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Abstract

The main goal of this thesis is to present a set results on the existence, uniqueness and sta-
bility of certain classes of the initial value problems and boundary value problems for frac-
tional g-difference equations and impulsive fractional g-difference equations involving
Caputo’s fractional g-derivative. The results have been proven analytically, where the ex-
istence results are based on some classical fixed point theorems (Banach, Schaefer, Kras-
noselskii, Non-linear alternative of Leray-Schauder) as well as Monch'’s fixed point the-
orem combined with the technique of Kuratowski’s measure of noncompactness, while
the stability results depend on the techniques of Ulam-Hyers stability and Ulam-Hyers-
Rassias stability. To support our results, we provide different illustrative examples in each

chapter.
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g-derivative; Fractional g-difference equations; Impulsive fractional g-difference equa-
tions; Initial value problem; Boundary value problem; Banach space; Existence; Unique-
ness; Fixed point theorems; Kuratowski measure of noncompactness; Ulam-Hyers stabil-

ity; Ulam-Hyers-Rassias stability.
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Résumé

Lobjectif principal de cette thése est de présenter un ensemble des résultats sur I'existence,
I'unicité et la stabilité de certaines classes de problemes a valeurs initiales et problémes
aux limites pour les équations g-différence fractionnaires et les équations g-différence
fractionnaires impulsives impliquant la g-dérivée fractionnaire de Caputo. Les résul-
tats ont été prouvés analytiquement, ou les résultats d’existence sont basés sur certaines
théoremes classiques du point fixe (Banach, Schaefer, Krasnoselskii, alternative non linéaire
de Leray-Schauder) et ainsi que sur le théoreme du point fixe de Monch combiné avec la
technique de la mesure de non-compacité de Kuratowski, alors que les résultats de stabil-
ité sont basés sur des techniques de la stabilité d’'Ulam-Hyers et la stabilité d'Ulam-Hyers-
Rassias. Pour étayer nos résultats, on offre différents exemples illustratifs dans chaque

chapitre.

Mots-clés et phrases: ¢g-Calcul fractionnaire; Calcul quantique; La g-Dérivé fraction-
naire au sens de Caputo; Equations g-différence fractionnaires; Equations g-différence
fractionnaires impulsives; Probleme a valeur initiale; Probleme aux limites; Espace de Ba-
nach; Existence; Unicité; Théoremes de point fixe; Mesure de Kuratowski de non-compacité;

Stabilité d'Ulam-Hyers; Stabilité d’'Ulam-Hyers-Rassias.
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Notations

N . Set of natural numbers.

N* . Set of natural numbers without zero.
R . Set of real numbers.

R* . Set of real numbers without zero.

R+ . Set of positive real numbers.

C :  Set of complex numbers.

conved : Convexhull of bounded set «f.

conve : Convexhull and closed of bounded set <f.
sup :  Supremum.
inf : Infimum.

[.] : Integer part of a real number.
E :  Banach space.

.1l :  Norm of Banach space E.

Iy() :  g-Gamma function.

B4(,.) : g-Betafunction.

Dyq . g-Derivative.

Jq :  g-Integral.

Jg’u Riemann-Liouville’s fractional g-integral of order f = 0; g € (0, 1).
RL’DEW Riemann-Liouville’s fractional g-derivative of order p = 0; g € (0,1).
ng,a Caputo’s fractional g-derivative of order = 0; g € (0, 1).



Introduction

Fractional calculus is one of the fundamental areas of mathematical analysis, which is a
generalization of ordinary differentiation and integration to an arbitrary real or complex
order. The idea of fractional calculus has a long history, it began with a conversation be-

tween two mathematicians Leibnitz and L’Hopital at the end of the 177"

century; Leibnitz
introduced the derivative symbol % of order n € N and L'Hopital posed a question to
Leibnitzin 1695 : "What if n be 1", Leibnitz replied: "It will lead to a paradox" and added:
"From this apparent paradox, one day useful consequences will be drawn." (see [81]). Out
of this conversation fractional calculus was born.

Through time, this question has attracted the interest and investigation by many math-
ematicians, in particular: Euler (1730), Lagrange (1772), Laplace (1812), Fourier (1822),
Abel (1823), Liouville (1832), Riemann (1847), Hadamard (1892), Riesz (1922), and others,
which contributed to the development of fractional calculus. However, this theory can be
considered a new topic because it was the talk of researchers at scientific conferences and
seminars. The first conference on fractional calculus and its applications is attributed to
Ross, who organized it in June 1974 at the University of New Haven, edited the conference
procedures in [81]. The first monograph is attributed to Oldham and Spanier who pub-

lished a book dedicated to fractional calculus in 1974 [76].

