upper bound, defined by N = |(z — a)/h] with
N € NN [6]. The floor function |z | gives the largest integer bounding x from the bottom, defined
by |z| = max{m € Z | m < z}. In this Chapter and the rest of the thesis, we use a to denote the
left endpoint of the domain, and b the right endpoint.

Similarly we can define the right-sided Griinwald-Letnikov derivative, opting out for forward

differences instead of backward differences,

D () = lim - S (—1) (j)f@s +h), 2.5)

h—0 ha
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where the upper bound N is defined by N = | (b—z)/h]. The Griinwald-Letnikov scheme is &(h)
accurate. A well-known property of the Griinwald-Letnikov derivative is that the continuous limit
of a Griinwald-Letnikov derivative is a Riemann-Liouville derivative. We define the Riemann-
Liouville derivative below, after a short note on Cauchy’s repeated integral formula.

Cauchy’s formula of repeated integration [6, 14] simplifies a repeated integral of the form,

a]”f(xn)—/n/ " / F(z0) dzo . . dwn s 2.6)

into a single integral,

) = Cdt (x— 0" f (), @)

L(n) Ja

where a is chosen to be some constant for the function valid on the domain @ < x. (For the
definition of the Gamma function see Eq. (2.23) in Section 2.2). We are then able to generalize
Cauchy’s repeated integral formula to non-integer order. Consider a fractional order « such that
n — 1 < a < n. To constrain the order to be between 0 and 1, we form the difference n — o which
must follow 0 < n — a < 1. Then Cauchy’s repeated integral formula appears to us as,

1

JTf (1) = Tn—a)

/gg dt (x — )" f(t). (2.8)

a

This defines the building block of our continuous fractional derivative: an integral of fractional
order n — o. We can also define a similar integral where the lower bound of integration is x and
the upper bound of integration is some constant b, for functions that are valid on the domain z < b
(the terms in the power law must be inverted to make a positive difference).

If we use the following notation for a fractional derivative [6],

dO{

dx®

= D“, (2.9)

then we can split any fractional derivative into an integer derivative of order n and a fractional

integral of order n — o using Cauchy’s repeated integral formula,

D® = D"Do" (2.10)
= D" I, 2.11)
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Because we do not have a preference on the ordering of differential operators, we can conceive of

another permutation,

D* = D> D" (2.12)
= D", (2.13)

This is the so-called semi-group property of a fractional derivative (also called a composition rule).
Note that while both permutations give us D, these descriptions are not equivalent to each other.
In the most general case, we have both left- and right-sided ways of defining a fractional derivative,
for each ordering of differential operators. When the integer derivative of order n is on the outside
of the integral (first ordering), then we obtain left- and right-sided fractional derivatives of the
Riemann-Liouville type. When the integer derivative is on the inside of the integral, we instead
obtain the Caputo fractional derivative. With this in mind, we now provide formal definitions.
The left-sided Riemann-Liouville fractional derivative is a convolution integral,

1 dr

DS f(x) = m@/@ dt (x— )" f(t), (2.14)

where n is the ceiling of the fractional order, n = [«], and « is the lower bound on the integral
called a basepoint. The ceiling function [z | gives the smallest integer bounding = from the top,
defined by [x| = min{n € Z | n > z}. To compare, the right-sided Riemann-Liouville fractional
derivative has different bounds on the integral, and an additional factor that accounts for a sign

change out front,

_1\n n b
Dy f(z) = %% / dt (t — )" f(t), (2.15)

where now b is chosen to be some constant.
If we take the integer derivative on the outside of the left-sided Riemann-Liouville derivative
to the inside, and perform integration by parts to start taking derivatives on the ¢ variable instead

of the x variable, we obtain the left-sided Caputo fractional derivative,

°DS f(z) = ﬁ /Ox dt (x — t)"aldy;it). (2.16)

12



In the Caputo fractional derivative the basepoint a is explicitly chosen to be 0. The right-sided

Caputo derivative is defined in a similar manner,

—_1\r b m
‘D f(z) = %/ dt (t—x)“al%ff), (2.17)

where b is commonly chosen to be infinity.

The benefit of the Caputo definition is that the Caputo derivative of a constant is zero, seeing
that before the integral is computed we first take an integer derivative of a constant. However,
this adjustment alters the limiting case when the order of the fractional derivative is an integer, by
way of the Fundamental Theorem of Calculus. Consider the case @ = 0 for f(x) = cos(z). We
would compute the integral of the first derivative of cos(t) from ¢t = 0 to t = x. The Fundamental
Theorem of Calculus tells us that we evaluate cos(t) at the bounds, leading to “DY cos(x) =
cos(xz) — 1. Thus the @ = 0 case for f(x) = cos(x) evaluates to a cosine function shifted by the
value of the function at the origin.

On the other hand, consider the Riemann-Liouville derivative of a constant. We can show that

for 0 < a < 1 and a = 0, the left-sided Riemann-Liouville derivative of f(x) = 1 is equal to
o
I'l—a)

it also diverges at the left endpoint. This is common to all Riemann-Liouville fractional derivatives

. We note that not only is the fractional derivative of a constant not equal to zero, but that

of functions that are non-zero at either the left or right endpoints.
To obtain the left-sided Liouville-Caputo derivative, we modify the lower bound on the Caputo

derivative:

Dy f(x) = ﬁ / " (z — t)”—a—ldr;’; Et). (2.18)

—0o0

Similarly after Eq. (2.17) we can define the right-handed Liouville-Caputo fractional derivative by
modifying the upper bound of the right-sided Caputo fractional derivative.
The Fourier fractional derivative is defined as an extension of the inverse Fourier transform of

a Fourier-transformed integer order derivative,

. 1t e |
D%f(z) = E/— dk g(k) (—ik)” exp(—ikx), (2.19)
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where g(k) is the regular Fourier transform of a function f(x), given by,

g(k) = \/%/ Oodx f(z) exp(ikx). (2.20)

If instead we take an absolute value of the transform variable on the inside of the integral, we

obtain the symmetric Riesz fractional derivative [15],

-1 +oo
EDf(z) = E/_ dk g(k) |k|* exp(—ikz). (2.21)

For example, Nikolai Laskin makes extensive use of the nice properties of the Riesz fractional
derivative to derive a version of the fractional Schrodinger equation [16]. Figure 2.1 shows some

of the connections between fractional derivatives.

take continuous limit

Grinwald-
Letnikov

account for function Ri_ema_nn—
behavior at origin E Liouville

integration by parts

same for x>>1

Fourier <

Lioville-Caputo
equivalent

Figure 2.1: Connections between some types of common fractional derivatives.

We notice that all definitions of a fractional derivative encode the feature of nonlocality. For
a function of time, nonlocality speaks to the function’s past behavior. For a function of space,
nonlocality is a reference to the function’s behavior away from the current location in space. It is

difficult to associate a distinct physical neighborhood for a fractional derivative that is defined in

14



terms of improper integrals. Instead we approach these integrals as an idealized limit that informs
our physical intuition. For example, for a fractional derivative of a function of time, we would not
expect to see an integral that accounts for function behavior over some future time as that would
violate causality. However, we can have a fractional derivative for a function of time that integrates
over the function’s past from some finite point in time. For a function of space, we do not associate
the same directional history and thus we can have fractional derivatives that integrate information
over symmetric intervals. The concept of a finite neighborhood becomes more apparent when
we express fractional derivatives in terms of integer-order derivatives [10]. Each integer-order
derivative accounts for a small portion of the function’s neighborhood such that in summation
the neighborhood overall is nonlocal. Because for some functions we are able to truncate the
integer derivative expansion that stands in place of the fractional derivative, we see that fractional
derivatives are indeed characterized by a finite domain.

In the physical context of fractional derivatives we shall also distinguish between nonlocal
information and memory. While the fractional derivative serves to encode information about the
function’s past, it is stored in aggregate form after the integral or the sum has been computed.
Thus we cannot associate individual events with the present behavior of the function governed by

its fractional derivative. Instead we must consider the aggregate aspect of nonlocality.
2.2 Mathematical background

In Chapter 3 we encounter the fractional Taylor series. The fractional Taylor series serves to

decompose a function f(x) into an infinite sum of fractional derivatives [17],

e}

flz) = Z:jo % (D)™ [£(@)] o= (222)
where it is assumed that the function f(z) is infinitely fractionally-differentiable at a, and that
f(z) is defined to the right of a. Not all fractional derivatives can be used in the fractional Taylor
series. Care must be taken to ensure that the fractional Taylor series holds for any particular type

of fractional derivative.

15



Two functions that we make extensive use of are the Gamma and Mittag-Leffler functions.
We’ve already seen the Gamma function in the Cauchy repeated integration formula, and in the
definitions of the fractional derivative. The Gamma function extends the factorial function from
natural numbers to real numbers. For Re(z) > 0 we have an integral representation of the Gamma

function,

['(z) = /00 dt t*~'exp(—t). (2.23)
0

Three main properties of the Gamma function are,

I'(z+1) ==2I'(2) (2.24)
T(z+1) =2 if 2€N (2.25)
IF')r1—-z) = Sin (7] if z¢Z. (2.26)

The Mittag-Leffler function generalizes the series for the exponential, developed by the Swedish
mathematician Gosta Mittag-Leffler in 1903. Characterized by two parameters, « and 3, where

Re(a)) > 0, the generalized Mittag-Leffler function is given by,

00 o
Eoc,,@(z) = g m (227)

We note that when 5 = 1 the Mittag-Leffler function reduces to a one-parameter Mittag-Leffler
function E,(z). Similarly, when oo = 1 and § = 1, the generalized Mittag-Leffler function E; ;(2)
further reduces to the exponential function exp(z). The Mittag-Leffler function is particularly im-
portant as it is an eigenfunction of the Caputo fractional derivative, F, [(kz)o‘} , with the eigenvalue
given by k° [6].

We make an interesting connection for the single-parameter Mittag-Leffler function when it is
of the form F,(—z?). We note that one special case of the Mittag-Leffler function is Fy(—z?) =
cos(z). However, when o = 1 instead, we obtain F;(—2%) = exp(—z?). This tells us about
the distribution of zeros of the single-parameter Mittag-Leffler function when the argument is a
negative quadratic. For the range of values 1 < a < 2, the Mittag-Leffler function F,(—2?%)

goes from having one zero (as z — 00) to an infinite number of periodic zeros. In other words,

16



when 1 < o < 2, the Mittag-Leffler function E,,(—2?%) interpolates between Gaussian and cosine
functions. More information on the properties of the Mittag-Leffler function can be found in [18].
In our study of fractional calculus we also encounter hypergeometric functions (see discus-
sions in Chapters 5 and 6). For completeness we mention some key ideas about hypergeometric
functions.
The generalized hypergeometric function 4 F’g (c? ; l;; z) is defined in terms of its hypergeomet-

ric series (vector of coefficients a@ has A elements, and vector of coefficients bhas B elements),

A1y . .., 04 > (al)n...(aA)nZ
e | = @an 2" 228
ATB A p b Z] ;%(bl)n---(bg)n nl (2:28)
o . I'(a+n)
where the Pochhammer symbol (a),, is a ratio of Gamma functions defined by (a),, = I(a)
a

Gradshteyn and Ryzhik [19] explicitly outline the convergence properties of the hypergeomet-
ric function 5 F7 (o, 3;7; z). We have the following three scenarios for the convergence of the

hypergeometric series o F; (o, 3;; z) on the unit circle.
1. The series converges throughout the entire unit circle except at the point z = 1 when
0 <Re(a+p8—7v) <1 (2.29)
2. The series converges absolutely throughout the entire unit circle when
Re(a+ p—7) <0. (2.30)
3. The series diverges on the entire unit circle when
Re(a+ 8 —7) > L (2.31)

We notice that the conditions for convergence of the hypergeometric series relies on the magni-
tude of the difference between the terms in the numerator and the denominator of the expansion
coefficients for the hypergeometric function.

To understand the convergence properties of the generalized hypergeometric series we apply

the ratio test to the expansion coefficients. We notice that the radius of convergence for the gen-
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eralized hypergeometric series depends on the number of coefficients in the vector @, A, and the
vector b, B. If A < B + 1, the ratio of coefficients tends to zero and the hypergeometric series
converges for any finite value of z. If A = B + 1, the ratio of coefficients tends to one and the
series converges for |z| < 1. For |z| > 1 the series diverges. Finally if A > B + 1, the ratio of
coefficients grows without bound and the series diverges except at z = (.

We note that while we take the convergence of the generalized hypergeometric series for
granted in Chapters 5 and 6, for each elementary function that can be expressed as a generalized

hypergeometric series the convergence properties of the series should be made explicit.
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CHAPTER 3
FRACTIONAL SCHRODINGER EQUATION IN FRACTIONAL SPACETIME

A paper to be submitted

Gavriil Shchedrin®, Anastasia Gladkina*, and Lincoln D. Carr*

We derive a new form of the fractional Schrodinger equation that explicitly correlates the frac-
tional dimension of the underlying physical geometry with the fractional space derivative replacing
the local kinetic energy term. By assuming two principal postulates used to characterize the proper-
ties of the system’s self-similar topology, namely the fractional spacetime interval that reflects the
mathematical scaling inherent to the system in both space and time coordinates, and the fractional
velocity, the fractional Schrodinger equation captures nonlocal aspects of physical materials with
multiple spatial and temporal scales. By altering the form of the kinetic energy term to include
the fractional space derivative we predict to describe a wide range of physical materials where the
properties of the material are no longer exclusively reliant on the chosen potential, as the kinetic
energy begins to encode the materials’ internal structure. By generalizing the action to include the
Lagrangian in terms of the fractional kinetic energy, we use the time evolution operator and the
fractional Taylor series to expand the Feynman path integral in the leading order. By collecting
leading order terms we come to the exact form of the fractional Schrodinger equation. We per-
form a consistency test and obtain the integer Schrédinger equation in the limit as the fractional
dimension of space and time coordinates tends to integer values. To explore the dynamics of the
fractional Schrédinger equation we solve the infinite potential well problem with different types of
fractional space and time derivatives, and find that the discretized energy scales according to the
fractional space dimension. We find the explicit form of the momentum operator and study parity-
and time-reversal symmetries of the fractional Hamiltonian operator. We see that for the Hamilto-

nian to be parity- and time-reversal-symmetric, the fractional space derivative must be symmetric

*Department of Physics, Colorado School of Mines.
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and the fractional time derivative must be anti-symmetric. This narrows down which kinds of

fractional derivatives can be considered in the fractional Schrodinger equation.
3.1 Background

The fractional Schrodinger equation has been previously derived by Nikolai Laskin [16], using
the ideas of the Feynman path integral and measures over Lévy flights. His analysis assumes
scaled integer-order derivatives, which leads to the use of the quantum Riesz fractional derivative
in the fractional Schrodinger equation. We approach the derivation of the fractional Schrodinger
equation by minimizing the action S, which depends on a scaled spacetime interval. The scaled
spacetime interval is defined in terms of space and time coordinates that are scaled according to
two independent parameters, which determine the self-similar properties of a physical material.
Because the space and time coordinates are scaled in different ways, the velocity in such a medium
can be redefined in terms of a fractional derivative, which we take to be the second basic necessary
postulate to derive the fractional Schrodinger equation. These postulates are self-consistent with
results in relativistic theory and do not require generalizations of already known identities such as
the Einstein relation. Instead, the analysis rests solely on a set of physical principles that naturally
lead to a form of the fractional Schrédinger equation that is applicable to any type of fractional

derivative that follows the fractional Taylor series for the decomposition of a function.
3.2 Action for a particle in fractional spacetime with different fractional dimensions

It is known that self-similar physical geometries endow primary physical variables used to
describe movement within the space with scaling relationships that track its fractional dimension
a. Thus on the basis of assuming that the space we are describing has scaling relationships in
both space and time, characterized by two parameters « and 0 respectively, we allow ourselves
to generalize the local spacetime metric and the velocity to reflect the scaling of the underlying
physical geometry. Inherently, of all physical variables present in the description of a quantum
mechanical particle, the kinetic energy is one of the first variables to be affected when considering

movement in a fractional space. Similarly, the spacetime metric must reflect the space and time

20



scalings present in the physical system. We shall note that these assumptions present a unique
perspective in modeling physical materials, as the underlying material is described foremost by
how it affects the kinetic energy and thus the movement of the particle through the system, instead
of allowing the potential energy to formulate prescribed material properties. Without specifying
the potential of the system, we are able to account for spatial and time nonlocality present in the
system by expressing common physical variables in terms of fractional derivatives.

Thus we assume that a point within this physical system will have different scaling orders for

space and time coordinates, o and ¢ respectively, given by the following scaled spacetime interval,
(ds®) = (cdt’, dz®, dy®, dz*). 3.1)

We note that to be consistent with the units of distance in fractional spacetime, the speed of light ¢
now has units of length® /time®.
The object central to our analysis is the action S. To account for the fractional spacetime

metric, the action S must be expressed in terms of the scaled spacetime interval ds’,

S = —a/ds5, (3.2)

where a is a proportionality constant. This formulation of the action ensures that the Einstein
relation has no dependence on the scaling of the physical space in terms of « and 4, i.e. it preserves
the original form of the Einstein energy relation.

We briefly show how to derive the form of the Lagrangian .. From Eq. (3.1) the spacetime

interval is given by,

Mm

(ds®)? = (cdt®)? (3.3)
=1
where d¥ = (dz, dy, dz). Thus we have,
1/2
ds® (cdt®)® — 372 (dxo)?
ds’ = cdt® —— = cdt’ =1 : 3.4
T e~ © (cdtd)? 34)

We assume that the velocity is generalized in terms of two fractional orders, « and 9, to reflect the

underlying physical topology,
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dx
Vi = (3.5)

which simplifies the fractional spacetime interval to,

o\ 1/2
ds® = cdt? (1 - (3) ) . (3.6)
c
Finally, the action S becomes,

o\ 1/2
S = —a/ds‘s = —otc/alzf‘S (1 — (%) ) = /dt5 Z. (3.7

By demanding that in the limit v — 0 the Lagrangian of a free particle goes to . = —mc?, we

find a = mc [20]. Then the Lagrangian . of a free particle is given by,

2( v 2 1/2
L=—-mc|1-— <E) ) (3.8)

With 5 = v/c, the momentum is given by the first derivative of the Lagrangian with respect to
speed [20],
0L mu

o 1

The fractional velocity in Eq. (3.5) in terms of the two fractional orders « and 9 allows the particle

p= (3.9)

to move faster or slower than in standard Euclidean space as fractional space encodes within itself
a nonlocality that changes the dynamics of the system. The units of fractional velocity, similar to

the units for the speed of light ¢ in a self-similar medium, scale as length® /time?.
3.3 Derivation of the Schrodinger equation via a Feynman path integral
First of all we shall introduce the fractional Taylor series [17],

- S B (01) o

m=0

: (3.10)

r=x0

which we will use to expand the time evolution operator.

