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Abstract

It is well-known that densities of stable Lévy processes solve particular fractional diffusion
equations. On the other hand, fractional diffusion equations gain a stochastically mean-
ingful interpretation by their connection to stable laws. That way, fractional calculus
and the theory of stable laws are strongly connected, and both areas benefit notice-
ably from this connection. The present thesis investigates a similar relationship between
semistable Lévy processes and generalized fractional derivatives with log-periodic per-
turbations, which we call semi-fractional derivatives. To develop a basic idea of these
operators, we initially show essential characteristics like Fourier and Laplace transforms
as well as different integral representations and their relations. Besides, a numerical ap-
proximation of Grinwald-Letnikov type is proven. A semigroup approach finally yields
the desired connection between semistable densities and semi-fractional diffusion equa-
tions.

Due to this connection, the knowledge about semi-fractional derivatives is able to en-
rich our understanding of semistable laws and even offers the possibility to numerically
approximate semistable densities. On that basis, we study different related issues to eval-
uate the potential of semi-fractional calculus. First, we consider general Cauchy problems
with semi-fractional time and space derivatives and prove an integral representation of the
solution. Also, we identify the stochastic processes governed by these equations. Namely,
they appear as limiting processes of uncoupled Continuous Time Random Walks (CTRW
limits). The CTRWs offer a microscopic description of the underlying system and are
a valuable tool in applications. Thereby, the case of uncoupled CTRWs is quite a spe-
cial one. Thus, we also study the far more general case of a possibly coupled CTRW
and analyze its convergence as well as the resulting limiting distribution. Semi-fractional
derivatives are non-local operators, and hence, semi-fractional space derivatives require
the inclusion of the whole environment into their calculation. Similarly, semi-fractional
time derivatives model long-time memory effects of the underlying system. Since the
latter one is easier to handle for practical applications, we offer a space-time duality re-
sult. This states that a negatively-skewed space semi-fractional differential equation is
equivalent to a particular inhomogeneous differential equation with semi-fractional time
derivative.

To strengthen the theory of semi-fractional calculus, we finally study its potential to
model real-world applications. Therefore, we explore different semi-fractional growth
models and apply them to mobile use and cancer growth data. Additionally, we consider
tempered semi-fractional diffusion and show how the therein included damping of huge
events’ probability yields good fits in stock data.



Zusammenfassung

Ein weithin bekanntes Resultat aus der Wahrscheinlichkeitstheorie besagt, dass die Dich-
ten von stabilen Lévy-Prozessen bestimmte fraktionierte Diffusionsgleichungen l6sen. An-
dererseits konnen fraktionierte Diffusionsgleichungen durch diese Verbindung stochastisch
interpretiert werden. Somit besteht eine starke Verbindung zwischen diesen beiden Teil-
bereichen der Mathematik, von der beide Gebiete im Laufe der letzten Jahrzehte sptir-
bar profitieren konnten. Die vorliegende Arbeit entwickelt eine analoge Beziehung zwi-
schen semistabilen Lévy-Prozessen und fraktionierten Ableitungen mit log-periodischer
Storung, welche wir semi-fraktionierte Ableitungen nennen. Um eine grundlegende Vor-
stellung dieser Operatoren zu gewinnen, analysieren wir nicht nur die Fourier- und Lapla-
cetransformierten von semi-fraktionierten Ableitungen, sondern beweisen ebenfalls ver-
schiedene Integraldarstellungen sowie deren Beziehungen untereinander. Zuséatzlich bietet
eine Approximation vom Grinwald-Letnikov Typ die Moglichkeit, semi-fraktionierte Ab-
leitungen numerisch zu berechnen. Die gewiinschte Darstellung semistabiler Dichten als
Losungen bestimmter semi-fraktionierter Diffusionsgleichungen wird schliellich mithilfe
eines Halbgruppen-Ansatzes aufgezeigt.

Das gewonnene Wissen iiber semi-fraktionierte Ableitungen kann nun dafiir verwendet
werden, unser Verstdndnis von semistabilen Dichten zu vertiefen. Insbesondere bietet
es die Moglichkeit, semistabile Dichten numerisch zu approximieren. Darauf aufbauend
betrachten wir mehrere weiterfithrende Problemstellungen. Zunéchst werden allgemeine
Cauchy Probleme mit semi-fraktionierter Zeit- und Ortsableitung betrachtet und eine In-
tegraldarstellung der Losung bewiesen. Es stellt sich heraus, dass die Losungen Dichten
von Grenzwertprozessen von ungekoppelten Continuous Time Random Walks (CTRWs)
sind. Diese bieten eine mikroskopische Beschreibung des zugrunde liegenden Systems und
konnen daher leicht auf Anwendungsbeispiele tibertragen werden. Neben dem ungekop-
pelten Fall betrachten wir auch die Konvergenz und die Grenzwertdichten allgemeiner
CTRWs, in denen beliebige Abhéngigkeiten zwischen den Spriingen und Wartezeiten er-
laubt sind. Semi-fraktionierte Ableitungen sind nicht-lokale Operatoren und daher muss
fiir die Berechnung einer semi-fraktionierten Ortsableitung die gesamte Umgebung in die
Berechnung einbezogen werden. Ebenso schlielen semi-fraktionierte Zeitableitungen die
gesamte Vergangenheit in ihre Berechnung mit ein. Da das Letztere als Langzeitgedécht-
nis des zugrunde liegenden Systems fiir praktische Anwendungen leichter zu interpretieren
ist, stellen wir eine Ort-Zeit-Dualitat vor. Dabei kénnen bestimmte Diffusionsgleichungen
mit semi-fraktionierter Ortsableitung in eine inhomogene Differentialgleichung mit semi-
fraktionierter Zeitableitung tiberfithrt werden.

Gestérkt wird die Theorie semi-fraktionierter Differentialgleichungen schliellich durch die
Betrachtungen von Anwendungsbeispielen. Dabei untersuchen wir zunéchst verschiedene
Wachstumsmodelle und wenden diese auf mobile Internetnutzung sowie Tumorwachstum
an. Zusatzlich betrachten wir temperierte semi-fraktionierte Diffusionsgleichungen, welche
zu guten Approximationen von Aktienmarktdaten fiithren.



Chapter 1

Introduction

The basic aim of this thesis is to deepen our understanding of semistable laws as well as
to introduce and analyze semi-fractional derivatives and corresponding differential equa-
tions. To get an idea of how this theory is embedded in the mathematical context and
to motivate the leading questions for this thesis, we briefly examine its historical devel-
opment.

In 1827, the biologist Robert Brown discovered the trembling, irregular motion of pollen
particles immersed in water [26], but the origin of this movement baffled the scientists
at that time. Quickly known as Brownian motion, it took nearly eighty years to find a
satisfying explanation for this phenomenon. Only in 1905, Einstein used thermodynamic
results to prove that a particle suspended in a fluid performs an irregular movement due
to random collisions with surrounding fluid molecules [39]. In his probabilistic model,
the probability density for the particle’s location at time ¢ > 0 is given by the solution
x +— p(x,t) to the diffusion equation

0 _p 0?

where D > 0 is a particular diffusion coefficient. For a particle starting in the origin, the
unique solution to (1.1) is given by centered normal densities with variance 2Dt for every
t > 0. Hence a particle in this model travels an average distance proportional to #2 until
time ¢t > 0. After his predictions were confirmed by experiments of Jean Baptiste Perrin
only four years later [108], Einstein’s diffusion model was fully accepted and celebrated,
not only for clarifying the origin of the astonishing Brownian motion but also for being
the final proof for the existence of atoms, which was highly controversial at that time.

From a mathematical perspective, the underlying stochastic process describing the diffu-
sive behavior was of particular interest. Since the solution to (1.1) is given by a normal
density at every time ¢ > 0, a description of the movement as a Gaussian process seemed
to be suitable. Besides, experiments indicated that the process has independent and iden-
tically distributed increments and that the paths, as irregular as they might seem, are
continuous. However, the existence of such a process was uncertain until 1923, when Nor-
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bert Wiener published a rigorous proof [149], which is why the corresponding stochastic
process is sometimes called Wiener process instead of Brownian motion.

In the following years, Brownian motion was of considerable interest to mathematicians.
Especially the fact that it is not only a connection between Gaussian and Lévy processes
but also a martingale and a Markov process at the same time is an essential basis for
further results and simplifies its handling. For more information about Brownian motion,
we suggest the monographs [104] and [125]. Likewise, from the perspective of applied
mathematics, the process is of particular interest. Even before Wiener proved its well-
definedness, Louis Bachelier proposed an application of Brownian motion to value stock
prices at the Paris stock exchange [9]. Thereby, he laid the foundation for modern mathe-
matical finance where Brownian motion still plays an important role. Apart from finance,
other scientists, especially physicists, benefit from the mathematical results, too. Thus,
nowadays, there is comprehensive literature dealing with applications of Brownian motion
and related processes. For a deeper insight into physical and financial applications, we
refer to [86] and [129].

Although many applications were successfully modeled with Brownian motion, numerous
experiments indicated a different behavior of the involved particles. Especially measure-
ments in turbulent flow or diffusion on polymer chains display that the spreading rate
is faster than Brownian motion predicts (see for example [99] or [54] and the references
cited therein). To generalize the diffusion model to this so-called super-diffusive behav-
ior, mathematicians thought about modifying (1.1) and helped themselves to an operator
nearly as old as the classical derivative: the fractional derivative. First mentioned in a
letter from Leibniz to L’Héspital in 1695 [77], the idea of derivatives of arbitrary, positive
real order emerged from time to time but did not attract much attention at first [118]. In
1823, Abel’s work [2] advanced the idea of fractional derivatives and inspired other math-
ematicians like Liouville or Riemann to further work on this topic [118]. Over the years,
many different suggestions were made to define a fractional derivative, and until today,
there is an ongoing discussion whether there is a 'right’ form in a given scenario. For this
thesis, we will concentrate on the two perhaps most popular forms in modern fractional
calculus: The Riemann-Liouville and the Caputo form. Thereby, the Riemann-Liouville
fractional derivative of order o > 0 of a suitable function f : R — R is given by

0\° R o
((91:) f(z) = T(n—a) da" /f(x —y)y dy,
0+

where n € N fulfills n — 1 < a < n [116]. In contrast, the Caputo form of the fractional
derivative [27] arises from the Riemann-Liouville form by a formal change of integration
and differentiation

8a 1 o0

A YO S () VS S Rt

e ! (%) Ti—a) / [ (@ —y)y dy.
0+
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Note that for the Riemann-Liouville form, the function f is not necessarily assumed to
be differentiable such that it may exist under weaker conditions than the Caputo form.
However, even for functions f having both a Caputo and a Riemann-Liouville fractional
derivative of order o > 0, the difference between both definitions might be huge, which
becomes evident by studying the Heavyside function f(z) = 1(g0)(«). Under smoothness

~

assumptions on f, both forms have Fourier transform (—ik)® f(k) for every k € R, where
f is the Fourier transform of f. For that reason, a fractional derivative is often defined in
the Fourier space in modern fractional calculus literature. Since we do not want to treat
other forms of fractional derivatives here, we only refer to [56], [33], or [8] for an overview
of different forms and their properties. Also, note that recent approaches tend to define
a generalized form of fractional derivatives, including as many already known forms as
possible (e.g., see [T1]).

Now we return to the problem of modeling applications which show a spreading rate
faster than the classical diffusion model predicts. If we replace the second-order space
derivative in the classical diffusion equation (1.1) with a Caputo fractional derivative of
order o € (0,2) \ {1}, we obtain the fractional diffusion equation

—p(x,t) = _DT (z,1) (1.2)

under initial condition p(x,0) = 6(x), where we assume that D > 0 for a € (0,1) and
D < 0 for a € (1,2). The restriction of « to values in (0,2)\ {1} and of the algebraic sign
of the constant D yields a probabilistic solution in the same way the Brownian motion
offers a solution to the classical diffusion equation (1.1). Namely, the solutions = — p(z,t)
of (1.2) are the densities of an a-stable Lévy process [94].

The theory of stable distributions and stable Lévy processes grew independent of fractional
calculus for a long time. Stable laws were probably first studied by Lévy (see for example
[78]), who aimed to generalize the Central Limit Theorem and therefore studied sums of
independent and identically distributed random variables. Together with the textbook of
Khintchine [68] as well as further works of Feller [43], Gnedenko and Kolmogorov [48],
or Sato [122], to name just a few, his results provide the basis of our current knowledge
about stable laws. There are several equivalent ways to define stability (compare [94] and
[152]), but the most suitable one for this thesis is the representation in the Fourier space.
This is, a non-degenerate measure p is a-stable for a € (0, 2] if either a = 2 and

. 1
(k) = /em du(z) = exp (z’ak - 202k2)

R

for some a € R and 6% > 0 or « € (0,2) and
fi(k) = exp (iak — pI'(1 — a)(=ik)" — ¢I'(1 — a)(ik)")

for some @ € R and p,q > 0 with p +¢ > 0 and I'(z) denotes the gamma function

3
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[94, Proposition 3.10 and Proposition 3.12]. For o = 2, the distribution is obviously
Gaussian with mean a and variance o2?. To obtain an impression of an a-stable law for
a € (0,2), note that equivalently one may define stable measures by the assumption that
p is infinitely divisible and for every ¢ > 0, there is d(c) € R with

1

pre = (cop) * €q(e), (1.3)

where (cé ) is the image measure under the dilatation = — caz, €d(c) is the point measure
in d(c), and the c-fold convolution is well-defined through its Fourier transform. There-
fore, the one-dimensional marginal distributions of the corresponding Lévy process (X;):>o
with Px, = p** arise from p only by scaling and a suitable shift. In the case 0 < a < 2,
the resulting distribution is heavy-tailed, indicating that very large events occur with
higher probabilities than in the case a = 2. In detail, the left and right tail behave like
p(—o0, —r) ~ Cir=* as well as u(r, 00) ~ Cor~* for every r > 0 and constants Cy,Cy > 0
([121, Proposition 1.2.15]). Due to this heavy-tailed behavior, for an a-stable random
variable X, only the absolute moments E[|X ] for p < «a exist [121, Property 1.2.16],
making it more difficult to apply in finance or physics. To overcome these differences
between the theoretical model and the claims of the applications, different approaches of
tempered stable distributions were developed (see for example [117], [11] or [97]). The
basic idea is to manipulate stable densities so that moments of every order exist, but the
behavior on a finite domain around zero is quite similar to stable laws. Yielding physically
meaningful models, tempered stable distributions are successfully applied to a steadily
growing number of applications ([94], [112]).

Note that we can only name three closed-form expressions for stable densities, the Cauchy-
density (belonging to a = 1), the Lévy-density (belonging to o = 3), and the normal
density corresponding to @ = 2. Hence, growing computational possibilities contributed
to the increasing interest in stable laws and supported our imagination of this special
class of distributions. We suggest the monographs [105], [152], and [121] to the interested

reader for deeper insight and more properties of stable laws.

For the solution to the fractional diffusion equation (1.2), we consider a-stable Lévy
processes, which are Lévy processes (X;);>o such that Py, is a-stable for some « € (0, 2].
Note that for every t > 0, X; has a C°°(R)-density [122, Example 28.2], and using
inverse Fourier transform, the densities of the a-stable process with a = 0, ¢ = 0, and
p= ﬁ > 0 solve the diffusion equation (1.2) [94]. Based on this relation, the already
known results about stable processes enrich the knowledge about solutions to fractional
diffusion equations and vice versa. Note that particularly, the solution of (1.2) fulfills the
scaling property

[un

p(z, ct) = c_ép(mc_a ,1)

for every ¢,t > 0 and z € R [94]. Therefore, the scaling rate of a particle in this model
equals = with a € (0,2)\ {1} and hence reflects the faster spreading we were searching for
and for which the Brownian motion fails as a description. Being aware of this property,

4
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many different applications with heavy-tailed behavior have been successfully modeled
using fractional diffusion equations (see for example [69], [94], or [120]).

Apart from (1.2), many different kinds of differential equations involving fractional deriva-
tives have been analyzed (see [36] or [110] for an overview). We want to emphasize that
fractional derivatives are defined for any choice of a > 0, and hence the general theory of
fractional differential equations is much wider than the theory of those equations offering
probabilistic solutions or interpretations in which we are interested. However, even if we
restrict our attention to the case o € (0, 2], we are able to study various generalizations
of fractional differential equations like the generalized Cauchy problem

98

wu(m,t) = Lu(z,t) (1.4)
under initial condition u(x,0) = f(z), where 8 € (0,1), f is a suitable function, and L
is the generator of a Feller semigroup. Problems of this kind were introduced and partly
solved by Saichev and Zaslavsky [119] and later fully answered by Baeumer and Meer-
schaert [10]. Apart from different initial conditions, restrictions of fractional differential
equations to bounded domains and the effects on the underlying process are also of in-
terest for fractional calculus and its applications. However, this topic exceeds the scope
of this thesis, and hence we suggest [12], [29], [35], and [90] for a first impression to the
interested reader.
Similar to the theory of stable distributions, fractional calculus profited considerably from
growing numerical possibilities. Beginning with the Griinwald-Letnikov formula, which
offers a numerical approximation of fractional derivatives, the computational methods
have improved ever since, and their enhancement is an ongoing challenge. For an intro-
duction to established methods, we suggest the monograph [15].

However, the approach for this thesis comes from a probabilistic point of view as follows.
As already mentioned by Lévy [78], the class of stable distributions is embedded into the
larger class of semistable laws. Thereby, semistable laws fulfill the scaling property (1.3)
only for a single ¢ > 1 and by iteration for every integer power of ¢. Thus a semistable
distribution depends not only on a € (0,2] but also on the parameter ¢, such that we
refer to it as a (cé,c)—semistable distribution. As a consequence, the one-dimensional
marginal distributions of the corresponding Lévy process (X;);>0 are no longer shifted
and stretched versions of the density 4 = Px,. This only holds on the discrete scale
t = c* with k € Z. Again the only semistable distribution with index o = 2 is Gaussian
[122, Theorem 14.1] and hence even stable, such that we often exclude this well-known
case. For a € (0,2), a (ca, ¢)-semistable distribution p is still heavy-tailed, but the dis-
crete scaling property yields remarkable differences between stable and semistable laws:
The weaker condition causes a log-periodic perturbation of the Lévy measure, and as we
will see, this log-periodic disturbance is characteristic for semistable laws and appears
on many different levels. Besides other effects, the additional log-periodic behavior of
the Lévy measure can yield multimodal distributions [146, Proposition 1], which clearly

5
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emphasizes the difference between stable and semistable laws.

In the past, semistable laws were mainly studied as limit distributions of i.i.d. sequences
of random variables (see for example [91] or [98]) but have been of minor interest in
probability theory. Therefore, our knowledge about this particular subclass of infinitely
divisible distributions is relatively small compared to the results we have for stable laws.
However, recent analyses, for example of earthquakes ([100], [132]), financial crises [131],
or fractal systems [106], suggest exactly the characteristic power law behavior with ad-
ditional log-periodic perturbations a semistable law would follow and hence motivated a
closer analysis of these distributions.

Therefore the first purpose of this thesis is to extend our knowledge about semistable
laws. Starting from already known results (see for example [91] and [122]), we aim to
prove an explicit form of the Fourier transform and thereby derive further properties.
Like the theory of stable distributions profited from the connection to fractional diffusion
equations, we will thereby examine a similar relationship in the semistable case. More pre-
cisely, if we replace stable laws with the more general semistable ones, can we still find a
connection to diffusion equations involving some kind of generalized fractional derivative?
And if so, how do both sides - the semistable law and the differential equation - benefit
from this connection? Additionally, the operator generalizing the fractional derivative is
of special interest, and apart from its definition, we are curious about its properties. Due
to their challenging handling, semistable distributions have not drawn much attention
before. Thus, we finally try to evaluate whether their analysis can provide valuable ap-
proximations of real-world applications.

To answer these questions, the reader is guided through the following topics. First, we
formally introduce semistable laws and afterward prove an integral representation for the
log-characteristic function of a semistable distribution on R? in Section 2.2, which will
be the basis for following results. Additionally, to solve abstract Cauchy problems later
on, some basic facts about convolution semigroups and their generators are recalled in
Section 2.3.

The representation of the Fourier transform of semistable laws enables us to define an
operator, which we call semi-fractional derivative, such that the semistable densities solve
a corresponding diffusion equation. Partly, this was already published in [66], where
we defined and studied one-dimensional fractional derivatives (see Appendix B for a de-
tailed list of the individual contributions of the authors). From this basis, we successively
generalize the definition first to directional semi-fractional derivatives and finally to the
multidimensional case in Chapter 3. Regardless of whether one-dimensional or multidi-
mensional versions are studied, we are able to define different forms of semi-fractional
derivatives. Following the fractional case, we will mainly concentrate on Caputo and
Riemann-Liouville type ones and their connection. Finally, we end the chapter about semi-
fractional derivatives by proving an approximation formula of Griinwald-Letnikov type,
enabling us to calculate semi-fractional derivatives and the solution to semi-fractional
differential equations numerically. As an important characteristic valuable for solving
semi-fractional differential equations, the Laplace transform of semi-fractional derivatives

6
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is analyzed in Chapter 4.

These differential equations are afterward studied in Chapter 5. Due to our strategy,
semi-fractional diffusion equations are solved by the densities of semistable Lévy pro-
cesses, and thereby, the numerical approximation from the previous chapter enables us to
plot semistable distributions. Note that pictures of semistable laws have been quite rare
before, and hence this is an important step toward a better understanding of this class of
distributions. To study semi-fractional differential equations more generally, we consider
a semi-fractional version of (1.4), inspired by the work of Baeumer and Meerschaert [10]
in the fractional case. By analyzing semistable subordinators, which are semistable Lévy
processes with almost surely non-decreasing paths, we can eventually present solutions to
this general kind of equation.

As it turns out, under particular assumptions, a solution to the semi-fractional Cauchy
problem on a stochastic level is provided by the densities of the process (A(E(t)))i>o0,
where (A(t))>0 is semistable and (E(t)):>o is a hitting time process for a semistable sub-
ordinator, which is independent of (A(t)):;>o. Such processes appear as limiting processes
of uncoupled Continuous Time Random Walks (CTRWs), modeling random walks with
additional random waiting times between the jumps. Based on this knowledge, we discuss
which limit processes of CTRWSs can appear in general by considering semistable processes
under arbitrary dependencies between jumps and their corresponding waiting times. As
outlined in Section 6.1, such coupled CTRWs yield various interesting limiting processes,
and we even prove a representation of their densities in Section 6.2.

The last theoretical chapter treats the concept of space-time duality. This work was in-
spired by [64], where it was shown that the solution to a negatively skewed space-fractional
derivative of order a € (1,2) is equivalent to those of a particular time-fractional differ-
ential equation of order é Note that, due to the non-locality of the semi-fractional
derivative, it is difficult to find a physical meaning of space-fractional differential equa-
tions, whereas time-fractional equations may be interpreted as systems with long-time
memory. Hence the space-time duality result is an important tool for applications, and
we aim to generalize it to the semi-fractional case.

To test the practical application of the findings, we end this thesis with a study of growth
models applied to mobile data as well as cancer growth. Similar to stable laws, by an addi-
tional tempering, semistable laws can be transferred to distributions with finite moments.
As we will see, they are then suitable for applications to stock prices.




Chapter 2

Semistable distributions

The following chapter is mainly devoted to familiarizing the reader with the definition
of semistable laws and some of their properties, which are essential for this thesis. For
a more general introduction, we refer to [91]. Especially, we consider log-characteristic
functions of semistable distributions as these laws are best characterized through their
Fourier transform. This representation will naturally yield the definition of semi-fractional
derivatives in Chapter 3. To define Caputo or Riemann-Liouville type forms in Chapter
3, we finally introduce Feller semigroups and their generators. Again, we only name a few
essential facts and suggest the monographs [62] or [135] for further information.

2.1 Definition and first properties

Semistable distributions are not as common as their stable subclass, and therefore we
briefly summarize the definition and some crucial facts in this section. To clarify the gen-
eral mathematical context we are working in, we start our consideration with the larger
set of infinitely divisible distributions.

There are several equivalent ways to define infinite divisibility. Still, for our purpose, the
most suitable approach is to define infinite divisibility by the Fourier transform of the
probability measure, also called characteristic function. This is, a probability measure v
on R? is infinitely divisible if the characteristic function

(k) = / B0 du ()

Rd

is given by exp(¥(k)) for every k € R? with log-characteristic function

W (k) = ifa, k) — ;Uc, Qk) + / <ei<x’k> -1- m> dd(z) (2.1)
R4\{0}

for some a € R?, a non-negative definite matrix Q € R%¢, and a o-finite Borel measure

8



Chapter 2. Semistable distributions

® on R?\ {0} such that

/ min{1,||z|*} d®(z) < cc. (2.2)
R4\ {0}

Every o-finite Borel measure ® on R?\ {0} fulfilling (2.2) is called a Lévy measure. Fur-
thermore, the triple [a, @, ®], called Lévy-Khintchine triple of v, is uniquely determined
[91, Theorem 3.1.11]. Note that by (2.1), we can uniquely split every infinitely divisible
distribution into the following three components: The first term in (2.1) is simply a drift,
whereas the second one is the log-characteristic function of a centered normal density
with covariance matrix ) and therefore called Gaussian component. The last term is
called Poisson component since, at least for finite measures ®, it is the log-characteristic
function of a shifted compound Poisson distribution [91, Definition 3.1.12].

Even if not denoted with this term, Bruno de Finetti was the first to study infinitely
divisible distributions, followed by Kolmogorov, Lévy, and Khintchine, to name just a
few (see [84] for a historical survey and the associated references). Nowadays, there is
comprehensive literature concerning these distributions, but since we concentrate on the
smaller class of semistable distributions, we only refer to [91] and [122] for more informa-
tion about infinitely divisible laws in general.

For a precise definition of semistable laws, we need the following generalization of non-
degenerate measures on R to full measures on R?.

Definition 2.1.1. (Full measure)

A probability measure v on R? is full if v is not supported on any (d — 1)-dimensional
hyperplane. Similarly, a Lévy measure ® on R?\ {0} is full if ® is not supported on any
(d — 1)-dimensional hyperplane.

Note that an infinitely divisible distribution v with Lévy-Khintchine triple [a, 0, ®] is full
if and only if the Lévy measure ® is full [91, Proposition 3.1.20]. Under the assumption
of fullness, semistable laws now arise from infinitely divisible ones under the additional
requirement of a discrete scaling property.

Definition 2.1.2. (Semistable distribution)
For fixed a € (0,2] and ¢ > 1, a full, infinitely divisible distribution v on R? is called
(¢, ¢)-semistable if there is y € R such that

Ve = (cél/) * €y, (2.3)

. . . 1 . . .
where ¢, is the Dirac measure in y and (cav) is the image measure of v under the di-

lation z — cax. Note that the c-fold convolution v*¢ is well-defined through its Fourier
transform. If y = 0 in (2.3), then the distribution is called strictly semistable.

By iteration, we obtain (2.3) for every integer power of c. Hence, for every t = c* with

9



Chapter 2. Semistable distributions

k € 7Z, the distribution v** is no more than a shifted and scaled version of v itself. To
become more familiar with this definition, we consider some special cases.

Example 2.1.3. (Special cases of semistable distributions)

(i)

If (2.3) holds for any ¢ > 1 and some y = y(c) € RY, then v is a-stable. In this
sense, stability strengthens semistability by demanding the scaling property on a
continuous and not only on a discrete scale. Note that in this case, the distribution
v*! is indeed a stretched and shifted version of v for every ¢t > 0. Due to this more
restrictive assumption, stable laws are easier to handle, and hence, many properties
like the explicit shape of the log-characteristic function, different representations,
and their ability to model various applications have been investigated (see for ex-
ample [94], [105], or [152]). Nevertheless, there are only a few cases where a stable
density is explicitly known (these cases are the Cauchy distribution (o = 1), the
Lévy distribution (o = 1), and the normal distribution (« = 2)).

If @ = 2, then every semistable distribution is Gaussian (compare [122, Theorem
14.1]). However, the normal distribution is well-known, and this is why we often
exclude this special case.

As a concrete example, consider the limit distribution of the total gain in successive
St. Petersburg games. In a St. Petersburg game, a fair coin is tossed until it shows
head for the first time. If this happens in the n-th toss, the player wins 2" Euro. The
expectation of the gain is infinite such that a fair entrée fee cannot be constructed
with naive methods, and hence, the problem became a popular paradox ([60], [37]).
Now let Sy be the total gain of the player in N independent St. Petersburg games.
It was shown by Feller [43, Chapter X:4] that

SN

2N
N log,(N)

in probability, such that a fair entrée fee for N independent games can by ap-
proximated by N log,(N) for large values of N. Later on, Anders Martin-Lof [85,
Theorem 1] offered a limit distribution for the total gain, proving that

Sy — Nlog,(N)
N

has a (ci, c)-semistable limit distribution with ¢ = 2 and a = 1 along the sequence
N = 2" with n € N. In this case, the Lévy measure ® is concentrated on 2% with

P2y =27% VEkeZ,

and (2.3) is fulfilled with y = 2.

Historically, semistable distributions were not defined by (2.3) but appeared as limit
distributions of sums of i.i.d. random variables first [78]. Similar to Example 2.1.3 (iii),

10



Chapter 2. Semistable distributions

the convergence of the partial sums has to be studied along special subsequences in the
following way.

Theorem 2.1.4. [91, Proposition 8.3.16] Let A be a random variable with full distribution
v on R, Then v is semistable if and only if there is an i.3.d. sequence X, X1, Xo,... of
random variables on R with common distribution p, an increasing sequence of positive
integers (kn)nen with k, — oo and

knJrl
Ky,

— C

as n — 0o as well as real numbers a,, > 0 such that

an(Xi 4.+ Xp,) + by S A

for non-random wvectors b, € R?. Thereby, % indicates convergence in distribution. On
the level of measures, this reads as the weak convergence

(anp)™ * &, = v.

In this case, we say that X (or p) belongs to the domain of semistable attraction of A
(orv). If b, =0 for every n € N, then X (or u) is in the strict domain of semistable
attraction of A (orv).

Remark 2.1.5. As already seen in Example 2.1.3 (i), stable laws are embedded in the
set of semistable distributions and hence can be described as limit distributions of sums
of random variables as in Theorem 2.1.4. In this case, the sequence (k;,),en can be chosen
such that k, = n for every n € N (compare [91, Definition 7.3.1}).

For every infinitely divisible distribution v, there is a Lévy process (A(%))¢>0, unique in
distribution, with Psqy = v [62, Theorem 13.12]. Note that throughout this thesis, a
stochastic process (A(t)):>o is defined to be a Lévy process if A(0) = 0 almost surely,
the increments are independent and identically distributed, and the process is continuous
in probability. If the distribution v is additionally (cé,c)—semistable, then the process
is called (cé, c)-semistable Lévy process. Due to the discrete scaling property of v, this
process fulfills

Alet) ™2 cx A(t) + y(t)

for every t > 0 and y(t) € R?, where T2 denotes equality of the finite-dimensional marginal
distributions. This property is called wide-sense (or broad-sense) semi-selfsimilarity in the
literature (see for example [122] or [122]) and offers an equivalent definition for a Lévy
process to be semistable. If v is strictly semistable, then the corresponding Lévy process
is semi-selfsimilar, meaning that

Alct) 2 cx A(t)

11
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for every t > 0. Note that every semistable Lévy process has C°°(R%)-densities z — p(z, )
for every ¢t > 0 [122, Example 28.2], and the wide-sense semi-selfsimilarity carries over to
these densities. More precisely, the densities of a strict semistable process fulfill

p(z,ct) = c‘ép(c_éx,t) (2.4)

for every t > 0. If (A(t));>0 is a stable Lévy process, then it is wide-sense selfsimilar (with
index 1), meaning that

Aet) 2w A(t) + y(t)

for every t > 0, ¢ > 0, and y(¢) € R% If in addition y(¢) = 0 for every ¢t > 0, then the
process is selfsimilar (with index é), corresponding to a strictly stable Lévy process [122,
Propositon 13.5], and (2.4) is fulfilled for every ¢ > 0 and ¢ > 0.

2.2 Log-characteristic function

Even not possible for most stable laws, we do not hope to find an explicit representation
of semistable densities. Alternatively, we characterize these distributions by their Fourier
transforms in terms of the Lévy-Khintchine triple. The explicit formula we prove in this
section will provide the basis for the following calculations and is especially needed for
the definition of semi-fractional derivatives in Chapter 3.

Since every 2-semistable distribution is Gaussian (Example 2.1.3 (ii)), we exclude this
case from our consideration. For a < 2, we can use a spectral representation of the Lévy
measure given in [91] to characterize the Lévy-Khintchine triple of a (ci, ¢)-semistable
distribution. Thus, in the following, let S = {x € R? : ||z||> = 1} denote the d-
dimensional unit sphere with respect to a fixed norm || - || on R<.

Theorem 2.2.1. (Spectral representation, [91, Theorem 7.4.3])
Let v be a (Cé, c)-semistable distribution on R? for some ¢ > 1 and o € (0,2). Then the
Lévy-Khintchine triple of v is given by [a,0,®] for some a € R? and a Lévy measure ®

fulfilling

B0t > 1,0 € D} = / o Ky (log(r)) dM(6) (2.5)

for every r >0 and D C B(S), where
M(D)=®{t0:t> 1,0 € D}

is a finite Borel measure on the unit sphere S and (Ky)ges is a family of 6-measurable,
non-negative and log(cé)—periodic functions with

Ko(z 4 6)e ™ < Ky(x — 6)e* (2.6)

12
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for every x € R, 6 > 0, and every 6 € S.

Note that the growth condition (2.6) ensures that the functions r — r~*Ky(log(r)) in
the integral (2.5) are non-increasing in r > 0 for every § € S and is hence a necessary
assumption for ® to be a well-defined measure. Additionally, it follows from (2.6) that
for every 6 € S, the function Ky is either strictly positive or identically zero. However,
due to the fullness of v, the Lévy measure @ is full, and there is at least one # € S such
that Ky is non-vanishing. For a simpler handling, we will quantify the properties of the
set (Kjp)pes in the term ’admissable’ later on (compare Definition 3.1.1 or Definition 3.3.1
respectively).

The spectral representation above allows us to simplify the log-characteristic function
(2.1) of a semistable distribution using spherical coordinates.

Lemma 2.2.2. (Semistable log-characteristic function)
Let v be a (c=,c)-semistable distribution on R? for some ¢ > 1 and a € (0,2)\ {1}. Then
the log-characteristic function ¥ of v is given by

WMin&kf—/hd%ﬁDdM@) (2.7)
S

for every k € R?, some b € R?, and the finite Borel measure M on S from Theorem 2.2.1,
where the function hy : R — C s given as the Riemann-Stieltjes integral

i La]
ho(x) :/ (em - Z(z’ras)p) dG,(r) (2.8)

0+ p=0

for every 0 € S, |a] is the integer part of o, and Gk, : (0,00) — [0,00) is the non-
increasing function G, (r) = r~*Ky(log(r)).

Proof. Consider the case a € (0,1) first. According to [91, Lemma 6.3.11]
[yl d®(y) < o0
{o<lz|l<R}

for every R > 0 such that with [91, Theorem 3.1.14], we can simplify the log-characteristic
function to

(k) =i(b, k) + / @“M—QdM@
R4\ {0}

for every k € R, where

bi=a— / L 4d(x). (2.9)

1+ [[a]]”
R\ (0}
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For every 6 € S, let Gg, : (0,00) — [0,00) be the function Gg,(r) = r~*Ky(log(r))
and note that G, is non-increasing. Using spherical coordinates = r6 with » > 0 and
0 € S, we show that the Lévy measure & decomposes as

A (z) = —dGy, (r)dM(6). (2.10)

Therefore apply a similar technique as in the proof of Theorem 7.3.3 in [91] and consider
the sets Asp == {t6 : t > 5,0 € D} for arbitrary s > 0 and a Borel set D C S. Since
these sets are N-stable and generate the Borel sets on R?\ {0}, it is sufficient to show
(2.10) for sets of this type. According to (2.5), we have

B(A,p) — / 50 Ky(log(s)) dM (6) = — / 70 4Gy, (r) dM(6)

D

_ / 4G, (r) AM(6)

AS,D

such that (2.10) holds. Then it follows that

U(k) =i(b k) — / / (em@F) — 1) dGi, (r) dM(0)

S 0+

= i(b, k) — /h9(<9,k>)dl\/[(9)

S

for every k € R?. If on the contrary a € (1,2), we find

Iyl d®(y) < oo
{lle[2R}

for every R > 0 such that
U(k) =i(b k) + / (9 — 1 —ifx, k) d®(x)
RN\{0}

for every k € R? (compare [91, Lemma 6.3.17 and Theorem 3.1.14]) with

bima-— / <1+""|”‘|x“2 —:,:) 4 (z). (2.11)

RA\{0}
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Use (2.10) to obtain

]

Remark 2.2.3. (Interpretation of the measure M)
Note that the functions hy in (2.8) are log-characteristic functions of one-dimensional
(cé, c)-semistable distributions with Lévy-Khintchine triple [ag, 0, ®y|, where

[e.o]

T .
Ay ‘= Oto
/(“7 —>d<I>() if o € (1,2)
52 T o(z) if « ,
0+

and the Lévy measure @y is supported on the positive real line with
Py (r,00) = Gk, (r) = r *Ky(log(r))

for every r > 0. Then the Lévy measure M on the d-dimensional unit sphere can be
interpreted as a mixing measure, weighting each radial direction.

Remark 2.2.4. For o = 1, the spectral representation in Theorem 2.2.1 is valid likewise,
but note that in this case neither the integral in (2.9) nor the integral in (2.11) are finite.
Alternatively, with ([91, Theorem 3.1.14]), we obtain

U (k) =i(b, k) — / / (emOF — 1 —ir(0, k)1 ey ) dGi, (r) AM(6)

S 0+

for every k € R? where

X
b:=a— — — 7zl do(x).
a / (1 HxHQ x {|$|<1}> (7)

R4\{0}

Example 2.2.5. (Stable log-characteristic function)
If Ky =1, then v is stable and for « € (0, 1),

o0

hy(x) = —a/ (em — 1) r tdr =T(1 — a)(—ir)®

0+
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for every z € R (compare [94, Proposition 3.10]). Following Lemma 2.2.2, the log-
characteristic function equals

W(k) = i{b, k) — T(1 — a)/(—z'(k 0))* dM (6) (2.12)

for every k € R In the same way, for a € (1,2), we obtain

U(k) = i(b, k) +

oy
il k) — 1—a/—zk8 M)

—i(k, 0))* dM(6)

for every k € R¢ (compare [94, Proposition 3.12]). Especially in the one-dimensional case
this yields the well-known formula

U(k) =ibk — pI'(1 — ) (—ik)* — qI'(1 — a)(ik)*

for every k € R, where p .= M{1} > 0 and ¢ := M{—1} > 0 with p+ ¢ > 0 (e.g., see [94,
Proposition 3.10 and Proposition 3.12]).

Example 2.2.6. Assume that for every 6 € S, the function Ky is smooth; this is Ky is
continuous and piecewise continuously differentiable. Due to its smoothness, the Fourier
series agrees with the function Ky in every point € R [46, Theorem 2.1] such that we
are able to write

$) — Z Cn,Gemax

neZ

2o
log(c)
addition, the Fourier coefficients decay like |c,| < C|n|~2 for a constant C' > 0 and every
n € 7 [46, Theorem 2.6]. In [66], we already considered this special case in one dimension,
and since the multidimensional case works similarly, we only name the results here. Note
that in [66], we assumed that the Fourier coefficients decay like n~2, but all results can
be proven similarly under the weaker assumption above.

As in the stable case, it was shown in [66, Theorem 3.1] that for v € (0,2) \ {1} the
integral defining hy can be solved explicitly using this Fourier series approach, and we
obtain

for Fourier coefficients (¢, g)nez € C and ¢ = guaranteeing the right period. In

ho(x) = > cnpl(iné — a + 1)(—iz)* "

neL

for every x € R. Note that this series converges absolutely due to the exponential decay
of the gamma function [3, Corollary 1.4.4]. Hence, the log-characteristic function is given

16



Chapter 2. Semistable distributions

by

U(k) =1i(b, k) / > cnol'(iné — a+ 1)(—i(k,0))* "™ dM ()

S neL

for every k € R If we define functions 7y : {z € C: |[Im(2)| = 5} — C by

no(z) == cpol'(iné — a4 1)e "™ (2.13)

ne’

for every 0 € S, it follows that

(k) /—z (e, 0)) o (log(—i (k, 0Y)) dM (6).

In comparison to the log-characteristic function of a stable distribution (2.12), we see that
the log-periodic perturbation of the Lévy measure yields a similar log-periodic disturbance
in this integral representation of the log-characteristic function.

To close this section, we want to give an example of how semistable distributions arise as
limit laws of i.i.d. sums of random variables and therefore introduce disturbed Pareto laws.
Similar to ordinary Pareto laws, these distributions are heavy-tailed, but additionally, the
tail is log-periodic disturbed. Since Pareto distributions have been successfully applied to
various heavy-tailed phenomena like the distribution of income [136] or daily changes in
stock prices [94], we furthermore hope to provide even better models by this generalized
class of distributions (compare Chapter 8).

Example 2.2.7. (Disturbed Pareto distribution)
We say that a real-valued random variable X has a one-sided disturbed Pareto distribution
if

[EeY . 1
PLX > 1) = 0K K(log(t)), ift> CT
1 ift <ca
for some « € (0,2) \ {1}, ¢ > 1, and a positive, 10g<c§>—periodic function K such that
(2.6) holds. If we assume that K is continuously differentiable, then X has the Lebesgue
density

0= %)
=:g(t)1

r (oK (log(t) — K'(log(W)1 2 (1)
(1)

(c# 00)
Note that disturbed Pareto laws differ from semi-Pareto distributions as treated in [109],
and we therefore consciously relinquish to include the prefix 'semi’ in the definition. To
evaluate the connection between disturbed Pareto laws and semistable distributions, we
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calculate the characteristic function of X. Concentrating on the case o € (0,1) first, we
obtain

E[eX] / ¢ (1) dt — / (14 e — 1) F(t) dt

Cc

Q=
Q=

C

Q=

_1 +/(eikt gt dt — /(e“ﬂf ~1)g(t) dt

for every k € R. Since K is smooth, we are able to express K with its Fourier series

— Z Cn,16m6x

nez
for Fourier coefficients (¢, 1)nez and é = 12”("‘) Following Example 2.2.6, the first integral
is given by
ikt c 7\«
—1)g(t)dt = — —ik log(k
[ (€ = Dty at = s (<) mGog(h)
0+

with 7, from (2.13), whereas for the second integral, using a Taylor approximation, we

find
o o o
[ = nga | < / e~ 1lgle)de < [ [Ktlg(t) dt = O(k)
0+ 0+
Now if Xi, Xo, ... are i.i.d. copies of X, then the sum ¢~ a 3 X has Fourier transform
j=1

(it ) - (1 ~ oy i R (log(e#k)) + 0 (ka)> :
o L")
- (1 - ;qo)(—z'k)am(log(k)) + O(Cg)>
— exp (—KEO)(—z'k)%h (10g(k))>

for every k € R as n — oo. However, this is the Fourier transform of a (ci, ¢)-semistable
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distribution v on R with v ~ [a, 0, ®], where

x
a= / e dd(z)
R\{0}

and

O(—o00,—r)=0 and P(r,00) = TO‘KEO)K(IOQS(T))

for every r > 0. Hence, we obtain convergence of the normalized sum toward a semistable
random variable with distribution v. Similarly, for a € (1,2), we have

[e.9]

E[e*X] = /(1 + ikt + et — 1 —ikt) f(t) dt

Q=

C

— 1+ ikE[X] + / (% 1 — ikt)g(t) dt — [ (¥ — 1 — ikt)g(t) dt
=1+ kE[X] — KEO) (—ik)*m (log(t)) — /(e’kt — 1 —ikt)g(t)dt

0+

for every k € R, where the last integral is bounded with

1 1
co a

/(e““ — 1 —ikt)g(t)dt| < /\eikt — 1 —ikt|g(t) dt
0+ 0+

Q=

C

< / E*t?g(t) dt
= O(K?).

le"]

Then the shifted sum ¢~« 3 (X; — E[X]) has Fourier transform

J=1

<E[eikc3(XE[X])]> L) — (1 _ K?O) (—ic o k)™ m (log(c’%k)) + O(CQJ)> -

> exp (= e et

for every k € R as n — oo. Again the scaled and shifted sum converges to a semistable
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distribution. Hence, in a similar way Pareto distributions are used to approximate stable
distributions, we are able to calculate semistable laws as limit of normalized sums of i.i.d.
disturbed Pareto distributions.

2.3 Convolution Semigroups

As a last introductory section, we recall some basic facts about convolution semigroups
and their generators. Since every infinitely divisible law generates a Feller semigroup,
this theory delivers an additional description of Lévy processes. Especially for this thesis,
not only the definition of semi-fractional derivatives depends on this connection (compare
Lemma 3.1.10), but it also allows us to solve semi-fractional Cauchy problems in Chapter
5.

Definition 2.3.1. Let (7'(t)):>0 be a family of linear operators on a Banach space (X ||-]|)
with T(0) being the identity operator. We use the following definitions:

o If T'(s+1t) =T(s)I'(t) for every s,t > 0, then (7'(t))¢>0 is a semigroup.

If for every t > 0 there is M; > 0 with ||T(t) f|| < M||f|| for all f € X, then we
call (T'(t))¢>o bounded.

(T'(t))e>0 is uniformly bounded if there is a constant M > 0 with ||T'(¢) f|| < M||f]|
for all f € X and all t > 0.

We say that (T'(t)):>o is strongly continuous if

NT@#)f—fll =0 astl]O.

A strongly continuous, uniformly bounded semigroup with constant M = 1 is called a
Feller semigroup.

In what follows, let v be an infinitely divisible law on R? with Lévy-Khintchine represen-
tation [a, Q, @], where a € R4, Q € R¥*? is a non-negative definite matrix, and ® is a Lévy
measure on R?\ {0}. By (A(t));>0, we denote the Lévy process on R? with Pagy = v.
In addition, consider the Banach space L!'(R?) of integrable functions equipped with the
|| - |]i-norm and define the family of linear operators (T'());>o on L'(R?) by

Tt)f(z) = » fla—y)dv(y) = E[f(z — A(®))]. (2.14)

According to [57, Theorem 23.13.1] and [10, Proposition 2.1], these operators form a Feller
semigroup on L!(R?). For such a semigroup, we define the generator L as
T@)f-f

Lf=lm———
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and denote with Dom(L) the domain of L containing all functions f € L'(R%) for which
the above limit exists. For further calculations, we need the following additional properties
of L and Dom(L) taken from [107, Theorem 2.4 and Corollary 2.5].

Lemma 2.3.2. Let (T'(t));>0 be a strongly continuous semigroup with generator L.

(a) Dom(L) is dense in L*(RY) and L is a closed linear operator.

t
(b) For every f € L*(R?), we have / T(s)f ds € Dom(L) and
0

T(t)f:L</0tT(s)fds> +f

For suitable functions f, the generator Lf can be written down explicitly using the Lévy-
Khintchine representation of v. As shown below, a sufficient condition on f for this
representation is to assume that f € W2(R%), where for n € N and an open subset
A C R4, we denote by W"(A) the space of all L!(A)-functions whose partial derivatives
up to order n exist and are again L'(A)-functions.

Lemma 2.3.3. ([10, Theorem 2.2]) Let v be an infinitely divisible distribution on R with
Lévy-Khintchine representation [a, @, ®]. Then the generator L of the semigroup (T'(t))i>o0
defined in (2.14) is given by

(V/f(x),y)

L) = ~@ VI + 50.0vren + [ (s -0 s+ T

RA\{0}

)dﬂw

for all f € W2(RY). Furthermore it holds that F(Lf)(k) = U(k)F(f)(k), where ¥ is the

log-characteristic function of v and F denotes the Fourier transform.

In the context of semistable laws, we are mainly interested in the following special case
of Lemma 2.3.3.

Example 2.3.4. For o« € (0,2) and ¢ > 1, let v be (ci,c)—semistable with Lévy-
Khintchine representation [a; + as, 0, ®], where a; € R? and

T
——d® if 0,1
| T ety
R4\ {0}
x .
= / (1 e — l‘]l{|x||<1}> dd(z) ifa=1 ' (2.15)
R4\ {0}
x
_— — d if 1,2
[ (e =) o ey
R4\ {0}
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Then together with (2.10), the generator L of the semigroup (7'(t));>o for a € (0,1) is
given by

Lf(2) = —{an, V(@) + / (f(x—y) — f(x)) dD(y)

RN\ {0}
—(a1, Vf(x f(z —r0)) dGe(r) dM(0)
] fe-

for every z € R?, whereas for a € (1,2)

Lf(2) = —{ar, V() + / (F(z— ) — f(@) + {y, VF(x))) dB(y)
R4\{0}

—{a1, Vf(x S/OJ[ flx—1r0) —r(0,Vf(x)))dGy(r)dM(0).

In the case a = 1, together with the spherical representation in Remark 2.2.4, we obtain
Lf(x) = —(a1, Vf(2)) + / (flz—y) = fl@) + (y, V(@) Ly <1y) d(y)
RA\{0}
for every r € R%.

Example 2.3.5. If v is a 2-semistable distribution, then it is Gaussian, and if we choose
a = 0 in Lemma 2.3.3, the corresponding generator is given by

L) = ;<v, QVf(x)).

Especially, if Q = 021d for some 02 > 0 and the identity matrix Id € R%*?, this simplifies
to

Lf(r) = 50°Af(x),

which in the one-dimensional case yields

d2
Lf(z) = ;a2dx2 (2).

A reason why studying semigroups and its generators is so important for this thesis is
their connection to Cauchy problems. Since (7'(t));>0 in (2.14) is a strongly continuous
semigroup with generator L, for any initial condition py € Dom(L) the function

q(x, 1) = T(t)po(x) = E[po(z — A(1))]
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is the unique solution to the abstract Cauchy problem

2 4(e.1) = LaCe 1), a(,0) = pola) (2.16)

for every x € R, ¢t > 0 ([150, Theorem 1.14]). If v* has a Lebesgue-density x — p(z,1)
for every t > 0, we obtain the representation

q(x,1) = /po(fv —y)p(y,t) dy,
R4
and the set {p(-,t) : ¢ > 0} is called Green’s function solution to (2.16). On the other

ot
hand, the process (A(t)):>o is called stochastic solution to the abstract Cauchy problem
(2.16).

