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ABSTRACT

The usual definitions of fractional derivatives and integrals are very well-suited for a
fractional generalisation of real analysis. But the basic building blocks of complex
analysis are different: although fractional derivatives of complex-valued functions and
to complex orders are well known, concepts such as the Cauchy—Riemann equations
and d-bar derivatives have no analogues in the standard fractional calculus. In the
current work, we propose a formulation of fractional calculus which is better suited
to complex analysis and to all the tools and methods associated with this field. We
consider some concrete examples and various fundamental properties of this fractional

version of complex analysis.

Keywords: fractional derivatives, complex analysis, d-bar derivatives, Leibniz rule
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Kesirli tiirevlerin ve integrallerin olagan tamimlari, gercek analizin kesirli bir
genellestirilmesi icin ¢ok uygundur. Ancak kompleks analizin temel yap1 taslar
farklidir: kompleks degerli fonksiyonlarin kesirli tiirevleri ve kompleks emirler iyi
bilinmesine ragmen, Cauchy-Riemann denklemleri ve d-bar tiirevleri gibi kavramlarin
standart fraksiyonel kalkiiliiste analoglari yoktur. Mevcut ¢alismada, kompleks
analize ve bu alanla iligkili tiim ara¢ ve yontemlere daha uygun kesirli kalkiiliisiin
formiilasyonunu oneriyoruz. kompleks analizin bu kesirli versiyonunun bazi somut

orneklerini ve ¢esitli temel 6zelliklerini gdz oniinde bulunduruyoruz.

Anahtar Kelimeler: kesirli tiirevlerin, kompleks analiz, d-bar tiirevleri, Leibniz

kurali.

v



i Ghdleatedd 10 sy Methon andd’ Frathon
iy e Loothorse Tonile ittt soned Moot andd ontyy witer N apor Lo

Te oy Sctits sperciior Taadsllihl and & covry angle pierson it o

7
T D



ACKNOWLEDGMENTS

Throughout the writing of this dissertation I have received a great deal of support and

assistance from Allah the Allmighty and a few of wonderful people.

I would first like to thank my supervisor, Dr.Arran Fernandez, whose expertise was
invaluable in formulating the research questions and methodology.

I will fondly remember the many conversations we had, be it on mathematics or
otherwise, your insightful feedback pushed me to sharpen my thinking and brought

my work to a higher level.

I would also like to thank all my teachers, especially Pr. Nazim Mahmudov and Assoc.
Prof. Dr. Suzan Cival Buranay who were both members of my evaluation committee
in addition to Pr. Mehmet Ali Ozarslan, for their valuable guidance throughout my
studies. You provided me with the tools that I needed to choose the right direction and

successfully complete my dissertation.

I would like to thank my parents for their wise counsel and sympathetic ear. You are
always there for me. To my brothers: I love you and I will be always proud and grateful

to have you in my life.

Finally, I could not have completed this dissertation without the support of my
friends: Amal, Arzu, Asma, Bashar, Hajar, Iqra, Ismayil, Laith, Latifa, Madinah,
Maram, Nessma, Nouman, Ola, Tahani, Zineb and anyone who provided stimulating
discussions as well as happy distractions to rest my mind from the pressure of my

research.

vi



TABLE OF CONTENTS

AB ST R ACT . il
O v
DEDICATTON ... v
ACKNOWLEDGMENTS ... vi
I INTRODUCTION ... 1
2 PRELIMINARIES ... e 13
2.1 Special funCHONS . .....oviti e 13
2.2 Definition of Riemann-Liouville model ......................ooo L. 14
2.3 Properties of Riemann-Liouville operators ...................oooiiiiiiiiiia.. 16
2.4 Example functions ............iiieiieiiiiiiiiie e 21
2.5 Complex partial and d-bar derivatives .............ccoooiiiiiiiiiiiiiiiiin. .. 22

3 COMPLEX ANALYSIS AND ITS FRACTIONALISATION..................... 25
3.1 The definitions of fractional Wirtinger derivatives ....................coou..... 26
3.1.1 Application to some example functions .............coovviiiiiiiiiin... 29

3.2 Further properties of the fractional complex derivatives ....................... 35
3.2.1 Complex directional derivatives ...........cooveeiiiniiiiinneiiiineeennnn.. 35

322 Leibniz rule . ..oooeei 44

3.2.3 COmMPOSItION PIOPETLIES ...ttt eeeeeeeeianaeeeeeeennnianeeenns 50

4 CONCLUSION . 62
REFERENCES ... e 64

vii



Chapter 1

INTRODUCTION

The Fractional Calculus (FC) is the usual calculus’ extension wherein the basic
operations of differentiation and integration may be taken to arbitrary orders, not only
repeated an integer number of times. The essential idea of this generalisation goes
almost as far back as calculus itself. The first known reference is the correspondence
of G. W. Leibniz and M. de I’Hopital in 1695 [22] where the question about the
meaning of the semi-derivative has been raised. At that time, Leibniz had invented the
notation of d"y/dx" yet a simple modification of symbols inspired L’Hopital to ask
him: " What if n is %? " Leibniz then replied prophetically: "This is an apparent

paradox from which, one day, useful consequences will be drawn".

This question attracted the attention of many mathematicians at the time, including
Bernoulli when he had first mentioned the word derivatives of "general order" in 1695
[21]. Then came Euler in 1730 [9], to be the first to link between the interpolation and

the question of n fractional.

In 1819, S.F. Lacroix referred to "a derivative of arbitrary order" in [20] which appears

using Legendre’s symbol for a generalised factorial starting by y = x™, with m a natural

d"y I'(m+1)
ber, he got 22 = T )
fumber, fie 8O I'(m—n+1)
dl/zy_Z\/)_c

e VT

X" which answers the initial question for n =

1/2a

These advances in the field of FC encouraged J.B.J. Fourier [27] to give his definition
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of the fractional operators obtained by Fourier’s integral representation of f(x):

)

St 0= [ slaya [ preosipte— o+ suldp,

dxt T

(where u is arbitrary).

The contribution of Abel in this field was huge [1,2] as he was the first to make use of
fractional operations when he applied them in the solution of an integral equation that
comes from the Tautochrone problem (i.e the problem evolves around determining the
shape of the curve of a frictionless point mass so that the time of its slide down under
the action of gravity, is independent of the starting point). He started with Abel’s

integral equation:

= xx— —1/2 .
k /O( 1) f(t)de

Then he operated with d 1/2 / dx'/? on both sides of the equation to get:

dl/2
dx1/2

k= Vs,

(with suitable conditions on f we have the fractional operators’ property:
D'2D~1/2f = pOf — £) It’s showing that the fractional derivative of a constant is not
always zero which is a remarkable achievement of Abel that caused a mathematical

controversy to be discussed.

Perhaps both Fourier’s formula and Abel’s solution have caught the interest of
Liouville to then make the first significant research on the FC with three substantial
memoirs and several more papers following. He would’ve used his definitions to

solve problems from potential theory [27].

His theoretical work started with the famous result:

m _ax __ _m _ax
D" e™ =a”e™,
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which was extended to derivatives of arbitrary order ¢ as:
DOC eax — aa eax

He assumed that the fractional derivative of f(x) = Y, ,c,e®" may be given in a

series form:
D%f(x) = Z cpal e,
n=0
which is called Liouville’s first formula for an arbitrary order derivative (i.e & can be
rational, irrational or complex number) however this was applicable on the functions

of the previously given form. So he formulated a second definition where he started

off by the following integral:

I :/ um—le—xudM’
0

with m > 0,x > 0, the change of variable xu =t and the definite integral of the gamma

function yields

Then operating with D* on both sides of the equation:

D(xx—m _ (_1)a /w um+a—le—xudu
L(m) Jo 7

from which we directly get Liouville’s second definition of a fractional derivative:

()T +) g
r(m) |

D(xxfm —

where m > 0. We can say that Liouville was the founder of what will be later on
referred to as Fractional Differential Equations (FDE). At this point of time there
were different definitions of fractional operators with different uses. One of them was
Liouville’s second definition for the fractional derivative that would give in case we

take m = 0 zero (i.e the fractional derivative of unity is zero).



On the contrary, by a generalisation of a case using Lacroix and Abel’s version we
obtain that the fractional derivative of order % of unity, by letting m =0 and n = % is

non-zero:

d'’? o T() Ly, 1
a2t F@)x Nz (1.1)

From here onward, mathematicians were split between agreeing on this or that

definition and justifying that choice.

Augustus De Morgan was wise enough to deal with this longstanding controversy when
he said:"Both these systems may very possibly be parts of a more general system, but
at present I incline to the conclusion that neither system has any claim to be considered

as giving the form D"x™, though either may be a form" [27].

G.F.B. Riemann developed a generalisation of Taylor series [34] and derived:

D f(x) = ﬁ / ) F ()t + (),

where W(x) is a complementary function added by Riemann to avoid the problem
of having different values for ¢ # ¢’ for the case Dy O‘C/D;ﬁ . Yet, the present-day
definition has the complementary function removed from it (thanks to Cayley) as it

caused confusion for the mathematicians about its meaning and necessity.

This one error of Riemann alongside with another made by Liouville when he didn’t
study the case of x = 0 which consequently led to a contradition. In addition to the
previously mentioned dispute about which system is correct (Liouville or Lacroix),

these reasons made the mathematicians lose trust in the theory of fractional operators.

Liouville and Hargreave worked on the generalisation of Leibniz’s rule for nth



derivative (n is not a natural number).
D*[f Z ( )D”f (x)D* "g(x). (1.2)

Where D" is the ordinary derivative and D*™" a fractional derivative, and

ay _ _ T(a+1)
() (e —n+1)

applications [Ross,Greer].

This generalised Leibniz rule can be useful in many modern

Sonin is considered as the first building block in what will be later known as Riemann-
Liouville definition [36]. A.V. Letnikov made an extension of this work starting from

the Cauchy’s integral formula:

D) = 2 / %d& (1.3)

2mi cls—1z
The generalisation is relatively intuitive however the integrand function contains a

branch point instead of a pole which requires a branch cut in an appropriate contour.

The theory of generalised operators has reached a suitable level to be considered as
a starting point for modern mathematicians after H. Laurent’s publication in 1884.
His contour was an open circuit in a Riemann surface in contrast to Letnikov’s closed

contour which resulted:
1 X
D%f(x) = — —1)% 1 1.4
0 = g [ G0 (1.4)

where Re(a) > 0. When x > ¢, The previous definition coincides with Riemann’s

definition without the complementary function ¥(x).

The most used version is when ¢ = 0. A sufficient condition for the convergence of the

integral is

f(—) =0(x'9), (1.5)



with € > 0. These functions are referred to as functions of Riemann class. When

¢ = —oo, the convergence condition becomes:
f=x)=0(x"%7%), (1.6)

with € > 0, x — oo. These functions are referred to as functions of Liouville class.