Recently, there has been a great interest on the theory of the integrals, derivatives of
the arbitrary order, and fractional differential equations by scholars, with a lot of works
that appeared on it, including books of Samko et al. [85], Miller et al. [70], Podlubny [77],
Hilfer [55], Kilbas et al. [64] and Tarasov [92]. Moreover, fractional differential equations
provide a comprehensive scheme for analysing regular and complex systems in many
fields, such as physics, engineering, biology, economics, material sciences and social sci-

ences. These are some applications:

» In Physics: Fractional differential equations are essential for modelling anoma-
lous diffusion and explaining how the system changes over time [48]. Furthermore,
many non-linear physical phenomena that include gas bubbles in liquids can be

explained by using the nonlinear fractional-stochastic wave equation [72].
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» In Engineering: Fractional differential equations are employed to simulate damp-
ing systems and viscoelastic materials [47], with giving more precise explanations
of mechanical behaviour. Fractional-order controllers can also be used to progress

the performance and stability of control systems [41].

» In Biology: Fractional order models can be used to study how the disease is spread
in societies. Specifically, an effective and acceptable explanation of the COVID-
19 pandemic and its spreading variant can be obtained using non-integer order of
COVID-19 models [19, 97].

» In Economics: A fractional-order growth model with time delay can be used to ef-

fectively represent economic growth by adding a time lag to the capital stock [69].

As a consequence, several authors paid attention of fractional differential equations
and investigated the existence and stability of solutions to initial and boundary value
problems for fractional differential equations; the reader can see the books of Abbas et
al [4, 3] and Benchohra et al [36, 37], the papers [9, 10, 31, 32, 33, 34, 35, 39, 40, 45, 46, 53]

and the references therein.

Q-Difference calculus or quantum calculus is also a significant branch in mathemat-
ical analysis, and is considered a link between mathematics and physics. The history
of g-difference calculus dates back to 1910, thanks to the works of Jackson [58, 59], the
first researcher who created g-calculus in a systematic manner and presented the idea of
the g-derivative, g-integral and certain classical concepts. The essential definitions and
properties of g-calculus can be read in the book of Kac and Cheung [63]. The g-difference
calculus has played a very important role in physical phenomena; for example, the physi-

cist Fock studied the symmetry of hydrogen atoms using the g-difference equations.

By integrating g-difference calculus with fractional calculus you get fractional g-diffe-
rence calculus, which is a generalization of g-difference calculus to an arbitrary real or
complex order. Moreover, the fractional g-calculus was first developed at the end of the
1960s thanks to the contributions of Al-Salam [27] who proposed the theory of the frac-
tional g-calculus, beginning from the g-analogue of Cauchy’s formula and Agarwal [11]
who addressed some fractional g-integral and fractional g-derivatives operators. In addi-
tion, Rajkovic et al. in [78, 79, 86, 88] expanded the concepts of the fractional g-calculus

and discussed its properties.

Fractional g-calculus, especially fractional g-difference equations are essential for
modeling alarge number of phenomena in various fields of science and engineering, such

das:
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» In Physics: Fractional g-difference equations can be used to simulate anomalous
diffusion processes, like as subdiffusion or superdiffusion. It is also possible to

model complex behaviors in statistical physics [8].

» In Mechanics: Fractional g-calculus provides a mathematical framework for mod-
eling complex dynamics and phenomena. It can be used to model non-linear dy-
namics in mechanical systems as well as frictional dynamics in mechanical systems,

including viscoelastic materials and contact mechanics.

» In Chemistry: Fractional g-difference equations can be applied to models of chem-
ical networks and chemical reaction kinetics, which provide a framework for de-
scribing the speeds of chemical reactions involving complex molecular interac-

tions.

» In Medicine: Fractional g-difference equations can facilitate modeling of diseases
with complex dynamics, such as cancer, neurodegenerative disorders and Corona
virus (COVID-19). In addition, fractional g-difference equations can be helpful
in analysing biomedical signals, including electrocardiogram (ECG) and electroen-

cephalogram (EEG).

» In Economics: Fractional g-calculus techniques can be applied to solve economics
optimisation problems such as production scheduling and resource allocation. The
dynamics of financial time series data, such as currency rates and stock prices, can

also be represented employing fractional g-difference equations.

