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Introduction

Several definitions of fractional derivatives and integrals have been defined in the
literature, including those of Riemann—Liouville, Griinwald-Letnikov, Hadamard, Riesz,
Weyl and Caputo [47, 67, 70]. In 1996, Kolwankar and Gangal proposed a local fractional
derivative operator that applies to highly irregular and nowhere differentiable Weierstrass
functions [13, 49]. In our work we introduce the notion of fractional derivative on an
arbitrary time scale T. In the particular case T = R, one gets the local Kolwankar—
Gangal fractional derivative limy_, W, which has been considered in [49, 50| as
the point of departure for fractional calculus. One of the motivations to consider such
local fractional derivatives is the possibility to deal with irregular signals, so common in
applications of signal processing [50].

A time scale is a model of time. The calculus on time scales was initiated by Aulbach
and Hilger in 1988 [12], in order to unify and generalize continuous and discrete analysis
[42, 43]. It has a tremendous potential for applications and has recently received much
attention [4, 25, 26, 35, 38|. The idea to join the two subjects — the fractional calculus
and the calculus on time scales — and to develop a Fractional Calculus on Time Scales,
was born with the PhD thesis of Bastos [17]. See also [8, 11, 18, 19, 20, 48, 69, 76| and
references therein. In this PhD thesis we introduce a general fractional calculus on time
scales and develop some of its basic properties.

Fractional calculus is of increasing importance in signal processing [66]. This can
be explained by several factors, such as the presence of internal noises in the structural
definition of the signals. Our fractional derivative depends on the graininess function of
the time scale. We trust that this possibility can be very useful in applications of signal
processing, providing a concept of coarse-graining in time that can be used to model white
noise that occurs in signal processing or to obtain generalized entropies and new practical
meanings in signal processing. Indeed, let T be a time scale (continuous time T = R,

discrete time T = hZ, h > 0, or, more generally, any closed subset of the real numbers,
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like the Cantor set). Our results provide a mathematical framework to deal with functions
(signals) f in signal processing that are not differentiable in the time scale, that is, signals
f for which the equality Af(t) = f2(t)At does not hold. More precisely, we are able to
model signal processes for which Af(t) = () (¢)(At)*, 0 < a < 1.

The fractional calculus is now subject of strong current research: see, e.g., [21, 39,
40, 46, 60, 61], that refer to nonsymmetric fractional calculi. In our work we present a
general symmetric fractional calculus on time scales. For the importance to study such a
symmetric calculus we refer the reader to [29, 30, 31].

Mathematical models of some natural phenomena and physical problems have ap-
peared as initial and boundary value problems including fractional order of ordinary and
partial differential equations. See Lokshin and Suvorova in 1982 on modeling of irrevo-
cability of metals [52] and Nakhashev in 1985 on modeling of liquids moving in under-
ground layers encountered with fractional order differential equations [64]. Later, this
kind of differential equations were used in electrochemistry, control, and electromagnetic
field theories [37, 41]. These important applications caused that this kind of differential
equations were studied by many mathematicians in recent years |34, 64, 65].

We have organized this thesis as follows:

In Chapter 1, we present some definitions and theorems which are used throughout
this thesis.

In Chapter 2, we begin by recalling the main concepts and tools necessary in the
sequel. Our results are then given in Section 2.2, where the notion of fractional derivative
for functions defined on arbitrary time scales is introduced and the respective fractional
differential calculus developed. The notion of fractional integral on time scales, and some
of its basic properties, is investigated in Section 2.3.

In Chapter 3, we begin by presenting some basic notions and necessary results. Then,
in Section 3.2, we define and develop the nonsymmetric fractional calculus. In order to do
that, we define the nabla fractional derivative and the nabla fractional integral of order
a €]0,1]. In Section 3.3, we introduce and develop the symmetric fractional calculus.

In Chapter 4, we shall be concerned with the existence and uniqueness of solution

to the following initial value problem:

s Dly(t) = f(ty(t), te€ftoto+a=TCT, 0<a<l,

l—«a

tTOIt y(tO) = 07



where E)D? is the (left) Riemann-Liouville fractional derivative operator or order « defined
onT, ¢ 1 :ﬂ the (left) Riemann-Liouville fractional integral operator or order 1—a defined
on T, and function f : J X T — R is a right-dense continuous function. Our results are
based on the Banach fixed point theorem for uniqueness of solution and Schauder’s fixed

point theorem for existence of solution [36].






Chapter 1
Preliminaries

In this chapter, we introduce the calculus on time scales and we also present the main
results on the differentiability and integration on time scales. The reader interested on

the subject is referred to the books 25, 26]. For a good survey see [4].

1.1 The Time Scale Calculus

A time scale T is an arbitrary nonempty closed subset of the real numbers. Thus R, Z, N,
Ny, i.e., the real numbers, the integers, the natural numbers, and the nonnegative integers
are examples of time scales, as are [0,1]J[2, 3], [0, 1] N , and the Cantor set.

Any time scale T is a complete metric space with the metric (distance) d(¢; s) = |t — s
for t,s € T. Consequently, according to the well-known theory of general metric spaces,
we have for T the fundamental concepts such as open balls (intervals), neighborhoods of
points, open sets, closed sets, compact sets, and so on. In particular, for a given number
N > 0, the N-neighborhood Us(t) of a given point ¢ € T is the set of all points s € T
such that d(t,s) < N. By a neighborhood of a point ¢t € T it is meant an arbitrary set
in T containing a N-neighborhood of the point ¢. Also we have for functions f : T — R
the concepts of limit, continuity, and the properties of continuous functions on general
complete metric spaces (note that, in particular, any function f :Z — R is continuous at
each point of Z). The main task is to introduce and investigate the concept of derivative
for functions f : Z — R. This proves to be possible due to the special structure of the
metric space T. In the definition of the derivative an important role is played by the

so-called forward and backward jump operators [26].
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Definition 1.1. [25]. Let T be a time scale. For t € T we define the forward jump
operator o : T — T by
o(t) :=inf{s € T:s > t},

and the backward jump operator p: T — T by
p(t) :==sup{s € T : s < t}.

Remark 1.2. In Definition 1.1, we put:
inf() =supT (ie., o(t)=1t)if T has a maximum t,
sup@ =inf T (i.e., p(t) =t) if T has a minimum t, where O denotes the empty set.

Definition 1.3. [25]. If o(t) > t, then we say that t is right-scattered; if p(t) < t, then t
is said to be left-scattered. Points that are simultaneously right-scattered and left-scattered
are called isolated. If t < supT and o(t) =t, then t is called right-dense; if t > inf T and
p(t) =t, then t is called left-dense.

Definition 1.4. [25]. The graininess function p : T — [0,00) is defined by
p(t) :==o(t) —t.

Definition 1.5. [25]. The backward graininess function v : T — [0,00) is defined by

Definition 1.6. [25]. Let T be a time scale.
(i) If T has a left-scattered mazimum M, then TF =T — {M}, otherwise T* = T.

(12) If T has a right-scattered minimum m, then T =T — {m}, otherwise Ty = T.

Definition 1.7. [25]. Let f : T — R. We define f7: T — R and f*: T — R respectively
by
() = (foo) (1) = flo(t),  forallteT

and

fr(t) = (fop)(t)=flp(t),  forallteT.

1.2 Differentiation on Time Scales

Several differentiation notions are possible.
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1.2.1 Delta Differentiation

Definition 1.8. [3]. We say that a function f : T — R is delta differentiable at t € T*
if there exists a number f> (t) such that, for all € > 0, there exists a neighborhood U of t
such that

[f7(8) = f(s) = f2 (@) (0 (t) = s)| < elo(t) —s]
for all s € U. We call f2(t) the delta derivative of f at t and we say that f is delta
differentiable if f is delta differentiable for all t € T".

Theorem 1.9. [3]. Assume f: T — R is a function and let t € T*.
(1) If f is A-differentiable at t, then f is continuous at t.

(13) If f is continuous at t and t is right-scattered, then f is A-differentiable at t with

(1ii) If t is right-dense, then [ is A-differentiable at t if and only if the limit
) = ()
s—t t— s

exists as a finite. In this case,

() If f is A-differentiable at t, then
Fo(t) = f(t) + p(t) f2(0).

Example 1.10. . Again we consider the two cases T=R and T =Z

(i) If T =R, then Theorem 1.9 (iii) yields that f : R — R is delta differentiable at t € R
of and only iof
t) —
f'(t) = limM exists

s—t t—s

i.e., if and only if f is differentiable (in the ordinary sense) at t. In this case

f(t) — f(s)

74 () = lim = /()

by Theorem 1.9 (iii).
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(17) If T = Z, then Theorem 1.9 (ii) yields that f : Z — R is delta differentiable at t € Z
if and only if

sy _ SO0 = 1O _ fe+ )= f(0)
P = T = RS = Af(),

where A is the usual forward difference operator defined by the last equality above.

(i43) If T = hZ = {hk : k € Z}, and h > 0, then Theorem 1.9 (ii) yields that f : hZ — R
is delta differentiable at t € hZ if and only if

ft+h) - f()
- :

o) =

(iv) If T = ¢% with ¢ == ¢*\J{0} and ¢* = {¢* : k € Z}, then 0 is a right-dense

minimum and every other point in T is isolated. For a function f : ¢ — R, we

have
ap) = L) = /1) or a
A ==y forall e T\{0}
and
f2(0) = £1mf(03) : f( ) _ ll_I}%f(s) ; f(())7

provided the limits exist.
Theorem 1.11. [3]. Assume f,g: T — R are A-differentiable at t € T*. Then,

(1) The sum f + g is A-differentiable at t with
(f +9)2(t) = F2(t) + g2 (1)
(17) For any constant o € R, af is A-differentiable at t with
(@f)2(t) = af2().
(1ii) The product fg is A-differentiable at t with

(f9)2(t) = f2(g(t) + f7(t)g™ (1)
= fHg(1) + fA (197 ().

1
() If f(t)f7(t) # 0, then — is A-differentiable at t with

i
1\* FA()
(?) = -wwrm (1)
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(v) If g(t)g?(t) # 0, then ! is A-differentiable at t with
g

<[>A (t) = FE0)g(t) = F(D)g2 (1)
g g9°(t)g(t)
Remark 1.12. Delta derivatives of higher-order are defined in the usual way. Let r € N,

T+ := T, and T+ := (T”Fl) ci=1,...,r. For convenience we also put f2° = f and

(1.2)

A
A = fA The rth-delta derivative f2" is given by f& = (fol) : T — R provided
A s delta differentiable.

Theorem 1.13 (Chain Rule [3]). Assume g : R — R is continuous, g : T — R is delta
differentiable on T, and f : R — R s continuously differentiable. Then there exists ¢ in
the real interval [t,o(t)] with

(fog)2(t) = f'(g(c))g™(t)-

1.2.2 Nabla Differentiation

Definition 1.14. [3/. We say that a function f : T — R is nabla differentiable at t € T,
if there exists a real number f¥ (t) such that, for all € > 0, there exists a neighborhood V
of t such that

[f7 () = f(s) = FY (1) (p(t) = 5)| <elp(t) — s
for all s € V. We call fV (t) the nabla derivative of f at t and we say that f is nabla
differentiable if f is nabla differentiable for allt € T,.
Theorem 1.15. [3]. Assume f: T — R is a function and let t € T,. Then we have:

(7) If f is nabla differentiable at t, then f is continuous at t.

(12) If f is continuous at t and t is left-scattered, then f is nabla differentiable at t with
t) = f(p(t))
v Il |
(1ii) If t is left-dense, then f is nabla differentiable at t if and only if the limit
)~ ()
s—t t— s

exists as a finite number. In this case,

(0 — 1O =I6)
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() If f is nabla differentiable at t, then

o) = f(t) = v @) f (1)

Example 1.16. If T = R, then

If T =727, then
FY) = f(t) = f(t = 1) = Vf(t).