23



Chapter 3

Semi-fractional derivatives

Although the previous chapter was mainly of introductory character, the more explicit
form of the log-characteristic function proven in Lemma 2.2.2 is a crucial step toward a
better understanding of semistable laws. For further insights, we orientate ourselves by
the results known for the special case of stable laws. As mentioned before, the theory
of stable distributions profited noticeably from its connection to fractional differential
equations, and for this reason, the following chapter is devoted to the presentation of a
generalized operator creating a similar connection in the semistable case.

In their origin, fractional derivatives did not appear as an instrument to investigate stable
laws but arose naturally as a generalization of ordinary derivatives in a letter from Leibniz
to L'Héspital in 1695 [77]. However, the connection to stable distributions was only
discovered many years later when both - the theory of fractional calculus and the theory
of stable laws - were well-established research areas.

On the contrary, we now particularly define a so-called semi-fractional derivative, which
creates an equal connection between semistable laws and associated diffusion equations.
Like fractional derivatives, the theory of semi-fractional ones can be studied outside of
a probability context and, in this sense, may also enrich the general theory of fractional
calculus. However, this task is outside the scope of this thesis.

The following chapter starts with introducing semi-fractional derivatives in the one-
dimensional case yielding the desired connection between semistable laws and correspond-
ing diffusion equations. Note that under more restrictive assumptions, the results in Sec-
tion 3.1 have partly been published in [66]. Afterward, we stepwise generalize the idea
of semi-fractional derivatives by first considering directional and then multidimensional
versions. Particularly, we analyze different forms of these operators like Caputo and
Riemann-Liouville forms and their reciprocal connection. Finally, we provide a numerical
approach to both directional and multidimensional semi-fractional derivatives in section
3.4.
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3.1 Introduction to one-dimensional semi-fractional
derivatives

To familiarize the reader with semi-fractional derivatives, we concentrate on a one-dimen-
sional setting in this very first section. Apart from different characterizations - either
by Fourier transforms or Caputo and Riemann-Liouville type forms - studying examples
improves our comprehension of this generalization of fractional derivatives.

As outlined in the introduction, there are several different approaches to define a frac-
tional derivative. However, as a starting point for our generalization, we affiliate with
the most common one in probability theory and use the Fourier space definition. This is,
the fractional derivative of order o > 0 of a suitable function f : R — R is the function
with Fourier transform (—ik)® f(k). Note that in the case a € N, the fractional derivative
simplifies to an ordinary derivative of order n, and hence this definition is a natural ex-
tension of the classical one. Although the fractional derivative is defined for every a > 0,
we restrict our attention to derivatives of order v € (0, 2] since these cases are connected

to stable distributions [94].

In contrast to fractional derivatives, a semi-fractional one not only depends on the order
a but also on an additional perturbation modeled by a periodic function. Instead of
allowing an arbitrary periodic function in the definition, we demand some qualities, which
we consolidate in the term ’admissable’. By doing so, we retain the connection between
semi-fractional derivatives and semistable laws (compare Example 5.1.3). For this and
subsequent definitions alike, we exclude the integer cases « = 1 and a = 2, which will be
justified below (see Remark 3.1.11).

Definition 3.1.1. (Admissable function)
Given a € (0,2) \ {1} and ¢ > 1, we call a function K : R — R admissable with respect
to a and c if the following three conditions are satisfied:

(i) K is log(ci>—periodic,
(ii) K is strictly positive,

(iii) the function K fulfills the growth restriction, meaning that Gy : (0,00) — (0, 00)
with Gk (r) = r~*K(log(r)) is non-increasing.

Hereafter, for an admissable function K |, let G always denote the associated function
Gk @ (0,00) = (0,00) with Gk (r) = r~*K(log(r)) .

Most of the time, conditions (i) and (ii) in Definition 3.1.1 are easily shown, but it may
be more challenging to verify the growth restriction (iii). Hence, we first prove equivalent
criteria for this last requirement.
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Lemma 3.1.2. Let K : R — (0,00) be a periodic function. The following statements are
equivalent:

(i) The function Gk is non-increasing.
(i) The function K fulfills
Kz +496) <e®K(z) and Kz —6)>e “K(x)
for every x > 0 and o > 0.
(iii) The function K fulfills K(x + §) < e K (x) for every x > 0 and § > 0.
(iv) The function K fulfills K(z +6) < e* K(z) for every x € R and § > 0.
(v) The function K fulfills K(x + 6)e® < K(x — §)e® for every x € R and § > 0.

If K is differentiable, then each statement is furthermore equivalent to
(vi) The derivative K’ of K is bounded from above with K'(x) < aK (z) for every x € R.

Formulation (v) is equal to the assumption (2.6) required for the functions K; and K_; in
the one-dimensional Lévy measure (2.5) of a (ca, ¢)-semistable distribution and thereby
already adverts to a connection to semistable laws. In a non-probability context, one
could think about much weaker assumptions to define an admissable perturbation for
semi-fractional derivatives.

Proof. The equivalence of (i), (i7), and (v) has already been proven in [91, compare p.

275 and 276]. Note that (éi) trivially implies (i7é). If (éi7) holds true, then using the
periodicity of K we obtain (iv). Now (iv) implies (i7) since for 6 > 0 and every x € R

K(z) = K(x —6+0) < e K(x —6).

It remains to prove each of these statements’ equivalence to (vi), and therefore we assume
that K is differentiable. If K'(z) < aK(z) for every # € R, then the function G is
differentiable with derivative

2Gilr) = 77 (~akK (log(r) + K(og(r))) < 0

for every r > 0 and consequently non-increasing. On the other hand, if K is differentiable
and fulfills (7v), then

K(z +0) < eK(x)
K(x+6)—K(z) e —1

5 < K@)

for every x € R and 6 > 0. Take limits on both sides to obtain

K(x+9) — K(x) e —1

K'(xz) =lim < lim

K(x) = aK(x)
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for every x € R, completing the proof. O

Using the definition of admissable functions, we can now define semi-fractional derivatives
in terms of Fourier transforms.

Definition 3.1.3. (One-dimensional semi-fractional derivative)
Choose a € (0,2) \ {1}, ¢ > 1, and a function K : R — (0,00) being admissable with
respect to these parameters. The (positive) semi-fractional derivative of f € L'(R) is

given by the function with Fourier transform Dh(k)f(k) if this function exists. Thereby
h is defined by

i L]
h(k) :—/ (eirk - Z(irk)p> dGg(r) (3.1)

-0
0+ P

and D = D(a) := (—1)l*). Analogously, the negative semi-fractional derivative can be
defined as the function with Fourier transform Dh(—k)f(k) if this function exists.

Before we formulate sufficient conditions for the existence of semi-fractional derivatives,
we record some notations and introductory remarks.

Remark 3.1.4. (Notations and introductory remarks)

(i) Since a semi-fractional derivative depends on « and ¢ as well as on the admissable
(67

function K, we denote the semi-fractional derivative by the symbol whereas

8C7Kl‘a’
o

we write ﬂ for the negative semi-fractional derivative.
e, K\ —T
(ii) In many of the following calculations, the cases a € (0,1) and « € (1,2) have to be
treated separately, and often the results distinguish in their algebraic sign. For this
reason, we fix the letter D = D(«) in the above sense for the whole thesis to obtain
closed-form expressions.

(iii) The semi-fractional derivative of a suitable function f is defined such that

f( G f) (k) = — DU(R) T (k).

607](1’0‘

where W(k) is the log-characteristic function of the (c#,c)-semistable law v on R
from Lemma 2.2.2 with b = 0 and M = ¢;. Then the semigroup theory outlined
in Section 2.3 easily delivers that this semistable density solves a corresponding
diffusion equation, showing that this definition accomplishes our preceded goal. A
detailed proof is presented in Section 5.1 below.

(iv) Note that in [66], semi-fractional derivatives were introduced by the generator form
(see Lemma 3.1.10 below), and it was shown afterward that their Fourier transform
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o~

is given by Dh(k)f(k) for every k € R. In this thesis, we decided to reverse this
procedure to create comparability with the fractional and the subsequent multidi-
mensional case. Besides, we often used a Fourier series approach in [66], assuming
that the function K is smooth, to gain explicit results. As far as possible, we avoid
this additional assumption here and only consider this case as an example.

Merely from Definition 3.1.3, it may be unclear how the Fourier transform of a semi-
fractional derivative is structured, i.e., how the function h given by the integral (3.1)
behaves. The following remark shows that the Fourier transform is indeed not more than
a log-periodically disturbed version of the Fourier transform of a fractional derivative.

Remark 3.1.5. (Shape of the Fourier transform of semi-fractional derivatives)
To interpret the Fourier transform of a semi-fractional derivative, define the function
uy : R — C by ui(y) == (—ie¥)"“h(e¥). We first show that similar to the perturbation K

the so-defined function w; is log (c§>-periodic. Note that for every y € R
Uy (y + log(ci» = (—ieyc%)_ah(eyci)

% Lol
— (_Z-ey)—ac—l/ (eireyca o Z(i?‘@yca)p) dGK(T),

0+ p=0

and using the substitution z := rca for Riemann-Sticltjes integrals ([4, Theorem 7.7]) we
obtain

Uy (?J + 10g<0é)) = (—iey)_ac_l/ <€ieyz — %(ieyz)p> dG(zc™w).
0+ 7=0
Since K is log (cé)—periodic itself, for every z € (0,00), we find
G’K(zc’é) = (zc’é)’O‘K (log(zc’é))
=cz K <log(z) - log(cé»

= cz K (log(2))
= cGk(2)

and thereby
1 Tl
(0 (y + log(cE)) = (—iey)acl/ e"’" =3 "(ieY2)" | cdGk(2)
0+

= u1(y).

Hence u; is a log (cé>—periodic function, and if we rearrange the defining equation for w4,
it follows that h(k) = (—ik)®u;(log(k)) for every k > 0. Analogously with us : R — C de-
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fined by ua(y) = (ie¥)"*h(—e¥), we obtain h(k) = (—ik)*uy(log(—k)) for every k < 0, and
the function wus is likewise log ca -periodic. Consequently, the Fourier transform behaves
like a Fourier transform of a fractional derivative log-periodically disturbed by u; or us on
the positive and negative real line. Note that the periodic functions uy, us are continuous
as compositions of continuous functions, and thus C} = max,cr{|u1(x)|, |ua(x)|} exists.
Then for every k € R, the Fourier transform of the semi-fractional derivative is bounded
with

o~

‘;( o f) <k>‘:|Dh<k>f<k>yscl|k|a|f<k>|. (3.2)

867[(1'0‘

Example 3.1.6. For smooth functions K, the integral defining h in (3.1) can be computed
explicitly as in Example 2.2.6. This is, if we write

K(ﬂf) — Z cneinéx

neZ

for every x € R with Fourier coefficients (¢,)nez € C and ¢ = lfg—('c‘), then the semi-

fractional derivative of a suitable function f is given by the function with Fourier transform

~

Dh(k)f(k), where

h(k) = 3 wp(—ik)*

neZ
and w, = ¢,I'(in¢ — a + 1) for every n € Z (compare [66, Remark 3.3]).

Example 3.1.7. (Fractional derivatives)

Searching for a generalization of fractional derivatives, we want to ensure that these
operators are a subset of all semi-fractional derivatives. For this purpose, choose K(x) =
\r(11_a)\ = F(lfi ) for every x € R, which is a smooth admissable function. According
to Example 3.1.6, the semi-fractional derivative of a suitable function f is given by the
function with Fourier transform (—ik)®f(k) for every k € R, which, per definition, is the
fractional derivative of order a. In addition, the negative semi-fractional derivative equals

the negatively skewed fractional derivative under this choice of K.

To ensure the existence of the Fourier transform f in the definition of semi-fractional
derivatives, we necessarily need f € L'(R%). However, the subsequent lemma shows that

we have to demand even more quality of the function to secure the existence of a function
with Fourier transform k +— Dh(k)f(k).

Lemma 3.1.8. Let a € (0,2) \ {1}, ¢ > 1, and let K be an admissable function with
respect to these parameters. For every f € WLC“J”(R), the semi-fractional derivative

T @) = o [ fr) ar

R

807K$a

~

exists with Fourier transform Dh(k)f (k).
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Proof. According to the Lemma of Riemann-Lebesgue (see for example [47, Theorem
8.22]), for f € WI*2(R), we have

- Cy

for a constant Cy > 0. Then with (3.2)

aoz B R |k’a
(5t ) )] = W) < i

Since |a] +2 > a + 1, the function k& — W is integrable for large |k|, and the

Fourier inversion theorem yields the result. O]

Remark 3.1.9. It follows immediately from the proof of Lemma 3.1.8 that the negative
semi-fractional derivative exists under the same assumptions.

For many applications and a better intuition of semi-fractional derivatives, we aim to
characterize this operator not only in the Fourier space but by its concrete action on
a function f alike. In [66, Section 2.1], two different integral representations of semi-
fractional derivatives were introduced, which we shortly recall here. The first one is based
on the semigroup theory introduced in Section 2.3.

Lemma 3.1.10. (Generator form of the one-dimensional semi-fractional derivative)
Let o € (0,2)\ {1}, ¢ > 1, and let v be a (ca,c)-semistable distribution with Lévy-
Khintchine triple [a,0, @], where a is defined as in (2.15) and the Lévy measure ® is given

by
O(—00,—1) =0 and P(r,00) = Gg(r)
for every r > 0 and an admissable function K. If L denotes the corresponding generator

given in Example 2.3.4, then for every f € WIF2(R), the generator form of the semi-
fractional derivative exists with

o«
807](1’0‘

f(x) = =DLf(x) (3.3)

for every x € R. Analogously we obtain the negative semi-fractional derivative by a
reflection of the Lévy measure and (3.3).

Note that this integral representation arises immediately from the fact that the Fourier
transform of the generator L is given by Lf(k) = U(k)f(k) = —h(k)f(k) with the log-
characteristic function W of the underlying law v. Then —DL f(x) has Fourier transform
Dh(k)f(k), and the result is verified with the uniqueness of the Fourier transform.

Utilizing the representation of the generator L in Example 2.3.4 we formulate (3.3) ex-
plicitly as follows. Let o € (0,2) \ {1}, ¢ > 1, and let K be an admissable function. For
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every f € WL+2(R), the generator form of the semi-fractional derivative

LaJ
=D / ( r—y) - (- y)”f(p)(l’)) dGk(y) (3.4)

6C KZL‘O‘ p=0

exists with Fourier transform Dh(k)f(k). The generator form of the negative semi-
fractional derivative given by

Lo
acj =D / ( (z+) pzzjoypf(p)(:c)) dGx(y)

with Fourier transform Dh(—k)f(k) exists under the same assumptions.

Remark 3.1.11. Note that in Definition 3.1.3, the cases a = 1 and a = 2 were excluded
for different reasons. For o = 1, we proposed a semi-fractional derivative in [66, Section
2.2]. However, since this case is only a side issue and calculations become rather lengthy,
we do not treat it here and refer to the paper only. For o = 2, using (3.3), the generator
form coincides with an ordinary second-order derivative (see Example 2.3.5), which cor-
responds to the fact that every 2-semistable distribution is Gaussian (compare Example
2.1.3 (ii)). For this reason, considering o = 2 will not yield any new results, and hence
we draw no further attention to this particular choice of «.

Remark 3.1.12. As one may expect, positive and negative semi-fractional derivatives

are not completely different operators but connected in a certain way. Namely for every
function f € WI+2(R) and x € R, it follows that

o 0
mf(x) = g(—x) (3.5)

807K$a

where g(x) = f(—z). This equality is directly obtained from studying the right-hand
side of (3.5) given by

la]
> _D / ( Z<—y>pg@><—x>) 4G (y)

ac Kl’a =0

o]
=7 (f<:c +9)- Z(—y)p(—l)pf(p)(x)) 4G (v)

for every x € R.

Under additional assumptions on f, the generator form yields related forms, specifically
the Caputo and the Riemann-Liouville form. For their definition, let Cy(IR?) be the space
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of all continuous functions f : R — R with im0 f (x) = 0. Furthermore, for fixed
n € N, define the space C(R?) of n-times partially differentiable functions f : R — R
such that f and all partial derivatives up to order n belong to Cy(R?).

Then the Caputo form of the semi-fractional derivative is defined as follows. Let f €
Wlel+2(R) N ¢ (R) and consider the case o € (0,1) first. Integration by parts for
Riemann-Stieltjes integrals (compare [76, Chapter X, Proposition 1.4]) of the generator
form (3.4) yields the Caputo form of the semi-fractional derivative

o !
Forern &) = / [z —y)Gx(y) dy (3.6)
0+
(compare [66, Section 2.1]). If instead o € (1,2), we obtain
o r
Gl = [0 = 1= 9)Glo) . @7)
0+

Remark that in this case with repeated integration by parts,

aa

807](%&

f(a) = / F'(@ — ) Hic(y) dy, (3.8)

where similar to G, the function Hg : (0,00) — (0,00) can be written as Hg(y) =
vy *y(log(y)) and v : R — (0,00) is a continuous, admissable function with respect to
the same parameters o € (0,2) \ {1} and ¢ > 1 such that

[e.o] o0

/ Gre(a) do = / K (log(x)) dx = y'"y(log(y)) = H () (3.9)

Y Y

(see [66, Lemma 2.2]). In addition, if K is smooth with Fourier series representation

K(z) = ngejz Cp,eM with ¢ = 1«3&3) and Fourier coefficients (¢, )nez € C, then v has the

Fourier series representation

Cn ncx
1) = 2 T e
for every € R [66, Lemma 3.2]. Since we always assume f € Wl2(R) N COLO‘JH(R),

we refer to both (3.7) and (3.8) as Caputo forms for o € (1,2). Note that using Remark
3.1.12, also negatively skewed forms of the Caputo semi-fractional derivative are defined.

Finally, we present a Riemann-Liouville type form of the semi-fractional derivative not
mentioned in [66]. It arises from the Caputo form by a formal change of integration and
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differentiation; this is for o € (0, 1), we define

( : )af(x) ::o;i]of("’f—y)GK(y)dy (3.10)

607[({['

to be the Riemann-Liouville form of semi-fractional derivative, whereas for a € (1,2), we
set

( ; )af(x) 1—(2;71”(:0—@/)]{[(@)@7 (3.11)

@CJ(ZL'

whenever these integrals exist. In accordance with the fractional case, we define the
negative semi-fractional derivative of Riemann-Liouville type by

9 “ d [
(atm) 110 [yt

for a € (0,1) and

<ac1:(9—96)> f(x) = C;/f(x—i-y)HK(y) dy

0+

if & € (1,2). In general, the Caputo and Riemann-Liouville form do not agree and hence
are denoted with different symbols. Their difference will be analyzed in a more general
setting in the next section (see Lemma 3.2.12 and Lemma 3.2.15).

Remark 3.1.13. We aim to show that the relationship between positive and negative Ca-
puto forms in Remark 3.1.12 still holds for the Riemann-Liouville semi-fractional deriva-
tive.

Consider the case a € (0,1) first and define J(z) == [ f(x +y)Gk(y)dy. ff g: R — R is
0+
defined by g(z) == f(—x) for every x € R, then

(52) 0= it [ ot =Gt ay

(907 KX
0+

— jx/f(—x +vy)Gk(y)dy = %(J(_x))u

and the chain rule yields

(2 I)ag@c) S
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Now insert the point —z to get

(&ix)ag(‘x) -G (aj_x)) /()

for every x € R. Applying the chain rule twice, we obtain the same result for a € (1, 2).

In analogy to stable and semistable laws, semi-fractional derivatives are more challeng-
ing than fractional ones since the log-periodic perturbation complicates the calculations.
Nevertheless, the following example shows that considering the more complicated case
yields noticeable different results and therefore justifies its studying with all associated
troubles.

Example 3.1.14. Let f : R — (0,00) be defined by f(z) = e~ for some a > 0. Then
[ e W3(R)NCZ(R), such that the assumptions of Lemma 3.1.8 are fulfilled for any choice
of @ € (0,2) \ {1}. Hence for fixed o € (0,2) \ {1}, ¢ > 1, and K admissable with
respect to these parameters, the Caputo form of the semi-fractional derivative of f exists
with Fourier transform Dh(k)f (k). Additionally, the Riemann-Liouville form exists and
equals the Caputo form since in (3.10), we can differentiate under the integral due to the
exponential decay and smoothness of f.

TR e

Semi-fractional derivative

Figure 3.1: Caputo semi-fractional derivative of f(z) = e~2 with respect to v = 0.4,

c=¢e*™ and K asin (3.12) (solid line) in comparison to the fractional case with K (z) =

F(ll—a) (dashed line) in Example 3.1.14.

Even in this straightforward case, it is impossible to obtain a closed-form expression for
the semi-fractional derivative. However, we can calculate the result numerically, as shown
in Appendix C for the following choice of parameters. Set a = 2, a = 0.4, ¢ = €™ as

well as

K(z) = F(ll—a) + 110 sin(z) + 225 sin(2z) (3.12)
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admissable with respect to these parameters. Figure 3.1 shows the resulting semi-fractional
derivative of f. For comparison, we furthermore display the associated fractional deriva-
tive corresponding to the constant function K(z) = ﬁ Note that for large values of
|z|, the fractional and the semi-fractional derivative are comparable due to the fast decay
of f. However, for small values of |z|, the semi-fractional derivative shows significantly
different behavior from the fractional one, and the additional log-periodic disturbance
even changes the monotonicity of the resulting derivative. Due to this remarkable dis-
tinction, studying semi-fractional derivatives instead of the easier fractional ones may be

worth the effort.

As the previous example implies, for most functions f € WlJ+2(R) N C ™ (R), we are
not able to calculate a closed-form expression of semi-fractional derivatives. However, the
Caputo form of semi-fractional derivatives exists under much weaker assumptions on f,
and some of these cases are explicitly solvable. The integral defining the Caputo form can
even be finite for functions f ¢ L'(R?). In this case, f does not have af Fourier transform,
and we do not obtain a semi-fractional derivative in the sense of Definition 3.1.3. The
following example displays such a case and yet justifies in what sense the calculated object
is still a semi-fractional derivative.

Example 3.1.15. Let a € (0,1), ¢ > 1, and let K be a smooth admissable function with
respect to these parameters. Furthermore, denote by (¢, )nen the Fourier coefficients of K
and note that due to the smoothness of K, the coefficients are absolutely summable. We
study the semi-fractional derivative of f(z) = a1 (g0 (x) for some p > 0. Clearly, f is
not integrable and hence does not satisfy the assumptions in Lemma 3.1.8. Nevertheless,
the Caputo form (3.6) exists with

T

o° o
Gl @) = [ bl =y K og(w) dy
“ 0+
=p | Y cale—y) Ty dy
o nez

for every x > 0 using the Fourier series representation of K. By dominated convergence,
we change integration and summation such that

xT

f@)=pY e [ (@—y)P Tyt dy.

ne”Z o

aa

EQJ<xa

Now substitute z = % to obtain

1
0 f(@)=pxd e | (x—x2)P N z2) *T"dz
E%I(Ia

g ne”l

0+
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1

=p Z Cnxp—a—l—mc/(l . Z)p—lz—a+znc dz
nez O

=paP > cn™ B(p,1 — a + iné),
nez

where B(xz,y) denotes the beta function

1
B(z,y) = /(1 — ) vl at
0

for every z,y € C with Re(z), Re(y) > 0. Define ¢ : (0,00) — R by

((z) =Y e.B(p,1 — a+ing)e™™

nel

and note that ( is a well-defined, real-valued, and log (c§>—periodic function. Finally, ( is
strictly positive since, with dominated convergence, it follows that

1

C<x> — / Z Cntp_l(l . t)—a+inéeinéx dt

0 nez

1

_ /tpl(l — 1)K (log(1 — ) + 2) dt > 0

for every x € R Altogether, the Caputo form of the semi-fractional derivative is given
by

aa

OC,KZL‘O‘

f(x) = pxP=((log()),

and hence the Caputo semi-fractional derivative of f oscillates around a multiple of zP~.

Especially, we obtain the fractional derivative of order « corresponding to K (z) = ﬁ
as
o r r 1
f(x) prp*“—(p) = a:p*a—(p+ ) :
Oz I'p+1—a) I'p+1—a)

For a = % and two different choices of p (p = 0.3 and p = 0.6), Figure 3.2 displays the

semi-fractional derivative with perturbation

1
L(1-a)

= 110(sin(2:c) + cos(x)) + Ki()

Ky(z) = 110(5111(2$) + cos()) +
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in comparison to the fractional derivative corresponding to the constant function Kj.
Using Lemma 3.1.2, the function K, is admissable and oscillates around K;. Both plots
are shown on a double logarithmic scale, such that the fractional derivative is a straight
line with slope p — a. The Matlab code for the calculation is given in Appendix C.

Semi-fractional derivative
s
Semi-fractional derivative

107

102 10° 102 10* 1072 10° 10° 10%
X

X
Figure 3.2: Semi-fractional derivative with respect to a = %, c = e?™ and K, (solid line)
for p = 0.3 (left) and p = 0.6 (right) on a double logarithmic scale in comparison to the

fractional derivative corresponding to K (dashed line) in Example 3.1.15.

Similar to the Caputo form, the Riemann-Liouville form of the semi-fractional derivative
exists and equals the Caputo form, which can be derived either by direct calculation or
by the general result in Lemma 3.2.12.

Note that with f ¢ L'(R), the semi-fractional derivative of f does not exist in the sense
of Definition 3.1.3, and the above results only show the existence and form of the integral
(3.6). However, this statement can be strengthened in the following way. If we consider
f and the Fourier transform in the distributional sense, then f(k) = I(p + 1)(—ik) !
[58, Example 7.1.17]. On the other hand, we can calculate the Fourier transform of the
Caputo form in the distributional sense. Therefore, let ¢ be an element of the Schwartz
space S(R) consisting of all rapidly decreasing functions. Then we obtain

/ F (aj;a f) (2)6(x) dz = / ( acf;a f) ()p(x) dx

_ / pa" ¢ (log(x)) () d

o0

— p/ > B, 1—a+ ind)z? TG (1) d.

0 neL

Using the absolute convergence of the Fourier coefficients of ¢ and the fact that with ¢,
the Fourier transform ¢ is likewise rapidly decreasing, we change the order of integration
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and summation yielding

$p_a+in6§/b\($) dx

/f(a o f) (x)gb(x)da::chnB(p,l—Oz+in5)

(e

=p Y cB(p,1—a+ind) [ Fa? "L 00 (2))(x) du.

neL

P S~

According to [58, Example 7.1.17], the Fourier transform of g(z) = zP~*t"1; o) (x) in
the distributional sense is given by T'(p — o + iné + 1)(—iz) P71 and hence

/ 4 ( - f) (2)p(x)dr = T (p+ DI(1 — o+ iné) / (—iz)* P71 () da.

8C KIa
) nel 2

Changing integration and summation once again, we finally get

+ (a ?;a f) (k) =T(p+ 1)(=ik) "> ¢, T(iné — o + 1)(—ik)* "

= J(k)h(F)

as stated in Example 3.1.6. At least, the definition of semi-fractional derivatives is fulfilled
in this weaker, distributional sense, and one may thereby still talk about a semi-fractional
derivative.

3.2 Directional semi-fractional derivatives

So far, we only considered one-dimensional functions f : R — R and their semi-fractional
derivatives. However, real-world applications can rarely be reduced to such a one-dimen-
sional setting, and therefore we have to think about multidimensional generalizations of
fractional derivatives. This is, we need to extend the definition of fractional derivatives
to fractional equivalents of multidimensional differential operators such as the gradient or
the Laplace operator.

Even in the special case of fractional derivatives, whose one-dimensional forms have been
known for many decades, this is a relatively new and unexplored research area. The
first approach toward a fractional gradient was given by Ben Adda [19], who replaced
the ordinary derivative in the gradient’s definition with a Sonine-Liouville fractional one
(sometimes also called Nishimoto derivative; see for example [120, Section 22]). Based
on the variety of one-dimensional fractional derivatives, several different suggestions for
multidimensional differential operators appeared in the following years (see for example
[41], [31], [137], or the overview given in [138]). Recently, Meerschaert et al. proposed
a definition of fractional gradients and related operators based on directional fractional
derivatives in [87] (also compare [89]). Due to its generality, their definition includes
several known forms, and therefore we apply a similar technique in this thesis to obtain
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a multidimensional semi-fractional differential operator.

The basic idea in [89] is to display the multivariable fractional derivative as a mixture
of directional fractional ones, so this section is devoted to define and analyze the semi-
fractional counterpart. Guided by [89], this will yield the multidimensional semi-fractional
derivative in Section 3.3.

Recall that for a function f : RY — R, the ordinary directional derivative along a given
vector € € S, where again S is the d-dimensional unit sphere, is given by

00f () = {0, V1 (@)) = - b () = 02,

i=1 i

s=0’
where b : R x R — R is defined by b(x,s) := f(x + s6) and (-,-) denotes the Euclidean
inner dot product on R¢. Similarly, we define directional semi-fractional derivatives.

Definition 3.2.1. (Directional semi-fractional derivative)

Let a € (0,2) \ {1}, ¢ > 1, and let K be an admissable function with respect to these
parameters. In addition, fix a unit vector 8 € S. If this function exists, the directional
semi-fractional derivative along 6 is given by

B pay =

b(x,s)

, (3.13)

8C,Kxa ac,KSa 5=0

where b : R4 x R — R is defined by b(z, s) == f(x+ s6) and the one-dimensional derivative
is the generator form of the semi-fractional derivative (3.4). We will refer to this derivative
as the generator form of the directional semi-fractional derivative in the following.

Using that

aasb(x’ s) = (0,Vf(z + s0)) = 0pf(x + s6),

the generator form of the semi-fractional derivative in (3.4) reads as

p=0

§ r o]
8:18&1)(37, 5) = D/ (b(x, s—y) — Z(—y)pb(”)(:ﬁ, S)) A (y)

> la]
= D/ (f(x + (s —9)0) = > (—y)P f(x + 59)) dGr(y)

p=0

with 8(50) f = fand @gl) f = 0yf for every § € S and € R%. Now evaluate this expression
in s = 0 to gain the following explicit representation of the directional semi-fractional
derivative.

Lemma 3.2.2. (Ezplicit representation of the generator form)
Let o € (0,2) \ {1}, ¢ > 1, and let K be an admissable function with respect to these
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parameters. In addition, let 0 € S be a fixed unit vector. An explicit representation of the
directional semi-fractional derivative along 0 is given by

Lo
=D / ( (z —yb) — Z( y)”%”f(%)) dGx (y) (3.14)

80 Kl'a

for every x € RY.

Remark 3.2.3. Our considerations are inspired by [89] and [88], in which the authors
studied a directional fractional derivative defined by

o o
e (z) = 81,&5(9573) 0
with b as in Definition 3.2.1. By choosing K (z) = m, their operator is included in

our more general definition.

Example 3.2.4. (Connection to one-dimensional semi-fractional derivatives)
Consider the one-dimensional case S = {—1,1}, and let f : R — R be a function such
that semi-fractional derivatives of every order exist. For 6 = 1, it follows that

la . .
oz 0) =D / ( =y —];(—y)pjxpf@)) ACly) = = f(a)

807[(270‘

such that the directional semi-fractional derivative equals the generator form of the pos-
itive semi-fractional derivative. In the same way, we obtain equality of the directional
semi-fractional derivative along # = —1 with the negative form of the semi-fractional
derivative.

As in the one-dimensional case, the directional semi-fractional derivative exists under
smoothness assumptions on f, but additionally, we need some qualities of the resulting

derivative. Using the generator form, we can prove the following result similar to [88,
Lemma 2.4].

Lemma 3.2.5. Let a € (0,2) \ {1}, ¢ > 1, and let K be an admissable function with
respect to these parameters. The directional semi-fractional derivative along 6 € S of
f e Wld+2(Rd) 0 Ol (RY) exists and

/

R4

0%

86,;(950‘

de < C

f(x)

for a constant C' > 0 independent of 6.

Proof. First, note that for f € WL*+2(R4)N C’%aJH(Rd), the semi-fractional derivative of
b(x,s) = f(z+s0) in (3.13) exists according to Lemma 3.1.8. To prove that the directional
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semi-fractional derivative is integrable, use Lemma 3.2.2 yielding

i o0 Lo
[ @) ax= [|p [ (f(:v—ye)—;)(—y)”ﬁé”)f(x)> AGe(y)| do
Rd Rd 0+

< Li(z) + Ir(x)

for every x € R4, where I; and I, are defined by

; o)
Ii(z) = / D / (f<x—ye>—z<—y>paé">f<x>) dG(y)| dx

p=0

p=0

v o]
I(z) = / D / (f(fv—yH)—Z(—y)paé”)f(ﬂf)) dGk(y)| dz.

R4
Considering the integral I5(z) first, we use Tonelli’s theorem and find

o0

Lo

L(x) < / / o —y0) = S (—y) o f(2)| de G ()
1 Rd p=0
® la]
< / <||f||1+Zy”l|3§”)f|I1> G (y)
1 p=0
=2|[fllx | dGx(y) + 10 flli | | ydGK(y) | Laz)(a)
/ /
=2||fllh | dGk(y) +|IVfllh | [ ydGr(y) | Lz ().
/ /

Since f € WIIF2(RY), it follows that ||f||1, ||0sf||1 < co. Furthermore, Gk behaves like
Gk(y) ~ y= @ for large values of y, and hence the first integral is finite. With the same
argument, the second one is finite for a € (1,2). Summarizing, we get Iy(z) < oo for
every x € R4,

It remains to show that I; is likewise finite. With a < 2, we can rewrite I;(x) as

I(z) = /

R4

! Lo 2 \P
o/ (f(x ) - Zmaép)ﬂw)) AG(y)| dr.

— P!
0+ p=0

As fis (|a] 4+ 1)-times partially differentiable with continuous derivatives, use a Taylor
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series expansion with integral representation of the remainder to obtain

L] o] +1
-1
(x —yb) — E (p) (Gl il /a(MJrl s0)(y — s)1 ds.

- Loz

Inserting this expression in [;(z) yields

/ / La? - / O flo = s0)(y - 5)!) ds| dGic(y) da

Rd 0+
Y

< LOZ'/// ‘8&0‘”1)]”(:1: —s0)(y — S)LQJ‘ ds dGk(y) dx
Rd O+

0

Finally, apply Tonelli’s theorem to obtain

/ / / O f (= s0)| d (y — )1 ds dGic(y)

1 o o
< ol / / (y — )1 ds dG (y)
0+ 0

1
1 a
= gl [ |-
' 0+

1
1 o o
= eI A [ e dG ),

0+

I

| /\

Yy
y — s)mﬂ dG g (y)

0

Now ||0éw+l) fll1 < oo due to our assumption on f and the norm is bounded independent
of 6 by the norm of the gradient or Hessian matrix respectively. Additionally, yl®*! is
integrable around zero with respect to G . Hence I1(z) < oo, which finishes the proof. [

When considering the d-dimensional sphere with respect to the Euclidean norm, we can
connect directional semi-fractional derivatives for different choices of 8 similar to Remark
3.1.12 as the following lemma shows.

Lemma 3.2.6. Let S be the d-dimensional sphere with respect to the Fuclidean norm.
Furthermore, choose o € (0,2) \ {1}, ¢ > 1, and let K be an admissable function with
respect to theses parameters. In addition, letr : RY — R? be a reflection, this is r(z) = Ax
for an orthogonal, symmetric matriz A € R¥>? and every x € R?. Then for a fived unit
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vector § € S

g9(r(z)), (3.15)

achSCa

where g(z) = f(r(z)) for every x € R%.

Proof. First note that with § € S and the fact that r is orthogonal, we have r(0) € S,
and the directional derivative is well-defined. We evaluate the right-hand side of (3.15).
In view of (3.14), for every z € R?

Lo
T((’ D/( g(z —yr(6 Z( y)f’(?ﬁ’(’(g)g(x)) G (y)

8 KIO‘

=D / (9(z = yr(0)) = 9(x) + Y0r)9(x) 112 () G (y)

- D/ (f(r(x) = y0) = f(r(2)) + y(r(0), Vg())L12)(a) ) dGx(y)

since r is linear and self-inverse. For o € (1,2), we analyze the gradient of g. Utilizing
the chain rule, Vg is given by

Vg(x) = Dy (2)"V f(r(z))

for every € R, where D, is the Jacobian matrix of z — r(z). However, r is given by
r(z) = Az with A symmetric such that

Vy(z) = AV f(r(z)).
This yields

(r(0), Vg(x)) = (A0, AV f(r(x)))
= (0, V[f(r(z)))
= 0y f(r(z))

using the orthogonality and symmetry of A once again. Altogether, we find

-D / — F(r(@)) + 900 (r(2)) Ly (@) dCxc(y)

8c KIO‘

43



Chapter 3. Semi-fractional derivatives

for every x € R?. Finally evaluate this expression in r(x) to obtain

oo

T g(r(2)) = D [ (e —0) = J(0) + 100 (5] L2 (@) dGity)
0+
- Gt
for every x € R? with (3.14). O
Remark 3.2.7. In one dimension, choose r(x) = —x for every x € R. Then r is a

reflection as defined in Lemma 3.2.6, and according to Example 3.2.4 and Lemma 3.2.6,
it follows that
o 0%,

(=2 (_x)af (z) =

B yay=-2 g

8C,Kxa

flx) =

8C,Ka:0‘ ac,KJJO‘

for every x € R, where g(x) = f(—z). Hence we regain the result of Remark 3.1.12.

Apart from the explicit representation of the directional semi-fractional derivative, we
need to evaluate its Fourier transform.

Lemma 3.2.8. (Fourier transform of directional semi-fractional derivatives)
Let o € (0,2) \ {1}, ¢ > 1, and let K be an admissable function with respect to these

parameters. In addition, let f € W¥2(R4) 0 CY T (RY). Then for every fized 6 € S,

o~

;( % f> (k) = Dh({k.0))F (k)

ac7KZEO‘

for every k € RY, where h is given by (3.1).

Proof. According to (3.4), the generator form of the semi-fractional derivative of b(z, s) =
f(z + s0) is given by

o 7 la]
8078 " b(x,s) = D/ (b(:v, s—y)— Z(_y)z)b(p)(x7 s)) dGrc(y).

p=0

Applying a d-dimensional Fourier transform in k& € R? yields

(907[(80‘ p=0

;c( o b) (k,s) = D/e“’f@]o(b(x,s—y) —%(—y)”b(p)(xﬁ)) dG i (y) da

[ o] )
— D]R[euk,@o[ (f(x + (s —y)f) — Z(—y)paaspf(x + 39)) dG i (y) da.

p=0
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In view of Lemma 3.2.5, we can switch the order of integration with Fubini’s theorem
such that

le} 7 L] D
F (5 20) s =n /e“’“’x)(f(wr(s—y)@)—Z(—y)paaspf(x+s9)) 4o dGic(y).

ac,KSa p=0
0+ Rd

With the linearity of the Fourier transform, we evaluate the inner integral term by term.
First notice that with the component-wise substitution z = x + u, it results that

-~

/ei<k’x>f($ +u)dx = e~ hu /ei<k’z>f(z) dz = e7 "k £ (k)

R R
for every u € R%. Additionally, for a € (1,2), we have

. 0 0 ~ . . ,
i(k,x) _ —i(k,s0) _ - —i(k,s0)
/e 75 f(x + s0)dr = 95 (ke = —i(k,0)f(k)e

Rd

using dominated convergence. Then the Fourier transform is given by

867[(80‘ =0

v w . ) Lo =N )
f( b) =0 [ (f<k>e-z<kv<8-y>9>—z<z’y<k,9>>p <k>e—z<’ﬂ’w>) 0Cre ().

Evaluate this expression in s = 0 to obtain

aa N x® ) LaJ
f( ab) .00 = Df(k) [ (ew<“> _ z<¢y<k,9>>f’) 1Cre(y)

Oeos 0+ =0
= Dh((k,0))f (k)
with h as in (3.1). By definition, it follows that

~

f( % f> (k) = F( 0" ab> (k,0) = Dh((k,8))f (k)

aqua ac,KS

for every k € R O

As for the one-dimensional derivative, the generator form is the basis for other semi-
fractional derivatives, namely the Caputo and Riemann-Liouville form.

Lemma 3.2.9. (Caputo form of directional semi-fractional derivatives)
Let o € (0,2) \ {1}, ¢ > 1, and let K be an admissable function with respect to these

parameters. In addition, fir a unit vector @ € S. For every f € WL+2(R%) ﬂC’OLaJH(]Rd),
the generator form of the directional semi-fractional derivative exists and coincides with
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the Caputo form

o
%
6C,K93°‘

=D [ (30~ v8) - Bf (2]l (@) )y (310
0+

for every x € RY.

Proof. Using integration by parts for Riemann-Stieltjes integrals [76, Chapter X, Propo-
sition 1.4], we get

cKIa

la]
D/( flz —yb) — Z( y)paép)f(‘r)> dGk(y)

[e.9]

L]
=D [(f(:v —y0) — Z(—y)paé”m) Gx(y)

p=0

r=0+

Lo
—D/ ( Vf(x—yb),—0)+ > p(—y)’~ 13@’”}“(@) Gk(y) dy.
p=1

With f € C'OaHl(Rd), use a Taylor approximation yielding

la]
Fla—y8) =S (~y)PoY f(x) = f(x — y8) — f(x) + ydof(x)Li1z(a)

p=0
< OgyLaj—H

for a constant C3 > 0 such that with the boundedness of K, it follows that

Lo

Zl/i_r}ré | (f(x —yb) — Z(—y)paép)f(x)) Gr(y)

< C3 lim yl* 1y~ K (log(y)) = 0.
=0 y—0

Note that with f € C(EQHI(]Rd), the evaluation at oo vanishes as well and hence

e} X LO‘J
% fay=-D / (<Vf(:v —y8).—6) + ZP(—y)”‘laé”)f(@) Giely) dy

867[(1'0‘

— —D/ ((Vf(x —y0),—0) + 3@f($)]l(1,2)(0‘)) Gr(y)dy

=D [ (305 (= v8) = 0uf (@)1 (@)) Giclo)
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As in the one-dimensional semi-fractional case, repeated integration by parts yields the
equivalent form of the directional semi-fractional derivative for o € (1,2)

o0

@)= [ (Gufa~ 98) = uf ()1 ()) i)

0+
00

= /(9, Hy(x —yb)0) Hi (y) dy (3.17)

103
%
807K:va

for every € R?, where H, is the Hessian matrix of f and Hy is given by (3.9). Again,
we will refer to both formulas as Caputo form. A formal change of integration and
differentiation finally yields the Riemann-Liouville form of the directional semi-fractional
derivative.

Definition 3.2.10. (Riemann-Liouville form of directional semi-fractional derivatives)
Let a € (0,2) \ {1}, ¢ > 1, and let K be an admissable function with respect to these
parameters. For o € (0,1) and 6 € S, we define

< g )af(x) - <v]0f(‘” —y0)Gx(y) dy,9> (3.18)

chKm

for every € R? to be the Riemann-Liouville form of the directional semi-fractional
derivative, if this function exists. Whenever this function exists, let the Riemann-Liouville
form of the semi-fractional derivative of order o € (1,2) be defined by

a e
( ac;x> (@) = (0, Higp)(2)0), (3.19)
where I(f) : R — R is the function I(f)(x) = Tf(x — y0)Hk(y)dy with Hg as
introduced in (3.9). "

Remark 3.2.11. First note that the definition of Riemann-Liouville directional deriva-
tives in one dimension coincides with the definitions (3.10) and (3.11) if we choose 6 = 1.
Besides, the relation between different directional derivatives obtained in Lemma 3.2.6
still holds for the Riemann-Liouville form of the directional semi-fractional derivative,
which is proven in the following.

Consider the case o € (0,1) first and define J(z) == [ f(z—y0)Gk(y) dy for every x € R%.
0+

In addition, let r : R — R? be a reflection as given in Lemma 3.2.6. We want to verify

that
(2 )af(fv) _ (%)agw» (320)

aC’K.T ac,Kx
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for every € R?, where g(x) := f(r(x)). According to (3.18), the right-hand side of (3.20)
equals

[e.e]

<%>ag(x) - <v / gz — yr(6)Gre(y) dw<0>>

(967[(3:

/f ) — y8)Gr(y >dy,r<9>>
@), ®)

for every € R%. Applying the chain rule to the gradient yields
V(J(r(z))) = Dy (2)VJ(r(z)) = AVJ(r(z)),

where D,(z) = A is the Jacobian of z +— r(z) = Az with A symmetric. Using the
orthogonality of A, we furthermore get

<@~w>> 9(2) = (AVI(r(2)), 40) = (VI (r(x)), 0)

867K‘T

for every x € R?. Finally evaluate this expression in r(x) to obtain

<%>ag(r(x)):<VJ(x),9>:< o )af(:v)-

807Kx @C,Kx

Now let a € (1,2). Again we aim to show (3.20). First note that with (3.19),

<%> g(x) = (A0, H1g)(x)A0) = (0, AH (g () Ab)

807[(.1'

for every x € R? since A is symmetric. To analyze the Hessian matrix, consider the term

[e.e]

1(g)(z) = / g — yr(9)) Hyc(y) dy

/ F(r(z) — y9) Hie(y) dy = 1(f)(r(x)) = I(f)(Az).

Then using the chain rule and the symmetry of A, the Hessian matrix of I(f) is given by

Higy(r) = AHp(p(r(z))A.
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Finally, using the orthogonality of A once again we have

<@<>> o) = (8, AHyy) (2)A6) = (6, Hyop (r())

80, KT
for every x € R?. Evaluating this expression in r(z) yields the result.

To close this section, we discuss the differences between Caputo and Riemann-Liouville
forms of directional semi-fractional derivatives. As a special case, we gain the difference
in the one-dimensional setting, and as promised, we thereby close the gap in Section 3.1.

In the above theorems, we deal with functions f € WL*+2(R4)n COLO‘JH(R“'). Under these
restrictive assumptions, differentiation under the integral in the Riemann-Liouville form
shows that both forms yield identical results. However, for many physical or financial
applications, such a model is unsuitable. For instance, a one-dimensional time-dependent
experiment is typically modeled by a function f : [0,00) — R. We can extend f to a
function on the whole real line by setting f(t) = 0 for ¢ < 0, but this extension might
not be differentiable or even continuous in ¢ = 0. Nevertheless, the one-dimensional
semi-fractional Caputo derivative

/fa:— )G (y) dy

cKta

for @ € (0,1) or

/f”:lr— ) Hic(y) dy

cKta

for o € (1, 2) exists under certain assumptions on f. Similarly, the Riemann-Liouville form
exists for sufficiently smooth functions f having support on the positive half-line [0, co).
Since functions of this type are of great interest, we aim to analyze how a discontinuity
in ¢ = 0 changes the difference between both forms.

To obtain a result as general as possible, return to the multidimensional setting and
consider the space Ri = (0,00)¢. In the following, we denote by R4 the closure of Ri.
Additionally, let Cy(R%) be the space of functions f : RY — R which are continuous on
R?, can be extended continuously to R¢, and for which lim,« f(z) = 0. For n € N,
denote by Cf'(R%) the set of all functions which are n-times partially differentiable on Ri

such that all partial derivatives lie in Co(R%).
We first analyze the difference between both forms in the case a € (0,1).

Lemma 3.2.12. (Difference between Caputo and Riemann-Liouville form, o € (0, 1))
Let o € (0,1), ¢ > 1, and let K be an admissable function with respect to these pa-
rameters. In addition, choose 0 € S with 0; > 0 for at least one i € {1,...,d} and let
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f e Wedt2(R) n Cf Y (R be such that the Riemann-Liowville form of the directional
semi-fractional derivative exists. Denote with a = a(x) € R? the boundary point of Ri
we reach first when moving from x in direction —6. Then for every x € R%, we have

% f(:c):< . ) f(@) = £ (@) Gue ([ = al]).

ac,Kxa ac,Kaj

Proof. Consider the Riemann-Liouville form of the directional semi-fractional derivative

% " }dje 0 OOf( —y0)Gr(y) dy
007[(1‘ Z@xz o y K
0+

for every x € R%. In the one-dimensional case and for § = 1, this integral is indeed
finite as f is supported on [0,00). We aim to show that a similar result holds for the
multidimensional case. Note that we integrate f(z—yf)Gk(y) along y € (0,00). However,
[ is supported on R4, and studying f(x—y#), where 6 has at least one positive component,
there is a minimal ry;, > 0 with @ == 2 — rpi0 € ORL. Here and in the following, OR4

denotes the boundary of RZ. For every y > ryn, we have z — yf € R? \ R, and hence
the integral is finite with

a (0% d a Tmin
(9(:;:6) f@):;el‘axi/f(x—W)GK(y)dy-
0t

Furthermore, the boundary of Ri is given by
{r € RY: 2; =0 for at least one i € {1,...,d}}

such that we obtain

. X Xy

r min — =: —

1, 6, 6,
0;>0

which exists due to our assumptions on 6. Since f and all partial derivatives of f are
continuous on ]Rﬂlr, we can apply Leibniz’s rule to obtain

) - 2

_ iei/axif(fr—yQ)GK( ) dy +f(5”—9,0> GK(H)

) x] _1 d.Tl
—y0) d — —0 — 10
:13 Y GK( ) y—i—f(x 91 >GK(9l> ! dZL’i
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~ @+ (= 510) 6 ()

for every z € R‘i using (3.16). Recall that a =  — ryib = . — 9;—;6 and note that

€y
0,

€y
0;

€y
—0
0,

’ — ||z — al] (3.21)

to finally obtain

( g ) Fle) = () + £ (@) G (o — al]

807[(1’ 867[(350‘
d
for every z € RY. O

Example 3.2.13. In the fractional case, K(z) = ﬁ such that under the assumptions
of Lemma 3.2.12, the difference between the fractional Riemann-Liouville and Caputo
form is given by

g 9 \" 1 —a
LA (ax) f@) = Fr—ay! @l —al

for every x € Ri. Especially in one dimension and for § = 1, this yields a relation between
one-dimensional positive fractional derivatives
—a

;; (z) = <£)af(w) - F(f_a)f(o)’

Note that this formula for the one-dimensional case is already known by [139, (17.37)].

Example 3.2.14. (Difference in the one-dimensional case)
In the one-dimensional case, the semi-fractional derivative coincides with the directional
derivative for § = 1 (compare Example 3.2.4) and we obtain

aa

ac,KJ,’a

0

aC’KI

T )af<rr) F0) G ()

_ ( 0 )af(a:) — £ (0) K (log(x))

867[(1'
for every = > 0.

In the case a € (1,2), the argumentation works similarly, but now the difference consists
of two terms.