FC theory grew quickly, primarily as a mathematical foundation for a variety of
applied disciplines such as Fractional Geometry, Fractional Differential Equations
(FDE), and Fractional Dynamics. FC has so many applications currently that we may
nearly conclude that no subject of modern engineering or science in general is
unaffected by its tools and approaches. For example, applications can be found in
rheology, bioengineering, electrical and mechanical engineering, viscoelasticity,

acoustics, optics, robotics, chemical and statistical physics, control theory,... etc.

The fact that these new fractional-order models are often more accurate than
integer-order models is the major reason for FC applications’ success. The fascinating
feature of the subject is that fractional operators are not local values; they consider the
complete history of the process, allowing you to model non-local and dispersed

effects that are common in natural phenomena.

FC can be considered as an excellent set of tools for describing hereditary properties

and the memory of various materials and processes.

We refer to mathematical textbooks such as [18, 19,27, 30, 35] for the general theory

and others such as [16,17,25,26,39] for details of applications.



Conversely to the previously defined field, Complex analysis is a classical branch of

mathematics widely known.

Complex numbers arose from the need to solve cubic equations rather than the
quadratic ones, the commonly believed myth, as the later were already solved by

Al-Khwarizmi (780-850) in his Algebra book.

If we consider the general cubic equation:
X 4ax’ +bx+c=0,
using the change of variable s = x + 5 we can reduce the previous equation to:
5>+ ps+q=0.

If only positive values of s and positive coefficients are admitted then we have three
forms of depressed cubic equations:
o B tpx=
px=q,
3 _
* X =px+gq,

. x3+q=px.

Scipione del Ferro, a professor at the University of Bologna until 1526, was the first
to find the solution for the first equation. The formulae of solutions for all three
equations were then published in Cardano’s Ars Magna (1545) [6]. In the solution for

the second equation emmerged a difficluty namely a square root of a negative number:

= +—</1—|— —l—i/l
x=utv={/sq+w 74— W

2 3
1 1
Where w = \/ (QQ) - (gp) . The "casus irreducibilis" is when the expression

under the radical symbol in w is negative. In Ars Magna, Cardano ignores mentioning




it which kept the suspicion by mathematicians regarding the negative roots which were

described as ‘false’ at the time.

Rafael Bombelli completed Cardano’s work in [5] where he discusses the "casus
irreducibilis" fully. His great insight was treating v/—1 as a number, and calling it
"piu di meno" when he considers the second equation for p = 15 and ¢ = 4 using

Cardano’s formula

X = {’/24—\/—121 + 6/2—\/—121.
By putting, v/2++/—121 =a+by/—1 and \/2 — /=121 = a—b\/—1, and after some

algebraic manipulation he found a = 2, b = 1 substituting back into x =a+bv/—1+
a —by/—1 =2a = 4. Eventhough this trick worked only in a few cases, yet it was
a major shift that helped to understand more about what’s going to be referred to as

imaginary numbers and how to manipulate them.

René Descartes (1596-1650) used the term "imaginary" in his book [8] saying:
“Neither the true nor the false [negative] roots are always real; but sometimes only

imaginary.”

Later, John Wallis (1616-1703) notes that negative numbers can be represented
geometrically, by a line with a zero in the middle, where positive numbers are points
to the right of the zero mark , and negative numbers are to the left of zero. This helped
in finding a geometric interpretation for complex roots of a quadratic equation with

real coefficients.

To simplify the mathematical operations over these newly discovered numbers,
Leonard Euler (1707-1783) standardised the notation of i = y/—1 and the i being the

8



first letter from the word "imaginary". He had major contribution to this field by using
the imaginary numbers to solve quadratic and cubic equations, visualising complex
numbers as points with Cartesian coordinates, and defining the complex exponential

and proving €% = cos(0) 4 isin(0).

In 1831, the first rigorous definition of complex numbers was proposed by William
Rowan Hamilton (1805-1865). He defined the ordered pairs and has seen the complex
numbers as a couple of real numbers a and b i.e. a+ bi = (a,b). Then he defined the
operations (addition and multiplication) of couples (a,b) + (¢,d) = (a+c,b+d) and
(a,b)(c,d) = (ac — bd,bc + ad). This definition shows the consistency of the theory

of complex numbers starting from the consistency of the real numbers.

The concept of analytic function first appeared in the memoir of Augustin-Louis
Cauchy (1789-1857) published in 1825 where he initiated complex function theory.
He dealt with complex integration describing a method to pass from the real to the
imaginary field where the calculation of an improper integral becomes easier. He
showed that the path doesn’t change the value of the integral if there are no

singularities.

By his publications, Cauchy had established the field of complex analysis, as one of

the pillars pure mathematics stands on until today.

B. Riemann was the next major figure in complex analysis. He laid the groundwork
for a universal theory of complex functions by establishing "Riemann surfaces" and
defining holomorphic functions as complex single-valued functions on Riemann

surfaces that fulfill the Cauchy-Riemann equations. Riemann introduces his mapping



theorem towards the end of his dissertation: "Two given simply connected plane
surfaces can always be related to each other in such a way that each point of one
surface corresponds to a point of the other, varying continuously with that point, with

the corresponding smallest parts similar." (Riemann 2004, 37)

Riemann may not have contributed as much to the theory as Cauchy did, but him
recognising the necessity of the existence of a complex analysis really put the field on

solid mathematical ground for the first time.

After this quick history on how both FC and Complex Analysis have started and

developed over the years, It’s high time to speak about the link between both of them.

FC has gained success as it offered better description for the dynamics of complex
systems from a variety of scientific and engineering disciplines since the order of
operators is arbitrary: complex or real not just an integer. However, we find lots of
examples where the functions themselves are complex-valued so how to deal with

such a situation?

It seems that, despite the definitions and results laid out in standard sources such as
[35, §22], much of the power of complex analysis has been neglected in the study of
FC. This is unfortunate, because complex analysis is a very important and powerful
branch of mathematics [3,7]. The theory here has a very different structure from in
real analysis, where each level of nth-order differentiability gives a different class C"
of functions; by contrast, complex differentiability is a very strong statement with
implications including smoothness, existence of Taylor series, and unboundedness at

infinity. Applications of complex analysis may be found both within mathematics and

10



also in science and engineering.

The relationship between real and imaginary parts, both of a complex variable z and
of a complex function f(z) is one of the essential building blocks of complex analysis.
The Cauchy-Riemann equations, on the differentiation of a complex function f(z)
with respect to the real and imaginary parts of z, form one of the first starting points of
complex analysis. The Kramers-Kronig relations between the real and imaginary parts
of an analytic function have many applications in physics [24, 29], while the d-bar
formalism based on the Cauchy—Riemann equations has been very useful in solving

assorted partial differential equations [3, 13, 14].

Unfortunately, none of these tools have discovered analogues in FC.
* There is no Cauchy—Riemann type relationship between the usual fractional
derivatives of f(z) w.r.t the real and imaginary parts of z.
* This means there are no Kramers—Kronig relations to be used in fractional
control problems.
* A fractional version of the complex d-bar derivative has never been defined, so

there is no d-bar formalism to be used in solving FDEs.

In the current work, we propose a definition of fractional complex derivatives which
is specifically designed with these important ideas of complex analysis in mind. It’s

actually a fractionalisation of Wirtinger derivatives.

Similarly to the Cauchy—Riemann approach to complex analysis, we start with the
usual definition of fractional differentiation in the real line. Instead of simply using

the same formulae (2.3)—(2.4) in the complex case too, we define complex fractional

11



derivatives with respect to z = x + yi by directly combining the real fractional
derivatives w.r.t x and y. In a similar way we can also define complex fractional
derivatives w.r.t Z = x — yi and thus obtain for the first time a d-bar fractional

derivative.

The initial idea that inspired our work is a simple one, but the FC thus obtained turns
out to have surprising depths and complexities. There are two different ways of
defining the fractional complex partial derivatives, which are not equivalent either to
each other or to the original Riemann-Liouville complex fractional derivative.
However, both of them can be related back to the Riemann-Liouville derivative by a
linear transformation with an initial-value error term, similar to the one linking

between Riemann-Liouville and Caputo derivatives.

12



Chapter 2

PRELIMINARIES

Fractional calculus (FC) has expanded rapidly in the last few decades, partly due to the
discovery of many real-world applications in assorted fields of science. The question of
exactly how to define a derivative or integral to order &, when & is not a whole number,
has not been uniquely answered. There are many different formulae and definitions:
some of them dating back decades or centuries, others only a few years old [12, 35].
The different theories of FC thus obtained are not entirely separate, as many of them
share similar properties and can be analysed using similar methods. This reflects the
notion of a classification of the various operators of FC into broad classes [4], such
as the class of fractional operators w.r.t functions [35, 37] or the class of fractional

operators defined using analytic kernel functions [4, 12].

Let’s first start with some special functions that we need all along this thesis:
2.1 Special functions
Gamma function

I'(z) is a continuous generalisation of n! which is defined as the following

I'(z) = /0 i le gy (2.1)
Two important formulae are:
Reflection formula: I'(z)['(1 —z) = sinztnz)'
7221
Duplication formula: I'(2z) = T(2)T(z+ %)

V()

13



Psi function
Using the derivative of the Gamma function we obtain a definition for a new special

function:

1
Useful values: ¥(1) = —7, lP(%) =—y—In4, ¥(n)=—-v+Y;, o with 7y as Euler’s

constant.

Fractional exponential function

It is denoted as E,(.,.) and defined as the following:

W(0,a) = o
@) =x Z OC+n—|—1)

n—

Hypergeometric function

It’s a solution of a 2nd degree ODE with 3 singular points and it’s defined as follows:

i Ila+n)T(b+n) T(c) x"
= T(a) I'(b) T(c+n)n!

2Fi(a,b;c;x) =
In this research work, We will simply focus on the most used definition of fractional
operators, Riemann—Liouville. This is the usual starting point for studying FC, the
fundamental definition to which many others can be connected, and therefore it will be
the commencement of our fractional d-bar derivatives’ study.

2.2 Definition of Riemann-Liouville model

We take inspiration from the following theorem:

Theorem 2.1 (Cauchy formula for repeated integration): For n € N we have

// / / f(xp)dxy...dx) = G 11) /( —t)"_lf(t)dt. 2.2)

Proof. By induction, first forn =1

14



is true.

Assume it’s true for n and let’s prove it for n+ 1

& (o [ wmirrar) =4 (% ' (Z)xk(—t)”"‘f(t)dt>

_y m% [xk / x(—t)"—kf(odt]

&

=3 i [ [ o )
" kzo kﬂznlf’k)k ()

- zg k!(n —11 —k)! /cxxk<—f>"”f(t>dt +(1-1)"%"f(x)

By integrating both sides:

o s = [ [0 oy

at x = ¢ we get that C = 0. So the proof is complete. [l

Definition 2.1 (Riemann-Liouville fractional integral [27,30,35]): In the Riemann-
Liouville model, the fractional integral to order o o f(x), with constant of integration

¢, 1s defined as:

1

27 = s / - E) (&) de. 23)

The requirements on f, &, x, and ¢ may be set in various ways. We always have either
o > 0 (in the real case) or Re(cr) > 0 (in the complex case). Usually the constant c is

taken to be either 0 or —eo, in which case the fractional integral is said to be respectively

15



of Riemann type or Liouville type.