The time evolution operator is given by [21],
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P <a:°‘, (t+ 5)5> = %/—00 dy® exp (% S) P (y“,t5> :

o

(3.11)

where A is a normalization constant and we take € to be a small increment in time defined by

¢ = At. Here the action S from Eq. (3.2) is,

t+e d o
S—/ dt5$<x,i6,t).
) dt

Following Feynman we choose a quadratic Lagrangian,

m ([ dz*\> o 45
g:T—U:3<W) —V(x,t).

The left-hand side follows from the fractional Taylor expansion,

)

oo ) =0 o2 4 g (00) o] 0 ().

+1)

The task is to collect all the terms from the right-hand side of the order £°.

The discretization scheme is as follows:

¢ — $n+1+xn a: l“i‘y “
N 2 - 2 ’

dz® _ (Tt —x0)* _ (x—y)°

v =

dt (tppr —tn)® &0
Here we denoted,
Tpt1 = T,
Tpn =Y,

tn+1 — tn = £&.

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)
(3.17)

(3.18)

We notice that other discretization schemes, such as 2 = (xf; 1t xﬁ) /2, lead to alternative

forms of the fractional kinetic energy with a nonlinear dependence on «. The chosen discretization

scheme avoids introducing any unphysical dependence of the kinetic energy on « or 4.
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The action S then becomes,

t+e dx® t+e m dr® 2
= 4 _— = J —_— e — a o .1
S /t dt .,zﬂ(x, dt&,t) /t dt [2 (dté) V(2 t)] (3.19)
AR AN N EE AR O
2 gl 2 ’ '

Let’s introduce,

y=x+mn, (3.20)
N=Yn+1 — Yn- (3.21)

Then we have,
" (:pa, (t+ 5)5> — (3.22)

_l Ooda @m |$_y|a ’ _@V T4y “ t5 @b(até)_

a4 ) W e = exp | —— 5 : Yyt ) =

_2 oxc _@V 2041\ £ w((zm )e t5) (3.23)
Pl—7 5 ; n)* ). G

Here we have approximated,

dy® = lim A(yps1 — yn)® = lim An® = dn®. (3.24)
n—0 n—0

‘We note that the Gaussian-like function,

2
] ) (3.25)

exponentially oscillates away from 7 = 0.

24



We will expand the wave function up to second order in 7,

o0

by 1) = Z a +1 (D)™ [ (. )] (3.26)

0

o P 1) n
AR oy ey

2a

(03[9 )] + Frgay O [ 8] + 0 ().

(07

The next step is to expand the potential,

We collect all the terms,
" (xa,(t+€)6> - (3.28)
1 /Ood N [icd m |2 |?] iEéV 2z + 1\ . 1/)(< ) t5>
A . - exp n o9 | Xp 7 5 ) r-rn),
1 [ [icdm |0 |?] id 2z +n\"
e B R - ! @’(25) 3.29
A/_OoneXph2a5 X hv(2>’ tole (3.29)

x (W,té) ey 0D [26 0] + gy (02 [wwnﬁﬂ) .

On the other hand, we have,

)

" (xa, (t+ 5)5) — (;ca,t5> n ﬁ (Df) [w(xa,té)] i (525) . (3.30)
Thus we demand from the leading term,

a

U

=
m
:_/ o exp[—i .

6

2
] . (3.31)

We introduce,
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§=n", (3.32)

d§ = dn*,
T e

Therefore, we get,

im &2
A/ d¢ exp [— ] (3.33)

We are dealing with the complex Gaussian integral,

J— /°° d¢ exp [iag?] = \/% explima]. (3.34)

Therefore, we obtain,

) )

2 > im &2 2imhed
. T ] :/_ d€ exp [_5_] = . (3.35)

We shall collect all the terms of the order £°.

The first one is,

1 [ ie®m 2 ie® 2z + 1\
Z/ dn® exp [75 2—5 ] x —7V(< > ’7) A0 ) [ v, t)  (3.36)
_l _Ev(até)w(aﬁ) Ooda ZSJE f2 _|_ﬁ(26>
=2 7 z-, z-, . n- exp Pl €
1
:_%Tva¢ﬁ¢u%ﬁ) (3.37)

The next term is zero due to the integral of an odd function integrated over a symmetric interval,

%/_Oo dif* exp [7% ] X (F(S—il) (D7) [w(a:“,t‘;)]) (3.38)
:_/ %%p[£]<m§+wmﬁww“ﬂ):0
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The final piece is,

= / dn® exp [ig ] (%(Dif [w(m“,ﬁ)]) (3.39)

[ 5] (e o]

The Gaussian integral,

/wdgeXp[_ﬁ] :—z—/ dgexp[ ]:—2—\/7 Z;T (3.40)
Therefore we get,
L[~ an 52 a2 a
Z/—oo d exp [—T] (m (D7) [WOC 7t6)]> (3.41)
1 1 o2 o e a&?
= (m (D3) [¢($ até)]) /_OO d§ exp [—T] '3
1 1 o2 N i 2he’
A (F(2a+ 1) (Dz) W”“" ’té)]) 2 m

We shall collect all the terms,

“ J = o 40 —86 0 a 40
Y(®, (t+¢)°) = Y(x ’t)+F(6+1) (Dt) [@D(ﬂﬁ ,t)} (3.42)
= otant) =V (o) )+ gy 0 o] ) 5%

m

In other words, we have,

r(di 5 (P0) [ 0] - G4
ihie?

- S v (et o+ (s O ] ) B can
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If we multiply both parts by ¢/, we arrive at the fractional Schrodinger equation,
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#Zl) <Df> [w(mavté)] = ﬁ (D$)” [ww,t%} +V (:ca,t‘;) D(a®, 1), (3.45)

3.4 Limit to obtain the integer Schrodinger equation

We note that all fractional derivatives must limit to integer-order derivatives (up to a constant)

when the order of the derivative is chosen to be an integer [6]. Thus in the special case of,

§=1, (3.46)

a=1,

we recover the integer Schrodinger equation,

. aw(ﬂﬁt) _ _h2 821/1@775)
ih 5 om 91 + V (z,t)¢Y(x,t). (3.47)

3.5 Solution to the infinite potential well

As a test problem let’s consider a fractional Schrodinger equation with a Caputo time derivative
of order ¢ and a Fourier space derivative of order 2a for 0 < o < 1,
—h2

(CD;E) [w(a:a,té)] = ot (FD§Q> [w(xa,té)] vV (xa,té) Dz, 1%). (3.48)

ih
['o+1)
We employ separation of variables ¢)(x,t) = f(z)g(t) to obtain two equations,
M _op? [g(t)] = Eg(t) (3.49)
TG +1) W= RO '

—h2 N
FD2

Toa s Dm De U@+ V@fe) = Ef@), (3.50)

where we assumed the potential V' = V/(z) is only a function of spatial coordinates, and F is
our energy eigenvalue. The solution to Eq. (3.49) can be expressed in terms of a single-parameter

Mittag-Leffler function, E'(;()\ta) (see Eq. (2.27) in Chapter 2 for its definition),
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o0

2 (ETE+1))" (A t0)k ~ s
t) = = agFs( At Sl
g(t) 1?:0( i ) (k(5+ = ag g:o (k5 + 1) = apEs(\t°), (3.51)

where aq is a value related to the normalization of our wavefunction, namely that ¢ (z,0) =

f(2)g(0) = aof(x), and X\ = (—iE (5 + 1)) /h. The wide tilde on E5(\t%) differentiates be-
tween the Mittag-Leffler function and the energy eigenvalue found inside \.
We use the ansatz f(z) = exp(kx) to find the solution to Eq. (3.50). For constant V' (z) = V;,

we then obtain a polynomial equation in the momentum variable £,

—h?
I'2a+ 1)mk2a V= E, S
. 2 B
ki = exp (i%) (ﬁ) [(E - Vo) T'(2a + 1)m] 20 (3.53)

Quantization of £ and E come from boundary conditions (which come from the type of potential

we use). Consider an infinite potential well given by,

oo 1If <0
V(iz)=<0 if0<z<lL (3.54)
oo if x>1L

on the domain 0 < z < L. Then we require that the spatial component of the wavefunction decays
at the boundaries, f(z)|,—0 = f(x)|.=r = 0. From Eq. (3.53) we obtain two roots, k.., for when

V() = 0. By enforcing the boundary conditions we quantize k.,

+i 1
ki =exp il ' T, where n € Z™. (3.55)
2c¢ ) sin (%) L

We can simplify the spatial component of the wavefunction from f(z) = Aexp(k, x)+Bexp(k_x),

with A and B new undetermined coefficients, to

™ nmwx . nmx
cot (%) T] Sin (T) . (356)

Finally we obtain the following dispersion relation,

f(z) = Aexp
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2
b K2 (”T” csc (%))
" TQRa+1)m

(3.57)

We note that when o = 1, we find the expected energy spectrum for an infinite potential well,

nrh\? 1
E, = <T) . (3.58)

In comparison, the fractional Schrédinger equation developed by Nikolai Laskin has the following

discretized energy spectrum for an infinite potential well [22],

2a
En = DQa (_) ) (359)

where D, is a physical constant that accounts for mass. We note that % is scaled according to the
fractional space dimension c.
The solution to the fractional Schrodinger equation with a Caputo time derivative of order §

and a Fourier space derivative of order 2« in a given infinite potential well is expressed as,

™ nmwx . nmr \ = 5
cot (%) T] Sin (T) Eg()\t ), (360)

where A = (—¢E I'(§ + 1)) /h, and a, has been absorbed into A for ease of notation.

(e, t) = f(x)g(t) = Aexp

3.6 The form of the fractional Hamiltonian and momentum operators

From Eqgs. (3.9) and (3.5) we have the relativistic definition of momentum in terms of fractional
velocity,

mu m dz®

= = . 3.61
IR g el

The fractional Schrodinger equation gives us an alternate definition of momentum from the kinetic

p

energy term. We find that while physical variables change definitions, the principal mathematical
form of the kinetic energy stays the same. This is similar to how the momentum operator is
redefined in fractional spacetime in terms of fractional velocity, while retaining its form in terms

of mass and the Lorentz factor. From Eq. (3.45) we find that the kinetic energy Tis expressed by
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the square of the fractional momentum operator p,

_h2 82(1 ﬁQ

P = FGat imor® ~ Ta 1 m’ (3-62)
p=—ind (3.63)
o

Then in d = 1 dimension our Hamiltonian H appears as,

52

7y p

H= —F—— t). 3.64
I'2a+1)m +Vizt) (3.64)

By comparison, the Hamiltonian developed by Nikolai Laskin [16] features an integer derivative

momentum operator scaled to a fractional power,

H = Do |p|* + V(2. 1), (3.65)
0

p=—il—, (3.66)
ox

where D, represents a physical constant that accounts for mass. Because the entire momentum
operator is scaled, 7 is also scaled adjusting its natural units to fractional units. Similarly to avoid
problems with scaling the imaginary unit 7, the magnitude of the momentum operator is considered.
The ad hoc scaling of the entire momentum operator changes the form of the kinetic energy such
that it no longer follows the square of the velocity, raising the question of how to account for mass
and any additional constant factors out front.

The Hamiltonian developed in this paper avoids problems associated with scaling any physical
system parameters. We think of / as the granularity of physical space that cannot be broken
down into any smaller pieces, like an atom. But if kinetic energy is expressed in terms of A%,
what stops us from redefining a new integral 5 that is in terms of the root of the old A? This
ambiguity is avoided if physical variables relating to how we view physical space are expressed in
terms of fractional derivatives, and the overall form of the Hamiltonian and momentum operators

is preserved.
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3.7 Symmetry properties of the fractional Schrodinger equation

We consider different types of symmetries to better characterize the fractional Schrodinger
equation. Spatial inversion is an important type of symmetry that holds for the regular Schrodinger
equation when the potential is also space-symmetric (even symmetry). However, in the fractional
Schrodinger equation spatial symmetry largely depends on the type of fractional derivative chosen.
Some derivatives, like the Riesz derivative, are explicitly space-symmetric, while others are not.

In the position basis, to check for PT symmetry we perform the following rotations,

Parity reversal : © — —ux,
: . . (3.67)
Time reversal : « — —i,t — —t.

However, this assumes that ¢ — —t and © — —1 are reciprocal operations (since the time derivative
in the regular Schrodinger equation is multiplied by ¢7). In general this will not be true for a frac-
tional time derivative in the fractional Schrodinger equation, and we have to make the symmetries
of space and time fractional derivatives more explicit. We would expect to collect a minus sign on
the time derivative from taking ¢ — —¢ while all other terms are invariant, if the Hamiltonian is
indeed PT-symmetric. With these rotations we obtain,

—ih

T(6+1) (Dit) W) = LU (Dax>2¢*(xa, ) +V (xa, 75) W (x*, 7%, (3.68)

I'2a+1)m

where y and 7 replace the transformed variables in the wavefunction, and ©*(, 7) denotes wave-
function conjugation that comes from taking ¢« — —:. Here we use y = —z and 7 = —t. For PT
symmetry to be satisfied we see that we would want to have a time derivative that is anti-symmetric
(as is true for all odd derivatives) so that D’ , = —D?. Similarly we would want the Hamiltonian to
be invariant under an x — —x transformation, which forces both the space derivative and the po-
tential to be symmetric such that <DC“_I>2 = (Dg)2 = (Dia> and V (—x,—t) =V (z,t). If the
space and time derivatives satisfy these requirements, and the potential is even, then the fractional
Schrodinger equation is invariant under parity and time reversal and the transformed wavefunction

¥*(x, 7) must evolve according to the same dynamics as i(z,t). We are free to choose the po-
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tential we want; however, the space derivative in general has direction bias and space is no longer
(8] (0%

#* — . This is the difference between left-handed and
I(—x)~ oz®

homogeneous, meaning that
right-handed derivatives.
Consider, for example, the left-sided Riemann-Liouville derivative, given by,

1 d”

DY f(x) = = /a dt (z — )" f(1). (3.69)

The derivative is with respect to the argument of the function, therefore, to find a(?—z)a we take
a derivative of a function with negative argument, f(—x). Because we change variables x — ¢
inside the integral, ¢t now becomes —¢. Similarly, x denotes the upper bound and because we take
r — —ux, the integer derivatives are now with respect to —x, and we take + — —x inside the

integral. With these transformations we obtain,

a — -1 d" - n—a—1
RLDaf(_x) - F(n _ CK) d(—l’)n /a dt (t o .17) f(_t)v (370)
RLDS f(—) = FE;—l_);)d% / St (- ) f (), (3.71)

where in the last step we change the bounds of the integral because by definition a < z. We notice
this is indeed the right-sided Riemann-Liouville fractional derivative. Indeed the directional bias
of the derivative reverses under parity reversal.

The disparity in symmetry between space and time fractional derivatives comes from causality.
It is possible for a system to be spatially nonlocal and thus at one point contain information about
a large symmetric neighborhood around it. However, with the time axis we can no longer sample
the future neighborhood. A fractional time derivative then is characterized by an arrow that differ-
entiates the past from the future. As time steps forward, we accumulate memory that accounts for
past function behavior.

We see that fractional derivatives offer us a direction bias that breaks PT symmetry. PT-
symmetric Hamiltonians can be built by carefully selecting the time and space derivatives such
that the spatial dimensions are symmetric and the time dimension is anti-symmetric. If the frac-

tional Schrodinger equation is not PT-invariant, the energy spectrum will have complex eigenvalues
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and the system will have a gain/loss mechanism in terms of energy and norm.

Similarly the potential energy needs to have even space symmetry and odd time symmetry for
the Hamiltonian to be PT-symmetric. While the internal structure of the material informs the frac-
tional derivative form of the kinetic energy, we can introduce an external potential that results in an
easily controllable physical system. In particular, we hypothesize that a wide range of multiscale
potentials can reproduce the behavior of the fractional Schrodinger equation by endowing the po-
tential energy with the nonlocal properties we initially sought in the kinetic energy. After all, as

long as total energy stays the same, we can exchange kinetic for potential energy and vice versa.
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CHAPTER 4
EXPANSION OF FRACTIONAL DERIVATIVES IN TERMS OF AN INTEGER DERIVATIVE
SERIES: PHYSICAL AND NUMERICAL APPLICATIONS

A paper submitted to the Journal of Mathematical Physics, arXiv:1710.06297" (2017) [10]

Anastasia Gladkina*, Gavriil Shchedrin*, U. Al Khawaja*, and Lincoln D. Carr*

We use the displacement operator to derive an infinite series of integer order derivatives for the
Griinwald-Letnikov fractional derivative and show its correspondence to the Riemann-Liouville
and Caputo fractional derivatives. We demonstrate that all three definitions of a fractional deriva-
tive lead to the same infinite series of integer order derivatives. We find that functions normally rep-
resented by Taylor series with a finite radius of convergence have a corresponding integer derivative
expansion with an infinite radius of convergence. Specifically, we demonstrate robust convergence
of the integer derivative series for the hyperbolic secant (tangent) function, characterized by a finite
radius of convergence of the Taylor series R = 7/2, which describes bright (dark) soliton propa-
gation in nonlinear media. We also show that for a plane wave, which has a Taylor series with an
infinite radius of convergence, as the number of terms in the integer derivative expansion increases,
the truncation error decreases. Finally, we illustrate the utility of the truncated integer derivative
series by solving two linear fractional differential equations, where the fractional derivative is re-
placed by an integer derivative series up to the second order derivative. We find that our numerical
results closely approximate the exact solutions given by the Mittag-Leffler and Fox-Wright func-
tions. Thus, we demonstrate that the truncated expansion is a powerful method for solving linear

fractional differential equations, such as the fractional Schrodinger equation.
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4.1 Introduction

Fractional calculus is a powerful tool to describe physical systems characterized by multiple
time and length scales, nonlocality, fractional geometry, non-Gaussian statistics, and non-Fickian
transport [14, 23]. Anomalous diffusion through disordered media [5, 24], hydrogeologic treatment
of water propagation through soil and rocks [8, 25, 26], Lévy flights [27], and turbulence [28]
are among the physical phenomena that can be consistently described within the framework of
fractional calculus [6, 7, 29]. Similarly, certain biological systems, e.g., neuron clusters and heart
cell arrays, exhibit multiple time scales that define fractional dynamics of the biological response
to external stimuli [30, 31].