Theorem 1.17. [3]. Assume f,g : T — R are nabla differentiable at t € T,. Then,

(1) The sum f + g is nabla differentiable at t with
(f+9)¥ () = fY(t) + g7 (1)
(17) For any constant o € R, af is nabla differentiable at t with
(@f)¥(t) = af¥(t).
(1ii) The product fg is nabla differentiable at t with

(f9)V(t) = FY(t)g(t)+ [7(t)g" (1)

= f(®)g" (&) + fY(t)g"(1).
(iv) If f(t)fP(t) # 0, then % is nabla differentiable at t with
(5) 0=-"Dwsm (13)
f fe

(v) If g(t)g”(t) # 0, then ! is nabla differentiable at t with
9
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1.2.3 Symmetric Differentiation

A third derivative, the symmetric derivative on time scales, can be seen, under certain
assumptions, as a generalization of both the nabla and delta derivatives. Symmetric
properties of functions are very useful in a large number of problems. Particularly in
the theory of trigonometric series, applications of such properties are well known [9].
Differentiability is one of the most important properties in the theory of functions of real

variables. However, even simple functions such as

tsing it £0, 1
F) =1, g(t) = Mt = 5. 140, (14)
0 ift =0,
do not have (classical) derivative at t = 0. Authors like Riemann, Schwarz, Peano, Dini,
and de la Vallée-Poussin, extended the classical derivative in different ways, depending
on the purpose [9]. One of those notions is the symmetric derivative:

(1.5)

While the functions in (1.4) do not have ordinary derivatives at t = 0, they have symmetric
derivatives: f*(0) = ¢*(0) = h*(0) = 0. For a deeper understanding of the symmetric
derivative and its properties, we refer the reader to the specialized monograph [74] and
[27, 28, 32]. Here we note that the symmetric quotient W has, in general, better
convergence properties than the ordinary difference quotient [45], leading naturally to
the so-called h-symmetric quantum calculus [45]. In quantum calculus, the h-symmetric

difference and the g-symmetric difference, h > 0 and 0 < ¢ < 1, are defined by

~ _fl+h) - ft—h)
Dy = o (1.6)

and

respectively [45].

Definition 1.18 (See [28]). We say that a function f: T — R is symmetric continuous
att € T if, for any € > 0, there exists a neighborhood U, C T of t such that, for all s € U,
for which 2t — s € Uy, one has |f (s) — f (2t — s)| < e.

Note that continuity implies symmetric continuity but the reciprocal is not true [28].
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Definition 1.19 (See [28]). Let f : T — R and t € T%. The symmetric derivative of f
at t, denoted by f© (t), is the real number, provided it exists, with the property that, for
any € > 0, there exists a neighborhood U C T of t such that

[f7 (1) = F(s) + f (2t —s) = [P ()] = fO () [0 (t) + 2t — 25 — p (V)]
<elo(t)+2t—2s—p(t)|

for all s € U for which 2t —s € U. A function f is said to be symmetric differentiable
provided f (t) exists for allt € T~.

Some useful properties of the symmetric derivative are given in Theorem 1.20

Theorem 1.20. [28]. Assume f : T — R is a function and let t € T%. The following
holds:

(1) Function f has at most one symmetric derivative at t.
(13) If f is symmetric differentiable at t, then f is symmetric continuous at t.

(2ii) If f is continuous at t and t is not dense, then f is symmetric differentiable at t
with

Flo(t) ~ F(p(t)
o(t) — p(t)
() Ift is dense, then f is symmetric differentiable at t if and only if the limit

L pe— s~ ()
s—t 2t — 2s

£ =

exists (finite). In this case,

f2t—s) — f(s)

<> _ .
fo(t) = lim 9 — 9
_ hmf(tﬂth)—f(t—h)'
h—0 2h

(v) If f is symmetric differentiable and continuous at t, then
Fo) = fP) + o (t) = p(1).

Example 1.21. If T = R, then the symmetric derivative coincides with the classic sym-
metric derivative (1.5): f¢ = f*. If T = hZ, h > 0, then the symmetric derivative is the
symmetric difference operator (1.6): f¢ = 23; IfT=¢%, 0<q<1, then the symmetric

derivative coincides with the q-symmetric difference operator (1.6): f¢ = 13;.
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Remark 1.22. Independently of the time scale T, the symmetric derivative of a constant

is zero and the symmetric derivative of the identity function is one.

Remark 1.23. An alternative way to define the symmetric derivative of f att € T%
consists in saying that the limit

F0(0) = i dCO =SB + Q= 8) = f2() _ (o S0 = fE+R) + f(E = 1) = ()
st o(t) + 2t — 2s — p(t) h—0 o(t) — 2h — p(t)

exists.

Theorem 1.24. [28]. Let f,g: T — R be two symmetric differentiable functions att € T
and A € R. The following holds:

(1) Function f 4+ g is symmetric differentiable at t with
(f +9)°(t) = fO(t) +g°(2).
(13) Function \f is symmetric differentiable at t with
CYIMOEPYAO]
(131) If f and g are continuous at t, then fg is symmetric differentiable at t with
(f9)°(t) = fO ()97 () + f*(£)9° (t)-

1
() If f is continuous at t and fo(t)fP(t) # 0, then 7 is symmetric differentiable at t

with
I A0
(f) e OT0) (18

(v) If f and g are continuous at t and ¢°(t)g”(t) # 0, then / is symmetric differentiable
g
at t with

(i)o 0 - L0 — F0g° () w9)
g g7 (t)g°(t)
Proposition 1.25. If f is delta and nabla differentiable, then f is symmetric differen-
tiable and, for each t € T%, fO(t) = y(t) f2(t) + (1 — (1)) fV(t), where
o(t) —s
() =l e 255 = 25— pt)
Remark 1.26. If f is delta and nabla differentiable and if function v(-) in (1.10) is a

constant, ¥(t) = «, then the symmetric derivative coincides with the diamond-c derivative:

fOt) = af2(t) + (1 —a) fY (1)

(1.10)
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1.3 Integration on Time Scales

Similarly to differentiation, it is also possible to define different notions of integration on

a time scale T.

1.3.1 Delta Integration

Definition 1.27. [3]. A function f : T — R is called regulated provided its right-sided
limit exist (finite) at all right-dense points in T and its left-sided limits exist (finite) at
all left-dense points in T.

Definition 1.28. [3]. A function f: T — R is called rd-continuous provided it is contin-
uous at right-dense points in T and its left-sided limits exist (finite) at left-dense points
in T. The set of rd-continuous functions f : T — R is denoted by C,q4.

Definition 1.29. [3]. A continuous function f : T — R is called pre-differentiable with
(region of differentiation D), provided D C T", D is countable and contains no right-
scattered elements of T, and f is differentiable at each t € D.

Theorem 1.30 (Existence of Pre-Antiderivatives [3]). Let f be regulated. Then there

exists a function F which is pre-differentiable with region of differentiation D such that
FA(t) = f(t) holds for all t€ D.

Definition 1.31. [3/. Assume f : T — R is a requlated function. Any function F as
in Theorem 1.30 is called a pre-antiderivative of f. We define the indefinite integral of a
requlated function f by

/f(t)At =F(t)+C,

where C' is an arbitrary constant and F is a pre-antiderivative of f. We define the Cauchy

integral by
/ f(t)At = F(s) — F(r) for all r,s € T.

A function F : T — R is called an antiderivative of f : T — R provided

FA(t) = f(t) holds for all t € T".
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Theorem 1.32 (Existence of Antiderivatives [3]). Every rd-continuous function has an

antiderivative. In particular, if to € T, then F' defined by

t
:/ f()AT for teT
to
15 an antideriwative of f.

Example 1.33. If T =7Z and a # 1 is a constant, then

t
/atAt: ¢ -+ C

a —

where C' is an arbitrary constant. Note that

(a%1) =2 (%) =«
a—1 a—1

Let a,b € T, a < b. In what follows we denote [a,b|r :={t € T : a <t < b}.

Theorem 1.34. [3/. Let a,b,c € T, X € R, and f,g be two rd-continuous functions.
Then,

(z)/ ) + g(t)) At = /f At+/abg<t>m;
(n)/ (AF)(B)AL =\ /f

iy [ aoae=- [ swa

i) [ rwar= [ swars [ swa

o [ rat-

(vi) if there exist g : T — R such that |f(t)| < g(t) for allt € [a, b], then

/abf(t)At' < /abg(t)At;

b
(vii) if f(t) >0 for allt € [a, b], then/ f(t)At > 0.
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Example 1.35. Leta,be T, a <b, and f € Cpq.

b b
(i) If T =R, then / f(t)At = / f(t)dt, where the last integral is the usual Riemman

integral.

(it) If T = hZ for some h > 0, then

LS|

/f HAL = thkh

1.3.2 Nabla Integration

Definition 1.36. Let T be a time scale, f : T — R. We say that function f is ld-
continuous if it is continuous at left-dense points in T and its right-sided limits exist
(finite) at all right-dense points in T. The set of ld-continuous functions f : T — R is
denoted by Cy4.

Theorem 1.37 (See 25, 26|). Every ld-continuous function f : T — R has a nabla
antiderivative. In particular, if to € T, then F' defined by

t
:/ f(r)V1 for teT
to
s a nabla antideriwative of f.

Theorem 1.38. Let a,b,c € T, A € R, and f, g be two ld-continuous functions. Then,

i [+ grve= [ 500 w+/j (1)Vt;
(u)/ (M) (BVE = A /f

i) [ sove=- [ sww

i) [ swwi= [ sowes [ sove
CHNNE

(vi) if f(t) >0 for allt € [a, b], then /bf(t)Vt > 0.
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Example 1.39. Let a,be T, a <b, and f € Cyq.

b b
(i) If T =R, then / f)Vt = / f(t)dt, where the last integral is the usual Riemman

integral.

(ii) If T = hZ for some h > 0, then

/f(t)Vt_ S hf(kh).

k=241

For more on nabla and delta integrals and their generalizations, we refer the reader to
[25, 55, 62].






Chapter 2

Fractional Calculus on Arbitrary Time

Scales

The original results of this chapter are published in [21].

2.1 Introduction

In this chapter, we introduce a general notion of fractional (noninteger) derivative for
functions defined on arbitrary time scales. The basic tools for the time-scale fractional
calculus (fractional differentiation and fractional integration) are then developed. As
particular cases, one obtains the usual time-scale Hilger derivative when the order of
differentiation is one, and a local approach to fractional calculus when the time scale is
chosen to be the set of real numbers.

Fractional calculus refers to differentiation and integration of an arbitrary (noninteger)
order. The theory goes back to mathematicians as Leibniz (1646-1716), Liouville (1809—
1882), Riemann (1826-1866), Letnikov (1837-1888), and Griinwald (1838-1920) (47, 70].
During the last two decades, fractional calculus has increasingly attracted the attention
of researchers of many different fields [1, 14, 15, 53, 56, 59, 66, 77|.

The time-scale calculus can be used to unify discrete and continuous approaches to
signal processing in one unique setting. Interesting in applications, is the possibility to
deal with more complex time domains. One extreme case, covered by the theory of time
scales and surprisingly relevant also for the process of signals, appears when one fix the

time scale to be the Cantor set [16, 78|. The application of the local fractional derivative

23
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in a time scale different from the classical time scales T = R and T = hZ was proposed
by Kolwankar and Gangal themselves: see [50, 51| where nondifferentiable signals defined
on the Cantor set are considered.

Our objective in this chapter is to develop the basic tools of any fractional calculus:

fractional differentiation (Section 2.2) and fractional integration (Section 2.3).

2.2 Fractional Differentiation

In this section, we begin by introducing a new notion: the fractional derivative of order
a €]0,1] for functions defined on arbitrary time scales. For a = 1 we obtain the usual

delta derivative of the time-scale calculus.

Definition 2.1. Let f : T — R, t € T%, and o €]0,1]. Fora €]0,1]N{1/q : q is a odd number}
(resp. o €]0,1]\ {1/q : q is a odd number}) we define f®)(t) to be the number (provided

it exists) with the property that, given any € > 0, there is a d-neighborhood U C T of t
(resp. left -neighborhood U~ C T of t), 6 > 0, such that

[f(o()) = f(s)] = fO D) [o(t) = 8] < €o(t) — 5|
foralls €U (resp. s €U ). We call f(®)(t) the fractional derivative of f of order o at t.