Further, fractional g-difference equations have attracted the attention of mathemati-
cians and engineers in recent times, due to their application in many areas. So that
they discussed and investigated the existence and stability of its solutions; for details, see
the books of Annaby and Mansour [28], Abbas et al. [1] and the papers of Ahmed et al.
[13, 15, 17] and Abbas et al. 2, 5, 6]. As a result, initial and boundary value problems for
fractional g-difference equations involving Caputo’s fractional g-derivative have become
of significance among researchers; for more information, see the works [5, 7, 8, 13, 14, 15,
42,56, 67, 68, 84, 98] and the references therein.

On the other hand, the research into the theory of impulsive differential equations
began in the 1960s by Milman and Myshkis [71] and achieved great progress over time
with contributions from mathematicians due to its importance and applications in vari-
ous fields, including in physics, chemistry, biology, control theory and population dynam-
ics. This makes it a vital and active field of research in modern mathematics and applied
sciences. Recently, impulsive fractional differential equations and impulsive fractional

q-difference equations have drawn the attention of several scholars, who have examined
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the existence and stability of their solutions; for example, refer to references (2, 13, 16, 26,
20, 38, 52, 61, 75, 93].

Fixed point theories offers basic tools for examining existence and uniqueness of solu-
tions to various non-linear problems. They often depend on some specific properties (e.g.
contraction, complete continuity, ...). Lately, fixed point theory has proven to be a highly
useful and significant instrument in studying a variety of phenomena in a wide range of
scientific and engineering domains. Fixed point theory plays an essential role in solving
fractional differential equations and their applications such as initial and boundary value
problems. Among the most famous fixed point theories are Banach’s theorem, Schaefer’s
and Krasnoselskii’s theorems, nonlinear alternative of Leary-Schauder’s theorem. In ad-
dition to fixed point theorem of Moénch [73, 74] combined with Kuratowski’s measure of
non-compactness.

The concept of the measure of non-compactness was first introduced in the mid-20th
century by the Polish mathematician Kuratowski [66], after whom the concept is named.
The first study of the Kuratowski’s measure of non-compactness was attributed to Banas
and Goebe [29], and then it was developed and applied to many works; see the papers of
Szufla [89], Akhmerov et al 18], Guo et al [51] and Banas et al [30]. the technique of Ku-
ratowski’s measures of non-compactness is a useful and important tool in mathematical

analysis, particularly in functional analysis, differential equations and dynamic systems.

Ulam [95] was the first to raise the topic of the functional equations stability in a 1940
speech at Wisconsin University . In 1941, Hyers introduced and proved the stability the-
ory of functional equations (for more information see [57]). Later, this type of stability
was called Ulam-Hyers stability. Rassias [80] generalised the Hyers theorem in 1978, and
established the Ulam-Hyers stability of linear mappings in Banach space. Following this
finding, several works were published in order to expand the results of Ulam-Hyers stabil-
ity and apply them to ordinary differential equations and fractional differential equations;
refer to the papers of Rus [82, 83], Wang et al. [96], Dahmani et al. [46] and Taieb et al.
[90, 91], and the monograph of Jung [62] and Abbas et al. [4]. However, many academics
have focused on Ulam-Hyers stability and Ulam-Hyers-Rassias stability of fractional g-

difference equations; see the references [1, 6, 42, 56, 61, 67, 68].

The main goal of this thesis is to study of the existence, uniqueness and Ulam stability
of the solutions of some initial and boundary value problems for fractional g-difference
equations involving Caputo’s fractional g-derivative. This thesis consists of an introduc-
tion, four chapters and a conclusion with some perspectives, which is organized as fol-

lows:
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» Chapter 1: This chapter contains preliminary concepts, main definitions and nota-
tions necessary to understanding the content of this thesis. In the first section, we
explain the terms and definitions of functional analysis tools. The quantum calcu-
lus is reviewed in the second section. The third section focuses on the basic defi-
nitions and properties of the fractional g-calculus. In the fourth section, we give a
summary of Kuratowski’s measures of non-compactness. Then, we present some

classical fixed point theorems in the last section.

» Chapter 2: In this chapter, we create some existence and uniqueness results for
the boundary value problem for fractional g-difference equations involving the Ca-

puto’s fractional g-derivative of the following form:

(%Sz) (O =dt,2(0); 0<P<1, teI=[0,T],
(1
az(0)+bz(T) =c,

where g € (0,1), T > 0 and CCDS is the Caputo’s fractional g-derivative of order f§ €
(0,1], ¢ : I x E — E is a given function with E is Banach space and a,b and ¢ are real
constants such that a+ b #0.

Firstly, we begin by presenting the integrable solution to the boundary value prob-
lem (1). Following that, we provide the main results of existence, the first results are
based on Banach'’s contraction principle, Schaefer’s fixed point theorem and Leray-
Schauder non-linear alternative. The second result depends on M6nch'’s fixed point
theorem combined with the Kuratowski’s measure of non-compactness. Finally, we

give an illustrative example at the end each section.