The building block of fractional calculus is a fractional derivative. There are multiple ways to
generalize an integer order derivative to fractional order, and in this paper we exclusively concen-
trate on the Riemann-Liouville, Caputo, and Griinwald-Letnikov definitions [23]. The Riemann-
Liouville and Caputo definitions are integral forms of the fractional derivative, especially suit-
able for solving linear fractional differential equations (FDEs) [14, 23]. The Griinwald-Letnikov
derivative is a discrete form of the fractional derivative, represented by a function summed over its
history, and is primarily used in numerical methods to solve linear FDEs. The Griinwald-Letnikov
derivative gives a computationally straightforward way to find the fractional derivative of an arbi-
trary function, yet it provides no direction towards finding its explicit analytical form. Except for
a few trivial cases, where a fractional derivative can be expressed in terms of elementary or special
functions, the Riemann-Liouville and Caputo derivatives also lead to expressions that are implicit
or indirect [6, 14, 23].

Despite the fact that Riemann-Liouville, Caputo, and Griinwald-Letnikov definitions are three
different forms of the fractional derivative, there is a correspondence between them. Although
the Griinwald-Letnikov derivative is a discrete fractional derivative and the Riemann-Liouville
derivative is continuous, it was shown that both definitions are equivalent in the continuous limit
[14, 23]. The Caputo fractional derivative can be obtained from the Riemann-Liouville fractional

derivative by accounting for the initial conditions of a function at the expansion point. The ac-
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count of the initial conditions in the Caputo definition leads to a convergent form of the fractional
derivative at the expansion point, in contrast to both Griinwald-Letnikov and Riemann-Liouville
derivatives, which makes it especially suitable for physical applications [6]. In this article, we
derive the exact analytical formula that casts the Griinwald-Letnikov fractional derivative into an
infinite sum of integer order derivatives. By representing the fractional derivative as an infinite
series of integer order derivatives, we find a unified description of Riemann-Liouville, Caputo, and
Griinwald-Letnikov fractional derivatives. The only difference in our expansion for the Riemann-
Liouville or Griinwald-Letnikov derivative and the Caputo derivative is in the lower limit of the
summation index.

We examine convergence of the Griinwald-Letnikov fractional derivative, represented by an
infinite series of integer derivatives, by truncating the infinite series and retaining only the first few
terms. We find that functions normally characterized by Taylor series with a finite radius of con-
vergence have an infinite radius of convergence in the integer derivative expansion. For physically
relevant functions, such as hyperbolic tangent and secant, we show that by retaining only the first
few terms in the infinite series the proposed formula efficiently approximates the fractional deriva-
tive, establishing a firm ground for its use in numerically solving fractional differential equations.
Moreover, we show that for functions represented by Taylor series with an infinite radius of conver-
gence, the truncation error is inversely proportional to the number of terms kept in the expansion.
Specifically, an integer derivative expansion of sin(x) with 2 terms achieves an average 1% error,
and with a total of 10 terms, the error decreases down to 0.01%.

Finally, we use the truncated integer derivative series to solve linear fractional differential
equations with both constant and variable coefficients. We find that the fourth-order Runge-Kutta
method applied to truncated fractional differential equations produces numerical solutions which
rapidly converge to the exact analytical results, given by the Mittag-Leffler and generalized Fox-
Wright special functions [23]. Approximating the fractional derivative as an integer derivative
series with the first 3 terms generates around 1% error for the constant coefficient differential equa-

tion, and 10% error for the differential equation with variable coefficients. Thus, we show that the
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truncated expansion provides a robust numerical scheme for solving linear fractional differential

equations, such as the fractional Schrodinger and fractional diffusion equations [6].
4.2 Expressing Griinwald-Letnikov fractional derivative as integer derivative series

In this Section we derive the infinite integer derivative expansion for the Griinwald-Letnikov
fractional derivative. For simplicity we only consider left-sided derivatives of order ¢, with ¢ € C,
subject to constraint of Re(q) > 0.

We adopt the following definition of the Griinwald-Letnikov derivative [23]:

7(r) = tim g S (-17(1) fla = i), @

where N is the number of gridpoints and h is the grid spacing defined as h = x/N. The infinitesi-
mal step h is a constant until we perform the continuous limit. The generalized binomial coefficient

(%) valid for non-integer ¢ is defined as [14, 23],

\o__ T+ (el -9
(j) TT(G+1)T(g—j+1) TA—-¢T@G+1)’ (4.2)

where I'(z) is the Euler gamma function. We note that the function f(x — mh) can be expressed

in terms of the function f(x) via the finite displacement, or shift, operator [21],

d

o=t =2 0] = (1-n3 ) 1) @3

which can be verified directly via, e.g., the finite difference method. If we make the substitution,
the Griinwald-Letnikov derivative becomes,
1 = q d\i
GL . j
Df(w) = lim — > (<17 (1) (1 b= ) 44
)=ty o (1) (1 ) s @4

h—0 hq
N—oo =0

N-1N-1 ' q PN\ d
= lim Y > A0 (=1)" () (k) T @), (4.5)
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where we applied the Newton binomial formula to the displacement operator and exchanged the
order of the summation. Now we notice that we can perform the summation of the inner series,

N-1 ' ; 1 \N—k+1 . N
(—1)7* g R I Gt i C ) 1 (4.6)
k

k j q—k k N

J]=

We point out that below we treat the integer case of ¢ € IN separately (see Eq. (4.15)). Thus, we

cast the Griinwald-Letnikov derivative into an infinite sum of integer order derivatives,

= (~D)NHFH (N — k) RE (N d*
o) = g S O () (V) e @)
N—oo k=0

To perform the limits 4 — 0 and N — oo, we explore the weight function of the integer derivative,

which we define as,

= 0} N

and expand it for NV >> 1 in a series in 1/N. We obtain,

W(q,k,N) = (4.9)

vop (LR sin [w(N = )] T(g+1) (1 ktg+1 1\’
(1) k(ﬁ) I (k_q_ L +ﬁ(ﬁ>).(4.10)

The leading term in this expansion can be simplified to,

. . osinfm(g—k)] T(g+1)
o e = G TG )
_ sin [7(q — k)| T(q+ 1) s
 w(g—k) T(k+1)

(hN)F—4 4.11)

1, (4.12)

Thus, we have performed the expansion of the Griinwald-Letnikov fractional derivative in terms
of integer order derivatives in the limiting case of infinitesimally small grid size h — 0. Lastly, we

obtain our final series,

39



CLDA f () ZO SII; } <(q + 3 dxkf(x) 4.13)
_ - q xk—a dF
__k:0<k)IKk_'q+J)dxkf@»' (4.14)

We note that for integer ¢ € IN, the expansion reduces to a single term due to the delta-function

behavior of sinc|[m(q — k)]. Indeed for integer ¢ = n we have,

sin [7(q — k)]
™ (g —k)

= bk (4.15)

q=nelN

Thus the infinite series of integer order derivatives reduces to a single derivative of the n** order,

“'D7f(x)

- L f). (4.16)

g=n€elN dx™

4.3 Unified description of fractional derivatives in terms of the infinite series of integer
order derivatives

In this Section we establish a connection between Riemann-Liouville, Caputo, and Griinwald-
Letnikov derivatives. The Riemann-Liouville fractional derivative is defined as a convolution inte-
gral,

D) = o | e 0 ) @.17)

I(n—q)dan
where n is the ceiling of the fractional order, n = [¢|, given in terms of the integer part [¢] of ¢ as
[q] = [g] + 1. By rewriting the fractional Riemann-Liouville derivative of order ¢ as a sequential
operation of an integer derivative of order [¢] + 1 and a fractional Riemann-Liouville derivative

of order ¢ — [¢], with a subsequent term-by-term fractional differentiation, one obtains an integer

derivative expansion for the Riemann-Liouville fractional derivative [14],
DS () = (Z) Lm0 gy, (4.18)
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where a is the base point of the Riemann-Liouville derivative. By choosing a zero base pointa = 0
and comparing our formula Eq. (4.13) for the Griinwald-Letnikov derivative with the expansion
derived for the Riemann-Liouville derivative Eq. (4.18), we conclude that the Griinwald-Letnikov
fractional derivative given by Eq. (4.1) and the Riemann-Liouville fractional derivative given by
Eq. (4.17) are not only equivalent in the continuous limit but also lead to the very same infinite
expansion of integer order derivatives.

In order to obtain a unified description for all three fractional derivatives, we introduce the
Caputo fractional derivative, defined according to [23],

“Dif(z) = ﬁ / dt (x — t)"ql%ff). (4.19)

First, we refer to the connection between Caputo and Riemann-Liouville fractional derivatives in

(23],

(x—a)*|, (4.20)

d* f (z)
®)(a) = 4.21
MW= @21
By applying the infinite expansion in Eq. (4.13), we obtain,
“Dif(x) = lim °DY f(x) (4.22)
N ; n—1
. q\ (x—a)™* ) f®(a) k—j
= lim )= |V (2) — —(r —a)"7|. (4.23)
N=o0 £ (J) I'j—q+1) (@) P (k—J)!( )

We see that Eq. (4.13) is versatile because it bundles all three fractional derivatives into a single
expansion, with a simple adjustment on the lower bound for the Caputo derivative series and a zero
base point on the Riemann-Liouville and Caputo fractional derivatives. Thus, the integer derivative

expansion in Egs. (4.13), (4.18), and Eq. (4.22) gives a universal formulation for all three fractional
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derivatives. This universality is an important consistency test for fractional calculus. Moreover, the
infinite expansion in Eq. (4.13) is particularly convenient for numerical implementation in linear

FDEs, as we present in the following Sections.
4.4 Truncation, error, and radius of convergence

In the previous Section we obtained the unified description of Griinwald-Letnikov, Riemann-
Liouville, and Caputo fractional derivatives in terms of an infinite series of integer order deriva-
tives. Even though the infinite expansion of the Riemann-Liouville fractional derivative was de-
rived previously [14], the numerical applications of the result in Eq. (4.13) and Eq. (4.17), which
necessarily rely on the truncation of the infinite series, were missing. The goal of this Section
is to truncate the infinite series given by Eq. (4.13) and calculate the residual truncation error for
several physically relevant functions. To determine the error introduced by truncating the series,
we perform multiple case studies in which we consider functions with both an infinite radius of
convergence of the Taylor series, such as plane and standing waves, Gaussian function, as well as
functions with a finite radius of convergence, e.g., hyperbolic secant (hyperbolic tangent) which
describe bright (dark) soliton propagation. Moreover, we evaluate the minimal number of terms
kept in the infinite series which correspond to a given level of accuracy. In particular, we choose
the Caputo fractional derivative of the order ¢ = 1/2. We calculate relative error by,

a(x) — b(x)
s(la(@)] +[b()])’

where a(r) = “D9f(z) is the infinite series given by Eq. (4.22) and b(z) = “D% f(z) is the

e(x) =

(4.24)

truncated series, where ¢ is the order of the fractional differential operator, and N is the number of
terms in the truncated series Eq. (4.22). We observe spikes in the log-error, log(|e(z)|), either in
case of real-valued roots of the fractional derivative a(z) or its approximation b(x), or in the case
of a match between the fractional derivative and its approximation. Yet another discontinuity in the
error arises if the fractional derivative and its approximation are of equal magnitude but opposite

in sign.
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To approximate the fractional derivative of hyperbolic secant to within 10%, we need to keep
only the first three terms, as can be seen in Figure 4.2. We note that a traditional approach in
the evaluation of a fractional derivative of hyperbolic secant (tangent) relies on the Taylor series
expansion, which diverges at R = 7/2 due to a pole in the complex plane [32]. The divergence of
the Taylor series results in the divergence of Riemann-Liouville and Caputo fractional derivatives
if it is directly used in the integration process. However, the infinite series representation of the
fractional derivative of sech(x) and tanh(z) given by Eq. (4.13) is formulated in terms of integer
derivatives of the original function, and does not depend on the properties of the Taylor series.
Thus, the integer derivative series for the Griinwald-Letnikov fractional derivative of hyperbolic
secant and hyperbolic tangent functions has an infinite radius of convergence, as can be seen in Fig-
ure 4.1. The log-linear plot of truncation error in the fractional derivative of sech(z) and tanh(x)
is shown in Figure 4.2.

For functions described by Taylor series with an infinite radius of convergence, e.g., sin(z)
and cos(x), the number of terms needed to reach a given level of accuracy depends on the distance
away from the base point used in the integer derivative expansion. For example, to approximate the
Caputo fractional derivative on cos(x), we need to retain the first 15 terms to reach 10% accuracy
in the same domain as for the fractional derivative on the hyperbolic secant, as can be seen in
Figure 4.3.

While for a certain class of functions the integer derivative series given by Eq. (4.13) improves
the fractional derivative approximation with every additional term, the integer derivative expansion
of a fractional derivative of a Gaussian function diverges for finite orders of NV, as we show below
in Figure 4.4. We note that the finite sum is convergent only in a vicinity around the origin and at
infinity due to the Gaussian envelope. Indeed, our integer derivative expansion given by Eq. (4.13)

for the Griinwald-Letnikov fractional derivative of exp(—x?) can be expressed in terms of Hermite
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polynomials Hy(z), i.e.

GL 27 _ sin [W(q - k)] Tlg+1) ,_,d* _. _
Dyle™] = c~ w(qg—k) T(k+1) v quke B (4.25)
s =R T(g+1)
=L o Tt

This sum inherits large oscillations from the Hermite polynomials for both large values of its
argument = and its index k. These oscillations result in a divergence of the integer derivative

expansion, and thus, establish limits of the universality of the main result Eq. (4.13).

4.5 Solving linear fractional differential equations with constant and variable coefficients
using truncated series

In the previous Section we established convergence of the Griinwald-Letnikov fractional deriva-
tive by truncating the infinite integer derivative series and retaining only the first three terms. The
goal of this Section is to apply the truncated expansion of a fractional derivative to solve linear
fractional differential equations (FDEs) with constant and variable coefficients. We choose two
simplest non-trivial FDEs, which have solutions in terms of special functions, e.g. Mittag-Leffler
and generalized Fox-Wright functions. The comparison of the numerical approximation to the ex-
act analytic result provides a direct test for the robustness of the numerical scheme based on the
truncated expansion of a fractional derivative.

The simplest form of the linear fractional differential equation with constant coefficients is
given by,

“Dif(z) = —\f(x), (4.26)

where ) is a real-valued constant. The exact solution of Eq. (4.26) is given in terms of the gener-

alized Mittag-Leffler function [23] defined as,

.fll'k
Eoéﬁ(l') = Z m (427)

00
k=0
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Figure 4.1: Fractional derivative of hyperbolic secant and tangent functions. (a)
Riemann-Liouville fractional derivative (blue curve) and Caputo fractional derivative (green
curve) of order ¢ = 3/2 evaluated via Taylor expansion of hyperbolic secant function are
divergent at R = /2 due to finite radius of convergence of the Taylor series. However, our
representation of Riemann-Liouville fractional derivative (orange curve) and Caputo fractional
derivative (red curve) in terms of an infinite series of integer derivatives of the original function
given by Eq. (4.13) does not rely on properties of its Taylor series and, thus, leads to an infinite
radius of convergence. (b) Infinite series representation of the Caputo derivative of hyperbolic
secant is convergent for a whole range of fractional orders 1/4 < ¢ < 2 (shown in the legend)
beyond the radius of convergence of its Taylor series R = 7/2. (c) Same as (a) but for hyperbolic
tangent. (d) Same as (b) but for hyperbolic tangent.
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Figure 4.2: Log-linear plot of the truncation error in the fractional derivative of (a)
f(x) = sech(x) and (b) f(x) = tanh(z) as a function of fractional order ¢, and number of terms
N kept in the infinite expansion Eq. (4.13), shown in the legend.
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Figure 4.3: Caputo fractional derivative of (a) sin(x) and (b) cos(x) as a function of position z
and fractional order ¢ in the range 0 < ¢ < 1 (shown in legend). Log-linear plot of the truncation
error in the fractional derivative of (c) sin(z) and (d) cos(z) as a function of fractional order ¢,
and number of terms /N kept in the infinite expansion Eq. (4.13), shown in the legend.
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Figure 4.4: Fractional derivative of a Gaussian function. (a) Riemann-Liouville fractional
derivative (blue curve) and Caputo fractional derivative (green curve) of order ¢ = 3/2, evaluated
via a Taylor expansion of a Gaussian function. As we take more terms in the Taylor expansion for
exp(—x?), the Riemann-Liouville and Caputo fractional derivatives converge to the orange and
red curves, respectively, calculated by the integer derivative series in Eq. (4.13). (b) The truncated
expansion Eq. (4.13) of the Caputo fractional derivative of a Gaussian function with only N = 3
terms. The integer derivative series for a Gaussian function (see Eq. (4.25)) can be written in
terms of Hermite polynomials H,,(z) which oscillate and grow factorially with n — co. As a
consequence, the integer derivative expansion Eq. (4.13) for a Gaussian with NV > ¢ is divergent
as can be directly seen in (c) which shows the truncated expansion with N = 20 terms and (d)

N = 40 terms.
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Specifically, the solution to Eq. (4.26) is given by [6],

f(z) = Ey(—Ax?) = E 1 (—Ax?). (4.28)

By adopting the Caputo fractional derivative, which ensures a solution convergent at the origin,
and retaining the first N = 3 terms in the integer derivative expansion, Eq. (4.22), for a fractional

order ¢ = 1/2, we obtain a second order differential equation,

—éxz F(@) + 2 (@) + VT () + F(@) — F(0) = 0. 4.29)

The solution of the transformed differential equation is subject to the boundary conditions,

f0)=1 (4.30)

The numerical solution of Eq. (4.29) is readily obtained via a fourth-order Runge-Kutta iterative
method, shown in Figure 4.5 along with the relative truncation error ¢(z) defined in Eq. (4.24).