In this section we develop the basic tools of fractional differentiation. Along the text a
is a real number in the interval |0, 1]. The next theorem provides some useful relationships

concerning the fractional derivative on time scales introduced in Definition 2.1.
Theorem 2.2. Assume f: T — R and let t € T". The following properties hold:

(1) Let o €]0,1] N {% :q 1s a odd number}. If t is right-dense and if [ is fractional

differentiable of order o at t, then f is continuous at t.

(i) Let o €]0,1] \ {% :q 1s a odd number}. If t is right-dense and if f is fractional

differentiable of order o at t, then f is left-continuous at t.

(iii) If f is continuous at t and t is right-scattered, then f is fractional differentiable of

order o at t with

@ — 1
FYAt) (
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(iv) Let a €]0,1] N {% 1 q 15 a odd number}. If t is right-dense, then f 1is fractional

differentiable of order o at t if, and only if, the limit

L S0 = 1)

s—t (t — S)O‘

exists as a finite number. In this case,

() = lim

s—t (t — 5)0‘ )

(v) Let o €]0,1] \ {% 2 q 1s a odd number}. If t is right-dense, then f is fractional dif-

ferentiable of order o at t if, and only if, the limit
S0~ f(s)

s—t— (t — S)a

exists as a finite number. In this case,

f9(t) = lim

s—t— (t — S)a

(vi) If f 1s fractional differentiable of order o at t, then f(o(t))

F@&) + (u(0)* [ ().

Proof. (i) Assume that f is fractional differentiable at ¢. Then, there exists a neighbor-

hood U of t such that

(o) = F()] = F ) [o(t) = 5]°| < elo(t) — 5]

for s € U. Therefore, for all se U Nt — €, t + €],

LF (@) = F () < [[f70) = f(s)] = f @) [o(t) — 8]

7)) = FO = W) o) =8| + [F O] llot) = s]* = [o(t) -1

and, since t is a right-dense point,

[f () = FOI< [IF7) = f(5)] = f @) [o(t) = ]| + [ [ 0) [t - 5]

<elt—s|*+ [fOx)| |t — s|*
< e e+ |

It follows the continuity of f at ¢.
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(72) The proof is similar to the proof of (i), where instead of considering the neighbor-
hood U of t we consider a left neighborhood U™ of ¢.
(73i) Assume that f is continuous at ¢ and ¢ is right-scattered. By continuity,
i L8 = fs) _ f7(8) = f(8) _ () — f(t)
im = - .
ot (o(t) —s)* (o) —1)° ()
Hence, given € > 0 and « €]0,1] N {1/q : q is a odd number}, there is a neighborhood U
of t (or U™ if @ €]0,1]\ {1/q : q is a odd number}) such that

o) —fs)  fo@t) —f(t)' <.
(o(t) —s)* (pt)> |~
for all s € U (resp. U™). It follows that
9(t) — f(s ——fa(t)_f(t)a —35)* < ¢€lo(t) — s
o0 - s - F0 0000 - sy < ot -
for all s € U (resp. U~). Hence, we get the desired result:
o 170 = S
0= "me

(1v) Assume that f is fractional differentiable of order « at t and ¢ is right-dense. Let
e > 0 be given. Since f is fractional differentiable of order « at ¢, there is a neighborhood
U of t such that

[7() = f(s)] = f @) (o(t) — )7 < elo(t) - s|*

for all s € U. Since o(t) =t,

() = f(s)] = FO O = 5)] < et —s|*
for all s € Y. It follows that

O~ )
Taay 170

for all s € U, s # t. Therefore, we get the desired result:

f(a)(t) — lim f(t) - f(s)

s—t (t — s)a

Now assume that
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exists and is equal to L and t is right-dense. Then, there exists U such that

LGSV
(t—s)* -
for all s € U. Because t is right-dense,
fo) = f(s)
T Y=

Therefore,
|[£7(t) = f(s)] = L (o(t) — )% < elo () — 5|7
which lead us to the conclusion that f is fractional differentiable of order o at ¢ and
f@(t) = L.
(v) The proof is similar to the proof of (iv), where instead of considering the neigh-
borhood U of ¢ we consider a left-neighborhood U~ of t.
(vi) If o(t) = t, then u(t) = 0 and

The proof is complete. O

Remark 2.3. In a time scale T, due to the inherited topology of the real numbers, a

function f is always continuous at any isolated point t.

Proposition 2.4. If f : T — R is defined by f(t) = ¢ for allt € T, ¢ € R, then
f@) =o.

Proof. If t is right-scattered, then, by Theorem 2.2 (iii), one has

() :f(U(t))—f(t): c—c _
L P R (70)

Assume t is right-dense. Then, by Theorem 2.2 (iv) and (v), it follows that

This concludes the proof. O
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Proposition 2.5. If f: T — R is defined by f(t) =t for allt € T, then

(u(®)' ™ ifa# 1,
1 if o = 1.

f) =

Proof. From Theorem 2.2 (vi) it follows that o(t) = t 4+ (u(t))*f*)(t), that is, u(t) =
(@) f@(#). If u(t) # 0, then f@(t) = (u(t))'~® and the desired relation is proved.
Assume now that p(t) = 0, that is, o(t) = ¢t. In this case ¢ is right-dense and by
Theorem 2.2 (iv) and (v) it follows that
t—s
@(f) = lim ——>—.
Therefore, if & = 1, then f(®(¢) = 1; if 0 < a < 1, then f((¢) = 0. The proof is
complete. O

Let us consider now the two classical cases T =R and T = hZ, h > 0.

Corollary 2.6. Function f : R — R s fractional differentiable of order o at pointt € R
iof, and only if, the limat

lim ——————=
ot (t—s)e

exists as a finite number. In this case,

f(o‘)(t) — lim f(t) — f(s)

i =% (2.1)

Proof. Here T = R and all points are right-dense. The result follows from Theorem 2.2
(iv) and (v). Note that if a €]0,1] \ {% :qis aodd number}, then the limit only makes

sense as a left-side limit. O

Remark 2.7. Definition 2.1 corresponds to the well-known Kolwankar—Gangal approach
to fractional calculus [49, 75].

Corollary 2.8. Let h > 0. If f : hZ — R, then f is fractional differentiable of order o

at t € hZ with
ft+h) = f(t)
he '

f) =

Proof. Here T = hZ and all points are right-scattered. The result follows from Theo-
rem 2.2 (iii). O
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We now give an example using a more sophisticated time scale: the Cantor set.

Example 2.9. Let T be the Cantor set. It is known (see Example 1.47 of [25]) that T

does not contain any isolated point, and that

t+zam  iftel,
t ifteT\ L,

o(t) =

where

S 1
L:{Z%+ 'mGNandake{O,Q}foralllngm}.

3m+1 :
k=1
Thus,
s ftel,
0 ifte T\ L.
Let f : T — R be continuous and a €]0, 1]. 1t follows from Theorem 2.2 that the fractional

derivative of order a of a function f defined on the Cantor set is given by
[f (t+ 52) — f(0)] 3D ifte L,

o 0= ()
st (t — S)a

where limg..; = lim,_; if @ = % with g an odd number, and lim,..; = lim,_,;— otherwise.

pu(t) =

f) =
ifteT\ L,

For the fractional derivative on time scales to be useful, we would like to know formulas
for the derivatives of sums, products and quotients of fractional differentiable functions.

This is done according to the following theorem.

Theorem 2.10. Assume f,g: T — R are fractional differentiable of order o at t € T*.

Then,

(i) the sum f+g: T — R is fractional differentiable at t with (f + g) @ (t) = f@(t) +
g (t);

(ii) for any constant \, \f : T — R is fractional differentiable at t with (\f)®(t) =
AfO();

(iii) if f and g are continuous, then the product fg : T — R is fractional differentiable
at t with

(f9) (1) = fO(t)g(t) + f(o(1))g" (D)
= @ (t)g(a(t)) + £(t)g"(1);
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(iv) if f is continuous and f(t)f(o(t)) # 0, then is fractional differentiable at t with

1 (o) B f(a) (t) '
) O T
(v) if f and g are continuous and g(t)g(o(t)) # 0, then is fractional differentiable at t

with

9

AN @) — (g
(> () OGO

Proof. Let us consider that a €]0,1] N {% ¢ is aodd number}. The proofs for the case

a €]0,1] \ {é :qisaodd number} are similar: one just needs to choose the proper left-
sided neighborhoods. Assume that f and g are fractional differentiable at t € T*. (i) Let
€ > 0. Then there exist neighborhoods U; and U, of ¢ for which

[f(o(t) = f(s) = Do) —s]°| < gla(t) —s| forall selh

and
9(0(1)) — 9(s) — §D)o(t) ~ s1°] < lo(t) — 5| for ail s €ty

Let U = L{1 ﬂl/{g Then

(f +9) (@) = (f +9)(s) = [f ) + ¢ O] (a(t) — 5)°

t)) = f(s) = fOD)o(t) = s + [g(a(t)) — g(s) = (D)o (t) — 5]°|

€ (6 € « [0
Slo(t) = 5|7+ Ho(t) — 5| = o(t) — s

VAN
=
Q

IN

for all s € U. Therefore, f + g is fractional differentiable at ¢ and
(f+9) @) = f2(t) + g ().
(17) Let € > 0. Then there exists a neighborhood U of t with
[f(a() = f(s) = FOD)o(t) = 5| < elo(t) —s|* for all s € U.
It follows that

|((A)(a(t) = (Af)(s) — MO () [o(t) — s]*| < €e|A||o(t) — s|* for all s € U.
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Therefore, \f is fractional differentiable at ¢ and (Af)* = Af® holds at t.
(i) If ¢ is right-dense, then

(f9)@(t) = lim (fg) (@) —(fg)(s)

s—t (t — S)a
_f{) = f(s) . g(t) —g(s)
= lim t—s) g(t)+181§% (t — s)~ I )

= [ (t)g(t) + f(o(1))g" ().

The other product rule formula follows by interchanging in (fg)'® (t) = f©@(t)g(t) +

f(o(t)g'(t) the functions f and g. (iv) We use the fractional derivative of a constant

(Proposition 2.4) and Theorem 2.10 (i) just proved: from Proposition 2.4 we know that

()
(r3) @=wewm=o
and, therefore, by (iii)
1 (o) (@) 1 B
(3) @)+ w5 =o

Since we are assuming f(o(t)) # 0,

N 9w
(f) O = = F D7)

For the quotient formula (v), we use (i) and (iv) to calculate

(0)"0-()"

t
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This concludes the proof. O

The following theorem is proved in [25] for @« = 1. Here we show its validity for
a€]0,1].

Theorem 2.11. Let ¢ be a constant, m € N, and o € ]0,1].

(1) If f(t) = (t —c)™, then

FO) = () S (0(t) — o) (t — "
(i) If g(t) = o= Cm, then

provided (t — c) (o(t) — ¢) # 0.

Proof. We prove the first formula by induction. If m = 1, then f(t) =¢ — ¢ and

holds from Propositions 2.4 and 2.5 and Theorem 2.10 (7). Now assume that

—

FO ) = (D)= S (o (t) — )7 (¢ — )1

holds for f(t) = (t —c¢)™ and let F(t) = (t — )™ = (t — ¢) f(t). We use the product rule
(Theorem 2.10 (i77)) to obtain

FO(t) = (t = ) f(o(t) + fO)( ) = (u(t) " f(o() + f )t~ )

= () (o(0) = " + (W) (1)t — ) 3 (o — ot
= ()~ | (o) — ™ + 7<a<t>_c> (t —
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Hence, by mathematical induction, part (i) holds. For g(t) = W = ﬁ, we apply

Theorem 2.10 (iv) to obtain

g\ (t) = N U —(u(t)) S o (t) = e)r(t — eym iy

f@)f(o(t)) (t —c)m(o(t) — e
-« =« 1
— O e
provided (t — ¢) (o(t) — ¢) # 0. O

Let us illustrate Theorem 2.11 in special cases.

Example 2.12. Let a € ]0,1].
(i) If f(t) =2, then fO(t) = (u(t))'~*[o(t) +1].
(i) If f(t) =1, then f(t) = (u(t))' [t + ta(t) + (o(1))?].