Definition 2.2 (Riemann-Liouville fractional derivative [27,30,35]): the fractional

derivative to order o of f(x), with constant of differentiation c, is defined as:

DEF) = S (), 0= (Re(a)] +1 4

Here we have either o > 0 (in the real case) or Re() > 0 (in the complex case). Note

that the number 7 is chosen so that n € N and n — o is positive or has positive real part.

It’s crucial to mention that the fractional integrals and derivatives defined by (2.3) and
(2.4) can both be considered as two sides of the same coin. If we write
A% f(x) =. D;*f(x), then we have a quantity .D% f(x) which is defined for all @ € C
and which we may call a fractional differintegral. It turns out [35] that this quantity
is an entire function of &, and thus the fractional derivative formula (2.4) is an
analytic continuation in & of the fractional integral formula (2.3). This demonstrates
the naturality of the Riemann-Liouville definition of FC.

2.3 Properties of Riemann-Liouville operators

Properties of fractional operators are not always exactly what would be expected from

extrapolating the known properties of classical calculus.

Semigroup Property
Riemann-Liouville fractional integrals have a semigroup property, namely the

following identity:

Theorem 2.2: Let f be continuous on J for all x we have:

JEAP f(x) = 2P £ (), (2.5)

16



whenever Re(f3) > 0.

Proof. ForRe(f) > 0and Re(a) < O then,

d" n
cxclﬁf( ) dx n6‘13?+ lef(x)v

_ d" OH-ﬁ—i—n
d an f( )

= cl)?Hﬁf(x)-

We need to prove it for integrals to complete the proof (i.e for Re(f8) > 0 and Re() >

0):

1%.1P f(x) = x—0)* P f(1)dt

¢ )
:ﬁf?x 0* gy [ -0 rwaa

//x N e —w)P f(u)dudt,

== fu/xtalt w)Pdtdu.
F(a)F(ﬁ)/c W f, o

t— dt
By this change of variable v = Y sodv=

X—u X—u

X 1
%P F(x) = W / f(w) /0 (=) (1= )] o — )P~ (x— v,

—; ' u x—uoﬂ'ﬁ_1 1 —va_lvﬁ_lvu
e | S0 -0 e v,

:; ' u x—u‘HB—] u

@ S0P e B

__ u)(x—u) P lay
i L S0

=17 f(x).
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Composition rule
Riemann-Liouville fractional derivatives do not have semigroup property. Even for a
standard n times repeated derivative, we have:

Theorem 2.3: Let n be a natural number and D" f be continuous. We then get:

— )k n+o
IE(DLf(x) = 12" f(x Z k nratl)

Dff(c), waeC. (2.6)

Proof. Let Re(a) > 0 in all the following
1. Fractional integral of an integer order derivative

By induction, We start with n = 1:

250 = oo | )= o),

I'(a)
_ ﬁ [<x_r>“—‘f<r>]ﬁ—ﬁ/:<—a+ D(x—1)* (1),
- _ﬁ [(x— )" £(0)] + ?(—;;/cx(x—t)“‘zf(t)dt

~ e L e wa =g L,

_ - (x—c)* ' f(c)
_clx lf(x)_ F(a) :

So we have proven a commutation relation between ordinary differentiation and

fractional integration:

d - d (x—)*'f(e)

— I 187 f(x) =, 1% — :

e BP0 =) = 1 o f0) +
We notice that when f(c) = 0 or when ¢ = —oo f decays at infinity, we have a semi
group property.
Now, assume it’s true for # i.e.

o (yn a—n . C)kinjLa k
1 (DLF() =, I g D@

and we prove it for n+ 1.
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2. Fractional derivative of an integer order derivative

Let m = |Re(o)| + 1 so that
o dm -
DEF() = S IO ()

We use this definition together with the result we proved for "fractional integral of

integer order derivative" to prove.

o DEf(x) = DI £ (x)
R
— % (CI;n—a-i-nan ; m)m aaikl?jfl() )>
— D (DLf()) + k_zl o it . L ey
(PxI () +:§ L(m ?gfl)ﬁt 1)
e g
¥ (DLf () nz'l I'(k )kaa nnDj];() :
Proof is complete. =

Remark 2.1: This last relation is exactly the relationship between Riemann-Liouville

and Caputo derivatives for n = |Re(a) | +1
19



n=1 (v _ cY—apkf(e
BDE () = £0ep() + Y, B DI

& Tk—a+1)
d”l

Caputo derivative is defined as ¢ D% f(x) = ﬁfLIf_“ f(x) where n = |Re(at) | + 1.
x

Many sources, including for the most part standard textbooks such as [27,30], use the
convention that the variables x and & must be real. This assumption is often merely
for simplicity, and because for many practical applications it is sufficient to have these
variables in R or even just in a finite interval such as [0, 1]. However, it is also possible
to use the above formulae for complex ¢, and when x is complex there is an equivalent
formula [28] using a contour integral in the complex plane instead of the line segment
[c,x]. These ideas were discussed briefly in [30, §3.4] and [35, §22], and extended
beyond the Riemann-Liouville model in [10], but rarely used in later research into the

properties and applications of FC.

Leibniz rule

For example, we have the following fractional Leibniz-type formula [31,33]:

Theorem 2.4: For f is continuous and g is analytic on the interval [c¢,x]. For Re(a) >

0 we have
DY (f(x)g(x)) = Z (j)cDx Tf(x)cDig(x), o,x € [c,x]. 2.7

Proof. g is analytic so

with ¢ € [c,x].
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1 = (-1
D% (f(x)g(x)) = r(_a)/c (x t)alf(t)j;)( j!) CD)]Cg(X)(X—t)Jdt
L &=y —o-
it &, S o) =0 o
e £ bl - w0 )
_ f‘b (‘;‘) DI f(x):Dig(x)

~1)/T(j - (1
We used the following result (DTG - o) = (1+a)

I(—a)j! jIT(l—j+a)
2.4 Example functions
Power function
For any o0 € C we have:
Dax’l _ F(A + 1) x/lfa

I'—a+1)

The special case when A =0
1
D(Xl - - «
T(—a+1)"

It shows that a constant’s Riemann-Liouville derivative is surprisingly not equal to

Z€r10.

Exponential function

For any oc € C we have:
D% = E.(—a,a)

Where E,(.,.) is the fractional exponential function.

Logarithmic-type function
For any ¢ € C and using:

T(A+1)

mxﬂ—a lnx+W¥(A+1) - ¥4 —a+1)]

D% [x)“ lnx] =
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We obtain directly for A =0

1

DI = w57

x YInx+y—¥(—o+1)]

2.5 Complex partial and d-bar derivatives

We begin with a short review of the basics of complex analysis. It is necessary to
review these in detail in order to see how we may extend them to a fractional scenario.
Let us consider a function f(z) of a complex variable z = x+ yi € C. This can also
be considered as a function f(x,y) of two independent real variables x,y € R. As a

bivariate real function, it can be differentiated in two possible ways:

d d
a—ic(x,y) and a—JyC(x,y)-

Let us assume that f is real differentiable, i.e. that the above two partial derivatives are

well-defined.

There is a bijective linear mapping between the pair of independent real variables x,y

and the pair of complex variables z,Z, namely:

INT
I

Z=x+yi and X — yi;
x=1%(z+32) and y=(z—2).
This gives rise, via the bivariate chain rule, to another pair of partial derivatives which

are usually denoted by ‘;—Jg and g—é and defined by the Austrian mathematician Wilhelrn

Wirtinger as follows:

Definition 2.3 (Wirtinger derivatives, [40]): The partial derivatives of a complex

function f w.r.t z and Z, respectively, are defined as:
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af 1 af 1 af 1[af of

Z‘E'%*E'E‘E(a_x_la_y)’
r_tr 1 s 1 (ar o)
7 2 dx 2 dy 2\dx dy/)’

Note that these are not partial derivatives w.r.t two independent variables, although it
is often useful to consider them as such for formal manipulations whose conclusions
be justified rigorously. It is also easy to show that the sum, product, and quotient rules

still hold.

Remark 2.2: The Wirtinger derivatives can be considered in between the real
derivative of a real function and the complex derivative of a complex function.

For f(z) = f(x+yi) = u(x,y) +iv(x,y) we have the following:

OF 1 fouly)  av(ny) . dv(ny) dulxy)
3_Z_2< ox dy il ox dy ]> @28
df 1 (du(x,y) dv(x,y) .0dv(xy) du(x,y)
3_2_2< ox dy il ox dy ]> 29)

Furthermore, the existence of these derivatives relies only upon the real
differentiability of f (w.r.t x and y) and does not imply complex differentiability of f
with respect to z: it is possible to find a function f such that the ‘partial derivative’ ‘3—§

exists but the usual complex derivative % does not.

For a complex function f to be complex differentiable, the Cauchy—Riemann
equations offer both necessary and sufficient conditions.
Namely, f(z) = f(x+yi) = u(x,y) +iv(x,y) is complex differentiable if and only if it

is both real differentiable and satisfies the following equations:

au_on
dx dy

o
dy  ox

and (2.10)

These equations are sometimes used as a definition of complex differentiability, in lieu
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of the more natural (equivalent) definition in terms of the existence of the limit

af et £
dz h—0 h

(2.11)

Another equivalent definition is in terms of the d-bar derivative defined in (2.9).
Namely, the function f(z) = f(x+ yi) is complex differentiable if and only if it is

both real differentiable and satisfies df 0
0z
Furthermore, if f is complex differentiable, then the ‘partial” derivative ‘;—J; defined by
(2.8) is equal to the usual complex derivative % defined by (2.11). Thus we see a

fundamental connection between the concept of complex differentiability and the two

quantities defined by (2.8)—(2.9) whose existence depends only on real differentiability.

How can this connection be extended to fractional derivatives? That is the
fundamental issue this thesis seeks to address. With standard 1st-order differentiation,
the real derivatives, complex derivatives, and complex partial derivatives all
interconnect to one another nicely. These connections may be extended to nth-order

differentiation, for n € N, by taking powers; for example, we have:
IS _V(F) P
9207 4\ dx2 o2 )’
Y NN T
073 8\ dxd ox2dy T oxdyr  o9y3 )’

3
the second of which gives an expression for % when f is analytic, while the first
shows that any analytic complex function is harmonic. With standard fractional-order
differentiation, the connections are lost: the fractional ath derivatives with respect to

x, y, and z = x + yi are not interrelated, and the fractional d-bar derivative with respect

to Z = x — yi has never been defined at all.
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Chapter 3

COMPLEX ANALYSIS AND ITS FRACTIONALISATION

In Chapter 2, we’ve provided some background on the differential operators of
complex analysis in the non-fractional case, before defining our new operators and
finding the correct function space for their domain. To illustrate this work, we
consider how the operators apply to some important example functions. In Chapter 3,
we’ll conduct further analysis of the new operators: interpreting them as complex
directional derivatives, proving their connection with the usual fractional derivatives,
recovering a natural generalisation of the Leibniz rule, and investigating compositions

of the new operators.