Next we turn to a linear fractional differential equation with variable coefficients,

M(x)

T

Df(z) = — (4.31)

The exact solution to the fractional differential equation Eq. (4.31) is given in terms of the gener-

alized Fox-Wright function [23],

(al, Al) ((12, AQ) A (CL ,A ) > Hi:l F(ak + Akn) 2"
v prP = —. 4.32
P91 (b1, By)  (bg, Bo) (by, By) & ; I T+ Bmn) nl (4.32)
In particular, the solution to Eq. (4.31) is given by,
o) = cootyw | A (4.33)
) = e oY1 (Oé, a— 1) 1 N s .
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Figure 4.5: The application of the infinite integer derivative series for solving a linear fractional

differential equation with constant coefficients. (a) Exact solution of the linear fractional

differential equation, given in terms of the Mittag-Leffler function (solid red curve), is compared

to the numerical solution (dotted blue curve) obtained by the fourth-order Runge-Kutta iterative

method. The numerical solution is obtained by truncating the integer derivative expansion in

Eq. (4.22) for ¢ = 1/2 and retaining only the first three terms (/N = 3). (b) The log-log plot of the

relative truncation error defined in Eq. (4.24) shows that truncating at N = 3 results in sub one

per-cent error.

where C' is an arbitrary real constant. In the special case of the fractional order « = 1/2 the

generalized Fox-Wright function is reduced to a Gaussian function,

— 1
oV z| = —=exp(—2*/4), (4.34)
(3:—3) vV
where “ — 7 in the argument of the Fox-Wright function stands for an absent argument.

As a result the solution to the fractional differential equation Eq. (4.31) in the special case of

a=1/2is,

f(x) = exp(—\?/x). (4.35)

C
LT
If we further specify f(1) = 1, we fix the constant C' and obtain the exact solution to Eq. (4.31),

exp(A? — \?/x)
NG .

f(z) = (4.36)
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Figure 4.6: The application of the infinite integer derivative series for solving a linear fractional
differential equation with variable coefficients. (a) The exact solution to the linear fractional
differential equation with variable coefficients can be expressed in terms of the generalized
Fox-Wright function (solid red curve) which is compared to the numerical solution (dotted blue
curve) obtained via a fourth-order Runge-Kautta iterative method. The numerical solution is
obtained by truncating the integer derivative expansion in Eq. (4.22) for ¢ = 1/2 and retaining
only the first N = 3 terms. (b) The log-log plot of the relative truncation error defined in

Eq. (4.24) shows that truncating at N = 3 results in sub ten per-cent error for z < 10.

By retaining the first NV = 3 terms in the integer derivative expansion Eq. (4.22), we acquire,

—éx?’f”(x) + 27 f(z) + f(2) (z + V7z)) — f(0)z = 0. (4.37)

If we change variables according to z = 1/y, we obtain a transformed differential equation,
v f"(y) +8uf'(y) — 6(Vy + 1) f(y) = 0. (4.38)

We specify the initial conditions as,

F0)=0 (4.39)

and apply a fourth-order Runge-Kautta iterative method to find the numerical solution of Eq. (4.38).

The result along with the relative truncation error is shown in Figure 4.6.
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In this Section, we successfully demonstrated that expanding a fractional derivative in terms of
integer order derivatives is a robust method for solving linear fractional differential equations with
both constant and variable coefficients. In the special case of a differential equation with variable
coefficients, the truncated series with only the first N = 3 terms leads to a 10% error, while the very
same truncation applied to a differential equation with constant coefficients results in a 1% error.
Although this method cannot be exhaustively tested for all possible fractional orders of differential
operators and all types of FDEs, linear FDEs, considered in this work, constitute a large sample
that can be used in many physical applications where the response of a system is proportional to a
fractional order parameter [6, 7, 29]. Thus, the numerical scheme based on the truncated integer

derivative expansion is a powerful method for solving a broad range of linear FDE:s.
4.6 Conclusions

In this paper we expressed the Griinwald-Letnikov fractional derivative as an infinite sum of
integer order derivatives. We compared the obtained infinite expansion with the corresponding
series produced by the Riemann-Liouville and Caputo definitions of a fractional derivative. We
found that all three definitions are represented by the very same infinite series, with the excep-
tion of the lower index of summation for the Caputo fractional derivative which accounts for the
initial conditions at the expansion point. Thus, we have shown that the integer derivative series
representation provides a unified description for various definitions of a fractional derivative.

By truncating the infinite expansion and retaining only the first few terms, we demonstrated the
convergence of the Griinwald-Letnikov fractional derivative. We have shown that for functions rep-
resented by Taylor series with an infinite radius of convergence, the truncation error decreases with
an increasing number of terms kept in the truncated expansion. We emphasized that the infinite
expansion does not rely on the properties of the Taylor series, which has profound consequences
for the functions characterized by a finite radius of convergence of the corresponding Taylor series.
Specifically, we have shown that the infinite series of integer order derivatives for hyperbolic secant

and tangent functions has an infinite radius of convergence, compared to the corresponding Taylor
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series with a finite radius of convergence of 7 /2. However, for a Gaussian function we found that
the infinite expansion is divergent due to the factorial growth and oscillatory nature of the Her-
mite polynomials. Thus, the Gaussian function establishes limits of the universality of the infinite
expansion of the Griinwald-Letnikov fractional derivative in terms of integer order derivatives.
Finally, we applied the truncated series for a fractional derivative to solve linear fractional dif-
ferential equations with both constant and variable coefficients. We found that the fourth-order
Runge-Kutta method applied to truncated fractional differential equations results in numerical so-
lutions that rapidly converge to the exact solutions given in terms of Mittag-Leffler and generalized
Fox-Wright special functions. Thus, we concluded that the integer derivative expansion can be
adapted to a robust numerical method for solving linear fractional differential equations, such as

the fractional Schrodinger and fractional diffusion equations.
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CHAPTER 5
EXACT RESULTS FOR A FRACTIONAL DERIVATIVE OF ELEMENTARY FUNCTIONS

A paper accepted for publication in SciPost Physics, arXiv:1711.071267 (2017) [11]

Gavriil Shchedrin®, Nathanael C. Smith*, Anastasia Gladkina*, and Lincoln D. Carr*

We present exact analytical results for the Caputo fractional derivative of a wide class of ele-
mentary functions, including trigonometric and inverse trigonometric, hyperbolic and inverse hy-
perbolic, Gaussian, quartic Gaussian, and Lorentzian functions. These results are especially im-
portant for multiscale physical systems, such as porous materials, disordered media, and turbulent
fluids, in which transport is described by fractional partial differential equations. The exact results
for the Caputo fractional derivative are obtained from a single generalized Euler’s integral trans-
form of the generalized hypergeometric function with a power-law argument. We present a proof
of the generalized Euler’s integral transform and directly apply it to the exact evaluation of the
Caputo fractional derivative of a broad spectrum of functions, provided that these functions can
be expressed in terms of a generalized hypergeometric function with a power-law argument. We
determine that the Caputo fractional derivative of elementary functions is given by the generalized
hypergeometric function. Moreover, we show that in the most general case the final result cannot
be reduced to elementary functions, in contrast to both the Liouville-Caputo and Fourier fractional
derivatives. However, we establish that in the infinite limit of the argument of elementary func-
tions, all three definitions of a fractional derivative — the Caputo, Liouville-Caputo, and Fourier —
converge to the same result given by the elementary functions. Finally, we prove the equivalence

between Liouville-Caputo and Fourier fractional derivatives.
5.1 Introduction

The notion of a fractional derivative and fractional integral of any order, real or complex, is

a profound concept in calculus, complex analysis, and the theory of integro-differential equations

TPermission is provided by the Creative Commons Attribution 4.0 International License used for this publication.
*Department of Physics, Colorado School of Mines.
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[14, 23]. These fractional operators have unique mathematical properties and remarkable rela-
tions to special functions and integral transforms [33-36]. Apart from its applications in pure
mathematics and mathematical physics, the notion of a fractional derivative has found a number
of applications in fundamental and applied physics [6]. Indeed, transport phenomena in a wide
class of multiscale physical systems, such as porous materials, disordered media, and turbulent
fluids are described by the fractional diffusion equation [4, 37, 38]. Only within the framework
of fractional partial differential equations can the properties of multiscale physical systems, such
as non-Gaussian statistics, non-Fickian transport, nonlocality, fractional geometry, and long-range
correlations, be taken into account in a simple, unified, and systematic way [6, 7]. The optimal
transport through the living porous systems, such as animal tissues and leaves that are made of
a highly sophisticated hierarchical network of pores and tubes, is governed by the Murray’s law
[39-45]. Recently, Murray’s law was successfully used to design synthetic materials, which allow
one to achieve an enhanced transfer rate and mass exchange with applications that range from fast
gas detection sensors to highly efficient electrical batteries [46]. Furthermore, it was shown that
living systems, such as neural clusters and heart cell arrays exhibit multiple time scales of adapta-
tion, which, in turn, are governed by a fractional derivative of slowly varying stimulus parameters
[30, 31].

The progress in both fundamental and mathematical physics is heavily influenced by integrable
models, such as the hydrogen atom and harmonic oscillator, the evolution of which is governed by
partial differential equations (PDEs). Naturally, exact results in fractional PDEs [47-50] give deep
insight into physics that govern systems characterized by multiple spatial and temporal scales.
The central object in fractional PDEs is a fractional derivative, which can be defined in various
ways [6, 23]. Among the multiplex of fractional derivatives, the Caputo fractional derivative [6,
23, 51] has been proven the most effective in physical applications [6]. Powerful exact methods
and numerical techniques were developed that allowed one to evaluate fractional derivatives of a
wide class of functions [14, 23, 33, 36, 47-50, 52-65]. However, these methods did not provide

a single and universal method that could be used in finding exact expressions for the Caputo
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fractional derivative of elementary functions, such as the Gaussian, Lorentzian, trigonometric and
hyperbolic functions, which play a paramount role in physical applications [6]. In this paper,
we construct a single method based on the generalized Euler’s integral transform that enables the
exact evaluation of the Caputo fractional derivative of a broad spectrum of elementary functions,
provided that these functions can be expressed in terms of the generalized hypergeometric function
with a power-law argument. We compare the obtained results for the Caputo fractional derivative
with the Liouville-Caputo and Fourier fractional derivatives. Specifically, we show that the Caputo
fractional derivative of elementary is given in terms of the generalized hypergeometric function,
which in the most general case, cannot be reduced to elementary functions, in contrast to both the
Liouville-Caputo and Fourier fractional derivatives. However, we find that in the infinite limit of
the argument of elementary functions all three definitions of a fractional derivative — the Caputo,
Liouville-Caputo, and Fourier — converge to the same result. Moreover, we establish the complete
equivalence between the Liouville-Caputo and Fourier fractional derivative, despite the fact that
the latter derivative is defined in the momentum space while the former derivative is defined in the
configuration space.

The rest of this paper has the following organization. In Section 5.2 we introduce the main
idea that allows us to translate the Caputo fractional derivative into the generalized Euler’s inte-
gral transform (EIT). In Section 5.3 we present the proof of the generalized EIT. The consecutive
Sections 5.4 to 5.7 present direct implementation of the generalized EIT for the specific case of
the Caputo fractional derivative of trigonometric and inverse trigonometric, hyperbolic and inverse
hyperbolic, Gaussian, quartic Gaussian, and Lorentzian functions, correspondingly. Section 5.8
introduces the Liouville-Caputo and Fourier fractional derivatives and shows the complete equiv-
alence between them. Finally, in Section 5.9 we present the correspondence between the Caputo,

Liouville-Caputo, and Fourier fractional derivatives.
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5.2 The main idea in a nutshell

In this Section we define the Caputo fractional derivative and formulate it in terms of the gen-
eralized Euler’s integral transform (EIT). This transform formulates a definite integral of the beta-
type distribution multiplied by the hypergeometric function with polynomial argument in terms of
a single hypergeometric function of a higher order. The transformation of an elementary function
into the generalized hypergeometric function enables us to formulate the Caputo fractional deriva-
tive in terms of the generalized Euler’s integral transform. The EIT effectively transforms the
Caputo fractional derivative into a system of linear equations, which can be readily solved. Thus,
we obtain an exact analytical result for the Caputo fractional derivative of a wide class of elemen-
tary functions, provided that they can be expressed in terms of the generalized hypergeometric
function with a polynomial argument.

The Caputo fractional derivative of a fractional order 0 < v < 1 is defined as [14, 23],
1 0
CTyo el
D = dt (x —t . 5.1
First, we notice that many elementary functions and their derivatives can be expressed in terms of

the generalized hypergeometric function 4 F'z, e.g. [19, 66],

sin(z) = @ oFy [;3/2; —27 /4]

exp(—2%) =1 F [1;1; -] . (5.2)
Next, we perform a re-scaling of the argument, ¢ — xt, in Eq. (5.1), and express an elementary
function f(z) in terms of a generalized hypergeometric function. Thus, we can represent the

Caputo fractional derivative in Eq. (5.1) of an elementary function f(z) in terms of the integral

transform,

1 a,...,a
CDg‘f(a:) = g(a,m)/ dt t¢t (1-— t)d_c_l 1Fs ' 4 szt (5.3)
0 by, ... by
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where the arrays of constants (a; - - a4) = @and (b; - - - bg) = b in the argument of the generalized
hypergeometric function 4 F'p (6, 5; ztm), along with constants ¢, d, m, and functions g(«a, x) and
z = z(x) depend on the specific choice of the function f(x), fractional order «, and argument x. In
this paper we will restrict our choice to the integer powers of the argument of the hypergeometric
function, i.e., m € IN. The integral representation given by Eq. (5.3) of the Caputo fractional
derivative originally defined by Eq. (5.1) is nothing but the generalized EIT, as compared to the

conventional EIT, given by [67-69],

ay,...,ap,C

A+1FB+1 VR = (54)
bi,...,bg,d
I'(d 1 a1y...,0
— L/ dt 7 (1 —t)t 4 Fp ! 4 a2t . (5.5)
L(e)(d —c) Jo bi,... bg

We shall note, however, that the Caputo fractional derivative of elementary functions involves the
generalized hypergeometric function with a power-law argument in contrast to the conventional
EIT given by Eq. (5.4), which is formulated in terms of the generalized hypergeometric function
with a linear argument. In the next Section we prove that the generalized EIT for the hypergeo-
metric function with a power-law argument is given in terms of a single hypergeometric function
of a higher order. This will allow us to obtain exact analytical results for the Caputo fractional
derivative of a broad class of elementary functions, including, but not limited to, trigonometric
and inverse trigonometric, hyperbolic and inverse hyperbolic, Gaussian, quartic Gaussian, and
Lorentzian functions. Even though we restricted the order of the Caputo fractional derivative to
be 0 < a < 1, the obtained results could be easily extended to a general case 0 < o < oo by

employing the semi-group property of a fractional derivative [14, 23, 33].
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5.3 Generalized Euler’s integral transform of the hypergeometric function with a power-
law argument

In the previous Section we have transformed the Caputo fractional derivative into the general-
ized Euler’s integral transform (EIT) of the hypergeometric function with a power-law argument.
The goal of this Section is to derive the generalized EIT of the hypergeometric function with a
power-law argument in terms of the hypergeometric function of a higher order. Specifically, we

will prove the following result that holds for the generalized EIT,

aiy...,04, Coy...Cp_1
A+mFB+m A= (5.6)
bi,....bg, do,...dpn 1
F(d) /1 1 dece—1 A1y ...,04
=~/ [ dttt (1 —t) et L Fp p2t™
F(d—C)F(C) 0 bl,...,bB

where the constants ¢; and d; are given by ¢; = (c+ j)/m, and d; = (d + j)/m with index j
spanning j € [0,1,--- ,m — 1].