(iii) If f(t) = L, then @) () = 02

to(t)

From the results already obtained, it is not difficult to see that the fractional derivative
does not satisfy a chain rule like (f o ¢)®(¢) = f@(g(t))g'™ (t):

Example 2.13. Let a €]0,1[. Consider f(t) =t* and g(t) = 2t. Then,

(fog)@(t) = (4 = 4(u(t)) " (o (t) + 1) (2.2)

while
FO>g()g" O (t) = (u(26)'* (o(2t) + 2t) 2(u(t)) (2.3)

and, for example for T =7, it is easy to see that (f o g)(t) # @ (g(t))g ().

Note that when o = 1 and T = R our derivative f(® reduces to the standard derivative
[’ and, in this case, both expressions (2.2) and (2.3) give 8¢, as expected. In the fractional

case a €]0, 1] we are able to prove the following result, valid for an arbitrary time scale

T.

Theorem 2.14 (Chain rule). Let o € |0,1[. Assume g : R — R is continuous, g :
T — R is fractional differentiable of order o att € T, and f : R — R is continuously

differentiable. Then there exists ¢ in the real interval [t,o(t)] with

(f09) (&) = f'(9(c)g"“ (2). (2.4)
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Proof. Let t € T". First we consider ¢ to be right-scattered. In this case

flg(e®))) = f9(1))
(u(t)) '

If g(o(t)) = g(t), then we get (f 0 g)(®(¢t) = 0 and ¢g(®(¢) = 0. Therefore, (2.4) holds for

any c in the real interval [¢,0(t)] and we can assume g(o(t)) # g(t). By the mean value

(fog)@(t)=

theorem,
o @y - Fgle®)) = flg(t)  glot) — g(t)
A O (u(0)@
= f(€)g'(t),

where £ is between ¢(t) and g(o(t)). Since g : R — R is continuous, there is a ¢ € [t, o (?)]
such that g(c) = £, which gives us the desired result. Now consider the case when t is

right-dense. In this case

by the mean value theorem, where & is between g(s) and g(¢). By the continuity of g we

get that lim,_,; & = g(t), which gives us the desired result. O

Example 2.15. Let T = 7Z, for which o(t) =t + 1 and pu(t) = 1, and consider the same
functions of Example 2.13: f(t) = t* and g(t) = 2t. We can find directly the value c,
guaranteed by Theorem 2.14 in the interval [4,0(4)] = [4,5], so that

(fo9) () = f'(g(c)g'™(4). (2.5)

From (2.2) it follows that (f o g)(®)(4) = 36. Because g\ (4) = 2 and f'(g(c)) = 4,

equality (2.5) simplifies to 36 = 8¢, and so ¢ = g.

We end Section 2.2 explaining how to compute fractional derivatives of higher-order.

As usual, we define the derivative of order zero as the identity operator: f© = f.

Definition 2.16. Let 5 be a nonnegative real number. We define the fractional derivative
of f of order B by

FO) = (fAN)(a) |
where N := |B] (that is, N is the integer part of ) and o := 3 — N.



2.3 Fractional Integration 35

Note that the v of Definition 2.16 is in the interval [0, 1]. We illustrate Definition 2.16

with some examples.
Example 2.17. If f(t) = c for allt € T, ¢ a constant, then f® =0 for any B € RY.

Example 2.18. Let f(t) =%, T = hZ, h > 0, and 8 = 1.3. Then, by Definition 2.16,
we have f(13) = (fA)(O'3). It follows from o(t) = t + h that fA3(t) = (2t + h)©3),
Proposition 2.4 and Theorem 2.10 (i) and (ii) allow us to write that f&3)(t) = 2(¢)03).
We conclude from Proposition 2.5 with u(t) = h that f33(t) = 2h°7.

2.3 Fractional Integration

The two major ingredients of any calculus are differentiation and integration. Now we

introduce the fractional integral on time scales.

Definition 2.19. Assume that f : T — R is a requlated function. We define the indefinite
fractional integral of f of order 5, 0 < B <1, by

[ roac- ( / f(t)At> o

where [ f(t)At is the usual indefinite integral of time scales [25].

Remark 2.20. [t follows from Definition 2.19 that [ f(t)A't = [ f(t)At and [ f(t)A% =
f(@).

Definition 2.21. Assume f : T — R is a requlated function. Let
FA(t) = /f(t)Mt

denote the indefinite fractional integral of f of order f with 0 < 8 < 1. We define the
Cauchy fractional integral by

b
/ f(t)APt .= Fﬁ(t)}’; = F?(b) — F?(a), a,beT.
The next theorem gives some properties of the fractional integral of order f3.
Theorem 2.22. Ifa,b,c €T, £ €R, and f,g € C.q with 0 < B <1, then

() L)+ g APt = [ f(O)A°L+ [ g(t)APt;
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(i) [0 =¢ [} F)A"

(iii) [”f(O)APE = — [* F(1)APt;

(iv) [ 0Nt = [T F(OAL+ [ (1A%
(v) [T f(#)APt=0.

Proof. The equalities follow from Definition 2.19 and Definition 2.21, analogous properties
of the delta integral of time scales, and the properties of Section 2.2 for the fractional

derivative on time scales. (i) From Definition 2.21

b

b
[ raoai= [0+ 2t

a

and, from Definition 2.19,

1-8)|°

/ (9 (OA = ([ o+t )

It follows from the properties of the delta integral and Theorem 2.10 (i) that

/ (4 )% = (f rae) N ([ o0ar) -

Using again Definition 2.19 and Definition 2.21, we arrive to the intended relation:

/b(f+9)(t)Aﬁt= /f(t)ABt-F/g(t)ABt

b

- / bf(t)MHZbg(t)Mt-

(#7) From Definition 2.21 and Definition 2.19 one has

a

= FP(t) + G°(t)|, = F°(b) + G°(b) — F"(a) — G"(a)

Z - ([enwar) =

It follows from the properties of the delta integral and Theorem 2.10 (ii) that

/ (ENWa= ¢ ( / f(t)At>(1_ﬁ) b

/ (EN)(H)A"t = / (Ef)(t) APt
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We conclude the proof of (ii) by using again Definition 2.19 and Definition 2.21:

b b
/@ﬁ@Aﬁzg/ﬂmvt=5Wmi=5wﬂm—ﬁw»

b

=¢ / f(t)APt,
The last three properties are direct consequences of Definition 2.21:
(141)

[ r0at = ) - P = - (F0) ~ )
= —/af(t)Mt.
b
(iv)
/b fOAt = FP(b) — FP(a) = F?(c) — F*(a) + FP(b) — FP(c)
¢ c b
= / f()APt + / f(t)APt.

(v) a

/ FOA = FP(a) — F*(a) = 0.
The proof is complete. O

We end with a simple example of a discrete fractional integral.

Example 2.23. Let T=7,0< [ <1, and f(t) =t. Using the fact that in this case

t2
/tAt:E—I—C

with C' a constant, we have

10 10 (1-8) 2 (1-5)
/ tMt:/tMt = (/tAt) = <5+C)
1 1

It follows from Example 2.12 (i) with pu(t) = 1, Theorem 2.10 (i) and (i1) and Proposi-

tion 2.4 that
10
/ t APt =
1

10 10

1 1

10
21 3
= -y
2

et+1)| =5

N | —

1






Chapter 3

Nonsymmetric and Symmetric

Fractional Calculi on Time Scales

The results of this chapter are original and are published in [22].

3.1 Introduction

In this chapter, we introduce a nabla, a delta, and a symmetric fractional calculus on
arbitrary nonempty closed subsets of the real numbers. These fractional calculi provide
a study of differentiation and integration of noninteger order on discrete, continuous,
and hybrid settings. Main properties of the new fractional operators are investigated,
and some fundamental results presented, illustrating the interplay between discrete and
continuous behaviors.

The notion of derivative is at the core of any calculus. One can interpret the derivative
in a geometrical way, as the slope of a curve, or, physically, as a rate of change. But what
if we generalize the notion of derivative and we study the limit
for o €]0,1] (derivative of order a)? In this chapter we discuss this question in the
general framework of the calculus on time scales, which might best be understood as
the continuum bridge between discrete time and continuous time theories, offering a rich
formalism for studying hybrid discrete-continuous dynamical systems [25, 26, 58|.

A time scale is a model of time, where the continuous and the discrete are consid-

ered and merged into a single theory. Time scales were first introduced by Aulbach and

39
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Hilger in 1988 [12]. They have found applications in many different fields that require
simultaneous modeling of discrete and continuous data [35, 38, 73].

In order to define an inverse operator of our new derivative, the antiderivative, we
apply some ideas from fractional calculus, which is a branch of mathematical analysis
that studies the possibility of taking real number powers of the differentiation operator
[1, 47, 70]. The fractional calculus goes back to Leibniz (1646-1716) himself. However, it
was only in the last 20 years that fractional calculus has gained an increasingly attention
of researchers. In October 2009, Science Watch of Thomson Reuters identified it as an
Emerging Research Front and gave an award to Metzler and Klafter for their paper [59].
Here we consider fractional calculus in the more general setting of time scales.

We develop two types of fractional calculi on arbitrary time scales: nonsymmetric (Sec-
tion 3.2) and symmetric (Section 3.3). The new calculi provide, as particular cases,

discrete, quantum, continuous and hybrid fractional derivatives and integrals.

3.2 Nonsymmetric Fractional Calculus

In this section, we begin by introducing a new notion: the nabla fractional derivative of
order a €]0, 1] for functions defined on arbitrary time scales. For v = 1 we obtain the
usual nabla derivative of the time-scale calculus. Let T be a time scale, t € T, and § > 0.
We define the right d-neighborhood of t as U™ := [t,t + 6[N'T and the left 4-neighborhood
oftasU™ :=]t—46,tNT.

Definition 3.1 (The nabla fractional derivative). Let f : T — R, t € Ty. For a €
10,1) N {1/q: q is a odd number} (resp. o €]0,1]\ {1/q: q is a odd number}) we define
Y7 (t) to be the number (provided it exists) with the property that, given any e > 0, there
is a 0-neighborhood U C T of t (resp. right 6-neighborhood U™ C T oft), & > 0, such that

|[f(s) = £ = S () [s = p(0)]*] < e ls = p(t)]"

for all s €U (resp. s €UT). We call fV°(t) the nabla fractional derivative of f of order

« att.
Recall the notion of delta fractional derivative considered in Chapter 2.

Definition 3.2 (The delta fractional derivative). Let f : T — R, t € T*. For a €
10,1) N {1/q: q is a odd number} (resp. « €]0,1]\ {1/q: q is a odd number}) we define
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f2%(t) to be the number (provided it exists) with the property that, given any ¢ > 0, there
is a 0-neighborhood U C T of t (resp. left §-neighborhood U~ C T of t), & > 0, such that

|[F7(8) = f(s)] = 27 () [o(t) — 5]°| < elo(t) — 5]

for all s €U (resp. s €U~ ). We call f2°(t) the delta fractional derivative of f of order

o att.

Throughout this section we only consider the nonsymmetric fractional calculus as
the calculus derived from the nabla fractional derivative. The delta fractional calculus
associated with the delta fractional derivative was considered in Chapter 2.

Along the text « is a real number in the interval |0,1]. The next theorem provides

some useful properties of the nabla fractional derivative on time scales.

Theorem 3.3. Assume f: T — R and let t € Ty. The following properties hold:

(i) Let a €]0,1]N {é 2 q is a odd number}. If t is left-dense and if f is nabla fractional

differentiable of order o at t, then f is continuous at t.

(i1) Let a €]0, 1]\ {% 2 q is a odd number}. If t is left-dense and if f is nabla fractional

differentiable of order v at t, then f is right-continuous at t.