We emphasise in particular the very natural form of the Leibniz rule (Theorem 3.3
below) and the relationship between the fractional complex partial derivatives with
respect to z,Z and the usual fractional complex derivative with respect to z (Theorem
3.2 below). These results indicate that the definition we have proposed is the natural

extension of Riemann-Liouville FC to the context of complex analysis.

Motivated by the linear relations (2.8)—(2.9), we shall now propose a new definition
of FC in the complex plane which is, in our opinion, a better extension of the usual
complex analysis than is provided by the Riemann-Liouville definition (2.3)-(2.4).
As we shall see, in our new formulation fractional derivatives with respect to both z
and 7 emerge naturally and with properties similar to those of the n-times repeated
derivatives with respect to z and Z which we considered above.
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3.1 The definitions of fractional Wirtinger derivatives

Before stating our new definitions, we begin by showing how to derive them in a natural
way motivated by the above discussion.

As we saw above, complex repeated derivatives with respect to both z and 7 can be
defined by taking powers of a% 1 ( aax i 59 ) and using the binomial theorem for

powers of a sum of two terms:

Definition 3.1 (Integer order Wirtinger derivatives): For f a complex function
with a complex variable z = x 4 iy, we have the following:

M _ 1 (9 IN () k9" . N
azr 2" ((9}6 lay) =) (k)( 2 dxkdyr— axkay # = Z() dx—kgyk’

k=0

f 1 (9 O\ (M\auk_ 9 - (m\x_ 9"f
oz 2n (8x+l8y) f _,;O(k>’ dxkgyn—k kzo<k)’ Dxn—k gk

But the binomial theorem applies to fractional powers as well as integer powers.
Therefore, the same idea can be used to define fractional iterations of the operators 8%

and a% by taking fractional powers of % (% — z(%) and % (% + z%) We thus obtain

the following definitions.

Definition 3.2 (Fractional order Wirtinger derivatives): The fractional complex
partial derivative of a smooth (infinitely real differentiable) complex function

f(z,Z) = f(x+yi) with respect to z may be defined in either of two possible ways:
OS5 =27" Z ( ) 2 DD, (x+ i), 3.1

0 f(20) =2 “Z( ) @D DI f (et i), (32)

provided these series converge. In each case ¢ is a real constant, ¢ is a complex

parameter, and the real fractional derivative .D%" is defined using Definition 2.1.
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Definition 3.3: The fractional complex partial derivative of a smooth (infinitely real
differentiable) complex function f(z,Z) = f(x + yi) with respect to the complex
conjugate 7 may be defined in either of two possible ways, corresponding respectively

to (3.1) and (3.2) above:
10%f(z,7)=2"¢ Z ( )ei’m/chg‘—"pg f(x+yi), (3.3)

a 2—0(2 ( ) OC n/2Dl’l D(X nf(X—‘r-yl), (34)

provided these series converge. In each case c is a real constant, & is a complex

parameter, and the real fractional derivative .D%" is defined using Definition 2.1.

The double formulae in each case are a new feature which arises in the fractional
context. This corresponds to the fact that there are two possible binomial series for an
expression (a + b)* with a ¢ N — namely, one with integer powers of a and fractional
powers of b, and the other vice versa. For numbers a and b, the two series would both
converge to the same answer, according to which of a and b has larger magnitude.
In our case, the @ and b are not numbers but operations, and the two series are not
necessarily equivalent; their convergence too is harder to analyse. As we shall see
from some example cases below, the two ways of defining complex partial derivatives
are not equivalent to each other in general, and neither of them is equivalent in general

to the usual complex fractional derivative .D? f(z,Z).

Remark 3.1: For the type-2 definitions, (3.2) and (3.4), we note that the expressions
(" and (—i)*™" are not uniquely defined in general, due to the nature of complex
in/2

powers. We have chosen the principal branches (i = ¢'*/< and —i = ¢~®/2) in order to

preserve inversion properties such as i*™" - (—i)*™" = 1.

27



Definition 3.4: Consider bivariate functions ¢(x,y) defined for x + yi in a
two-dimensional disc D(c,R) in the complex plane. We define the function space C

as follows:
Cx(D(c,R)) ={¢ € C*(D(c,R)) : 3B € R" such that
Vn €N, |D}¢| < Band |Dj¢| < B},

where the C* condition denotes infinite real differentiability w.r.t the real variables x

and y.

Theorem 3.1: The fractional complex partial derivative operators 19%, 1%, 20%, 29%
defined above by (3.1)—(3.4) are well defined for any f € C3(D(c,R)) and for any
o € C and finite ¢ € R.

Proof. Suppose f € C3. Since f(x+ yi) is infinitely differentiable with respect to

both x and y, clearly each term from each of the series in the definitions (3.1)—(3.4) is

well-defined. It remains to show that the series converges in each case.

009 f(z,2)| =

[ee] a .
27« Z <n) e_’”"/chf_"D;‘f(x—k iy)
n=0

()

It is sufficient to consider the tail of the series, which means we can assume

DYDY f(x+iy) |, -

n > |Re(a) |+ 1 so that D*™" = ["~% is a fractional integral. A standard bound for

fractional integrals [35] gives us in this case:

|DE "Dy fle )| <

Rr—Re(a)
(n—Re(a))[I'(n

within the disc D(c,R). From assumption, f satisfies the condition |Dff| < B for all

It

n € N, where B is fixed independent of n.

So we are interested in the convergence of the series
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Rn—Re(a)
(n—Re(a))|T(n - o)

R—Re(a)
(n—Re(a))[T(n— )|’

%)

which converges absolutely by the ratio test.

IDYfllz> < B ZO
n=

(+)

In an identical way we can prove that 0% f(z,Z) is well defined. And for 29%f(z,Z)
and 202 f(z,7), we need to take the condition | D} f| < B and follow the same steps as
in the proof above with slight modifications. [
3.1.1 Application to some example functions

Having proposed the definitions for our fractional complex partial derivatives, we
should investigate how they behave when applied to some elementary functions. In
this section, we examine how the operators apply to exponential functions and power
functions. This will demonstrate that our new derivatives are different from the
standard fractional derivatives, and also that the two alternative definitions are

different from each other.

Firstly, let us consider the case of f(z,7) = ¢* and ¢ = —co:

29



n=0 \"
—9—« Z (OC) (_l-)naa—neaX(al)n ayi
n
n=0
9y« i (a)a (x+iy)
n
n=0
_ aaeaz’
< /o . .
Z_Waza (Z Z) 9« Zb n e—m’(oc—n)/2D)rct_OODSC—nea(x—i-yt)
n—

)

A/_SAA
N—— — N~ '

e—iTL’(OC—n)/ZD;l (eaX) _OODSc—n (eayi)

I
~
Q

gk

i
(=)
S

(_i)ocfnaneax(ai)afneayi

[
~
S}

gk

n=0 \"
—ave (XN, na— ;
] Z (_l)oc na(xea(x+zy)
- n
n=0
— g%e®

Similarly, under the assumption that Re(¢a) > 0, the fractional d-bar derivatives are:

V0% f(z,2) =2 “Z(

(a

mn/2 D(xannea(x+yi)
—ooly Y

2n 261 o a(x+yl)

M

\_/\_/

|
Q
R
Q
::
=
J’_
=
3
1
VRS
S R
~
T
[—Y
S~—
E}
Il
L

e n(a—n)/ZD;z_ooD;x—nea(x—i-yi)

| &
8
AL
>
i\l
I
"
R
gk
S R
N———

3
Il
o

j2(a=n) (Za) Ocea(x+yi)

3
Il
o

I
~
Q
13
A/~ /X
S R
~—

3
Il
o

I
Q
m
f?
J’_
‘S,
ok
VR
S R
~
T
(S
S—
R
i
Il
()

(The assumption Re(a) > 0 is necessary for the series Yo (%)(—1)" to converge.
This does not violate the result of Theorem 3.1, which guarantees convergence of the

series with no conditions on ¢, because in that theorem ¢ was assumed to be finite, and
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here ¢ = —o0.)

In this case, the results for the fractional complex partial derivatives with respect to
z agree precisely with the usual fractional derivatives using ¢ = —oo, and those with
respect to Z are zero just as expected for an analytic function. Our next example shows

that this is not always true.

Let us consider f(z,Z) = 2" withm € Z; and ¢ = 0:
N rane (O i _ ,
R W (i

L az( )ciraey (et

r=0

s az( )Z(T> r—atn(yiym-r-n

r=0
Now we take k = m —r —n, so that m — o« —k = r — @ + n in the exponent, to get:
! - !
1y N M _o-a m. m—o—k ( ~\k
0%z f(ZaZ) (m_a) Z ( )k mZ,H_I k‘(m—a—k)'x (yl) :

Similarly, for the type-2 derivative:

o
n

502 f(z,2) =27

s

) e—iﬂ(a—n)/ZDﬁoD)(zc—n (X + yi)m

3
Il
o

o (m
—l OC nDn Da—nz (r)xm—r(yi)r

r=0

I
[\)
Q

ok

Il
[\)
Q
S
Lr-ls
7N N N
S Q = Q
\_/vv

(,,)D"< ) DS (i)

3
Il
o

I

[\)

&
13
~/~
S R

i
[e]

- (I’l’l OC) —r—n r—otn
; (m—a)!(m—r—n )(r—oc+n)!xm i)

Againtakingk=m—r—nsothatm—o—k=r—a +n:
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290 (xw —in(a— n/2DnDocn
0 2D =2" ) () ()"

(o)

g m! o\ 'S (m—a)! O
=2 (m—a)zn;(n> L k!(m—oc—k)!xk<yl> k

k=—n

m! o > m! e
BCE Z() Y fm—amr o

k=m—n+1

Similarly, for the fractional d-bar derivatives:

007 f(2,2) =27¢ i (a
n=0

) eiﬂ:n/ZODgcan;(x +yi)m

R RO e
i z—a; @ izng (m—r—n)n:(!r—Oc+n)!xr_a+n(yl)m o
S (o £

< L mamt o
L () L e

s

(Z)azaf(%f) =27

3
Il
o

jE—ntr i (m) xm—r—n<y)r—oc+n (m — l’) r!

(m—r—n)!(r—o+n)!

n=0 r=0

=) ¢ i o iz(a—”) i m! ot n(yl>r o+n
= \n = (m—r—n)!(r—a+n)!

— o - (m—o)!

_(m o) 2 nzb( ) rzz)(m—r—n)!(r—own)!