We begin the proof of Eq. (5.6) by considering the integral,

1
aJp :/ dt t (1 — )t 4 Fp

; bi,... bs

U0 s 04 ;ztm] . (5.7)

First, we expand the hypergeometric function in the hypergeometric series,

— = (al)n e (aA)TL 2" ! c—1 d—c—1 ymn
8 =2 G ), T et a—gen .

where (a),, is the Pochhammer symbol [19, 70],

() = — (5.9)

and I'(z) is the Euler’s gamma function. The definite integral, which appears in Eq. (5.8), can be

readily evaluated and we obtain,
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I'(d — ¢)I'(c +mn)
I'(d +mn)

1
I= / dt t7 (1 —)d=e7t gmm =
0

= F(d - C)F(C) F(C + mn) <F(d + mn))—l
I'(d) T(c) T(d)
_ F(d - C)F(C) (C)mn

For integer values m € IN we can use the multiplication property of the Pochhammer symbol [70],

1.e.

m

m—1 . k
(@mn = (@)™ [ (%) . (5.11)

j=0

In our special case we have zero offset £ = 0, which simplifies the Pochhammer symbol into,

m—1 .
(@) = m™ || (a;j) . (5.12)

j=0
Thus, the integral given by Eq. (5.10) can be expressed in terms of the product of ratios of

Pochhammer symbols,

rd - or( I (52),

1= T ()

(5.13)

The form of the integral in Eq. (5.13) is particularly convenient for the evaluation of the sum in

Eq. (5.8), which results in the generalized hypergeometric function of a higher order,

bi,....bg, do...dp1’

1y @A, CoyerrConi .Z] (5.14)

where the constants ¢; and d; are given by ¢; = (¢ + j)/m, and d; = (d+ j)/m with index

spanning j € [0,1,...,m — 1]. The comparison between Eq. (5.7) and Eq. (5.14) finishes the
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proof of the main result given by Eq. (5.6). Thus, we have shown that the generalized EIT of the

hypergeometric function with power-law argument is a hypergeometric function of a higher order.
5.4 Fractional derivative of trigonometric functions

In Sections 5.1 and 5.2 we have formulated the Caputo fractional derivative in terms of the
generalized EIT and derived the main result for the generalized EIT of a hypergeometric function
with a power-law argument. The goal of this Section, as well as Sections 5.4 to 5.8, is to apply the
main result in Eq. (5.6) for the exact evaluation of the Caputo fractional derivative of a wide class
of elementary functions. Specifically, in this Section we obtain the Caputo fractional derivative of
trigonometric and hyperbolic functions by means of the generalized EIT. We begin with the Caputo

fractional derivative of f(z) = sin [(8z)"] with integer power n € IN,

“D? (sin[(Bz)"]) = (5.15)

o nﬂ" z —a gn— n
_ m/ dt (x — 1)~ £ cos|(8)"]
CT(1—-a)

n/B'r‘LxTL—CY

1
=" [ at(1=t"t"F
F(l—a)/o ( ) 071

/0 dt (1 —t)~* t" ! cos|(Bxt)"]

1 (Bat)*™
4 |

Unless otherwise stated, we set 3 to be a constant parameter. In derivation of Eq. (5.15) we

expressed cosine in terms of the hypergeometric function Eq. (5.2),

cos[(Bx)"] = oF1 |; 5 1

1 _(5@2"] . (5.16)

By comparing the general result Eq. (5.6) with the right-hand side of Eq. (5.15) we obtain a system

of linear equations for the variables ¢, d, m, and z in terms of integer power n and fractional

60



parameter o,

m = 2n (5.17)

c—1=n-1 (5.18)

d—c—1=—« (5.19)
2n

z= —@, (5.20)

which can be readily solved, yielding ¢ = n, d = n+ 1 — . Thus we obtain the Caputo fractional

derivative of sine (see Figure 5.1a),

DY (sin[(Bz)"]) = B"x”‘ar(z(z—mx (5.21)

o Pyt n/2n,(n+1)/2n,---(3n —1)/2n ;_(5x)2”
1/2,(n+1—a)/2n,---(3n —«a)/2n 4

mnea T+ 1) (n+1)/2n,---(3n—1)/2n - (Bx)*

=p"x an—l 2n T

m+1—a)/2n,---(3n —a)/2n

In the special case of n = 1 the general form of the Caputo fractional derivative can be simplified

to [6, 14],

“D¢ [sin(Bz)] = mg oy 1 (5.22)
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Figure 5.1: The Caputo fractional derivative of (a) f(z) = sin(x) and (b) f(z) = cos(x) for a
range of orders of the fractional derivative, 0 < a < 1 that is shown in the legend. We shall note
that the Caputo fractional derivative of the order o = 0 is nothing but “D2=% = f(z) — £(0), so
that the 0*" order of the Caputo fractional derivative always starts at the origin.

Next we turn to the Caputo fractional derivative of f(x) = cos[(5x)"], and bring it into the gener-

alized EIT form,

DY (cos[(Bz)"]) = (5.23)

nﬁ" ’ —a yn—1 _: n
:_m/o dt (x — 1)~ £ sin[(Bt)"]
_nﬁnxn—cx

m/o dt (1 —t)~* t" ' sin[(Bat)"]

nﬁanQn—a

1
1 —¢) @ 2n—1 F
F(l—a)/odt( o o

3. _
24

<ﬁxt>2"]

where we have used the well-known relation between sine and the hypergeometric function [19]

(see Eq. (5.2)),

sin(8z)"] = (Bz)" oF: (; 5 —(5?2”> | (5.24)
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Direct comparison of the right-hand side of Eq. (5.23) with the generalized Euler’s transform re-

sults in the system of linear equations,

m=2n (5.25)

c—1=2n—-1 (5.26)

d—c—1=—a«a (5.27)
2n

L= Z) . (5.28)

We immediately obtain ¢ = 2n and d = 2n + 1 — «, and thus the Caputo fractional derivative of

cosine is given by the generalized hypergeometric function (see Figure 5.1b),

D2 (cos|(Bz)"]) = —52%2"—0% X (5.29)
X o Font1 2/ (= L2 7 (ﬁz)zn

3/2,2n+1—a)/2n,--- (4n — a)/2n
B T(2n+1) 1,(2n41)/2n,--- (4n —1)/2n (o)™
T2 T(@2n+1—a) g

3/2,2n+1—a)/2n, - (4n — a)/2n

In the special case of n = 1, the Caputo fractional derivative of cosine can be significantly simpli-

fied [6],

621,2—04 1 . 62$2

D} [cos ()] = TB-a) 115 =

(5.30)
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By combing results in Eq. (5.22) and Eq. (5.30), we obtain the Caputo fractional derivative of a

plane wave,

D foxp(ifa)] =

B 52x27a P 1 ' 621’2
B=a) " 3 a2 4—a)2 1
iﬁxl—a 1 . 623:,2
—F(2 ) \F ) B = (5.31)
2—a)/2,(3—a)/2

In order to obtain the Caputo fractional derivative of hyperbolic functions, we employ the imagi-

nary arguments, i.e., sin[i(Sz)] = isinh(f8x) and cos[i(5z)] = cosh(fz). Thus, we immediately

obtain,
CDe (sinh[(fz)"]) = 5%”-0%x (5.32)
(n+1)/2n,(n+2)/2n,---(3n —1)/2n (Bz)>"
><2n—1F’2n ) ’
(n+1—a)/2n,---(3n—a)/2n 4
and
“D? (cosh[(Bz)"]) = Frazme Tn+1) (5.33)

X
2 I'2n+1-a)
L,(2n+1)/2n,---(4n—1)/2n (Ba)>
XonFont1 ; BV
3/2,2n+1—a)/2n, - (4n — a)/2n
Thus, the Caputo fractional derivative of harmonic functions is given by the generalized hyperge-

ometric function, which, in the most general case, cannot be reduced to elementary functions.
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5.5 The Caputo fractional derivative of inverse trigonometric functions

In this Section we will apply the main result in Eq. (5.6) for the exact evaluation of the Ca-
puto fractional derivative of inverse trigonometric functions. We begin with the Caputo fractional

derivative of f(z) = arcsin [(8z)"] with integer power n € N,

“D? (arcsin[(8z)"]) = (5.34)
B nﬂn x B . tnfl
CI(1—-a) /0 dt (x = 1) 1— (Bz)?
B nﬁnxn—a 1 e 7fn—l
- I(l-a) /0 dt(1=1) 1 — (Bat)?n

n,n—o 1
_ ?fl—”ia)/ dt (1— 1) "1 R, {1, %; 1. (mt)?"} ,

0

where we have used the well-known relation [19],

(L4 &) =oF [~k 1;1; €], (5.35)

with & = —1/2 and ¢ = —(Bzt)*". Direct comparison of the right-hand side of Eq. (5.34) with the

general result given by Eq. (5.6) leads to the system of linear equations,

m = 2n,
c—1=n-—1,
d—c—1=—aqa,

z = (Bx)*. (5.36)

With coefficients ¢ = n and d = n + 1 — o we immediately obtain (see Figure 5.2a),
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I'(n+1)

“DE (arcsinf(B)"]) = 770" gy (5.3)
171 27 2 e 3n—1)/2
Xon 22041 /2m/2n (3n )/2n :(B)*"
L(n+1—a)/2n,---(3n —a)/2n
Conmea L(n+1) 1/2,n/2n, (n+2)/2n,--- (3n—1)/2n
= e (62)

(n+1—a)/2n,---(3n —a)/2n

From the definition of the Caputo fractional derivative given by Eq. (5.1), we immediately notice

that its value for f(x) = arccos[(Sx)"] is opposite in sign to the Caputo fractional derivative of

f(z) = arcsin[(Bz)"],
“D? (arccos[(Bz)"]) = — °D? (arcsin[(8z)"]) . (5.38)

In the special case of n = 1 we obtain,

D{[arcsin(x)] D[arctan(x)]
25 — =0 1.4 — =0
20 a=1/4 1.2 a=1/4
a=1/2 1.0 a=1/2
1.5 0.8}/
— a=3/4 — a=3/4
1.0 1 0.6 1
— o= 0.4 — o=
05 0.2
02 04 06 08 10 5 10 15 20"

(a) b)

Figure 5.2: The Caputo fractional derivative of (a) f(z) = arcsin(z) and (b) f(z) = arctan(x)
for a range of orders of the fractional derivative, 0 < o < 1, shown in the legend. The Caputo
fractional derivative of f(x) = arccos(x) and f(x) = arccot(x) differ by a negative sign from the
Caputo fractional derivative of f(x) = arcsin(z) and f(x) = arctan(z), correspondingly.

1-a 1/2,1/2,1
o o) /2172 - (B2)?| . (5.39)

“D? (arcsin[fr]) = ———
DI( 6 ]) ['2-—a) 2—a)/2,(3—a)/2
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The analogous calculation leads to the Caputo fractional derivative of f(x) = arctan[(Sz)"] (see

Figure 5.2b),

r 1
“D¢ (arctan[(Bz)"]) = ﬁ”x"a%x (5.40)
1,1/2,(n+1)/2n,---(3n —1)/2n
X2n+1F2n ) _( ‘r)Qn
n+1—a)/2n,---(3n —a)/2n
This immediately leads to the Caputo fractional derivative of f(x) = arccot[(Sx)"],
“DY (arccot[(Bz)"]) = — °D? (arctan[(8z)"]) . (5.41)
In the special case of n = 1 we obtain,
C ﬁxl_a 1/2, 1, 1 9
D (arctan[fz]) = e o) 3 F ;—(Bx)”| . (5.42)
| e-a)2 60/

We shall note that we were able to obtain exact analytical results for the Caputo fractional derivative
of f(x) = arcsin[fz] and f(x) = arctan[Sz] due to the fact that their derivatives are expressed in
terms of the generalized hypergeometric function with a power-law argument. Unfortunately, the
general result in Eq. (5.6) cannot be directly applied to f(x) = tan[5z], since its representation in
terms of hypergeometric functions involves the corresponding ratio of Eq. (5.24) and Eq. (5.16),
which precludes us from the exact evaluation by means of the formula in Eq. (5.6). Thus, it
naturally establishes the limit of the applicability of the generalized EIT given by Eq. (5.6) for the

exact evaluation of the Caputo fractional derivative.
5.6 The Caputo fractional derivative of the Gaussian function

In this Section our goal is to obtain the exact result for the Caputo fractional derivative of the
Gaussian function and, in the most general case, an exponential with a power-law argument. We

begin with the Caputo fractional derivative of a power-law exponential, f(x) = exp[—(/Sx)"], with
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D{fexp(-27)]

@ _ .4
i 3 4 X |— a=0 Dx [eXp( * )] x| a=0
1 2 3
-0.2 a=1/4 -0.2 a=1/4
a=1/2 -0.4 a=1/2
~04 ] ~06 }
— a=3/4 — a=3/4
—0.6 -0.8
. — a=1 ~1.0 / — a=1
-0.8 X -1.2
-1.0 ¥ -14
(a) (b)

Figure 5.3: The Caputo fractional derivative of (a) f(z) = exp(—x?) and (b) f(z) = exp(—z*)
for a range of orders of the fractional derivative, 0 < o < 1, shown in the legend. We shall note
that the Caputo fractional derivative of the order a = 0 is nothing but D= = f(z) — £(0) so
that the 0'" order of the Caputo fractional derivative is shifted by its value at the origin.

integer power n € IN,

“Dg (exp[—(Bz)"]) =

np"

“Ti—w /O dt (x — )~ t" " exp[—(Bt)"]

n.n—Q 1
%/{) dt (1 —1)"* t" ! exp[—(Bxt)"]
n.n—Q 1
_?ﬁ = o) /0 dt (1 =) "7 1 Py [ 1= (Baet)"] (5.43)

where we have expressed the exponential in terms of the hypergeometric function according to

[19],

exp[—(Bz)"] = 1 £ [1;1; —(Bz)"] . (5.44)
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In this case, the system of linear equations that reduces the general result in Eq. (5.6) to the right-

hand side of Eq. (5.43) is given by,

m=n,

c—1=n-1,

d—c—1=—q,

2= —(Bz)", (5.45)

which leads to ¢ = n and d = n+ 1 — a. Thus, we obtain the exact result for the Caputo fractional

derivative of an exponential with a power-law argument (see Figure 5.3),

I'(n+1)

‘DY (exp[—(Bx)"]) = —ﬁnl’n*am X (5.46)

<aF, DDy
m+l—a)/n,(n+2—a)/n,---2n—a)/n

In the special case of n = 2 we obtain the Caputo fractional derivative of the Gaussian function,

—9R2p2-« 1,3/2
—25 - 2y / ;—(5$>2 : (5.47)

D2 (exp[—(Bz)?]) = I'(3— ) (3—a)/2,(4—a)/2

5.7 The Caputo fractional derivative of the Lorentzian function

The goal of this Section is to evaluate the Caputo fractional derivative of the Lorentzian func-
tion, which plays an important role in quantum optics [71], atomic spectroscopy [72] and quantum

electrodynamics [73]. The Lorentzian function is defined as,

fL(x77) = l 7/2

T (22 +12/4) (49
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DY futxn]

Figure 5.4: The Caputo fractional derivative of the Lorentzian function f1(x,~), defined in

Eq. (5.48), for a range of orders of the fractional derivative, 0 < o < 1, shown in the legend. We
shall note that the Caputo fractional derivative of the order o = 0 is nothing but

°D2=Y = f(x) — f(0) so that the 0*" order fractional derivative is shifted by its value at the origin.

Thus, the Caputo fractional derivative of the Lorentzian function becomes,

“Dg (fulz,7) = (5.49)
= —ﬁ/jdt (x —t)—“m

— —%/{)1 dt t(1 —t)‘“m

= —}y—f% /01 dtt (1—1t)"%oF [2,1;1; —4(xt/v)?]

where we have employed Eq. (5.35) with kK = —2 and £ = 4(xt/~)? to represent the first derivative
of the Lorentzian function in terms of the hypergeometric function. In this particular case, the

system of linear equations that reduces the general result in Eq. (5.6) to the right-hand side of
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Eq. (5.43) is given by,

m = 2,

c—1=1,

d—c—1=—q,

2z = —4(x/v)?, (5.50)

which leads to ¢ = 2 and d = 3 — a. Thus, we obtain the exact result for the Caputo fractional

derivative of the Lorentzian function (see Figure 5.4),

1633'2_a ]-7 3/27 2 Xz

Cra . _ e c— — i . .
D} (fL( ,7)) ™3 (3 —a) (3_&)/27(4_(1)/2’ 4(7) =D

5.8 Equivalence between the Liouville-Caputo and Fourier fractional derivatives

In this Section we will consider the Liouville-Caputo fractional derivative of the fractional
order 0 < a < 1 which can be obtained from the Caputo fractional derivative, which is defined in

Eq. (5.1), by extending the lower integration limit from zero to negative infinity [6],

Do f(z) = ﬁ / dt (v —1)" dfd—?). (5.52)

—00
Our goal is to establish the connection between the Caputo and Liouville-Caputo fractional deriva-
tives. But first, we show that the Liouville-Caputo fractional derivative is completely equivalent to

the Fourier fractional derivative, defined as [6],

FDOf(z) = L /_ "k Fk)(—ik)* exp(—ikz), (5.53)

21 J_ o

~

where f(k) is the Fourier image of the function f(x), i.e.

~

£H) = - /_ ks TUR) expl—ikt). (5.54)
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In order to prove the equivalence between the Liouville-Caputo and Fourier fractional derivatives,

we substitute the Fourier image given by Eq. (5.54) into Eq. (5.52), which results in,

YDg f(x) = %ﬁ /_ ke (—ik) FUR) /_ "t (= t) exp(—ikt).  (5.55)

By shifting the variable ¢ — = — t, the inner integral in Eq. (5.55) becomes,

I= /x dt (z —t)"“ exp(—ikt) = exp(—ikx) /00 dt t~ exp(ikt). (5.56)
0

—0o0

Now we perform a change of variable, ¢ = in/k, which allows us to evaluate the integral in

Eq. (5.56) in terms of the Euler gamma function,

I = exp(—ika)(—ik)*" / dn 1 exp(—1)
0

= exp(—ikz)(—ik)*! /000 dn n~“exp(—n)

= exp(—ikz)(—ik)* 'T'(1 — ), (5.57)

where we have used the Cauchy residue theorem and the definition of the Euler gamma function.
Combing Eq. (5.55) with Eq. (5.57) we finally prove the equivalence between the Liouville-Caputo

and Fourier fractional derivatives,

1 1

Do f(2) = %mx (5.58)
X / "k (—ik) f (k) exp(—ikx)(—ik)* 'T(1 — o) =
= % "k F(k)(—ik)® exp(—ikz) = FD f(z). (5.59)

Hence, the Liouville-Caputo and Fourier definitions given by Eq. (5.52) and Eq. (5.53), corre-
spondingly, are alternative, but, nevertheless, completely equivalent forms of a fractional deriva-

tive.

72



5.9 Correspondence between Caputo and Liouville-Caputo fractional derivatives

In this Section we show correspondence between the Caputo and Liouville-Caputo fractional
derivatives of elementary functions in the infinite limit of their arguments. First, the equivalence
between Liouville-Caputo and Fourier fractional derivatives formulated by Eq. (5.58) allows us to

readily evaluate their values for the harmonic functions, e.g. [6, 23],

LCD[sin(5t)] = 8% sin (ﬁt + %) ;

LCDexp(iBt)] = B exp (z‘ﬁt + %) : (5.60)

Thus, the Liouville-Caputo and Fourier fractional derivatives of order o of harmonic functions,
aside from the factor 3¢, effectively introduce a shift in the argument’s phase given by 7a/2. In
the previous Sections 5.3 to 5.6 we have proven that the Caputo fractional derivative of elementary
functions is expressed in terms of generalized hypergeometric functions, which, in the most general
case, cannot be simplified to elementary functions. However, we can expand the hypergeometric

functions in the infinite limit of the argument to obtain,

“D2[sin(Bt)] =

o T o 1 1
:5 51n<ﬂt+7)—|—t (ﬂtr—(—06)+ﬁ<t_3)>

t—o00

= L°D[sin(5t)). (5.61)

Thus, we have we shown that in the infinite limit of the argument of elementary functions all three
definitions of a fractional derivative — Caputo, Liouville-Caputo, and Fourier — converge to the
same result given by elementary functions.