(1i) If f is continuous at t and t is left-scattered, then f is nabla fractional differentiable

of order o at t with
ft) = fo(@)
[t —p®)]"

(iv) Let a €]0,1] N {% 1 q is a odd number}. If t is left-dense, then f is nabla fractional
differentiable of order o at t if, and only if, the limit
— f(t
() = 1)

s—t (3 — t)a

) =

exists as a finite number. In this case,

fV"‘(t) = lim f(S) - f(t)

s—t (s — t)a

(v) Let o €]0,1]\ {é 1q 1s a odd number}. If t is left-dense, then f is nabla fractional
differentiable of order a at t if, and only if, the limit
()~ £

s—tt (S — t)a
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exists as a finite number. In this case,

fV"‘(t) = lim f(S) B f(t)

s—tt S — t)a
(vi) If f is nabla fractional differentiable of order o at t, then
F&) = o) + [t — p())* f¥° (1)

Proof. (i) Assume that f is fractional differentiable at ¢. Then, there exists a neighbor-
hood U of ¢ such that

|[F(s) = f7 @] = £ () [s — p(0)]*] < els = p(t)]
for s € U. Therefore, for all s e U Nt —e,t + €],

[F () = () < |Lf(s) = f20)] = £V () [s — p(t)]"]
+H]F @) = 2Ol = S () [t = p(0))°]
+ [T O] lls = p(0)* = [t = p()]"]

and, since t is a left-dense point,

[F (&) = F ) < [[f(s) = L2 = £ () [s = p)]*] + [/ (1) [s — 1]°]
<els =t + |7 () [s — 1]
<e[e+ ||
We conclude that f is continuous at ¢. (i7) The proof is similar to the proof of (), where

instead of considering the neighborhood U of ¢ we consider a right neighborhood U™ of ¢.

(737) Assume that f is continuous at ¢t and ¢ is left-scattered. By continuity,

_Sfls) =) 1) - @)
1 = )
=t s o] ="
Hence, given ¢ > 0 and « €]0,1] N {1/q : ¢ is a odd number}, there is a neighborhood U
of t (or U™ if & €]0,1]\ {1/q : ¢ is a odd number}) such that
‘f(s) — /) f) — o)
[s =p@I" [t =p@]"
for all s € U (resp. UT). It follows that
f{t) = f7(@)
[t = p(1)]"

[s = p()]"| < els = p()”

\ms) ) -
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for all s € U (resp. U™). Hence, we get the desired result:

f{t) — o (t)
[t —p®))

(1v) Assume that f is nabla fractional differentiable of order o at ¢ and ¢ is left-dense.

FY ) =

Let € > 0 be given. Since f is nabla fractional differentiable of order « at ¢, there is a
neighborhood U of ¢ such that

|[F(s) = f7 0] = £ () [s — p(W)]*] < els = p(t)]°
for all s € U. Since p(t) =t,
[f(s) = fOI = ST () [s =17 <els — 1]

for all s € U. It follows that

f(s) — ()

[S—t]a _fva(t> <e€

for all s € U, s # t. Therefore, we get the desired result:

£ (1) — 1 L = 1)

s—t (t — 3)0‘

Now assume that

o 18 = (0

s—t (5 — t)
exists and is equal to L and ¢ is left-dense. Then, there exists a neighborhood U of ¢ such
that

=)
for all s € U\{t}. Because t is left-dense,

) - )

o -4 =

Therefore,
|[f(s) = f2()] = L s — p(t)]"] < els — p(t)|*
for all s € U (note that the inequality is trivially verified for s = t). Hence, f is nabla

fractional differentiable of order « at ¢ and

fV"‘ (t) — lim f(s) B f(t)

s—t (S — t)a
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(v) The proof is similar to the proof of (iv), where instead of considering the neighborhood
U of t we consider a right-neighborhood U™ of t. (vi) If p(t) = ¢, then

fre) = f(t) = f(t) + [t = p(" f¥ (1)
On the other hand, if t > p(t), then, by (iii),

NIOESLON
t—p(0))"

The proof is complete. O

f@) = f7(t) + [t = p(t)] FP) + [t = p(®)* f¥ (1),

Next result relates different orders of the nabla fractional derivative of a function.

Theorem 3.4. Let a, B € |0, 1] with > « and let f : T — R be a continuous function.
If f is nabla fractional differentiable of order B at t € T, then f is nabla fractional
differentiable of order o at t.

Proof. 1f t is left-scattered, then, by Theorem 3.3 (iiz), f is nabla fractional differentiable
of any order a € 0, 1]. If ¢ is left-dense, then, by Theorem 3.3 (iv,v),

v g f(8) = f(t)
! <t)_£1£g (s=t)8 =
Since
f((S)_t{(t)
v _ s—t)®
f (t) - E{)l} (S o t)ﬂfaa
we have

Y0 () = lim(s — )" £ (1),

which proves existence of the nabla fractional derivative of f of order v at ¢t € T.

U

e

Proposition 3.5. If f: T — R is defined by f(t) = c for allt € T, c € R, then f¥V" =

Proof. 1f t is left-scattered, then, by Theorem 3.3 (ii7), one has

o O e—c
= T e

Assume t is left-dense. Then, by Theorem 3.3 (iv) and (v), it follows that

This concludes the proof. O
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Proposition 3.6. If f : T — R is defined by f(t) =t for allt € T, then

t—p®)]'™  ifa#l,
1 if o = 1.

ANOES

Proof. Clearly, the function is nabla differentiable, which is the same as saying that func-
tion f is nabla fractional differentiable of order 1. Then, by Theorem 3.4, the function
is nabla fractional differentiable of order o, with a € ]0,1]. From Theorem 3.3 (vi) it
follows that

t—p(t) = [t — p®)]" [V ().
If t — p(t) # 0, then
) =1t =p®)]"

and the desired relation is proved. Assume now that t — p(t) = 0, that is, p(t) = ¢. In
this case t is left-dense and by Theorem 3.3 (iv) and (v) it follows that

Therefore, if @ = 1, then fV°(¢t) = 1;if 0 < a < 1, then fV°(t) = 0. O
Let us now consider the particular case T = R.

Corollary 3.7. Function f: R — R is nabla fractional differentiable of order o at point

t € R if, and only if, the limit
L)~ 1)
im ————~=

s—t (s — t)a
exists as a finite number. In this case,

1) — i £ = S0

s—t (S — t)a

Proof. Here T = R and all points are left-dense. The result follows from Theorem 3.3
(iv) and (v). Note that if a €]0,1] \ {% :qis aodd number}, then the limit only makes

sense as a right-side limit. O

The next result shows that there are functions which are nabla fractional differentiable

but are not nabla differentiable.
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Proposition 3.8. If f : RS — R is defined by f(t) = v/t for all t € R, then

0 ift#0,
1 ift=0.

17 ) =

Proof. Here T = R{. In this time scale every point ¢ is left-dense and by Theorem 3.3
(v) with o = 1/2 it follows that

Y4 = lim Vst o YT
s—tt \/m s—tt \/g + \/g

for t #£ 0. If t = 0, then

This concludes the proof. O

For the fractional derivative on time scales to be useful, we would like to know formulas
for the derivatives of sums, products and quotients of fractional differentiable functions.

This is done according to the following theorem.

Theorem 3.9. Assume f,g : T — R are nabla fractional differentiable of order a at
t € Ty. Then,

(i) the sum f+ g: T — R is nabla fractional differentiable at t with
(f+9)¥ ()= (1) +9" (1);
(ii) for any constant A € R, \f : T — R is nabla fractional differentiable at t with
APY() = A (1);

(1i) if f and g are continuous, then the product fg: T — R is nabla fractional differen-
tiable at t with

¥V @) =fY" () g@)+ f* ) g"" (t)
= Y () (1) + f(1)gY " (b);

() if f is continuous and fP(t)f(t) # 0, then % s nabla fractional differentiable at t

with
I A
(?) = Fwr
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(v) if f and g are continuous and g°(t)g(t) # 0, then 5 is fractional differentiable at t
with

g g7 (t)g(?)

Proof. Let us consider that o €]0,1] N {é ¢ is aodd number}. The proofs for the case

(£)7 - L0570

a €)0,1]\ {% 1 qis aodd number} are similar: one just needs to choose the proper right-
sided neighborhoods. Assume that f and g are nabla fractional differentiable of order «
at t € Tg. (i) Let € > 0. Then there exist neighborhoods U, and U, of t for which

[1F(s) = £70) = £¥" (@) [s = p(t))°] < S |s = p(t)|* for all s €Uy
and

l9(s) = 9"(8)] = g% (1) [s = p(O)°] < S1s = p()|* for all s €.
Let U = U; NU5. Then

(f+9)(s) = (f+9)°) = [fY () + g7 ()] [s — p(1)]"

= [f(s) = f7) = S () [s = p (O] + 9(s) = g"(t) = g™ ()]s — p (1))
< |Uf(s) = 2O = £ () [s = p0)7| + [[9(s) = g°(0)] = 7" (1) [s — p(1)]"]
<els—p() "
for all s € U. Therefore, f + g is fractional differentiable of order « at ¢ and
(f+9)Y () =7 (1) +g" ().
(77) Let € > 0. Then there exists a neighborhood U of ¢ with
|[F(s) = f70)] = (1) [s = p(0)]*] < e]s = p(t)|" for all s € U.
It follows that
1) (5) = Y (O = AT (1) s — p(8)]%] < 2] s — p(t)] | for all 5 € U,

Therefore, \f is fractional differentiable of order a at t and (Af)V"(t) = AfV"(¢) holds at
t. (iui) If t is left-dense, then

—t S — t)a
~ ) i A 0
= Y (t)g(t) + g7 () f(t)
= YD)+ £ (1) g7 (1)
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If ¢ is left-scattered, then

(fg) (@)= (fg9)" (1)

(o)™ (0= YLD =
-0 o) -
== 'O =g IV

=V (0)g(t) + [ (1)g™ (1)

The other product rule formula follows by interchanging the role of functions f and g.
(1v) Using the fractional derivative of a constant (Proposition 3.5) and Theorem 3.9 (i),

we know that

Therefore,

1 v p ve 1 _
(;) (010 + 17 (055 =0

Since we are assuming f?(t) # 0,

() 0=~Fwrr

as intended. (v) Follows trivially from the previous properties:

(@) 0-(

The proof is complete. O

The next result provides examples of how to use the algebraic properties of the nabla

fractional derivatives of order «.

Theorem 3.10. Let ¢ be a constant, m € N, and o € ]0,1].



3.2 Nonsymmetric Fractional Calculus 49

(i) If f(t) = (t — )™, then

[t =p(O] D o) =" (t =)™ ifa# L,

fV"‘ (t) =N m-1 v=0
> lo(t) =t =t fa=1
7 1
(1) If g(t) = i—om then
P 1 |
S [t = (1) 223 o—Fa—gm et
m—1 ' -
: uzzo [p(t) — " (t — c)rt! ifoa=1,

provided [p(t) — ] (t —¢) # 0.

Proof. We use mathematical induction. First, let us consider the case o £ 0. If m = 1,
then f(t) =t —c and fY(t) = [t — p(t)]""® holds from Propositions 3.5 and 3.6 and

Theorem 3.9 (7). Now, assume that

3

V) = [t = o] o) — " (=)

holds for f(t) = (t — ¢)™ and let F(t) = (t — ¢)™" = (t — ¢)f(t). By Theorem 3.9 (74i),

we have

o

FY' () =t =) f/(t)+ [Y ()t = o)

[t —p®)] " f2(t) + Y ()t — c)
= [t — pt)]"" |[p(t) = ™ + > [p(t) — ] (t — )"

=[t—p®]'*) [p(t) =] (t —c)"".

v

1 1
Hence, by mathematical induction, part (i) holds. For g(t) = =0 = 10} we apply
—cC m

Theorem 3.9 (iv) to obtain

o
7 () = s =~ [t~ o(0)

= —[t—pt)""

Lo oy Ip(t) =" (t — )"
[p(t) — ™ (t—c)m

m—1 1

= p(t) =" (t— c) 1’
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provided [p(t) —c] (t — ¢) # 0. For a = 1 the proofs are similar bearing in mind that
OMEONESS =

Now we introduce the nabla fractional integral on time scales.

Definition 3.11 (The indefinite nabla fractional integral). Assume that f : T — R is
a requlated function. We define the indefinite nabla fractional integral of f of order [,

0<B<1, by .
/f(t)Vth = (/f(t)Vt)V

with [ f(t)Vt the usual indefinite nabla integral of time scales [25].

Remark 3.12. [t follows from Definition 3.11 that

[ravi=[rave [ rovee= s

Definition 3.13 (The definite nabla fractional integral). Assume f : T — R is a ld-

continuous function. Let
FY°(t) / F(H)VP¢

denote the indefinite nabla fractional integral of f of order f with 0 < f < 1, and let
a,b e T. We define the Cauchy nabla fractional integral from a to b by

=FY'(b) - F¥(a).

a

/bf(t)vﬁt = FY’(t) '

The next theorem gives some algebraic properties of the nabla fractional integral.