R
L () v

_2an;)<n>(_l)an i k!(m—m;—k)!xk(yl)m o—k
—reE (e T ek

Example 3.1: To illustrate the above result for 7, let us consider the simplest case
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m = 0. We find the fractional d-bar derivatives of the constant function f(z,7) =z = 1

with constant of differintegration ¢ = O:

_ —o 10 - ( X -
= e ) T e R Ca)l

-2 [5 x (> <‘1)"] [(—loc)z z () <y¥)k] ) <i_r:>’]

==2"%lax"*(1-1)%

(207
rl-—o)’

provided we assume Re(@) > 0 so that (1 —1)* = 0. Similarly we have

jarn =2 % (7)o

k=n=0 :
o0 _1\n oo k(v —k ino/2,,—a
— 0| oy ,iT0)2 —0 (=1) x*(yi) _€ Y
2 [‘” Y r;)n!(oc—n)',;)k‘(—a—k)! (—a)!
; l & [« 1 & =)\ [x\F
_ _ =y ina/2 -0 | T _1\n A
e | B ()] [ £ () 6
eiﬂa/zyfoc

_ (F2y)7
CI(l-a)’

again under the assumption that Re(a) > 0.
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For complex partial derivatives with respect to z, we do not need to assume Re(a) > 0,

because in this case the argument is like above but with (1 + 1)% instead of (1 —1)%:
! yi\™* 1 x @

00X (1) = T2 gl Y (1 + D) [T+ = —~

09 (1) = o [ DT ) e Co)

Z—a_z—a+(2x)—a B <2x>—oc '
I(l-a) CT(l-a)

) ()"
I'l-a) rl—a)

All of these results can be confirmed by a simple manipulation directly from the

definition of the fractional complex partial derivatives:
—n—a i o inn/2 Da—nDn(l)
- « \ n € c“x y
n—=

_y—a XY in0/2 o1y —alx—c)”
_2 (O)e CDx(l)_z F(l_a)a

2 n)/2pn —n
20%(1 :2“2() Ha=m2pr . DD (1)
—-a

OC) ein:oc/ZCD;z(l) —9« (;’(;yl) ) 7
—a

Il
~
Q
VR
()

and similarly for the derivatives with respect to z as well as Z. Therefore, we have
verified that our expressions for the fractional complex derivatives of 7 are correct in

this case.

After this, we can easily get the fractional complex derivative of any constant function

f(z,Z) = K, as a multiplication of K and the fractional complex derivative of 1.
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3.2 Further properties of the fractional complex derivatives
3.2.1 Complex directional derivatives
In the usual complex analysis, it is well known that if a complex function F is analytic,

then

_dF _dF _ dF

Flp=2 =2 = 80
O L

(3.5)

The proof of this identity is by considering the real derivatives with respect to x and y
as directional derivatives in complex two-dimensional space. The complex derivative

%—f must be independent of the direction in which the limit in (2.11) is taken; by taking

this limit in the horizontal and vertical directions, we obtain respectively % and —i %.

Is it possible to find a similar identity for fractional complex derivatives?

In the following two Lemmas, we prove identities analogous to (3.5) between the
fractional derivatives with respect to z, x, and y, under the assumption that the
function in question is analytic. In the fractional context, it is necessary to consider
the constants of differentiation, and these will play a role in the relationships derived.
Finally, we can use these two Lemmas to prove a theorem relating our new fractional

complex partial derivatives to the usual fractional derivative with respect to z.

Lemma 3.1: If F(z) = F(x+ yi) is a complex analytic function, then the fractional
differintegral with respect to the real part x can be written in terms of the fractional

differintegral with respect to z:
DB [F (x+ yi)} = iy DPF(2), (3.6)

for any complex number 3, where the right-hand side is defined by first taking the

fractional integral aDg F(z) with respect to z and then setting a = ¢ + yi afterwards.

Proof. Firstly, we rewrite the fractional x-integration operator in terms of z.
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For Re(f3) < 0 (fractional integration) and for any L! function F, we have:

D [Pend] = gy [ )P e

1 X—+-yi

= x+yi— )P
5 /C+yi<+y 0 P1F(g)ag

= c+yiDEF(Z)7

where in the second step we substituted { = & + yi, and where the variable z is taken

to be x + yi as usual.

For fractional differentiation, things become more complicated and we will need to use
(3.5). For Re(P) > 0 (fractional differentiation) and for a complex analytic function

F(z) = F(x+yi), we write m = |[Re(B) ] + 1 and recall the definition:

DPF(z) =, DPF(z) = {d—n;aDﬁ "E(z )} .
a=c+yi

c+yi—z

a=c+yi

Since F(z) is an analytic function, its Riemann-Liouville fractional integral
an “™F(z) is also analytic. So, by (3.5), applying d% to this function is equivalent to

applying % to it, and we have:
m m
c+yiD§F(Z) = [d—maDﬁ "F(z )} = {@al)ﬁ "F(z )} .
a=c+yi a=c+yi

Now the quantity ¢+ yi is treated as a constant when differentiating with respect to x

only. So setting a = ¢ + yi before or after the differentiation makes no difference here:

m
DPF d

DPF@) = | S DRG] = S pt )

m
a=c+yi dx a=c+yi

Since aDg “"F(z) is a fractional integral (Re( —m) < 0), we can now use the result

for fractional integrals:

p d" | ps- " pp
DFE) = 3 | DR R
c+yiz dxm d=ctyi dxm =z
dm
= WcDﬁ MF (x+yi) = D F (x+yi).
Thus, the result is proved for both fractional integrals and fractional derivatives. O

36



Lemma 3.2: If F(z) = F(x+ yi) is a complex analytic function, then the fractional
differintegral with respect to the imaginary part y can be written in terms of the

fractional differintegral with respect to z:

e DB [F(x-tyi)| = DF (), G

Z
for any complex number 3, where the right-hand side is defined by first taking the
fractional integral aD? F(z) with respect to z and then setting a = x + ci afterwards.

Proof. We proceed by a similar method as in the previous proof. Firstly, for Re(f) <0

(fractional integration) and for any L' function F, we have:

DR [Fletyi)] = g [ omm) B F G g

X—+yi
e S IR L

= iﬁx+ciD§F(Z)7

where in the second step we substituted { = x + 1i, and where the variable z is taken

to be x + yi as usual. This verifies the result for fractional integrals.

Now, for Re(f8) > 0 (fractional differentiation) and for a complex analytic function

F(z) = F(x+yi), we write m = |[Re(f) | + 1 and recall the definition:

x+CiD§F(Z) ~a DgF(Z)

— [ Q)

a=x+ci a=x-+ci

Since F(z) is an analytic function, its Riemann-Liouville fractional integral
aDE “"™F(z) is also analytic. So, by (3.5), applying d% to this function is equivalent to

applying —i d% to it, and we have:

p 4" pB- " -
aDPP@) = [P E@)| = Db
a=x+-ci Y

ma-z
dZ a=x-+ci

Now the quantity x + ci is treated as a constant when differentiating with respect to y

only. So setting a = x + ci before or after the differentiation makes no difference here:
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m

aDPP@) = | Q)| it )

ma
dy a=x-+ci a=x+ci

Since an “"™F(z) is a fractional integral (Re(f —m) < 0), we can now use the result

for fractional integrals:

" d
wuDPF(2) = (—i)"— {aDB_’"F z} = (=i)"— .. ;,DP"F(z
+eiDLF (2) ()dym ; ()a:mi()dynﬁZ (2)
= (i) (P DE T e yi) = (i) D ()
y

Thus, the result is proved for both fractional integrals and fractional derivatives. 0

Remark 3.2: In the statements of Lemma 3.1 and 3.2, it is necessary to state how we
are defining fractional derivatives with non-constant “constants of integration”,
because there are two different possible definitions which may both seem intuitive to

use. For fractional integrals (Re(f3) < 0), there is only one sensible definition:

e1yiDPF(2) = DPF () , xaDPF(2) =, DPF(2) (3.8)

a=c+yi a=x-+ci

But for fractional derivatives (Re(f8) > 0), we might consider either of the following

two possible definitions:

d” da”
DB - = B—m nB _ B—m )
c+y1Dz F(Z) dzm <c+yiDZ F(Z)> ) x—i—czDz F(Z) dzm <C+yiDz F(Z>) >
3.9)
crwiDPF(2) =, DEF(2) . xaDPF(2) =, DPF(2) (3.10)
a=c+yi a=x+ci

However, the definitions (3.9) do not actually make sense. The expression inside the
brackets is well-defined, using the definition (3.8) for fractional integrals, but it is not
an analytic function of z, due to the extra x-dependence or y-dependence, and so the

complex derivative d% cannot be applied to it.

The definitions (3.9) and (3.10) are completely different from each other, since it makes
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a big difference whether we differentiate before or after setting the “constant” a to be
a variable ¢+ yi or x 4 ci. In particular, we have just seen that (3.9) makes no sense
but (3.10) is well-defined. Thus it is the definitions (3.10) that we use in the Lemmas

above.

Theorem 3.2: For a complex analytic function f(z,Z), the fractional complex partial

derivatives with respect to z can be written in the following forms for any a € C:

X0

oo 2706()6 o C)kfoc

002 f(2,2) =1yt DY (2) — Z 78 (¢4 yi) G.11)

Z Tk—a+1)
= i D C)kiaF(l k41— ok +2;—1) O (c+yi
Zeni D A ek )IT(—a) , KT c+yi)
(3.12)
o n—aimk—a)/2(x k- [ oo
2081109 =10 D0~ L P g [_%1 (j)]f<’<><x+ci>
(3.13)

0o 1)k+l (yl )k o

Do‘f
~x+ci kz:O 20 k_|_1 !1"( ) )

Fi(1,k+1—a:k+2;—1)f® (x+ci),

(3.14)
where f(*)(a) denotes the kth derivative of f(z,Z) with respect to z evaluated at some

point a, and , F} is the hypergeometric function.

Proof. Since f(z,7) is analytic, we have for every n € N that
D7 f(2,2) = Dy f (x+yi) = (—i)"Dy f (x+ yi),
and that this also is an analytic function of z. Bearing these facts in mind, we proceed

as follows:

Type-1 derivatives. We make use of Lemma 3.1 and the composition relation (2.6):
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e ™/2 DI} f(x-+ i)

)
R
=
b
I
N
R
13

3
Il
=

%" (Dif(2,2))

Il
N
2
D13

3
Il
o

= (D1(2,9))

[
"
Q

gk

3
Il
o

[
Ny
Q

-7

[
~
R
3
Lrs
VR /‘\/‘\/‘E/‘\/‘\
S
N~ N N
g ¥
‘.
S
NQ
3

3
Il
o

a=c+yi
_,ay (@ ap (5 (=0T .
=2 r;) n c+yiDz 2 f(z.2) -2 ,;o(”);;)szf(cﬂl)
_ w20 & (a (k) :
=ctyi D7 f(2,2) —kg Th—atl) n_zk:H (n)] S e+ yi).