Lemma 3.2.15. (Difference between Caputo and Riemann-Liouville form, o € (1,2))
Let a € (1,2), ¢ > 1, and let K be a smooth and admissable function with respect to these
parameters. In addition, choose 0 € S with 0; > 0 for at least one i € {1,...,d} and let
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f e Wel2(RO) N Cf*H Y (RL) be such that the Riemann-Liowville form of the directional
semi-fractional derivative exists. Denote with a = a(x) € R? the boundary point of Ri
which we reach first when moving from x in direction —@. Then

9%

6C,Kx0‘

fla) = (2 ) f(@) + [ (a) G ([l = al]) = (0, Vf(a)) Hk ([lz = al])
acKSU

d
for every v € RY.

Proof. We show the statement for = € (§,00)%. The result then follows for every = € R%
by considering the limit 6 — 0. Recall the construction in the proof of Lemma 3.2.12;
this is, let a = x — ruinf be the boundary point we reach first when moving from z in
direction —f. Thereby, ry, is given by

. Z; Xy

Tmin -=— MIn — = —.

=1, 6 0,
6;,>0

This time, we start with the Caputo form of the directional semi-fractional derivative,
which now reads as the finite integral

]
0

e d 2
% flx) =" eiej/ 0 flz —r0)Hg(r)dr.

ig—1 kA axﬁx]

For further calculations, we need the argument of f to be bounded away from the bound-
ary of RZ. Hence we write

g f() _lifél Z 0,0; / 5 ax]f(x—rﬁ)HK( r)dr. (3.22)

007[(.2?0‘ i1

To simplify the notation, define T : R% x (0,00) — R by Y(z,s) = f(z — s6)Hk(s) and
note that T is continuously differentiable. We evaluate the integral on the right-hand
side of (3.22) first. For every fixed € > 0 and 4,j € {1,...,d} apply Leibniz’s rule to the
integral yielding

/&rﬁmj xrdr—axZ a—%Txrdr—D”(x)

with

oY € de; 0T x; _
2y ( ) axj 9[ € 9[ dl‘l axj ‘7:7 0[ € el 51’
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for every z € R%. Note that

8 X

1,7=1 j=1

+ S, (o= 50) e (5)

as € | 0 since the partial derivatives of f and Hy are continuous. Inserting the definition

of the boundary point a and (3.21), we obtain

: | L, Of
> 0:6;D;5(x) = 30,5 (a) H (|lz — a)

ij=1 =1 ]

= (0, Vf(a))Hg ([|z — al])

for every x € R‘i. Repeat this procedure to obtain

2
0 Y(z,r)dr = 0 / iT(:I: r)dr — D16
; Oz,

with

For i # [, it follows that

o= (1 -~ (3 -7) (=)
Z

(3.23)
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Using (3.23) yields

and since

0 x
—H - = _@G <_ >9—1’
aml K <(9[ 6) K (91 ¢ !
the derivative is given by
D () = Z@D —€f2f(x—<xl—e>9)GK<xl—e).
0, 0,
m;él

Summing all D>¢, we find

INE
d d
> 0:0,D7F = 60,6,D;
=1

T D gaie)

Since Gk is assumed to be continuous and f is likewise continuous, this yields
> 04,D% — —f (@) G (I —al)
2,J=1

as € | 0 for every = € Ri. To finish the proof, it remains to show that

Tl Tl

7 7
0? 0?
lgw Db, / Y(z,r)dr = T, /T(m,r) dr
0+ 0+

for every x € ]Rﬂlr. Starting with the right-hand side, we have

ry _
g —€

1

Jp " 0? 0 0

(8071(27) flx) = nidr, /T(a:,r) dr = o —a% 161%1 Y(z,7)dr
0+
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The functions ¢ (z) = [ Y(z,r)dr are continuously partially differentiable with

for every j # | and

9 Y 1
8—%91,6(13) / %T(l‘ T) dr + 0 T ( 071 6) .
Iz

In addition, we have g (z) — gi(z) for every z € R%, where g;(z f Y(x,r)dr. We

furthermore need to prove that the partial derivatives of g; . converge unlformly to those
of g1. For j #1

)

0 0 0
—_— _ = —_— — <
‘axj g1.() oz, gﬂx)‘ / 8xjf(x rO)H (r)dr | < Cye

gg—ll—e
for a constant C4 > 0 since the partial derivatives of f are bounded and Hyg is bounded

on every closed interval [§ — €, 00). Similarly, for i = [, we have

0 1 € 1 ( )
7 _Z _ M) —etr
8x1g1’6( x) ‘ / 8xl (x —rO@)Hg(r)dr+6,"Y (az‘, 0, ) 0, )

X X
Yo, 2t —e) =1 (2, 2)].
(x’ 0, 6) ("’” 91>‘

Note that Y(z,r) is differentiable with respect to r, and according to the mean value
theorem, there is x(y € [— — €79 } such that

x x oY
T (x 9—;— e> -7 (x, 9;) = eg(x,xo).

The derivative of T is given by

< Cye+ 10,7

a@f(% r)=(=0,Vf(x—r0)) — flx —rd)Gg(r),

which is bounded for every € R% and r € (& — €,00). Hence the derivatives of g,
+ o ;
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converge uniformly to those of g; and thereby

B \* oy 0|, D

0+

Now use the fact that with f € C’OLQJH(@), the second order partial derivatives of f are
bounded likewise and due to our assumptions, Gk is differentiable. Then we can repeat
the above procedure such that

% af(:c) = lim > / Y(x,r)dr
Oc kT o | Ox0x; ’ ’

0+

and the result follows.
O

Example 3.2.16. (Difference in the one-dimensional case)

Consider the one-dimensional case with # = 1. Then under the assumptions of Lemma
3.2.15, the (positive) Caputo and Riemann-Liouville forms of the semi-fractional deriva-
tive are connected by

") = (

607[(1‘0‘

) F@) + £ (0) G () — f (0) Hyc ()

807[(1'

for every x > 0. Especially for K = — corresponding to the fractional case, this

yields

1
I'l—a)?’

o f(a:>=( 0 ) f(w)—r(x_af(O)—wf’(O)

8671(1’&
coinciding with [139, (17.37)].

To close this section, we display an example illustrating the difference between Caputo
and Riemann-Liouville forms.

Example 3.2.17. Consider a two-dimensional setting (d = 2) and let f : R2 — R, be
defined by f(z,y) = (z* + y) gz (z,y). In addition, let v = 2, ¢ = €*™, and

K(x) = sin(z) + cos(2z) + 5

admissable with respect to these parameters. If we choose 6 = (%, %), then the di-
rectional semi-fractional derivative of f along 6 exists in the Caputo as well as in the
Riemann-Liouville sense. We calculate both forms using (3.16) and (3.18) as well as nu-
merical integration and differentiation (see Appendix C for the Matlab code). The result
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is shown in Figure 3.3. The forms differ clearly, especially when the point of calculation is
close to the boundary of R%. Note that this coincides with Lemma 3.2.12 since the term

Gr(llz —al]) = [l — al[~* K (log(|]z — al]))

in the difference between both forms diverges for x — a. On the contrary, the forms
coincide on the diagonal line y = x because when moving from (z,z) in direction —0 =
— (\%, \/LQ), we end up in @ = (0,0), and the difference vanishes with f(0,0) = 0. In
Figure 3.4, we additionally plot both forms restricted to the diagonal line (x,z) to show
their equality.

60 £ 60
o
= o
= 40 = 40
2
g -
2 20 & 20
=
© £
O .9 0
w o
2 2

0 o0
Y X
Figure 3.3: Comparison between Caputo (left) and Riemann-Liouville form (right) of the
directional semi-fractional derivative in Example 3.2.17.

60

50

IS
o

30

Both forms in (x,x)

o

-10 : : :
0 0.5 1 1.5 )

X
Figure 3.4: Comparison between Caputo (dashed line) and Riemann-Liouville form (solid
line) on the diagonal line (z,z) in Example 3.2.17.
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3.3 Multidimensional semi-fractional derivatives

The main reason for studying directional semi-fractional derivatives in the previous chap-
ter was the aspiration toward semi-fractional differential operators for multivariable func-
tions. Since we follow the idea of [87], we aim to define a multidimensional semi-fractional
derivative as a mixture of directional ones in this chapter.

In detail, the concept in the fractional case is to define the multidimensional fractional
derivative of order o € (0,2]\ {1} of a suitable function f : R — R as the function with
Fourier transform

Dot (k) = /emeWM@ 7k, (3.24)

S

where M is a probability measure on the unit sphere S (compare [94],[89], or [87]). How-
ever, (3.24) is an integral over Fourier transforms of directional fractional derivatives taken
in each radial direction and thus represents a mixture of directional fractional derivatives.
Consequently, the measure M is called a mixing measure ([87] and [24]). Here we derive
a similar formula for semi-fractional derivatives.

The first step toward such a generalization is to extend the concept of admissable functions
to a set of functions (Kjp)pes-

Definition 3.3.1. (Admissable set of functions)

Let a € (0,2) \ {1} and ¢ > 1 be fixed. A set of functions (Kjp)ses is called admissable
with respect to a and c if for every # € 5, the function Kjy is either admissable in the
sense of Definition 3.1.1 or identically zero, but there is at least one 6 € S such that Ky
is non-zero.

As in the fractional case, we define the semi-fractional derivative using the Fourier space
representation.

Definition 3.3.2. (Multidimensional semi-fractional derivative)

Choose a € (0,2) \ {1}, ¢ > 1 as well as a set of admissable functions (Ky)ges and a
probability measure M on the unit sphere S. The semi-fractional derivative of f € L!(R?)
with respect to these parameters is given by the function with Fourier transform

o~

D/%thMMww%> (3.25)
S

with hy as in (2.8) if this function exists. In accordance with directional semi-fractional
derivatives, we denote the multidimensional operator with Dg"(ﬂée)ge . However, note that
the parameters depend on each other, and all of them uniquely describe the Lévy measure

® of a (¢w, ¢)-semistable distribution and vice versa.

58



Chapter 3. Semi-fractional derivatives

Remark 3.3.3. In Remark 3.1.5, it was shown that for every 6 € S
ho((k, 0)) < Col(k, 0)|* < Colkl|*

for a constant Cy > 0. If [CydM(0) < oo and f € W HdH(RY) | then the multidi-
s

mensional semi-fractional derivative exists with Fourier transform (3.25) by the Fourier
inversion theorem.

Example 3.3.4. If Ky(z) = W for every x € R and 6 € S, then the set (Kp)ges is
admissable, and according to Example 2.2.5, we have

FO e D0 =D [ hol(h,6))d21(6) )

_ / (—i(k, 0))* dM(0) F(k)

S
= F(D*Mf)(k).

Hence the semi-fractional derivative coincides with the fractional derivative in this case.

Example 3.3.5. In one dimension, the unit sphere consists of only two points such that

ARy VTR A

o, M
]Dc,(Ke)aeSf( ) M{l} CKl[I;‘ cK_1(_x)a

(=),

and the semi-fractional derivative is a weighted mixture of one-dimensional semi-fractional
derivatives.

Remark 3.3.6. (Connection to classical multidimensional differential operators)

In classical analysis, partial and the related directional derivatives of a multivariable
function f : R? — R are well-known, but there is no such thing as a multidimensional
derivative. Instead, the gradient or the Laplace operator are suitable tools to consider
multidimensional settings. We shortly want to classify our result into the set of those
typical multidimensional operators.

If M is a discrete measure concentrated on finitely many points 64,...,60, € S, then

Da(]\f/ge 9es Z M{9 } (ZL'),

and hence the multidimensional semi-fractional derivative is a weighted sum of directional
derivatives. Especially for n = d and M being uniformly distributed on ; = e;, where for

every i € {1,...,d}, e; is the standard coordinate vector, we obtain
1 o~
a,M
(Ke ees djz::l D, Ko, T
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In this sense, we can interpret the multidimensional semi-fractional derivative as a general
version of the Laplace operator. As done in [89] for the fractional case, it is possible
to define semi-fractional generalized versions of operators like the gradient or the curl
operator. However, this topic is outside the scope of this thesis and will be investigated
elsewhere.

Remark 3.3.7. (Relation to the fractional Laplacian)

A well-established differential operator for multivariable functions in fractional calculus is
the fractional Laplacian A% defined in the way, that for a suitable function f : R¢ — R,
the Fourier transform of A% f is given by —||k||*f(k). To analyze its connection to the
multidimensional semi-fractional derivative, assume that M is uniform over S and that
Ky = K for every § € S, where K : R — (0,00) is a smooth admissable function with
Fourier coefficients (¢,)nez. Then due to the symmetry of M, the Fourier transform of
the multidimensional semi-fractional derivative of a suitable function f : R? — R is given
by

F (D8 yesd) ()= D [ 5 (hal(0) + hal (k. ~6))) dM(6)F(1

for every k € R, and using Example 2.2.6, hy has the representation

he(z) = Z cal(iné — a + 1)(—iz)> "¢

nez

for every x € R. Note that for every v € R and n € Z,

(—iu)a_mé + (Z-u)a—mé — (—i|u|)o‘_mé 4 (i|u|)a_iné

— |u|a—in6 (e—zg(a—inﬁ) + eig(a—inﬁ))
= 2|u|*~"e COS(;T(CY - m&)),

and hence we obtain

1 1 - -
5 (ho(u) + hop(—w) = 3 e,L(iné — a+ 1)3 ((=iw)*=™ + (iu)*=m?)
nez
= ¢, I'(iné — o + 1)|u|*™° cos(w(a - mE))
nez 2
for every u € R. Write k = rw for some r > 0 and ||w|| = 1 to see that
F (DEappes ) (0) = 3 wnllHIIF (k) (3.26)

ne’
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where the Fourier coefficients (u,),ez are given by

= Dc,I'(in¢ —a+1) COS<72T(04 —inc) / [(w, 0)|“~™¢ dM (0)
= D¢, I'(in¢ —a +1) Cos<2(a —inc) / 61> dM (6).

Thereby, the second equality follows from the fact that the integral only depends on the
angle between w and 6. However, since 6 varies over the whole sphere and M is uniform,
any choice of w yields the same result, and we choose w = e; without loss of generality
(compare [94, Example 6.24]). Especially in the case K(z) = F(llz oy corresponding to the
multidimensional fractional derivative, we obtain

7 (DZ’(%e)eesf) (k) = u0||]<;||"‘f(k;),

which is a multiple of the fractional Laplacian. Comparing this result with (3.26), the mul-
tidimensional semi-fractional derivative can likewise be interpreted as a log-periodically
disturbed version of the fractional Laplacian.

Due to our leading motivation, we relate Definition 3.3.2 to directional semi-fractional
derivatives as introduced in the previous chapter in the following way.

Lemma 3.3.8. Fiza € (0,2)\{1}, ¢ > 1 as well as an admissable set of functions (Kg)ges

and a probability measure M on the unit sphere. For every f € WledtdH (R)NCIIH (R,
the multidimensional semi-fractional derivative is given by

D2 M () (3.27)

,(Ko) oes ac

for almost every x € R?,

Remark 3.3.9. One can just as well define the multidimensional semi-fractional deriva-
tive by (3.27) for every z € R and then calculate the Fourier transform.

Proof. Evaluating the Fourier transform of the right-hand side of (3.27) yields

// " e @ MO dﬂf—// e e (@ de dM(©)

where we can change the order of integration with Lemma 3.2.5 and the fact that M

is a probability measure on the unit sphere. Then the result holds in view of Lemma
3.2.8. u

Using the explicit representation of the directional semi-fractional derivative in Lemma
3.2.2, we immediately obtain a generator form for the multidimensional semi-fractional
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derivative. Namely, for every f € Wlel+d+1(Rd)n C&O‘JH(Rd), the generator form is given
by

i o]
D f@) =D / / ( flx—r0) = (=r)PoY f@)) dGr, (r) dM(6),

=0
S o P

whereas the Caputo form reads as

T la]
D (Kpypes /(@) = D / / <8ef (z=r0) =3 oy f(a:)) G, (r)dr dM(6).

S 0+

Similar to the one-dimensional case, the generator form is closely connected to semistable
distributions, which follows directly from Example 2.3.4.

Lemma 3.3.10. Let o € (0,2)\ {1}, ¢ > 1, and let v be a (c=,c)-semistable distribution
on RY with Lévy-Khintchine Triple [a,0,®], where a is defined as in (2.15) and the Lévy
measure O is given by (2.5) for an admissable set of functions (Ky)ges and a probability
measure M on the unit sphere. If L denotes the corresponding generator given in Fxample
2.3.4, then for every f € Wlel+d+(Rd) N COLQHI(Rd), the generator form of the semi-
fractional derivative exists with

Di:?fﬂe)eesf(x) = —DLf(x)

for every x € RY.

3.4 A numerical approach

Now that we are familiar with semi-fractional derivatives in both the one- and multi-
dimensional setting, we end this chapter by naming a few numerical results. As seen
above, a semi-fractional derivative can rarely be calculated analytically. However, using
numerical integration, the Caputo or Riemann-Liouville form can be approximated with
negligible error. The primary motivation for these operators’ definition was to connect
semistable densities and solutions to semi-fractional diffusion equations. Since they are
even more complicated to calculate analytically, a numerical approximation in these cases
is at least of equal importance. Eventually, the possibility to compute numerical solutions
to semi-fractional differential equations will increase our knowledge about semistable laws
and thereby contributes to the satisfaction of our underlying motivation.

The most natural numerical approach toward approximate solutions of differential equa-
tions is the usage of finite difference methods, which demands approximating all operators
involved by finitely many point evaluations. Even if we are not able to find such a finite
approximation, a generalized form with countably many point evaluations can be found
in analogy to the fractional case.
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Recall that the one-dimensional fractional derivative of order a € (0,2) \ {1} can be
approximated by the Griinwald-Letnikov formula
aa
Ox“

e ane [ i ,
o) =3 () -0 329
([94, Proposition 2.1]) for suitable functions f : R — R. As outlined in [88], the re-
sult can be extended to the multidimensional setting by considering directional fractional
derivatives first. The non-locality of the fractional derivative prohibits an approximation
with finitely many point evaluations. However, (3.28) can be seen as a generalized finite
difference approximation, which is still suitable for numerical calculations.

During the last decades, growing computational power yielded an increasing interest in
numerical methods of fractional calculus, and nowadays, there is comprehensive litera-
ture about different methods and their properties (e.g., see [15] or [63]). Specifically, the
numerical progress allows the application of fractional differential equations to real-world
problems and thereby remarkably contributes to the overall growing interest in the gen-
eral theory of fractional calculus.

We now turn toward directional semi-fractional derivatives and define a Griinwald-Letnikov
type formula as a generalization of (3.28). Note that for the one-dimensional case, the
results have partly been published in [66, Section 4]. In contrast to the last sections, we
need to demand some qualities of admissable functions. Namely, if € (0,2)\ {1}, ¢ > 1,
and K is an admissable function with respect to these parameters, throughout this sec-
tion we assume that K € C?, (R), where C2,(R) is the space of continuously differentiable
functions f such that f’ is piecewise smooth and f has the Fourier series representation

f(@) =" c,e™™ (3.29)
nez
2ra

for every x € R and ¢ = oa(c) " The following definition of directional Grinwald-Letnikov
differences yields an approximation of directional semi-fractional derivatives.

Definition 3.4.1. (Griinwald-Letnikov differences)

Let o € (0,2) \ {1}, ¢ > 1, and let K € C7,(R) be an admissable function with respect
to these parameters. For a fixed unit vector # € S and f : RY — R bounded, define
directional Griinwald-Letnikov differences by

ALY () = DY Y w07 (a _jma> (=1)' f(x = jo0) (3.30)
nez j=0

for every € R? and every § > 0, where w,, = ¢,['(in¢ —a+1) for every n € Z. Thereby,
for every z,w € C\ {—1,-2,...} with z —w ¢ {—1,—2,...}, the general binomial
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coefficient is given by

z\ I'(z+1)

w) Tw+DI(z—w+1)
Since we aim to approximate a real-valued function, we first ensure that the approximation
is both well-defined and real-valued.

Lemma 3.4.2. Let a € (0,2)\{1}, ¢ > 1, and let K € C} (R) be an admissable function
with respect to these parameters. For a fized unit vector 6 € S and f : R? — R bounded,
it follows that KA?’ef(x) € R for every x € RY and 6 > 0. If in addition f € L'(R?),
then also KA’ f € LY(RY).

Proof. First note that the double series in (3.30) converges absolutely since

KA () < 3

neZ j=0

=y

neZ j=0

o G (ST
W, (a _‘;né)f(x — j59)‘ )

According to [45, Theorem VI.1], the binomial coefficient is bounded by
< C’sj

)= e

for every j € N, z € C\ Ny, and a constant C5 > 0 such that

‘—Re(z)—1
(3.31)

Cs

<85S 67 5 e (If(rv)\ ey 2 j59>1) .

Using the boundedness of f, we find a constant Cg > 0 with
|wn|
Il (in¢ — «)|
_ le,L(iné — a + 1)
= Cg0™ —
Tg IT(in¢ — )|

=C60 > |eal|ine — o,

nel

AT f(@)] < Cos 3

nez

and since K € C7, (R), the Fourier coefficients (¢, )nez decay like [c,| ~ In|~% [46, Theorem
2.6] such that the series is finite. To see that the Griinwald-Letnikov differences deliver a
real-valued approximation, note that we have

KA?’H.]C(I) — D@ Z aneinélog(5)7

nel
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where

_ iw (O‘ ‘7”5) (1) f(x — job)

J

for every n € Z. Since K is real-valued, the Fourier coefficients fulfill ¢=, = ¢, for every
n € Z and hence

T = iw—n(c” +jmc> (~1P f (@ = jo0)
N — ['(a+inc+1) ; -
_jZ:E)CnF(_ZnC_&+1>F(j+1)F(a+iné—j+1)(_1) f(x —760)
& S Ia—inc+1) NP
_;)cnr(mc +1)F(j+1)F(a—iné—j+1)< 1)/ f(z — j60)
= a,.

Therefore, XA%? f(x) € R for every z € R%. Finally note that for f € L'(R%), using the
absolute convergence of the double series, we obtain

/\Mg‘ﬂ ’d:v—/ Zandmc a( _,mc>(—1)jf(x—j(50) da
nez j=0 J
Rd
< 3o (") 1| [ 1t ool as
nez j=0 J
Rd
e - o — inc -
= 11 3 3 e () -y
nez j=0 J

< 00,

which yields the result. O

To verify that Griinwald-Letnikov differences indeed approximate directional semi-fractional
derivatives, note that the following result holds.

Lemma 3.4.3. (Fourier transform of Grimwald-Letnikov differences)
Let v € (0,2) \ {1}, ¢ > 1, and let K € C3,(R) be an admissable function with respect
to these parameters. For f € LY(R?) bounded and every 6 € S, the Fourier transform of

0
EASY f converges

~

F (“A5"f) (k) — Dh((k, 0)) f (k)
as 6 1 0 for every k € RY,

Proof. For every § > 0 and k € R? the Fourier transform of the Griinwald-Letnikov
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differences is given by

F(5a3°f) (k) = / ¢ KA f(z) da.

Rd
According to Lemma 3.4.2, KAS? f € LY(R?) such that

F(CA2F) (B) = DX 3w (“ ‘j"é) (19 [ 9 o~ i) do

neZ j=0 Rd
—D Z Z wnéiné—a <CY _-ch> ( ) j A( ) k](59>
nez j=0 J

Note that with Re(a — in¢) > 0 and the general binomial theorem [70, Satz 247],

Z (a — mc) 1)je¢ja<k,9> —(1- ei&(k,@))afiné
such that

F (KA?’Hf) (k’) - D Z wndinﬁ—a(l _ 6i5<k,9>)a—inéf(k)

neL

1 — id(kO)\ @e
=D w, ( ) f(k). (3.32)

neL

Furthermore, the fraction can be displayed as in terms of the negative differential quotient
of z — ™% in z = 0; this is

1 — e®(k0) d .
. _ ix(k,0)
g ( 5 ) d*

=ik, 0)

xr=

for every k € R?. Then by dominated convergence, we obtain

1—¢ i6(k,0) a—1iné R
)

. K A a0 T
1(%1;( AFF) (/c)_lgg)ngzwn( 5

= DY wn (—ifk, 0))*" f(k).

neL

Using Example 3.1.6, the right-hand side finally reads as

~

lim F (*A37f) (k) = Dh((k.60))f (k)
for every k € R m

In view of Lemma 3.4.3, the Griinwald-Letnikov differences converge to the corresponding
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semi-fractional derivative in the Fourier space. However, the following theorem even shows
how the approximation error behaves dependent on the choice of the step size § > 0. The
proof of this theorem was developed in cooperation with Matthias Haufller and can also
be found in his unpublished master thesis [53].

Theorem 3.4.4. (Convergence of Grinwald-Letnikov differences)

Let o € (0,2) \ {1}, ¢ > 1, and let K € C3,(R) be an admissable function with respect
to these parameters. In addition, fix a unit vector 6 € S. For every bounded function
f e wleltd+2(Rd)y 0 LY (RY) | we have

ag 1. K Aaf
8C7Kxaf($)_1£g A5 f ()

for almost every x € RY, and the convergence is of order O(9).

To prove the rate of convergence in Theorem 3.4.4, we first show the following auxiliary
result.

Lemma 3.4.5. For a € (0,2)\ {1} and ¢ > 1 let K € C}(R) be an admissable function
with respect to these parameters. Then for every z € C with Re(z) > 0 and every L € N,

< CyL 7tz (3.33)

Z wnzaf'mé _ Z wnzafiné _

nez [n|<L

Z wnzafiné

[n|>L

for a constant Cy > 0.

Proof. To obtain (3.33), write z = re’® for some 7 > 0 and ¢ € [—g, g} such that

S Z ’wn(reiqb)oz*m&‘

[n|>L
< Z |y, |r®en?

[n|>L

= Z le L (iné — a + 1)]e",

[n|>L

Z wnzafiné _ Z wnzafiné

nez [n|<L

inserting the definition of w,. Using the asymptotic behavior of the gamma function [3,
Corollary 1.4.4], we obtain

Z wnzoz—z‘nﬁ - Z wnza—iné < Cor® Z |Cn||n|%—ae—%|n\ﬁené¢
nez [n|<L [n|>L
< Cor®* Y |cn||n|%_a

[n|>L

for a constant C7 > 0. Due to the smoothness of K, the Fourier coefficients decay like
5
lcn| < Cs|n|~2 for a constant Cg > 0 and every n € Z (compare [46, Theorem 2.6]) such
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that
anza—iné_ Z wnza—iné S 0708Ta Z |n|—a—2
nez In|<L [n|>L
=2C;Csr® > In|7""%n| ™!
n>L
00
S 2O7CSTQL_1 Z |7’L|_1_a
n=1
= CQL_ITQ,
00
where Cy == 2C7Cs 3 |n|17* < . O
n=1

Proof of Theorem 3.4.4. To show convergence of the claimed order, first use (3.32) for
fixed 0 > 0 to obtain

K xad 1 — i)\ *"e
FlEspn) W =p X (5 foy

nel

~ 1— €i6<k’0> a—inc o
=D Z wnf(k) |: <k 9))04 inc <5> _ (—Z<]€, 9>)a—znc]
o 615( 6) a—iné o

(1 ) _ (_i<k,9>)a—mc] ’

according to Lemma 3.2.8 and Example 3.1.6. Let L > §~'. With Re (—i(k,8)) = 0 apply
(3.33) to the series

ST wn(=ik,0)) 7 = 37w, (—ilk, 0))*7¢ 4+ O(8)|(k, 0)|“.

nez In|<L

:]—"( % f) +Df an

o
807[(.’17 nez

Since

we apply (3.33) to the first series as well, yielding

1 — ¢id(k,6) a—iné 1 — ¢id(k,6) a—iné 1 — idtk0) [
an< = > W 5 +0(9) 5
nez [n|<L

Note that using a Taylor expansion,

PO _ 1 = i(k,0)6 + O(0?)
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such that

1— €i5<k’,9> a—inc 1— ei&(k‘,@) a—inc .
Sa(F5) = Sw(E5) rooimor

nez In|<L

Hence we obtain

F(“a3'f) k)~ F ( affx f) <k>|

=|DF (k) 3 wn [(1_656%6»)_ — (—i(k, 9))“‘”‘1

~

+O(0)[(k, 0)|°[ f (k)]

—~ 1 — i0(k.0) a—1iné . ~-
<|Df(k) > wn [<5> — (—i(k,0))>"

for every k € R?%. To calculate an upper bound for the first term, consider the functions
d, : R — C with

d(z) = (1 _5€i6x>a_mé ~ (—ig)aine (3.34)

for every n € N. Then

1_62-53; a—inc
|dn<x>\=|( ) 1

—i20
1— S\ a—inc
( -e ) B 1
—iz0
for every n € Z. The Taylor expansion of
1_ em a—iné
—iu

i(a —inc)
2

1_ idx\ a—inc
(=)
—ixd

‘(_ix)oa—iné

S |x‘aefgn6

in u = 0 is given by
1+ + O(u?)

such that

< |a — iné||z|o
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for ¢ sufficient small and every n < L. Summarizing, we obtain
|, (2)] < |a — iné||z|*Tle 2"
for every x € R. Then the difference between the Fourier transforms is bounded by

(0%
89
807[(1'0‘

|f (“ag’f) (k) - F ( f) <k>|

<|DF(k) 3= wadn((k,0))| + O(8)|(k,6)|*| (k)]

In|<L
<SIF (R (K, O D2 Ja = indljwale™ 27 + O(8)|(k, 0)[*| F (k)]
In<L
<3| F(R)I(k, )17 Y- lov = inélwale™ 2" + O(6) (K, 6) | F (k)|
nez

=0(8)[k|*(L+ [k F(R)].

Thereby, the series Z |ov — iné||w, |e~2"¢ converges as shown in the proof of Lemma 3.4.5.

According to the Lemma of Riemann-Lebesgue [47, Theorem 8.22],

~ 1
F(B) < (1 + |k|)led+d+2

and by Fourier inversion, we obtain

KA?’Q‘]C(ZE) i a@a f(l’)‘ — /ei(m,@ (]—' (KA?ﬁf) (]{;) — f( ag f) (k?)) dk

6,37[(1‘0‘ 807[(1'0‘
Rd
8&
K A a0 (4
< [ |7 (<a57) (k)—f<acﬂaf> (kr)‘dk:
R4
_ |k
- 0(5)/ e

Rd

Since |a) +d+ 1 > a + d, the integral is finite, and hence the convergence is of order

0(9). O

Remark 3.4.6. Due to the representation of the multidimensional semi-fractional deriva-
tives as a mixture of directional semi-fractional ones (compare Lemma 3.3.8), we also gain
an approximation of the multidimensional derivative. For o € (0,2) \ {1} and ¢ > 1, let
(Kp)oes C Cp,(R) be an admissable set of functions such that for the Fourier coefficients,

it holds that |, 0| < Cn~3 for every # € S, n € Z, and a constant C' > 0 independent of
6. Note that in this case, the convergence of order O(h) in Theorem 3.4.4 is independent
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of 8 and hence

DEesd (@) = [ K85 1() M (6) + O()
S

for almost every x € R?. Dependent on the mixing measure M, the integral over S has to
be discretized appropriately. As an example, we refer to [88], where the multidimensional
fractional derivative is discretized for the special cases of a discrete measure M as well as
for M having a Lipschitz-continuous Lebesgue density.

For fractional diffusion, using the standard Griinwald-Letnikov formula (3.28) often causes
instabilities of the chosen numerical method, especially if a € (1,2). To overcome these
difficulties, a shifted form of Griinwald-Letnikov differences was proposed in [95], yield-
ing at least conditionally stable methods (e.g., see [95] or [96]). For the semi-fractional
case and a € (0,1), a particular stability result can be found in [53], but since it is a
generalization of fractional diffusion, we are convinced that instabilities occur similarly
for a € (1,2). However, analyzing the stability of particular methods for semi-fractional
differential equations exceeds the scope of this thesis. Nevertheless, we introduce a shifted
form for our Griinwald-Letnikov formula and provide it for the following numerical cal-
culations in Appendix C.

Definition 3.4.7. (Shifted Griinwald-Letnikov differences)

Let v € (0,2)\ {1}, ¢ > 1, and let K € C7 (R) be an admissable function with respect to
these parameters. For a fixed unit vector # € S and f : R? — R bounded, define shifted
directional Griinwald-Letnikov differences by

KA () = DY S w67 (“ _j"”é) Y fe—G-p)i)  (335)

n€Z j=0

for every z € R? and every § > 0, where p € Ny is a shift parameter.

Note that Lemma 3.4.2 transfers directly to the shifted form of Griinwald-Letnikov dif-
ferences. This is, the shifted differences in (3.35) are real-valued and & A?j e LY(RY) if
f € LYRY). In addition, we obtain the following convergence result.

Theorem 3.4.8. (Convergence of shifted Grinwald-Letnikov differences)
Let o € (0,2) \ {1}, ¢ > 1, and let K € C,(R) be an admissable function with respect

to these parameters. In addition, fix a unit vector 6 € S and p € Ny. For every bounded
function f € Wlel+d+2(Rd) A CLVTH(RY) we have

o Ckra
e (@) = m AT (@)

for almost every x € RY, and the convergence is of order O(9).
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Proof. Similar to the proof of Lemma 3.4.3, the Fourier transform of the shifted Griinwald-
Letnikov differences is given by

K A0 ipd (k.0 T W
F (A5 f) (k) = DemPE0 3", 5 Fk)
neL
for every k € R% and § > 0. Then according to the proof of Lemma 3.4.4, we obtain

%

aCJ(IQ

F(faz) -7 (20 ) w)

~

Z‘Df(k‘) > wn [@"""5“”“ (Hm)a_me— (—i(k, 0>~ | | + O () |k|* F (k)

In|<L 0

for L > 6~!. Repeating the procedure in the proof of Lemma 3.4.4 with

. 1 — iS5\ a—inc o
Dn(x) — pipT ( 66 ) _ (_ix)a—mc

instead of d,, in (3.34), we see that

Sz \ a—inc
—ipéx l—e 1
e - —
—ixd

1— ei(;x a—inc
< ’$|a67§nc efzp&v ( > -1

| Dn ()] <

|<_Z~x)a7in6|

—ixd
L 1 — idx\ a—inc ‘
— |‘T|a€7§nc < .6 > —14+1-— ezpéz
—ixd
< |z 2" (|2|d - |a — iné| + 2pd|z|) (3.36)
and the result follows as in the proof of Theorem 3.4.4. O]

Remark 3.4.9. Note that (3.36) implies choosing p as the smallest number, which leads
to a stable method.

In order to ensure the existence of the directional semi-fractional derivatives, we assumed
that f € Wleltd+2(RD) 0 ¢ (R?) in the above theorems, in which case the Caputo
and Riemann-Liouville forms are equal, and both are approximated by the Griinwald-
Letnikov formula. However, we also want to analyze situations where the function f
is supported on [0,00)¢, yielding a possible difference between Caputo and Riemann-
Liouville forms (compare Lemma 3.2.12 and Lemma 3.2.15). Recall from Section 3.2 that
this phenomenon especially appears when considering a time dependent system but may
also occur in multivariable settings. Asking for the accordance of the Griinwald-Letnikov
formula in this particular case, we find the following.
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Lemma 3.4.10. Let a € (0,2)\{1}, ¢ > 1, and let K € C},,(R) be an admissable function
with respect to these parameters. In addition, let f : Ri — R fulfill the assumptions of
Lemma 3.2.12 for o € (0,1) or Lemma 3.2.15 for a € (1,2). For every unit vector § € S
with 0; > 0 for at least one 1 = 1,...,d, the Grinwald-Letnikov scheme coincides with the
Riemann-Liouville form of the directional semi-fractional derivative.

Proof. The subsequent proof is based on the calculations in [110, p. 52-55] for the case
of fractional derivatives. We first use Pascal’s identity [111, (1.27)]

()=(57)+C2)

which holds for every z € C and j € N, to rearrange & A?’g f. This is, we write

KAG f(x) = 37 wad™*(S(2) + f(2))

nez

with

IoF

S(z): = (O‘ _.i”f}) (—1) f(x — jo0)

i j
g ((a _ Z?C : 1) * (a _jiﬁ_ 1)) (—1Y f(x—jo8).  (3.37)

Note that f is supported on @, and since 6 has at least one positive component, for
every § > 0 there is N(z) € N such that

1

z — N(x)00 € RL
and
x— (N(x)+1)60 ¢ RY.

Then S(x) is indeed a finite series given by

5(@) N(@) <<a —iné - 1) N (a — iné — 1)) (=1) f(x — j56)

j=1 J j -1
N(x) .. N(z) .
- (“ mmes 1) (~1) f(z — 66) + 3 (O‘ e 1) (—1) f(x — 556)
j=1 J j=1 g—1
N@ /o —iné — 1 . N@ T o —ine — 1
ST s 3 (TR ot - e 000
j=1 k=0
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using the shift k = 7 — 1 in the second sum. Now combine both series to obtain

N@=1 /o — ine — ,
S@)= > ( j 1)(—1)](f(5€—j59)—f(ff—(]+1)59))+R§($)—f(5€—59)

7j=1
with
a—1inc—1

Lig) = —N@ £ — )i
rita) = (e )0 e - N

belonging to the index N (x) in the first sum, whereas the term — f(z — 06) belongs to the
first term in the second sum associated with k& = 0.
First consider the case a € (0,1). Then

f(x = job) — flx — (j + 1)56)
o

= Opf(z — 700) + O(9)
is a first-order approximation to the directional derivative of f in x — 706 such that

N@ o —ing —
s+ f) - 3 (V7

1) (<1 (s (@ — 36) + O(6))

J=1 J
L)y
N@=1 /o —iné—1 .
-3 ( j >(—1)J(99f(x— J68) + 6~ 1R (x) + O(6).

For the Grinwald-Letnikov differences, it follows that

KA f(x) = 37 wad™ 167N (S (@) + f(2))

neZ
iné—a-+1 N (o —ine — 1 j - —1pl
. 5 1) L1y — jow) + 6 RY ) + O()
nez §=0 J
=I}(z) + Z W0 TR () 4+ O(6*7%),

nel

where

N@-1 o —iné—1 .
L) =% % wnémca+1< , )(—1)389 flz — jo0).

neZ j=0 J

We first analyze the convergence of I}. Let a € R? be the boundary point of ]Rﬂlr we reach
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first when moving from z in direction —f. Then we aim to show that

%%l I3 (z) = /69f(x —10)Gk(r)dr, (3.38)
m—N(z)b@za

which equals the Caputo form of semi-fractional derivatives. To do so, let

a—inc—1

al = F(iné—a+1)< .
J

J

)j“"‘f(—l)j

for j € Ny and n € Z. Then with the definition of w,, = ¢,['(in¢ — a + 1) for every n € Z,
we can write

N(z)— —imne — .
=> Z el (iné — a + 1)§meott (a z;zc 1) (=1)70p f(x — j00)
nezZ j=0

N@or

_ Z Z Cna;‘zjznc—ocamc—a—l-laef(x . jée)
neZ j=0
N(z)-1

=6> > cn@j (j0) Y2 f (2 — §60)

neZ j=0

N(z)-1
=6 > Opf(x—3700)(j6)” ch (§0)™me.

7=0 nez

Note that with

C)er=0757)

for every z € C and j € Ny, we obtain

’ J

L(iné—a+j+1) 4 iz
JI0(iné — a + 1)

_T(ine—a+j+1)

_ lai_1 o
a’?:F(z’né—a%—l)(mc at ity )jo‘mc

=T'(inc—a+1)

j!
nc — ) ... (inc — 1
:F(mé—oz+1)(mc a+].')“~_(mc a+ )7
].]’LTLC (0%
and with
j|jznc a+1

T(iné —a+1) = li
(ine—a+1) = lim e ) e —at 157
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(see for example [113, p. 39]), it holds that a7 — 1 as j — oo. Then we can think of Ij(z)
as a Riemann sum approximation of the Caputo semi-fractional directional derivative as
follows. Choose a grid over [0, x] with step size d, such that the grid points are given by
Jo with j =0,...,%. For simplicity we assume that d is chosen such that £ € N. Then a
Riemann sum approximation of the Caputo form is given by

/89f(x —10)Gg(r)dr = /&;f(x —rO)r K (log(r)) dr

T

_ / S a0 f (& — rO)rtin dy

o neL
N(z)—1 o
= lim § Z Z CaOp f(x — joO)(§6) e
640, — 7
z—N(z)dé0=a J ne

by using the series representation of K in (3.29) and evaluating the function in the left
endpoints jd of the interval [j§, (j 4+ 1)d]. This sum equals I} (x) up to the multiplication
with a7, but since this coefficients converge to 1 as j — oo, we obtain (3.38). It remains

to prove convergence of ZZ w0 RL(x). Therefore, note that
ne

S e Rn) = X e () 020

nez nez N(z
. fa—inc—1
= cpl'(ine —a+1 (5mc_a< > —1)N@ f(q
S e ) vy JED @
=D Calllym N ()"0 f(a)
nez

with afy,) as defined above. Then

Z Wn(smé_aRé(x) = Z Cna?V(x)(N(x)é)mé_af(a)

neZ nez
=Dl IN(2)d0]]™ f(a)
ne”L
=) by llr —al|™ " f(a),
ne”

and with the convergence ajy ) — 1, we conclude

lim Y w, iR (@) = Y el — all " (@)

010, nez

z—N(z)d0=a neL
= Gk (|lz = al]) f(a).
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Altogether, we have
K3 f(@) > [ afa = r6)Guclr) dr + Gz = al])fa),
0+

yielding the result for the case a € (0,1) together with Lemma 3.2.12.
For a € (1,2), repeat the procedure in (3.37) and obtain

NOT g —ing— 1
S(x)= > j

j=1
(

_Nx)‘l a —iné — 2 N a —inc— 2 (=1 (f(z — jo0) — f(z — (j +1)00))
_ ; j—1 ) Y

)(—1>f<f<x _J60) — f(x — (j + 1)06)) + RMa) — f(x — 56)

with
R2(a) = ( )(—1> D1 f(z = (N(z) = 1)80) — f(z — N(z))d0).

Similar to the case a € (0,1),

flz —360) = 2f(x — (j +1)60) + f(x — (j +2)00)
52

= (0, Hy(z — j00)6) + O(9)
such that for the Griinwald-Letnikov differences, we obtain

N@) -2 (a —iné—2

KA f(z) = — 3 w,dme-otz 3 )(-1)3‘ (0, H(z — j660)0)

nez j=0 j
— > w0 (Ry(x) + Ry (2)) + O(6°).
nez

Again we show that the limit of

2 inc—a+2 Ne) -2 o —inc — 2
I§(z) = =) w,d > j

neL 7=0

)(—ww, Hy(x — j36)6)
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is given by the Caputo form of the semi-fractional derivative, this is

T

%1%1 I3 (z) = /(9,Hf(x—r9)9>HK(T) dr

N(z)db=a 0+

with Hy from (3.9). Keep the series representation of v in the definition of Hy in mind
to write I? as

N(x) -2
C
9 H — 760)0 7nbn jiné—a+1 giné—a+2
Z r(x J))%a_l by
(1) 2

Cn
bn (] 5)mc

1 _ J
ven @ 1 —1nc

=0 > (0, Hy(x — jo9)0)(j0) "
7=0
with

o —1inc—2 s
T lim —iné+a—1
bj = T(in¢ — a+ 2)( j >(—1)]j metra
for every j € No and n € Z. Note that b} coincides with a} when considering @ = a—1 €
(0,1) such that b7 — 1 as n — oo. Then using a similar construction as in the case
€ (0,1), I} can be seen as a Riemann sum approximation of the Caputo directional
semi-fractional derivative. In addition, as shown above

lim 3 w0 Ry(x) = G (|l — al]) f(a),
N(z)60= o NEL

where a € R? is the boundary point we reach first when moving from z in direction —6
such that we only have to investigate the convergence of

iné—a iné—a —inc —2 z)—1
%wné R3(x éwn(S < N(z) -1 )(—1)N( =L(fla+ 60) — f(a)).

To do so, set

—inc — 2 -

_(N@ T
-\ N(@) -1 N

and note that with the convergence of 07, the factor B" converges to 1 as well. Then

a+06) — f(a)

> wnd" TR (2) = Y o pan(geyneen ]l -

nez nez & — NC — 1
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Y O |y g 0D I

neL o —

- HK(||:c - all)ﬁef(a)-

Altogether we obtain
KAF f(x) — /(9, Hy(x —r0)0)H (r)dr — Gi (|l — al]) f(a) + Hg ||z — al[)9s f (a),

which coincides with the Riemann-Liouville form of the semi-fractional directional deriva-
tive according to Lemma 3.2.15. L]
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Laplace transform of semi-fractional
derivatives

In the following chapter, we study semi-fractional differential equations and their con-
nection to semistable laws. However, a last important tool for this task is still missing.
When solving ordinary or fractional differential equations, using the Laplace transform is
a powerful method since it converts the differential equation into an algebraic statement
in the Laplace domain. The arising equation can then be solved more easily, and the
solution of the initial differential equation is obtained by inverse Laplace transform (e.g.,
see [124], [110], or [101]). This chapter is devoted to analyzing the Laplace transform of
semi-fractional derivatives to extend this valuable method to the case of semi-fractional
differential equations. Throughout this thesis, we denote the Laplace transform of a
suitable function f: R% — R with £(f) or f, this is

L(f)(s) = F(s) = / e~ £ () dar

d
RY

Typically, the Laplace transform is applied to the time variable but similarly may be
utilized to transform arbitrary positive variables. Hence, to obtain a general result we
study functions f € WI*2(R%) N Cy(RL), which are supported on R%. Recall from
the previous chapter that in this case, the Caputo and Riemann-Liouville form differ
dependent on the boundary values of f on 8Ri (see Lemma 3.2.12 and Lemma 3.2.15),
and this difference is reflected in their Laplace transforms. For every ¢ = 1,...,d and
T € ]Ri, we denote by

fZ(SC) = f(l’l, RN 7 I 0, Litly - - - ,xd)
the value of the continuous extension of f in the boundary point

d
(.T,'l, . ,1’171,0,$i+1, c ,.ZCd) € 8R+
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Chapter 4. Laplace transform of semi-fractional derivatives

4.1 Laplace transform of the Caputo form

We first concentrate on the directional semi-fractional Caputo form and analyze the
Riemann-Liouville form afterward. However, to ensure the Laplace transform’s existence,
we restrict our attention to directions # € SN Ri with non-negative components.

Lemma 4.1.1. Let o € (0,1), ¢ > 1, let K be an admissable function with respect to
these parameters, and let f € WI+2(R9) N C(]LOCJ+1(R1). In addition, choose a fized unit
vector € SNRL and assume that the function

(z,7) > e D0y f(x — r@)]lRi (x —rf)Gg(r)

is integrable for every s € Ri with respect to the Lebesque measure on Ri xR,. Then for
every s € ]Ri, the Laplace transform of the Caputo form of the directional semi-fractional
derivative is given by

e(;2 Q@ﬂ:éﬁ@ﬁ»Qawﬂ@—ﬁyﬁwﬁ.

(907[(1‘0‘

Remark 4.1.2. Note that in Lemma 4.1.1, for every i € {1,...,d}, the function f; is
the (d—1)-dimensional Laplace transform of f in the variables (z1,...,2;_1, Ziy1,. .., Zq).
Especially for d = 1, it coincides with f(0).

Proof. Since the function f is supported on @, according to (3.16), we have

807[(1'0‘

L ( % f) (s) = /6_<5’$> /89f(x - T@)]leJr(ZE —10)Gk(r)drdx

d
L

for every s € R‘i. Using the assumption of integrability, we change the order of integration
with Fubini’s theorem and obtain

L ( % f) (s) = //e_<s’x>89f(x — r@)]lRi (x —r0)Gk(r)dedr

807[(.730‘
0+ Ri
://eww%ﬂthww
0+ R4

with the component-wise substitution z = 2 — 78 and § € S NR%. Now we can separate
the integrals

E( % f) (s) :/6_T<8’0>GK(T) dr /6_<5’2>09f(z) dz
807[(,%0‘
0+ R4

81



Chapter 4. Laplace transform of semi-fractional derivatives

—Gil(s.0)) [ e “Inf(z) d
R{
Note that with s € R and § € SN @, we have (s,0) > 0 and the Laplace transform

is well-defined. For the second integral, using the rule for Laplace transforms of partial
derivatives (compare [34, Equations (44) and (45)]), we find

d
/e_<s’z>89f(z) dz = Z 0; / e~ {2 aa f(z)dz
— ;
R s
= Zei (Szf<s) - ﬁ(S))
i=1
~ d ~
= (s,0)f(s) — Z9ifi(5)
i=1
such that the statement follows. O

To obtain a more explicit form of the Laplace transform, let us analyze G x more closely.

Lemma 4.1.3. Let a € (0,1), ¢ > 1, and let K be an admissable function with respect
to these parameters. Then for every s > 0,

Gr(s) = s* ' (log(s)),

where n; - R — (0,00) given by

[e.o]

m(x) = "= /eezttaK(log(t))dt (4.1)

is a positive and log(cé>—periodic C*(R)-function. Furthermore, the function z
n(—x) is admissable with respect to o and c. If additionally K is smooth with Fourier
coefficients (cn)nez, then my has the Fourier series representation

m(z) => ¢;I(inc — a+ 1)e "™

neEL

for every x € R.

Proof. To prove the statement above, we conduct a direct calculation. However, note
that equally, one may use the theory of Bernstein functions, which we introduce later
on in Section 7.1. Although this theory probably yields an easier proof, its structure is
not suitable for the case a € (1,2), and for consistency of this chapter, we decided to
postpone the introduction of Bernstein functions at this point.
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Chapter 4. Laplace transform of semi-fractional derivatives

For every s > 0, we find

o0

G (s) = / e G (t) dt

0
00

= salslo‘/eStt‘lK(log(t))dt

= s""'m(log(s))

if 71 : R — R is defined as above. Note that it follows directly from the definition that 7,
1
is strictly positive. In addition, 7, is log(ca)—periodic since

o

m (:L‘ + log(cé» = e(1-0)¢a(1-0) /e‘eztcét_QK(log(t)) dt

0
00

= ") calema /e_emy(yc_i)_al( (10g(y0‘§)) dy

= m(z)

with the substitution y = tew and the periodicity of K. Besides, 7 € C*(R) as compo-
sition of C*°(R)-functions. It remains to show that x — 7;(—x) is admissable. As argued
above, the function is strictly positive and log (cé)—periodic. In addition, 7, fulfills the
growth restriction since

(e o]

m(—(z +9)) = e~ @t /ee_(ﬁé)ttaK(log(t)) dt

0
00

= e_””(l_o‘)e‘so‘_‘seé/e_ezy(ye‘s)_o‘K <log(ye5)> dy

0
00

—e / ™ "y K (log(y) + ) dy
0
with y := et for every x € R and § > 0. Now K is admissable such that

[e.e]

m(—(z +8)) < e / ey K (log(y)) dy = e (—a)
0
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Chapter 4. Laplace transform of semi-fractional derivatives

for every x € R and 6 > 0. Hence x + n(—z) is admissable in view of Lemma 3.1.2.
Finally assume that K is smooth with Fourier coefficients (¢, )nez. Then

o0

™ (l’) — ea:(l—oz) Z Cne—e””tt—a—i—iné dt
nez

[e.e]

— eac(lfoz) Z Cn/eezttaJr'mE dt,

0

where we can interchange the order of integration and summation since

(e} (e}
/Z ‘cne’emtt’o‘”"6 dt = (Z ]cn|) /e6 " dt < oo.
0 nez nez 0

With the substitution y = e*t, we get

[e.e]

_6 axzcn e y 6 y) a+mcdy
neL

o0
_ Z —incxr -y, ,—a+iné
= Cn€ e Yy dy

neL 0

=Y c.I'(1 — a+iné)e "™,
neZ

which finishes the proof. m
Combining Lemma 4.1.1 and Lemma 4.1.3, we obtain the following.