» Chapter 3: This chapter is concerned with determining the results of the existence
and stability of the boundary value problem for fractional g-difference equations

with integral conditions, which are given by:

(b2 =20 1<p=2 reI=(0T),

] 2(0) - 2'(0) = f @(s, 2(s))ds, 2)

2(T) +2'(T) = [y w(s, z(s))ds,

where g € (0,1), T > 0 and C’Dg is the Caputo’s fractional g-derivative of order f§ €
(1,2], b: I xE — Eis a given function and ¢,y : J x E — E are continuous functions

with E is Banach space.
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First of all, we start by giving the integrable solution to the problem (2). Then, in
the second part, we prove the existence, uniqueness and Ulam stability of solutions
to the boundary value problem for fractional g-difference equations with integral
conditions (2) with E = R, by applying some fixed point theorems (Banach, Schae-
fer) and Ulam-Hyers and Ulam-Hyers-Rassias stabilities techniques. In the third
part, we discuss another result of the existence of solutions to the boundary value
problem for fractional g-difference equations with integral conditions (2) in Banach
spaces, using Monch'’s fixed point theorem and the Kuratowski’s measure of non-
compactness. At the conclusion of each section, we provide examples to illustrate

the main results.

» Chapter 4: In this chapter, we establish the existence, uniqueness and stability re-
sults for the initial value problem for impulsive fractional g-difference equations

involving Caputo’s fractional g-derivative, given as follows:

(CDhz) (=0t 2(0); 1<p=2 teI=10T), tt;i=1,n,

Az | =t,= j,-(z(tl._)), i=1,---,n,
< 3)
Az |t=t,-=§i(z(ti_)), i=1,---,n,

z(0) =z, 2'(0)=2z;,

where g € (0,1), T >0, C@g is the Caputo’s fractional g-derivative of order § € (1,2],
and ¢ : J x R — R is a continuous function, .%;, #; :R— R, i = 1,---, n are given func-
tions, and z9,z; €R, 0=ty < 1 <+ <ty < tyr1 =T < +o0, Az |s=y;= 2(t]) — z(t;) and
AZ == 2' (1) = 2/ (1)), 2(t]) =lime o+ z(2; + €) and z(¢;) = lime_.o- 2(2; +€) repre-
sent the right and left limitsof zat t=1¢;,i=1,---,n.

In first section, we present the integrable solution to the initial value problem (3).
The second section focuses on the main results of the existence and Ulam stabil-
ity for solutions of the initial value problem for impulsive fractional g-difference
equations (3), such that the first results of existence depend on Banach’s contraction
principle and Krasnoselskii’s fixed point theorem. The second results of stabilities
are based on Ulam-Hyers and Ulam-Hyers-Rassias stability. In the last, we offer an

example that illustrates our main results.

Finally, we close our work with a conclusion and some perspectives.



Chapter 1
Materials and Preliminaries

This chapter constitutes a preliminary part in which we recall the fundamental notions
and results of the functional analysis theory and fractional g-calculus, which represent
essential tools in our study. Fractional g-calculus is a generalization of fractional calculus
and thus retains many basic properties.

The chapter is made in several sections. In the first section, we introduce the concepts
and definitions of functional analysis tools. The second section contains an overview of
quantum calculus (g-difference). Then, in the third section, we recall the elementary defi-
nitions and basic concepts related to the theory of fractional g-calculus and its properties.
The last two sections are devoted to presenting the basic properties of Kuratowski’s mea-
sure of non-compactness and some classical fixed point theorems that play an essential

role in our results concerning fractional g-difference equations.

1 Notations and Essential Concepts

This section contains the notations, definitions and essential concepts of the functional
analysis theory and operator; we suggest the reader to return to the following original
sources [43, 44, 49, 60, 64, 65, 85].

Definition 1.1 [43](Cauchy Sequence)
Let (E, ||.II) be a normed vector space and let (z,), be a sequence of elements of E, we say

that (z,), is a Cauchy sequence if

Ve>0,EIN€€|\I,Vp,q2N€:>||zp—zq||<€.

Definition 1.2 [65/(Complete Space)
A normed vector space (E, |.) is said to be complete, if any Cauchy sequence (z,), of ele-

ments of E is convergent.
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Definition 1.3 [65/(Banach Space)

Any complete normed vector space (E, ||.|) is known a Banach space.