This proves the expression (3.11). To derive (3.12), it remains to prove the following

identity for every k € Zar :

L i (“)—& Fi(lLk+1—ak+2;—1).  (3.15)
Lk—a+1), 4, Tk DIT(—a), LA :

We start from the hypergeometric function in (3.15), and expand it as a series:

= r(1+n (k+1—a+nT(k+2) (=1)"
Fi(lk+1—ok+2—1) = -
R -0kt 2-1) = ) T o2t al

(k—o+n)(k—o+n—1)...(k—a+2)(k—o+1)
(k+1+n)(k+n)...(k+3)(k+2)
= (a—k—1)(a—k—=2)...(a—k—n+1)(a—k—n)

nZ (k+2)(k+3)...(k+n)(k+n+1)

After multiplying by another binomial-coefficient factor, this series becomes a

truncated binomial series:
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o
F(lLk+1—ok+2;—1
<k+1>2 HLk+1-ask+ )

oa—1)...(a—k+1)(a—k)

(k+1)!

> (a—k—1)(a—k—2)...(a—k—n+1)(a—k—n)

n;) (k+2)(k+3)...(k+n)(k+n+1)
(a—k—n+1)(a—k—n)

- a(a—1)
r;) (k+n+1)!

:n;) (k+:+ 1) :n_;l (Z)

Now we have an identity between the hypergeometric function and the tail of the series.

To prove (3.15), it only remains to perform some manipulation of gamma functions:

1 a ) I'loe+1)
C(k—a+1) <k+ 1> S Tk—o+1)(k+ DT (o —k)

I(a+ 1) _ (e +1)
~ k) ey (k+ D) —emsinmarn)
(—1)"+1F(a+1) B (_1)k+1

T k+D)ID(a+DI(—a)  (k+D)IT(—a)
Now we have verified (3.15) and hence (3.12).

Type-2 derivatives. We make use of Lemma 3.2 and the composition relation (2.6):

[}

230 o —in(a—n)/2 pHoa—npn .
20%f(z,2)=2" Z<n> DYDY f (x+yi)

efm(a*n)/ch;x*n (D?f(z’ Z)>

Ms

=2 @

3
Il
=

Il
N
2
013

3
Il
o

[apg—nog fz z)}

a=x+ci

n—1 (Z_a)k—(a—n)—n

DEf@2) - ), T(k—(0—n) —n+1)D§f(“)]

k=0

Il
~
Q
[1s

Il
~
R
3
il ok
/‘\/‘\/‘E/‘\/‘\
S
N~ N ~ ~

3
Il
o

a=x+ci

DY f(z,2) =2~ O‘i (a) i i et Dkf(c+yl)

n=0 x+ci n k a+ 1)
> -0 m(k o /Z(y C)k o
~x ciDaf 2,2) — ( ) f(k) X+ ci).

This proves the expression (3.13), and again the alternative expression (3.14) follows

41



by applying the identity (3.15). [

The above Theorem establishes a connection between the fractional complex partial
derivatives defined in this thesis and the usual fractional derivative with respect to z,
for analytic function only. This is analogous to the fact that if F(z) is an analytic
function, then %F = ‘é’; and ‘?ﬁ = 0. In the fractional context, we do not have such
simple identities as these, but instead identities which involve an extra added series
of terms. This is similar to the relationship between Riemann-Liouville and Caputo
fractional derivatives, which are equal up to an extra added series of initial value terms.
It may be possible to view the fractional complex partial derivatives defined here as a

third alternative way of defining fractional derivatives, alongside Riemann-Liouville

and Caputo.

We can also derive similar results for the fractional derivatives w.r.t Z, although these

results will later be rewritten in a different and more natural form.

Proposition 3.1: For Re(a) > 0, the fractional complex partial derivatives with

respect to Z can be written in the following forms:

19 @ 27 U(x— )k | @ B Hl(a) ®) ‘
! kgork a+1) n:zk:H( DR, [ ety (3.16)
_(x C)k o o |
- Z « 2% (k+ 1)IT(—a), F(Lk+1—osk+2,1) /% (c+yi); (G107

(o)

Y (—U”“(Z)]f””(wa) (3.18)

2—ocem(k+a)/2 <y _ c)k—oc
= IN'k—o+1)

17'606(

209 f(z,2) =

n=k+1

yi— ci)f ¢

- Z st (o, (K H @kt 2D ate), 319)

where £ (a) denotes the kth derivative of f(z,Z) with respect to z evaluated at some

point a, and , F} is the hypergeometric function.
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Proof. The proof here is largely similar to the proof of the preceding Theorem.
Type-1 derivatives. The manipulation here is almost identical to the type-1 case in the

previous proof, except with an extra factor of (—1)" in the summand:

o)

19120 =2 ¥ ()08 "Dl (i

_ )« (Z) (_l)nefiﬂn/ZCD;xani;f(x+yi)
n=0
e (O | par s Gt
e (e ot Tl ]
B (o) st 2o ()
n—1 (x—c)kfa )
X k;) mDﬁf(C +yi)
- )k ¢ - _1\n+l1 o (k)c i
; k a+1) nz%l( 2 <">]f (e+3).

This proves (3.16). Now, looking at the proof of (3.15), we see that the argument —1
used for the hypergeometric function gives rise to a factor of (—1)" in the series, and
the step at (??) gives rise to an extra outer factor of (—1)**! in this case. Therefore we

have the following result which can be proved in an identical way to (3.15):

1 3 o n_ 1 . .
mnz%l (n)<—l) = ey, Lk - wkE 2. (3.20)

Substituting this new identity into (3.16) gives immediately (3.17).

Type-2 derivatives. The manipulation here is almost identical to the type-1 case in the

previous proof, except with an extra factor of (—1)%*" in the summand:
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20 1(0.0) =2 § (%)@ 08D (i

D13
PR
S

xcy
n=0
— )~ in - (O n —in(0—n)/2 pa—npn .
=27%T* Y . (1) DYDY f (x4 yi)
n=0
. < /o
:2—06 ITx -1 n
ey (5)

n—1 —q)k—(a=n)—n
CERDY r(k(z— (oc)— n) —n+ 1)D§f(a)

k=0

—aina Z ( ) " DY f(2,2)
_y-aita é <Z>(_1 E%Dkf(c+yl)
e [ ¥ (%)

n=k+1

oo o m'(k+oc)/2 c)k—o oo
- e [Z (—1)"+1(a)]f(k)(x+ci).

n=k+1

Q
S
SR

a=x+ci

F® (x+ci)

This proves (3.18), and again by using (3.20) we derive (3.19). [
3.2.2 Leibniz rule

In calculus, an important early result is the product rule for differentiating a product
of two functions. Its analogue for integrating a product of two functions is called
integration by parts. The analogues of these two results for fractional derivatives and
integrals have frequently been considered, some seminal results in this area being due
to Hardy & Littlewood [15, 23] and Osler [31,32]. Similar results have also been

considered in some very general models of FC [12,38].

Naturally it is also of interest for us to investigate a Leibniz rule analogue in the context
of the new fractional complex partial derivatives. The result is given by the following
theorem, which we note is in exactly the same form as the Leibniz rule (2.7) for the

usual Riemann-Liouville fractional derivatives.

Theorem 3.3: If f(z,Z) and g(z,Z) are two functions in C3, then so is their product
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f(z,2)g(z,7) and its fractional complex partial derivatives are given by:

0% (f(2,2)8(2,2))

)W”””f@d ArHg(z,2),

n

-<

8

2806 }/—nf Z Z 2(9}/—0—11 (Z Z)

208 (f(2,2)8(2,2))

n

gafa (f(zv Z)g(z, Z))

n

\<

8

”M8 ll‘Mg ‘I‘Mg HMS

3

200 zz28y 2(z,2),

202 (f(2,2)8(2,2))

n

8
S NG NG NS
+ QR + R + & + R

\<

):
)83 )0 (),
):

for any «,y € C.

Proof. Starting from the definitions (3.1)—(3.2), we apply first the standard Leibniz
rule for nth-order derivatives and then the fractional Leibniz rule (2.7) with the

appropriate choice of the arbitrary constant :
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) e—inn/ZCDgtan’; (f(Z; 7)g(z, Z))
=2e g (T)emnoge ¥ (3 b 2y et

* ) o in(k+)/2 (k 'I: l) DF! (D'y‘f (2,2)- Dy~ "s(z, Z))
_|_
k

k+1

_yay g (O ik (KT y o (@K
=2 azz(kﬂ)e ' ( ) L <Y—l+m

Mm—=—oo
X DYTTDLf(2) - DYDY ()

3 o oo oo F(a+1)e—ln(k+1)/2
=2 ZZ Z KT (a—y—k—m+ 1) (y—l+m+1)

X DAV KDl (2 2). DY DK (2,2)

e T(a+1) a—y—m
=2 Z MNa—y—m+1DI(y+m+1) ZZ( k )

= k=01=0

« (YJ; m) efm(k+l)/chngfk*mD’;f(Z, ?) -CD}C’*”’”Dﬁ’kg(Z,Z)

[e]

m—=—oo

>< (yi‘m)

i (yfm) 07T (2,2)0 01 g (2.2);

[

V- mZ (7""”) —iml /2 Dy l+mDn kg(z Z)]
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22D =2 Y (a) e @D DI (2, 2)g(2.2)
n=0
_eay (O —im(a-n)2 pon [N () pkprn 2 k(s 5
? n;)(ﬂ)e Dy ,;)(k>Dxf(Z’Z> D} "g(z,2)
= - oo 00 o —iﬂ,’(a—k—l)/z k+l a— Dn—k _
2 k;)l;) (k+l>e ( . ch ( *f(z,2) D! g(z,z)>
e 04 . k+l [=S] (X—k—l
—p« —im(a—k—1)/2 ( ) ( )
l;)lg(’)<k+l)e k mzz_oo Y—Il+m

XDk DE—7- k— mf(Z,Z)‘D;likCD;/il+mg<Z,Z)

xcy
- o o oo ) F(a+1)e—in(a—k—1)/2
Z Z Z KT (a—y—k—m+ 1) (y—l+m+1)

x Dk.DY Y kM f (2. 7). Dk DY Mg (7, 7)

xc=y

£ e B EEC 1)

Xeim(a k— l)/2Dk De—r- k— mf(Z,Z)'Dnich;/ing(Z,Z)

xcy X

T el e e A ]
k " |

m=—oo k=0

(i)

= T (8, prr et

m=—oo \Y TN

[

2Ty <Y+ m) e rtmDRpRk DY g, Z)]
=0

Similarly, we can prove the results for the fractional complex derivatives with respect

to Z. O]

Corollary 3.1: Putting ¥ = 0 in the above Theorem, we obtain the simplest and most

natural form of the fractional Leibniz rule. For f, g € C3, and for any o € C:
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07" f(2,2)98(2,2),

S
QO
Q

57" f(2,2)08(z,2),
L0287 f(2,2)008(z,2),

207" f(2,2)028(2,2).

Example 3.2: Let g be an analytic function. Then we know 9/'g(z,z) = 0 for all
n > 1, and using the Leibniz rule we can obtain simple expressions for the fractional

d-bar derivatives of an analytic function. We have

(o)

108 etz = X, () 08 r@iore

n=0
_ (‘(’)‘) 19901 (2,2)100%(2,2)
=/ 9%(f(z,2))8(z,2),

for j € {1,2}, and by taking f(z,Z) = 1 we obtain that, for any analytic function g:

2r—c))™

c098(2,2) =, 9 (1)g(z,2) = T o) 49
20%g(z.2) =2 0%(1)g(2.2) = %g(ai),

where we have used the results of Example 3.1 for the fractional d-bar derivatives of a

constant function.