Theorem 4.1.4. (Laplace transform of Caputo derivative, a € (0, 1))
Let o € (0,1), ¢ > 1, let K be an admissable function with respect to these parameters,

and let f € WIT2(RE) N Cledt (R R%). In addition, choose a unit vector € SNRY and
assume that the function

(z,7) = e 50y f (2 — Te)]lRi (x —rf)Gk(r)
is integrable for every s € Ri with respect to the Lebesque measure on Ri xRy,. Then for

every s € RY, the Laplace transform of the Caputo form of the directional semi-fractional
derivative is given by

E( % f> () = (5.6)""mi (log (s, e>>>( Zefz )

807](1'0‘

with m as in (4.1).
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Chapter 4. Laplace transform of semi-fractional derivatives

Using this explicit representation, we can study some important examples.

Example 4.1.5. (Laplace transform of the one-dimensional Caputo form, a € (0,1))
In the one-dimensional case and for § = 1, we obtain the Laplace transform of the semi-
fractional Caputo form with

£ (5} )= sl (570) - 1)

ac,Kl'O‘

for every s > 0.
Example 4.1.6. (Laplace transform of the fractional Caputo form, o € (0,1))

Let K(x) = ﬁ be the constant function corresponding to the fractional derivative.

Since K is smooth, it follows immediately from Lemma 4.1.3 that n,(z) = 1 for every
x € R, and hence the Laplace transform of the directional fractional derivative equals

a4 B . d.
£( )= o (s - o)
v i=1
for every s € R%. Especially in one dimension and for § = 1, this yields

£ (gt ) ) =5 (5709 - 10)

for every s > 0, which is already known by [94, p. 39].
In the case o € (1,2), the argumentation works similarly.

Lemma 4.1.7. Let a € (1,2), ¢ > 1, let K be an admissable function with respect to
these parameters, and let f € WIT2(RE) 0 CY (R, In addition, let 0 € SR be
a fized unit vector and assume that the function

(x,r) — e’<s’x><9, Hy(z — r9)9>HK(r)llRi(x —r0)

with Hy from (3.9) is integrable for every s € ]Ri with respect to the Lebesque measure
on ]Ri x Ry. Then for every s € Ri, the Laplace transform of the Caputo form of the
directional semi-fractional derivative is given by

£(52t) o) = Hxls0) [ 90,2451

Proof. According to (3.17), for a function f : R? — R supported on RTL the Laplace
transform of the Caputo form is given by

L ( % f) (s) = /€_<S’$> /(0,Hf(m - r@)Q)HK(r)HRi(x —r0)drdx.

807[(1‘0‘
+
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Chapter 4. Laplace transform of semi-fractional derivatives

Using the assumption of integrability, we change the order of integration with Fubini’s
theorem and substitute z == x — rf# to obtain

£< % f) (s) = 7 / &0, 3y (@ — 10)0) Hic () Lng (2 — 16) da dr

O kT
d
0+ Rd

— 70 / e~ =0 (0 H ((2)0) Hy (1) dz drr

d
0+]R+

since § € SN @. Then separating the integrals as

£ (52 at) )= Htts.0) [ o0, 90)

for every s € RY yields the result. m

Similar to the case a € (0, 1), the Laplace transform of Hx can be represented using a
periodic function.

Lemma 4.1.8. Let a € (1,2), ¢ > 1, and let K be an admissable function with respect
to these parameters. Then for every s > 0,

Hic(s) = 5"y (log(s)),

where ng : R — (0,00) given by

[e.9] [e.9]

m(x) = €7 / e / =K (log(2)) d= dt (4.2)

0 t

is a positive and log (ci)—pem'odic C>(R)-function. In addition, the function x — no(—2)
is admissable with respect to o and c. If additionally K is smooth with Fourier coefficients
(Cn)nez, then me has the Fourier series representation

m(z) == c,I'(1 — a+iné)e "

neL

for every x € R.

Proof. For every s > (, we have

[e.0]

Hg(s) = / e Hyc (t) dt

0
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Chapter 4. Laplace transform of semi-fractional derivatives

[e.o] o0

_ / et / K (log(2)) dz dt

e¢)

_ 2 a]oe / K (log(2)) d= dt

= 5" *ny(log(s))

by (3.9) if 05 is defined as in (4.2). Again it follows directly from the integral representation
that ny is strictly positive. Besides, for every x € R, we get

o0 [e.9]

M2 (a:—l—log(cé)) = 61"(2C“)civ@a)/eemtCé /zO‘K(log(z))dz dt.

0 t

Substitute y = tew to obtain

o o

o (:1: —I—log(cé» ="\

S
£
)
’,:
E/
—
o
8
<
—
w
=
—
o
a3
9
~—
~—r
IS
Q
U
s

0 T1
ye @
and with u = zci, we see that
Mo (x + log(cé» = "1 /e_exy /(uc‘i)_o‘K (log(uc‘é» du dy
0 y
= ex(Qa)/eezy/uaK (log(w)) dudy
0 y

= na(z)

using the periodicity of K. Hence 7 is log <c§>—periodic. Additionally, note that us €

C>°(R) as a composition of infinitely differentiable functions. To show that z +— n(—z) is
admissable, let § > 0 and study

[e.e] o

ol (z + 8)) = e—(x+5)(2—o¢)/€_@(I+5)t/z_aK(log(z))dZ dt
0 t
:e_I(Q_Q)e—é(l—a)/e—e_’“y/z—a[((log(z)) dzdy
0 yed
_ 6—x(2—a)66a/e—e“”y /(ueé)—aK (]og(ueé)) du dy
0 Y
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Chapter 4. Laplace transform of semi-fractional derivatives

o0

— p—(2-a) /ee—Zy / u K (log(u) + d) du dy
Yy

0

)

with the substitutions y = e™°t and u = ze™%. Since K is admissable, the integral is

bounded by
na(—(z 4 6)) < e~ /ee_zy/uo‘K(log(u))du dt
0 v

= €a6772(—$)>

and therefore = +— ny(—z) is admissable as well. Finally, assume that K is smooth with
Fourier coefficients (¢, )nen. Then

772(1,) _ ex(2—a)/ —e”t Z Cn —a+1nc dz dt.
0 p neZ

Due to the fact that

//Z‘eeztcnza”"E dzdt://Zeezt]cn|z°‘ dzdt
0 7 nez nez

_ Z |Cn| t—oz-l—l —e%t dt

nez

— —a+1 fzd
Za—l / e z

0

_ Z |Cn| (a 2)zr<2 )

mena—1

< o0

with z := e”t, we can change the order of integration and summation such that with the
same substitution, we get

00 0o
ny(x) = "~ e, [ e / 27tNE 4o dt
nez
— 63:(2—(1) c —e””t tl a+iné dt
7;2 " a—1—1nc

0
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Chapter 4. Laplace transform of semi-fractional derivatives

o0

_ & _ —a\l—ating —
e15(2 ) n _ e Z(ze a:)l atin ,— 1y
oa—1—1nc
nez 0

_ Z %ex(aq—mé—ﬂ—a)r(g —a+ iné)
nez @ — 1 T INC

=—> ¢,I'(1 —a+inée ",

nez

which finishes the proof. O
Combining Lemma 4.1.7 and Lemma 4.1.8, we obtain the following.

Theorem 4.1.9. (Laplace transform of Caputo derivative, o € (1,2))

Let o € (1,2), ¢ > 1, let K be an admissable function with respect to these parameters,
and let f € WH2(RL) N CYITYRD). In addition, let 6 € SNRE be a fived unit vector
and assume that the function

(2, 7) = e~ 20, Hy(x — 7“9)9)HK(1”)11R1($ —r0)

is integrable for every s € R with respect to the Lebesque measure on R x Ry. Then for
every s € Ri, the Laplace transform of the Caputo form of the directional semi-fractional
derivative is given by

aC,KJIO‘

c( % f) ()= (5.0 “mlon((s.0)) [ O 2, (43)

d
L

where 1y is defined as in (4.2).

Remark 4.1.10. As in the case o € (0, 1), it is possible to evaluate the integral in (4.3)
using boundary values of f and its partial derivatives. For every o € (1,2) and f €

WW“(RED N C&aﬁl(@), we can extend f as well as its partial derivatives continuously
to the boundary of Ri. Similar to the definition of f; for every i = 1,...,d, we denote by

f@j(l‘) = f(iCl, Ce ,xi,l,(),xiﬂ, RN ,l’j,1,0,$j+1, ce ,Z‘d)

for i,j € {1,...,d} and x € R% the value of f in this boundary point and by

: )
(axifl (@) =l (mﬁ) (o1, T, 2, T, 2)

the value of the partial derivative of f in (z1,...,2;_1,0,2;11,...,24). Additionally, we
assume that for every i # j

0 0
a0 = (521) @ (4.0
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Chapter 4. Laplace transform of semi-fractional derivatives

Then under the assumptions of Theorem 4.1.9,

82
(s,2) _ (s,2)
/ (0, Hs(2)8) dz = ”210 0, 3xi3xjf(z> dz
R% R4
a 92 —(s,2) 0 d 6) ‘9 (s,2) o d
— ; : /e —aw?f( z +”§:1 / &Eiaxjf(z) 2.
R} i RY

Note that with [34, Equations (46)-(48)], for every i € {1,...,d}

[ e = i) — s £ (1) ) o

d 7
L

whereas for 4,j € {1,...,d} with i # j

0? 7 7 s £
/ e o f(2) dz = sisif(s) = 5i(s) = si3(s) + Fi(5)

d
R+

using (4.4). Similar to the case a € (0, 1), the Laplace transform fis (d—1)-dimensional,
whereas that of f; ; is (d — 2)-dimensional. Altogether we get

[ 01520 2 = (5.0)° o) - RGs),

R
where
d d d ~ -
=30 (s +£((427) ) ) + 32 00,2556 - Ft9)
i=1 i /)i ij=1,
5
for every s € ]Ri. Especially if 8 = ¢; for ¢+ = 1,...,d is a coordinate vector, then the

formula simplifies to

[ as = 7o - s £ (1) )
R4 !

for every s € R?.

Again, we study the two examples most valuable for the following chapters.

Example 4.1.11. (Laplace transform of the one-dimensional Caputo form, a € (1,2))
First consider the one-dimensional case with # = 1. Then the directional semi-fractional
derivative coincides with the positive one-dimensional semi-fractional derivative, and for
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Chapter 4. Laplace transform of semi-fractional derivatives

f as in Theorem 4.1.9, the semi-fractional derivative has Laplace transform

c ( o f) (5) = 5" Pmalogls) [ 0,5(0) d=

667[(33'0‘
R4

= 5" (log(s))(s* f(s) — s/ (0) = f'(0))
for every s > 0.

Example 4.1.12. (Laplace transform of the one-dimensional fractional form, o € (1,2))
Let K(x) = —ﬁ be the constant function corresponding to the fractional derivative.
Again, K is smooth such that according to Lemma 4.1.8 we have ny(z) = 1 for every

x € R. Then we obtain the Laplace transform of the fractional derivative by

£ (gt ) () = 52 F0) = 5710 = '0)
= 5"f(s) = 5" F(0) = s*2f(0),

coinciding with [94, p. 34].

4.2 Laplace transform of the Riemann-Liouville form

After studying semi-fractional Caputo forms, we now turn to the Riemann-Liouville form
of directional semi-fractional derivatives. Again, we start our consideration by analyzing
the case o € (0, 1).

Theorem 4.2.1. (Laplace transform of Riemann-Liouville derivative, o € (0,1))
Let a« € (0,1), ¢ > 1, let K be an admissable function with respect to these parameters,
and let 0 € SNRE be a fived unit vector. For f € WI+2(RL) N COLO‘JH(RCL) such that
the Riemann-Liouville form of the semi-fractional derivative exists and for which

(2,7) = e fz — r0)1gs (v — 10) G (r)

is integrable for every s € Rﬁlr with respect to the Lebesgue measure on R‘i xR, the Laplace
transform of the Riemann-Liouville form of the directional semi-fractional derivative is
given by

c((2 )f) (5) = (5, 0)°mi (os((s, ) F(5)

8C7Kx
for every s € R and my as in (4.1).

To prove Theorem 4.2.1, we will directly compute the Laplace transform. Similarly, one
can obtain the result by utilizing the Laplace transform of the Caputo form in Theorem
4.1.4 and the difference between both forms in Lemma 3.2.12. However, for a € (1,2),
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Chapter 4. Laplace transform of semi-fractional derivatives

this method is not valid since the Laplace transform of the difference does not exist, and
hence we use direct calculation in both proofs to obtain consistency for all a € (0,2)\ {1}.

Proof. For every function f : R? — R, the Laplace transform of the directional semi-
fractional derivative is according to (3.18) given by

L ((aiig;>a f) (s) = /e—<s7m> <V / flx — 7"9)]1Rd+ (x —r0)Gx(r)dr, 9> dz
R 04

a
d o 7
=> 0 / e—<s,m>a7 / flz— r@)GK(r)]lRi(x —r6)drdzx.
i=1 g
0+

d
RY

For fixed § € SN R, define

y(x) == min %
J_l 7777 ) 9]
0,70

For every i € {1,...,d} with §; # 0, we analyze the integral

o O
A(s;) ::/e : Zaxi/f(a:—TH)GK(r)]lRi(x—rﬁ) dr dx;
0+

y(x)
.0
:/e_slx’axi/f(:v—T@)GK(T) dr dx;
Ry 0+

y(z) y(x)

- si/esm / f(x —r0)G(r)drdx; — }Ciirféo flz —r0)Gg(r)dr
+

R, 0+
y(z)
=5 / e it / fx —r0)Gg(r) dr dz;.
Ry 0+

It follows that

8C,Kx

c (( % >Qf> (s) = gﬁisi/e<s’x> /Oof(x —10)Gic(r) gy (x — r6) dr da

= (s,0) / / 6_<S’x>f(l‘ - 7“«9)GK(7“)]1R¢1+ (x —r0)dxdr

d
O—l-]R+
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Chapter 4. Laplace transform of semi-fractional derivatives

with Fubini’s theorem using the assumption of integrability. With the substitution z =
x — rf, we obtain

c (( ai) f) (5) = (5.6) /Oo [ @Gk dzar

d
O-HR+

since # € SN @. The result follows from the separation of the integrals

c (( % )f) (5) = {5, 0)Cr (s, 0)) F(5)

GC,K:L'

together with Lemma 4.1.3. O

Example 4.2.2. (Laplace transform of the Riemann-Liouville form, d = 1 and a € (0, 1))
Note that in one dimension and for § = 1, we obtain the Laplace transform of the semi-
fractional Riemann-Liouville form with

c (( 0 ) f) (5) = s*mi(los(s)) F(s)

007[(1‘

for every s > 0.

Example 4.2.3. (Laplace transform of the fractional Riemann-Liouville form, a € (0,1))

If we choose K (z) = ﬁ, the semi-fractional derivative equals the fractional one, and

from Lemma 4.1.3, it follows that 7;(z) = 1 for every z € R. Then

c ((3) 1) 6) = (5070

for every s € R‘i, which especially yields

t((5) 7)o =it

in the one-dimensional case with § = 1 (compare [94, p. 39]).
Finally, we consider the Riemann-Liouville form in the case a € (1,2).

Theorem 4.2.4. (Laplace transform of Riemann-Liouville derivative, o € (1,2))
Let o € (1,2), ¢ > 1, let K be an admissable function with respect to these parameters,

and let 0 € SNRL be a fived unit vector. For f € WIT2(RL) N C’OLO‘JH(@) such that
the Riemann-Liouville form of the semi-fractional derivative exists and

(x,r) — e_<5’$>f(:v - r@)]lRi(x —r0)H (1)

is integrable for every s € Ri with respect to the Lebesgue measure on Ri xR, the Laplace
transform of the Riemann-Liouville form of the directional semi-fractional derivative is
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given by

c (( % )f) (5) = (5, 0)°na(log((5, 0)) F(s)

8C,Ka:

for every s € RE and ny as in (4.2).

Proof. According to (3.19),

e((52) 7)o = [0 @0 s

+
d () 82
:”Z::I 0,0; | e D0, (f)(z)dx

, ]Rd

+
for every s € Ri, where
I(f)(z) = /f(x — r@)]lRi(x —10)Hg (1) dr.
0+

For fixed 7,5 € {1,...,d}, consider the integral

82
B(s) = / e )

d
RJr

Integration by parts with respect to x; yields

oo

0 A 0
B(s) = / I 0| s / O g ) da

d—1 Rd
R+ :B,L:O +

where ) = (21,...,2;_1,%i41,...,24) is the projection of z onto all but the i-th com-
ponent. To evaluate the first term, note that

o)

0 ) . )
[ 1@t = | [ e eArn@ant | vy [ )@,

d—1 d—2 d—1
R, RY ;=0 RY

where 7)) = (11, ..., 2 1, %11, .., Tj_1,Tjs1, - - -, Ta) 18 the projection of z onto all but
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the i-th and j-th components. Similar to the case a € (0, 1), with

- Li
vw) = min, 5
0,70
for § € SNRE, we find
y(x)
i 1(7)(e) = limy [ (o~ 1) Hiclr) dr =0,
0+

and since f € Co(RL) and Hg(y) ~ y' =, we additionally obtain

y(z)
Jimy e I(f)(w) = Y e [ fo = o)) dr =0
0+

such that

/e_<5’x>8(9];j](f)(:v)dx(i):sj / eSO I(f) () de®.

d—1 d—1
R R%

Following these arguments, the integral B is given by

—(s,x 0
B(s)zsi/e { >a—$jl(f)(x)dm

d
RY

for every s € R%. Repeated integration by parts delivers

Bl = | [ I 1n@ad| s, [ (@
Ri_l (E]':O Ri
= sisy [ () (o) do
i

for every s € Ri. Then the Laplace transform of the semi-fractional derivative is given

by

(o) £) 0= 32 0y [ A e = (5,07T),
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Now using the assumption of integrability, with Fubini’s theorem, it follows that

I(f)(s) = /e_<8’x> /f(x - 7“6’)]1]1@r (x —r0)Hk (r)drdz

= //e<s’”>f(x - r@)]lRi (x —r0@)Hg (r) dx dr

0 d
+ R

_ / / =410 £ () He () dz dr

d
0—1—RJr

= [(s)Hk((s,0))
for every s € R%, completing the proof together with Lemma 4.1.8. m

Example 4.2.5. (Laplace transform of the Riemann-Liouville form, d = 1 and « € (1, 2))
In the one-dimensional case with # = 1, the Laplace transform of the semi-fractional
derivative is given by

c(( 0 )f) (5) = s°m(log(s))F(s)

667[(1'

for every s > 0.

Example 4.2.6. (Laplace transform of the fractional Riemann-Liouville form, a € (1,2))
If we choose K (z) = —ﬁ, then the semi-fractional derivative equals the fractional one.

In addition, according to Lemma 4.1.8, we obtain ny(x) = 1 for every x € R and hence

e((52) 7)o = worie)

for every s € Ri. Especially in one dimension with # = 1, this yields the well-known

formula [94, p. 34]
9 \" e
c((52) 1)@=

for every s > 0.
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Semi-fractional Cauchy problems

The overall motivation for the definition of semi-fractional derivatives and the analysis
of their properties in the last chapters was to construct a connection between semistable
densities and solutions to semi-fractional differential equations. In Remark 3.1.4 (iii), we
already touched on this connection in order to justify the definition of semi-fractional
derivatives. The first aim of this chapter is to formulate and prove this connection rigor-
ously. Consequently, both theories can profit from each other: Semistable distributions
can now be characterized in a new way and benefit from obtained and following results
about semi-fractional diffusion. Especially, we can use the Griinwald-Letnikov formula to
approximate semistable laws numerically. On the other hand, the connection to semistable
laws may arouse interest in the quite new theory of semi-fractional differential equations
and inspire new work on this topic.

However, we do not restrict our attention to those semi-fractional differential equations
directly connected to semistable laws. Instead, we consider a wide class of semi-fractional
Cauchy problems. In our context, such an equation may include a semi-fractional deriva-
tive in the time as well as in the space variable and is studied under a given initial
condition. Since such an initial state of the underlying system is known for many real-
world applications, Cauchy problems are widely used in mathematical modeling and are
thereby of particular importance.

Specifically, the theory of fractional Cauchy problems gained influence during the last
decades, and there is a rapidly growing number of publications dealing with existence and
uniqueness results for different kinds of Cauchy equations (e.g., see [36] or [69] and the
references cited therein). Note that the whole theory of fractional differential equation
spreads much wider than the analysis of Cauchy problems and, for example, includes
several non-linear equations under different initial or boundary conditions (see for example
[36], [120], and [143]) as well as fractional differential problems on bounded domains
(compare [13], [29], or [12]). Partly, these results can surely be extended to the case of
semi-fractional diffusion and would be fascinating to investigate. However, as a start, we
concentrate on semi-fractional Cauchy problems here. Nevertheless, we hope to offer a
glimpse into the potential of semi-fractional differential equations in general.
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The chapter is structured as follows. In Section 5.1, we use semigroup theory to study
semi-fractional diffusion equations. These are differential equations with a semi-fractional
space but an ordinary time derivative under given initial conditions, which finally deliver
the connection between semistable laws and semi-fractional derivatives. Afterward, we
study semistable subordinators in Section 5.2, enabling us to solve more general Cauchy
problems involving a time and space semi-fractional derivative in Section 5.3.

5.1 Semi-fractional diffusion and semistable densities

To finally establish a connection between semistable laws and semi-fractional diffusion,
consider the following setting. Fix a € (0,2) \ {1}, ¢ > 1, and an admissable set of
functions (Kjy)ges as well as a probability measure M on the unit sphere. We study the
semi-fractional diffusion equation

;u(:c,t) = —DDz’(J\ée)gesu(x,t) (5.1)
under the initial condition u(x,0) = ug(z) for every # € R? and ¢ > 0. Thereby, the
multidimensional semi-fractional derivative is the generator form, which coincides with
the Caputo form under smoothness assumptions on u (compare Section 3.3). Besides,
recall that D = D(a) = (1)), and hence, the sign on the right-hand side of (5.1)
differs for the two cases a € (0, 1) and « € (1,2). Using the semigroup theory introduced
in Section 2.3, we obtain the following result.

Lemma 5.1.1. For fized o € (0,2) \ {1} and ¢ > 1, let (Kp)pes be an admissable set of
functions and let M be a probability measure on the unit sphere. Furthermore, let v be
the (cé, c)-semistable distribution with Lévy-Khintchine triple [a,0, ®|, where

/ T ) if a € (0,1)
a — JRNOY (5.2)
T .
/ <1+H1’H2 - x) do(z) ifae(1,2)
RN\ {0}

and the Lévy measure ® is given by (2.5), and denote by (A(t))i>0 the corresponding
semistable Lévy process. If uy € Dom (Dz’(]‘é)%s), then the unique solution to (5.1) is
given by u(z,t) = Elug(z — A(t))].

Proof. Let L be the generator of the semigroup (7'(¢));>o defined in (2.14). According
to Lemma 3.3.10, the multidimensional semi-fractional derivative and the generator are
connected by

a,M
D (ky)pesW(@:t) = —=DLu(z, )
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for every z € R? and t > 0. Then from uy € Dom (DZ’%G)GGS), it follows that vy €

Dom (L), and according to Section 2.3, the unique solution to the Cauchy problem

gu(w,t) = Lu(z,t) = —DD* = w(x,t)

ot e,(Ko)oes
is given by u(x,t) = Elug(x — A(t))]. O
Example 5.1.2. Consider the one-dimensional diffusion equation
Ot = 7l ) (5.3
—u(x,t) = — u(x :
8t ’ 807;(300‘ ’

for « = 0.6, ¢ = €™, and

3

K(x) — 3 cos(Zx) + i sin(4$) + m

15 20
admissable with respect to these parameters. In addition, choose the initial condition
up(z) = e~ and note that uy € Dom(5 8[;& ). Figure 5.1 displays the solution x +— u(x, t)
for two different times (¢ = 0.5 and ¢ = 1). For comparison, we additionally show the
solution to the corresponding fractional equation

e}

oz

Qu(m, t)=-3

o u(z,t) (5.4)

with u(z,0) = ug(x). The code for the calculation is attached in Appendix C. We observe
that the periodic perturbation in the semi-fractional derivative causes an oscillation of
the solution around the fractional one. Hence, the overall behavior is preserved, whereas,
on a small scale, we find remarkable differences between both curves.

05 ; ; ; 0.25
0 0.4 - 0.2
o 11
- °
i3]
£ 0.3 E 0.15
= ®
= c
§o2 S o
5 5
(?J %}
0.1 0.05
0 0
-5 -5
X X

Figure 5.1: Solution to the semi-fractional diffusion equation (5.3) in Example 5.1.2 at
time ¢ = 0.5 (left) and ¢ = 1 (right) shown as a solid line in comparison to the solution
to the corresponding fractional equation (5.4) displayed as a dashed line.

In the situation of Lemma 5.1.1, the solution of the semi-fractional Cauchy problem is
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a classical one. This is, u is continuous in ¢ > 0, continuously differentiable in ¢ > 0,
u(-,t) € Dom (D?kﬁg)ees) for every ¢t > 0, and (5.1) is fulfilled point-wise. However, to
construct a connection between semistable laws and semi-fractional diffusion, we have to

weaken the assumptions on ug, yielding a slightly weaker solution.

Theorem 5.1.3. (Connection between semistable densities and semi-fractional diffusion)
For fized o € (0,2)\ {1} and ¢ > 1, let v be the (c&,c)-semistable distribution in Lemma
5.1.1 with corresponding Lévy process (A(t))i>o. Then the densities x — p(x,t) of A(t)
solve the semi-fractional Cauchy problem (5.1) under the initial condition u(x,0) = d(x)
for almost every x € RY.

Proof. Note that a proof of this theorem in one dimension has already been published
in [66, Theorem 5.1], and the multidimensional case works similarly. Apply a Fourier
transform to (5.1) to obtain

8 - a a,M _ F
ok t) = F <8tu> (kt) = =DF (D, , o) (k, t) = U(k)a(k,t)

using (3.25) and (2.7), where VU is the log-characteristic function of v. If we especially
consider the semistable density p, then

0 0 N
Bl ) = e = W)k, 1),

and hence p solves (5.1) in the Fourier domain. Finally, Fourier inversion yields the
result. O

Together with the numerical approximation of the semi-fractional derivative in Section 3.4,
this result enables us to plot semistable densities as a solution to the Cauchy problem.
Since no explicit representations of purely semistable densities are known, pictures of
such distributions were quite rare before, and hence this result contributes to a better
understanding of semistable laws.

Example 5.1.4. Let a € (0,1), ¢ > 0, and let K be an admissable function with respect
to these parameters. In addition, let v be the semistable distribution on R with Lévy-
Khintchine triple [a, 0, ®], where a is as in (5.2) and

O(—o0,—1) =0, P(r,00) =r “K(log(r)) (5.5)

for every r > 0. According to Theorem 5.1.3, the densities x — p(z,t) of the corresponding
Lévy process solve the diffusion equation

0
517(1‘7 t) -
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Foroz:%,c:Q,and

K(z) = 810 <cos<10§7€4)x> + 2003(1027{4)%)) + F(ll—a) (5.6)

admissable with respect to these parameters, the semistable density p(z,1) of v is shown
in Figure 5.2. The approximation indicates that this semistable density is not unimodal.
Concerning this property, semistable laws differ crucially from stable ones, which are
known to be unimodal (see [152, Theorem 2.7.6]). Thereby, we see that the class of
semistable laws is much wider than this of stable ones, which underlines the importance
of studying both. Note that in general semistable distributions can be either uni- or mul-
timodal. For more general information, we refer to [122], [145], or [146].

o o o
[N o o

Semistable density

o
(N}

0 2 4 6 8
X
Figure 5.2: Density of the semistable distribution v = p(z,1) in Example 5.1.4.

Since no explicit expressions of semistable densities are known, we cannot compare our
approximation with the real density. However, in Section 2.1, we observed that semistable
densities fulfill a particular scaling, and we can at least check whether this property is
satisfied by our approximation. First note that for o € (0,1), Lemma 2.14 in [74] ensures
that v is even strictly semistable. Then according to (2.4),

e =1y (5)

for every x € R. In Figure 5.3, we plotted both sides of this equation, finding that they
are in good agreement, and in this sense, our approach is strengthened. Again, the Matlab
code for the calculation is given in Appendix C.
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0.25

o
= o
3y (V]

o
—

Semistable density

0.05 1

0 2 4 6 8

X
Figure 5.3: Density = — p(z,2) (solid line) and = — p (%, 1) (dashed line) in Example
5.1.4.

Remark 5.1.5. To the best of our knowledge, the only alternative approach to plot
semistable densities is given in [28], where one-dimensional semistable densities were ap-
proximated using inverse Laplace transforms. We want to compare both methods in the
situation of Example 5.1.4.

Instead of interpreting the semistable density as a solution to a semi-fractional differen-
tial equation, the author of [28] used the inverse Laplace method of Abate and Whitt [1],
stating the following. If the density p = p(z,1) of v is supported on (0, 00), then

o)~ e (5(2)) + S S e (5(A2T)) e

T =

for every x > 0, where A > 0 is a tuning parameter. Using an additional shift, the author
of [28] also approximated semistable densities on the whole real line. However, since this
procedure may cause further errors, we decided to stick to the case of densities supported
on R, here. So as in Example 5.1.4, we study a strictly semistable density p, which
according to [74, Lemma 2.14] is supported on R;. Remark that according to Example
2.2.6, the Laplace transform of the density p is given by

p(s) = exp (— > e l(iné — a + 1)30‘_”‘5)

ne”L

for every s > 0. Inserting this expression in (5.7) yields a numerical approximation of the
semistable density.

Independent from the choice of A, the approximated density preserves the scaling property
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(2.4). To see this, note that according to (5.7)

A
2

A 7 A+ 2ki
p(c‘ix,t) A e—céﬁ (201,25) + e > (-1)"Re <ﬁ (Z kmcé,t>>
x T

T T =1

for every x > 0 and ¢ > 0. Since

ﬁ(ycé,t) = exp (—t Z cp l(ine — a + 1)(yci)a—i”5)

nez

= exp (—tc > e I(inc — a+ 1)yo‘_i"5)

nez

= ply,ct)
for every y > 0, we obtain

A A
_1 1(ez _[A ez & i [ A+ 2kim
p(c ax,t) ~ca (21727 <2x’Ct) + e > (=1)*Re (P <%,0t>>) ;

k=1
which is the approximation formula of ¢ p(z, ct) according to the method in [28].

To compare both methods, we use the parameters from Example 5.1.4. This is, let a = %,

c=2aswellas K asin (5.6) and ® as in (5.5). As shown in Figure 5.4, the approximation
using the inverse Laplace transform method yields slightly different results depending on
the tuning parameter A.

1.2 ‘ ‘ ‘ - : 1.2
1 1
> >
2 =08
208 2
L] L]
5 S 08
s e 8
_TQl 4(—2' 04
€04 £
: N
0.2 0 e
0 0.2
0 0.5 1 1.5 2 2.5 3 0 5 10 15 20 25 30

X X
Figure 5.4: Approximation of the semistable density p(z,1) using the method of [28] for
different values of A (A = 2 blue solid line), A = 4 (blue dashed line), A = 6 (green solid
line) and A = 8 (black dashed line) for z € [0,3] (left) and on a large scale z € [0, 30]
(right) in Remark 5.1.5.

Note that the approximation for A = 2 (blue solid line) differs from all other curves in
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the height of its first maximum and also exhibits a greater oscillation for values of x near
0.5. After behaving similarly for 2 € [1,15], the approximations corresponding to larger
values of A (A = 6 and A = 8) take negative values, which contradicts the fact that we
approximate a semistable density. Hence we stick to the smaller values A =2 and A =4
for the following comparison.

We now compare the remaining curves corresponding to A = 2 and A = 4 with the
Grinwald-Letnikov approximation. As seen in Figure 5.5, the overall behavior is similar,
but there is a slight difference for small values of z. Nevertheless, the general agreement
of both approaches strengthens the validity of both approximations.

12

o
oo

Semistable density
o o
£ ()]

0 0.5 1 1.5
X
Figure 5.5: Comparison of the approximation using Griinwald-Letnikov differences (blue

solid line) and the approximation with the method of Abate and Whitt for A = 2 (green
dashed line) and A = 4 (green solid line) in Remark 5.1.5.

Note that by calculating an approximation of the semistable density with the inverse
Laplace transform method for every A € {1.8,1.81,...,4.19,4.20}, we find the best agree-
ment with our result for A = 3.89. Thereby, the difference between both approximations
was measured using the least squared error on x € [0,8]. Both approximations are in
good agreement, as shown in Figure 5.6. All Matlab scripts used in this remark can be
found in Appendix C.

So how can we obtain a reliable approximation of semistable densities? A weakness
of the inverse Laplace transform method is undoubtedly the right choice of the tuning
parameter A. In [28], the author applied his method to stable densities likewise and
found the best agreement with the actual density for larger values of A (for example A =
9). However, for our particular example, these values failed as an approximation of the
semistable density. In contrast, the approximation with Griinwald-Letnikov differences
is more expensive to calculate numerically but does not depend on an additional tuning
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parameter. Additionally, our method directly transfers to semistable densities on the
whole real line. For these reasons, the approximation with Griinwald-Letnikov difference
might be preferred to the inverse Laplace transform method or at least may be used as
additional validation.

o o o
IS o)) [

Semistable density

o
o

O 1 L 1 L 1
0 0.5 1 1.5 2 2.5 3
X
Figure 5.6: Comparison of the approximation using Griinwald-Letnikov differences (blue
solid line) and the approximation with the method of Abate and Whitt for A = 3.89 (blue

dashed line) in Remark 5.1.5.

5.2 Semistable subordinators

In contrast to ordinary derivatives, the fractional and the semi-fractional derivative are
non-local operators. For this reason, the solution of the semi-fractional diffusion equation
(5.1) at a given point is influenced by the whole surrounding environment. A similar
behavior is observed in many physical applications when considering the time variable.
More precisely, the current status of a physical system often depends on all of its past
states. In this case, the corresponding system is subject to long-term memory effects.
Modeling exactly such an outcome, differential equations with time-fractional derivatives
have been considered extensively (see for example [71], [10], or the monograph [72] for a
comprehensive overview).

In the following, we investigate semi-fractional Cauchy problems with an additional semi-
fractional time derivative. Thereby, we model a long-time memory effect with log-periodic
perturbations and hence extend the possible models for such situations. As a prepara-
tion, this section analyzes semistable subordinators, which are semistable processes with
almost surely non-decreasing paths. These processes and their properties deliver the key
ideas to solve general Cauchy problems in Section 5.3.
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Subordinators are of particular interest not only in the case of stable or semistable pro-
cesses. This section only proves a few properties for semistable subordinators, which are
necessary to solve abstract Cauchy problems later on. However, we refer to [22], [122],
and [74] for information about subordinators in general. First note that the property of
non-decreasing paths can equally be obtained from the Lévy-Khintchine representation.

Theorem 5.2.1. (Characterization of subordinators, [74, Lemma 2.14])
A Lévy process (X (t))i>0 on R with Xy ~ [a,Q, @] is a subordinator if and only if Q) = 0,
®(—00,0) =0 as well as

7min{1,x} dd(z) < oo

and

o0

x
a—/1+x2d<b(x)20.
0+

To construct a semistable subordinator, consider the following situation. Let p be a

(d%, d)-semistable distribution for some 3 € (0,1) and d > 1 with Lévy-Khintchine triple
[a,0,®]. We assume that the Lévy measure ® is concentrated on the positive real axis,
this is

B(—00,—7) =0 and ®(r,00) = Gy (r) = r "V (log(r))

for every r > 0 and an admissable, log (d%)-periodic function V. Besides, we choose the
drift coefficient a € R as

o0

X

0+

Then the log-characteristic function ¥ of u can be written as

o0

U(z) = / (e = 1) d®(y), (5.8)

0+

and according to Theorem 5.2.1, the Lévy process (D(t)):>0 with Ppy = p is a semistable
subordinator. In addition, ®(0,00) = oo, which implies that the sample paths are even
strictly increasing almost surely ([122, Theorem 21.3]). According to [122, Example 28.2],
the process has C*°(R)-densities © — g(z,t) for every ¢t > 0, and for further calculations,
we need an explicit form of their Laplace transform.

Lemma 5.2.2. (Laplace transform of semistable subordinator densities)
Let (D(t))t>0 be the semistable subordinator with density x — g(x,t) for every t > 0.

106



Chapter 5. Semi-fractional Cauchy problems

Then
g(s,t) = / e " g(x,t)dr = e~ TP (5.9)
0
for every s > 0 with
Lpay(s) = s”ni(log(s)). (5.10)

Thereby, m; : R — (0,00) is the log(da—pem’odic, positive C*°(R)-function defined in

(h1).

Proof. The existence of the Laplace exponent in (5.9) follows immediately from the Lévy-
Khintchine triple, so we only have to prove the explicit representation and the properties
of I'py. Using integration by parts for Riemann-Stieltjes integrals [76, Chapter X, Propo-
sition 1.4], we obtain

o0

Fpo(s) = / (1— ) dd(z)
_ _/(1 ) Gy (x)
= 10— G + [5Gy da

for every s > 0. Note that the first part vanishes since Gy (x) — 0 as * — 00, and using
the boundedness of V', we get

liﬂ)l (1 —e*")Gy(x)| = liﬁ)l |(1— e_sx)x_ﬁ‘/(log(xm
< Cho 11}{101 |sat 7|
=0

for a constant (g > 0 using a Taylor expansion. Then

o

I'pay(s) = s/e_sxGV(x) dz = sGy(s)

0+

for every s > 0 and according to Lemma 4.1.3

Gy (s) = 5" (log(s)),
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where n; : R — R, has the claimed properties. O

Using this representation, we can prove an additional property of the Laplace exponent

Lemma 5.2.3. The function I'py : (0,00) = (0,00) is bijective.

Proof. According to (5.10), the function I'p(;y is continuous with 11{(1)1 I'pay(s) = 0 and

SILIQO I'pay(s) = co. We show that I'p(yy is strictly increasing, which yields the result. For
every s > (0 and h > 0, we obtain

o0

Ppay(s +h) =Tpa)(s) = / (1= e &y — 1 4 ) dd(y)
0+
= /e‘sy (1—e™) dd(y) >0
——
0+ >0
since ® is non-degenerate. Hence I'p(y) is strictly increasing. O]

The paths of (D(t)):>¢ are strictly increasing almost surely such that the inverse semistable
subordinator given by

E(t) =inf{u >0: D(u) >t}  Vt >0,
is well-defined, and from the definition it follows immediately that
{Et;) <s;fori=1,....m}={D(s;)) >t; fori=1,...,m} (5.11)

for any s1,...,8m,t1,...,t,m > 0 with m € N. Due to the fact that (D(¢)):>o is a strictly
semistable Lévy process, it is semi-selfsimilar according to [122, Proposition 13.5], and
this property carries over to the inverse process in the subsequent sense.

Lemma 5.2.4. The inverse semistable subordinator (E(t));>o is semi-selfsimilar with
1 f.d.
{E(d71)}iz0 = {dE(t)}i20-

Proof. First note that since (D(t)):>0 is a strictly (d%,d)—semistable Lévy process, it is
semi-selfsimilar [122; Proposition 13.5] with

{D(d*) }izo = {d5 D(t)} 10

for every k € Z. Then using (5.11), for 0 < ¢} <ty < ... <ty and $1,...,5, > 0 we
obtain

P(E(d%ti) <s fori=1,...,m)=P(D(s;) > dit; for i = L,...,m)
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P(D(d ts;)) >t; fori=1,...,m)
P(E(t;) <d 's;fori=1,...,m)
P(dE(t;) < s;fori=1,...,m).

[]

In the special case of a [-stable subordinator (D(t))s>o, the inverse stable subordinator
(E(t))t>0 is even selfsimilar with index 8 (compare [92, Proposition 3.1]). The connection
between subordinators and their inverse counterpart now enables us to prove a represen-
tation of the Lebesgue density of E(t) for every ¢ > 0.

Lemma 5.2.5. (Density of the inverse semistable subordinator)
For every t > 0, the distribution Pgqy has a Lebesgue density x +— h(x,t) on (0,00) with

¢
h(xz,t) = _(989[: /g(y,m) dy, Vx>0, (5.12)
0

where x — g(x,t) is the density of D(t).

Proof. From (5.11), we obtain

[ee) t

.HE@wa;mDuﬁzw=/ﬁ@www:1—/ﬁwwwy

t 0

for every x,t > 0 since ¢ is a density on (0, c0). Additionally, the function z — P(E(t) <
x) is monotonically increasing. Hence it is differentiable almost everywhere with

t

h@wzifwwgm:—i/a%@@

0

Note that due to the monotonicity, h is a non-negative function with

/h(w,t) de = — /g(y,x) dy
~tim P(D() < 1)~ lim P(D(x) <1
=1

since D(t) % D(0) = 0 and using the fact that the paths of (D(t));>o are unbounded
almost surely [30, Theorem 3.2]. ]
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Remark 5.2.6. In view of Lemma 5.2.5, we are able to calculate the density of an inverse
semistable subordinator numerically. Let o = 0.6, ¢ = *™, and

1

V(z) = 110 (sin(2z) + cos(x)) + I(l-a)

admissable with respect to these parameters. We consider the thereby defined semistable
subordinator (D(t)):>0, where D(1) has log-characteristic function (5.8), as well as the
corresponding inverse semistable subordinator (E(t)):>o. Figure 5.7 displays the density
of E(1) in comparison to those of the corresponding inverse stable subordinator. As
expected, the density of F(1) oscillates around the density of the inverse stable subordi-
nator. The code for the calculation is attached in Appendix C.

5

Figure 5.7: Density h(z,1) of the inverse semistable subordinator at time ¢ = 1 (solid
line) in comparison to the density of the corresponding inverse stable subordinator (dashed
line) in Remark 5.2.6.

In [93, Theorem 3.1], the authors proved the following equivalent representation of the
density h of the inverse semistable subordinator.
Lemma 5.2.7. For every t > 0, the density x — h(z,t) of E(t) is representable as

t

hat) = [ B(t = 3.50) dPois (v) (5.13)

for every x > 0, where ® is the Lévy measure of D(1).

Since the semistable subordinator (D(t));>o has Lebesgue densities  — g(z,t), we can
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simplify (5.13) to

t

h(x,t) = /@(t —y,00)9(y, ) dy.

Both representations have their advantages and will be used for further calculations.

Remark 5.2.8. At first glance, it is not obvious that the representations of the density
x +— h(z,t) of the inverse semistable subordinator F(t) in Lemma 5.2.5 and Lemma 5.2.7
are equivalent. Hence, we shortly evaluate their connection. First note that the density
h with representation (5.12) has Laplace transform

~ 0 0 r
h(z,s) = —%3*15(5,9&) - —%s”e*“mn(s) — D(:(S)eIFDm(S)

for every s > 0 using (5.9). On the other hand, the representation (5.13) has Laplace
transform

o0 t
ws) = [ e [0t = y.oo)gy,a) ayat

0
t

0
:/eSt/<b(z,oo)g(t—z,x) dzdt,
0

0

where we substituted z := t—y. Now with Tonelli’s theorem and the substitution v :=t—z

h(z,s) = e gt — z,x)dt ®(z,00) dz

e g(u, x) du (2, 00) dz

0\8 N\g

— Sz~

e (s, x) P(z,00) dz

Il
—g O g T —g

= §(s,2)Gv(s)

—er(l)(S)M
S

=€

according to Lemma 4.1.3. With the uniqueness theorem for the Laplace transform, the
two representations are equivalent.

As a consequence of the previous remark, we state the following lemma.
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Lemma 5.2.9. (Laplace transform of inverse semistable subordinator densities)
The density x — h(z,t) of the inverse semistable subordinator E(t) has Laplace transform

h(z, s) Foa(s) e~ o)

S

for every x > 0 and s > 0.

5.3 Semi-fractional Cauchy problems

Keeping the results about semistable subordinators in mind, we now study abstract semi-
fractional Cauchy problems. These are Cauchy problems involving an additional semi-
fractional time derivative. By doing so, we model log-periodically disturbed long-time
memory effects of the underlying system and provide another opportunity to model real-
world applications.

For the whole section, fix § € (0,1), d > 1, and a smooth, admissable function V' with
respect to these parameters. In addition, let L be the generator of a semigroup (7'(¢)):>o
driven by an infinitely divisible law p on R? as defined in (2.14). Then we study the
semi-fractional Cauchy problem

P B
(ad,vt> u(z,t) = Lu(z,t) + ug(x)Gy(t) (5.14)

for x € R% t > 0, and a suitable function uy. In the following, we evaluate a solution
to (5.14). Thereby, our considerations are inspired by the handling of the corresponding
fractional case in [10].

Remark 5.3.1. Note that on the left-hand side of (5.14), we have the Riemann-Liouville
form of the semi-fractional derivative. However, if ¢t +— wu(x,t) fulfills the assumptions
of Lemma 3.2.12 for every € R?, then the difference between Riemann-Liouville and
Caputo form is given by uy(z)Gy(t), and hence the equation simplifies to

o°

Wu(x, t) = Lu(z,t)

under the initial condition u(z,0) = ug(x) for every z € R

We define the subsequent class of operators.

Definition 5.3.2. For every t > 0, define the linear operator

o

St)f = /T(u)f h(u,t) du (5.15)

0
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on L*(RY), where x — h(x,t) is the density of the inverse semistable subordinator F(t)
from section 5.2 and (7'(t));>0 is the semigroup (2.14) driven by the infinitely divisible
distribution p on R,

As the following lemma displays, the operators (S(t));>o exhibit some useful properties.

Lemma 5.3.3. The family of operators (S(t))i>o is uniformly bounded and strongly con-
tinuous with S(0) = Id.

Proof. For every f € L'(R?), we obtain

¢}

ﬂ®f=/TWHhWﬂMu=ﬂ®f=f

0

since h(x,0) = 6(x) and T'(0) is the identity mapping. Besides, the semigroup (7°(t)):>0
is uniformly bounded with ||T(¢)f||; < ||f]|: for every f € L*(R?) (compare Section 2.3)
such that an application of Bochner’s theorem (see for example [5, Theorem 1.1.4]) yields

o0

Hﬂﬂﬂhz(/TWVhWJﬁw

0 1

s/ﬂTwwhwxmuw

<114l [ w0y du

0

= (111

Thereby, the last equality holds since for every ¢ > 0, z +— h(x,t) is a density on (0, 00).
Hence S(t) is well-defined for every ¢ > 0 and uniformly bounded. It remains to show that
(S(t))i>0 is strongly continuous. In view of Section 2.3, (T'(t)):>o is strongly continuous
and thus ||T(t)f — flli — 0 as ¢ | 0. Then for every € > 0, there is sy > 0 with
|T(t)f — fllL < 5 for all £ < s¢. It follows that

o0

1S()f — fll = /TWthtwu—f

= /oo h(u,t) du

S/MT V= flls h(u,t) du

1

1
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- / I7(0)f = fll At du+ / IT(f  fll it du

<5+ /HT )£~ Sl h(u. 1) du

for every t > 0 using Bochner’s theorem [1, Theorem 1.1.4]. The process (E(t)):>o is
continuous in probability with F(0) =0 almost surely such that for fixed f € L'(R%), we
can choose t; > 0 with f:)o h(u,t) du < g for all t < to. Then with ||T'(u)f[l < [[f|]:
for every u >0, ||S(¢)f — f]|| is bounded by

o0

1S = fll < < +sz!11/ B, t) du < ¢

S0

for t sufficient small. Consequently, ||S(t)f — f|l1 — 0 as ¢ | 0, showing that (S(¢)):>o is
strongly continuous. ]

Since (S(t))t>0 and (T'(t))>0 are families of bounded operators, the Laplace transform of
t — T(t)f as well as the Laplace transform of t — S(¢)f exist for every f € L}(R?), and
the following equality connect both forms.

Lemma 5.3.4. Let f € LY(R?). The Laplace transform of S(t)f is given by

/ e S(t) fdt =
0

/e“rD(l) T (u) f du
0

for every s > 0.
Proof. Use the definition (5.15) of S(¢) to obtain

o0 o0 o

/e_StS(t)fdt = /e_St/T(u)f h(u,t) dudt

0 0 0

for every s > 0. Note that with

//||6_5tT(u)fh(u,t)||1dudt://6_8t||T(u)f||1h(u,t)dudt
00 00
<|Ifllx e *h(u,t) dudt
/]
=|Iflh [ e~ at
/
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by Fubini’s theorem, we have

o0 o0

/ et S(1) /007 ~th(u, t) dt T(u )fdu—/ (u, s) T(u) f du.

0 0

Now Lemma 5.2.9 yields

oo

/ e 'S(t) fdt =

0

/e“rD(l) (u) f du.
0

]

Turning back to the semi-fractional Cauchy problem (5.14), we want to describe the
solution in terms of the operators (S(t));>0. Since we prove our results using Laplace
transforms, we will not obtain classical solutions but strong solutions defined as follows.

Definition 5.3.5. (Strong solution)
A function u : R? x [0,00) — R is called strong solution of the semi-fractional Cauchy

problem (5.14), if u € Dom ((&)’B) N Dom(L) and (5.14) is fulfilled for almost every
t>0.