Definition 1.4 [60/(Lipschitz Mapping)
Let (E, |I.1) be a normed vector space. A map ¢ : E — E is said to be Lipschitzian if

A£>0,Vy, z€E, suchas: |d(y) —d2) | < Llly—zI.

Definition 1.5 /60/(Contraction Mapping)
A map ¢ :E— E is said to be contraction, if it'’s Lipschitzian with £ € (0,1).

Definition 1.6 [44](Carathéodory Mapping)
Amap ¢ :[a,b] xE— E is said to be Carathéodory, if

1. The map t — §(t, z) is measurable for all z € E, and
2. The map z — (t, z) is continuous for almost each t € [a, b].

Definition 1.7 [60] (Compact Operator)
Let E, F be two Banach spaces. A linear operator o : E — F is compact if it transforms all

bounded set of E into a relatively compact set of F.

Definition 1.8 [60] (Completely Continuous Operator)
Let E, F be two Banach spaces. The operator «f : E — F is said to be completely continuous,

if it's continuous and compact.

Now, let (E, |I.[)) be a Banach space and J = [a, b] be an interval of R, then we give some

functional spaces [44, 49, 64, 85]:

e Consider C(J,E) the Banach space of continuous functions z: J — E, equipped with
the norm

| zlloo = sup|z(1)|.
teJ

o Let C2(J,E) the Banach space of differentiable functions from J into E whose first

and second derivatives are continuous.

o LetL!(J,R) the Banach space of measurable functions from J into R which are Lebesgue

integrable, with the norm

2l :lez(t)ldt.

e Let L*°(J,R) the Banach space of measurable functions z : J — R which are essen-

tially bounded, with the norm

|zllLo = esssup|z(t)| =inf{c >0 : |z(f)|<ca.e t€ J}.
teJ
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Next, given a set 7 of functions v:J — E, let

V(1)
/40)

v(t):veVy}; te],
fv(t):veV; te J}.

Finally, we present the Arzela-Ascoli’s theorem which plays an important role in our

work.

Theorem 1.9 [64] (Arzela-Ascoli)
Let X be a subset of C(J,E) withE is finite space. Then, X is relatively compact in C(J,E) if
and only if

(i) X is uniformly bounded, i.e.:
AM >0: | < M; VzeJanddpeX.
(ii) X is equi-continuous, i.e.:

Ve>0,30>0: 1y —2zlloo <0 = [P()) —P()lleo <€ Vy,zeJanddeX.

2 Quantum Calculus (g-Difference)

In 1910, Jackson [58, 59], was the first scientist to developed quantum calculus in a system-
atic way, and introduced the notion of the g-derivative, the g-integral and some classical
concepts.

This section reviews the fundamental definitions and some notations of the g-difference,

as well as its properties and some examples. For details, see references [28, 63, 78, 88].

In this thesis, we assume that g € (0,1). For all a € R, we set:

1-¢g°
= . 1.1
[al4 1—g (1.1)
Definition 2.1 [63] The q-factorial of a positive integer n is defined by:
[0l5=1, [nlgl=I[nlgln—-1lg4---12]14[114; neN. (1.2)
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Definition 2.2 [63] The g-analogue of the power (a—b)\" is expressed by:

n—-1

@-0@=1, (a—b)(”):(a—b)Z:n)(a—bqi); nen, abeRr. (1.3)
1=
In general, if p € R, we have:
(a—b)(ﬁ):aﬁﬁ(a_—w)' a,beR. (1.4)
io\a—bgi*h)"

Notice that, if b=0, then a® =aP.

Properties 2.3 [78] Foralla, b, € Ry and n, m € N. The following formulas are correct:

®
(a—qu)(ﬁ):aﬁ (l—qmg) . (1.5)
(a-bg")® (a—bg?)"
= . (1.6)
(a- b)(ﬁ) (a— b)(m)
(9" - c/m)(ﬁ) =0; m<n. (1.7)
2.1 g-Derivative
In this part, we review a few definitions and properties of the g-derivative.
Definition 2.4 [63] Let ¢ be an arbitrary function. The q-differential is defined by:
dgdb(x) = d(x) — d(gx).
In particular,
dgx=x(1-q).
Definition 2.5 [63] The q-derivative of a function ¢ is defined by:
dgd(x)  b(x)—bd(gx)
(D40) (0 = ) _ o) Zdlgx), (1.8)

dgx  (Q-g)x

(D46) © =1im (D 4b) ().

Note that,

d
lim (D) (9 = T2 = ¢/ (.

q— dx

10
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Example 2.6 [63] Let $(x) = x" where n e N. Then, we have:
Dyx" = [n]gx" . (1.9)

In effect,

D x" = X -g0”
9 1-q)x
(1-g")x"
 Q-g9x
_ 1_‘7nxn—1’

l1-q

= [n]qx”_l.