This provides a simpler expression for the fractional d-bar derivative of an analytic
function than the one obtained in Proposition 3.1. However, both forms of the result

are equivalent, as we can see from the following simplification of (3.17) and (3.19):

48



—(x— c)k_“

p 1) ) -
20‘(k+1)!F(—a)2F1(1’k+1 o k+2;1) " (¢ +yi)

gk

iagf(z,f) =

k=0

> —(x—c)f % k41 )
~ LG a Oeti)
= (x—c)k*“ ]
- ,;)2"%!1"(1 - a)f(k)(c+y’)

2(x—¢)) "% & (x+yi—c—yi)k
:(r(l—)o)c) k;)( = k! = ety
Q=) *
R

oo moc(yl )k a

F(Lk+1—o;k+2;:1) % (x+ci)

23x =\
<% (Z’Z)_Eoza(kﬂ)!r(— a),
> —e ™% (yi — i) % k1

“L e o ! )
oo ma(yl )k a ‘
~ & 2er(1 - a) O+l
ci—yi)) * & (x+yi— —cik
B (e e
= B raa)

Remark 3.3: The above work shows that the fractional d-bar derivative of an analytic
function is not zero. The question thus arises: for which complex functions f(z,Z) do
we have Z&ZO‘ f(z,z) = 0? This leads to a theory of fractionally polyanalytic functions

which is beyond the scope of this thesis.

A related question is: which functions f(z,Z) have other special properties with
respect to the new operators, such as Z&Z“f(z,z) = f(z,Z) or Z&Z“f(z,z) = f(z,2)? In
the standard Riemann-Liouville or Caputo Fractional Calculus, answers to these
questions would relate to the Mittag-Leffler function Ey(z%), a special function which
serves as an eigenfunction for fractional derivative operators. But the Mittag-Leffler

function no longer has such special properties with respect to the new complex
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operators: the function
Eq(z%) = Eq((x+yi)%)

does not behave as an eigenfunction under the operators DY ™" or .Dy™". It seems
that, in the setting of fractional complex partial derivatives, we may need to find new
special functions to serve roles like that of the Mittag-Leffler function in the usual FC.
This will form another direction for continuing research.

3.2.3 Composition properties

One of the most fundamental questions about fractional derivatives and integrals is
how they work when composed together. Is the ath derivative or the Bth derivative

always going to be equal to the (a + f3)th derivative?

For the usual Riemann-Liouville FC, these questions were addressed a long time ago,
with the results summarised in our identity (2.6) and the surrounding discussion. For
the fractional complex partial derivatives, we shall consider this problem in a series of
smaller stages as follows: .
* Firstly, in Lemma 3.3 and Lemma 3.4, we consider the composition of single
complex partial derivatives (8% and a%) with our fractional ones.
* Next, in Theorem 3.4 and Theorem 3.5, we consider the composition of repeated
complex partial derivatives (5—; and 5—;) with our fractional ones.
 Finally, in the full generality of Theorem 3.6 and Theorem 3.7, we consider
the composition of our fractional complex partial derivatives with each other, to

obtain the analogue of a semigroup property for these operators.

Lemma 3.3: Let f be a function in Ci; then we have the following:
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5 (L0172 =L 2 [

a% (2021f(2,2)]) =2 9% [£(z,2)];
a% (L217(z.3)]) =} 3 [z, 2)
8

Proof. This is a direct result of some manipulations of binomial-type series. We
present the work only for the first identity, since the proofs for the other three are

entirely similar.

J 5 J —av (O —inn —nnyn :
a—z(iamz,zn):a—z(z “Y ()e ot Dyf(X+yl)>

—a v O\ _imn 1 J a —npn :

=2 a};)(}/l)e 7r/2E gC—la—y) DY "Dy f(x+ yi)

)

I
~
)
L

aok

> |:efi7tn/2CDg+1*nDZf(x+yi) +e*iﬂ(n+1)/2CDg*nD;l+1f(x+yi)

I
™
IS
L

ok

i
o
7~ N 7N

n) efiﬂ:n/ZCDg+lanZf(x —I-yi)

3
Il
=

—a-ive [ O - .

42 @ lkZl (k_l)e zn:k/2CD26+l kDif(X—Fyl)

li o + —17'cn/2 ‘DOH—l—nan(x_f_yi)_{_ o DaHf(x—l—yi)
= \n n—l o Y 0).*

o+1\ . a+1 .
2D ( ) 2 DY "D"f(x+yl)+( ) DY f(x+yi)
c

= n 0

(o)

—(a+1) Z (OC 1)e_iﬂn/chg+1_nDly1f(x—|—yi) :é aza—i-l[f(zj)].
n=0

Lemma 3.4: Let f be a function in Cig; then we have the following:
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a% (c021f(2,2)]) =¢ O [f(2,2)] +¢ 02 [—iDy f (2, 2));

d

2 (1081£(e.2)]) =1 27 [7(e.2)] +1 04D, 2.9
2 (3081(2.2) =2 02Dt 2. 2)] 205 1 2.9
d

a_z (gagf(z,f)) :c2’ az(x [Dxf(Z7Z)] _3 aZOH-l [f(Z,Z)]

Proof. The proof of this result is similar to that for Lemma 3.3, but with an extra minus
sign arising from the interchange of a% and a% which ultimately gives the extra term

on the right-hand side.

J 17ya = _ J —o - a inn/2 no—npn .
2 (a1 = o (2 T ()i iyt
_n—Q S iﬂn/Zl i_ i o—npyn .
=2 Z <n>e 2 (8)6 lay CDX Dyfetyi)
—n—a-l Z (O‘> [ein:n/ZCDg+lanZf(x+yi)+eiﬂ:(nfl)/ZCDgan;+1f(x+yi)

n
oo a .
_p—a-l [Z ( >ez7z:n/2CDg+lnD;f(x+yi)

- o ; _ .
-) (k l)e”"/chﬁ‘“ “DLf (x+yi)
k=1 \"

n—1

1 .
) _2( (04 1):| ezﬂn/ZCD)(Cx-‘rl—nD;lf(x_l_yi)

n—

a+1 .
(7)o e

- [0+ 1Y\ ;
_ 2—(Oz+1) Z ( ;: )emn/chg—H_nD;f(x—f—yi)
n=0

)= ()] empss s+ (5 ) 08 et

(
(e

27(171 -
2—06—1 -

—2¢ ni (n ? 1) e/ 2.DEIDL f(x + yi)
Lo~ o X (% )R e
= O [f(2,2)] +¢ 0 —iDy f (2,2))-
Similarly we obtain
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%(gaﬁ[f(z,f)]) aaz (2 (1 Z ((X) —inn/2 DOC nD”f(X—f—yl))

nOn

:i aZOH»l [f(Z,Z)] +é aza [iDyf(Z7Z)]a

where the change from —i to i is a natural result of the switch between z and Z.

Next,
d _ 0 (. ow (Q /2 " ,
% (faza (Z7Z)) = % (2 anz‘b (n)e m(o— )/ZDXLD;X f(x+yz)>
_n—a [ in:(oc—n)/2l i_ J n yo—n .
2 ,ZZE)(” e A lay D DY f(x+yi)

40— 1 m’(oc n— 1)/2Dn poti- "f(x—l—yi)

xc”y

— 270671 [Z <k3 1>eiﬁ((x+1k)/zD];CD}(}X+1kf(x+yi)
k=1
m(a—n—1)/2yn po+l-n .
+ Z n) D} DY (x+ yi)
e[ -]
( ei”(“_l)/ch;‘+1f(x+yi)
B (OH— l)ein(a+1)/chg+1f<x+yl.)
B Z (n_ 1) w(o+1— n)/ZD;lCDSH-l "f(x+yi)
—(a+1) G+ 1\ inar1-n)/2yn patln .
—2 Z n e Dchy f(x+yl)
n=0
=2 Z (n_ 1) HOHTRDL DI f (x4 yi) =2 97 [ (2,9)
=2 0%(Dyf(2,2)] —2 0% £ (2,2)).

Similarly we obtain
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o (20 1(2)) =2 0%IDef (2] 205 1 (2.2,

]

We can generalise the results of Lemmas 3.3 and 3.4 to the kth order of ordinary

differentiation with respect to z and Z, as stated in the following theorem.

Theorem 3.4: Let o € C and n € N be arbitrary, and f be a function in C3;. We then

have:
0" lya = 1 yo+n 5\
a_Zn (caz [f(Z,Z)]) ~c az f(Z,Z)’
&n
5o (07 (2.2)]) =2 " (= 2);
S5 (0112 =L (2.2
a" _ " _
9z @7 @2)) =2 97" f(2.2).
Proof. This is a direct consequence of Lemma 3.3 by induction on n. [

Theorem 3.5: Let o € C and n € N be arbitrary, and f be a function in C3;. We then

have:

5 Corisean) = ¥ () ot [ty i)
5 (oe1rel) = X () oo o te 9]

55 Gortrea) = & () -1zae o)
2 (ol = ,;0 (k) (-1} D (e )|

Proof. We will prove one of them and the others can be proved in an analogous way.

We’ll prove that

 Gaslrea)) = Y () vt 2o o),

~n
oz k=0
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using induction on n. For n = 1, the result is that of Lemma 3.4. Suppose it’s verified
for n and prove it for n+ 1 as follows, using both the induction hypothesis and the

result of Lemma 3.4:

an—|—l

gt (Go%[f(z.2)]) =

Q.J|Q_)

| 35 Gorra)|

(— )k Zaa+k [D;z—kf(z,z)]]

I
M= Sl

bl

Ir-
N\
> S
N——

S

[ aa+k |:Dn kf(z, z)”

T

(=)

=
~—~
[
\_/

NS}

N.I%

(< (20 DDy p(22)] <202 D £(z,2)] )

S

I
(ngE

I
_
Nagh
D
N— | N

(—D* 200 [ Dy ¥ ( 2)|

T
o
bl

+Z ( ) s Zaa+k+l |:Dn+l —k— lf(z,Z)}
=20 [DL"! f(=.2)] +k§ () (-0 202 [or144(2,2)
i ( _1) 1)k ZaZOH-k [D;z—i—l—kf(z’z)} F(—1) Eazo‘*”*l[f(z,z)]
Sar(ortya)+ ¥ |(3)+ (1)) | cor e [or )

k=1

+ (=1 29 [ f(2,2)]

n+1

_ Z (n+ 1) 1)k 290+ |:D;l+l—kf(z7z>i| ,

which gives the required result for n+ 1. 0

Theorem 3.6: Let o and B be two arbitrary complex numbers, and let f be a function

in C{’g. ‘We then have:
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o |Re(B)]
20X (LP[f(z,2)]) =L 0% P (z,2)) — 27 BZ 2 e PP A (0, B)
q=
(x—c) o+p—q-1
I(—o+p—gq)
o |Re(B)]

200 CoPIf (7)) =2 00 (2] —2 % B Y Y e @B 2, (a0 B

p=0 ¢=0
(=) e
I(—a+p—q)

w [Re(B)]
2Pl =L 0 P lr )] 2% P Y Y € A0, B)
p=0 ¢=0
(x—c)~*tp=a-1
I[(~a+p—q) .
e [Re()]

2042l [f(z,2))) =2 0% P f(z,2)) — 272 B Y Y em@tBon2, (o, B)

p=0 ¢=0
Wi

I(—a+p—gq) .