Since V' is smooth, it is representable by its Fourier series

3 dpem® (5.16)

n=—0oo

for every x € R, where (d,),ez C C are the Fourier coefficients and d= lfg’r(fl) determines

the period of V. In this section, we demand that the Fourier coefficients possess an
arbitrary small exponential decay, this is

|d,,| < CppeInlde (5.17)

for a constant Cj; > 0 and some € > 0. This necessarily implies that V' € C*°(R?) [46,

Theorem 2.6]. Besides, we need a further assumption on V. Recall from Lemma 3.1.2
that the admissable and differentiable function V fulfills V'(x) < gV (x) for every x € R.
In what follows, we assume that this inequality is even strictly fulfilled, this is

V'(z) < BV (2) (5.18)

for every x € R. Then we can characterize solutions to the semi-fractional Cauchy
problems as follows.
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Theorem 5.3.6. (Strong solutions to semi-fractional Cauchy problems)

Let V' be an admissable function with respect to B € (0,1) and d > 1 given by (5.16) such
that (5.17) and (5.18) are satisfied. In addition, let ug € L*(R?). Then the functions
u(z,t) = S(t)uog(x) solve the semi-fractional Cauchy problem (5.14) in the strong sense.

We will split the proof of Theorem 5.3.6 into several steps. We start by extending the
Laplace exponent I'p(1) to a sectorial region. Therefore let

C(W) ={re® e C:r>0,|p| <9}

be the sectorial region of angle 9 for every ¥ € (0,7]. If ¥ = 7, then the sectorial region
equals the open right half-plane C; = {z € C: Re(z) > 0}, whereas for ¥ = 7, we obtain
the whole complex plane except for the negative real axis.

Lemma 5.3.7. Let V' be an admissable function with respect to € (0,1) andd > 1 given
by (5.16) such that (5.17) and (5.18) are satisfied and choose 0 < € < e. The function

s = I'pay(s) has an analytic extension to the sectorial region C (g + e') with
T (2)] < Cuslz)? (5.19)

for a constant Ci3 > 0 and every z € C (g + e’). In addition, there is €' € (0,€'] such
that

I'pay:C (;T + 5”> — C(n)

for some n € (0, g)

We want to emphasize that since the sectorial regions C(¢) with ¥ € (0, 7] are open subsets
of the complex plane, by extending I'pn) analytically to C (g + € ) for every ¢ € (0,¢),
we even obtain the result for the whole region C (g + e). However, the proof below shows

that the constant Ci3 in (5.19) depends on €' and diverges for ¢ — € such that we restrict
our considerations to a smaller sectorial region in order to preserve this bound.

Proof. According to Lemma 5.2.2 and Lemma 4.1.3, for a smooth function V' with Fourier
series (5.16), the function I'pq) is given by

Tpay(s) = S d,L(1 — B + ind)s’~"

nez

for every s > 0. Hence we define an extension of I'p(;) by

Tpay(z) = 3 duT(1 = B + ind)z"~"1 (5.20)

neZ

for every z € C (g +¢é ) First note that the series is absolutely convergent since for every
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z =re" with r > 0 and [¢| < I + ¢, we find

> [dnl(1 = B+ ind)=" =" < 7 37 |duT(1 = 6 + ind)| ||
nez nel
< 1?3 |duD(1 = 3 + ind)|
nez
<Cnr’ ¢ Inlde I'l1—-p+ mci)’ e?nd

nez

due to (5.17). Recall from ([3, Corollary 1.4.4]) that the gamma function decays expo-
nentially such that

> ’an(l -8+ inc])zﬁ_m‘i’ <Cpr’ (TA-8)+ > e_|"dee_g|”|g|n|é_ﬁe¢”g)

nez nez\{0}

<Cpr? ([TA-8)+ Y |n|é—66—|nd<g+e—g_a)>
n€eZ\{0}

=COpr’ [T -p)+ 3 |n‘é—ﬁe—n|d(e_a)>

nez\{0}

for a constant C5 > 0. Due to our assumptions, € > € and the series is finite. Especially
it follows that

T (2)] < Cuslz)?

with Ci3 > 0 for every z € C (g + e’). Next we prove that (5.20) defines an analytic
function. Therefore note that we can differentiate I'p(;) piecewise such that

T80y (2) = (B —ind) - (8 — ind — | + 1)d, (1 — B + ind) 2"~

neE”L

1y (5 - ind)an(l B+ ind)zP-ind!

neL l

for every | € N. Then for every z, € C (g + € ), the Taylor series @ in z is given by

0 F%)l 20
Q) = 3wy

=0

=0 neZ !
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To change the order of summation, note that

(<Y Y

d o pind
( —n )an(l — B+ ind)zl " 2 — )

=0 neZ
—ind\ d,0(1 — B +ind) [z — 2!
= d,T(1 — B+ ind)z} pind| 4 < m) ( > ;
%‘ ’ ;r%:z Zaﬁerd 20

where the first series is finite as shown above. For the second series, use (3.31) for an
upper bound of the binomial coefficients to obtain

33 ( m) d, (1 — 3+ ind)zf "™ <Z_Z0>l

I=1n€eZ <0
~1-8 a2 — 20!
<CSZZ WD(1— B +ind)zy ™" ( )
I=1 nez ( B) <0
l
_052 ‘d ch_ l 1— ﬁ ﬁ ind <Z ZO)
neL <0

§C14|Zo|ﬁzl_1_6

=1

20

for a constant C14 > 0 with the exponential decay of the Fourier coefficients (dy,)nez in
(5.17). For z in a sufficiently small neighborhood of z,, we have ‘% — 1‘ < 1, and the
series converges due to the direct comparison test with a generalized harmonic series as
convergent majorant. Then we can interchange the order of the series in ((z), and for

£ 1‘ < 1 using the generalized binomial theorem [70, Satz 247], we obtain

20

=Y d,I(1-8+ inc?)zégfmdi (5 zznd> ( N 1)

ne’ =0 20
- o B—ind
= " d,T(1 — B + ind)f (Z>
nez 20
=T'pwy(2)

for every z in a sufficiently small neighborhood of z,. Hence the function I'p(;) is analytic
inC(3+¢).

Finally, we prove the existence of €’ € (0,€'] such that I'py(2) € C(n) for every z €
C (g + e”) and some n € (O, g) We show the equivalent statement that cos (arg(FD(l)(z)))

is bounded away from zero, where arg(z) is the argument of the complex number z. In
view of (5.19), we get

Re(Tpw(2)) o Re(l'n)(2))
Tpay(2)] = Cuslz|?

cos(arg(FD(l)(z))> =
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for every z € C (g +¢€ ) Now we analyze the real part of the Laplace exponent. Therefore
note that for every z € C with Re(z) > 0, the function I'p(1y has the integral representation

/1—6‘“ ) dD(t).
0

This follows immediately with the same calculation as in [66] for the real-valued case.

Now fix v € (O, 5) and consider the subsequent three cases.
First case: z € C(¢d). Write z = re’® with r > 0 and |¢| < ¢, yielding

[e.o]

Re(I'pay(2)) = /Re(l —e ) do(t)

Vv
0\8 0\8 0\8 o

(1 — e cos(rsin(¢)t)) d®(t)

(1 o e—rcos(cp)t) dq)(t)

v

(1 . efrcos(ﬁ )dq)( )

since cos()) < cos(p). This integral has already been solved (compare for example Lemma
4.1.3) with

/ — e do(t) = > d,I(ind — B+ 1)y*~ ind — B0 (log(y))
0

ne”l

for every y > 0 with 7; : R — (0,00) as in (4.1). Since 7, is continuous and periodic, it
is bounded, and with the positivity of the function, there is a constant C5 > 0 with

Re(Lpy(2)) > (rcos(9))?ni (log(r cos(d9))) > Cysr”.
Second Case: z € C; \ C(¢). Again we write z = re’® with r > 0 and 9 < [¢] < .

Using the integral representation of I'p(;) as before, the real part is given by

Re( e "Wl cos(r sin(p)t)) dP(t)

/ rcos(go COS(T’ Sln((p)t)) dGV (t)
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The function Gy (t) = t=?V (log(t)) is continuously differentiable due to (5.17) such that
the Riemann-Stieltjes integral equals

Re(Tpay(2)) = — /(1 — e "es@ cos(rsin(p)t)) Gy (t) dt

(compare [134, Example 1.2.2 (i)]). For the derivative, we obtain

Gy (t) = 7771 (= BV (log(t)) + V"(log(1)))

for every ¢t > 0. Besides, the function x — BV (xz) — V'(z) is periodic, continuous, and
according to (5.18) strictly positive. Then there is a constant Cig > 0 with

BV (x) —V'(x) > Cis >0

for every x € R. It follows that

Re(I'pay(2)) > Cis [ (1 —€™" cos(p)t cos(rsin(p)t))t 1 dt

= Cig [ (1 — e @ cos(r|sin(y)|t))t 7 dt

using the symmetry of the cosine function. With the substitution y := r|sin(p)|t, we gain
016 f|cot )|y =1 o3 —1\—p-1
Rellon(e) 2 7ty cos(y) | sin(ip)| ™) " dy

= 0167"5| s1n(gp)|5 /( _ o leot(@)ly Cos(y))y—ﬂ—l dy.
0

Now for every ¥ < |p| < T
Re(T'py(2)) > Cigr? sin” / (1 —|cos(y))y" " dy.
0

Since 1 — | cos(y)| ~ % as y — 0, the integral is finite such that
RG(FD(l)(Z)) Z 0177”5

for a constant Cy7 > 0.
Third Case: z € C (g + 6) \ C,. Write z = re* for some r > 0 and || € [E 5+ e).

272
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Then

T'pay(2) = rn,(log(r)),

where for every ¢, the function 7, : R — C is given by

Ne(z) = ¥y d, T (ind — B + l)end‘f’e*m&_

nel

Since I'p1)(2) is analytic in C (g + e), N, is analytic in the same region. Hence, the real
part of 7,

Re(n, (log(r))) = Re(r "I'pq)(re’?))
is continuous in . From the previous two cases, it follows that
Re(r"BFD(I)(rew)) > min{C}5, Ci7}

for every r > 0 and |p| < §. Then using the continuity, for every r > 0, there is €, < €
such that

Re(n,(log(r))) > ;min{Clg),Cn}

for every |p| < § + €. However, n,(x) is periodic and continuous in z such that €’ =

mine, € (0, €] exists. Then
r>0

L.
Re(n,(log(r))) > 5 min{C}5, Ci7}
for every r > 0 and [p| < § + ¢’ and we obtain

Re(Tpay(re*?)) > =r min{Ci5, Ci7}

DN | —

for every r > 0 and § < |p| < €.
Summarizing all three cases,

Re(FD(l)(z)) 1 min{C'15,C'17}

> — >0
013|Z|B - 2 013

cos (arg(FD(l) (z))) >

for every z € C(g —i—e”), and hence there is n € (O, g) with I'pay : (C(g —i—e”) —
C(n). O
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Lemma 5.3.8. The function q : (0,00) — L'(R?) with

o0

q(s) = /e_StT(t)f dt

0

has an analytic extension to Cy =C (g)

Proof. For every fixed z € C,, let F(t) = e *T(t)f. By Bochner’s theorem, F is
integrable over (0, c0) with

el < / IF ()| dt = / e (t) I de

e N () f], dt

(5.21)

for every f € L'(R?) and 2z € C,. Then the abscissa of convergence abs(f) as defined in
[5, Section 1.4] is given by

abs(T(t)f) == inf{Re(X) : L(T(t)f)(X) = q(\) exists} <0,
and according to Theorem 1.5.1 in [5], the function ¢ is analytic in C,. O
Lemma 5.3.9. The function 7 : (0,00) = L*(R?) with 7(s) = [ e *'S(t)f dt is analytic
0

in C (g + 6”) with € > 0 from Lemma 5.5.7. Additionally, 7 is the Laplace transform of
some function v analytic in C(€").

To prove this result, we use the following theorem taken from [5].

Theorem 5.3.10. [5, Theorem 2.6.1] Let 0 < ( < I, x € R, and f : (x,00) — L'(R?).
The following two statements are equivalent:

o There is an analytic function g : C(¢) — LY(R?) such that sup |le "*g(2)|1 < oo
z€C(¢")
for every 0 < (' < ¢ and g(\) = f(A) for all X > x.

e The function f has an analytic extension f:x + C (% + C) — LY(R?) such that

sup  |[(z —2)f(2)][1 < o0
zex+C(E+¢')
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for all 0 < (' <.
Proof of Lemma 5.5.9. According to Lemma 5.3.4,

_ I'pay(s)
s

7(s) q(T'p(s)) (5.22)

for every s > 0. However, by Lemma 5.3.7, I'p(;) is analytic in C (g + e”) and fulfills
Re(I'pay(2)) > 0 for every z € C (g + e”). In addition, according to Lemma 5.3.8, the

function ¢ also has an analytic extension to C, such that the right-hand side of (5.22) is
well-defined for every z € C (g +¢€ ) and analytic in this region. Hence, 7 is analytic in

n

C (g + e”). In order to apply Theorem 5.3.10, we prove that for every 0 < ¢” < €”, we

have

sup  |]27(2)||1 < oc. (5.23)
ZEC(%+E/”)

Use (5.22) and (5.21) to obtain

11

7@ = [[Low @aon @), < Fow @) g, o5

for every z € C (g + e”’). According to Lemma 5.3.7, we can write I'pg)(z) = re' for

some r > 0 and |¢| < n with n € (O, g) Then

/1l AL
rcos(p)  cos(p) ~ cos(n)

127(2)]l1 < [re*?] : (5.24)

and the supremum in (5.23) is finite. According to Theorem 5.3.10, 7 is the Laplace
transform of a function r analytic in C(¢”). O

Lemma 5.3.11. For every f € L'(R?), the function

t— /Gv(t —u)S(u)f du

has an analytic extension to the sectorial region C(€") with €’ from Lemma 5.3.7.

Proof. The Laplace transform of the function above is given by

]Oe—st / Gy(t —u)S(u)f dudt = ]O e Gy (t) dt ]O e *tS(t) f dt
O 0 = 5%(5)?(8) 0
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using the convolution rule for Laplace transforms, where 7 is given as in Lemma 5.3.9.
Besides, as calculated in Lemma 4.1.3,

_ - - T
Gy(s) = "3 d,T(ind — f+ 1) = Dg)(s) (5.25)
ne”Z
for every s > 0. Hence the Laplace transform is given by
00 t r
/ oot / Gt — u)S(u) f du dt — D(;)(s>f(s), (5.26)
0 0

which is an analytic function on C (g +¢€ ) according to Lemma 5.3.7 and 5.3.9. Again
we want to apply Theorem 5.3.10 to obtain the claimed result. Therefore, let x > 0.
Then the considered function has an analytic extension to z + C (% + €’ ), and we have
to show that in addition

sup (z —x) < 00 (5.27)

z€w+C(%+e’“)

holds for every 0 < €” < €”. First note that

Ipay(z) - - ~
(z = 2) =227 (2)| =z —al - |2 20 (2)] - |[27(2)
1
ot bty D
<l =2l £ Lo o
with (5.24). In addition, according to Lemma 5.3.7,
Ty (2)] < Cisl2)”
such that
r z
(- )20 )| < oyl —af a2 WL
z ) cos(n)
z—x
e lzmal e Al
E cos(n)
o el s Wl
2] cos(1)

Note that |z| is bounded away from zero for every z € z + C (g + €’ ), and hence there is
a constant Cig > 0 with

(- ) 20

£
L 18008(7])
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for every z € v + C (g + e”). Then the supremum in (5.27) is finite, and according to
Theorem 5.3.10, the stated function is analytic in C(€”). ]

Having all this auxiliary results in mind, we can finally establish Theorem 5.3.6.

Proof of Theorem 5.3.6. We have to prove that the functions u(z,t) = S(t)ug(z) solve
the semi-fractional Cauchy problem (5.14) in the strong sense. For every uy € L'(R?),
according to Lemma 2.3.2,

t
T(t)ugp =L /T(x)uo dx | + uo,
0

where L is again the generator of the semigroup (7°()):>0. Applying the Laplace transform
to this equation yields

00 t

:/e‘St L /T(m)uo dx | +ug | dt
0 0
00 t

:/e_StL /T(x)uodx dt + s~ g
0 0

for every s > 0. Using the fact that L is closed (see Lemma 2.3.2), it was shown in [10,
Proof of Theorem 3.1] that

o0 t o)
/e_StL /T(m)uo dr | dt = s 'L(q(s)) = s~ 'L /e‘“T(t)uo dt
0 0 0

for every s > 0 such that

o(s) = 5L / T ug dt | + 5 uo. (5.28)
0
Besides, in view of Lemma 5.2.3, the function I'p(y : (0,00) — (0,00) is bijective such

that for every s > 0, there is a unique u > 0 with s = I'p1)(u). Inserting this in (5.28)
yields

o0

q(FD(l)(u)) = FD(l)(u)_lL /e‘rD(l)(“)tT(t)uo dt | + FD(l)(u)_luo
0
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e FD(I) (U,)_lL (q<FD(1) (U))) + PD(l) (U)_IUO'
Using (5.22) on both sides, we receive

v
Lo (u)

u

WF(U)) - FD(l)(u)_luo,

?(u) = FD(l)(u)_lL (
and since L is a closed linear operator, we have

P ) = Ty () + To () e

for every u > 0. Now multiply the equation with «=2I'p(1)(u)? to obtain

u™'Tpy(u)F(u) = u™ 'L (F(u)) + u T py(u)uo- (5.29)
We want to apply an inverse Laplace transform to (5.29). Therefore first note that
according to (5.26), the Laplace inversion of the left-hand side is given by

t

[ 6vlt - p)swudy.

0

t
On the other hand, for every u > 0, the Laplace transform of ¢t — [ Gy (y) dy in u is given
0
by v 'Gy(u) = u*T'pay(u) according to (5.25). Finally, in view of Lemma 5.3.9, the
t
function t — L (f S(y)uo dy) has Laplace transform u™'L(7(u)) such that (5.29) equals
0

t t t

/Gv(t—y)S(y)uo dy=1L /S(y)uody +/Gv(y) dy ug

0 0 0

for almost every ¢ > 0. The function on the left-hand side is analytic in the sectorial
region C(¢”) and thereby differentiable for every ¢ > 0. The derivative

t

d
pr Gy (t —u)S(u)ug du
0

is the Riemann-Liouville form of the semi-fractional derivative of order 3 applied to t —

S(t)ug, and in particular, it follows that S(t)up € Dom ((%)’B). Then differentiation
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of the whole equation yields

o\ i [

) .

<8d,vt> S(t)uo o /S(u)uodu + Gy (t)ug
0

Finally note that using the fact that L is closed, we can take the derivative inside the
generator to obtain

P B
(52;) St = LS00 + Grlong

for almost every t > 0, where S(t)ug € Dom(L). O

According to Theorem 5.3.6, we can solve quite general Cauchy problems involving a
semi-fractional time derivative. In the following, we study some special choices of the
infinitely divisible law g and the corresponding semigroup (7'(t));>o with generator L.
First, choose y as a (ca, ¢)-semistable distribution on R for some a € (0,2)\{1} and ¢ > 0.
Then the corresponding generator is a mixture of positive and negative semi-fractional
derivatives, and hence the corresponding semi-fractional Cauchy problem (5.14) includes
semi-fractional derivatives in time and space.

Lemma 5.3.12. (Time and space semi-fractional Cauchy problems)

Let V' be an admissable function with respect to B € (0,1) and d > 1 given by (5.16) such
that (5.17) and (5.18) are satisfied. In addition, let v be a (c&,c)-semistable distribution
for some a € (0,2) \ {1} and ¢ > 1 with Lévy-Khintchine triple [a,0, ®]. Thereby, choose
a as in (5.2) and let

O(—o0,—r) =r“Ki(log(r)) and &(r,00) =r"*Ky(log(r))
for every r > 0, where K1, Ky are admissable functions with respect to o and c. Denote

by x — p(x,t) the densities of the corresponding Lévy process for every t > 0. Then the
functions

u(z,t) = /p(ac,s)h(s,t) ds (5.30)

are strong solutions to

B
() ) =P av(et) = D Toate ) G0, (391
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Proof. The representation of the generator L is given in Lemma 3.1.10, and with ug(x) =
d(z), we get

S(t)up(z) = /T(s)é(:p)h(s,t) ds = /p(x, s)h(s,t) ds.
0 0
The result now follows immediately from Theorem 5.3.6. O

In the situation of Lemma 5.3.12, we directly identify the stochastic process governed by
equation (5.31). Therefore, denote by (A(t))e=o the (cw, ¢)-semistable Lévy process with
Paay = v, and as before, let (E(t)):>0 be the inverse semistable subordinator belonging

to the (d%,d)—semistable subordinator (D(t));>o. If we assume that A(1) and D(1) are
independent, then for the subordinated process (A(E(t)))i>0, we have

o0

P(A(E(t)) < x) :/P(A( ) < z) dPp // p(y, s) dy h(s,t)ds,

0

and with Tonelli’s theorem, we receive

P(A(E(t)) < z) = /7;9 (s,t)ds dy

for every x € R. Differentiate this expression to obtain the density

8

o0

(1) = / p(, 5)h(s, ) ds. (5.32)

0

Hence, a solution u to (5.31) is the density of (A(E(t)))i>0, where (A(t))i>0 and the
subordinator (D(t));>o are independent. Such processes appear as limiting processes of
so-called Continuous Time Random Walks (CTRWSs), which we study more generally in
the next chapter.

Example 5.3.13. We consider a concrete example of Lemma 5.3.12. Let 8 = 0.8, d =
e and

L
I —p)

admissable with respect to these parameters. Note that by this choice of V', we ensure that
(5.17) and (2.6) are satisfied. Denote by = — h(x,t) the density of the inverse semistable
subordinator corresponding to these parameters. Besides, for a = 0.5 and ¢ = €™, let
v be the (ci, c)-semistable distribution with Lévy-Khintchine triple [a, 0, ®] with a from

V(z) = L sin(2z) + 1

50 iE cos(z) +
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(5.2) and
P(—o0,—1r) =0 and P(r,00) =r “K(log(r))

for every r > 0 and a function K admissable with respect to o and c¢. If z — p(x,t) is the
density of the corresponding Lévy process at time ¢ > 0, then the functions u in (5.30)
solve

o\’ o
(ad,vt> u(@, t) = — g el ) + Gp0)(@). (5.33)
Choosing
K(z) = 110 (; sin(4z) + cos(2m)) + F(ll—a)’

we obtain an admissable function with respect to a and ¢. Then the corresponding solution
at time ¢ = 1, calculated with the Matlab script given in Appendix C, is displayed in
Figure 5.8.

157

Solution

057

0 0.5 1 1.5 2 25 3
X
Figure 5.8: Solution x +— u(x,1) of (5.33) at time ¢ = 1 in Example 5.3.13.

Another important consequence of Theorem 5.3.6 is the following equation, involving an
ordinary space derivative.

Example 5.3.14. Let v be a degenerated distribution on R with log-characteristic func-
tion W(k) = ik for every k € R. Then the generator of the corresponding semigroup is
given by

Lia) = —5f (o),
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and hence the semi-fractional Cauchy problem with ug(x) = d(z) reads as

2\ d
<8d,v75> u(z,t) = —%u(m, t) + Gy (t)o(z). (5.34)

Under the assumptions of Theorem 5.3.6, a solution to (5.34) is

u(z, t) = /T(w)5(x) h(w,t) dw = /5(m —w) h(w,t)du = h(z,t)

and therefore given by the densities of the inverse semistable subordinator.

Example 5.3.15. Let v be a multivariate centered normal distribution with covariance
matrix ) = Id. The corresponding Lévy process (B(t)):>o is a Brownian motion having
densities

v = pla,t) = (2mt) "zl

for every t > 0. Additionally, in view of Example 2.3.5, the generator L of the semigroup
(T'(t))>0 is given by

Lf(r) = JAf(2)

for every € R%. Under the assumptions of Theorem 5.3.6, the semi-fractional Cauchy
problem

B
((‘95%) u(z,t) = ;Au(x, t)+ Gy (t)d(x)

is solved by

o0

u(zx,t) = /p(i,w)h(w,t) dw.

0

Similar to (5.32), z — u(z,t) is the density of B(E(t)) for every t > 0. Thereby, (E(t))i>o

is the inverse semistable subordinator belonging to the (d%, d)-semistable subordinator
with Lévy measure

O(—oco,—r) =0 and P(r,00) = Gy(r)

for every r > 0 and (B(t)):>0 is an independent Brownian motion.

130



Chapter 6

Continuous Time Random Walks

The semi-fractional Cauchy problem (5.14) analyzed and solved in the previous section
offers the opportunity to model log-periodic disturbed anomalous diffusion with an ad-
ditional long-time memory effect. However, for a better understanding as well as for
applications, a description of the underlying process on a microscopic scale is undoubt-
edly an advantage. Such a representation is offered by Continuous Time Random Walks
(CTRWs), initially introduced by Montroll and Weiss ([102] and [123]). These models
generalize a classical random walk by additionally considering random waiting times be-
tween two consecutive jumps. CTRWs have not only been studied extensively in different
settings but also have been successfully applied to many applications in physics, biology,
or finance (see [73] or [99] and the references cited therein for an overview).

In the simplest setting of a so-called uncoupled CTRW, we consider waiting times modeled
by i.i.d. random variables (.J,,),en and jumps described by i.i.d. random variables (X, ),en
independent of (J,)nen. If

N(t) =max{n >0:) J; <t}
j=1

denotes the number of jumps until time ¢ > 0, then we study the CTRW Z;V:(? X;. This
process models the position of a particle at time ¢ > 0, which starts its movement in
the origin at time ¢ = 0. Dependent on the choice of (J,)nen and (X,,)nen, the CTRW
converges to a limit process under an appropriate scaling. In the previous chapter, we
already met such a limiting process. Therein, the process (A(E(t)))i>0, whose densities
solve the time and space semi-fractional Cauchy problem (5.31), is the limit process of
an uncoupled CTRW. In this particular case, X; lies in the domain of semistable attrac-
tion of A(1) and J; lies in the domain of semistable attraction of the subordinator D(1),
which generates the inverse semistable subordinator (E(t)):;>o. Note that characteristi-
cally the microscopic behavior is connected with the semi-fractional differential equation
in the way that the densities of the limiting process provide solutions to this very equation.

However, in general, many different types of limiting processes can appear, and hence this
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chapter is devoted to studying general CTRW limits for random variables in the domain
of semistable attraction. Thereby, we not only investigate the simpler case of uncoupled
CTRW but also allow arbitrary dependencies between jumps and waiting times. After-
ward, we analyze the densities of the limit process in Section 6.2. That way, we extend
the possibilities to model anomalous diffusion on a microscopic scale to the situation of
dependent jumps and waiting times.

6.1 Limit theorems

Primarily, to talk about process limits, we need to introduce a proper framework, which
we define in terms of sample paths. Note that we are dealing with stochastic processes
having cadlag paths; these are right-continuous paths such that left-hand limits exist.
Hence, we consider the space D([0, 00), R?) of all cadlag functions f : [0,00) — R and
endow this space with the J;-topology, originally introduced by Skorokhod [130]. For the
construction of the Ji-topology, first consider a finite domain [0, T']. Then the J;-topology
on D([0,T],R?) is given as follows: Let A be the set of all strictly increasing functions
A :[0,T] — [0,T] such that A and its inverse A™! are continuous. If Id is the identity
mapping, then for f, g € D([0, T],R%)

A (£,9) = IE{I1F) = gl V 1A = 1 1,

where a V b = max{a,b}. We extend the topology to D([0,00),RY) by assuming that
a sequence (f,)nen in D([0,0), RY) converges to f € D([0,00), R?) if the corresponding
restrictions to [0, 7] converge in D([0, T'],R?) for every continuity point T" of f. Note that
this topology seems more suitable for cadlag functions than, for example, the topology
introduced by the maximum norm since it allows functions to be close even if they jump
at slightly different times. For details on Skorokhod spaces and topologies, we refer to
the monograph [147].

In this framework, we study a CTRW constructed in the subsequent way. A particle
is placed at the origin of R? at time ¢t = 0. The particle jumps randomly, where the
jumps are modeled by i.i.d. random variables (X;);en. Then the position after n jumps is
given by S(n) = >7_; X;. For simplicity, let S(¢) := S([t]) for any ¢ > 0. Additionally,
the jumps appear not constantly but only after random waiting times described by i.i.d.
random variables Jy, J5,... > 0. With T'(0) == 0 and T'(n) = >7_, J; for n € N, we
denote the time of the n-th jump. Again, let T'(¢) := T'(|t]) for every ¢t > 0. Besides, let

N(t) == max{n >0:T(n) <t}
describe the number of jumps until time ¢ > 0. It follows immediately that
IN@) 2 sii =1, m} = {T(s) S tii = 1,...,m) (6.1)

for every 0 < t; < ... < t,, and s1,...,8, > 0 and m € N. Now the process
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S(N(t)) = Z;V:(? X; is a CTRW, which models the position of the particle at time ¢ > 0.
For this thesis, we assume that the random pairs (X, J;) ey are i.i.d. random variables.
However, we explicitly allow arbitrary dependence between X; and J;. If X; and J; are

independent, the random walk is called uncoupled. In all other cases, we obtain a so-

called coupled CTRW.

Based on our motivation to model log-periodically disturbed anomalous diffusion, we
study limit theorems for particular choices of (X, )nen and (J,)nen. More precisely, we

assume that J = J; lies in the domain of semistable attraction of some (d%, d)-semistable
distribution p. Note that here, d is the parameter of the semistable distribution and
not the space dimension. However, the respective context clarifies the meaning of the
parameter. For the random variable X;, we go a step further and only assume that
X = Xj lies in the strict domain of operator semistable attraction, which is defined as
follows. Let L(R?) denote the set of all linear operators A : RY — R9. If there are
linear operatolfs A, € L(R?) and an increasing sequence of positive integers (k,)nen with

kn — oo and =2+ — ¢ > 1 such that

A XAy (6.2)

for a full random variable Y, then X; lies in the strict domain of operator semistable
attraction of Y ([91, Definition 3.3.20]). Besides, at least for large values of n, we have
A, € GL(R") due to the fullness assumption of Y, where GL(R?) is the set of invertible
linear operators ([91, Lemma 3.3.21]). If (6.2) holds, then Y has a strictly operator
semistable distribution, meaning that for v = Py, it holds that

V¢ = (cFv)
for some E € L(RY) ([91, Theorem 7.1.10]). In analogy to the semistable case, we say

that Y is strictly (c¥,c)-operator semistable. Necessarily, the real parts of the eigen-
values of E are contained in the set [%, oo) (compare [91, Theorem 7.1.10]) and thus
E € GL(RY). Note that in the special case E = éld, the random variable X lies in the
strict domain of semistable attraction of some (cé7 c)-semistable distribution. However,
to prove limit theorems for the coupled case, it is not sufficient to assume a particular
limiting behavior for both processes separately, but we need to impose some conditions

on the joint distribution. Involving the assumptions above, we study the following setting.

We assume that there are sequences of linear operators (A, ),eny € GL(RY) and (ay,)pen C
R, as well as sequences (ky)nen, (An)nen of natural numbers with k, 1 oo, h, T oo and

kn, hy
s e>1 and 1

k. ™ —d>1
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for some ¢ > 1 and d > 1, such that

[Fnt] 1 Lhnt] p
Ap Y X5 — >0 T | 5 (A1), D(t)), (6.3)
) an 5

for every t > 0 as n — oo in the Ji-topology on D([0, 00), R¢x [0, o)), where (A(t), D(t)):>0
is a stochastic process such that P4(1),p(1)) is full.

Remark 6.1.1. Note that by projection onto the first components, X = X, lies in the do-
main of the strictly (c¥, ¢)-operator semistable distribution A(1). Similarly, by projection
onto the second component, J = J; lies in the domain of semistable attraction of D(1).
Since J; > 0, the process (D(t)):>0 has non-decreasing paths almost surely and hence is

a semistable subordinator. Then D(1) necessarily has a (d%, d)-semistable distribution
for some 8 € (0,1) and d > 1 (compare Theorem 5.2.1). Besides, it follows from Section
5.2 that (D(t)):>0 has even strictly increasing paths almost surely, corresponding to a

non-finite Lévy measure on the positive real axis in the Lévy-Khintchine representation
([122, Theorem 21.3]).

In general, assumption (6.3) is hard to verify and is challenging to handle due to the
different number of terms in the individual components. Furthermore, we cannot ensure
that the resulting process is a Lévy process, which additionally complicates the calcula-
tion. For this reason, we restrict our attention to two particular cases.

First, consider the uncoupled case, in which X and .J are independent. Then the joint
convergence in (6.3) is equal to the convergence of the individual components

[Ent] Lhnt]
A Y X, S A() and ot Y J; S D)

Jj=1 J=1

in the Ji-topology on D([0,00),R?) and D([0,0),[0,00)) respectively. Furthermore,
(A(t))e>0 and (D(t)):>0 are (operator) semistable Lévy processes, and with the indepen-
dence of the components, the limiting process (A(t), D(t))i>0 is a Lévy process likewise.
We aim to show that we obtain joint convergence with an equal number of terms in both
components in (6.3) by proceeding to particular subsequences. Therefore we use the the-
ory of regular variation, which proved to be a powerful tool in the theory of stochastic
process limits. The subsequent definition of regularly varying sequences and functions is
taken from [91, Definition 4.1.1, Definition 4.2.8].

Definition 6.1.2. (Regularly varying sequences and functions)
A sequence (z,)nen of positive real numbers is regularly varying with index A € R if

Ltn)
Tn

—

for every t > 0 as n — oo. Similarly, a sequence of linear operators (A, )nen C GL(R?)
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varies regularly with index E € L(RY) if
AU” | A; L¢P

for every t > 0 as n — oco. Finally, a function f : [0,00) — GL(R?) varies regularly with
index F € L(RY) if

for every t > 0 as x — o0.

According to [91, Corollary 4.2.15] in combination with [16, ITI, Semistable Distributions,
Theorem 2.1], there is a sequence of positive real numbers (b, ),en regularly varying with
index % such that a, = by, for every n € N. Besides, by defining b(x) = b|,|, we extend
the sequence (b,)nen to a function b : [1,00) — (0, 00) regularly varying with the same
index. Hence (6.3) reads as

[knt] Lhnt]
(An >0 X b(ha) Y Jj) % (A(t), D(1)) (6.4)

for every t > 0 in the J;-topology on D([0, o), R? x [0, c0)).

Remark 6.1.3. (Asymptotic inverse function)
According to [127, p. 21], there is an asymptotic inverse function b* of b; this is

o M) ()

T—00 €x T—00 x

=1

In the following, for functions f,g : [A,00) — R with A > 0, we write

/(=)

f~g < lim—=<=1

to denote asymptotic equivalence. Additionally, the function b* is regularly varying with
index 8. One possible choice of b is to take the generalized inverse function

b~ (z) == inf{y € [1,00) : b(y) > }.

We define v : (0,00) — (0, 1] by

for h,_1 < z < hy,, n € N, with hg := 0. The following lemma is an essential tool to
obtain the same number of terms in the assumption of joint convergence.

Lemma 6.1.4. There is a sequence (Ty)neny C [1,00) and a version of the asymptotic
inverse function b of b such that
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(i) x, T 00 asn — oo,
(ii) v (b~ (x,)) = 7 as n — oo for some r € [d~1,1], and

(7ii) there is another sequence (up)nen of natural numbers with b (x,) = ki, for every
n € N.

Proof. Define vy, = b(k,) for every n € N. Since k, T oo and b(n) T co as n — oo, it
follows that ¥, T co. In addition,

b (yn) = 0% (b(kn)) ~ kn

as n — o0o. Now the asymptotic inverse function b is unique only up to asymptotic
equivalence such that we can choose b* fulfilling b(y,,) = k,, for every n € N. Then

7 (67 (yn)) = (k).

The sequence (v(ky))nen is bounded, and according to the Bolzano-Weierstrass theorem,
there is a convergent subsequence (V(ky,))nen. The sequence (z,)neny With x, = y,, is
the sequence we were searching for. O

Lemma 6.1.5. Let (x,)neny and (up)nen be the sequences in Lemma 6.1.4. In the uncou-
pled case, the convergence in (6.3) yields

[Kurnt] )
; (Au, X5, 2,00;) % (A(), 75 D(rt) (6.5)

for every t > 0 as n — oo in the Jy-topology on D([0,00), R? x [0, 00)), where r € [d7!, 1]
is the limit of v (b (x,)) in Lemma 6.1.4.

Proof. Since X and J are independent, it is sufficient to study the convergence of the
individual components. The convergence of the first component follows immediately from
(6.3). For the second component, note that for fixed ¢t > 0,

Lkuntj
x;l Z Jj = x;lT(kunt) = x;lT(b“(xn)t)

=1

using the properties of the sequence (uy)nen from Lemma 6.1.4. Now for every n € N,
there is p(x,) € R such that

b (2n) = hp(a,) Y (07 (20)). (6.6)
Since b (x,,) T 00 as n — oo we also have p(x,) 1 0o as n — oo. Then we obtain

Lkunt

J b(hy(s
eSS T = e Ty y (5 (2))) = —aten)_p
j=1

(Pop(a) Y (b (2))2).
.Z'nb hp(mn)> P( ) (
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In view of (6.6), we receive the convergence
Ty b(b=(zy))
b(hp(an))

=
—~
>
=3
8
D
=2
—~
=
T
—~
8
3
~—
~—
~—

ey

—Tr

as n — oo using the regular variation of b and the convergence v(b* (z,,)) — r. Then for
every t > 0, we find

[Kunt] b(h ( )) Lp(an) (0 (z0))t] . )
—1 P(Tn 1
Jp = ———" J; = r 5D(rt)
Z ’ mnb(hp(xn)) ]gl ’
in the Ji-topology on D([0, 00), [0, 00)) in view of (6.4). O

Before we formulate a CTRW limit theorem, we present a limit theorem for the number
of jumps (N(t)):>o0.

Lemma 6.1.6. (Limit theorem for the number of jumps - Uncoupled case)

Let (xn)nen and (uy)nen be the sequences from Lemma 6.1.4. In the uncoupled case, we
obtain

b (2) " N (znt) % L E(r5t)
for every t > 0 as n — oo in the Jy-topology on D([0, 00), [0, 00)).

Proof. First, we show that the above convergence holds for the finite-dimensional marginal

distributions. Solet 0 < t; <ty < ... <t,, and s1,S2,...,S,, > 0. Then
P(b" (2) "N(znty) < s, k=1,...,m) = P(N(x,tp) < b (2p)s8, k=1,...,m)
= P(N(zuty) < |0 (xp)sk] + 1, k=1,...,m)

since N only takes integer values. Using (6.1), we have

P(b" (2,) 'N(znty) < s, k=1,...,m) = P(T(|b" (xp)sx] +1) > zpt, k=1,...,m)
_p (Tqbe(x")skj D t k= 1,...,m> :

T

Note that for every k=1,....m
o, T (wn)si) + 1) = a3 " T([Ku,si)) + 27 Tk, 5441

for the sequence (uy)nen from Lemma 6.1.4. In addition, z, — oo as n — oo such that
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T ke s 41 — 0, and from Lemma 6.1.5, we obtain

P T([ku sk)) > tr, k=1,...,m) = P(r 5D(rsp) > ty, k=1,...,m).

Hence
P (2) N (@uts) < sp, k=1,...,m) = P(D(rsy) > 5t , k=1,...,m)
= P(D(rsy) > Pt k=1,... ,m)
= P(E(r%tk) <rsg,k=1,...,m)
= P(r_lE(r%tk) <sk,k=1,...,m)

using (5.11) since D(t) has a continuous density for every ¢ > 0. In addition, D(¢) is

strictly increasing almost surely such that the limit process r‘lE(r%t) has continuous
sample paths almost surely, and the process b (x,,) "' N(z,t;) has monotonically increas-
ing paths. Then Theorem 3 of [23] directly yields the convergence in distribution with
respect to the .J;-topology. O

Now we can prove one of the main theorems of this chapter, the limit of uncoupled
CTRWs in the semistable framework. Indeed, we study two different constructions. First,
consider the case where a particle waits a random time J; before it jumps for the first
time with height X; and then waits for the second jump and so forth. This model
belongs to the classical CTRW described by S(N(t)). On the contrary, the particle can
jump initially at time ¢ = 0 and then wait a random time J; for the second jump to
appear. The latter is called Overshoot Continuous Time Random Walk (OCTRW) and is
described by S(N(t) + 1). As the following theorem shows, for the uncoupled case, both
constructions yield the same limiting process. However, in the coupled case, which we
analyze afterward, both models can result in completely different limiting processes (see
Example 6.2.7 below). For this reason, we already mention both constructions here.

Apart from cadlag functions, we additionally deal with caglad functions in the following.
In our setting, these are left-continuous functions f : [0,00) — R? such that the right-
hand limits exist. For a cadlag function f : [0,00) — R? denote by t — f(t—) the
caglad version of f. On the other hand, for a caglad function g : [0, 00) — RY, denote by
t +— (g(t))s the cadlag version of g. Note that the discrepancy between both notations
seems unusual but will simplify the arguments and notation in further calculations.

Theorem 6.1.7. (CTRW and OCTRW limit theorem - Uncoupled case)
Let (zp)nen and (up)nen be the sequences in Lemma 6.1.4. In the uncoupled case, the
CTRW limit is given by

Au S(N(znt)) % M, (t) = Ar E(r7t))

for every t > 0 in the Ji-topology on D([0,00),R%). In addition, the limit of the OCTRW
Ay, S(N(z,t) + 1) coincides with the CTRW limit almost surely.
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Proof. For the proof of Theorem 6.1.7, we apply a method more general than necessary.
However, the main part of the proof does not require independent components. Hence,
we can transfer the method to the coupled case we study later on.

Consider the partial sum process

[Fun ]
(Sn(®), Tu(t)) = >~ (Au, X" Tj)-

J=1

According to Lemma 6.1.5, we have
(Su(t), Tu(t) 5 (A(t), v 7 D(rt))

as n — oo in the Ji-topology on D([0,00),R? x [0,0)). For the CTRW and OCTRW
limit processes, we apply a method of Straka and Henry in [133] based on continuous
mapping arguments. Therefore, let D, C D([0,00),R? x [0,00)) be the space of all
functions (u,v) in D([0,00),R? x [0,00)) such that v is unbounded and non-decreasing.
In addition, let D, ++ be the space of all functions (u,v) € D, 4, which have a strictly
increasing second component. Denote by v~! the generalized inverse of v, and consider
the functions @' : D, + — D([0,00), R? x [0, 00)) with

O (u(t), v(t)) = ((ulv™ (t=) =)+, (0w (t=)=))+)
and ¥ : D, + — D([0,00),R? x [0, 00)) with

W u(t), v(t)) = (u(v™ (1), v(v™'(1))).

According to Proposition 2.3 in [133], the functions ®' and ¥ are continuous on D, 11
with respect to the Ji-topology and P(D,++) = 1. Now since (D(t));>o has strictly
increasing and unbounded paths almost surely, Theorem 3.6 in [133] yields

@T(Sn(t),Tn(t)) — @T(A(t),r_%D(rt)) (6.7)
and
\IIT(Sn(t),Tn(t)) — \IJT(A(t),r_%D('rt)). (6.8)

We analyze the components of ®" and W' in (6.7) and (6.8) separately. Note that in [44,
Theorem 1], it was shown that
T (t) =inf{s > 0:T,(s) >t}

=sup{s > 0:T,(s) <t}
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such that

\_k‘unsJ
Tnl(t):sup{sz():xn1 > Jjgt}

j=1

I_kUnSJ
=sup¢s>0: Z Jj <apt
j=1
Ls]
:k;nlsup s>0: ZJJ- < z,t

=1

= k;nl (max{n € Np: ZJj < xnt} + 1)

=1
=k, '(N(znt) +1).

Then the first component of WT(S, (t), T,,(t)) is given by

[Kun kg (N (@nt)+1))

Su(T, (1) = Au, > Xj
j=1
= A, S(N(zpt) +1).
To analyze the first component of the limit, note that
1 -1 1
(T*BD(rt)) =inf{s > 0:7 7D(rs) > t}
=inf{s > 0: D(rs) > r%t}
=7 tinf{s > 0: D(s) > T%t}
= T’IE(t'r’%)
such that by (6.8), we obtain

Au S(N(znt) + 1) 5 O,(t) = A(r 'E(tr?)).

(6.9)

Here we only use the convergence of the first component since it already yields the claimed
result. We deal with ®' similarly. The caglad version of the generalized inverse function

T~ is given by

n

T, (t—) =k, (N(2at—) + 1)

(2

such that the first component of ®1(S,, (¢), T,,(t)) equals

(Su(T,H (t=)=))+ = (Sulky, (N (zat=) +1)=))+.
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Now for every t > 0,

I.kun SJ ’—k‘uns.‘ -1 (kunt.l -1

Su(t=) =lmA, 3. X;j=lmA, Y X;=4, Y X
sTt ) sTt j=1 7=1

such that

[N(znt—)+1]—1
Ay, > X;
_l’_

With (6.9), the first component of the limit in (6.7) is given by
(Al B =) =)+ = (AG B(ir7) =)
since (E(t)):>0 has continuous sample paths almost surely. Then
A, S(N(wat)) = My (1) = (G~ E(tr?) =)

in the J;-topology on D([0, o), RY).

Up to this point, the proof works without the additional assumption of independence.
Next, we show that the OCTRW and CTRW limit processes above are equal almost
surely if X and J are independent. In this case, (A(t)):>o and (r_%D(rt))tZO are inde-
pendent as well, and hence the processes have no simultaneous jumps almost surely. To
show equality, we evaluate the caglad version of (O,(t));>o and argue that this version

coincides with A(r~'FE (tr%)—) almost surely. The caglad version of (O,(t)):>o is given by
11%1 A(r'E (ST%)). Now (E(t)):>o is non-decreasing almost surely such that

)—=) if E(tr?) > E(uwr?) for allu <t

) otherwise.

|-

lim A(r ' E(sr
st

B A(r~tE(tr
)= {A(rlE(tr

@ =

In the second case, T%D(rt) has a jump in rilE(tr%). Then due to our assumption, with
1
probability one A(¢) has no jump in r~'E(#r?) such that we can write

h%l A(r’lE(sr%)) = A('r”lE(t'r’%)—)almost surely

in both cases. Hence, the limiting processes coincide almost surely. O
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We want to name some special case of the above theorem.
Example 6.1.8. (Special cases of the uncoupled CTRW limit)

1. If r € {d~', 1}, then due to the semi-selfsimilarity of (E(t))i>o (see Lemma 5.2.4),
we have

Ay S(N(aat)) 5 M,() = A(E(1)),
in the Ji-topology on D([0, c0), RY).

2. If r € [d™1, 1] can be written as r = ¢™* for some k € Ny, then

k

M,(t) = A(*E(tc %)) = cv A(E(tc™ %))
using the semi-selfsimilarity of (A(t)):>o.

3. If the random waiting times .J;, Jo, ... belong to the strict domain of attraction of
some stable law, then the inverse stable subordinator (E(t)):>o is selfsimilar with
index 3 (see Lemma 5.2.4). Consequently, the limiting process in Theorem 6.1.7 is
given by

M, (t) = A(r ' B(tr7)) = A(E(1))
for every t > 0.

4. If the random variables X, X5, ... modeling the jumps are chosen in the strict
domain of attraction of some stable law, then (A(t));o is selfsimilar with index <,
and we obtain

Au S(N(znt)) % M, (t) = r~ = A(E(tr?))
in the Ji-topology on D([0, c0), RY).

After studying uncoupled CTRWs, we extend our considerations to coupled cases, where
we allow arbitrary dependencies between X and J in (6.3). As already mentioned, for
general sequences (ky,)nen and (hy,)nen, the different number of terms in the individual
components in (6.3) causes difficulties, and we therefore assume that k, = h,, for every
n € N, which yields

%J(Aana a,'J;) < (A(t), D(t) (6.10)

for every t > 0 in the J;-topology on D([0,00),R? x [0,00)). Note that in this case,
the limiting process (A(t), D(t))t>0 is operator semistable and hence a Lévy process.
Consequently, (X, J) is in the strict domain of attraction of the semistable Lévy process.
Using the previous case, we obtain the following limit theorem for the number of jumps.
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Lemma 6.1.9. (Limit theorem for the number of jumps - Coupled case)
Assume that h,, = k,, for every n € N. Then

kYN (ant) % E(t)
for every t >0 as n — oo in the Jy-topology on D([0, 00), [0, 00)).

Proof. We want to adapt the proof of the corresponding limit theorem in the uncoupled
case. First, note that the assumption of uncoupled components was not used in the proof
of Lemma 6.1.6. Instead, we only needed the representation (6.5), where the sequences
(tn)nen and (z,,)nen as well as r € [d71, 1] are given by Lemma 6.1.4. However, in the
coupled case with h, = k,, we can equally write

[fnt]
kZ (An X5, b(ka) " 3) 5 (A(1), D(2)),

J=1

where b is a regularly varying function with index % such that a, = b(k,) for every
n € N. Choosing u, = n and z,, = b(k,) for every n € N, we have x,, T 0o as n — o0,
b (z,) = k,, = k,, for a particular choice of the asymptotic inverse function b*, and

(0 (n)) = (k) = v(hn) =1

for every n € N. Thus, we can display the joint convergence (6.10) in the form (6.5) and
the proof of Lemma 6.1.6 yields

kTN (ant) = kT N (b(kn)t) = b (2) " N(2at) > E(t)

for every t > 0 as n — oo in the Ji-topology. O

Using a similar construction, we likewise gain a limit theorem for the coupled CTRW and
OCTRW.

Theorem 6.1.10. (CTRW and OCTRW limit theorem - Coupled case)
Assume that h,, = k, for every n € N. For everyt > 0, the limit of the coupled CTRW is
given by

AnS(N(ant)) 5 M(t) = (A(E(1)-))+,
whereas for the OCTRW, we obtain
AnS(N(ant) +1) % O(t) = A(E())
in the Jy-topology on D([0,0), R?).

Proof. Using the construction in the proof of Lemma 6.1.9, the proof of Theorem 6.1.7
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directly yields the OCTRW limit
Ay, S(N(znt) +1) % A(r'E(tr?))

for every t > 0 in the J;-topology on D([0, 00), RY). Inserting u, = n, z, = b(k,) = a, as
well as r = 1, we obtain the claimed result. Similarly, for the CTRW, the limit is given
by

AuS(N{ant)) = A SN (1)) 5 (AG™ E(tr5)=)), = (AE(t)-)-
for every t > 0 in the J;-topology. O

Example 6.1.11. To close this section, we study a concrete example of CTRWs and
OCTRWs. Let Y be a disturbed Pareto distribution as introduced in Example 2.2.7 with
index a = %, c = e%, and perturbation

K(z) =5 +sin(27mz)

admissable with respect to these parameters. Now model the jumps with the centered
variable X = Y — E[Y], where with o > 1, the expected value exists. According to
Example 2.2.7, the sum ¢« ZJLC:IJ X converges to the semistable distribution with log-

characteristic function
C. e
W) = — (k) m (log(k))
where 7, arises from the Fourier coefficients (¢, )nen of K as

m(z)=> ¢I(inc — a+ 1)e "™,
nez

Furthermore, we model the waiting times J;, j € N, independent of the jumps, to be
disturbed Pareto random variables with index 3 = 0.75, d = €%’ = ¢, and perturbation

V(x) = 6 + cos(mz)
admissable with respect to 8 and d. In Figure 6.1, a path simulation of

[t] [¢]
S(t) = ZXj and  T(t)=>_J (6.11)

Jj=1

for ¢t € (0,1000] is shown. Since we study the uncoupled scenario here, the limit dis-
tribution of the OCTRW equals those of the CTRW (compare Theorem 6.1.7). For
t € (0,1000], a typical path of both processes is shown in Figure 6.2. The zoomed cut on
the right-hand side displays that the OCTRW is by definition always one jump ahead.
Nevertheless, in view of the picture on the large scale on the left-hand side of Figure 6.1,
it seems reasonable that both models yield the same limiting process. The Matlab code
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for this simulation is inspired by the fractional case displayed in [91, Section 5.2] and is
attached in Appendix C.