Theorem 3.14. Ifa,b,c e T, A€ R, and f,g € C,q with 0 < 3 < 1, then
b
(i) / t)+g(t) VPt = / f(OVP +/ g(t)VPt;

(ii) / )V = A / F(VP1:

(iii) /abf(t)vﬁt: —/baf(t)vﬂt;
(v) /abf(t)vﬁt:/acf(t)vﬁwfcbf(t)vﬁt;
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() /am)vﬂt 0.

Proof. The equalities follow from Definitions 3.11 and 3.13, analogous properties of the
nabla integral on time scales, and the properties of Section 3.2 for the fractional nabla
derivative on time scales. (i) From Definition 3.13, we have

b

/ (f+9) )Vt = /[f(t) +g(t)] V7t

a
b

- ([ 0+ gt0) w)vw)
_ [( [roa)" o ( /QW)V“”] b

-/ OV / (v

(77) From Definitions 3.13 and 3.11, one has

b

i -(/ (Af)(t)Vt)vw)
~ 2 ( / f(t)Vt) M / KOV

The last properties (iii), (iv) and (v) are direct consequences of Definition 3.13: (7i)

/ )Vt = / )Vt

/ OVt = FAb) - F(a) = — (FA(a) — F*(3) = — [ 1w

(iv)
/ b FOVPE=FY () = F¥(a) = F¥"(¢) = F¥"(a) + F¥" (b) = F¥"(¢)
= /Cf(t)vﬁt + /bf(t)vﬁt;
(v) )
/ FOVPt=F""(a) = F¥"(a) = 0.
This concludes the proof. O

We end this section with a simple example of a discrete fractional integral of order a.
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Example 3.15. Let T=7,0< 3 < 1, and f(t) =t. Using the fact that

t2
/tVtzE—i—C,

where C' s a constant, we have

10
/ tvﬁt:/tvﬂt
1

It follows that

10 10

10 v(i-8)
([
1

1

A O B O R R IO I

The fundamental concepts of the nabla fractional calculus of order «, which are the dif-
ferentiation and integration of noninteger order using the nabla operator, were presented
in this section. The properties of the delta fractional calculus of order a are similar to
the properties of the nabla case and were discussed in Chapter 2. In the next section we
will use both nabla and delta approaches, the delta and nabla fractional calculi of order
a, to obtain useful results of the symmetric fractional calculus of order o and extend the

results of [28].

3.3 Symmetric Fractional Calculus

In this section, we introduce the notion of symmetric fractional derivative of order o €]0, 1]

on time scales.

Definition 3.16 (The symmetric fractional derivative). Let f : T — R, t € T%, and
a € 10,1]. The symmetric fractional derivative of f at t, denoted by fO° (t), is the
real number (provided it exists) with the property that, for any ¢ > 0, there exists a
netghborhood U C T of t such that

[[f7 (1) = f(s) + f (2t =) = [P (O] = FO° () [0 (8) + 2t — 25 — p ()]
<elo(t)+2t—2s—p(t)]"

for all s € U for which 2t —s € U. A function f is said to be symmetric fractional
differentiable of order o provided O (t) exists for all t € T*.
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Remark 3.17. If a = 1, then the symmetric fractional derivative is the symmetric deriva-

tive on time scales [28].
Some useful properties of the symmetric derivative are given in Theorem 3.18.
Theorem 3.18. Let f: T — R, t € T and a € |0,1]. The following holds:
(i) Function f has at most one symmetric fractional derivative of order .

(i1) If f is symmetric fractional differentiable of order o at t and t is dense or isolated,

then f is symmetric continuous at t (Definition 1.18).

(iii) If f is continuous att and t is not dense, then f is symmetric differentiable of order
a at t with

_ -

o) —p @)

(iv) Ift is dense, then f is symmetric fractional differentiable of order o at t if and only
if the limit

)

T8~ ()
s—t 20 (t — s)”

exists as a finite number. In this case,

an o S@=s)=f(s) . ft+h)—[f({t—h)
R T (Lt L e Ty TR

(v) If f is symmetric differentiable of order o and continuous at t, then
FO@) =12+ @) o () = p ()"

Proof. (i) Suppose that f has two symmetric derivatives of order o at t, f°° (t) and
£ (t). Then, there exists a neighborhood U; of ¢ such that

£ (8) = f () + [ (2t =) = f2 ()] = [ (8) [o (£) + 2t — 25 — p (£)]°]
< Slo()+2t—25—p(®)°
for all s € U; for which 2t — s € U;, and a neighborhood U, of t such that

£ (&) = £ (s)+ f (2t =) = f2 ()] = 2" () [ (1) + 2t — 25 — p (1))
<Slo()+2t—25—p(®)°
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for all s € U, for which 2t—s € U,. Therefore, for all s € U;NUs for which 2t —s € U;NUs,

0% (i o0 g oy gon [0 (t) + 2t —2s — p (¢)]*
00— 550 = |1 0 - 8 0) e

[f7 (&) = f(s) +f2t—s) = f7 ()] = £~ () [o(t) +2t — 25 — p(t)]"]

<
- lo (t) + 2t — 25 — p(t)|*
N [F7 () = f(s)+ f2t—s) = f ()] = /7 (1) [0 (8) + 2t — 25 — p (1))
lo () + 2t — 25 — p(t)|*
<e.

(77) From hypothesis, for any € > 0, there exists a neighborhood U of t such that

[[f7 (1) = £ (s) + f (2t =) = P (O] = £ () [0 (8) + 2t — 25 — p (1))
<elo(t)+2t—2s—p(t)]"

for all s € U for which 2t — s € U. Note that

<|If7 @) = f(s)+ f2t=s) = fF )] = [ () o (1) +2t =25 — p ()]
7@ = 7O = f () [o (t) +2t = 25 — p(2)]"]
<|If7@) = f(s)+ f(2t=s) = fF )] = fO () o (1) + 2t = 25 — p ()]
7@ = F @)+ f ) = (O] = £ () [o(8) + 2t — 2t — p ()]
H[f O o () +2t =25 = p ()] = fO () [0 (t) — p ()]
<elo(@)+2t—2s—p(t)|" +elo(t)+2t—2t—p(t)|"
O o () +2t =25 = p()]" = O () [0 (8) — p(1]°].
If ¢t is dense, then

f (s) = f (2t —s)] < e2% [t —s|" + | O (1) 27 [t — |
< g*2” (5—1— |f<>a (t)D

for all s € U N |t —e,t+¢[, which proves the result for a point ¢ which is dense. If ¢
is isolated, then the function is continuous at ¢ (because of the inherited topology) and
therefore the function is symmetric continuous at ¢. (i7i) Suppose that ¢t € T% is not dense
and f is continuous at t. Then,

i 7O =)+ f2t—s) = f*(t) _ [ ()= [ (1
e [o(t) +2t —2s — p(t)]" [0 (t)— p (O]
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Hence, for any € > 0, there exists a neighborhood U of ¢ such that

o) =)+ fRE—s)—f{) [ - [ @)
[o () + 2t =25 — p (1) o () = p (D))"

for all s € U for which 2t — s € U. It follows that

O Al

<e¢

‘[f" (1) = F(s) + F (2t — ) = J7 (1)

which proves that
0BT A0
[0 () —p()]"
(1v) Assume that f is symmetric fractional differentiable of order « at ¢ and ¢ is dense.

Let £ > 0 be given. Then, there exists a neighborhood U of ¢ such that

o)

[[f7 (1) = £ (s) + f (2t = 5) = f7 (O] = £ () [0 (8) + 2t — 25 — p ()]
<elo(t)+2t—2s—p(t)]"

for all s € U for which 2t — s € U. Since t is dense,
[[F () + (21— )] = £ (1) [2t — 25| < <[t — 24]°

for all s € U for which 2t — s € U. It follows that

e

for all s € U with s # t. Therefore, we get the desired result:

7o ) =i HEA T,

Conversely, let us suppose that t is dense and the limit

o d =) = F (9

=: L
s—t 2a (t — 8)a

exists. Then, there exists a neighborhood U of ¢ such that ‘f(;i—“s—w — L| < ¢ for all

s € U for which 2t — s € U. Because t is dense, we have

fo@)—f(s)+f(2t—s)—fr (1)
[0 (t) + 2t —2s — p (¢)]*

—L‘Se.
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Therefore,

[f7 () = f(s) + f (2t =) = f7 ()] = Lo (t) + 2t — 25 — p ()]
<elo(t)+2t =25 —p ()",

which leads us to the conclusion that f is symmetric differentiable of order o and f¢° (t) =
L. Note that if we use the substitution s = ¢ + h, then

o ft+R) = f(t=h)
17 () = Jim Dapo '

(v) If t is a dense point, then o (t) = p (t) and

MO OGRS A OICIOENI0)
If ¢ is not dense, and since f is continuous, then

WRORIa0
) —pOF

This concludes the proof. O

) S 0=+ 00 -p0)]"

Remark 3.19. An alternative way to define the symmetric fractional derivative of f of

order o € 10,1] at t € T% consists in saying that the limit

foa(t):hmfo(t)_f(5>+f(2t—3)_fﬂ(t)

st Jo () + 2t — 25— p (1)
O A R A et DR (O
h—0 [o(t) =2h = p(1)]"

exists. Simalarly, we can say that the nabla fractional deriwative of f of order a is defined
by
_fp
£ () = tim TS
=t s — p(t)]
and the delta fractional derivative of f of order o is defined by
o () i S0 = (5)
st o (t) — 5]
Remark 3.20. A function f: R — R is symmetric fractional differentiable of order o at
point t € R if, and only if, the limit

L) = f (=)
h—0 2o ho
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exists as finite number. In this case,

£ (1) — g LEER) =)

h—0 20 ho

If a = 1, then we obtain the classical symmetric derivative in the real numbers [74],

defined by
o) — i LR =T (=B

h—0 h
Remark 3.21. Let h > 0. If a function f : hZ — R s symmetric differentiable of order

a fort € hZ, then

o ft+h) —f(t—nh)
pon =

If « =1, then we obtain the symmetric h-derivative in the quantum set hZ [45], defined
by

FE+h) = f(t=h)

7 () = .

Let us now see some examples.

Proposition 3.22. If f : T — R is defined by f(t) = ¢ for allt € T, ¢ € R, then
fO(t) =0 for any t € T,

Proof. Trivially, we have

5o (1) = tim IO =S+ 121 —5) — 7 (1)

O+t —2s—p@

The proof is complete. [

Proposition 3.23. If f : T — R is defined by f (t) =t for allt € T, then

o) —p O] ifa#l
1 ifa=1

£ (1) =

for allt € T%.

Proof. 1f t is not dense, then by Theorem 3.18 (iii)
_ O =@

0" 2 =0 (t) — e
7o 0 = =T — e -
If t is dense, then by Theorem 3.18 (iv)
oy o f@Rt=s)—f(s) .. 2(t—s
A e (ErCa - T

Thus, if @ = 1, then f¢° (t) = 1;if 0 < a < 1, then f°° (t) = 0. O
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Next proposition shows a function that is not differentiable at point ¢ = 0 in the sense
of classical (integer-order) calculus and standard (nonsymmetric) calculus on time scales

[25, 26], but is symmetric fractional differentiable of order a € ]0, 1].

Proposition 3.24. Let T be a time scale with 0 € T and f : T — R be defined by
f(t)=1t|. Then,
0 if 0 is dense

J(0) = _0(0) +p(0) otherwise

for any o € ]0,1].

Proof. We know (see Remark 3.19) that

oy i 4O = fO+R)+fO—=h)—f(0) .. (0) +p(0)
0=y 0 (0) = 2h—p (O ") -2 O
The result follows immediately from this equality. O]

We now give some algebric properties of the symmetric fractional derivative.

Theorem 3.25. Let f,g: T — R be two symmetric fractional differentiable functions of
order a at t € Tf and let A € R. The following holds:

(i) Function f + g is symmetric fractional differentiable of order a at t with
(f+9)7" ()= FO" () + %" ().
(i1) Function \f is symmetric fractional differentiable of order a at t with
CYASOEPVARGP

(i1i) If f and g are continuous at t, then fg is symmetric fractional differentiable of order

o at t with
(f9)® (&) =" (®) 9" (&) + 7 (1) g ().