DI DY f(e + i)

CDE_q_lDfC’f(x-l-ci);

DE=171DP f(c +yi);

DE=71DP f(x+ ci),

where the multiplier A,.;(ct, B) is defined for o, € C and p,q € Z] by

Ap;q(a,ﬁ)=min(zpvq) (5)( - )

n=0 p—n
Proof. We consider first the composition of fractional type-1 z-derivatives. Using the

definition (3.1):

e (B =l 9t P Y (B )e‘i”"/chf‘”D’y’f(x+yi))
n=0

n

Lt (P § (V) gt of ot

k=0

(3.21)

In the summand of (3.21), the (non-fractional) derivatives with respect to y can be
composed directly with a semigroup property: D’;D; = D’;*". For the fractional
differintegrals with respect to x, we recall the discuss around (2.6) of composition of

Riemann-Liouville fractional differintegrals.
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If n > |Re(fB)] + 1, then the inner differintegral DP " is a fractional integral and we
have a semigroup property: (D% X DE " = ptP-k=n

If n < |Re(B)] + 1, then the inner differintegral DP " is a fractional derivative, equal

to plRe(B=m)+1 pB—(Re(B))~1

by the definition (2.4) of the Riemann-Liouville derivative. So, in this case, the identity

(2.6) gives us

DI DEf(x i) =, DITPR (x4 yi)

Re(f—n m— - —ml-
_L % )] (x—c) a+k—|Re(f—n)|—1 CDE_LRE(ﬁ)J+m_1f(C+yi)'
T(m—o+k—[Re(f—n)])

m=0

From (3.21), we now have

(Pl =2 P Y Y <ﬁ> (a> e~ plen PP et yi)

n0i—o \1/ \k
[Re(B)] o [Re(B—n)]
-l
=0 i=o \/ \k m=0

pE-RPIEm=peck e 4y

[(m—a+k—[Re(B—n)]),

In the first (double) sum, we write p = k + n and use Vandermonde’s identity

5005 -(50)

while in the second (triple) sum we replace m by |Re(B —n)| —m, to get:

la(x( aﬁ[f( )]) y—0— B Z ((X—l—ﬁ) 717z:p/2Dp D(x+ﬁ pf(x—i—yz) n—0— B
p=0 p

[Re(B)] oo B\ /a . |Re(B—n)] (x— ¢)-ok-m=1
—in(n+k)/2 B—n—m—1 yn+k .
n;) k;()<n> <k>e Z C(—o+k—m) Dy Dy fc+yi).

m:O C

Now the first (single) sum is simply the series for ga;”ﬁ [f(z,Z)], while the second

(triple) sum can be rewritten by setting p = k+n and g = n+ m so that
[Re(B—n)]
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So we have
10 (LaP[f(z,2)]) =L 9% P (2,2)]

o [Re(f)]| min(p.q) _\—atp—g—1
_r—a-p B @ —inp/2 (x—c) B—a-1pp j
’ pzf) qzb nZO <n) (p—n>e I(—o+p—q) CD" Dyfletyi,

which is the required result for fractional type-1 z-derivatives. The results in the other

three cases can be proved in an analogous way. U

Corollary 3.2: The fractional complex partial differintegrals have a semigroup
property for any fractional derivative or integral of a fractional integral. In other

words, for any a, 8 € C with Re(f3) < 0, and for any f € Ca, we have:
08P f(2,2)]) =L 7P [f(2,2));
202 (20P1£(2.2)]) =2 9% P [£(z,2));
80P =L P22
20220l 17z, 2)]) =2 9P (2. 2).
Proof. This is a special case of the previous theorem, where the sum from 0 to [Re(f) |

in every case is vacuous. [

Theorem 3.7: Let o and B be two arbitrary complex numbers, and let f be a function

in C%. ‘We then have:

I
gk

lazﬁ Baza (Z,Z)} aOH‘ﬁ—n :e—iﬂ”/zD;lf(x+iy):| _Sl .

z2,2°

3
Il
o

2P [10%£(2.2) L9 [ 2D i) | - 81

|
s

I

S

Lrs
/\/’\G/\
N—— — N~

2P 208 f(z,2)] 2o po :e_i”(ﬁ _”)Dﬁf(eriy)] — 825

3,2°

i
o

B 290+B—n -em(ﬁ_")Dﬁf(x—f— iy)] — 52

2,27

I
s

20P 202 f(2,2)]

i
o

where
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X

()
( )B+pq1

L(-B+p—q)

(=i)PDF~ 4 DY f(c +yi),

S;Z P i LR%’X)J [mirf ) ( B )(—1)" (a)
p=0 ¢=0 i \P—k k
D D (e
st B80T (2 ) (©)]
7 =0 ¢=0 | im0 \P—k k
(?z_c[)gjzp_‘;)l (H@B4P)2Dp DO f(x 4 i),

N 4B [Re(a)| [min(p,q) B e
=2’ E oy |y (L en(f)
p=0 g=0 | k=0 \P

(y—c) Prr-at
L(-B+p—q)

e_i”(a_ﬁ+p)/2chD§‘_q_]f(x+ci).
Proof. For the first case with the type-1 derivatives, we have
a [aa Z( ) _i””/ZCDE_”D; Daza (Z,Z)]
; R
—(a+B) Z ] (ﬁ) (0‘) o—in(n—F)/2
n=0 k 0 a J1] \1/ \k
Xe Df DYDY (2,2).

Using Theorem 3.9 and comparing the coefficients of CD)?’L"_’? DY f(z,7), we have

OOz A0

or in other words

I G o=z G e

from which we can deduce the following for general o, 3:

206z () )
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Going back to the main argument, we have

V0P [10%f(z,2)] =279 7P i y Klj) (Z)(_Dn} oi(nH)/2

p=0n+k=p

X, Dg+ﬁ_("+k)D;+kf(x +iy) — Szlj

e g (B

p=0n+k=p

X, D,?+B7("+k)D;’+kf(x +iy) — Szl,z
— i Z 2—06—ﬁ+n (ﬁ) <a+B _n) (_l)neiﬂ(n+k)/2

n k

s, DI kg (5 4 jy) — 51
v B —a—B+n - (a+f—n imk/2
() (U

XCD)(C(erﬁ*n)*kDﬁ [e_m”/zD;[f(x—l—iy)] _ st

z,Z
e (B B e

n=0 n
where
- im0 =0 \1/\K = T(=B+n—m)

X CDg—k—m—lD;-i-kf(c +yl)

)~ B+r—a-1

AR (O

X DYDY f(c +yi),

by a similar argument as in the proof of Theorem 3.6, this time setting p = k+n and

q = k+ m. This completes the proof of the first of our four results.

Exactly the same approach with i and —i swapped yields the second of the four results.

For the type-2 derivatives, we have
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20P 202 f(z,2)] = i (ﬁ) ~ETR DI D [0 £ (2,9)]

(B) (Z) ein(a—ﬁ+n—k)/2CD§_"CD;x_kDZ-'—kf(ZvZ>

w [[Re(a)] oo
—2h Yy [ " + Y ] (ﬁ) (a) mla—B+n—k)/2
141 n k

k=0  k=[Re(ct

% DB DEHDIE (2, 2)

C c

Using the previous result

I @G- x () )
we have

2o g () freres

p=0n+k=p

% DEPR itk p (x4 iy) — 82,

_ 2—a—ﬁ Z Z |:<§> (Ot—l—]ﬁ: —I’l) 2n:| e—in(ﬁ—n)ein(a+ﬁ—n—k)/2

p=0n+k=p

< DY P fry) - 82
v (B e iy (AFB =1\ in(arB-n—k)2
=X (e ()
% DYy e _’”(ﬁ_”)Dﬁ[f(eryi)]] -2,

5 (B ] -5

n=0
where
SZ_ — 2—06—[3 i LR%)J (B) ((X) eiﬂ(a_ﬁ-ﬁl—k)/z LRC%]{)J (y_c)—ﬁ+n_m_1
u n=0 i=0 \1/\K L T(—B+n—m)

X DIHFIDIE (x4 ci)

p=0 q=0 p—k)\k I'(—=B+p—q)

9= k=

X DEDY 47! f(x+ci),
Exactly the same approach with i and —i swapped yields the last of the four results. [
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Chapter 4

CONCLUSION

In this thesis, we have discovered a new way of uniting the fields of Fractional
Calculus (FC) and complex analysis. Usually FC has been done either with real
variables, or with complex variables in a way which does not preserve some powerful
properties of complex analysis such as the Cauchy—Riemann equations. By starting
from the basic operations of complex analysis — partial differentiation with respect to
X, y, z, and Z — we have constructed fractional versions of all these operations: most
importantly, a fractional d-bar (Cauchy—Riemann) operator, which will be vital in the
future in creating a fractional version of the theory and applications of d-bar analysis.
We used the usual Riemann-Liouville FC for real variables, but the complex

fractional derivatives we discovered are not equivalent to the Riemann-Liouville ones.

We made our theory solid by finding a function space to act as the domain for the
fractional complex partial derivatives, and by studying how these operators apply to
some important elementary functions. We also discovered a connection between the
fractional complex partial derivatives and the usual fractional derivatives with respect
to z, which we believe is analogous to the connection between Riemann-Liouville and

Caputo fractional derivatives.

Finally, we proved some results which help to demonstrate the naturality of our
definitions. The Leibniz rule for fractional complex partial derivatives of a product
function has exactly the same form as the Leibniz rule for standard fractional

62



derivatives of a product function. Furthermore, the results on compositions of our
operators are analogous to the composition results for standard fractional operators:
we have a semigroup property for integrals, and a quasi-semigroup property with an

extra error term for derivatives.

This research opens the door for many new research directions, uniting the power of
complex analysis with the scope of FC. We expect that the theory developed here will
be useful in the future for solving fractional partial differential equations and for better
understanding the dynamics of complex systems. Complex d-bar derivatives and their
associated equations have applications in optics and medical imaging, and it will be
important to examine fractional versions of those equations. Furthermore, there are
many more aspects to be investigated from the pure mathematical angle. We have
found a Leibniz rule already; perhaps it will also be possible to find a chain rule or
fractional Taylor series for our new operators. It may also be possible to discover
fractional analogues for some of the powerful theorems of complex analysis, such
as Cauchy’s theorem or the residue theorem. When two fields of mathematics are

combined in a new way, the possibilities are almost endless.
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