4
200 ; ; 3 20
0 12}
-200 10}
400t 8t
@B =
-600 61
-800 | 4}
1000 20
1200 : : ‘ : 0 ‘ ‘ : :
0 200 400 600 800 1000 0 200 400 600 800 1000

t t
Figure 6.1: Simulation of the cumulative sum S(¢) (left) and T'(¢) (right) in (6.11) for
t € (0,1000] in Example 6.1.11.
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Figure 6.2: Path simulation of the CTRW (blue solid line) and the OCTRW (green dashed
line) in Example 6.1.11 on a large scale (left) and zoomed to the first jumps (right).

Similarly, one can consider the OCTRW and CTRW limit, where the waiting times
J, Ji, ... are constructed as above and the jumps are chosen as X = .J. This case models
a totally coupled scenario, and here, the limiting processes show a completely different
path behavior. We analyze their difference in detail in the following section (compare
Example 6.2.7). However, studying a path simulation as displayed in Figure 6.3, one may
already conjecture a discrepancy between both limits.
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x 104

12

T(t) and T(t+1)

0 2 4 6 8 10
T(t) x 10"

Figure 6.3: Path simulation of the coupled CTRW (blue solid line) and the OCTRW
(green dashed line) in Example 6.1.11.

6.2 Limit distributions

To further analyze and describe the limit processes of the CTRW and the OCTRW, we
study the corresponding distributions and the thereby deduced densities. As a special
case, we regain the connection between uncoupled CTRWs and semi-fractional Cauchy
problems displayed in Section 5.3. However, we are able to consider the far more complex
situation of coupled CTRWs/OCTRWs likewise. Especially the case of totally coupled
waiting times and jumps delivers interesting results. The proofs in this section are in-
spired by the works of Julewicz, Kern, Meerschaert and Scheffler (e.g., see [18], [17], or
[61]) dealing with densities of CTRW and OCTRW limits in the operator stable case.

In the previous section, we distinguished the two cases of independent random variables
X and J and the coupled case with h,, = k, for every n € N. To avoid repetitions, we
summarize both cases as suggested in the proof of Lemma 6.1.9. This is, we have

A, S(N(208)) = M, (t) = (A(r E(tr7) =),
and
Au S(N(znt) + 1) = O(t) = A(r ' E(tr?))

for every t > 0 in the J;-topology on D([0, c0), R?), where the sequences (x,)n,en and
(un)nen are given as in Lemma 6.1.4.
The aim of this section is to develop an integral representation for the densities of the limit-
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ing processes in terms of the joint density and its Lévy measure using Fourier and Laplace
transforms. In [18, Lemma 2.1], it was shown that for the Lévy process (A(u), D(ru)).>o,
there exists a uniquely determined continuous function A : R? x [0,00) — {2z € C :
Re(z) > 0} such that the Fourier-Laplace transform of Pia),p(ruy) is given by

Plag.peuy (k) = //ewg’x)e_“ Plat). D)) (de, dt) = e7#AE)
Re 0

for every k € R? and s > 0. We call A the log-Fourier-Laplace transform (log-FLT) of
(A(1), D(r)). Thereby, A has the representation

ik, )

. i(k,x) ,—s
A(k:,s):z(a,k:>—{—bs+<k:,Qk:)+/(1—e< e t+1—|—H$H2

) P (41),p(r)) (d, dt)
RIx[0,00\{(0,0)}

(6.12)

for some a € R%, b > 0, a non-negative definite matrix @ € R%“ and a Lévy measure
a1y, p(ry) on R X [0,00)\ {(0,0)}. Note that more precisely, in [18], the authors studied
operator stable processes. However, for the proof, the authors used arguments in [115],
which similarly hold for this more general case. Due to

Re(A(k, s)) = bs + (k, Qk) + / (1= Re (*7e™")) B(a). ) (d, dt)
R7x[0,00)\{(0,0)}
=bs+ (k,Qk) + /(1 — cos((k,z))e™"") D aq),pery (dz, dt),
R7x[0,00)\{(0,0)}
the log-FLT transform has even strictly positive real part for every s > 0. The first two
terms are non-negative since b > 0 and () is non-negative definite. Besides, due to our

fullness assumption on P a(1),p()) in the previous section, the Lévy measure is full, and
hence the integral is strictly positive for every s > 0.

Consequently, the log-FLT directly yields the already known Fourier and Laplace expo-
nents of P41y and Ppy in the following sense. By considering k& = 0, we obtain the
Laplace transform of D(r) with Laplace exponent

A(O, 8) =bs + / (1 - G_St) (I)(A(l),D(r))(Rd, dt)
(0,00)
= bs + / (1= e™) d®p)(t)
(0,00)

= T (5) (6.13)

for every s > 0, where ®p, is the Lévy measure of D(r). Due to our construction in
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the previous section, (D(t)):>¢ is the semistable subordinator without drift, and hence we
have b = 0. Similarly, we receive the log-characteristic function of A(1) by considering
s =0, this is

A(k7 0) = i<CL, k> + <k7 Qk> + / <1 - €i<k,33> + ]%) ¢(A(1)7D(T))<dx7 (07 OO))
R4\ {0}
:ua@+@wwm-/'G—a%@+i%”>>ﬁwmm
’ ’ 1 ]2
RA\{0}
= Wam (k) (6.14)

for every k € R?, where U 5y is the Lévy measure in the Lévy-Khintchine triple of A(1).
In contrast to the previous chapters, we subscript the log-characteristic function with A
to clarify the affiliation of the function to the process.

Recall that we assume (X, J,)nen to be ii.d. random variables distributed as (X, .J).
However, we allow arbitrary dependencies between X and J. Then a multidimensional
generalization of [61, Lemma 4.3] shows that the Fourier-Laplace transform of the CTRW
or OCTRW is given by the subsequent formula.

Lemma 6.2.1. The Fourier-Laplace transform of the distribution of S(N(t)+1) is given
by

1 Px(k) = Pixpy(k,s)

—stﬁ k)dt = D 7
O/e S(N(t)+1) (k) s 1= Pk, s) ’

whereas for the CTRW, we obtain

[e.e]

L 1 1-P (s)
stP k‘ dt = — D ’
O/e s(v (1)) () s1— P,y (k,s)

for every k € R? and s > 0.

Using this result and the convergence of S(N(t) + 1) and S(N(¢)) in Theorem 6.1.7 and
6.1.10, we gain the following result for the Fourier-Laplace transforms of the distribution
of the limiting processes.

Lemma 6.2.2. (Fourier-Laplace transform of the OCTRW and CTRW limit)
The Fourier-Laplace transform of the distribution Po, ) of the OCTRW limit is given by

o0 1

. 1A(k,r 8s)—W k

/B_Stpor(w(/f) at = LAk 79) ; A ), (6.15)
/ § Ak, 7" 5s)
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whereas for the distribution Py, ) of the CTRW limit, we obtain

o 1T o (r~F
/QWMMMﬁ—”W}@ (6.16)
/ 5 A(k,r%s)
for every k € R and s > 0.
Proof. Recall from the previous section that
Fun 1
(Au, S(ku,), 2 Thku,)) = > (Au, X5, 2,10;) 5 (A(1), 75 D(r))
j=1

as n — oo, and the convergence in distribution implies convergence of the log-Fourier-
Laplace transforms. Then

Ko, log(?(XJ)(Auny, x;ls)) — —A(y, 7’_%3)
for every y € R? and s > 0. A Taylor expansion of the logarithm yields

Fun (1= Py (Auny, 7375)) = Ay, 7 7s). (6.17)
Especially if s =0, (6.17) reads as

Fun (1 = P,y (A9, 0)) = ki, (1 — Px(Ay,y))
— A(y,0)

= Vam(v) (6.18)
for every y € R?, whereas y = 0 results in

Fu, (1= P (0,2, 15)) = ku, (1= Py(a;'s))
— A(0, r_%s)
= FD(I) (7"_%5) (619)
for every s > 0. First, we analyze the Fourier-Laplace transform of the OCTRW, and the

claimed result for this case follows from considering the corresponding limits. For every
s >0 and y € R we find

[e.o] [e.e]

/e_StﬁAuns(N(znt)H)(y) dt:/e_StﬁS(N(rnt)H)(Auny) dt,
0 0
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and the substitution z = x,t yields

o0 o0

~ 1~
/G_StPAunS(N(a:nt)Jrl)(y) dt = xﬁl/e_sx" *Ps(n(z)+1)(Au,y) dz.
0 0

However, according to Lemma 6.2.1, this integral is given by

1 ﬁX(Auny) - p(X,J)<Auny7 37;15)

—stp . dt = = 24
0/6 Aun S(N (@) +1) (Y) S 1= Py (Au,y,a,05)

_ k’l,Ln(ﬁX(AUny) - 1) - kun (?(X,J)(Aunyaxr;ls) - 1)
S kun(]‘ - P(th])(Auny7 ﬂj;ls))

Using the convergence in (6.17) and (6.18), we receive

7 ~ 1A ,7"7%, s)— W
/QStPAunS(N(xnt)H)(?/) dt — — (y )_; A(1)<y)

for every y € R? and s > 0. On the other hand, the OCTRW converges to the limit
process (O, (t)):>o such that

o0

/ € Pa,, s(N(anty+)(y) dt — / e~ Po, ) (y) dt,
0

0

which proves (6.15). We handle the CTRW limit similarly. Consider the Fourier-Laplace
transform of the CTRW, this is

/G_Stﬁ)AunS(N(xnt))(y) dt = /6_StﬁS(N(xnt))(Auny) dt
0 0

e}

— —sz 'z D
:xnl/e " PS(N(z))(Auny) dz
0

for every y € R? and s > 0, where again z := z,¢t. In view of Lemma 6.2.1, the Fourier-
Laplace transform is given by

r 1 1— Py(z;'s)

~sp . dt = ~———=
0/\6 Ay S(N( nt))(y) s1— P(X,J) (Auny,Igls)

1 k(1= Pylag's)
§ ku, (1 = Pix, ) (Au,y, 271s))
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5 EFD(l) (T_lg S)
5 Ay, 7s)

using (6.17) and (6.19). Applying the same arguments as for the OCTRW proves the
claimed result (6.16). O

Using the knowledge about the log-Fourier-Laplace transforms, we characterize the dis-
tribution of the limiting processes more precisely. Therefore, let B(R?) denote the Borel
sets of R? and define the sets

B—z={y—xz:ye€ B}

for any B € B(R?) and z € R%. Then the distribution of the limit process (O, (t));>o of
the OCTRW can be represented as follows.

Lemma 6.2.3. (Distribution of the OCTRW limit)
For every B € B(RY) and t > 0, the limit process (O,.(t))i>o of the OCTRW fulfills

Wl

P(O,(t) € B) / / At boeny (B — @, (trF = 7,60)) Pragu by (d, d7) du,

u=0 zcRd 7=
where ® is the Lévy measure in the log-FLT of Plaw),pey) @ (6.12).

Proof. First, we show that the mappings p(-,t) : B(R?) — R with

[e¢) trB

p(B,t) = / / B(a(1),piy (B = @, (tr¥ = 7,00)) Pia) piruy (d, d) du

u=0 geRd 7=0

are well-defined probability measures on R? for every fixed ¢t > 0. Obviously, p(B,t) > 0
for every B € B(R?) and every ¢ > 0. In addition, ®(4(1),n() is a measure such that p is
o-additive. With Tonelli’s theorem, we obtain

oo trh
- / /q’w 1,0 (R, (t17 = 7,00)) dPpyuy (1) du
u=0 7=0
o] tr%
= / @D(T)(tré — T OO) dPD(ru)( )du
u=07=0
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for every ¢ > 0. Note that ®p ) (B) = r®p)(B) for every B € B((0,00)) such that

=

tr

70/% (tr5 — 7, 00) dPp(yu)(7) dut.

u=0T1=

Combining this result with Lemma 5.2.7, we find

oo

p(RY ) = r/h(ru,tr}?)du,

0

where x — h(x,t) is the density of the inverse semistable subordinator E(t). Substituting
Y = ru, we receive

[e.o]

p(R?, 1) Z/h(y,tré)dy 1

0

since h is a density on (0,00). Hence p is a probability measure. Now calculate the
Fourier-Laplace transform of p, this is

o0

p(k‘,s):/ / e~te! V) p(dy, dt)

t=0 yeRd
for every k € R? and s > 0. In order to apply Fubini’s theorem, consider

Il<k73) - = |ﬁ(k’,$)|

/ / / / / A(1),0() (Y, (t” —7,00)) Plaw),perw) (de, dT) du dt.

t=0 ycRd u=0 zcRd 7=0

m\H

IN

Using Tonelli’s theorem, we obtain

1
co trh

]1(k,s)§]o/// / B aty. 0 (s (¥ — 7.00)) Piauy.piey (ders dr) du dt

t=0u=0 7=0 zcR? ycR?

1
/ / / / —st (I)(A(l)jD(T))(Rd, (tT‘B -7, OO)) P(A(u) D(ru)) (dl’ dT) du dt
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o~
<
=

e "D (( trﬁ —7,00)) Plagw),p(ruy (dz, d7) du dt

2
L~y

‘1
Il

0 zcRd

o~
g
=

e piyy (115 — 7,00)) Pacu).p(euy) (RY, d7) du d

L
L~
R

|

[e%¢) tr

/

t

P piyy (115 — 7,00)) dPp(ra) (7) du. dt

0
for every k € R% and s > 0. Note that again we can express the integrals in terms of the
density x +— h(z,t) of the inverse semistable subordinator E(t) in the following way

o\

U=y 7=

[e.e] [e.e] o0

1 1
Li(k,s) §/6_5tr / h(ru,tr?)dudt = /e_Stdt: - <0

S
t=0 u=0 t=0

for every s > 0. Hence, we can apply Fubini’s theorem to the Fourier-Laplace transform
of p yielding

[e.e] [e.e]

p(k,s) = / / / B [ (k, 8) Praw).pey (d, dT) du,

u=0 gzcRd 7=0

where
]2(k7 3) = / / e~ steltky) @(A(l),p(r))(dy, (tr% — T, OO)) dt.
t:T‘_%T yeRre

First substitute v := tr% — 7 to obtain

7 1
_1 I P
Iy(k,s)=7r"% / / e P (vt7) gilksy) D 41),p(r)) (dy, (v, 00)) dv
’U:()ye]Rd
and write
(k' S / / / —sr -3 (v+7) z(ky>]l(v oo)( )CI)( A(1) ,D(r))(dy,dm) dv.
v=0 ycRd m=0
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Using Fubini’s theorem again, I, is given by

_1 .
(k) =r / / / st P il (m) dv ®ay.pe)(dy, dm)

yERdm 0v=
7 e ST e r i " i(k,y)
- _76 e B a).nw) (dy, dm)
y€Rd m=0 v=0
_1 )
/ / —sr 57— < — ST ﬂm) el<k,y> (I)(A(l),D(r))(dy, dm)
yeRdm
_57’ 57— z(ky <k y) ) (D
A(1).00)) (dy, dm)
/ / ( 1+Hy||2 (A(1),D(r))
y€eRd m=0
Lo e Pm i ik, y)
—,—sr Pr 1 — e sm Pm i(k,y) ERACALRVEN ) N (dy. d
e / / ( e e 4 Tyl ) Teame ) (dy, dm)
yeRI m=0
1 fsriéT _1
=€ (=Wamy(k) + Ak, sr77))

S

in view of (6.14) and (6.12). Then

1 oo
ok, s) = S(A(k: sr7) / / / ilh,z) g BTPA(U)Dru (dx, dr) du
u=0 geRd 7=0
1 I —uA(ksr_%)
= —(A(k, sr /3 ’ du
s

u=0
. A(k?, ST’_%) — \I/A(l)(k‘)
sA(k, 37’7%)

for every k € R? and s > 0, where we used that Re(A(k,s)) > 0. Hence, according
to Lemma 6.2.2, the Fourier-Laplace transform coincides with that of the limit process
(Or(t))e=0- Note that the process (O,(t));>o has cadlag paths, and thus t — Pp, () is
weakly right-continuous. To show equality of the probability measures, it is sufficient to
show that ¢t — p(-, t) is weakly right-continuous as well (compare [61, Lemma 4.6]). Using
the continuity theorem for Fourier transform, we prove this by showing right-continuity
of the Fourier transform. So for h > 0, consider the difference

pt) = kst + 1) = [ €49 pldy,t) = [ pay e n).

R4 R4
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By defining
ar(dy, 7, h) = ®aq),pey) (dy, (tr% —7,00)) — Paq),ney (dy, ((t+ h)r% —T1,00)) (6.20)
and
as(dy, . h) = (aqw,piry(dy, (£ +h)r? —7.00)), (6.21)
we can express the difference as

plk,t) — p(k,t +h) = I3(k,t, h) + Ly(k,t, h)

with
00 tr%
bty = [ [ [ [ ey b) P, de, i) du
yERd u=0 geRd 7=0
and

1
(t+h)rs

ILi(k,t,h) /// / WEH2) a4y (dy, 7, h) Plaw),pera)) (de, dT) du.

yeRI u=0zeR? __ 4

Note that a; > 0 such that with Tonelli’s theorem

|]3kth|<//// 1(dy, 7, h) Piaw),prwy) (de, dT) du

u=0 zcRd 7=0 ycRd

E\»—A

=

(o) tr

:/// L(RY, 7, ) Pragw).pray (d, dr) du

u=0 geRd 7=0

0o tTB

// (RY, 7, h) Pagy pgeayy (RY dr) du

u=0T71=

-+
=

T

a1 (RY, 7, h)dPpr) () du.

L~y

u=0 7=0

We want to consider the limit l}ggl I3(k,t, h). First, we have

lai (R, 7, h)| = @D(r)(t’l"% —7,00) — Ppy((t+ h)r% —7,00) < q)D(r)(tT% —7,00)
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and

=

tr

//CDD(T trﬂ—T oo)dPDdeU—r/ ru, tr% uw=1

u=07=0

with the density x — h(z,t) of the inverse semistable subordinator (E(t));>o. Then using
dominated convergence, we have

1
oo trB
i (k)| < [ [t o (R ) Py () du

u=0 7=0
Recall from the previous section that the tail of ®p,) is given by
P p(y(t,00) = r®py(t,00) = rt "V (log(t))

for every t > 0. Since V is a periodic, admissable function, it is continuous almost
everywhere. Then

0< 1}%1 a (R%, 7, h) = 1}%1 (@D(T)(trﬁ —7,00) = Ppy((t+ h)rF — T, oo)) =0

for almost every 7 € |0, tr%) such that the integral vanishes. Next we show that I4(k,t, h)
vanishes likewise. Using Tonelli’s theorem, we obtain

so (t+h)rP
|I4(k,t,h)| < / / / / ax(dy, 7, h) Piaw),peruy) (dz, dT) du
% z€R4 ycRd
o0 (t+h)r%
_ / / as(R%, 7, 1) Py piruy) (RY, dr) du
oo (t+h)r7
_ / / as(R%, 7, 1) dPpypu (7) du.

As in [67], define the occupation measure W, by

W,(B) = / P{D(ru) € B} du

u=0
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for Borel sets B € B((0,00)). Then

1
(t+h)rp

I (k,t,h)| < / ax(R?, 7, h) dW,.(7).

@

T=tr

If (E.(t)):>0 denotes the inverse semistable subordinator belonging to (D, (t) = D(rt))>o,
then according to [67, Lemma 6.1]

a

/ By (a+ 2 — 7,00) AW, () = PAD,(Ey(a)) > a + x}

such that

(t+h)r%
LD < [ Bp(t+ byt = ro0) ()

1
T=trB

= P{D(E,((t + h)r#)) > (t + h)r#} — P{D,(E,(tr#)) > (t + h)r# }.
In [67, Corollary 6.2], it was shown that P{D,(E.(t)) >t} =1 for every ¢t > 0 such that
Li(k,t,h)| < 1— P{D,(E,(tr#)) > (t + h)r#}
= P{D,(E,(tr?)) < (t+ h)r#}.

As shown in Proposition 5 of [67], this is a continuous function in A > 0 such that with
Corollary 6.2 in [67], we receive

lim Lk, 1. h)] < P{D,(E,(tr?)) < tri} =0.

Hence the mapping ¢ +— p(k, t) is right-continuous for every k € R? and the claimed result
follows. O

Lemma 6.2.4. (Distribution of the CTRW limit)
For every B € B(RY) and t > 0, the limit process (M,(t));>0 of the CTRW fulfills

=

tr

1
P(Mr(t) S B) = / / @D(r)(trﬁ -7, OO) P(A(u),D(ru))(BydT) du.

u=07=0
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Proof. Again define

1
oo trP

1
n(B,t) = D pr (tr? — 7, 00) P(A(u),D('ru))<Bu dr) du
u=07=0
for Borel sets B C R% and every ¢t > 0. Then 7 is a probability measure for every fixed
t > 0 since with Tonelli’s theorem

1
oo trP

(R t) = / / D i) (trF = 7,00) Paga,pgray) (R, d) du

//@;vwme%mmd

u=07=0
oo trB

r / (I)D(l) t?”5 -, OO) PD(ru (dT)d

u=07=0
9]

r h(ru, trB

as in the proof of Lemma 6.2.3, where = — h(x,t) is the density of the inverse semistable
subordinator E(t). For the Fourier-Laplace transform of 7, we obtain

o0

wks) = [ [ e yiay.an

=0 yeRd

=

tr

/ / / / —S NG ) (115 — 7, 00) Plagy,piray (dy, d7) du dt

t=0 ycRd u=0 7=
for every k € R? and s > 0. Again, we are allowed to use Fubini’s theorem since

1
oo oo trh

/ / / / ’6_5t€i<k’7y>q)l)(r)(t7’% — T, OO)‘ P(A(u),D(ru))(dy,dT) du dt

t=0u=07=0 ycRd
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o~
=
=

11

applying Tonelli’s theorem. Use the representation of h in (5.13) to obtain

_St(I)D(r) (tr% — 7,00) dPp(ry) (T) du dt

L~y
I \

t w T

=

tr

/ / / / ’6_5t€i<k7y>q)D(T)(tr% -7 OO)‘ Paw),peuy)(dy, dr) du dt

=0 u=0 7=0 yCRd

7’//6 Sth (ru, tr% du dt

t=0 u=0
)

= [ e stdt

t=0

=l

=— < Q.
S

Then with Fubini’s theorem, it follows that

]{? 8 / / / / _Stq)D(r) (tT% - T, OO) dt ekv) P(A(u),D(ru))(dyy dT) du.

0 ycRd 7=

Note that with the substitution v == tr% — 7 and Tonelli’s theorem, we have

o0 o0 1
/ e’StCI)D(T)(tr% —7,00)dt = rs / eI P o0 (v, 00) du
_1 v=0

t=r Br

(1 — €Smr/8> d@D(T)(m)
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together with (6.13). Hence, the Fourier-Laplace transform of 7 is given by

r 00 00 i
) = 22 [ e e P iy (. dr) du
u=0ycRd 7=0
PD(T)< BS) /e—uA(kr B s) du
S
u=0
_ FD(r)<T BS)
Ak, r %s)

for every k € R? and s > 0, using that for these parameters Re(A(k,s)) > 0. Again,

the process M, (t) = (A(r_lE('r’%t)—))Jr is a cadlag process such that as in the proof of
Lemma 6.2.3, it is sufficient to show that ¢ — n(-, ) is weakly right-continuous. For every
keRYand t >0

=

tr

ﬁ(k,t) k t+h / / / ik CI)D )(tT% - T, OO) P(A(u) D(ru)) (dl‘ dT)d

zeRd u=0 7=

/ / / k“;)(I)D(T (t—}—h)rﬁ —7,00) Paw),peruy (dz, dT) du
zeR u=0

[e'e} trl

/ // k) a1 (RY, 7, h) Plagwy,pewy) (d, dT) du

zeRd u=0 7=
1
/ / / 1) a0 (RY, 7, h) Piagwy.pruy) (de, dT) du,
x€R u=0 %

where a; and ay are defined as in (6.20) and (6.21). As in the proof of Lemma 6.2.3,
this expression converges to 0 as h | 0 such that the Fourier transform ¢ — 7(k,t) is
right-continuous for every k € R%. O

For both of our cases, the uncoupled as well as the coupled case with h, = k, for every
n € N, the limit process (A(t), T%D<Tt))t20 is a Lévy process. In the uncoupled case, the
process has a product Lebesgue density whereas in the coupled case, the limiting process
in operator semistable and has a Lebesgue density as well [80, Theorem 2.2]. From the
previous result, we obtain the following direct consequence from Lemma 6.2.4.

Lemma 6.2.5. (Density of the CTRW limit)
Denote by (z,y) — w,(x,y,t) the density of (A(t), D(rt)) for every t > 0. Then the
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CTRW limit process (M, (t))t>0 has a Lebesgue density x — m,.(x,t) with

=

oo tr

m,(z,t) = / /@D(T)(tré—T,oo)wr(m,T,u)deu

u=0 7=0

for every t > 0.

To close this section, we study some examples of CTRW and OCTRW limits. First, we
consider uncoupled jumps and waiting times. This particular case links the microscopic
CTRW/OCTRW model with the macroscopic description of anomalous diffusion delivered
by the semi-fractional Cauchy problems studied in Chapter 5.

Example 6.2.6. We assume that the jumps X;, j € N, and waiting times J;, j € N,
are independent and for simplicity, we furthermore assume that r = 1. In Section 5.3,
we already argued that the semi-fractional Cauchy problem is solved by an uncoupled
CTRW limit. However, Lemma 6.2.5 now yields the same result.In this uncoupled case,
the Fourier-Laplace exponent A decomposes as

A(k, s) = Wa)(k) + pa)(s)

for every k € R? and s > 0. Note that according to Theorem 6.1.7, the limiting processes
(M (t))s>0 of the CTRW and (O4(t)):>o of the OCTRW coincide almost surely. According
to Lemma 6.2.5, the density « — my(x,t) of M;(t) is given by

oo t
my(x,t) = / /<I>D(1)(t—T,oo)wl(x,T,u)deu
0

u=0 7=

for every (r,t) € R? x (0,00). Thereby, x + wy(x,7,u) is the density of (A(u), D(u)).
Similar to the log-FLT, the density of (A(u), D(u)) decomposes due to the independence
of the components such that

wi(z,y,t) = p(x,t)g(y, )

for every z € R?, y > 0, and ¢t > 0, where = + p(z, t) is the density of A(t) and y — g(y, )
is the density of D(t). Hence using Lemma 5.2.7, we obtain

u=0 7=

oo t
my(z,t) = / P py(t — 7, 00)p(x, u)g(T,u) dr du
0

_ / h(u, )p(z, u) du.

u=0

Under the assumptions of Theorem 5.3.6 and together with Lemma 5.3.12, this density
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is a strong solution to the semi-fractional Cauchy problem

P B
(&Lvt) u(z,t) = Lu(z,t) + d(z)Gy(t)

with the generator L corresponding to (A(t));>0, and the process (M;(t));>o is a stochastic
solution to this very equation.

As a contrary example, we study the case of totally coupled processes. Furthermore,
this example impressively displays the possible difference between the OCTRW and the
CTRW limit in the coupled case and thereby justifies both cases’ treatment.

Example 6.2.7. Consider the totally coupled case, where the waiting time before or after
each jump equals the jump’s height (X = J). First, we analyze the CTRW. In view of
Lemma 6.2.4, the cumulative distribution function is given by

P(M1 <x //(I)D t—T OO)P(D(U) ())([0,$],d7’)du

u=071=
///@D () (t = 7,00) Ppu),p(w) (dy, dT) du.
u=0717=0y=

For every u > 0, the distribution of (D(u), D(u)) is concentrated on the diagonal line
{(t,t) : t > 0} such that P pw),pw))(dy, dT) = de-(dy)dPp()(7) and hence

u=07=0y=
oo t

= / / (I)D(l)(t — T, OO)]l(O,x) (T) dPD(u) (T) du
u=0 7=0

Note that for x > t, it follows that

g

POML(1) < 2 / /ch(l) (t = 7,00) dPpu) () du

u=07=0
00

= [ h(u,t)du
0

U

—_

using the density x — h(z,t) of the inverse semistable subordinator E(t) in Lemma 5.2.7.
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On the other hand, for x < ¢, we obtain

P(M // 1(t = 7,00) dPpuy(7) du

u=071=0
_ / / Byt — 7 00)g (7 u) dud(7)
7=0u=0

using Tonelli’s theorem and the density x +— g(z,t) of D(t). Differentiating with respect
to x yields the density of the CTRW limit process

my(z,t) = dde<Ml(t) < x)

_ ( [ B0t~ 20096z ) du) Lo (@)

0

= $pa)(t —,00) (/9(%%) du) L. ()

= (t— x)—ﬂ/(log(t —x)) ( /g(x,u) du) Lo ().

0
Define ¢ : R — (0,00) by

o0

((x) = e”(lﬁ)/g(ex,u) du. (6.22)

0

Then ( is log (d%)—periodic since

<o ioah)) = 20 [ e
0

Besides, (D(t)):>0 is a strictly semistable subordinator such that we can use the scaling
property (2.4) to obtain

[e.e]

C(x + log(d%)) — 2(1-A) g5~1 /dég(ex,d_lu) du

0
oo

= ¢*1=F) /g(e’”,z) dz

0
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= ((z)

with 2z := d~'u. In conclusion, the density m; of the CTRW limit is given by

ma(w,t) = (t — 2) "V (log(t — 2))z"~'((log(2)) Lo, (),

which can be interpreted as a disturbed Beta density on (0,¢). For comparison, we also
compute the density of the OCTRW limit process (O;(t))>0. According to Lemma 6.2.3,

P(OL(1) < 2) ///% (0,2 — )., (t — 7,00)) Py (dy, dr) du

u=0y=071=
/ / /CID(D (0,2 —y), (t — 7,00)) de-(dy) dPpuy(T) du
u=0y=071=

since the distribution of (D(t), D(t));>0 is supported on {(¢,t) : t > 0}. For the same
reason

®pay,oa) (0,2 —y), (t —7,00)) = B(t = 7,2 — Y) L t—r.00) (z — V)

such that

P(O\(t) < ) = / (t =7, = YL omroey (@ — ) des (dy) AP () du

/
= / Ot — 7,0 — 7)1 (1,00) () L (0.0)(T) dPpu) (T) dus
=0
/ Ot — 7,0 — 7)1 00)(2)g(T, u) dT du
)

with the density x +— g(x,t) of D(t). Use (6.22) and Tonelli’s theorem to obtain

t

P(Oy(t) <z) = /CID(t — 7,0 — 7)1 (log (7)1 1,00y (%) d.

0

Now

Ot —T1x—7)=(t — T)_ﬁV(log(t —7))—(z— T)_ﬁV(log(x —7))
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such that
P(Oy(t) < x) =Choll(1,00)(7) = /t (2 =)~V (log(x — 7))777"((log(7)) dr L 1,00) ()
with 0
Clg == j (t —7)7PV (log(t — 7)) ¢ (log (7)) dr.

Aiming to find an explicit representation of the density, we assume that the periodic
functions V' and ( are smooth and thus representable by their Fourier series

Z d ezndac and C Z Upe zndx

nez neE”L

Wlth (dn)z627 (U/n)nEZ - C and d - loQg(?i)
of O1(t) is given by

0

t
=Chg — /(a: — 1) Prht (Z Z dp(x — T)i”‘ium_nTi(m_”)J) dr.

0 neZ meZ

Then for every x > t, the distribution function

Note that the double series is bounded as a product of two periodic, continuous functions,
and hence we can change the order of integration and summation as

t

P(Ol (t) < Qf) = 019 — Z Z dnum_n /(ZB _ T)—B-l-ind,]_ﬂ—l-i-i(m—n)czd,r

ne€Z meZ 0
t

_ o —B+ind . Z ~Prrind B—1+i(m—n)d
= CYy Z Z dpUp—nT 1 T dr.

neZ meZ 0 z
Substituting y = T, we get

P(Oy(t) <) = Chg — Z Z dnum_nximj/ (1— y)fﬁﬂnd y5—1+i(m—N)a7 dy
0

neZ meZ

.5 t ~ 2
= C119 - Z Z dnumfnajzmdB (x, ﬁ + Z(m - n)d, 1— ﬁ + an)

neZ meZ

165



Chapter 6. Continuous Time Random Walks

for every = > t, where B(z,a,b) is the incomplete Beta-function

xT

B(z,a,b) = /t“—l(l — )l dt

0

for every a,b € C with Re(a), Re(b) > 0 and = > 0. Finally, differentiation yields the
Lebesgue density of the OCTRW limit

d
o1(a.) = L P(0,(t) <
t t —B+ind t B—14i(m—n)d
==Y Y dytp_pz™ <1mdx - — (1 - ) () ) Lit00) ()

neZ mezl L t
== 2 3 duttmpa™! (imd — PTG g = )7 10 (2)
neZ mew
. 5 t imd t B—ind
= — Z Z dnum—nxzmd_l (Zmd — <) ( ) ) ]l(t,oo) (.T)
neEZ meZ x Tt

We want to emphasize that, in general, the Fourier coefficients (d,),ez are known but
the Fourier coefficients (uy)nen of ¢ have to be calculated using (6.22). Nevertheless,
the fundamental difference of both limiting densities directly follows from their disjoint
supports.

In the special case of a [-stable subordinator (D(t));>0, the calculation can be done
explicitly. In this case, V(x) = ﬁ is a constant function. Additionally, we obtain (
using the equality

[e.e]

571 (log(x)) = / 9(z, w) du.

0

The right-hand side has the Laplace transform

o0 o0 o0

/e_“/g(x,u) dudx = /e_“sﬁ du=s",

0 0 0

which is also the Laplace transform of

With the uniqueness of the Laplace transform, we find {(x) = ﬁ for every x € R. Hence
the density of the CTRW limit process is given by

(t —x)PalP!

ma(x,t) = T(1-B)T(B)

1 (O’t) (x) *
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Besides, with V(z) = r(1175) and ((z) = ﬁ for every z € R, the density of the OCTRW

limit is given by

1 1L 7t
o1(x,t) = mmx (x—t) Lito0) (7).

These results for the stable case are already known by [61, Example 5.2].

Density

0

0 0.5 1 1.5 2
X
Figure 6.4: Distribution x +— ms(z,1) of the CTRW limit (green solid line) and

x — o1(x,1) of the OCTRW limit (blue solid line) at time ¢ = 1 in comparison to
the corresponding limit distributions in the stable case (dashed lines) in Example 6.2.7.

Finally, consider a concrete example of semistable subordinators. Therefore, let D(1)
have a (d%, d)-semistable distribution for 8 = 0.5, d = €', and

b
INOEt)

admissable with respect to these parameters. Figure 6.4 displays the density x — mq(z, 1)
of the CTRW limit and the density x — o1(z,1) of the OCTRW limit at time t =
1. As already seen, the densities are supported on [0,t] and [t,00) respectively, which
underlines the difference between both processes. For comparison, we also plotted the
densities of both limits in the case of a [-stable subordinator. As expected, the densities
corresponding to the semistable subordinator oscillate around those of the stable case.
The Matlab code for the calculation is attached in Appendix C.

1 1
V(z) = 0 cos(2mx) + . cos(mz) +
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Space-time duality

From a physical point of view, a semi-fractional derivative with respect to the space
variable can hardly be interpreted since it necessarily requires to include the whole envi-
ronment into the calculations. In contrast, most physicists consider closed and bounded
systems. However, a semi-fractional time derivative is easier to handle as the non-locality
of the operator can be understood as a long-time memory effect, which is inherent in
many physical systems. This chapter shows how a semi-fractional derivative in space can
be shifted to a semi-fractional time derivative and thereby offers an interpretation at least
for a class of space semi-fractional diffusion equations.

It was Zolotarev who in 1961 first connected stable densities of different indices [151].
To follow his considerations, note that the Fourier transform of a non-degenerate stable
density with index a € (0,2) \ {1} can not only be characterized by its Lévy-Khintchine
triple but is also uniquely given by the representation

p(k) = exp <ikb — c|k|* exp (—”;Py sign(k))) ) (7.1)

where b € R, ¢ > 0, and |y| < a for a € (0,1), whereas |y| < 2 —a for a € (1,2).
Zolotarev himself worked with a slightly different parametrization. However, since his
result can be formulated easier this way, we decided to use (7.1). For the equivalence
of parametrizations and the connection of different forms, we refer to [14]. Since every
a-stable distribution is uniquely determined by b, ¢, and v, we denote the corresponding
density with z +— p,(z, b, c,v). Using complex contour integrals, Zolotarev showed that

Pal@,0,1,7) =27 "p1(27,0,1,7")

holds for every a € (1,2) and x > 0, where v* = = +1 (compare [14, Theorem 2.1]). The
result was proven differently by Lukacs [81, Theorem 3.3] using a series representation
of stable densities, which has been independently obtained by Bergstrom [20] and Feller
[42]. In 2009 Boris Baeumer et al. used Zolotarev’s duality result to link space fractional
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and time fractional differential equations [14]. In detail, they proved that the solution of

0 o0“

&u(:c, t) = H—a)

u(z,t)

with u(z,0) = d(x) for a € (1,2) is equivalent to the solution of

a 5,

for every > 0 under the similar initial condition h(z,0) = é(x). Thereby, equivalence of
the solutions means that u(z,t) = ah(z,t) for every (z,t) € RZ. Note that the space frac-
tional diffusion equation is solved by the densities of an a-stable Lévy process supported
on R, whereas the densities of the inverse i—stable subordinator (E(t)):>o supported on
R, solve the time fractional equation (see Example 5.3.14). Then for every ¢ > 0, both
densities coincide on the positive real line up to a constant.

Using Fourier-Laplace transforms instead of Zolotarev’s duality result, Kelly and Meer-
schaert gave a different proof of space-time duality for fractional diffusion and applied it
to open problems in hydrology [64]. As a side effect, they regain Zolotarev’s law for a
special choice of ~.

Naturally, the question arises if such an equality similarly holds for the semi-fractional set-
ting. Since we are also missing a physical interpretation of space semi-fractional diffusion,
such a result would strengthen our approach in applications. Generalizing Zolotarev’s
idea might cause difficulties due to the unknown log-periodic perturbation in the semi-
fractional derivative. However, we are already familiar with Fourier and Laplace trans-
forms of semi-fractional derivatives, such that a generalization of the proof given in [64]
seems more promising. Parts of the following chapter have already been published in [65]
(see Appendix B for a detailed list of the individual contributions of the authors), but we
are now able to answer some open questions in [65] using the theory of Bernstein functions.

To introduce the reader to the theory of Bernstein functions, we shortly name the most
important definitions in Section 7.1 and establish the subclass of selfsimilar Bernstein
functions. Afterward, we prove a space-time duality result for the semi-fractional case
in Section 7.2. In contrast to the fractional case, the negatively skewed semi-fractional
equation will lead to an inhomogeneous time semi-fractional differential equation, which is
no longer the density of the inverse semistable subordinator. Nevertheless, the result offers
a physically meaningful interpretation of space semi-fractional differential equations.

7.1 Bernstein functions

Already in 1921, Hausdorff studied functions, which he called totally monotone. Under
this definition, he understood functions f : [0,00) — [0,00) such that f € C>®(R,)
and the derivatives have an alternating algebraic sign [52]. These functions are nowa-
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days commonly known under the name completely monotone functions, and due to their
appearance in many different mathematical areas, there is comprehensive literature con-
cerning this class of functions (see for example [148] or [126]). Formally they are defined
as follows.

Definition 7.1.1. (Completely monotone functions)
A function f: R, — R is completely monotone if f € C*(R,) and

(=1)"f™(s) > 0
for all n € Ny and s > 0.

In probability theory, completely monotone functions are also known as Laplace trans-
forms of measures on the positive real line due to the following equivalence theorem by
Bernstein based on [21].

Theorem 7.1.2. (Bernstein’s theorem, [126, Theorem 1.4])
Let f: R, — R be a completely monotone function. Then f is the Laplace transform of
a unique measure pr on [0,00), i.e. for all s >0,

(e 9]

ﬂﬁzﬂ@z/e“@@-

0

Conversely, whenever the Laplace transform of a measure [i(s) is finite for every s > 0,
the function s [i(s) is completely monotone.

In our considerations, the closely related class of Bernstein functions appears. Bernstein
functions are named after the Russian mathematician Sergei Bernstein. However, they
can be found under different names in many mathematical areas, and lots of interest-
ing properties have been investigated and published. For an overview and background
information, we refer to the monograph [126].

Definition 7.1.3. (Bernstein function)
A function f: R, — R is a Bernstein function if f € C*(R,), f(s) > 0 for all s > 0 and

(1) (s) 2 0
forall n € N and s > 0.

Note that from this definition, it follows immediately that a non-negative function f &€
C>°(R,) is a Bernstein function if its first derivative is a completely monotone function.
Conversely, the primitive of a completely monotone function is a Bernstein function, if it
is positive. Using this observation, an integral representation of Bernstein functions can
be shown.
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Lemma 7.1.4. ([126, Theorem 3.2]) A function f : R, — R is a Bernstein function if
and only if it admits the representation

f(s) —a+bs—|—/1—e ) dd(y), (7.2)

where a,b >0, and ® is a measure on (0,00) satisfying

/ min{1, £} dd(t) < oo. (7.3)

In particular, the triple [a,b, ®] determines f uniquely.

Remark 7.1.5. Comparing the above representation of a Bernstein function f with
Theorem 5.2.1, we see that the class of Bernstein functions with a = 0 equals those of
Laplace exponents of infinitely divisible subordinators with drift, and we can uniquely
determine the parameters [a, 0, ®] of the Lévy-Khintchine triple form (7.2). Therefore,
one refers to the representation (7.2) as the Lévy-Khintchine representation of f.

Since our interest in Bernstein functions was driven by semistable laws with discrete scale
invariance, we consider Bernstein functions with a similar property.

Definition 7.1.6. (Selfsimilar Bernstein functions)
A Bernstein function f: Ry — R is selfsimilar with respect to o € (0,1) and ¢ > 1 if

1

fleas) = cf(s)
for every s > 0.
Similar to Lemma 7.1.4, we obtain a Lévy-Khintchine representation for selfsimilar Bern-
stein functions. Note that the additional property of selfsimilarity allows us to simplify

the representation (7.2) noticeably.

Lemma 7.1.7. A function f : Ry — R is a selfsimilar Bernstein function with respect
to a € (0,1) and ¢ > 1 if and only if it admits the representation

/1—6_8y ) dP(y),
0

where ® is a Lévy measure given by
O(—o00,—1) =0 and O(r,00) =r *K(log(r)) (7.4)

for every r > 0 and a function K : R — R, admissable with respect to a and c.
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Proof. Let f be a selfsimilar Bernstein function with respect to a € (0,1) and ¢ > 1.
According to Lemma 7.1.4, f can be written as

f(s)=a+bs+ [(1—e)dP(y),
[

where a,b > 0, and ® is a measure on (0, 00) fulfilling (7.3). Since f is selfsimilar, by
iteration, we receive

flees) =c"f(s)

for every m € Z and s > 0. As m | —oo, this implies liﬁ)l f(s) = 0 and consequently

a = 0. Then the selfsimilarity reads as

=cf(s). (7.5)

However, according to Lemma 7.1.4, the triple [a, b, ®] is unique such that we have b =0
as well as (céq)) = ¢ - ®. Using Lemma 7.1.6 and Corollary 7.4.4 in [91], ® is the Lévy
measure of a (ca,c)-semistable distribution supported on the positive real line. Thus it
is given by (7.4) in view of Theorem 2.2.1.

Conversely, if f admits the above representation, it is obviously a Bernstein function and
the selfsimilarity follows from the calculations in (7.5). O

Hence, selfsimilar Bernstein functions correspond to the Laplace exponents of semistable
subordinators (compare Theorem 5.2.1). We can thereby use the calculations in Lemma
5.2.2 to obtain an explicit representation of these functions.

Lemma 7.1.8. Let f : R, — R be a selfsimilar Bernstein function with Lévy measure
(7.4). Then

f(s) = s"m(log(s))

for every s > 0, where ny defined in Lemma 4.1.3 is a positive, log (cé)—pem’odic, C*>*(R)-
function.

Finally, we provide a sufficient condition for an inverse function to be a Bernstein function.
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Lemma 7.1.9. Let f : Ry — Ry be a C®(R,)-function such that f' is a Bernstein
function and f™(s) # 0 for all s > 0 and n € N. Then its inverse f~' is a Bernstein
function with (f~1)™(s) # 0 for all s > 0 and n € N.

Proof. First note that f~! is obviously strictly positive and f~! € C*(R. ) as the inverse
function of f. For f~! to be a Bernstein function, we need to calculate the algebraic sign
of all its derivatives. By differentiation of the equation

FU(s) = s,

we derive the well-known formula

(Y (5) = e

J'(f=1(s))

for every s > 0. Repeating the differentiation n-times with n € N yields Faa di Bruno’s
formula

o
0= -S(f(f '(5)))
_ ol "y n ( —1)(j)(s)>kj
k1,...,zk£€Nok k 'f ]1;{ .

k1+2ko+...+nkn,=n

Since ki, ..., k, are chosen such that k; + 2ks + ... + nk, = n, necessarily k, € {0,1}.
Split these two cases to obtain

n! - (4)
0= Z kl!.“'knllf(kl-i- Akn_1) 1:[ < f ) ( )>+f/(f_1(3))(f_l)(n)(3)

ki+2ka+..+(n—1)kn—1=n
or equally

ey kb ety T (DD
(F7)"6) = ) g—IENO k‘1!...k:n_1!f o Y 1(8))1_[( '

k1+2ko+..+(n—1)kn_1=n

for every s > 0. Using this formula, we prove that

(=)™ (™ (s) > 0 (7.7)
by induction over n € N. As mentioned before, for n = 1, we have

b
F'(f=4(s))

for every s > 0, and since f’ is strictly positive, so is (f~1). For the second derivative,

(f)(s) =
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we receive

1 _fUTNs)
J'(f=1(s)) (f'(f~H(s)))?

for every s > 0. Since f’ is a Bernstein function, f’ and f” are strictly positive. Then

(=D(f71)"(s) >0

for every s > 0. Now let the assumption (7.7) be fulfilled for all derivatives up to order
n—1 € N with n > 2. Then the n-th derivative of f~! is given by (7.6). To calculate the
algebraic sign of this derivative, we analyze the sign of the individual summands. First
note that since f’ is a Bernstein function

(f)"(s) =— PN () =

Sign<f(k1+...+kn71) (F7Y(s)) = (_1>k1+...+kn,17

whereas by induction

sign (1:[ ( (J)( )>k> _nﬂlsign 1)) (5))k

7j=1
1:[ (]1

Then every single summand in (7.6) has algebraic sign (—1)*¥+2ktFn-Dka1 — (_1)",
Note that since all summands have the same sign and all derivatives of f fulfill f (")(s) # 0
for all s € R, by induction, the n-th derivative of f~! is non-vanishing in every point
s € R,. Together with the additional minus sign in (7.6), the result follows. O]

7.2 Space-time duality for semi-fractional diffusion

Using the theory of Bernstein functions, we are now able to consider space-time duality in
the semi-fractional setting, which offers a physical interpretation for systems underlying
negatively skewed log-periodically disturbed diffusive behavior. As in the fractional case,
we start with the negatively skewed diffusion equation

(67

&u(x, t) = Wu(m, t) (7.8)

under the initial condition u(x,0) = §(x) for a € (1,2), ¢ > 1, and K being admissable
with respect to these parameters. According to Lemma 5.1.1, a solution to (7.8) is given
by the densities of the (ca,c)-semistable Lévy process (X (£));=o, where Px (1) has Lévy-
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Khintchine representation [a, 0, ] with

1
a:/<1_|_y2—y> d®(y)

and
O(—o0,—r) =1r"*K(log(r)) = Gg(r) and P(r,00) =0

for every r > 0. Additionally, we assume that K is smooth with Fourier series
— Z Cneinéac
neZ
2o

for Fourier coefficients (¢,)nez C C and ¢ = Toa(c) Following Lemma 2.2.2 and Example
2.2.6, the corresponding log-characteristic function is given by

U (k) = / (1= e7™ —irk) dG(r) = = > wa(ik)* "™ (7.9)
o neL

for every k € R, where w,, = ¢,,['(in¢ — a + 1) for every n € Z. Again define n, : R — R
by

_ Z Wnefinéac7

nel

and note that according to Lemma 4.1.8, 1y is a positive, 10g<c§)—periodic, C>*(R)-
function with

V(—ik) = k*nz(log(k)) (7.10)

for every k > 0. As mentioned before, we want to adapt the method of proof in [64], which
uses Fourier-Laplace transform. Similar to the already defined Fourier-Laplace transform
of distributions, for a suitable function f : R x R, — R, the Fourier-Laplace transform

of f is given by the integral
f(k,s) // x“fxtdtda:

Throughout this thesis, we denote the Fourier-Laplace transform of f with f or FL(f)
respectively. Applying the Fourier-Laplace transform to (7.8) yields

su(k,s) — F(u)(k,0) = ¥(k)u(k,s),
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for every k € R and s > 0, where the right-hand side with the log-characteristic function
U in (7.9) follows from Lemma 3.1.10. Note that u(x,0) = d(x) has constant Fourier
transform F(u)(k,0) = 1 such that equally, we obtain

1

u(k,s) = STU)

(7.11)
From this expression, we derive the Laplace transform of u by applying an inverse Fourier
transform to @w. Since this will be done by a closed contour integral in the lower half-plane
{z € C : Im(z2) < 0}, we need some knowledge about the behavior of z m in
this region. Similar to the proof of Lemma 5.3.7, the log-characteristic function ¥ can
be extended analytically to the lower half-plane, and both the series and the integral
representation in (7.9) are valid for every z € C with Im(z) < 0. Additionally, @(-, s) in
(7.11) has only one pole in the lower half-plane, and we can even locate this pole on the
negative imaginary axis, which is proven in the following Lemma.