The final goal of this Section is to derive the Liouville-Caputo fractional derivative, or equiva-
lently the Fourier fractional derivative, of the Gaussian function. First, we shall point out that the

Fourier fractional derivative of the Gaussian function was derived previously [6], and was given in
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terms of the Kummer hypergeometric functions,

F’DY [exp(—B2%)] =

f/ dk (—ik)® exp (—%) exp(—ikx)
apa/
@) ) ()
—zar/Bsin (”;) r <%) R (2 412 —:c?ﬁ)} (5.62)

Our goal is to prove that the Liouville-Caputo fractional derivative of the fractional order « of the

Gaussian function is given by a single Hermite polynomial with a fractional index « i.e.
FeD8exp(—B2?)] = B*/* exp (—B27) H. ( VB :c) (5.63)

Below we show the equivalence between Eq. (5.62) and Eq. (5.63). First, we notice that the

Hermite polynomials are directly related to the Tricomi confluent hypergeometric function [66],

_gap(_ 2l
H,(z) =2 U( 2,2,@«). (5.64)

On the other hand, the Tricomi confluent hypergeometric function can be expressed in terms of the

Kummer confluent hypergeometric function, as in [66],

'l —» Ir'o—1
Ul(a,b,z) = ﬁlﬂ(a, b,z) + (FT))zl_blFl(a +1—-5b,2—0,2). (5.65)
In our case we have, a = —5,b = % and z = 22, which results in,

o(+5e) - ity [ 3] 5

The well-known Euler’s reflection formula [19],

P(1 - 2)0(z) =

(5.67)
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along with the Kummer’s relation for the hypergeometric function [19, 66],

VFy(a;b;2?) = € Fy (b — a; by —a?) (5.68)

immediately lead to,

2OH,(x) = <_%% )
:eﬂ% <cos(m/2) { e ] By [1;“;%;—1;2%

+ axsin(ra/2)T {%} 1Fy [1 + %; ;; —a:ﬂ) . (5.69)

Lastly, by re-scaling the argument, x — —+/Bx, we obtain the final result,

e_ﬁmQHa(—\/Ex) =
e () ()
— zav/Bsin (”20‘) r <g> R (2 +1:5 S 5)} (5.70)

which proves the equivalence between Eq. (5.62) and Eq. (5.63). Thus, the Liouville-Caputo,

or equivalently, the Fourier fractional derivative of the Gaussian function is nothing but a single

Hermite polynomial of a fractional index «v, which, in turn, is the order of the fractional derivative.
5.10 Conclusions

In this paper we considered the Caputo fractional derivative and found its exact analytical val-
ues for a broad class of elementary functions. These results were made possible by representing
the Caputo fractional derivative in terms of the generalized Euler’s integral transform (EIT). This
transform formulates a definite integral of the beta-type distribution, combined with the hyperge-
ometric function with a polynomial argument, in terms of a single hypergeometric function of a

higher order. We presented a proof of the generalized EIT and directly applied it to the exact eval-
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uation of the Caputo fractional derivative of an extensive class of functions, provided that they can
be expressed in terms of a generalized hypergeometric function with a power-law argument. The
generalized EIT effectively reduces the evaluation of the Caputo fractional derivative to a system
of linear equation which can be readily solved. We found that the Caputo fractional derivative of
elementary functions is given by the generalized hypergeometric function. Furthermore, we estab-
lished that the obtained result for the Caputo fractional derivative cannot be reduced to elementary
functions in contrast to both Liouville-Caputo and Fourier fractional derivatives. However, we
found that in the infinite limit of the argument of elementary functions, the Caputo, Liouville-
Caputo, and Fourier fractional derivatives converge to the same analytical result given by elemen-
tary functions. Finally, we demonstrated the complete equivalence between Liouville-Caputo and
Fourier fractional derivatives that define a fractional derivative in the configuration and momentum

space, correspondingly.
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CHAPTER 6
REALIZING THE PRODUCT RULE FOR A RIEMANN-LIOUVILLE FRACTIONAL
DERIVATIVE USING A GENERALIZED EULER’S INTEGRAL TRANSFORM

Modified from a paper to be submitted, arXiv:1803.05018" (2018) [12]

Gavriil Shchedrin®, Nathanael C. Smith*, Anastasia Gladkina®, and Lincoln D. Carr*

We examine the fractional derivative of composite functions and present a generalization of the
product rule for the Riemann-Liouville fractional derivative. These results are especially impor-
tant for physical and biological systems that exhibit multiple spatial and temporal scales, such as
porous materials and clusters of neurons, in which transport phenomena are governed by a frac-
tional derivative of slowly varying parameters given in terms of elementary functions. The product
rule for the Riemann-Liouville fractional derivative is obtained from the expansion of the fractional
derivative in terms of an infinite series of integer-order derivatives. The crucial step in the practical
implementation of the fractional product rule relies on the exact evaluation of the repeated integral
of the generalized hypergeometric function with a power-law argument. By applying the general-
ized Euler’s integral transform, we are able to represent the repeated integral in terms of a single
hypergeometric function of a higher order. We demonstrate the obtained result by the exact eval-
uation of the Riemann-Liouville fractional derivative of the hyperbolic tangent which describes
dark soliton propagation in the nonlinear media. We conclude that in the most general case the

fractional product rule results in an infinite series of the generalized hypergeometric functions.
6.1 Introduction

Transport through multiscale physical and biological systems, such as tissues [39, 41, 42],
clusters of neurons [30, 31], porous materials [43—45], disordered media [4, 38], and ultimately the

Solar System [74], is governed by fractional partial differential equations (FPDEs) [14, 23, 33].

TPermission is provided by the Non-exclusive license to distribute used for this ArXiv submission.
*Department of Physics, Colorado School of Mines.
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These vastly different physical systems share several common characteristics, including but not
limited to long-range correlations, nonlocality, fractional geometry, non-Gaussian statistics, and
non-Fickian transport [6, 7]. The general framework of FPDEs provides a thorough account of
these properties in a cohesive and self-consistent way [6, 14, 23, 33, 36]. Moreover, this framework
is not only capable of describing the properties of existing multiscale physical systems, but also
allows one to design and build advanced synthetic materials with prescribed physical properties,
such as enhanced mass exchange and charge transfer rate [44, 46].

The development of the general framework of FPDEs has brought a rich variety of fractional
derivatives — from the discrete Griinwald-Letnikov fractional derivative defined in coordinate space
to a continuous Fourier fractional derivative defined in the frequency domain [6, 14, 23, 33]. The
nonlocal nature of the Riemann-Liouville fractional derivative, and its accessible extension to the
Caputo fractional derivative that ensures the convergence of the fractional derivative at the origin,
makes it an appropriate choice of a fractional derivative to study a wide range of physical appli-
cations in condensed matter, astrophysics, biophysics and material science [6, 7, 74]. Thus exact
results for the Riemann-Liouville fractional derivative, and by extension, the Caputo fractional
derivative, play a key role in the description of multiscale physical and biological systems. A
number of versatile and robust numerical techniques and analytical methods have been developed
to evaluate a whole range of fractional derivatives for a wide spectrum of functions [10, 36, 47—
50, 52-65]. Recently an analytic method based on the generalized Euler’s integral transform (EIT)
has been developed for an exact evaluation of the Riemann-Liouville and Caputo fractional deriva-
tives [11]. Despite the fact that this method led to the exact evaluation of the Riemann-Liouville
and Caputo fractional derivatives of a broad class of elementary functions, such as Gaussian, quar-
tic Gaussian, Lorentzian, and hyperbolic functions, it was not a truly universal method. Indeed,
this method was limited to a class of functions that can be expressed in terms of a hypergeometric
function with a power-law argument. Despite the fact that individual elementary functions can be
represented in terms of a single hypergeometric function with a power-law argument, their combi-

nation, in the most general case, cannot be brought to such form. This is especially important for a
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number of physical applications, e.g. Gaussian wavepacket propagation described by the fractional
Schrodinger equation [6, 75]. If we assume that the amplitude is a slowly varying function com-
pared to the phase of the wavepacket, one can apply the slowly varying envelope approximation
(SVEA) [21]. In this approximation, one can decouple the amplitude from the highly oscillatory
phase that allows one to solve the fractional Schrodinger equation [6]. The SVEA method along
with the quasi-classical approximation and the method of separation of variables are just a few
examples among the myriad of methods for solving FPDEs that rely on the decomposition of the
wavefunction in terms of a product of trial functions. Since the EIT method cannot be used in
the evaluation of the Riemann-Liouville fractional derivative of composite functions, we address
this problem by deriving the product rule for the Riemann-Liouville fractional derivative. We shall
point out, however, that the product rule has been obtained previously [14, 23]. The practical
implementation of the fractional product rule was limited due to the fact that the results were ex-
pressed in terms of a sum of the repeated integral of the generalized hypergeometric function with
a power-law argument. In this paper we solve this problem by applying the Euler’s integral trans-
form method to the repeated integral that results in a single hypergeometric function of a higher
order [11]. As a result, we are able to implement the fractional product rule in the application of
the Riemann-Liouville fractional derivative in a much simpler and more practical way. Based on
the obtained results we are able to extend the applicability of the generalized EIT to a domain of
functions that cannot be expressed in terms of a single hypergeometric function with a power-law
argument.

The rest of this paper has the following structure. In Section 6.2 we expand the fractional
derivative into an infinite series of integer-order derivatives and derive the fractional product rule.
In Section 6.3 we apply the EIT method to the exact evaluation of the repeated integral of the
generalized hypergeometric function with a power-law argument, which enables practical imple-
mentation of the fractional product rule. Finally, we demonstrate the fractional product rule by
evaluating the Riemann-Liouville fractional derivative of the hyperbolic tangent. In Section 6.4

we summarize the obtained results.
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6.2 The fractional product rule

In this paper we will focus on the Riemann-Liouville fractional derivative due to its funda-
mental role in physical applications [6]. The Riemann-Liouville fractional derivative of fractional

order 0 < « < 11s defined as [6, 14, 23],

1 d

RLDif@ﬂ==f?rjzsangdttr—t)af@) 6.1)

We choose the lower bound on the integral to be explicitly a = 0. While we only consider the
Riemann-Liouville fractional derivative of order 0 < o < 1, by virtue of its semi-group property
[6, 14, 23], we can directly extend the obtained fractional product rule to an arbitrary fractional
order 0 < o < 0.

Previously we established that a wide range of fractional derivatives — from the discrete Griinwald-
Letnikov to the continuous Riemann-Liouville and Caputo fractional derivatives — can be equiva-

lently expressed in terms of an infinite expansion of integer-order derivatives [10],

D7 [f(z)] = kZ:O Siﬂ&(éa_—]j ) (?iz i 8 ) x’“’% f(z). (6.2)

The lower bound £ = 0 holds specifically for the Riemann-Liouville and Griinwald-Letnikov
fractional derivatives, while for the Caputo fractional derivative we must first account for any
non-zero function behavior at the origin. We shall point out that one can derive the fractional
product rule for a product of an arbitrary number of functions. However, for the sake of simplicity
and without loss of generality, we restrict ourselves to a fractional derivative of a product of two

functions,

3 Eae R B
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where CL = (¥) = Ek!/ (I! (k —I)!) is the binomial coefficient. By exchanging the order in the
k ) y ging

summation,
00 k 0o 00
2.2 =20 6.4)
k=0 1=0  1=0 k=l
we obtain,
a ‘ R ) — sin[r(a — k)] (F(O‘ + 1)) k—a Al p(k—1)

Next we perform a shift in the dummy summation index k£ — k + [, which directly leads to,

N A 2 sin[r ((a — 1) — k)] IMNa+1 (D) ok
SEREIESWATDY W(((a_ = k)) ). 66)

By rewriting the ratio of the Gamma functions,

FMa+1)  Tla—1+1) I'(a+1) - Tla—1+1) ol 6.7)
Fk+1)I(l+1) T(k+1) T(a—-Il+1D)T0l+1) T(k+1) ®.

we arrive at the fractional product rule,

Dilf(x) - g(@)] = > CagV@) Y Sﬂ;r[?((o(za—_z)ltkf)] F(I?(/; ﬁ)”x“a” F0(2)
- i Cf.f g(k) (z) Dgca_k) Lf (z)]. (6.8)

Thus the fractional derivative of order « of a product of two functions is given by an infinite series
of a product of an integer derivative of the first function of the k'" order and the fractional derivative
of the (o — k)™ order of the second function [14, 23]. We shall point out that we can bring the
obtained fractional product rule given by Eq. (6.8) into a form in which the Riemann-Liouville
fractional derivative acts on both functions in a symmetric fashion, similarly to the Leibniz rule
[14]. However, in this case the semi-infinite sum over the summation index % in Eq. (6.8) will be

replaced by an infinite sum from negative to positive infinity [14]. Since the Riemann-Liouville
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fractional derivative of an elementary function is given in terms of the generalized hypergeometric
function [11], the symmetric form of the fractional product rule will produce an infinite sum of a
product of them. Thus the symmetric form of the fractional product rule, while being completely
equivalent to the asymmetric expansion given by Eq. (6.8), results in a much more complicated
expression for the Riemann-Liouville fractional derivative of a composite function. Therefore for
the sake of simplicity we will focus on the asymmetric form of the fractional product rule. In the
special case of an integer value of the parameter & = n € IN, the infinite series becomes finite due

to the properties of the binomial coefficients, namely C* = 0 for integer parameter k > n,

D" [f(x) - g(a)] = Y CF ¥ () DI P[f(x) (6.9)
=3"CF gW (@) I (@) = (f() - gl2)) ™. 6.10)

As a result, the fractional derivative of order o = n reduces to the Leibniz rule [14].
6.3 Application of the fractional product rule to the hyperbolic tangent

The goal of this Section is to apply the obtained fractional product rule to the exact evaluation
of the Riemann-Liouville fractional derivative of the hyperbolic tangent function. First we shall
point out that the derived fractional product rule given by Eq. (6.8) leads to an implicit evaluation
of the Riemann-Liouville fractional derivative of a product of two functions. Indeed, the Riemann-
Liouville fractional derivative of order « of a product of two functions is expressed in terms of a
semi-infinite sum of a product of an integer derivative of the &*" order of the first function and the
Riemann-Liouville fractional derivative of the (o« — k)™ order of the second function. In the par-
ticular case of elementary functions, the Riemann-Liouville fractional derivative of the (ov — k)™
order results in the repeated integral of the generalized hypergeometric function with a power-law
argument. In this paper we implement the generalized Euler’s integral transform developed in [11]
that allows us to represent the implicit form of the repeated integral in terms of a single hypergeo-

metric function of a higher order. In this Section we will evaluate the Riemann-Liouville fractional
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derivative of a composite function, e.g. hyperbolic tangent, that represents the dark soliton solu-
tion to the nonlinear Schrodinger equation [72]. The obtained result is especially important for the
evaluation of the dark soliton’s kinetic energy in the course of generalizing the integer nonlinear
Schrodinger equation to fractional order.

We start with the direct application of the fractional product rule given by Eq. (6.8) to the

hyperbolic tangent,

o smh ; (o) i N
D. Losh } 2;( )d:lfl (COSh(ﬁaj)) D; V[sinh(Bz)]. (6.11)

First we evaluate the k'" order derivative of the hyperbolic secant by means of the di Bruno formula

for an inverse function [76-78],

£ S (i o

Next we evaluate the Riemann-Liouville fractional derivative of the hyperbolic sine, which can be

done exactly by means of the generalized Euler’s integral transform [11],

2 4

Bat~ Fy (1 = a>3__a' 62:62)

RLD ) lginh 1
[sinh(6)] = o (6.13)
We rewrite the fractional derivative of the (o — [)*® order as,
DD sinh(8z)] = DEODE [sinh ()] = / do .. / dr D@ sinh(30).  (6.14)
0 0

TV
[ times

In order to evaluate the repeated integral in Eq. (6.14) we employ the Cauchy formula [6, 14],

In:/oxda:.../omdxf(x):ﬁ/jdt (x— 1)L f(8). (6.15)

n times
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Next we apply the Cauchy formula to the generalized hypergeometric function, followed by re-

scaling of t — t,

z z ai,...,a
Jﬁ::j/ dx..l/“cb:xkAPb ' m (6.16)
0 A bi,...,bp
n times
1 @ ay,...,a
= —/ dt (x —t)" ' t* 4 Fp ! 4 zt™
L'(n) Jo bi,.... bs
ktn 1 ai,...,a
- ?(n)/ dt tF(1 —t)" ' 4 Fp ' 4 sz (at)™
0 bi,...,bp

We immediately recognize that the obtained integral in Eq. (6.16) is nothing but the generalized
Euler’s integral transform [11]. The direct application of the EIT method leads to the general result

for a repeated integral of the generalized hypergeometric function with a power-law argument,

z z ai,...,04
/dx/ de ¥, Fp sz | = (6.17)
Jo - 0 bi,...,bp
n times
F(k+1) ai,...,04, Ci,...,Cny
k+n m
=T =7 1y A+tmL' B+m y #L )
P(k+n+1) by bg. dy.....d,

where ¢; = (k+ j)/m and d; = (k + n + j)/m. Direct application of the general result given by

Eq. (6.17) to the specific case of hyperbolic sine results in,

11—« .2—a 3—a. f%z?
B 1Fo (177777 4
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Therefore we obtain a sum of generalized hypergeometric functions for the Riemann-Liouville

fractional derivative of the hyperbolic tangent,

2

L;

0
0 Q dl 1 ﬂ$l+1—a

= 7 1F2 5 )
—\! xt \cosh(fzx) ) T (241 — «) 2 2 4

In a similar way one can calculate the fractional derivative of products and ratios of elementary

~~

_ _ 2,2
l—a 3+1 a-ﬂx),(6_19)

functions by expressing them in terms of generalized hypergeometric functions. By applying the
Cauchy formula to the repeated integral of a hypergeometric function followed by the generalized
EIT method, we can evaluate the Riemann-Liouville fractional derivative of an arbitrary function.
However, in contrast to the generalized Euler integral transform that yields a single generalized
hypergeometric function, the product rule for the Riemann-Liouville fractional derivative results

in an infinite series of generalized hypergeometric functions.
6.4 Conclusions

In this paper we considered the Riemann-Liouville fractional derivative of composite func-
tions and found the generalized fractional product rule. We obtained these results by expanding
the Riemann-Liouville fractional derivative into an infinite series of integer-order derivatives. The
practical implementation of the product rule to a product of elementary functions was until now
limited due to the fact that this rule resulted in the repeated integral of a generalized hypergeo-
metric function with a power-law argument. Here we have shown that the Euler’s integral trans-
form reduces this nested integral into a single hypergeometric function of a higher order. Thus
we were able to obtain the exact result for the Riemann-Liouville fractional derivative of the hy-
perbolic tangent. Moreover, the fractional product rule allowed us to extend the applicability of
the generalized Euler’s integral transform as an exact method for the evaluation of the Riemann-
Liouville and Caputo fractional derivatives. Indeed, this method was limited to a class of functions

represented by generalized hypergeometric functions with a power-law argument. The fractional
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product rule obtained here effectively lifted this constraint and enabled the exact evaluation of the
Riemann-Liouville fractional derivative of an arbitrary function. However, unlike the Euler’s inte-
gral transform that results in a single generalized hypergeometric function, the fractional product

rule produces an infinite series of hypergeometric functions.
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CHAPTER 7
DISCUSSIONS, CONCLUSIONS, AND OUTLOOK

In this Chapter we summarize our work on the fractional Schrodinger equation and its support-
ing mathematics. We consider the role of multiscale potentials in forming the nonlocal aspect of
the fractional space derivative appearing in the fractional Schrodinger equation. We outline the

results of this thesis and briefly give recommendations for future work.