Properties 2.7 [63] Let ¢, v be two functions and for y, A € R. The properties of the q-

derivative are as follows:

1. The q-derivative® ; is a linear operator, such that:
D (YO + AW (0) =Y (Dgd) (x) + A (D W) (x).
2. The q-derivative of the product of the functions ¢ and  is given by:

D4 (G0 W) = d(gx) (D W) (1) + W) (Dyd) (x). (1.10)

3. The q-derivative of the quotient of the functions ¢ and W is given by:

P(x) ) (D40) DW(gx) - (Dgw) (Odlgx) |
D = ; with 0, 0. (L.11

Proposition 2.8 [63] For n e N*, we have:

(i)
Dyx-a)™=[n],(x—a)" Y. (1.12)
(i)
D,@-x"=-[n],(a-gx)"". (1.13)
Proof.

(i) By using mathematical induction. Clearly, the proposition (1.12) is correct when
n=1, (because D4 (x—a) =[1],=1).

11
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Let n € N*. Assume that the proposition (1.12) is correct for some order i, i.e.:
Dy x-m)? =il (x-a) Y,
and we'll prove that the proposition is correct for i + 1, i.e.:
Dyx—a) Y =[i+1]5(x-a)?.

According to the formula (1.3) (we have (x— a)/*Y = (x—a)” (x — g'a)) and using

the rule of the product (1.10), we get:

D,x-a) = D x-m)? (x— qia),

(qx— qia)Qq x—a)+ (x— a)(i)Qq (x— qia),

glilgx—a)? +x-m?,
(qlilg+1) (x—a)®@,

[i+1] (x—a)@.

So, the proposition is correct for i + 1, hence, the proposition (1.12) holds.

(ii) According to the formula (1.3) and for n € N*, we have:

= (a-x04q(qg " a-x)q*(g"%a-x)---q" ' (¢" "a-x),
= 4" CDE-AED (r- g7 ') D (x—g%a) (D) (x-q'"a),
= (—1)”[]@ (x—a)(x_q—la) (x_q—Za)n_(x_ql—na).

Then,

nn-1)
2

(@a-0"=(=0"g"% (x-q""a)". (1.14)

Using the formula (1.14) and proposition (1.12), we find:

1"q"5 D (x-q""a)"”,

= (_l)nq@[n]q(x—ql_”a)("_l),
= _[n]qqn—l(_l)n—lq(ﬂ—léﬂ (x_qz—n( —1a))(n—1),

= ~[nlgq" " (g7 a-x)"",

(n-1)

@q (a_ x)(l’l)

= —[nlg(a-gx)

12
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Definition 2.9 [63] Let ¢ : [a,b] — R. The qg-derivative of order n € N is defined by:
(D16) 0 = (0,057 1p) () xelabl, nef1,2,..4, (1.15)

and

(99) @ =,

2.2 g-Integral

This part contains the definitions, notations and some properties of the g-integral (Jack-

son’s Integral).

Definition 2.10 [63] The function ¢ is a q-antiderivative of the function ¢ if D ;P(x) =
$(x). It's rated by:
@(x):fq)(x)dqx.

Jackson’s Integral

[63] Let ¢ be an arbitrary function, for constructing its g-antiderivative ¢ such that:
@(x):f(p(x)dqx. (1.16)
Then, we introduce the linear operator Mq, which is defined by [63]:
M, (®(x)) = P(qx). (1.17)

By applying the g-derivative © ; on the formula (1.16), we obtain:

(D4P) () =Dy (fq)(x)dqx) = @(fl):—j)(;m =G ().
According to the formula (1.17), we get:
1-Mg)D(x
((1_—6’;);) =d(x).
Thus,
D(x) = 1A (1 - g)xd(x).
(1-Mg)

Using expansion of the geometric series, we find:
D(x) = (1-q) Y Mp (xdp(x)).
n=0

13
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Since M7 (x(x)) = " x (¢" x), we can write:

P)=0-q) ) q"xdp(q"x).

n=0

Hence,
fq)(x)dqx =1-q¢)x)_ q"d(q"x),
n=0
this last expression is called the Jackson’s integral.
Set J;:={tq" : n e N} U {0}.
Definition 2.11 [63] Let ¢ : J; — R be a function. The q-integral is given by:
X (0.°]
(Tgd) () :f GDdgt=1-q)x)_q"d(q"x), (1.18)

0 n=0

provided that the series converges.