() If f is continuous at t and f7 (t) f*(t) # 0, then 1/ f is symmetric fractional differ-

entiable of order o at t with

nNe e
<f> O=—Foro
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(v) If f and g are continuous at t and g° (t) g° (t) # 0, then f/qg is symmetric fractional
differentiable of order o at t with

o oo P(+) — fP o
([) (t):f ()g" () = 7 () g* (1)

g 97 (t) g (1)
Proof. (i) For t € T% we have
oy SH9)TO) = (f+9) () +(f+9) (2t —s) = (f+9)" ()
(f+9)" (t) =lim o (1) + 2= 25— p (O
i ST )+ fRE—s) = (1)
s [0 (t)+2t—2s—p(t)]"
9° () —g(s) +g (2t —s) — g (t)
[0 (t) + 2t —2s — p (¢)]"
=)+ 9% ().
(17) Let t € T% and A € R. Then,

(Af)oa(t):hm( 7 #) = (Af) () + (Af) (2t —s5) = (M) (1)

I, [0 (t) +2t —2s — p(t)]"
g O = S8+ (2t —s) — (1)
st o) +2t—25s—p(t)]°

= A1)

(77i) Let us assume that t € T and f and ¢ are continuous at t. If ¢ is dense, then

(fg)(t+h)—=(fg)(t—h)

(f9)*" (1) = lim

h—0 2aho
. f4+h)—f(t—h) . g(t+h)—g(t—nh)
=% 20k g(t+h)+ limg 20k flE=h)

=) g @)+ £ () g% (1)
If ¢ is not dense, then

o (7O = (F () O - D)
U™ 0= = por ~ o) ="
(

=97 O+ ()% (1)

g9° () —g" (1)

Ot o —par’ Y

We just proved the intended equality. (iv) Using the relation (% X f> (t) = 1 we can

0= (5x) T =0 (3) w+rw (})<> (0.

write that
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Therefore,
N
(f) O=—Fwre

(v) Let t € T%. Then,

() 0=(r<1) 0=rro 0rrot)

9

I N o BN e Or A B a0y )
“rw “”( e <t>gp<t>) F0Ya0
The proof is complete. O

Example 3.26. The symmetric fractional derivative of f (t) = t* of order a is

f<>°“ (t) _ { [U (t) - (t)]l_a [U (t> +p (t)] Zf « 7é 1
7 () + (1) i oa=1

Example 3.27. The symmetric derivative of f (t) = 1/t of order « is

A0 I0)
S TR
—W Zf a=1.

The next result gives a relation between the nonsymmetric and symmetric fractional

derivatives.

Proposition 3.28. If f is both delta and nabla fractional differentiable of order «, then

f is symmetric fractional differentiable of order o with

FO =m0+ 1)

for each t € T}, where

and
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Proof. Note that

ST =)+ fQRE—s)— 7 (1)

F ) =l o (O
. [o () — s]” fo) —f(s)
st \ [o(t) + 2t — 25 — p(£)]" [o () — s]”

(2t —s5)—p(@)]"  f2—s5)—f(t
o () +2t =25 — p (t)]" [(2t —5) — p ()]"

L o(t)—s “
_£11>1’1%<|:0'<t)+2t—28—p(t>:| 120
2t—s)—pt) 1" v
o <t>>.

[0(t)+2t—23—p
If t € T is dense, then

(t) = lim o(t) = s a—hm L=s a—i
= o(t)+2t—2s—p(t)]  sot|2t—2s] 20

and

o) =ty | 2Py |22 L

On the other hand, if ¢ € T is not dense, then

T (t) = lim L (t) +021(ft)—_288— p (t)} a - {%} a

and

. —s)—p@®) 1" _. [ t=p® ]°
t)=1 =1 —_ .
w0 =t | | = el
Hence, functions 7y, v5 : T — R are well defined and, if f is delta and nabla differentiable,
then fO° (t) =y (¢) f2 (1) + 72 (1) £V (¢). O

Remark 3.29. Suppose that f is delta and nabla fractional differentiable of order c. If
point t € T7 is right-scattered and left-dense, then its fractional symmetric derivative of
order « is equal to its delta fractional derivative of order . Ift is left-scattered and right-
dense, then its symmetric fractional derivative of order « is equal to its nabla fractional

derivative of order a.

Due to Proposition 3.28, we can now define a symmetric integral of noninteger order.
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Definition 3.30 (The symmetric fractional integral). Assume function f : T — R
is simultaneously rd- and ld-continuous. Let a,b € T and F2°(t) = [ F()APt and
FY°(t) = [ f(t)VPt denote the indefinite delta and nabla fractional integrals of f of
order B, respectively. Then we define the Cauchy symmetric fractional integral of f of
order 8 €]0,1] by

b

| 005t =@ P 0]+ a0 F 0

=71 (b) FA"(b) — 71 (a) F2" (@) + 72 (b) FY" (b) — 72 (a) F¥’ (a).

a

Finally, we present some algebraic properties of the symmetric fractional integral.
Theorem 3.31. Let a,b,c € T and N € R. If f,g € Ciq and f,g € C,q with 0 < 3 < 1,
then

b b b
0 [0 +s010%= [ 100+ [ g0
b b
i) [ onmot=x [ oo
b a
)Pt = — )OPt;
i) [ 0ot =— [ 5o
b c b
w [ 100%= [ 100+ [ 1o

(v) /af(t)oﬁt = 0.

Proof. Equalities (i)—(v) follow from Definition 3.30 and analogous properties of the nabla
and delta fractional integrals (cf. Theorem 3.14). O



Chapter 4

Fractional Riemann—Liouville Calculus

on Time Scales

In this chapter, we introduce the concept of fractional derivative of Riemann-Liouville on a
time scale T. The notion is nonlocal, which contrasts with Chapters 2 and 3. Fundamental
properties of the new operator are proved, as well as an existence and uniqueness result
for a fractional initial value problem on an arbitrary time scale. The results of this chapter

are original and are published in [23].

4.1 Introduction

Fractional calculus is nowadays one of the most intensively developing areas of mathemat-
ical analysis (see, e.g., |1, 6, 44, 53, 54, 55] and references therein), including several defi-
nitions of fractional operators like Riemann—Liouville, Caputo, and Griinwald—Letnikov.
Operators for fractional differentiation and integration have been used in various fields,
such as signal processing, hydraulics of dams, temperature field problem in oil strata,
diffusion problems, and waves in liquids and gases [21, 71, 72].

We consider the following initial value problem:
2 DYy(t) = f(ty(t), t€ltoto+a=TJCT, 0<a<l, (4.1)

l—«
wl, y(to) =0, (4.2)

where EE)D:Y is the (left) Riemann-Liouville fractional derivative operator or order av defined

onT, T tl_a the (left) Riemann-Liouville fractional integral operator or order 1—a« defined

63
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on T, and function f: J x T — R is a right-dense continuous function. Our main results

give necessary and sufficient conditions for the existence and uniqueness of solution to

problem (4.1)—(4.2). Before that, we need to fix some notations and recall some results.
We use C(J,R) to denote the Banach space of continuous functions y with the norm

Y|l = sup{|y(t)| : t € T}, where J is an interval.

Proposition 4.1 (See [5]). Suppose T is a time scale and f is an increasing continuous
function on the time-scale interval a,b]. If F is the extension of f to the real interval

[a, b] given by
f(s) ifseT,
f@) ifse(tot) ¢T,

/abf(t)At < /abF(t)dt.

We also make use of the classical gamma and beta functions.

then

Definition 4.2 (Gamma function). For complex numbers with a positive real part, the

gamma function T'(t) is defined by the following convergent improper integral:

Definition 4.3 (Beta function). The beta function, also called the Euler integral of first
kind, is the special function B(x,y) defined by

1
B(zx,y) := / N1 -t tdt, x>0, y>0.
0

Remark 4.4. The gamma function satisfies the following useful property: T'(t+1) = tI'(¢).

L(z)C(y)

The beta function can be expressed through the gamma function by B(z,y) = Taty) -

The main results of this chapter are based on Banach’s and Schauder’s fixed point

theorems.

Definition 4.5. Let (X,d) be a metric space. Then a map T : X — X is called a
contraction mapping on X if there exists vy € [0,1] such that

d(T(x),T(y)) <~d(z,y) for all z,yin X.
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Theorem 4.6. [36]. Let (X,d) be a non-empty complete metric space with a contraction
mapping T : X — X. Then T admits a unique fized point x* in X (i.e., T(z*) = x*).

Theorem 4.7 (Nonlinear Alternative of Leray—Schauder Type [36]). Let X be a Banach
space, C a closed, convex and nonempty subset of X, U an open subset of C and 0 € X.
Suppose that N : U — C' is a continuous, compact map.

Then either,

1. N has a fixed point in U, or

2. There ezists A € (0,1) and x € OU (the boundary of U in C) with v = AN (x).

4.2 Fractional Riemann—Liouville Integral and Deriva-
tive

In this section, we introduce a new notion of fractional derivative on time scales. Before
that, we define the fractional integral on a time scale T. This is in contrast with [21, 22, 24|
and in contrast with previous chapters, where first a notion of fractional differentiation on
time scales is introduced and only after that, with the help of such concept, the fraction

integral is defined.

Definition 4.8 (Fractional integral on time scales). Suppose T is a time scale, [a,b] is
an interval of T, and h is an integrable function on [a,b]. Let 0 < a < 1. Then the (left)
fractional integral of order o of h is defined by

N0 ::/ %h(s)As,

where I 1s the gamma function.

Definition 4.9 (Riemann-Liouville fractional derivative on time scales). Let T be a time
scale, t € T, 0 < a < 1, and h : T — R. The (left) Riemann—Liouville fractional
derivative of order o of h is defined by

A

D% h(t) = ﬁ ( / - s)‘ah(s)As) | (4.3)
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Remark 4.10. If T = R, then Definition 4.9 gives the classical (left) Riemann—Liouville
fractional derivative [68]. For different extensions of the fractional derivative to time
scales, using the Caputo approach instead of the Riemann—Liouville, see [5, 20]. For local
approaches to fractional calculus on time scales we refer the reader to [21, 22, 24]. Here we
are only considering left operators. The corresponding right operators are easily obtained
by changing the limits of integration in Definitions 4.8 and 4.9 from a to t (left of t) into t
to b (right of t), as done in the classical fractional calculus [68]. Here we restrict ourselves
to the delta approach to time scales. Analogous definitions are, however, trivially obtained

for the nabla approach to time scales by using the duality theory of [33].

Along the work, we consider the order « of the fractional derivatives in the real interval
(0,1). We can, however, easily generalize our definition of fractional derivative to any
positive real . Indeed, let & € RT\N. Then there exists 5 € (0,1) such that o = |a] + 5,

where || is the integer part of a, and we can set

TR . TpRB.Aled

oDih =D h™ .
Fractional operators of negative order are defined as follows.

Definition 4.11. If —1 < a < 0, then the (Riemann—Liouville) fractional derivative of

order a 1s the fractional integral of order —a, that 1s,
TR . Ty
oDy =1,

Definition 4.12. If —1 < a < 0, then the fractional integral of order « is the fractional

derwative of order —a, that 1s,
—a

Ty T
a]t '_aDt

4.2.1 Properties of the Time-Scale Fractional Operators

In this subsection we prove some fundamental properties of the fractional operators on

time scales.
Proposition 4.13. Let T be a time scale with derivative A, and 0 < o < 1. Then,

T & _ Tyl—a
D, =Ao L7
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Proof. Let h: T — R. From 4.3 we have

A

D% h(t) = ﬁ < / (t s)ah(s)As)
= Gan)® = (80 T1) b,

The proof is complete. n

Proposition 4.14. For any function h integrable on [a,b], the Riemann—Liouville A-

fractional integral satisfies

o T =T
fora >0 and g > 0.