7.1 Setting the stage for effective physical theories arising in the fractional Schrodinger
equation

We began by deriving the fractional Schrodinger equation from a fundamental assumption
on the local spacetime metric that scales the space and time dimensions according to two different
parameters (Chapter 3), namely, the non-integer orders of the space and time fractional derivatives.
The fractional spacetime metric gives rise to a velocity defined in terms of a fractional derivative,
which serves to modify the kinetic energy of the quantum mechanical particle. From the velocity
discretization scheme we find that the particle sees scaled space, that is either larger or smaller
depending on the ratio of the parameters used in scaling the space and time dimensions in the local
spacetime metric. We use the Feynman path integral that contains a Lagrangian expressed in terms
of the fractional kinetic energy to derive the final form of the fractional Schrodinger equation. We
review PT (parity-time reversal) symmetry properties of the fractional Schrodinger equation and
find that the fractional time derivative must be anti-symmetric with respect to time reversal and
the fractional space derivative must be symmetric with respect to parity reversal. This requirement
maintains that memory, while cumulative, cannot be nonlocal in a symmetric way; that is, we
retain causality. Finally we study the discrete energy spectrum of an infinite square well and find
the wavefunction solution to the fractional Schrédinger equation with a Caputo fractional time

derivative and a Fourier fractional space derivative.
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In the next three Chapters we focused on building connections between methods of fractional
derivatives to address their operation on physically relevant functions. Specifically we sought to
obtain fractional derivatives of hyperbolic secant and tangent functions that represent bright and
dark soliton solutions to the nonlinear Schrodinger equation and the Gaussian function that forms
the wavepacket envelope to many initial conditions in the linear Schrodinger equation. These re-
sults are analytical in nature and set the stage for the development of many ground-up physical
theories that require exact formulations of fractional derivatives, especially in connecting to the
limiting solutions of the linear and nonlinear Schrédinger equations from their fractional general-
izations.

In Chapter 4 we expanded the finite difference fractional derivative in terms of an integer
derivative series. We show that similar expansions exist for two other types of fractional deriva-
tives, emphasizing the existence of understated connections binding together several types of frac-
tional derivatives. The integer derivative series is useful for finding fractional derivatives of func-
tions that are described by Taylor series with a finite radius of convergence such as the hyperbolic
secant function. If a Taylor series with a finite radius of convergence is used to evaluate the frac-
tional derivative of a function, the fractional derivative will necessarily inherit the divergence. The
integer derivative series exchanges the difficulty of evaluating a fractional integral for an expan-
sion of integer derivatives of functions which can be truncated to just a few terms, showing that
fractional derivatives in a discrete context can often be replaced by operations over a relatively
small neighborhood. This truncation of the series is particularly successful for functions that have
decaying integer derivatives, alleviating the accumulation of error. We find that the integer deriva-
tive series gives the fractional derivative of the hyperbolic secant an infinite radius of convergence,
and that for sinusoidal functions the error decreases as more terms are retained. We view the
integer derivative series as a robust numerical method to solve linear fractional differential equa-
tions with constant and variable coefficients. By truncating the series to three terms (going up to
the second-order derivative) and solving the resulting integer-order differential equation we find

that the approximate solutions discretized under the fourth-order Runge-Kutta method converge to
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exact analytical solutions.

In Chapter 5 we extended the scope of the well-known Euler’s integral transform to hypergeo-
metric functions with a polynomial argument, discovering a generalized Euler’s integral transform.
In particular the Caputo fractional derivative is cast into an Euler’s integral transform that evalu-
ates the integral of a product of a hypergeometric function and a power law that serves as the
fractional derivative kernel. Because many elementary functions such as trigonometric, inverse
trigonometric, Gaussian, and Lorentzian functions are expressible in terms of a polynomial argu-
ment hypergeometric function, the generalized Euler’s integral transform acts as the Caputo frac-
tional derivative. We find that the Caputo fractional derivative of elementary functions amenable
to being expressed in terms of polynomial argument hypergeometric functions are hypergeometric
functions with extra arguments. These arguments are easy to find because they follow a linear
system of equations. We use the generalized Euler’s integral transform to find the Caputo frac-
tional derivative of a family of Gaussian functions which often serve as initial conditions to the
linear Schrédinger equation. Indeed, in the course of generalizing the linear Schrodinger equation
to contain fractional space and time derivatives it becomes important to know the exact analytical
results of fractional derivatives of common functions such as the Gaussian.

In Chapter 6 we concentrated on generalizing the Leibniz product rule to work with fractional
derivatives of composite functions. We show that the fractional product rule of a composite func-
tion is formed in terms of integer derivatives of one function and integrals of a fractional derivative
of the other function. With the developed framework we find that the fractional derivative of the
hyperbolic tangent function is expressed in terms of an infinite sum of hypergeometric functions
with a polynomial argument. Similarly the hyperbolic tangent function is physically meaningful

in that it represents the dark soliton solution to the nonlinear Schrédinger equation.
7.2 Physical interpretation of the fractional Schrodinger equation

Fractional derivatives offer a versatile mathematical encapsulation to physical concepts such as

nonlocality, self-similar topology, and not-so-rare events. Many fractional derivatives are formed
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according to a direction bias, which in a space-dependent system represents a directional source,
and in a time-dependent system represents a memory weighted like a power law. In quantum
mechanics, however, a direction bias leads to non-Hermitian Hamiltonians. Instead, what we
would rather implement are long-range correlations of some homogeneous space that is symmetric
with respect to direction. That would arise with space-symmetric fractional derivatives, e.g. the
Riesz derivative, that are easily formed in terms of absolute values of the power law. If instead
we consider a fractional time derivative in the Schrodinger equation, the direction bias now acts
as an arrow in time to direct the evolution of a quantum mechanical system. Taking ¢ — —t
changes the bias direction, instead of reversing the time evolution. This poses a challenge if we are
to create a physically meaningful PT-symmetric Hamiltonian. Thus the easiest setting in which to
implement a physically meaningful fractional Hamiltonian would be to consider a space-symmetric
fractional derivative and an unchanged first-order time derivative. While fractional derivatives are
good at encoding direction bias, here we would like to encode nonlocal aspects of the Schrodinger
equation.

How can we best understand what nonlocality means in a fractional world? Nonlocality can be
realized in different ways. It is known that a highly disordered crystal becomes an insulator due
to Anderson localization. The electrons become localized and trapped. On the opposite side of
the spectrum, in a perfectly ordered crystal, we find, for example, conductivity. In both cases, the
underlying potential changes the behavior of the electron, which changes the material properties.
Between two extremes, where the potential is neither perfectly ordered (electron delocalization) or
disordered (electron localization), we hypothesize that multiscale materials give rise to fractional
Schrodinger physics. This thesis has laid the mathematical foundations for creating such materials.
The next step is to explore specific material realizations and test these ideas experimentally.

In general there are two ways to interpret the physical realization of a fractional Schrédinger
equation. An important assumption made to derive the fractional Schrodinger equation was the
fractional velocity that was discretized as a scaled ratio between the local space and time intervals.

That means that the particle can see a distance larger or smaller than its Euclidean norm based on
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how the spacetime around it naturally scales. The scaling relation of spacetime can be implemented
by choosing a semi-nonlocal potential that allows the particle to have long-range correlations. The
question becomes whether the kinetic energy of the particle would reflect the impact of the nonlocal
potential.

We can argue that the only way to make a particle see non-Euclidean distances that satisfy
the local fractional spacetime metric would be by changing the underlying potential. However,
the potential only changes the potential energy of the system and not the underlying spacetime
character. An effective description of a multiscale potential would require several different length
scales to resolve the dynamics of the system, which tangentially corresponds to a self-similar
topology that could well require the particle to have long-range correlations.

In the spirit of clarity we highlight two distinguishing viewpoints. The first is that we can
change the underlying potential of the system to force the particle to see space in a different way.
We can sample this nonlocal potential by way of a fractional kinetic energy that inherits the multi-
scale character of the potential, in which case to avoid double-counting we would demote the po-
tential to a simpler structure. The dynamics of the particle governed by the fractional Schrodinger
equation then would be the same as when we had a multiscale potential and a local second-order
kinetic energy. As long as total energy is the same we have no problem converting potential energy
to kinetic energy and vice versa.

However, this does not address the fractional spacetime metric used to derive the fractional
Schrédinger equation. Just as we are able to have a free space solution to the integer Schrodinger
equation we must have a meaningful free space solution to the fractional Schrédinger equation. If
a particle is embedded in a material with a self-similar topology, where the underlying potential is
not able to track the nonlocal aspect of the material, then the use of fractional Schrodinger equation
is justified. In this case the fractional kinetic energy would be inherited from the medium that puts
a constraint on how spacetime intervals are locally measured. This second viewpoint captures a

novel aspect of the material without relying on potential energy to describe material properties.
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The second viewpoint aligns surprisingly well with the theory of anomalous diffusion. If we
account for material properties in terms of a single diffusion constant, the scope of materials that
we can describe with the integer diffusion equation is limited. By replacing the local second-order
space derivative by a fractional space derivative, we now account for nonlocal topology that gives
rise to anomalous diffusion dynamics. The scaling properties of the material guide the diffusion
equation towards fractional dynamics, by way of the fractional space derivative. In the case of
the fractional Schrodinger equation, we use both the potential energy and the fractional space
derivative to describe how one material is different from the other. The fractional space derivative
carries the weight of describing specific material properties instead of this weight being placed
on the choice of potential energy. With this framework we have more ways to describe a certain
material. Before, the second-order space derivative was fixed in describing local kinetic energy,
and potential energy was the parameter that made one material system different from the other.
Now we allow the kinetic energy — defining how a particle moves in a medium — to be explicitly
affected by the specifics of the medium. It gives us tremendous freedom to engineer new materials

and describe a wider range of phenomena arising in the fractional Schrodinger equation.
7.3 Suggestions for future work

The family of space-symmetric fractional derivatives should be used to study the fractional
Schrédinger equation. Special attention should be paid to boundary conditions for fractional
derivatives, whether they preserve Hermiticity of the Hamiltonian (or in a more general case the
PT symmetry of the Hamiltonian), and whether the boundary conditions allow for quantum me-
chanical norm to be conserved. Similarly, the stability condition for the selected space-symmetric
fractional derivative should be studied to verify the success of the numerical scheme (see Appendix
A for a preliminary numerical exploration). In general, one may ask which fractional derivatives
are physically meaningful, in the context of classical phenomena and quantum mechanics. After

all, to model the fractional diffusion equation we do not require Hermiticity.
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The properties of the fractional Schrodinger equation should be explored to ensure there are no
inconsistencies or contradictions. Common identities should be unchanged when the limit is taken
for integer «, for example, the probability current continuity equation.

Finally, the connection between multiscale materials and fractional derivatives should be made
explicit. Can we replicate the behavior of a particle with a fractional kinetic energy by changing
the underlying potential of an integer Schrodinger equation? These questions allow us to address

fundamental concepts that tie the physical world to its mathematical description.
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APPENDIX
PRELIMINARY STUDY: NUMERICAL SIMULATION OF A FRACTIONAL
SCHRODINGER EQUATION USING A SHIFTED GRUNWALD-LETNIKOV
SPACE-FRACTIONAL SCHEME

The fractional Schrodinger equation, where both space and time derivatives are replaced by
fractional derivatives, has been recently developed to account for a local fractional spacetime
metric. Numerical methods to solve the related fractional diffusion equation that models diffu-
sion with a direction bias have been successful at addressing issues of numerical stability when
the fractional Griinwald-Letnikov derivative is used. However, the direction bias present in the
Griinwald-Letnikov fractional derivative when the derivative is formed in terms of either forward
or backward differences breaks the Hermitian structure of the Hamiltonian leading to a complex
energy spectrum. To simulate the fractional Schrodinger equation with norm and energy conser-
vation, we instead consider a modified Griinwald-Letnikov fractional derivative formed in terms
of an averaged sum of forward and backward differences. We find that explicit and implicit Euler
methods, successfully used to model transport dynamics inherent to the fractional diffusion equa-
tion, become unstable when the space-symmetric Griinwald-Letnikov fractional derivative is used
alongside a first-order time difference. In particular, we derive the stability condition for the ex-
plicit Euler scheme in terms of an infinity-norm, and show that the infinity-norm of the updating
matrix diverges as more time steps are taken. We conclude that the explicit Euler scheme is not
Lax-Richtmyer stable, and that similarly the family of implicit Euler methods and Crank-Nicolson
methods would fail to converge. We note that while absorbing and insulating boundary conditions
considered in this paper serve to modify the Hermitian structure of the Hamiltonian matrix, they

do not affect the stability of the numerical method.

101



A.1 Introduction

Recently a new form of the fractional Schrédinger equation was developed to account for the
mathematical framework of fractional spacetime (see Chapter 3),
—h2

(D7) [wa.19)] = i T 08 W )] 4V (2,6) vt ), A

ih

I'd+1)
where the time derivative is of order ¢ and the space derivative is of order 2« for 0 < o < 1.
We shall note that the derivation assumes the fractional derivative satisfies the requirements for a
fractional Taylor series [17].

We explore a subset of the fractional Schrédinger equation where the kinetic energy is replaced
by a fractional space derivative of the Griinwald-Letnikov kind and the time derivative is left un-
changed,

" oz, 1) —h?

— GLT« o - a
o F(a+1)m( Da) (1) + V(2% 1) (2%, 1), (A.2)

with 1 < a < 2, where the potential is given by a function such that insulating boundary conditions
are true [79]. The domain is takentobe 0 < z < 1.

In this Appendix we analyze the numerical stability of explicit and implicit Euler schemes
applied to a space-fractional Schrodinger equation, where the fractional space derivative is given
by the Griinwald-Letnikov derivative. The Griinwald-Letnikov fractional derivative generalizes
the finite difference scheme to derivatives of non-integer order. In Section A.2 we show that the
one-sided Griinwald-Letnikov fractional derivative is unstable for the fractional Schrodinger equa-
tion. We follow the proof given by [80] for the fractional advection-dispersion equation. As in
[80] we adopt the shifted Griinwald-Letnikov fractional derivative where function evaluations are
shifted by one point to the left or right; this solved the stability issue for the fractional advection-
dispersion equation. In Section A.3 we show how to construct the shifted Griinwald-Letnikov frac-
tional derivative in terms of forward and backward differences. Section A.4 constructs an unbiased

Griinwald-Letnikov fractional derivative as an averaged sum of forward and backward finite differ-
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ence schemes. We show that the Hamiltonian in terms of the unbiased Griinwald-Letnikov deriva-
tive is Hermitian. In Section A.5 we show how the Griinwald-Letnikov coefficient matrix changes
to account for insulating boundary conditions formed by restricting fractional flux at the boundary
[79]. The boundary condition is expressed differently for the forward Griinwald-Letnikov deriva-
tive than for the backward Griinwald-Letnikov derivative and the Hamiltonian matrix now loses
its Hermitian structure. In Section A.6 we derive the Lax-Richtmyer stability condition for the
explicit Euler scheme in terms of infinity-norm and show that the infinity-norm of the updating
matrix diverges with more time steps. We briefly consider absolute stability of both explicit and
implicit Euler methods for the space-fractional Schrodinger equation in terms of eigenvalue anal-
ysis. Section A.7 constructs the Griinwald-Letnikov matrix that accounts for absorbing boundary
conditions. The Hamiltonian matrix due to the symmetric implementation of absorbing boundary
conditions is Hermitian. However, since boundary conditions do not affect the infinity-norm of the
updating matrix, explicit and implicit Euler schemes are still unstable. Concluding remarks are in

Section A.8.
A.2 Stability of the one-sided, shifted and unshifted, Griinwald-Letnikov schemes

In [80] the authors discuss the stability of the Griinwald-Letnikov scheme when used as part
of explicit Euler, implicit Euler, and Crank-Nicolson methods. The authors wished to solve the
space-fractional advection-dispersion equation where the space derivative is a Griinwald-Letnikov
fractional derivative and the time derivative is of first order. They showed that this family of meth-
ods are unstable when used with the standard Griinwald-Letnikov fractional derivative. Instead,
the authors propose a shifted Griinwald-Letnikov scheme that allows the solution to converge to
the exact solution as grid spacing h is refined.