Definition 2.12 [63] The q-integral of a function ¢ : [a,b] — R, is defined by:

b b a
(jq,aq))(x):f Q)(t)dqt:fo q>(t)dqt—f0 d(1)dgt. (1.19)
a

Remark 2.13 In the case of putting the lower limit of integration is a = q"b, where n € N.

The q-integral which depends on g, n and b is defined as follows:

b b n-1 .
f (b(t)dqt:f O(tdgt=1-q)b Y q‘(b(q’b). (1.20)
a q"b i=0

Example 2.14 [63] Let $(x) = x"*, n € N. Then, we have:

xn+1

(n+1],

~ n _
Jgx" =

(1.21)

In effect,

X
~ N _ n
Jgx" = fo tdgyt,

m .
— (1_q)xn+lqu(n+1),
i=0
l-q
1__qn+1x

xn+1

(n+1],

’

14
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Definition 2.15 [63] Let §, ¢ be two q-differentiable functions on [a,b]. The q-integration
by parts is defined as:

b b
f G (D) () dgx = h6)w(b) — P(a)w(a) - f W (qx) (Dq0) (x)dgx. (1.22)
a a

Proposition 2.16 [63, 88] The properties of the q-integral and q-derivative are as follows:

1.
(DgT4d) (xX) = d(x). (1.23)
2. If ¢ is continuous at 0, then:
(34D ) (x) = p(x) — p(0). (1.24)
In general [88], for all n € N, we have:
1.
(@ ngyaq)) () = (). (1.25)
2.

(jz,agz(b) (%) = p(x) — "il (,Di;(b) (a)

- (x—a)®. (1.26)
i=0 q-

2.3 g-Exponential Functions
In this part, we shall define two g-analogues of the exponential functions.
Definition 2.17 [63] The two q-exponential functions are as follows:

© ! 1
ey=) ——= (1.27)

and

B =) g7 ——=(1+01-qx) . (1.28)
=0 [ilq!

Remark 2.18 [63] The two q-exponential functions are closely related. From (1.27) and
(1.28), we see that:
Xp—X _
e,E7 =1
Proposition 2.19 [63] The q-derivative of the q-exponential functions are given by:
(i) Dgey=ey.

.. _gx
(i1) Qqu]_Eq .

15
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2.4 g-Special Functions

This part includes the definitions and properties of the g-Gamma and g-Beta functions.

g-Gamma Function

Definition 2.20 [63] The q-Gamma function is given by:

(1-q®

T B> 0. (1.29)

I, q (ﬁ) =
The q-Gamma function admits a q-integral representation, which is defined by:

Fq(ﬁ):f PE g p>o. (1.30)
0

Properties 2.21 [63] The q-Gamma function has the following properties:

1. Foranyf >0, we have:

T+ 1D =Bl, ;). (1.31)
2. For n €N, we have:
[y(n+1)=[nl,! with [,Q)=1. (1.32)
Proof.
1. For 3 > 0, we have:
r,B+1) = ((11__—‘2)(2)

(1-gP)a-g®P
Q-q)(1-g)Pf-1 "’
Blglq®).

2. Applying the property (1.31), for any n € Nwith I'4(1) = 1, we have:

I'y(n+1) [(nlgly(n),

[nlgln— l]qu(n_ D),

[l’l]q[l’l— l]q"'[z]q[l]qpq(l);

(1] 4.

16
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g-Beta Function

Definition 2.22 [63] The q-Beta function is given by:

1
B, (a,p) :f X 1-gx)® Vd,x op>o. (1.33)
0

Proposition 2.23 [63] The q-Beta and q-Gamma functions have the following relation-

ship:
Fq ((X)Fq ®) .

Bq(a)ﬁ): Fq((X+ﬁ) ’

o f>0. (1.34)

3 Fractional g-Calculus

At the end of the sixties, Al-Salam [27] and Agarwal [11] suggested the fractional g-difference
calculus, so that they provided some types of the fractional g-integral and g-derivative
operators.

This section concentrates on the fundamental definitions and some properties of the

fractional g-calculus, can be located in [11, 27, 78, 79, 86, 88] and references therein.

3.1 Riemann-Liouville’s Fractional g-Integral

In this part, we will review the essential definitions and properties of the Riemann-Liouville’s
fractional g-integral.