Lemma 7.2.1. For every s > 0, there is a unique z = z(s) in the lower half-plane such
that s = W(z(s)) and z(s) = —i((s) with {(s) > 0 lies on the negative imaginary axis.

Proof. Fix s > 0. We first show that every possible z = z(s) with W(z(s)) = s lies on the
negative imaginary axis. Therefore consider z = ki + iky with £ > 0 and k3 < 0. Then

[e.o]

Im(V¥(z)) =Im /(1 —e " —irz) dGg(r)
0+

= /Irn (1 — e rE z'rz) dGg(r)
0+

_ / m (1 — "0 k) 4 rky) dGic(r)
0+

_ / (¢ sin(rky) — rky) dGi(r).
0+

Since kir > sin(kyr) for every 7 > 0 and e*?” < 1, the function 7 — e sin(rk,) — rk; is
negative for every choice of (ki, k2) € (0, 00) x (—00, 0]. Additionally, G is monotonically
decreasing such that Im(W¥(z)) > 0 yielding ¥(2) # s € R. Similarly, for z = k; + ik,
with k1 < 0 and ky <0, we find

[e.e]

Im(¥(2)) = / (r(—kl) — e sin(—rk:l)) dGk(r) <0

0+

and again W¥(z) # s € R. Thus, if there is any z(s) with ¥(z(s)) = s in the lower
half-plane, then Re(z(s)) = 0 and hence z(s) = —i{(s) for {(s) > 0. It remains to show
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that there is exactly one such ((s) for every s > 0. To do so, consider the function
¥ : Ry — Ry with ¢(k) .= ¥(—ik). Then according to (7.9) and (7.10), 1 is given by

o0

(k) = / (1— e — rk) dGie(r) = K*ny(log(k))

0+

showing that v is continuously differentiable. It follows directly from the fact that ny(—x)
is admissable (see Lemma 4.1.8) that the function ¢ is non-decreasing. However, to obtain
uniqueness of ((s) such that ({(s)) = s, we need 1 to be even strictly increasing, which
we show by calculating the derivative of . To differentiate under the integral sign,
consider the partial derivative

;};(1 —e k) =r(eF —1).

Restrict the consideration to k € (0,1) first and set g(r) :== r?L1)(r) + rlp,e)(r). Since

‘r(e_’"k — 1)’ <r

for every r > 1 and
’r(e”"k - 1)‘ <7’k <r?
for every r < 1 using a Taylor approximation, we have

dci{?(l —ek — Tk)‘ = |r(e™ = 1)] < g(r)

for every r € (0,00) and k € (0, 1). Besides, g is integrable with respect to G such that
the assumptions for differentiation under the integral sign are fulfilled. Then

o0

;{¢(k) = /r(e"“k —1) dGk(r) >0
0+ <0

for every k € (0,1) such that 1 is strictly increasing for every k € (0,1). Using the
alternative representation of 1, this yields

V' (k) =k} (am(log(k)) + nj(log(k))) > 0

for every k € (0, 1) such that

ana(y) > —ns(y)
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for every y € (—o0,0). However, 1, is periodic on the whole real line yielding

ana(y) > —ny(y)

for every y € R. Going backwards, this implies that ¢ is strictly increasing for every

k € (0,00). Together with 1/(0) = 0 and klim (k) = oo, for every s > 0, there is a unique
—00

z(s) in the lower half-plane with W(z(s)) = s, and z(s) lies on the negative imaginary

axis. [l

The function s — ((s) from Lemma 7.2.1 describing the position of the pole of z — — \P(z)
in the lower half-plane has some nice properties.

Lemma 7.2.2. The functzon s+ ((s) is a selfsimilar Bernstein function with respect to
i € ( 1) and d = ca such that ¢ (s) # 0 for every s > 0 and n € N. Additionally,

for s >0, we have ((s) = s=g(log(s)) for some log(c)-periodic, strictly positive function
g € C*(R).

Proof. Recall that ¢(k) = V(—ik) from the proof of Lemma 7.2.1 is the inverse function
of ¢, and 7 is differentiable with

(k) = /T(e_rk — 1) dGk(r).
0+
Define the measure d®*(y) = —ydGg(y), and note that ®* integrates min{l,y} over

(0,00). Then according to Lemma 7.1.4, ¢ is a Bernstein function. The derivatives of v
are given by

o0

B (k) = / (—1)" e dG (1),

0+

which reflects the Bernstein property but also shows that ¢™ (k) # 0 for every k > 0.
Then it follows from Lemma 7.1.9 that ( is a Bernstein function with non-vanishing
derivatives.

For the selfsimilarity, we observe that

(e ((s)) = ¢ (s)*nx (log(c7¢(s)))

[un
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for every s > 0 using the periodicity of ny. Since 1) is strictly increasing, it follows that

1

d¢(s) = c=((s) = ((cs) = ((d”s)

for every s > 0, and hence, ( is selfsimilar with respect to i and d = ca. The claimed
representation of ( as the product of a power function and a log(c) = log(d®)-periodic
function follows immediately from Lemma 7.1.8. O]

We are now able to calculate the Laplace transform of the solution x +— u(z,t) of (7.8).

Lemma 7.2.3. Fora € (1,2), the Laplace transform with respect to time of the semistable
densities corresponding to the semi-fractional diffusion equation (7.8) takes the form

N B @ e—x¢(s)
) = )

for every x >0 and s > 0, where f(s) = =((s)*n5(log({(s))).

Proof. We use our knowledge about the Fourier-Laplace transform to gain a closed-form
expression of the Laplace transform by inverse Fourier transform. Using equation (4.8.18)
in [103], an inversion of the Fourier transform of w(k, s) = ﬁ(k) for fixed s > 0 gives

T—io —ikx
u(x,s) = — lim e
e 27 T—o0 s — (k)
—T—iCo

dk, (7.12)

where we choose (5 € (0,((s)). We compute the integral using the closed contour dis-
played in Figure 7.1 consisting of the straight line Ly and the cut semicircle C7. Note
that in the plot, we changed the variable 7" in (7.12) to a slightly smaller value. However,
we take the limit 7" — oo such that this procedure is valid.

By Lemma 7.2.1, there is only one pole —i((s) inside the semicircle such that with
Cauchy’s residue theorem, we obtain

/ si_qu(&k) dk = —2mi - Res(~i((s)), (7.13)

Cr+Lr

where Res(z) is the residue of the function z — % in z € C and the negative algebraic

sign on the right-hand side indicates a negatively orientated path.
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b

Cr

Figure 7.1: Plot of the closed contour for the evaluation of the inverse Fourier transform
in the proof of Lemma 7.2.3.

First, consider the integral around Cp and describe the path as 6 +— Te™ for € [e, 7 — €]
and some € > 0. Note that € depends on T" with €(T") — 0 as T" — oo. Then the integral
around the cut semicircle Cr is given by

™

e—ikm —iTe ¥y
———dk| < | T |———7—| db
/ s —W(k) - / s — W(Te )
Cr 0
7 —T'sin(6)x

(&
—— df
|s = W(Tem?)|

To simplify the denominator, remark that

Re(U(Te ) = /Re (1 T z'rTe_w) dG k(1)

0+
00

= / (1 — ¢ TS Re(eirTeos®)y _ sin(é’)) dG g (r)

0+
00

= / (1 — e IO cos(rT cos()) — rT sin(@)) dG g (r).

0+

With sin(6) > 0 for 6 € [0, 7], the first two terms in the integral are bounded for all T’
but the last growths linear with 7. Together with the monotonicity of Gx, we obtain
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Re(¥(Te ) — co as T'— oo. Then for T sufficient large
|s — W (Te ™) > 1

such that

e—zk:c )
/ dk < T 7T sin(0)x do
S J—

Cr

™

T/e—Tsin(G)ac d9+T/e—Tsin(w—0)x do
0

(ME]

s
2

T / —T'sin(0)z
0

I
)

For every 6 € (0, 7),

—T'sin(0)z < o 20z

such that for every x > 0, we find

e~ ike I —2T6z

———dk| < 2T a0 — 0

[m =)
Cr

as T — oo (compare [64, Equation (A2)]). Hence, the integral over the cut semicircle

vanishes, and it remains to calculate the residue in (7.13). Note that by differentiating

(7.9), we have

\If/(z) ’z:fic(s) = — Z wn(a _ ZTLE) (Z'Z)afinéfl

neL

=—i((s)

= iG(s)* " (ama(108(C(s))) + 3 108(C(5)).

which is non-vanishing since ((s) > 0 and x +— ny(—x) is admissable according to Lemma
4.1.8. Then the pole —i((s) is of order one with

e—%¢(s)
Res(—i((s)) = ZU(=ic(s))
B je—%C(s)
 ((s)H(ama(log(¢(s))) + ma(log(C(s))))
je—x¢(s)

= ) T (B Ioe )
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_i¢(s) e
Ca s+ o ((s)nh(log(¢(s)))

since ( is the inverse function of 1. Finally, we obtain

¢(s) i
a s+ 2((s)ny(log(¢(s)))

for every x > 0 and s > 0. O]

u(x,s) = —iRes(—i((s)) =

Recall from Lemma 7.2.3 that the function f : R, — R is defined by

£(5) = - (s) g C(s))
and set

~ C(s)e_zC(s) _
h(xz,s) = >——— =aau(z,s 7.14

(@) = 2 = (e, ) (714)
for every x > 0, s > 0. Below we show that h is the Laplace transform of a function
h : (0,00) — (0,00), which retrospectively justifies the notation h in this definition.
Applying a Fourier transform to (7.14) yields

E(k, S) _ g(S) /6ikaze—xC(s) dx

s+ f(s) /
__¢(s) [ LI (ikg(s))ro
s+ f(s) [ik —((s) =0
)
s+ f(s)((s) — ik

or equally

C(VRk, 5) — iRk, 5) — ~c(s) = —2 L)) (7.15)

for every k € R, s > 0. We want to apply the inverse Fourier-Laplace transform to this
equation. Starting with the left-hand side of (7.15), first note that by Lemma 7.2.2,

C(s)h(k, 5) = s7'¢(s) = swg(log(s)) (h(k, ) — s7). (7.16)

According to Lemma 4.1.4, we can interpret (7.16) as the Fourier-Laplace transform of a

Caputo semi-fractional derivative in time of order i with respect to d = ¢x > 1 and the
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log(c)-periodic function K*(x) implicitly defined by (4.1) as

o0

g(x) = ez(l_i)/e_emtt_iK*(log(t))dt
0

_ / ey K (log(u) — x) du

0

if the thereby given function K* is admissable and h(z,0) = 6(x).

To show admissability of K*, we need an explicit representation of this periodic function,
which can be obtained by the Fourier series approach as follows. Since g € C*°(R), express
it by its Fourier series

glz)=> d, e (7.17)

nel

for Fourier coefficients (d,,),ez C C and d= 102% = #gd). Due to the infinitely differ-
entiability of g, the Fourier coefficients decay exponentiaily. We evaluate their behavior
more precisely using already known results from the literature.

In view of Lemma 1 and Lemma 2 in [7, §12], exponential decay of the Fourier co-
efficients corresponds to analytic extensions of the function to horizontal strips in the
complex plane and vice versa. Recall that ( is a Bernstein function, and hence, it ex-
tends analytically to the right half-plane {z € C : Re(z) > 0} and is continuous on
{2z € C: Re(z) > 0} [126, Proposition 3.6]. Then g(z) = ea((e*) extends analytically to
the strip {z € C: [Im(z)| < 7} and is continuous on its closure. Note that additionally,

™ T

if K* is bounded, g(z + iy) is bounded for every fixed y € (=%, 7) since

@+ (1=3) [ =T V4=3 g (log(t)) dt

\8

lg(x +iy)| = |e

S 02061(175) |€7e(w-‘”’y)t’t7é dt

_ Czoex(l—%) 6—61 cos(y)tt—é dt

1

= (o1 =3) e Y(ye ™™ cos(y)_l)_ée_x cos(y)_1 dt

Ot —g T T—y " T—3

= Oy cos(y)é_lf (1 - 1)

(07

for a constant Cy > 0 and using the substitution y = e” cos(y)t. According to [7, §12,
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Lemma 1], this indicates that the rate of decay for the Fourier coefficients (d,,)nez is given
by |d,| ~ e"2I"?. However, for smoothness and admissability of the function K*, we need
a little more quality, and therefore we assume that the Fourier coefficients even decay like

1

Id,| < Coem 5| =35 (7.18)

for a constant Cy; > 0 and some € > 0. In view of Lemma 4.1.3, the function K* fulfilling
(7.18) is given by

d, i
K@) = Y o (7.19)

and has the following properties.

Lemma 7.2.4. If the Fourier coefficients (dy)nez of g in (7.17) fulfill (7.18), then the
function K* : R — R, defined in (7.19) is well-defined for every x € R, smooth, and

admissable.

Proof. Using the asymptotic behavior of the gamma function [3, Corollary 1.4.4], the
Fourier coefficients of K* fulfill

dy,
[(ind—L+1) ~

< Cao|dy||n| 2t =esld

for a constant Cyy > 0. Now according to the assumption (7.18), we obtain

dn
T(ind — L +1)

| 0210226 zln |d|n|_5_a_ |n|_2+éeg|”|d
= (51 Con| 7>

for some € > 0 showing that the series in (7.19) converges absolutely and that the resulting
function is continuously differentiable [46, Theorem 2.6]. It remains to show that K*
is admissable. By Lemma 7.2.2, ( is a selfsimilar Bernstein function with respect to
Le(3,1)andd= c¢a. Following Lemma 7.1.7, ¢ is given by

/ (1— =) dD* (y), (7.20)

where the Lévy measure ®* is supported on the positive real line with
®°(r,00) = r~= L(log(r))

for every r > 0 and an admissable function L : R — R, with respect to i and d. We
aim to show that the function L coincides with K* and thereby conclude that K* is
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admissable. According to Lemma 4.1.3,
1
/ (1—e ) d(y “L(log(y))) = s=m (log(s))
0

for every s > 0, where 7 € C>°(R) is given by (4.1). On the other hand, in view of
Lemma 7.2.2 and (7.17), ( is given by

((s) = sag(log(s —SaZd s

neL

With the uniqueness of Fourier coefficients, the Fourier coefficients (ay,)nez of m1 coincide
with those of g. However, due to the decay of (d,)nez in (7.18) and in view of Lemma
4.1.3, L is smooth with Fourier series

. Qn 'md}:_ d”
L@ =2 faa- 17 2T

= (iné¢ = (in¢ — é +1)

eina?:):

and hence coincides with K*. Thus, K* is admissable.

Since K* is admissable, Fourier-Laplace inversion of the left-hand side of (7.15) yields
a Caputo semi-fractional derivative in time of order i with respect to d and K*. To
calculate the inverse Fourier-Laplace transform of the right-hand side of (7.15), note that

V' (s) = s*H(amp(log(s)) + n(log(s)))
= s lay(s) + s 'y (log(s)),

and use that ¥(((s)) = s for every s > 0, to obtain

V'(C(s)) = C(s5)"as + ((s)* Mnj(log((s)))
C(s)"ras +al(s) 7 f(s)

with f(s) as in Lemma 7.2.3. Then insert

1) = Sy (¢s)) - s

into the right-hand side of (7.15), which yields

L f(s) I
_§s+f<s>C(s)_ s<<(> W(C(s)))'

According to Lemma (4.1.3), the inverse Fourier-Laplace transform of the first term is
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given by —t~a K*(log(t))d(z). For the second term, differentiate ¥(¢(s)) = s to obtain

P(C(9)¢ (s) =1

such that
«
=a('(s
EREI
Using the integral representation of ¢ in (7.20), we find
o
=a [ ye ¥ dd*(y
s/ v

0

[e.e]

N / yev d(y~ = K*(log(y)))

(1 — sy)e Yy~ = K*(log(y)) dy

\8

= [~aye ™y = K*(log(y))] ~ +

=« / e’syy’éK*(log(y)) dy — s«
0

P
ey~ K*(log(y)) dy,

O\;S @

which is the Laplace transform of

ot~ K" (l(1)) — a1~ K (log(t)) = 4 K*(105(1)) — at~# (K*Y logf(1)).

Altogether, the right-hand side of (7.15) is the Fourier-Laplace transform of
—at™a (K*)' (log(t))3(=),
which finally yields the following space-time duality result.

Theorem 7.2.5. (Space-time duality)

Let a € (1,2), ¢ > 1, and K a smooth admissable function with respect to these pa-
rameters. In addition, let © — u(x,t) be the solution to the negatively skewed space
semi-fractional diffusion equation (7.8) at timet > 0. If K* denotes the periodic function
(7.19) and if the assumption (7.18) is fulfilled, then u is equivalent to the solution of the
inhomogeneous time semi-fractional equation

<5df<*t> E W t) + fich(xv t) = —at™= (K*) (log(t))s(x) (7.21)

with h(z,0) = d(z) on the positive real line x > 0 for every t > 0. Here, equivalence
means that h(z,t) = au(z,t) for every (z,t) € R%.
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Remark 7.2.6. The fractional space-time duality in [64] is included in our result and
can be reobtained as follows. Choosing K (x) = —ﬁ for every z € R, we start with
the fractional diffusion equation

9wty ===
ot T 9 g)e

u(z,t) (7.22)

with u(x,0) = d(x) and a € (1,2). Using the series representation, we immediately
obtain 7o = 1 and ¥ (k) = k“ in this case. Hence, the inverse function ¢ can be calculated
explicitly in this case and is given by ((s) = s such that g = 1 likewise. Then according
to (7.19), K*(z) = ﬁ, and by Theorem 7.2.5, the solution u to (7.22) is equivalent

to the solution of the time fractional equation

9\ B
<m> h(x,t)%—%h(a:,t) =0 (7.23)

for every x > 0 under the initial condition h(x,0) = §(x). Note that by Example 5.3.14,
the time fractional equation (7.22) is solved by the densities of an inverse stable subordina-
tor (E(t))¢>0. On the other hand, the time semi-fractional equation (7.21) is homogeneous
if and only if the derivatives are fractional ones, which can be seen by going backwards
through the above arguments.

Remark 7.2.7. By considering semi-fractional instead of fractional derivatives, we lose
the connection to the inverse semistable subordinator, whose densities no longer solve
the inhomogeneous time semi-fractional equation. Nevertheless, the space semi-fractional
diffusion equation gains a physical interpretation as a system with a long-time memory
effect and additional perturbation.
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Applications

Throughout the previous chapters, we developed a basic theory of semi-fractional deriva-
tives and semi-fractional differential equations. To strengthen this theoretical approach,
we finally consider some real data problems and compare fractional with semi-fractional
methods.

Due to growing computational power, fractional differential equations have been applied
to various diverse and widespread applications during the last decades. Among other
fields, fractional models are used in physics ([142], [139], or [55]), biology ([59], [83]), and
finance ([82], [94], [140], and [51]) yielding good agreements with actual data. Addition-
ally, the number of applications is steadily growing and hence contribute to the overall
interest in fractional calculus. Adding a periodic perturbation, we now widen the class
of possible models. We have already seen that semi-fractional derivatives and solutions
to semi-fractional differential equations differ from their fractional counterparts. There-
fore, studying these more complicated operators is worth the trouble. So, this very last
chapter aims to evaluate whether the difference caused by the periodic disturbance yields
noticeable improvements in real-world applications.

As already mentioned, there is an ongoing discussion in fractional calculus about the cor-
rect usage of different forms of fractional derivatives. For initial value problems, which we
discuss in this section, the Caputo form is often preferred to the Riemann-Liouville form
since initial values can be chosen similar to the integer cases. In contrast, a fractional
differential equation including Riemann-Liouville type derivatives often requires initial
values involving a fractional derivative of the unknown solution in a given point (see for
example [110] or [120]). We do not treat this topic in detail here. However, for this reason
we concentrate on semi-fractional Caputo derivatives in the following only.

In section 8.1, we study two different growth models and define their semi-fractional
versions. As a concrete example, we apply the growth models to mobile use date as well
as to tumor growth. To close this thesis, we define tempered semistable distributions in
Section 8.2, which exponentially dampen the probability of large events, and test this
approach in modeling daily price changes of stock prices.
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8.1 Semi-fractional growth models

The term growth model is widely used for a large class of differential equations, modeling
various situations like population growth [38], tumor growth [75], the reproduction of
bacteria [153], and many others. This section studies two different approaches, namely
the exponential and the Gompertz model, and generalizes them to semi-fractional models.

The easiest growth model is the exponential one, given as the solution to

d
—Vi() = t) t
dtv( y=aV(t) t>0
with V(0) = Vi # 0 and a > 0. Uniquely solved by V(t) = Vpe™, the population in this
model increases steadily with an unbounded limit. Therefore it is not suitable for many
applications when applied over a long time period. Nevertheless, considering only a finite
period ¢t € [0,T], the model attains good fits in applications (e.g., see [114] or [32]). In
[6], the corresponding fractional model
P Vi) = av(t) (8.1)
 — = Qa .
ot
for a € (0,1) under the similar initial condition V(0) = V; # 0 was studied. The unique
solution of (8.1) is given by

V(t) = VoEy(at®), (8.2)

where E, is the one-parameter Mittag-Leffler function

Ea(z) = ;) T(ak + 1)

for every x € R [36, Theorem 6.11]. In the special case o = 1, the Mittag-Leffler function
coincides with the exponential function

Ei(at) = e™,

and we regain the classical model. For every a € (0,1), the Mittag-Leffler function
asymptotically still grows exponentially, since for every fixed a > 0,

Ea(at”) = ;exp (aft) + Ot %) (8.3)

as t — oo (see [50, Proposition 3.6]). Hence, the fractional model has the same weakness
as the classical one when considering long time periods. In Figure 8.1, the solutions for
Vo = 1 and different values of @ and « are shown. For the calculation of Mittag-Leftler
functions here and in the following, we used the Matlab function provided by Podlubny
[156], which is also able to handle complex arguments.
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Figure 8.1: Left: Solution (8.2) of (8.1) for &« = § and a = 0.1 (blue dashed line), a = 0.2
(blue solid line), a = 0.3 (green dashed line), and a = 0.4 (green solid line). Right:
Solution (8.2) of (8.1) for a = 0.4 and a = 0.2 (blue dashed line), a = 0.4 (blue solid
line), o = 0.6 (green dashed line), and o = 0.8 green solid line.

We want to go a step further and study a corresponding semi-fractional exponential model.
As a first approach, consider the equation

o™
Oc Kt

V(t) = aV (1) (8.4)

under the initial condition V(0) = Vy # 0 with o € (0,1), ¢ > 1, and K admissable
with respect to these parameters. Solving this semi-fractional equation is more compli-
cated than the fractional one and we did not find an analytical formula for the solution.
Nevertheless, we can compute a solution as the inverse Laplace transform of

e (log(s))
V() = oliog(s) — a

Vo (8.5)

for every s > 0 and 7, as in (4.1). This representation allows us to analyze the asymptotic
behavior of the solution to the semi-fractional equation (8.4).

Lemma 8.1.1. Let V : [0,00) — R be a solution to the semi-factional exponential equa-
tion (8.4) and define g(x) = x“ny(log(x)) for every x > 0 and ny from (4.1). Then there
is a unique u € Ry with g(u) = a and

: —ut __
Jim V(t)e ™ =C < oo, (8.6)
where C = a‘f) > 0.
aa + ucn; (log(u))

Proof. First note that according to Lemma 4.1.3 and Lemma 5.2.3, the function g(x) is
a strictly increasing, C°(R)-function with liH(l] g(x) =0 and lim g(x) = oo such that for
T— T—00
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every a > 0, there is a unique u > 0 with g(u) = a. Define the function f : [0,00) — R
by f(t) = e ™V (t). Then using (8.5), f has Laplace transform

o)
/ —st —utV
0

V(s +u)

(s ) (log(s + w)
(s +u)om (log(s + u)) —

(s+u)tg(s+u) v

- g(s+u) — 0

Vo

for every s > 0. The only pole of the Laplace transform f lies in the origin such that we
are able to apply the final value theorem (see for example [124, Theorem 2.36]). Then we
obtain

Vo.

Ji 10 = iy () = i "

With L’Hospital’s rule and the differentiability of ¢, we find

lim f(¢) = lim (s +u)g(s +u) —s(s+u)*g(s+u) +s(s+u)'g'(s +u)

t—00 50 g'(s+ u) Vo.

The derivative ¢’ is given by
J'(z) = (z"m(log(x)))" = 2*~* (am (log(x)) + n; (log(x))) > 0
for every x > 0 since g is strictly increasing. Additionally, ¢’ is continuous such that

lim g'(s +u) = u®~" (e (log(u)) + 7} (log(u)))

= au'g(u) +u"y; (log(u))
= aau " + u® ') (log(u))

due to the choice of u. Finally, the limiting behavior is given by

(t) = u"g(u),,

At g(u)
_ uta Vi
aaut + u~nj(log(u))
a
= Vo.
aa + uen) (log(u))
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Remark 8.1.2. In the fractional case, K(z) = F(l

and we reobtain the asymptotic behavior V() ~ ‘2 exp (awﬁ) as stated before.

7 vields 1 = 1 such that g(z) = 2,

The assumption on K to be admissable restricts our perturbation choices and has to be
checked separately every time. To widen the class of possible models, first note that using
(3.6), for every b > 0, we have

/ V/(t - y)y K (log(y)) dy

cKta

/V’ (t—y (K(log(y)) + F(lb_ a) F(lb— 04)) dy
oo

= mv( ) - b%‘/( )7
where
Koeu(e) = K@) + 1o
Il —a)
is again admissable. Hence (8.4) is equivalent to
aqiltaw ) — bg;V(t) —aV(#) (8.7)

for every b > 0.

On the other hand, starting from (8.7), the function K, has to be admissable with
respect to a and ¢ > 1, whereas K itself is not necessarily admissable. For b sufficient
large, K can be chosen as an arbitrary log(cé)—periodic function. Therefore b is non-
unique but bounded from below. If K is not admissable itself, we are not allowed to
write equation (8.7) in the form (8.4) since we defined semi-fractional derivatives for
admissable perturbations only. However, in the Laplace transform, the terms including b
cancel themselves, and we can still calculate the function as the inverse Laplace transform
of (8.5). Figure 8.2 shows the solution of (8.7) for « = 3, a =0.2, Vj =1, ¢ = ¢**, and

K(z) = ;Cos<237ra:> + F(ll—a)

on a double logarithmic scale. The function K itself is not admissable but

b

Knpew(z) = K(z) + Ti—a)

(8.8)

is admissable for every b > 3.12, where we calculated the lower bound for b numerically.
Both solutions were calculated using inverse Laplace methods and (8.5). The Matlab code
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for the calculation is attached in Appendix C.

Flgure 8.2: Solution of the exponential model (8.7) for « = 2, a = 0.2, V5 = 1, and Ky
in (8.8) (solid line) in comparison to the corresponding fractlonal case (dashed line) on a
double logarithmic scale.

Remark 8.1.3. Note that studying the more general form (8.7) of the semi-fractional
exponential equation might change the limiting behavior of the solution. As in Lemma
8.1.1, let g(z) = x*n1(log(z)), where 1, is calculated using K as in (4.1). If K is not ad-
missable itself, g is not necessarily increasing, and the arguments in Lemma 8.1.1 fail to
describe the limit behavior. However, heuristically, we expect the semi-fractional deriva-
tive to oscillate around a fractional one. Thus, for small perturbations, we conjecture
that the overall behavior is still dominated by exponential growth.

Example 8.1.4. (Web use on mobiles, part one)

In [6], the authors studied the percentage of mobile web use worldwide between December
2009 and August 2014 and fitted this data using the fractional exponential model (8.1).
To reproduce their results, we downloaded the monthly reported percentage of mobile
web use from [157], yielding 68 data points. Applying a best-fit approach in Matlab, we
obtain o = 0.3465 and a = 0.3293 for the fractional model, which coincides with the values
calculated in [6] using Bayesian analysis. We want to check whether the semi-fractional
model (8.7) offers a notable improvement in the fitting process. Note that the fractional
model is included in the semi-fractional one by a particular choice of the perturbation
such that we expect a small improvement in any case. To value the fit of the models, we
use the mean squared error (MSE) given by

MSE = Z ) — )%,

comparing the real data V'(¢;) with the estimated values v; of the model at reporting time
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t; fori =1,..., N. For the semi-fractional model, we consider perturbations of the form

2 (27 1
K(x) = d cos (px) + ds sm(pa:) + m

for coefficients dy,dy € R and a period p > 0. Note that here, as well as in the following
examples, we always assume that K has such a simple form. Indeed, one can consider
perturbations with any number of terms. However, this may yield over-fitted models such
that we stick to this simple case here. Additionally, the minimization of the MSE becomes
quite difficult with a growing number of unknown parameters.

Fractional model | Semi-fractional model
o 0.3465 0.9798
a 0.3293 0.0383
D - 6.7047
dy — —0.7981
doy — 0.0532
MSE 33.5127 18.5797

Table 8.1: Evaluated parameters for the fractional and semi-fractional exponential model
in Example 8.1.4 describing the percentage of mobile web use worldwide between January
2009 and August 2014.

V(t)

100 [r

40 50 60

t
Figure 8.3: Monthly reported percentage of mobile web use between January 2009 and
August 2014 (stars), fractional fit (dashed line), and semi-fractional fit (solid line) in

Example 8.1.4 on a semi-logarithmic scale.

Using the Matlab function fminsearchbnd.m’ [154], we calculate parameters a € (0, 1),
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di € R,dy € R, p> 0, and @ > 0 minimizing the MSE. We want to emphasize that the
minimum is only a local one depending on the starting values, and there might be even
better fits. The calculated values are displayed in Table 8.1, and the fractional as well
as the semi-fractional solution are shown in Figure 8.3. Since we reduced the MSE to
over 44 percent compared to the original one, the semi-fractional model can be seen as a
notable improvement.

In both models, the fractional model (8.1) as well as the semi-fractional exponential model
(8.7), the calculated solutions for this application grow exponentially. However, for this
particular situation in which we study percentages, any unbounded long-time behavior is
impossible. Therefore, none of the above models is suitable for a long-time prediction but
might be used for a short-time analysis.

For a long-time prediction, many applications require bounded models. One possibility for
such a growth model is to consider Gompertz equations. Initially introduced by Gompertz
in [49], the growth is thereby described as the function V' : [0,00) — (0, c0) solving

;;V(t) = aV(t) — a2V (t) log (Véj)) (8.9)

for constants aj,as > 0 and an initial condition V(0) = V5 > 0. The solution to this
classical equation is given by

V() = Voexp (Z; (1- €-a2t))

for every t > 0. Note that in contrast to the exponential model, this equation demands
V to converge to a boundary V,, as t — oo, which is given by

: a
Vi = tli>r£10 V(t) = Vbexp(é).

To derive a fractional version of the Gompertz model (8.9), we follow the steps in [25].
This is, we define y(t) := log (V(t)) such that

Vo
d 1 d
Zyt) = ———V ().
AR PAAC
Then (8.9) equals
d

ay(t) =a; — azy(t)

with y(0) = 0. Based on this equation, the fractional model was defined as the function
V :]0,00) — (0, 00) such that y(t) = log (%}t)) solves the fractional equation

aoc
%y(t) =a; — agy(t)
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with y(0) = 0 and « € (0,1). The solution can again be formulated in terms of the
Mittag-Leffler function as

a

y(t) (1 — Ea (—axt®))

5]
(see for example [25, Equation (2.4)]), and hence by recalling the substitution, we obtain
V(#) = Vi exp (‘“ (1—E, (—azta))) . (8.10)
az
For Vy =1, a; = 1, and as = 0.5, the solution for different values of « is shown in Figure
8.4.

0 2 4 6 g 10
Figure 8.4: Solution V'(¢) in (8.10) to the fractional Gompertz equation for v = 0.2 (blue

dashed line), o = 0.4 (blue solid line), o = 0.6 (green dashed line), and o = 0.8 (green
solid line).

Note that both the ordinary and the fractional solution approach the same limit as t — oo
since for the fractional model

a1

(1-— Ea(—agta))> = %exp(al>

lim Vjexp <
t—00 a2

a2

using (8.3), which is also the limit of the classical Gompertz equation. We extend this
model to a semi-fractional Gompertz equation, this is we want to find V' : [0, c0) — (0, 00)

such that y(t) = log (%f)) solves
aa
O k1%

y(t) = a1 — axy(t) (8.11)

with y(0) = 0 for a € (0,1), ¢ > 1, and a log(ci>—periodic function K admissable with
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respect to a and ¢. An analytical form of the solution is difficult to find, so we characterize
the solution as the function with Laplace transform

ii(s) = Lay + s%m(log(s))y(0) 1 a1
s s*n1(log(s)) + as s s%m (log(s)) + az

for every s > 0, where again 7, is defined as in (4.1). Note that the solution has the same
limiting behavior as the fractional model, which is justified by the subsequent lemma.

Lemma 8.1.5. Lety : [0,00) — R be a solution of (8.11). Then the solutionV : [0, 00) —
(0,00) of the semi-fractional Gompertz model with V (t) = log<%) fulfills

lim V(t) = Voexp(al>.
t—o0 a9
Proof. We analyze the asymptotic behavior of y using the final value theorem for the
Laplace transform [124, Theorem 2.36]. The Laplace transform of y has s = 0 as its only
pole and hence

aq aq

li t) = lim sy(s) = li = —.
Jim y () party sy(s) 50 seni(log(s)) +ax  as

Then the result follows from the fact that V(t) = Vpexp(y(t)). O

Similar to the exponential model, we weaken the assumptions on K by considering the
modified equation

o~ o~
m@/(t) - b@y(t) =ap — a2y(t)

for b > 0 such that

b

Knew = K(x) + m

is admissable with respect to a and ¢ > 1. If b is sufficient large, K can be chosen as
1

an arbitrary log (ca)—periodic function. However, similar to the considerations in Remark

8.1.3, the limit in Lemma 8.1.5 may change if K is not admissable itself.

Example 8.1.6. (Web use on mobiles, part two)

In Example 8.1.4, we analyzed the percentage of mobile use between January 2009 and
August 2014 and fitted a fractional and a semi-fractional exponential model in good
agreement with the data. However, both models indicate a steadily increasing percentage,
even exceeding the 100 percent bound in finite time. For this reason, we extend the
analysis in [6] by considering fractional as well as semi-fractional Gompertz equations.
For the semi-fractional one, we again assume that the periodic function K is given by

2 2 1
K(I‘) = dl COS <;T:L’> + dQ SlIl(;T:C) —+ m
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for coefficients dy,dy € R and a period p > 0. As a data basis, we take the monthly
reported percentages of mobile web use between January 2009 and January 2021. To
evaluate our models’ prediction capability, we only take the data up to August 2018 for
the calculation of the parameters, which correlates with 80 percentage of all data points.
Afterward, we calculate the MSE between the remaining points and the real data to
compare the prediction capability. All calculated values are given in Table 8.2.

Fractional Gompertz model | Semi-fractional Gompertz model
o) 0.9691 0.6538
a; 0.1171 0.3334
as 0.0235 0.0804
D — 5.7980
dy — 0.6132
ds — 0.4647
Prediction MSE 7752.3937 324.2828

Table 8.2: Calculated values for the fractional and semi-fractional Gompertz equation
in Example 8.1.6 based on the data from January 2009 to August 2018 as well as the
prediction MSE of the data between September 2018 and January 2021.

In this scenario, the semi-fractional Gompertz model offers a better prediction than the
fractional one, which is also displayed by the fits shown in Figure 8.5. The Matlab code
for this calculation can be found in Appendix C.

80

60 r

40 r

V(t)

20 ¢

0 sl . . . . .
0 20 40 60 80 100 120
t
Figure 8.5: Monthly reported percentage of mobile web use between January 2009 and
August 2018 (blue stars) as well as between September 2018 and January 2021 (green
stars). In addition, the fractional Gompertz fit (dashed line) and the semi-fractional

Gompertz fit (solid line) in Example 8.1.6 based on the first data set are shown.
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Remark 8.1.7. In some applications, especially in medicine, another parametrization of
the Gompertz equation appears. Setting a; = aslog (“%’) for Vo, > V4, equation (8.9)
reads as

iV(t) = ayV (t)log <VO°> (8.12)

dt V(t)
with V(0) = V4. Note that the variable V., indeed characterizes the limit of V() as
t — oo, which justifies the notation and allows an easier interpretation of the variables.
Using the results above, the solution is given by

V(t) = Vhexp (log (“/;O> (1-— e““t))

0

To derive a semi-fractional equation, substitute y(t) = log (%) Then (8.12) reads as
d
—yY(t) = — t
(1) = —ay(t)

with y(0) = log (‘%’) The corresponding fractional equation

g;y(t) = —ay(t)

with y(0) = log (“%") is solved by

such that
V(t) = Veexp(—y(t)) = Vo exp(— log<V°°)Ea(—a2ta))
= Vhexp (log(%) (1-— Ea(—agt“))>.

Again we can replace the time derivative with a semi-fractional one yielding the problem

to find V' : [0,00) — (0, 00) such that y(t) = log (%) solves

0“ o0“
—  u(t) - b— — _
o0~ byl = o)

with y(0) = log (‘%) and Ko, (z) = K(x) + ﬁ admissable with respect to o and c.

In this parametrization, the solution y can be described as the inverse Laplace transform
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of

1 s (log(s))
s soi(log(s)) + a2

y(s) = y(0).

Besides, using Lemma 8.1.5, V,, describes the asymptotic behavior V,, = tle V(t) when-
ever K is admissable.

Example 8.1.8. (Modeling tumor growth)

Predicting tumor growth is an important challenge in oncology to improve individualized
therapy options in the clinic. Recently, fractional Gompertz models have been applied to
this kind of data set, yielding better fits than classical models (compare for example [25]
or [144]). We want to check whether the semi-fractional Gompertz model offers an even
better fit. Again we assume that the periodic perturbation is given by

2 2 1
K(I‘) = dl COS <;$> + d2 SlIl(;T:L’) —+ m

for di,dy € R and p > 0. We use the data reported in [79] of tumor growth in mice as
a data basis. In this clinical study, tumors arose from chemical mutagenesis on the skin,
and therefore the length L(¢) and height H(t) were measured with a measuring caliper
twice a week. Every measurement was repeated three times, and the median value was
taken to reduce measurement errors. The tumor was assumed to have an ellipsoid shape
such that the volume can be approximated by

V(1) = G(LOH()E.

Tumor 1 | Fractional Gompertz model | Semi-fractional Gompertz model

! 0.9820 0.999999996

Ve 783.4445 269.4751

as 0.0255 0.0290
D — 1.8589

dy — —0.8245

ds — 0.9867

MSE 15722.7858 6553.4488

Table 8.3: Calculated values for the fractional and semi-fractional Gompertz equation for
tumor 1 in Example 8.1.8.

Exemplarily, we analyze tumors of two non-medicated mice in detail. These tumors are
tumor 2 of Mouse CM37 and tumor 3 of Mouse CM78 in the study, which we simply call
tumor 1 and tumor 2 here. In Figure 8.6, the data as well as the fractional and semi-
fractional fits for both tumors are shown. The calculated parameters using the alternative
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parametrization in Remark 8.1.7 are displayed in Table 8.3 and Table 8.4. In both cases,
the semi-fractional Gompertz approach models the growth more efficiently. However, we
want to emphasize that due to the small number of data points, the error in the calculation
of the variables may be high. Nevertheless, the good fit inside this small data set may
justify further studies on the improvement of semi-fractional derivatives in tumor growth
models.

Tumor 2 | Fractional Gompertz model | Semi-fractional Gompertz model

Q@ 0.9804 0.9999

Voo 473.2977 1841.6511

o 0.0221 0.0019
P — 19.0063
dq — —0.2221
dy — 0.1969

MSE 1686.0212 530.8454

Table 8.4: Calculated values for the fractional and semi-fractional Gompertz equation for
tumor 2 in Example 8.1.8.
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Figure 8.6: Tumor growth data of tumor 1 (left) and tumor 2 (right) displayed as stars as
well as the fractional (dashed line) and the semi-fractional fit (solid line) of the Gompertz
model in Example 8.1.8.

8.2 Tempered semistable distributions

For many physical applications, the moments of a distribution have an inherent physical
meaning. However, for semistable and for stable densities of order o € (1,2), only the
first integer moment is finite. Even more difficult for applications, none of the integer
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moments exist for (semi-)stable distributions of order a € (0, 1). To overcome these dif-
ficulties, the idea of tempered stable distributions emerged. Thereby, the probability of
large observations is exponentially reduced, yielding finite moments of every order. For
an introduction to the theory of tempered stable laws, we refer to [117], [94], and [11]
and the references therein. In this section, we apply the same method to obtain tempered
semistable distributions and afterward consider an explicit example in finance.

Let v be a (c«, ¢)-semistable distribution on R for some a € (0,2) \ {1} and ¢ > 1 with
Lévy-Khintchine triple [a, 0, ®], where a is given by (5.2) and

O(—o0,—r) =0 and P(r,oc0) =r “K(log(r))

for every r > 0 and an admissable function K. We assume that K is continuously
differentiable with Fourier coefficients (¢,)nez C C such that according to Example 2.2.6,
the log-characteristic function W of v is given by

U(k) =—=> ¢, I(in¢ — a+ 1)(—ik)*"° (8.13)

neL

for every k € R. Similar to the proof of Lemma 5.3.7, the function k +— W(k) can be
extended to the complex half-plane {z € C : Im(2) > 0}, and hence we obtain

o

/ e*e™5 dy(z) = exp(U(k +is)) (8.14)

—0o0

for every s > 0 and £k € R. By z — p(z,t), we denote the Lebesgue density of the
corresponding Lévy process (X (t))i>0 with Px) = v. Note that according to Lemma
5.1.1, the densities solve the diffusion equation

[0}

gp<x> t) =-D

p p(z, ),

8C,Kx°‘

where again D = (—1)l*). Now we define the tempered semistable density in the following
way.

Lemma 8.2.1. (Tempered semistable density)
For A > 0, the tempered semistable densities

x> pa(z,t) = e e Nz 1)
are well-defined with Fourier transform

]/)X(k‘, t) — e—tllf(i)\)et\lf(k+i>\)

for every k € R, t > 0.
Proof. First note that in view of (8.13), U(i\) € R such that py, > 0. Besides, using
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(8.14), we obtain

/ e—)\ze—t\II(iA)p(x’ t) dr = e—t\Il(zA) / ezk Oe_mp(x,t) dx
_ eft\I/(i)\)et\I/(i/\)

Hence, py is a well-defined probability density. To calculate the Fourier transform, con-
sider the integral

o0

f?;(k,t) — /eikze)\xet\ll(ik)p(l,’w dr

:_e_t‘l’(i’\) exp(tW(k +i)))
= exp(t(‘ll(k + i>\) - ‘I/<Z/\)))

for every k € R and t > 0. O

The tempered semistable distribution can also be obtained from exponentially tempering
the Lévy measure ® of v as follows. For A > 0, consider the measure

d®,(z) = e Mdd(x).

Then @, is a Lévy measure since it integrates min{1, ||z||*}. Thus, there exists an in-
finitely divisible distribution with log-characteristic function

i L]
U, (k) :/ (emk - Z(zkx)p) d®,(x)

0+ p=0

©/ la)
_ / eV N (ke | dd(x)
0+ p=0

for every k € R. In the case a € (0, 1), this yields

o0

(k) = / (N7 — e ()
_ / (e+3e _ 1) do(z) + / (1— ) dd(a)

= Uk +i)) — U(iN),

which is the log-characteristic function of the tempered semistable density p, at time
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t=1. If a € (1,2), we receive

U, (k) = /OO (W7 — e — ikze ™) dP(x)
= 7 (WM — 1 — (ik — \a) dd(x) + ]O (1— e — \z)dd(x)
+@'k:7x(1 — ) dd(x)
=U(k+14A\) — U(i)\) + @k:]om — ) dd(x)

for every k € R. Hence, we have proven the following Lemma.

Lemma 8.2.2. (Tempered semistable Lévy process)
For A > 0, let py be the infinitely divisible distribution with Lévy-Khintchine representa-
tion [ay, 0, ®,] with

/ o 1) if a € (0,1)
ay = Oto

/(141;2 _"’3> ddy(zr) ifa € (1,2).

0+

Then the corresponding Lévy process (X (t))i>o has densities x +— py(z — qx) with py as
defined in Lemma 8.2.1 and

0 if € (0,1)
= /m(l — e dd(z)  ifa e (1,2). (8.15)

Remark 8.2.3. Just as well, one may add the shift g, to the constant a, and then study
the densities of the corresponding Lévy process without any shifts. However, in order to
obtain accordance with the already existing tempered stable laws and tempered fractional
derivatives, we decided to stick to the notation in Lemma 8.2.2.

An essential advantage of the tempered distribution is the existence of moments of arbi-
trary order.

Lemma 8.2.4. (Moments of tempered semistable laws)
For A > 0, let x — px(z,t) be a tempered semistable density for some t > 0. Then for
every n € N, the n-th moment of p, exist.
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Proof. According to [122, Theorem 25.3], the n-th moment

o0

/ x"pa(z, t) dx

—0o0

exists for every t > 0 if and only if

" dPy(z) < oo.

|z|>1

However, in our case the Lévy measure is concentrated on (0, 00), and hence we obtain

o0

/ 2" d®y(x) = / 2"e M dd(x) < 0o

|z|>1 1

for every n € N. O

As seen by the previous proof, the Lévy measure is strongly related to the asymptotic
behavior of the (tempered) semistable random variable. In detail, if X is a semistable
random variable, then due to the continuity of K, the distribution is subexponential ([128,
Theorem 1.3]) such that

P(X > x) ~ ®(x,00) (8.16)

for large values of . If now X, has a tempered semistable distribution with A > 0,
the following Lemma provides a similar statement showing that the tail of the tempered
semistable distribution asymptotically behaves like the tempered Lévy measure.

Lemma 8.2.5. Let (X (t))i>0 be a semistable Lévy process, (Xa(t))i>o the corresponding
tempered Lévy process as defined in Lemma 8.2.2 and Y = X, (t) — qx for some fized t > 0
and q as in (8.15). Then

P(Y > 1)~ C(t)tP(r,00)

as r — oo, where

o0

exp t/(l — e ) dd(x) if a € (0,1)
C(t) = e 10N = 0+ (8.17)
exp t/(l — Az — e ) dd(x) if o €(1,2).
0+
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Proof. According to (8.16), we have

p(z,t) dx

“3\8

- )L%IW m T
(r, 00) t [ do(x)

p(z,t)dx

ﬁ%g

= — lim
r—00

~+

:deGK(x)

using the density z — p(z,t) of X(¢). Since Gk is differentiable, using I’'Hospital’s rule
we find

p(z,t) dx p(r, 1)

g™ 8

1=—lim = — lim ——+. (8.18)
T_woth/K(x)dx r—00 tGK(T’)
For the asymptotic behavior of Y, we study the limit
lim P(Y >r) — lim P(X\(t) —qx>71)
r—o0 C(E)tDy(r,00) =00 C(t)tPy\(r, 00)
[ pa(z,t)de
= Jim e
C(t)t [ e dd(x)
[ e o= i p( — gy, 1) da
o 1 r+qx
- T =
Ct)t [ e Gl (x)dx
f €—>\:1:e—t\IJ(z‘)\)p(L,E7 t) dr
=— li_>m - = )
C(t)t [ e Gl (x)dx
Using I’'Hospital’s rule once again yields
—Ar ,—tW(iN)
lim P(Y >r) i E € p(r,t) — m p(r,t) _1
r=o0 C'(t)t Py (1, 00) r—=oo C(t)te MGl (r) r—o0 tG (1)
according to the definition of C'(¢) in (8.17) and (8.18).
O

Similar to the semistable case, we gain a governing equation for the tempered semistable
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process. Namely, the densities = — py(xz — ¢y, t) solve the equation

0
§u(x, t) = Lyu(z,t)

with u(z,0) = d(z), where L, is the generator of the semigroup corresponding to py. If
we formally define a tempered semi-fractional derivative as

8(1,)\

857[(1‘0‘

f(x) = =DLyf(z),

then the tempered semi-fractional derivative of a suitable function f is the function with
Fourier transform

—

aa,)\

867[(1’0‘

F(k) = —D(W(k +i)) — W(i))).

From the explicit representation of the generator in Lemma 2.3.3, we also receive an
integral form of the tempered semi-fractional derivative as

aa,)\

80’](1"1

f@) = =D [ (& =) = Fla) + uF @)L (a)) d0s(0)

=D [ (@) = fa =)~y @)L (a)) e ()

For A\ — 0, the tempered semi-fractional derivative coincides with the semi-fractional one.
However, even for A > 0, we can describe the relation between both operators.

Lemma 8.2.6. (Connection between tempered and ordinary semi-fractional derivatives)
For a € (0,2) \ {1} and ¢ > 1, let K be an admissable function with respect to these
parameters. For every A > 0, we have

aoz,)\

aCJ(IQ

F(e) = e (% () + DN () — (2)an

8C,Kx0<

for every x € R.

Proof. First consider « € (0,1), and note that gy = 0 in this case. Then with (3.4), for
every A > 0 and a € (0, 1), we obtain

ai (@@ = e [ (9 f(a =)~ ¥ f () dGcly)
_ / (e f(x —y) — f(2)) dCx(y)
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(e 9] o0

= [Gta=) - ) e dGuly) — @) [(- ) dGity)
— [ (@) = fa =) ds) - flo) [(1- ) dGicly
aa,)\

= f(x) = WA f(x),

(907[(1'0‘

which proves the statement for o € (0,1). Similarly, for a € (1,2) it follows with (3.4)
that

e—%i“(e”f@>> = / (¥ (@) — A f( — y) — ye(f/(x) + M () dGic(y)
_ / (f@) = e ™ f(x —y) - y(f'(@) + A (@) dCic(y)
= [(e) = 1o = )~y @)e ™ dGxly)
+ f(x) /(1 —e N = \y) dG(y) + f'(x)an
aa}\ 0+
=5 @)+ VN[ (@) + [ ()
for every = € R. O

Example 8.2.7. In the fractional case,

(i — —)\y_l d — o —>\y_1 —a—1 — )\
i3 = [ = 1dae) = s [ =gty = -
0+ 0+
for o € (0,1) (compare [94, Proposition 3.10]), whereas for a € (1,2) we obtain
U(i\) = / (e — 1+ \y) dd(z)
0+
— _L -y 1 —a—1
T —a) /(6 +Ay)y T dy
0+
_ F(Q — O'/) A
 (a—1DI'(1—a)
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(see [94, Proposition 3.12]). Additionally, the shift g, is given by

o0

a ) /x_a(l — e M) dr = a\*?