We remind ourselves that the standard left-sided Griinwald-Letnikov derivative is given by,

1o, .
DS (@) = fim ﬁjﬁg(—l)f <j.‘>f<x—jh>- (A3)

First we consider the stability of our fractional Schrodinger equation, by assuming an explicit Euler

method. Letting 7 = 1 and taking a look at time step ¢,, = nAt and space step z, = kh, we let the
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wavefunction at ¢,, and z;, be denoted by ;. We start with,

oY (z*,t) i <GL
_ D°‘> o ¢ A4
ot I(a+1)m 2) V(1) A4
n+1 n . k

k — wk 1 1 n
_ _ , . A.5
At T(a + 1)m he ;:0: 95 Vi—j» (A.5)
where in the last step we denote ¢§ = (—1)/ (3‘) and the upper bound on the sum is given by

N = |(x —a) /h| = k. We collect the ¢} terms to obtain,
. . k
pt= <1 * F(alﬁtl)m %) Vi + F(alitl)m% jzlgj Vij- (8.6)

We introduce an error in ¢/? such that the solution with the error appears as {)) = 1/04-£?. Similarly,
we acquire an error in the next time step n = 1 that looks like QZ; =} + £;. We have,

- At 1o

U = gy + T+ mhe ;gj Vh ;) (A7)
where we introduced an amplification factor p := 1 4 1At/ (F(a + 1)mha). Then we see that the
error ¢}, is given by 1 = ue?, defined iteratively. That means that error at time step n will be given
by e = u"e}. For error to be contained and not propagate, we need to restrict the magnitude of

the amplification factor to |u| < 1, which means that,

At 1Y
\/1 + (mﬁ) < 1. (A.8)

Because this inequality cannot be satisfied for any «, the error €} gets amplified and the explicit

Euler scheme becomes unstable.

The authors [80] fix this stability issue by introducing the shifted Griinwald-Letnikov scheme,

N
D2 f(a) = i e 31 () o (- ) (A9)
N—oo =0

where constant p is chosen such that the quantity |[p — «/2| is minimized. For our simulations,

where 1 < a < 2, we are led to choose p = 1.
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We note that if we instead use forward differences in our Griinwald-Letnikov derivative, origi-
nally given by,
N 1 ae :
9D} f(x) = lim h—aZ(—w (j)f(er]h), (A.10)
we would construct the shifted right-sided Griinwald-Letnikov derivative by shifting function eval-

uations one point to the left (instead of one point to the right). We obtain the following form for

the shifted right-sided Griinwald-Letnikov derivative,

N
D (o) = ting 70 (-1 (7) 0+ G - o (A11)
N—roc0 §=0

where once again for 1 < oo < 2 we would choose p = 1.
A.3 Construction of the shifted Griinwald-Letnikov matrix

If we form the standard Griinwald-Letnikov derivative in terms of a matrix, we account for
all coefficients multiplying our wavefunction ¢)(Z). Because of the changing upper bound on our
Griinwald-Letnikov sum, we form a matrix with a lower triangular structure. However, in the
shifted Griinwald-Letnikov derivative, we obtain a lower triangular matrix with a super-diagonal.

Consider a smaller 4 x 4 system first:

9% 0 0 0 tho gt 95 0 0 Yo

L L gt 9¢ 0 O Yy L I 195 o g5 O (0 L

Doy(%) = — | 7L 79 — D7) = — |72 “L 0~ = A (7).

aw( ) he g5 gt 95 O P ad}( ) he | 95 95 97 9o L) dj( )
95 95 91 4 3 95 95 95 gt 3

e

We call the matrix of shifted Griinwald-Letnikov coefficients for the left-handed derivative, A,.
The right-handed Griinwald-Letnikov coefficient matrix is constructed by taking the transpose
of the left-sided Griinwald-Letnikov coefficient matrix. It has an upper triangular structure with a

sub-diagonal. For a smaller 4 x 4 system, we obtain,
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g 9¢ 95 95\ (%o gt 93 95 95\ [%o
. L]0 g8 g¢ 95| | " L 1gs g g5 95| | H
D(3) = — o 91 92 DR = — |90 91 92 Y3 — Aab(3).
WO =70 0 g gt | || TP 0 @ g | |w | =M@
0 0 0 g5/ \¥s 0 0 g5 97) \¥3

Similarly the matrix of coefficients for the right-handed shifted Griinwald-Letnikov derivative we

call A,.
A.4 Hermiticity of the Griinwald-Letnikov matrix

Our Hamiltonian, in the absence of any potential, is given by the scaled Griinwald-Letnikov
derivative. This Griinwald-Letnikov derivative acts as a particle’s kinetic energy. We note from
the structure of the shifted Griinwald-Letnikov coefficient matrix that it is indeed non-Hermitian,
because Griinwald-Letnikov derivative has a direction bias. The choice of forward differences and
backward differences inside of the Griinwald-Letnikov derivative allows us to choose this bias.

If we want to construct an unbiased system such that our Hamiltonian is Hermitian, we take
instead an averaged sum of forward and backward Griinwald-Letnikov derivatives to obtain,

GLpo + GLpe A+ A

; ; (A.12)

GL]Dgc —
A.5 Implementing insulating boundary conditions

In [79] the authors implement absorbing and insulating (reflecting) boundary conditions for a
fractional diffusion equation, where the space derivative is a fractional Griinwald-Letnikov deriva-
tive. They find that for reflecting boundary conditions to preserve norm we need to consider frac-
tional flux at the endpoints of the domain (on the other hand, absorbing boundary conditions natu-
rally do not preserve norm). The fractional zero-flux condition corresponds to inelastic reflection
at the boundary.

We would like to consider reflecting boundary conditions here to see conservation of norm. We
implement them in a similar way to [79]. For a small 4 x 4 system, the left-handed Griinwald-

Letnikov matrix of coefficients, A,, becomes the following (note changes to first and last rows),
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96
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In other words, for larger systems we obtain (with z,, = nh = 1),

h* A%

gia—j+1
1
11—«
0

\

if i=nandj<n

otherwise.

0 l—«a 1 0 0
0 1_ 11 ¢ 9t 96 0
A B O O N S
—Y 93 —9 91 —Y
if 0<i<nandj <i+41
if j=1andi =0
if j=1=0 (A.13)

The changes to coefficients come from constraining the fractional flux to zero at the left and right

endpoints, D214 (0,¢) = D2 14)(1,¢) = 0 for all ¢ > 0. This is a generalization of Neumann

boundary conditions.

When we implement the same boundary conditions for the shifted right-handed Griinwald-

Letnikov derivative, in terms of fractional flux, our matrix of coefficients is no longer a transpose

of the matrix of coefficients for a shifted left-handed Griinwald-Letnikov derivative. We acquire a

minus sign on the first row (instead of the last row) for a small 4 x 4 system,

—grt =gy

1 g5 gt

A _ 0 1
"The| 0 g8
0 0

a—1

9o

For larger systems we obtain the following coefficients for A,

a Ab
heAY =

95—it1
1
11—«

a—1
Y1
0

—g57" —gt 7t =gyt gy —gi !
95 | _ 1| 4 97 93 95
93 he 0 96 97 95
gt 0 0 1 1-a
if 0<i<nandj>i—1
if j=n—1landi=n
if j=i1=n (A.14)
if t=0andj <n
otherwise.
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Because the reflecting boundary conditions look different for the forward and backward Griinwald-
Letnikov derivatives, when the averaged sum is formed we no longer have a Hermitian matrix.

Instead what we have is,

0 96 =957 —g57" —g57"
Glpo _ g Aot Ap 1 | g5 +g5 297 90 + 92 95
' 2 2ha gg 1 gg —Z 918[ [ 2lgla a—1 aggl+ ggloa
—J3 —9gs g — 0 g1 — 9

We confirm the non-Hermitian structure of the matrix.
A.6 Stability of the unbiased Griinwald-Letnikov scheme

In this Section we consider the stability of explicit and implicit Euler methods. We show that
the infinity-norm of the explicit Euler updating matrix containing unbiased Griinwald-Letnikov
weights is not bounded for any choice of space and time discretization, resulting in an unstable
solution method according to the Lax-Richtmyer stability theorem. To verify this conclusion we
analyze the explicit and implicit Euler methods from the perspective of absolute stability. For a
wide range of time discretizations we find that there are eigenvalues outside of the absolute stability
regions for both explicit and implicit Euler methods, confirming that indeed this family of methods
is unsuitable for describing the dynamics of the space-fractional Schrédinger equation.

We follow stability analysis similar to [80] (Theorem 2.7) for the explicit Euler method. For
both explicit and implicit Euler schemes, we move from the current time step to the next time step

by way of an updating matrix B(At). For an explicit Euler scheme, we can show that,

[a+1

If we can show that all the eigenvalues of B(At) have magnitudes of 1 or smaller, |\;| < 1, then
we know errors in 15” at time step nAt will not propagate. Because we have a non-Hermitian
matrix, we expect some eigenvalues to be complex. We can find the eigenvalues analytically but

in the interest of time we can choose several parameters and find the eigenvalues numerically. For

example, for « = 3/2, m = 1, and h = 0.01, the largest time step we can use to make the explicit
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Euler method stable to 14 decimal places is At = le —11. This is clearly an impractical scheme.

Let’s ask why that happens. We make use of Lax-Richtmyer stability, defined as in [81].

e Definition (Lax-Richtmyer stability)

Consider a linear matrix system given by

u" = B(At)u™ + b"(At)  where B = B(At) € R™™, u,b"(At) € R™, (A.16)

where Ax = 1/(m + 1) because our system is already discretized. Then this linear method is

Lax-Richtmyer stable if; for each time T, there is a constant Cr > 0 such that
| B(AY)"|| < Cr (A.17)

for all At > 0 and integers n for which nAt < T.

We can choose any norm to satisfy the inequality, and to make things easier on us we choose the
infinity-norm || ||~ (in general there exists an equivalence statement relating one norm to another).
The infinity-norm corresponds to the maximum of the sum of all absolute-valued elements in each
row. Let’s start by finding the infinity-norm for our matrix A.

The matrix A contains positive real values except when ¢ = j (excluding ¢ = 0, n rows), which
correspond to A;; = ¢{ = —a. To take the absolute value of each element in a row we have to
replace g{ with —g{, and then we compute the sum. Empirically we see that elements of A are
largest when i = ig = [(n + 1) /2].

We can show then that, depending on whether 7 is even or odd, the infinity-norm of A is given

by,
(n+2)/2
Al = Z g — g7 when n is even, (A.18)
i1
(n+1)/2 0%
A, = ) gf—gi+ 5~ when nis odd, (A.19)

i=0
i£1
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where we account for the fact that g{' is negative. Our fractional Schrédinger system can be writ-
ten down as Eq. (A.15), where B(At) matches the form of the linear matrix system in the Lax-
Richtmyer stability definition.

We make use of the following three properties for the infinity-norm. With A, B € R"*" and

a € C, we have,

L JAB| <Al 1Bl (A.20)
2. [[A+ Bllo <l Al + 1Bl (A21)

The first is known as the submultiplicative property, and the second is the triangle inequality. We
would like to compute powers of B(At) to find ||B (At)* HOO We consider even n for simplicity.
First, by the submultiplicative property we expand the infinity-norm of a matrix into a product of

infinity-norms of matrices,

s iAt ‘
B(A) HOO - H (1+ Yot im 1)mA> (A.23)
l
A 1At
B(At)eHoo < UB(At)HOOHB(At)HOO...HB(At)”Og: ‘ (I+ F(C;T)me (A.24)
ét?ges >
I iAt,zxé<1 At A g A25
+m < +m\| [ (A.25)
l
(n+2)/2
’ At 1 0 o
B(At) HOO < 1+ﬁm ; 9; — 01 . (A26)
i#£l

In Eq. (A.25) we used the triangle inequality. We define the ratio kK = At¢/h* and the upper bound
on the sum N = (n + 2) /2. For the explicit Euler scheme to be Lax-Richtmyer stable we hope to

find the expression in Eq. (A.26) bounded by a constant L for all At > 0. We can further simplify
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the expression by explicitly summing up the binomial coefficients to obtain,

14

HB(At)fH <1+ 2a+(—1)N(O‘J;1>] (A27)

o], = 1+ s oo+ 7).

o0

If the quantity in the parentheses is equal to or less than 1, its powers will be equal to or less than
1. However, we can see that if At and h are on the same order of magnitude then £ > 1 and
serves to amplify the quantity in the square brackets. Only when we take the limit At — 0 does
the amplification factor tend to 1. This is also what we found with the eigenvalue analysis for the
explicit Euler scheme.

Another way to look at stability is to find the eigenvalues of the initial matrix on the right-
hand side (before any scheme is applied to represent the time derivative), which for us is A=
i4/ (I(e + 1)m). Every method that approximates the time derivative on the left-hand side comes
with its own absolute stability region. We consider the absolute stability definition for a linear

system [81]:

e Definition (Absolute stability)

Consider a linear matrix system given by

{@ﬁ(t) — Ad(t) where Ae R™™ e R™ (A29)

’J(to) - 170.
Then a finite difference method is stable for this linear system if z; = \;At is in the absolute

stability region of that method for all eigenvalues \; of A provided Ais diagonalizable.

For the implicit Euler scheme, this stability region is anywhere in the complex plane that is
outside of a circle of unit radius centered at z = 1, |z — 1| > 1, where z = AAt. (Eigenvalues are
assumed in general to be complex). We find that at least one of the eigenvalues of A for the same

parameters of a, m, and h as for the explicit Euler method is contained in the forbidden region
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|z — 1| < 1 for a range of reasonable At¢. Indeed, as At is decreased, more eigenvalues fall into
the forbidden region. This tells us that the implicit Euler scheme is unconditionally unstable when

applied to the fractional Schrédinger equation.
A.7 Note on absorbing boundary conditions

Absorbing (Dirichlet) boundary conditions fix the wavefunction value at the boundary, for

example, when we consider the infinite square well potential on a unit interval we require that,
¥(0,t) =(1,t) =0 forallt > 0. (A.30)

Unlike box boundary conditions commonly used in physics, absorbing boundary conditions do not
conserve norm [79]. Instead of balancing out the accumulating norm at the boundary in such a way
that the wavefunction is made zero, absorbing boundary conditions set the non-zero Griinwald-
Letnikov boundary coefficients responsible for norm accumulation to zero. This in effect models
infinite domain and the norm of the wavefunction decreases. To ensure zero boundary conditions

we set Griinwald-Letnikov matrix elements to 0 in the first and last rows, obtaining,

a ga gi-j if 0<i<nandj <i+1
A= - (A31)
0 otherwise
a gb 95— if 0<i<nandj>i—1
MG =1 : (A.32)
0 otherwise.

We note that A = (A, + Ap) /2 is now symmetric and the Hamiltonian Hermitian. However,
the infinity-norm of A is not affected since the zero rows do not alter the maximum sum of row

elements, and thus explicit and implicit Euler methods considered in Section A.6 are still unstable.
A.8 Conclusions

In this numerical exploration we considered the Griinwald-Letnikov fractional space derivative
for the fractional Schrodinger equation. We found in Section A.2 that the standard Griinwald-

Letnikov scheme is unconditionally unstable, and that to make it stable we have to shift function
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evaluations one step to the right or left, depending on the original bias of the Griinwald-Letnikov
matrix. Shifted, one-sided Griinwald-Letnikov derivatives have a direction bias which leads to a
non-Hermitian Hamiltonian. We instead took an averaged sum of forward and backward shifted
Griinwald-Letnikov derivatives to achieve Hermiticity, however, when insulating boundary condi-
tions were realized in terms of a zero fractional flux on the edges of the domain, the Griinwald-
Letnikov matrix lost its Hermitian structure.

Finally, in Section A.6 we showed that the averaged Griinwald-Letnikov matrix wasn’t Lax-
Richtmyer stable for the explicit Euler method. We checked absolute stability and Lax-Richtmyer
stability in three different contexts for the averaged Griinwald-Letnikov derivative with no direction
bias. Because both explicit and implicit Euler methods were unstable when applied to the fractional

Schrodinger equation, a more refined numerical method is likely to fail.

113



	Abstract
	Table of Contents
	List of Figures
	Acknowledgments
	Dedication
	Physical intuition for fractional derivatives
	Features associated with a fractional derivative & its physical niche
	Building a framework supporting the fractional Schrödinger equation & future studies

	What is a fractional derivative?
	Survey of fractional derivative definitions
	Mathematical background

	Fractional Schrödinger equation in fractional spacetime
	Background
	Action for a particle in fractional spacetime with different fractional dimensions
	Derivation of the Schrödinger equation via a Feynman path integral
	Limit to obtain the integer Schrödinger equation
	Solution to the infinite potential well
	The form of the fractional Hamiltonian and momentum operators
	Symmetry properties of the fractional Schrödinger equation

	Expansion of fractional derivatives in terms of an integer derivative series: physical and numerical applications
	Introduction
	Expressing Grünwald-Letnikov fractional derivative as integer derivative series
	Unified description of fractional derivatives in terms of the infinite series of integer order derivatives
	Truncation, error, and radius of convergence
	Solving linear fractional differential equations with constant and variable coefficients using truncated series
	Conclusions

	Exact results for a fractional derivative of elementary functions
	Introduction
	The main idea in a nutshell
	Generalized Euler's integral transform of the hypergeometric function with a power-law argument
	Fractional derivative of trigonometric functions
	The Caputo fractional derivative of inverse trigonometric functions
	The Caputo fractional derivative of the Gaussian function
	The Caputo fractional derivative of the Lorentzian function
	Equivalence between the Liouville-Caputo and Fourier fractional derivatives
	Correspondence between Caputo and Liouville-Caputo fractional derivatives
	Conclusions

	Realizing the product rule for a Riemann-Liouville fractional derivative using a generalized Euler's integral transform
	Introduction
	The fractional product rule
	Application of the fractional product rule to the hyperbolic tangent
	Conclusions

	Discussions, Conclusions, and Outlook
	Setting the stage for effective physical theories arising in the fractional Schrödinger equation
	Physical interpretation of the fractional Schrödinger equation
	Suggestions for future work

	References Cited
	Preliminary study: Numerical simulation of a fractional Schrödinger equation using a shifted Grünwald-Letnikov space-fractional scheme
	Introduction
	Stability of the one-sided, shifted and unshifted, Grünwald-Letnikov schemes
	Construction of the shifted Grünwald-Letnikov matrix
	Hermiticity of the Grünwald-Letnikov matrix
	Implementing insulating boundary conditions
	Stability of the unbiased Grünwald-Letnikov scheme
	Note on absorbing boundary conditions
	Conclusions