Proof. By definition,

(215 o222 ) ) =217 (21 )

1

= i [ (i) s

_ ﬁ / t ((t - s)a—lﬁ / (s — u)ﬁ—lh(u)Au) As

v — ) s —uw)’h(u)AuAs
= T [, - e s

- ﬁ / [ / (= )™ (s — )P Mh(u)Au + / (= 55— u)ﬂlh(u)Aul As

- ST / t [ / (=5 (s - u)ﬁlh(u)Au] As.

From Fubini’s theorem, we interchange the order of integration to obtain

(112 e 22) o) = gy [ [ =9 6= s s
- ST / t / (= )1 (s — u)ﬁ_lAs] h(w)Au
- ST / t /u (=5 (s — u)ﬁ_lAs] h(u) Au.
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By setting s = u + r(t — u), r € R, we obtain that

(17 0 717) ((t))
- W /at [/01(1 — )2t — )P (= )P (- u)dr} h(u)Au
= m /01(1 — )P dr /:(t —u)* P h(u) Au

o B(Oé,ﬂ) ! o a+p—1 _ 1 ! . a+pB-1
= —F(a)f‘(ﬁ) /a (t —u) h(u)Au = —F(a e /a (t —u) h(u)Au
=2 I h(1).
The proof is complete. O

Proposition 4.15. For any function h integrable on [a,b] one has TD} o TIh = h.

Proof. By Propositions 4.13 and 4.14, we have

a

a o l1-a a A A
S0} o Trh(t) = [F17 (1T ()| = [FLAM)® = Ale).
The proof is complete. O

Corollary 4.16. For 0 < o < 1, we have D} o TD;* = Id and TI;“ 0TI = Id, where

Id denotes the identity operator.
Proof. From Definition 4.12 and Proposition 4.15, we have that
oD} 0D =Dy oI = 1d;
from Definition 4.11 and Proposition 4.15, we have that TI, “oTI =TDY oI = [d. O

Definition 4.17. For a > 0, let *I;([a,b]) denote the space of functions that can be

represented by the Riemann—Liouville A integral of order o of some C([a, b])-function.

Theorem 4.18. Let f € C([a,b]) and o > 0. In order that f € *I¢([a,b]), it is necessary
and sufficient that

"1, f € CY(la,b) (4.4)

and
(L f(@)|,_, = 0. (4.5)
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Proof. Assume f € T} ([a,b]), f(t) =TI, g(t) for some g € C([a,b]), and
11— - a
oL () =al, " (@Ig(1) -
From Proposition 4.14, we have
t
l1-a
S 0) = () = [ gls)as
Therefore, 7T, f € C*([a, b]) and
-« “
(i 1)|_ = [ at9as=0
Conversely, assume that f € C([a,b]) satisfies (4.4) and (4.5). Then, by Taylor’s formula
applied to function L1 i ~“f, one has

t
o Agia
L) = / Eglj f(s)As, ¥t € [a,b].

Let ¢(t) := ﬁg[:_af(t). Note that ¢ € C([a,b]) by (4.4). Now, by Proposition 4.14, we
have
2 0) =Tt = 11 [T ()]
and thus
0.

- 11— a
oIy C(F) = oy " [ad; ((1))]
Then,
l-a «
oLy [ = oL, ()] = 0.
From the uniqueness of solution to Abel’s integral equation [44], this implies that
f— g[?go = 0.

Thus, f =T1}p and f € TI}[a,b]. O
Theorem 4.19. Let o > 0 and f € C([a, b)) satisfy the condition in Theorem 4.18. Then,
(ali 00 D)) (f) = f.

Proof. By Theorem 4.18 and Proposition 4.14, we have:
o1y 0u DY f(t) =31 0aDy (G e(1) = LI e(t) = f(1).

The proof is complete. O



70 Fractional Riemann—Liouville Calculus on Time Scales

4.2.2 Application to a Fractional Riemann—Liouville IVP on Time

Scales

In this subsection we prove existence of solution to the fractional order initial value prob-
lem (4.1)—(4.2) defined on a time scale. For this, let T be a time scale and J = [to, to+a] C
T. Then the function y € C(J,R) is a solution of problem (4.1)—(4.2) if

WD y(t) = f(t,y) on T,
2 Iy(te) = 0.
To establish this solution, we need to prove the following lemma and theorem.

Lemma 4.20. Let0 < a <1, J CT, and f : J xR — R. Function y is a solution
of problem (4.1)—(4.2) if and only if this function is a solution of the following integral

equation:
ww=§5/@—@av@MQMa

to

Proof. By Theorem 4.19, T I} o (f DY (y(t))) = y(t). From 4.3 we have

Y toT ¢

/@—ﬁ”%@ﬂ@ﬂ&

to

)= ——

v = 1

The proof is complete. n
Our first result is based on the Banach fixed point theorem [36].

Theorem 4.21. Assume J = [to,to+a] C T. The initial value problem (4.1)—(4.2) has a
unique solution on J if the function f(t,y) is a right-dense continuous bounded function
such that there exists M > 0 for which |f(t,y(t))| < M on J and the Lipshitz condition

IL>0:VteT andz,y R, |f(t,z)— f(ty)] < Llw -y
holds.

Proof. Let S be the set of rd-continuous functions on J C T. For y € S, define
Iyl = sup [ly ()]l
teg

It is easy to see that S is a Banach space with this norm. The subset of S(p) and the
operator T are defined by
Slp) ={X eS| X < p}
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and

Then,

I a1 M [ a1
|T(y(t))|§m/to(t—s) MASSm/to(t_S) As.

Since (t —s)*~! is an increasing monotone function, by using Proposition 4.1 we can write

that
¢ t
/ (t—s)*'As < / (t —5)* ds.
to to
Consequently,
M [ M a®
T < Fos [ (=9 s < o =
F(OZ) to F(O{) (6%
By considering p = %, we conclude that T is an operator from S(p) to S(p). Moreover,

1 t o1
[T (z) — T(y)|l Sm/to@—s) | f(s,2(s)) — f(s,y(s))|As

LWw—mm/* L
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for x,y € S(p). If % < 1, then it is a contraction map. This implies the existence

and uniqueness of solution to problem (4.1)—(4.2). O

Theorem 4.22. Suppose f : J x R — R is a rd-continuous bounded function such that
there exists M > 0 with | f(t,y)| < M for allt € J, y € R. Then problem (4.1)—(4.2) has

a solution on 7.

Proof. We use Schauder’s fixed point theorem [36] to prove that T has a fixed point. The
proof is given in several steps.

Step 1: T is continuous. Let y, be a sequence such that y, — y in C(J,R). Then, for
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eacht € 7,
IT(ya) (1) — T() (1)

< iy [ ()  FGs o) B

- F(a) to o ’
1t -

< T / (1= 9" sup (5, (5)) = (s.0(5)| As
£ ) = SO [y et

< ey [eoa
1) = FCuODle [T, s

< (o) /to(t—s) ds

) = Py o 07

- ['(«) a

_ @ 1) ~ £

- I(a+1) '

Since f is a continuous function, we have

T (yn)(t) = T(y)(?)] 1FCyn() = FC ()l = 0 as n— oo

°°§r< 1)

Step 2: the map T sends bounded sets into bounded set in C(7,R). Indeed, it is enough

to show that for any p there exists a positive constant [ such that, for each

ye B, ={ycC(T,R): |lyllw < p},

we have ||T(y)||ls < {. By hypothesis, for each t € J we have

T(y) s%/t—sawfsy())ms
M
SF_/ oalAS
Sri/ alds
_aF(a)
_ Ma* .
CD(a+1)

Step 3: the map T sends bounded sets into equicontinuous sets of C(J,R). Let t1,t5 €
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J.t1 < tg, B, be a bounded set of C(J,R) as in Step 2, and y € B,. Then,

T(y)(t2) = T(y)(t1)]

< i | - rsenas = [Ce - ot sanas

< FL / (h = )7 — (2 — )77+ (12— 9)* ) f(s,y(5)) As
- / (12 — 9 f (s, y(5))As

< 7y ((t, — 5)* (t—s)o‘lAs—I—/t (ty — 5)* 'As

grﬂ (t — 5)° (t—s)alds+/t2t—s)°‘ ds

gmwg—tl) 0= 10)" = (12 = 10)" ]+ gy (= 10)°

_ F(j—j\il)(tz )+ = 0 = (= )]

As t; — tg, the right-hand side of the above inequality tends to zero. As a consequence of
Steps 1 to 3, together with the Arzela—Ascoli theorem, we conclude that 7' : C(J,R) —
C(J,R) is completely continuous.

Step 4: a priori bounds. Now it remains to show that the set
Q={yelC(TJ,R):y=2T(y),0 <A< 1}

is bounded. Let y € Q. Then y = AT(y) for some 0 < A < 1. Thus, for each t € J, we

have . .
V0 =M (€9 A
F(Oé) to
We complete this step by considering the estimation in Step 2. As a consequence of
Schauder’s fixed point theorem, we conclude that T has a fixed point, which is solution

of problem (4.1)—(4.2). O






Conclusion and Further Work

In this PhD thesis the study of differentiation and integration of non-integer order is ex-
tended, via the recent and powerful calculus on time scales, to include, in a single theory,
the discrete fractional difference calculus and the local continuous fractional differential
calculus. We introduced some fundamental concepts and proved some basic properties,
and much remains to be done in order to develop the theory here initiated: to prove
concatenation properties of derivatives and integrals, to consider partial fractional opera-
tors on time scales, to introduce a suitable fractional exponential on time scales, to study
boundary value problems for fractional differential equations on time scales, to investigate
the usefulness of the new fractional calculus in applications to real world problems where
the time scale is partially continuous and partially discrete with a time-varying graininess
function, etc. Both non-symmetric and symmetric fractional derivatives and integrals on
an arbitrary nonempty closed subset of the real numbers are introduced and their funda-
mental properties derived. It is shown that a function may be fractional differentiable but
not differentiable; and that a function may be symmetric fractional differentiable but not
fractional differentiable. A relation between the non-symmetric and symmetric fractional
derivatives is also derived.

For further work, let us note that much remains to be carried out in order to develop
the theory here initiated. In particular, it would be interesting to investigate the usefulness
of the new fractional calculi in applications to real world problems, where the time scale is
partially continuous and partially discrete with a time-varying graininess function. This
and other questions will be subject to future research. There are several possibilities,
since it is possible to develop fractional calculi on time scales in different directions, e.g.,
instead of following the more common delta approach to time scales, one can develop a
nabla |7, 57|, a diamond [55, 63|, or a symmetric [31, 28] time scale fractional calculus.
The richness of time scales together with the richness of fractional calculus will continue

to motivate further research [24].
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Abstract

In this PhD thesis, we introduce new general notions of fractional derivative and in-
tegration for functions defined on arbitrary time scales, like nonsymetric and symmetric
fractional calculus on arbitrary time scales. Main properties of the new fractional oper-
ators are investigated and some fundamental results presented, illustrating the interplay
between discrete and continuous behaviors. Finally, we introduce the concept of frac-
tional derivative of Riemann—Liouville on time scales. Fundamental properties of the new
operator are proved, as well as an existence and uniqueness result for a fractional initial

value problem on an arbitrary time scale.

Keywords and phrases:

Factional differentiation, fractional integration, calculus on time scales, discrete and
continuous fractional calculi, nonsymmetric and symmetric fractional calculi, fractional

order derivatives, dynamic equations, initial value problems, time scales.

AMS (MOS) Subject Classifications: 26A33, 26E70, 34N05.

Résumé

Dans cette thése, nous introduisons des nouvelles notions générales de la dérivée et
intégration fractionnaire des fonctions définies sur des échelles de temps arbitraires, ainsi
que les calculs fractionnaires symétriques et non-symétriques sur des échelles de temps
arbitraires. Plusieurs propriétés de nouveaux opérateurs fractionnaires sont établies, et
quelques résultats fondamentaux sont présentés, illustrant la relation entre le comporte-
ment continu et discret. Et enfin, nous introduisons le concept de dérivée fractionnaire
de Riemann—Liouville sur des échelles de temps. Nous prouvons les propriétés fondamen-
tales du nouvel opérateur, ainsi que l'existence et 'unicité du probléme a valeur initial

fractionnaire sur une échelle de temps arbitraire.
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Différentiation fractionnaire, intégration fractionnaire, calculs sur les échelles de temps,
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