W= Il -«
0+

for @ € (1,2). Hence, we get the relation

aa,)\ o
3C’Kxaf($) = e_mm(emf(%)) — A f(z)
for « € (0,1) and
8&,)\ aa
fz) = e (e f(x)) = A f(2) — X! f'(2)

OC,KIQ 867[(1‘0‘

for a € (1,2) respectively, which coincides with known results ([94, Equation (7.11) and

(7.16))).

Example 8.2.8. As an application of tempered semi-fractional laws, we want to study
the percentage of absolute daily price changes (in US dollar) for Amazon Inc. stock. Data
of this kind has been modeled with fractional approaches before (see for example [97]),
and we hope to improve these results. Therefore, the historical data between 02.01.1998
and 31.07.2020 was taken from [158], yielding 5682 trading days. We assume that we can
model the absolute daily price change percentage with a random variable X > 0 having
a tempered (d%,d)—semistable distribution for some g € (0,1) and d > 1. Besides, we
assume that the admissable function V' in the tail of the Lévy measure @, is continuously
differentiable with Fourier coefficients (¢, )nez such that = — ®,(x,00) is continuous in
x > 0. According to Lemma 8.2.5, the asymptotic behavior can be characterized by

P(X > z) ~ CPy(x,00)
for a constant C' > 0 as x — oo. For the tail of the tempered Lévy measure, use integration

by parts to obtain

o0 [e.e]

®)(z,00) = / e dD(y) = [—e MGy (y)] — A / e NGy (y) dy

T
T T
oo

= e MGy (x) — A / e MGy (y) dy

xT

and the series representation of the log-periodic perturbation V in Gy (z) = 2=V (log(z))
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yields
D) (z,00) = e_Ava(x) - A Z Cn e_>‘y ind—p dy
nez
=e MGy(z) = Y e 6 de‘ — B +ind, \x)
neZ

with T'(a,b) = [,~ e 2! da being the incomplete gamma function. By equation (11.12)
n [141], we have

F1—a)--

r(ab—bal—bz 2) (k—a) bal_bz<a—1>kzv

such that

ind — |
Py(z,00) = e MGy ( Zc G md()\x) B+ind —,\xz (’md ﬂ) k!

ne”L k=0

—)\m —ﬁ—i—znd —\x —B+ind —X\z - an_ 6 k!
Gy(z) = Y cpx - e ey ( L ) )t

neZ ne”Z k=1
- < (ind — B\ k!
_ Z —pB+ind ,—Ax Z (ZTL )
Cn e
n€z k=1 k (Az)k
1 s ~
~ -y > e P A (ind — ).
ne”L

Using the differentiability of V', we have

by, 00) ~ — (56 (0)

ef)ﬁb

= — 27771 (BV (log(x) — V" (log(x))).

Remark that the function 5V —V" is positive and log (d%)—periodic due to the admissability
of V' but not necessarily admissable itself. In this sense, the tail of the semistable random

variable equals the tail of a tempered disturbed Pareto distribution with index o = 41 €
(1,2) and perturbation K = CA~}(aV — V).

To describe the percentage of daily price changes for Amazon Inc. stock, we took the 50
largest observations in the period between 02.01.1998 and 31.07.2020 and fit a Pareto, a
tempered Pareto, and a tempered disturbed Pareto model to the data. For the disturbed
Pareto model, we assume that

2 2
K(z) = dy + dq cos (m}?) + dssin (m}j) :
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The result is shown in Figure 8.7, whereas the calculated parameters are displayed in
Table 8.5. The Matlab code for the calculation can be found in Appendix C. The largest
data points occur with such a low probability, that even though the tempered Pareto
model approximates these points more accurately than the ordinary Pareto approach,
with our accuracy, there is no difference in the MSE. However, the tempered disturbed

Pareto model is an even better fit to the data and also captures the highest data points
more precisely.

Pareto model | Tempered Pareto | Tempered disturbed Pareto
« 3.6175 2.1578 1.0468
A — 0.0798 0.2090
P — — 0.8226
dy 138.2396 8.7096 4.3405
ds — — 0.8881
ds — — —1.0691
MSE -10° 5.1195 5.1195 1.6780

Table 8.5: Calculated parameters for the different models in Example 8.2.8 for the daily
price changes in Amazon Inc. stock.

log(P(X>x))

2.8 3 3.2 3.4
log(x)

Figure 8.7: Tail of the best Pareto (green dashed line), tempered Pareto (blue dashed line),
and tempered disturbed Pareto model (blue solid line) in comparison to the empirical tail
(stars) consisting of the 50 largest observations of the percentage of absolute daily price
change in Amazon Inc. stock between 02.01.1998 and 31.07.2020 in Example 8.2.8.
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Appendix A: Index of notation

Sets and spaces:

A, A°

?

Co(RY)

Ci(RY)

Co(RL)

Chu(R)

pw

Closure and interior of A C R?

Boundary of A C R?

R? = (0, 00)?

{re* e C:r>0,|p| <9}

c(3)

Borel sets of A C R?

Unit sphere S = {z € R?: ||z||> = 1}

Space of integrable functions f : A — R with C R?

Wm(A) ={f:A— R: fis n-times partially differentiable on A°
and all partial derivatives up to order n belong to L'(A)}, A C R4

Space of continuous functions f : R — R with lim f(z) =0

|z|—o0

Space of n-times differentiable functions f : R — R such that f and
all partial derivatives up to order n belong to Cy(R?)

Space of functions f : R — R such that f € CF(R%) and f and all
partial derivatives up to order n can be extended continuously to the
boundary of R%

Space of continuously differentiable functions such that f’ is piecewise
smooth
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S(R)

D([0, 00), RY)

L(RY)
GL(RY)

Dom(L)

Schwartz space of all rapidly decreasing functions
Space of all cadlag functions f : [0, 00) — R?

Set of linear operators A : R¢ — R?

Set of invertable linear operators A : R? — R?

Domain of a generator L

Measures and special functions:

Point measure in z € R?
Image measure of v on R? under a linear transform A : R? — R?

Complex argument of z € C

o0

Gamma function I'(z) = [¢*~te~*dt for Re(z) > 0
0

Incomplete gamma function I'(z,z) = [t*~te " dt for Re(z) > 0

T

Beta function B(z,y) = [(1 —t)*'t¥=!dt for Re(z), Re(y) > 0

o .

Incomplete Beta function B(z,a,b) = [t*7'(1 —¢)*~'dt for every
0
a,b € C with Re(a),Re(b) > 0 and = € (0, 1]

Mittag-Leffler function E,(x) = § F(#:l)
k=0
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Integral transforms:

for F(f)

<)

for L(f)

|

or FL(f)

]|

Derivatives:

0

aa
ox®

Fourier transform of a suitable function f : R — R

fli = [ ) p(a) da

R4

Fourier transform of a measure v on R?

v(k) = /ei<k’x> dv(z)

Rd

Laplace transform of a suitable function f: R% — R

F(s) = / 50 £ (1) dt

d
RY

Laplace transform of a measure v on Ri

v(s) = / e~ 50 du(t)

d
RY

Fourier-Laplace transform of a suitable function f : R% x Ri - R

d Rd
Re RY

Fourier-Laplace transform of a measure v on R? x R%

v(k,s) ://ei<k’x>e_<5’t>du(a:,t)

d pd
R¢ RY

Jacobian matrix of f
Hessian matrix of f
Fractional Laplacian

Ordinary directional derivative in direction 6 € S

Caputo form of the positive fractional derivative of order «
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d(—x)e

'

607}(1'0‘

9\~
867[(1‘
¢,(Ko)oes

aa,)\

867](1'0‘

Caputo form of the negative fractional derivative of order «

Riemann-Liouville form of the positive fractional derivative of order «

Riemann-Liouville form of the negative fractional derivative of order
o

Multidimensional fractional derivative of order o with respect to the
finite Borel measure M on the unit sphere

Caputo form of the positive semi-fractional derivative of order o with
respect to ¢ > 1 and K : R — (0, 00) admissable

Caputo form of the negative semi-fractional derivative of order a with
respect to ¢ > 1 and K : R — (0, 00) admissable

Riemann-Liouville form of the positive semi-fractional derivative of
order o with respect to ¢ > 1 and K : R — (0, 00)

Riemann-Liouville form of the negative semi-fractional derivative of
order a with respect to ¢ > 1 and K : R — (0, 00)

Caputo form of the directional semi-fractional derivative of order «
with respect to ¢ > 1 and K : R — (0,00) admissable in direction
gdeS

Riemann-Liouville form of the directional semi-fractional derivative of
order o with respect to ¢ > 1 and K : R — (0, 00) in direction 6 € S

Multidimensional semi-fractional derivative of order « with respect
to ¢ > 1, an admissable set of functions (Kj)ges, and a finite Borel
measure M on S

Tempered semi-fractional derivative of order o with respect to ¢ > 1,
K admissable, and A > 0
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Appendix B: Author contribution statement

In the following, I list the individual contributions to the two already published papers,
which are cited in this thesis.

Kern, P., Lage, S., and Meerschaert, M. M. (2019). Semi-fractional diffusion equations.
Fractional Calculus and Applied Analysis 22(2), pp. 326-357.

This article emerged in collaboration with Mark M. Meerschaert and Peter Kern. Mark
M. Meerschaert developed the initial idea of a semi-fractional derivative as well as the
idea of a Zolotarev semi-fractional derivative of order o = 1, which is not treated in this
thesis. The concrete elaboration and most of the results in this article arose from my mas-
ter thesis under the supervision of Peter Kern. His support and ideas finalized the results.

Kern, P., and Lage, S. (2021). Space-time duality for semi-fractional diffusions. In:
Freiberg, U., Hambly, B., Hinz, M., and Winter, S. (eds.). Fractal Geometry and Stochas-
tics VI. Progress in Probability, Birkhduser, Basel.

This article emerged in collaboration with Peter Kern. The first two parts of this article
are a survey of existing results and were written by Peter Kern. The following results for
the semi-fractional case were developed by me, where Peter Kern supported and supple-
mented their development.
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Appendix C: Code

For completeness and reproducibility, we provide all Matlab scripts used in this thesis.
For many calculations, the complex gamma function is needed, which is not implemented
in Matlab. Hence, we additionally used a script provided by Paul Godfrey [155], which
we renamed ‘ComplexGamma.m’ to avoid a conflict with the implemented real gamma
function.

Test a function on admissability: The function "Testadmissability.m’ enables the user
to test whether a p-periodic function K given as a finite Fourier series

k
K(I’): Z Cneiném
n=—~k

for k € N and (¢,)ne—k,..»y C C is admissable with respect to o € (0,2)\ {1} and ¢ = e*?
or not. As input parameters, the function demands the parameter o € (0,2) \ {1} and a
vector cn containing the 2k+1 Fourier coefficients en = (¢_g, 11, -+, Co,C1y -+ 5 Ch1, Ck)-
Besides, the user has to deliver the period p of the periodic function. The script first tests
the positivity of the function and then the growth restriction in Definition 3.1.1 using the
derivative of K as in Lemma 3.1.2 (vi). As output, the script generates a statement of
whether the function is admissable or not if num= 0. For all other values of the input
parameter num, the script generates a binary output of this statement.

% Test a periodic function K on admissability

Input parameters:

%

% alpha = Parameter of admissability

% cn = Vector of Fourier coefficients [c_{-k},...c_0,...c_k] of K
% p = Period of K

% num = Create numerical or non-numerical output

% Output

% Statement whether K is admissable with respect to alpha and c=e  (alphaxp) or not
function f=Testadmissability (alpha ,cn,p,num)

% Fixed constants
n=numel (cn); % Total number of Fourier coefficients
k=(n-1)/2; % Number of one-sided Fourier coefficients c_1,..c_k
tildec=2xpi/p;
x=-2%p:0.05:2xp;

% Calculate the function K
K=zeros (1,numel(x));
for m=-k:k
K=K+cn (mtk+1)*exp (i*mxtildec.*xx);
end

% Calculate the derivative of K

DeriK=zeros (1,numel(x));
for m=-k:k
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DeriK=DeriK+cn (mtk+1)*(i*mxtildec )*exp(i*m*xtildec.*xx);
end
y=alpha*K-DeriK;

% Create the output

if (K>0)
if (y>=0)
if (num==0)
disp (’Function  is admissable ’)
end
f=0;
else
if (num==0)
disp (’Growth restriction not, fulfilled )
end
f=1;
end
else
if (num==0)
disp (’Function takes non-positive_ values’)
end
f=1;
end
end

Code for Example 3.1.14: The following code calculates the semi-fractional derivative
of f(z) = e 2*" in Example 3.1.14.

% Calculate the semi-fractional derivative of f(x)=exp(-ax~2) in Example 3.1.14
clear all
close all

% Chosen parameters

a=2; % Parameter of f

alpha =0.4; % Order of semi-fractional derivative
cn=[-1/(25%1),-1/(20%i),1/gamma(l-alpha),1/(20xi),1/(25%1i)]; % Fourier coefficients of K
Testadmissability (alpha ,cn,2xpi,0); % Test K on admissability

% Initialize the (semi-)fractional derivative

h=0.01; % Grid size

points=-2:h:5; % Points of calculation

n=numel (points ); % Number of points

Semi_ fractional Caputo=zeros(1l,n);
Fractional Caputo=zeros (1l,n);

% Calculate the (semi-)fractional derivative
counter =0;
for x=points(1l):h:points(n)
counter=counter—+1
z=Q(y) (x-y).*exp(-ax(x-y). 2).xy. (-alpha).*(1/gamma(l-alpha)+1/10*sin(log(y))+2/25xsin(2xlog(y)));
g=Q(y) (x-y).xexp(-ax*x(x-y). 2).xy. (-alpha).*1/gamma(l-alpha);
Semi_ fractional Caputo(counter)=-2*axintegral(z,0,inf);
Fractional Caputo(counter)=-2*axintegral(g,0,inf);

Code for Example 3.1.15: The following code calculates the semi-fractional derivatives
of the power function f(z) = z” in Example 3.1.15.

% Calculate the semi-fractional derivative of the power function in Example
% 3.1.15
clear all
close all

% Fixed constants

p=0.3; % p=0.6 % Parameter of f

alpha=1/2; % Order of semi-fractional derivative
cn=[-1/(20%1i),1/20,1/gamma(l-alpha),1/20,1/(20x1i)]; % Fourier coefficients of K 2
n=(numel(cn)-1)/2; % Number of one-sided Fourier coefficients
period=2xpi; % Period of K 2

Testadmissability (alpha ,cn, period ,0) % Check K 2 on admissability
tildec=2xpi/period;

x=0:0.01:100000; % Points of calculation
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% Fractional derivative corresponding to K 1
Frac_Deriv=px*gamma(p)/gamma(p+1-alpha)xx.” (p-alpha);

% Semi-fractional derivative with respect to K 2
sum=zeros (1 ,numel(x));
for k=-n:n
sum=sum+cn (k4+n+1)*ComplexGamma (1 -alpha+ixkxtildec )...
/ComplexGamma (p+1-alpha+ixk*tildec)*x.  (p-alpha+ixkxtildec );
end
Semi_ frac_Deriv=pxgamma(p)*real (sum);

Code for Example 3.2.17: The following code calculates the directional semi-fractional
derivatives in the Caputo and Riemann-Liouville sense in Example 3.2.17. To plot both
forms, note that they are given by

[e.e]

60:
i@ = [10.95 - 10)Grlw) dy
c, KT
0+
min{%,%} min{%,%}
9, / ey — y0)Crc(y) dy + b3 / Gc(y) dy
0+ 0+
and
8 \° Vi
5 fx) =(V [ flx —y0)Gk(y)dy,0
c, KT
0+
min{%,z—;}
— (v / (@1 — y6)? + (22 — y62))Cc(y) dy, 6
0+

2
for every z € R7.

% Calculate the directional semi-fractional derivative in Example 3.2.17
clear all
close all

% Chosen parameters

theta=[1/sqrt (2),1/sqrt (2)]; % Direction of directional derivative
a=2/3; % Order of semi-fractional derivative
cn=[1/2,-1/(2*i),5,1/(2*i),1/2]; % Fourier coefficients of K

p=2%pi; % Period of K

% Test the function on admissability
Testadmissability (a,cn,p,0)

% Initialize the grid
h=0.001;

x=0:h:2;

y=0:h:2;

n=numel (x);

m=numel (y);
Caputo=zeros (n,m);
RL=zeros (n,m);

% Calulate the Caputo semi-fractional derivative
gl=@(r) r. (-a).x(sin(log(r))+cos(2*xlog(r))+5);
g2=@(r) r. (l-a).x(sin(log(r))+cos(2*log(r))+5);
for k=1:n
for 1=1:m
al=integral (gl,0.0001,min(x(k)/theta(1),y(1l)/theta (2)));
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a2=integral (g2,0.0001 ,min(x(k)/theta(1l),y(l)/theta(2)));
Caputo (k,l)=(2+xtheta (1)*x(k)+theta(2))*xal-2xtheta(l) 2xa2;
end
end

% Calculate the Riemann-Liouville semi-fractional derivative
A=zeros(n,m);

for k=1:n
for 1=1:mm
g=@(r) ((x(k)-rstheta(1)).”2+(y(1)-rxtheta(2))).xr."(-a).*(sin(log(r))+cos(2+log(r))+5);
A(k,l)=integral(g,0.0001 ,min(x(k)/theta(1),y(l)/theta(2)));

end
end
for k=1:n-1
for 1=1:m-1
RL(k,1)=1/hx*(theta (1)*(A(k+1,1)-A(k,1))+theta(2)*(A(k,1+1)-A(k,1)));
end

Calculation of solutions to semi-fractional diffusion equations using Griinwald-
Letnikov differences: The function ’Semi_fractional_Differential _FEq.m’ calculates
the solution to the semi-fractional diffusion equation

0 o o

8t 607[(11‘0‘
under the initial condition u(x,0) = ug(x) for p-periodic, admissable functions K, K :
R — R, with finite Fourier series

u(z,t) (C.1)

k1 ks
Kl({ﬂ): Z Cneinél and KQ(Z’): Z dneinéx’

n=—ky n=—ka

where ki, ks € No and (¢n)ne—ky . ks (dn)ne—ko... ks C C. If ug(z) = 6(2), then the solution
coincides with the density of a (¢#, ¢)-semistable density.

The algorithm needs the order a € (0,2) \ {1}, vectors ecn = [¢_g,,...,Co,--.,Ck ] and
dn = [d_k,,...,do,...,d,] containing the Fourier coefficients of K; and K, as well as
their period p as input parameters. Furthermore, the vector x contains the points of
calculation, whereas the vector start describes the initial values in x. If start = 0 or if
start is a zero vector of any dimension, then the script takes an approximation of the delta
function as initial condition. Apart from the step sizes h and 7 in space and time, the
user can choose a method for the discretization of the time derivative and a shift in the
Griinwald-Letnikov formula. Possible methods are implicit and explicit Euler methods,
whereas the shift should be chosen to be zero for a € (0,1) and 1 for « € (1,2).

As output, the script calculates a matrix, which contains the solution at time 7 -7 in z in
column ¢ for ¢ = 1,...,%.

Note that dependent on the choices of h and 7, the method might be unstable. In the
fractional case, [95] and [96] give criteria for convergence at least for a € (1,2). We are
currently working on similar stability results for the semi-fractional case.

% Calculate the solution to the semi-fractional diffusion equation (B.1)

% Input parameters:
% a = Order of semi-fractional derivative
% cn = Vector of Fourier coefficients of Kl
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% dn = Vector of Fourier coefficients of K2

% p = Period of Kl and K2

% x = Points of calculation

% start = Initial values (if start=0, the script calulates initial

% values as an approximation to the delta function)

% h = Step size in space

% tau = Step size in time

% T = Endpoint of calculation in time

% Method E Decide between explicit and implicit Euler method

% (method=1 -> explicit Euler, method=2 -> implicit Euler)
% Shift = Shift in Gruenwald-Letnikov formula

% (Shift=0 or Shift=1 possible)

% Output

% Matrix containig the density in x at all time steps
function f=Semi_fractional_ Differential Eq(a,cn,dn,p,x,start ,h,tau,T,Method, Shift)

% Fix constants

Me=numel (x) % Number of stpes in space
N=T/tau; % Number of stpes in time
% 1f no initial values are delivered, calculate initial values as an

% approximation to the delta-function
if all (start==0)

epsilon=h;

start=1/(sqrt (pi)*epsilon)*exp(-x."2/epsilon~2);
end

% Calculate the iteration matrix
A=Iterationmatrix (a,cn,dn,p,x,h,tau,Method, Shift );

% Initialize the solution
Sol=zeros (M,N+1);
Sol(:,1)=start;

% Caluculate the solution
if Method==1
for k=1:N
Sol (:,k+1)=AxSol(:,k);

end
f=Sol;
elseif Method==2
for k=1:N
Sol (:,k+1)=A\Sol (:,k);
end
f=Sol;
end
end

The function ’Iterationmatriz.m’ calculates the iteration matrix for the computation of
semistable densities. The method of computation in this script was developed by Matthias
HauBler in his unpublished Master thesis [53].

% Calculate the iteration matrix for the solution to the semi-fractional
% diffusion equation (B.1)

% Input parameters:

% a = Order of semi-fractional derivative

% cn = Vector of Fourier coefficients of Kl

% dn = Vector of Fourier coefficients of K2

% p e Period of Kl and K2

% x = Points of calculation

% h = Step size in space

% tau = Step size in time

% Method = Decide between explicit and implicit Euler method

% (method=1 -> explicit Euler, method=2 -> implicit Euler)
% Shift = Shift in Gruenwald-Letnikov formula

% (Shift=0 or Shift=1 possible)

% Output

% Iteration matrix A

function A=Iterationmatrix(a,cn,dn,p,x,h,tau,Method, Shift)

% Fix constants

nl=numel(cn); % Number of Fourier coefficients for positive s.-f. derivative
n2=numel (dn); % Number of Fourier coefficients for negative s.-f. derivative
kl=(nl-1)/2;

k2=(n2-1)/2;
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tildec=2xpi/p;
Me=numel (x) % Number of steps in space

% 1.Step: Calculate Gruenwald-Letnikow weights for the positive s.-f. derivative
if all (cn==0)
pos__weights=zeros (1 ,M+1);
else
syms J;
for m=-k1l:kl
v=exp (gammaln (sym(a-i*m*tildec+1))+gammaln(sym (i*mxtildec-a+1))...
-gammaln (sym(a-ism«tildec-J+1))-gammaln(J+1));
S1(:,mtkl+1)=cn (mtkl+1)«h" (ismxtildec)*(-1)."J.%v;
end
sl=h"(-a)*sum(S1,2);
s2=real (sl);
f(J)=s2;

J=0:1:M;

al=f(J);

pos__weights=vpa(al);
end

% 2.Step: Calculate Gruenwald-Letnikow weights for the negative s.-f. derivative
if all (dn==0)
neg_weights=zeros (1 ,M+1);
elseif all (dn-cn==0)
neg__weights=pos__ weights;
else
syms L;
for m=-k2:k2
v=exp (gammaln (sym(a-i*m«tildec+1))+gammaln(sym (i*mxtildec-a+1))...
-gammaln (sym(a-ism«tildec-L+1))-gammaln(L+1));
D2 (: ,mtk2+1)=dn(mtk2+1)xh”" (i*mxtildec )*(-1). " L.*xv;
end
dl=h"(-a)*sum(D2,2);
d2=real (dl);
f(L)=d2;

L=0:1:M;

a2=f(L);

neg__weights=vpa(a2);
end

% Calculate the iteration matrix
if (Shift==0)
Al=tril (toeplitz (pos_weights (1:M)));
A2=triu(toeplitz (neg__weights (1:M)));
U=diag (ones (1 ,M));
if (Method==1)
A=U-tau*xAl-tau*xA2;
elseif (Method==2)
A=U+ttau*xAl+tau*xA2;
end

elseif (Shift==1)
pos__weightsl=pos__weights (2:M+1);
neg weightsl=neg_ weights (2:M+1);
Bl=tril (toeplitz (pos_weightsl))+diag(pos_weights(l)*ones(1,M-1),1)
B2=triu(toeplitz (neg weightsl))+diag(neg_ weights(l)*ones(1,M-1),-1
U=diag (ones (1,M));
if (Method==1)
A=U-tau*xBl-tauxB2;
elseif (Method==2)
A=U+tau*xBl+tau=*xB2;
end
end
end

)3

Code for Example 5.1.2: The following code calculates the solution to the semi-
fractional diffusion equation (5.3) in Example 5.1.2.

% Calculate a solution to the semi-fractional diffusion in Example 5 1 2
clear all
close all

% Fixed constants

a=0.6; % Order of semi-fractional derivative
p=pi; % Period of K

dn=3/gamma(l-a);

cn=[-3/(40%1),3/30,dn,3/30,3/(40x1i)]; % Fourier coefficients of K
Testadmissability (a,cn,p,0); % Test K on admissability
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h=0.01; % Step size in space

tau=0.01; % Step size in time

x=-5:h:15; % Points of calculation

T=1; % Endpoint of calculation (in time)
N=T/tau; % Number of steps in time

% Initial values
start=exp(-x."2);

% Calculate the solution for different initial wvalues
solution semi_frac=Semi_fractional Differential Eq(a,cn,0,p,x,start ,h,tau,T,1,0);
solution_ frac=Semi_ fractional_Differential Eq(a,dn,0,p,x,start ,h,tau,T,1,0);

Code for Example 5.1.4: The following code calculates the semistable density v in
Example 5.1.4 as well as the functions z — p(z,2) and = — ip (%, 1) to check whether
the scaling property (2.4) holds.

% Test the scaling property of the semistable distribution in Example 5.1.4
clear all
close all

% Fixed constants

a=1/2; % Order of semi-fractional derivative
—=log (4); % Period of K
¢cn=[1/160,1/80,1/gamma(l-a),1/80,1/160]; % Fourier coefficients of K

Testadmissability (a,cn,p,0);

% Parameters for the calculation

h=0.01; % Step size in space
tau=0.02; % Step size in time
x=-4:h:16; % Points of calculation

%Calculate semistable density up to time T=2
pl=Semi_fractional Differential Eq(a,cn,0,p,x,0,h,tau,2,1,0);
[al,bl]=size (pl);

plend=pl (:,bl-1); % Solution at time T=2
p2=pl(:,(bl-1)/2); % Solution at time T=1

Code for Remark 5.1.5: The following code calculates the semistable density in Re-
mark 5.1.5 as a solution to the semi-fractional diffusion equation. In addition, using
the function ’Laplace_Inv_Abate  Whitt.m’, the density was calculated using the inverse
Laplace method of Abate and Whitt [1] as in [28].

% Comparison of numerical calculations of semistable densities in Remark
% 5.1.5

close all

clear all

% Fixed constants

a=1/2; % Order of semi-fractional derivative
—=log (4); % Period of K
cn=[1/160,1/80,1/gamma(l-a),1/80,1/160]; % Fourier coefficients of K

Testadmissability (a,cn,p,0);

% Initialize the solution of diffusion equation

h=0.01; % Step size in space

tau=0.01; % Step size in time

T=1; % Endpoint of calculation in time
x=-1:h:8; % Points of calculation

% Solution with GL-differences
Diffusion=Semi_fractional Differential Eq(a,cn,0,p,x,0,h,tau,T,1,0);
SolDiffusion=Diffusion (:,end-1);

% Initialize the solution with the method of Abate and Whitt for different
% values of A

y=h:h:30; % Points of calculation

n=numel (y); % Number of points
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M=1000;
Sol=zeros(n,4);
for A=2:2:8

Sol (:,A/2)=Laplace_Inv__Abate_Whitt(a,cn,p,y,A,M);
end

% Calculate solution for A betwenn 1.8 and 5.2 and find nearest
% approximation
Index=0;
error =10000;
m=round ((5.2-1.8)/h);
z=h:h:8;
b=numel(z);
Soll=zeros (b,m+1);
for k=0:1:m
Soll (:,k+1)=Laplace_Inv__Abate_ Whitt(a,cn,p,z,1.84+kxh ,M);
if norm(Soll (:,k+1)-SolDiffusion (end-b+41l:end))<error
error=norm(Soll (:,k+1)-SolDiffusion (end-b+1:end));
Index=k;
end
end

To compare the numerical approximations of semistable densities in Remark 5.1.5, we use
the following implementation for the inverse Laplace transform method

% Calculation of semistable density with inverse Laplace transform by Abate and Whitt

% Input parameter

% a Order of semi-fractional derivative
% cn S Vector of Fourier coefficients of K
% p = Period of the periodic function K
% x = Points of caluclation

% A e Tuning parameter

% M = Number of considered points

% Output

% Approximation of the semistable density in x
function f=Laplace_Inv__Abate Whitt(a,cn,p,x,A,M)

% Calculate the first summand
ml=Laplacetransform (a,cn,p,A./(2%x));
pl=exp(A/2)./(2%x).*xreal (ml);

% Calulate the remaining sum

sum=zeros (1,numel(x));

for k=1:M
m2=Laplacetransform (a,cn,p,(A+2xkxixpi)./(2xx));
sum=sum+(-1)"k.*xreal (m2);

end

p2=exp(A/2)./x.xsum;

f=pl4+p2;

end

The following script calculates the Laplace transform of the semistable density in Remark
5.1.5 needed to calculate the approximation of the semistable density with the method of
Abate and Whitt.

% Function to calculate the Laplace transform of a semistable density

% Input parameter

% a = Order of semi-fractional derivative
% cn = Vector of Fourier coefficients of K
% p = Period of the periodic function K
% y = Points of caluclation

% Output

% Laplace transform of the semistable density in y
function f=Laplacetransform(a,cn,p,y)

% Fixed constants

n=(numel(cn)-1)/2; % Number of one-sided Fourier coefficients
m=numel (y); % Number of points of calculations
tildec=2%pi/p;
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sum=zeros (1,m);
for k=-n:n

sum=sum+cn (k+n+1)+*ComplexGamma (i*tildec*k-a+1)xy. (a-ixtildecx*k);

end
f=exp (-sum);

end

Code for Remark 5.2.6: The following code calculates the density

of the inverse

semistable and inverse stable subordinator in Remark 5.2.6.

% Calculate the density of an inverse semistable
% 5.2.6
close all

clear all

% Useful
T=1;
a=0.6;
p=2*pi;
cn=[-1/(20%i),1/20,1/gamma(l-a),1/20,1/(20*i)];
dn=1/gamma(l-a);

Testadmissability (a,cn,p,0)

constants

h=0.01;
tau=0.01;
y=-1:h:2;
L=20;

% Calculate the (semi-)stable density g
Al=Semi_ fractional_ Differential Eq(a,cn,0,p,y,0,h,
A2=Semi_ fractional_ Differential Eq(a,dn,0,p,y,0,h,

% Restrict the density to the
nl=numel(-1:h:0);
n2=numel(-1:h:T);
Subordinatorl=Al(nl-1:n2,:);
Subordinator2=A2(nl-1:n2,:);
[al,b]=size (Subordinatorl);

positive real line

subordinator

%
%
%}
%

%
%

tau
tau

sub

in Remark

Endpoint of calculation in time
Order of semistable law
Period of K
Fourier coefficients

of K

Step size
Step size
Points of

in space
in time
calculation

ordinator

subordinator

% Calculate the density of the inverse semistable
density=zeros (1,b-1);
for k=1:b-1
for 1=1:al
density (k)=density (k)+h/tau*(Subordinatorl (1l ,k)-Subordinatorl (1,k+1));
end
end
% Calculate the density of the inverse stable

densityStable=zeros (1,b-1);
for k=1:b-1
for 1=1:al

densityStable (k)=densityStable (k)+h/tau*(Subordinator2(1l,k)-Subordinator2(1,k+1));

end
end

Code for Example 5.3.13: The following code calculates the solution x +— u(x,1) of

(5.33) at time ¢t = 1 in Example 5.3.13.

%
%
clear
close

Calculate the solution of the semi-fractional
53113
all

all

% Fixed constants

beta=0.8;

pV=2x%pi;
dn=[-1/(40%i),1/30,1/gamma(l-beta),1/30,1/(40x1i)];
Testadmissability (beta ,dn,pV,0);

alpha =0.5;

pK=pi;
cn=[-1/(40%1),1/20,1/gamma(1l-alpha),1/20,1/(40%1i)]
Testadmissability (alpha ,cn,pK,0);

Cauchy problem

s %

in Example

Order of semi-fractional time derivative
Period of V

Fourier coefficients of V

Test V on admissability

Order of semi-fractional space derivative
Period of K

Fourier coefficients of K

Test K on admissability
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% Calculate the density h(x,t) of the inverse semistable subordinator

T=1; % Point of calculation
h=0.01; % Step size in space
tau=h; % Step size in time
y=-1:h:2;

L=20;

% Calculate the density of the semistable subordinator at time t=1
A=Semi_ fractional Differential Eq(beta,dn,0,pV,y,0,h,tau,L,1,0);
nl=numel(-1:h:0);

n2=numel(-1:h:T);

Subordinator=real (A(nl-1:n2,:));

[al,b]=size (Subordinator);

% Calculate the density h(x,1) of the inverse semistable subordinator
density=zeros (1,b-1);
for k=1:b-1
for I=1:al
density (k)=density (k)+h/tau*x(Subordinator(l,k)-Subordinator (1l ,k+1));
end
end

% Calculate the semistable density p
z=-2:h:5;
p=Semi_fractional Differential Eq(alpha,cn,0,pK,z,0,h,tau,L,1,0);

% Calculate the solution u(x,1)
u=zeros (numel(z),1);
for m=1:b-1

u=u+p (: ,m)*density (m)*h;
end

Code for Example 6.1.11: The following code simulates the sample paths of S(t) and
T'(t) in (6.11) and the sample paths of the CTRW in Example 6.1.11. For the calculation,
we use the fact that for a disturbed Pareto distribution with cumulative distribution
function F'(y) = P(X < y), we have X LR ~Y(U), where U is uniformly distributed on

[0,1]. Note that in our case F(y) =1 — K?O)y_O‘K(log(y)).

% Path simulation in Example 6.1.11
clear all
close all

% Initialize the distribution of X

a=3/2;

c=exp(a);

pl=log(c™(1/a)); % Period of K
cn=[-1/(2xi),5,1/(2x1)]; % Fourier coefficients of K

Testadmissability (a,cn,pl,0);

% Create a sample of X 1,X 2,...,X_1000
Ul=rand (1000,1);

nl=numel (Ul);

x=0.01:0.01:200000;

m=numel (x);

y=zeros (1,nl);

% Calculate the expected value of X
El=integral (Q(s) s. (-a).*(ax(5+sin(2xpixlog(s))-2xpixcos(2*pixlog(s)))),c (1/a),inf);
E=Elxc/5;

% Find the numerical inverse F7(-1)

for k=1:nl
w=l-c/b5xx." (-a).*(5+sin(2*pixlog(x)))-Ul(k);
i=find (w>=0,1, first ');
y ()=x(i)-E;

end

S=cumsum (y ) ;

% Initialize the distribution of J

beta=0.75;

—exp (2% beta ) ;

p2=log (d~(1/beta)); % Period of V
dn=[1/2,6,1/2]; % Fourier coefficients of V

Testadmissability (beta ,dn,p2,0);

% Create a sample of J_1,J_2,...,J_1000
U2=rand (1000,1);
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n2=numel (U2);
z=zeros (1,n2);

% Find the numerical inverse F7(-1)

for k=1:n2
w=1-d/7*x.7(-beta).*(6+4cos(pi*log(x)))-U2(k);
i=find (w>=0,1, first ’);
2 ()=x(1);

end

T=cumsum (z ) ;

Code for Example 6.2.7: The following code calculates the density of the CTRW limit
x +— my(z,1) and of the OCTRW limit z +— o;(z,1) at time ¢ = 1 in the totally coupled
case described in Example 6.2.7.

% Calculate the densities of the OCIRW and CIRW limit in Example 6.2.7.
close all
clear all

% Fixed constants

beta=0.5;

pP=2; % Period of V
cn=[1/80,1/40,1/gamma(l-beta),1/40,1/80]; % Fourier coefficients of V
Testadmissability (beta ,cn,p,0);

tilded=2xpi/p;

T=1; % Time of calculation
L=30;

h=0.01; % Step size in space
tau=0.01; % Step size in time
x=-1:h:round (exp(p)/h)x*h; % Points of calculation

% Density g of the semistable subordinator
g=Semi_ fractional Differential Eq(beta,cn,0,p,x,0,h,tau,L,1,0);
[a,b]=size(g);

% Calculate zeta

x1=-1:h:0;

x2=-1:h:round (exp(p)/h)xh;

nl=numel (x1);

n2=numel (x2);

u=zeros (n2-nl+1,1);

for k=1:b-1
u=uttaux1/2%(g(nl:n2,k)+g(nl:n2 ,k+1));

end

y=0:h:T;
n3=numel(y);

% Density of the CIRW limit
ml=(T-y). (-beta).*x(1/20xcos (2xpi/pxlog(T-y))+1/40xcos(4*pi/pxlog(T-y))+1/gamma(l-beta)).*u(1l:n3) ’;

% Density of the CIRW limit in the stable case
ml_stabel=1/(gamma(l-beta)*gamma(beta))*(T-y). (-beta).xy.  (beta-1);

% Calculate the Fourier coefficients of zeta
z=1:h:round (exp(p)/h)*h;
nd4=numel(z);
zeta=z. (1-beta).xu(end-n4+1:end)’;
% Initialize the Fourier coefficients of zeta
M=20;
dn=zeros (1,2xM+1);
for I1=-M:M
for k=1:n4-1
dn (14VH1)=dn (14M+1)+1/p*h/2%+(zeta (k)*xz (k). (-1-2xpi*xixl/p)tzeta(k+1)*xz(k+1)"(-1-2%pi*xixl/p));
end
end

% Density of the OCIRW
ol=zeros (1,n4d);
k=(numel(cn)-1)/2;
for 1=-k:k

for m=1-M:14+M

ol=ol-cn(l+k+1)*dn(m-14M+1)*z. (i*mxtilded-1).*(i*m*tilded-(T./z).  (ixmxtilded )...
*(T./(z-T)).  (beta-ixlxtilded ));

end

end

% Density of the CIRW limit in the stable case
ol_stable=1/(gamma(1l-beta)*gamma(beta))*z. (-1).%(T./(z-T)).  (beta);
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Code for Figure 8.2: The following code calculates the solution to the semi-fractional
exponential model (8.7) and the corresponding fractional solution. For the semi-fractional
case, the solution is calculated by (8.5) using the inverse Laplace method of Abate and
Whitt in [1]. The function 'Laplace TransformEzp.m’ calculates the Laplace transform of
the semi-fractional solution in (8.5).

% Calculate solution to the semi-fractional equation

% Fixed constants

alpha=1/2; % Order of semi-fractional derivative
cn=[1/4,1/gamma(l-alpha) ,1/4]; % Periodic perturbation

p=3; % Period of K

Vo=1; % Initial value

a=0.2;

% Calculate the inverse Laplace transform

M=1000; % Number of summands
A=6; % Tuning parameter
$=0.01:0.01:10; % Points of calculation

nl=numel(s);
V=zeros (1l,nl);
for k=1:M
V=V+(-1)"kx(LaplaceTransformExp ((A+2*xpixixk)./(2%s),alpha ,cn,p,a,V0));
end
Sol_sf=real(V).xexp(A/2)./s+exp(A/2)./(2*s).xreal (LaplaceTransformExp(A./(2xs),alpha,cn,p,a,V0));
Sol_f=VOxmlf(alpha,1l,axs.” (alpha));

% Input parameters

% x E Points of calculation

% alpha = Order of semi-fractional derivative
% cn = Fourier coefficients of K

% p = Period of K

% a,V_0 = Parameters of the model

% Output

% Laplace transform in (8.5) in x
function f=LaplaceTransformExp(x,alpha,cn,p,a,V0)

% Fixed constants
k=(numel(cn)-1)/2;
tildec=2xpi/p;

% Calculate g(x)=x"(alpha)eta_1(log(x))
g=zeros (1,numel(x));
for I=-k:k
g=g+cn (1+k+1)*ComplexGamma(i*xlxtildec-alpha+1)*x.  (alpha-ixlxtildec);
end

f=1./x.xg./(g-a)*xV0;

Code for Example 8.1.4: The following code fits a fractional as well as a semi-fractional
exponential model to the data of mobile web use in Example 8.1.4 using the function
‘fminsearchbnd.m’ from [154].

% Analyze the percentage of mobile usage in Example 8.1.4
close all
clear all

% Include the data
x=0:1:144;
y=csvread (’DataMobileUse2021.csv ’);

% Analyse the time 01.09-08.14
x1=0:1:67;
yl=y (1:68);

% Fit the fractional parameters
fit_exp_ frac=Q(a) sum((yl(1l)*mlf(a(l),1,a(2)*x1.7(a(l)),10)-y1’).72);
bl_exp=fminsearchbnd (fit_exp_frac ,[0.35,0.33],[0,0],[1,100]);
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% Fit the semi-fractional parameters

Start=[-0.8,0.04,0.98,6.68,0.04];

options = optimset(’Display’, iter ’);

[b2_exp, fval ,exitflag ,output]=fminsearchbnd (@MSE_ MobileUse_Exp_Model, Start , ...
[-10,-10,0,0,0],[10,10,1,20,2],0options);

% Function to calculate MSE between approximative solution and real data in mobile use data

% Input parameter:

% c = Vector containing a version of the Fourier coefficient of the
% considered perturbation as well as the period as its last entry
% Output

% MSE between mobile use data and calculated solution
function f=MSE_ MobileUse_Exp_ Model(c)

cn=[c(1l)/2-¢c(2)/(2xi),1/gamma(l-c(3)),c(1)/24+c(2)/(2xi)];
p=c(4);

y=csvread (’DataMobileUse2021.csv ’);
yl=y (2:68);

A=10;
M=1000;
V=zeros (1,67);
for k=1:M
V=V+4(-1)"kx*real (LaplaceTransformExp ((A+2xpixi*k)./(2%*x1),c(3),cn,p,c(5),y(1)));
end
V=real (V).xexp(A/2)./x14+exp(A/2)./(2xx1).xreal (LaplaceTransformExp (A./(2%*x1),c(3),cn,p,c(5),y(1)));

f=sum ((V’-y1).72);

Code for Example 8.1.6: The following code calculates parameters for the fractional
and semi-fractional Gompertz model applied to the percentage of mobile web use in Exam-
ple 8.1.6. As auxiliary functions, the scripts needs the two scripts "MSE__ Mobile Use_ Gomp
_ Model.m’ and "Laplace TransformGomp.m’, which calculate the MSE between the semi-
fractional Gompertz model and the Laplace transform of the solution to the semi-fractional
Gompertz equation.

% Analyze the percentage of mobile usage in Example 8.1.6
close all
clear all

% Include the data

x1=0:1:144;

yl=csvread (’DataMobileUse2021.csv’);
m=116;

x=x1(1l:m);

y=yl(1l:m);

% Fit the fractional parameters for Gompertz model

fit_gomp_ frac=Q(a) sum((y(1l)*exp(a(l)/a(2)*(1-mlf(a(3),1,-a(2)xx."(a(3)),10)))-y’)."2);
start =[0.14,0.03,0.92];

bl_gomp=fminsearchbnd (fit_gomp_ frac,start ,[0,0,0],[10,10,1]);

% Fit the parameters for the semi-fractional Gompertz model

options = optimset (' Display’, iter ’);

Start=[-0.0155,0.7434,0.5884 ,4.6994,0.3897,0.2];

[b2_gomp, fval ,exitflag ,output]=fminsearchbnd (@MSE_ MobileUse_Gomp_ Model, Start , ...
[-10,-10,0,0,0,0],[10,10,1,10,10,10],options)

% Function to calculate MSE in mobile use data

% Input parameter:

% c = Vector containing a version of the Fourier coefficient of the
g

% considered perturbation as well as the period as its last entry

% Output
% MSE between mobile use data and calculated solution
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function f=MSE_ MobileUse_Gomp_ Model(c)
cn:([igl)/ch(Q)/(Q*i),l/gamma(lfc(3)) ,c(l)/24c(2)/(2%i)];
p=c H

% Include the data

m=116;

x1l=1:1:m-1;

y=csvread ( 'DataMobileUse2021.csv ’);
yl=y(2:m);

A=10;
M=1000;
V=zeros (1,m-1);
for k=1:M
V=V+(-1)"kx*real (LaplaceTransformGomp ((A+2xpixixk)./(2xx1),c(3),cn,p,c(5),c(6)));
end
V=real (V).xexp(A/2)./x14+exp(A/2)./(2xx1).xreal (LaplaceTransformGomp (A./(2*x1),c(3),cn,p,c(5),c(6)));

u=y (1) xexp (V) ;
f=sum ((u’-yl).72);

Code for Example 8.1.8: The following code calculates parameters for the fractional
and semi-fractional Gompertz model applied to tumor growth in Example 8.1.8.

% Analyze the tumor growth data in Example 8.1.8
close all
clear all

% Include the data and calculate the volume
z=csvread ('MouseCM37T2.csv ’);

x=z(1,:);
H=1/3%(z(2,:)+2z(3,:)+z(4,:));
L=1/3x(z(5,:)+z(6,:)+z(7,:))
Volume=pi /6x(H.*xL)."(3/2);

H

% Fit the fractional parameters

fit__gomp_ frac=@(a) sum ((Volume(1l)xexp(log(a(l)/Volume(1l))*(1l-mlf(a(3),1,-a(2)*x."(a(3)),10)))...
-Volume). 7 2);

bl gomp=fminsearchbnd (fit _gomp_ frac,[307,0.02,0.98],[0,0,0],[2000,10,1])

alpha__gomp=bl_ gomp(3)

Dif=bl_gomp (2)

Vinfty=bl_ gomp (1)

% Calulate the semi-fractional solution

Start=[-0.4123 0.4934 0.9999 1.8589 0.0290 269.4657];

[b2_gomp, fval ,exitflag ,output]=fminsearchbnd (@QMSE_TumorGrowth_ Gomp_ Model, Start , ...
[-20,-20,0,0,0,0],[10,10,1,40,10,2000],0ptions);

% Function to calculate MSE in tumor growth data

% Input parameter:

% ¢ = Vector containing a version of the Fourier coefficient of the
% considered perturbation as well as the period as its last entry
% Output

% MSE between tumor growth data and calculated solution
function f=MSE_TumorGrowth Gomp_Model(c)
ecn=[c(1)-c(2)/i,1/gamma(l-c(3)),c(1)+c(2)/i,c(4)];

% Include the data and calculate the volume
z=csvread ( 'MouseCM37T2.csv ’);

x=z(1,2:end);
H=1/3%(z(2,:)4+2z(3,:)+z(4,:)
L=1/3x%(z(5,:)+z(6,:)+2z(7,:)
Vol=pi/6x(H.xL)."(3/2);
Volume=Vol (2:end);

)s
)s

A=10;
M=1000;
SEA=PR g
V=zeros (1,numel(x2));
for k=1:M
V=V+(-1)"kx*real (LaplaceTransformGomp_ AltRep ((A+2+pixixk)./(2%xx2),c(3),cn,c(5),c(6),Vol(1)));
end
V=real (V).xexp(A/2)./x24+exp(A/2)./(2xx2).xreal (LaplaceTransformGomp_AltRep(A./(2%x2),c(3) ,...
cn,c(5),c(6),Vol(1)));

u=c (6)*exp(-V);
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f=sum ((u-Volume). 2);

% Function to calculate the Laplace transform of the solution to the
% semi-fractional Gompertz model in the alternative representation
% Input parameters

% x = Points of calculation

% alpha = Order of semi-fractional derivative

% cn = Vector of Fourier coefficients of K

% Dif, Vinfty = Parameters of the model

% VO = Initial value

% Output

% Laplace transform in x

function f=LaplaceTransformGomp_ AltRep(x,alpha ,hcn,Dif, Vinfty ,VO0)

% Fixed constants
k=(numel(cn)-2)/2;
p=cn (end);
tildec=2xpi/p;

L=zeros (1,numel(x));
for I=-k:k

L=L+cn (1+k+1)*ComplexGamma (ix*xl*tildec-alpha+1)*x.  (alpha-ixl*xtildec);
end

f=1./x.x%L./(L+Dif)*log (Vinfty /V0);

Code for Example 8.2.8: The following code calculates parameters for the (tempered)
Pareto tail as well as the tempered disturbed Pareto tail in Example 8.2.8.

% Code for Example 8.2.7
close all
clear all

% Include the data
y=csvread ( "AMZN1.csv ’);
n=>5682;

% Calculate the largest observations
Change=abs(y(2:n,4)-y(1l:n-1,4))./(y(1:n-1,4))%100; % Daily price changes
z=sort (Change); % Sorted daily price changes
z(diff(z)==0)=[] ;
m=numel (z);
Prob=zeros (1,m);
for k=1:m

u=find (Change>z (k) );

Prob (k)=numel(u)/(n-1);
end

% Split the tail
Tail=z(m-50:end);
ProbTail=Prob (m-50:end);

% Fit the best Pareto
fit_pareto=Q@(a) sum((a(l)*Tail.”(-a(2))-ProbTail’)."2);
bl_ pareto=fminsearch (fit_pareto ,[12,3.7]);

% Fit the tempered Pareto

fit_pareto_temp=@(a) sum((a(l)*Tail. (-a(2)).xexp(-a(3)*Tail)-ProbTail’). 2);
Startl=[1.1 1.99 0.2];

bl_pareto_temp=fminsearch (fit_pareto_temp , Startl);

% Fit the tempered disturbed Pareto
Start2=[1.5 4 0 0 1 0.1];
b2_pareto_temp=fminsearchbnd (@QMSE_ Tempered, Start2 ,[] ,[2,10,10,10,10,10]);

% Function to calculate MSE for the tempered semistable density

% Input parameter:
% c E Vector containing alpha, a version of the Fourier coefficient of the
% considered perturbation as well as the period as its last entry
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% Output
% MSE between stock data and calculated solution

function f=MSE_Tempered(c)

alpha=c (1);
cn=[c(4)/2-c(3)/(2%1),c(2),c(4)/2+c(3)/(2%i)];
p=c (5);

y=csvread ("TAMZN1.csv ’);
n=5682;
Change=abs(y(2:n,4)-y(1l:n-1,4))./(y(1:n-1,4))%100;

z=sort (Change);
z(diff(z)==0)=]]
m=numel (z);

H

Prob=zeros (1,m);
for k=1:m
u=find (Change>z (k) );
Prob (k)=numel(u)/(n-1);
end

% Split the tail
Tail=z(m-50:end);
ProbTail=Prob (m-50:end);

f=sum ((exp(-c(6)* Tail).x Tail. (-c(1)).*x(c(2)+c(3)*xsin(log(Tail)*2*pi/c(5))...
+c(4)*cos(log(Tail)*2xpi/c(5)))-ProbTail >).72);
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