The fractional g-integral of the Riemann-Liouville type is based on the g-analogue of
Cauchy’s formula (see [27, 78]), which is the calculation of the g-integral repeated n times

which is obtained by:

(’JZ,atb) (x)

X t th-1 15)
f dqtf dqtn—lf dgtyn—o--- G(t)dgt,
a a a a

1

X
f (x—gn" Vo dgt. (1.35)
a
By generalizing the formula (1.35) to the real positive order f§ and replacing the g-factorial
function with the g-Gamma function, we will have the following definition:

Definition 3.1 /11, 78] Let ¢ be a function defined on [a,b] and for 3 € R.. The Riemann-

Liouville’s fractional q-integral of order {3 is given by:

(9%,a) ) = o) if B=0,
(1.36)
(3q,a¢) (@ = 7 Ja = an® eyt if p>0.

Notice that, if p =1, then (ﬁjmq)) (xX) = (T g,ad) (x).

17
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Example 3.2 Let $(x) = x, x >0 and forp = 0. Then, we have:

B+1D
X
Jﬁx =

qX= m (1.37)

In effect, by applying the property (1.13) and q-integration by parts (1.22), we get:

P L fx(x H®Vid ¢
X = - ,
R N “

1 X
= — | ®,x-0Pd,1,
Bl Fq(ﬁ)f qlx= 1 dq

— - _n® ®
T T,p+ 1)([“ g ] f(x a0 d")
_ ®
= Fq(ﬁ+]—)[ (x—q0n)¥dgt,
1

— _ B+
[[5+1] Fq(ﬁ+1)f Dglx=07"dgt,

_ B+ ]*
= Fq(ﬁ+2) [(x 1) o’

£ B+D

IyB+2)

Remark 3.3 [86] For every d(x) defined on (0,b) and p € R, the following fact is true:

a
f (a—g)®Vep(nd,t=0. (1.38)

(jq,aq)) ()= Fq(ﬁ) ]

The next result is essential in clarifying the properties and lemmas of fractional g-

calculus.

Lemma 3.4 [78] The following identification is correct for every v,a,p € R, :

(1 _ ql—nv)(a—l)(l _ q1+n)(f)—1) ~ (1 _ qv)(O(+f)—1)

o an
HZZO 9 (1- q) (0(—1)(1 - q)(ﬁ—l) - (1- q) (a+p-1) ° (1.39)

Theorem 3.5 [86] For each} € Ry and x € (a,b). Then, the following relation is valid:

_b@
”’q)] IyB+1)

ﬁ+1

(95,a0) G = (3, T _(x-a)®. (1.40)

18
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Proof. Using the property (1.13) and g-integration by parts (1.22), we get:

(9,a0) 0 f (x—qn®Vpnd,t,

I'y(B)
= —— | D,x-0DP¢)d,r1,
[f)]qpq(ﬁ)fa q(x )T o) q

1 x
_ ——([(x—t)(ﬁ)tb(t)] —f (x=gn®P (D40) (dyt],

I'yp+1)
_ %@ e f ® (9
= T,pep® Fq(ﬁ D J, Kma0T Rab)0dqt,
¢(a)

- (”ﬁ“ qq))(x)+ x-a)®,

T,B+1)

Lemma 3.6 [78] For«,p € R, and let x < a, the relationship shown below is true:

a
f (x—qn@V (Jq,acp)(t)dqr:o. (1.41)
0

Lemma 3.7 [78] For eachf € R;, A € (—1,+00). Then, we have:

I'y(A+1)

— 1 (x-a)fN. o b. 1.42
Fq(ﬁ+)\ 1) a) ; <a<x< ( )

A
qa(x Cl)( ) _
Particularly, for A =0, we have:

_a)®
(96,01) =9 (1.43)

LB+ 1)’
Proof. For f € R; and A #0, then by Definition 3.1, we have:

) )

Tgalx—a f(x gn®V-a)Wd,rt,

Fq(ﬁ)

* ® (f x—gt)®V(t-mWVd, - f(x gH®Vt-aMNd,t

On the one hand, according to Definition 2.11 and formula (1.7), we get:

a o¢)
n=

o0
aMD (- q) Z q" (x_ qn+1a)(ﬁ—1) (qn _ 1)()\),

n=0
= 0.

19
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On the other hand, applying Definition 2.11 and using the formula (1.39), we find:

* -1 \) < n n+l \B-D ™
fo(x—qt) (t—a)Mdgr = (1—q)x20q (x-=g"'x)" " (q"x—q)
n=
=S _ ay@)
= x“””‘)(l—oi)2061"(1—61”“)(5 D(q”—;) ,
n=

00 0N
BN g) Y g (1= gt (1_%) ,
n=0 q-x

B+A) - n(l+A) n+1\B-1 a 1-n »
= xX"VA-g) ) ¢" P (1-¢"") (1——61 )
n=0 qx
(1 _ %)(ﬁ+)\) (1 _ q)(f)—l)(l _ q)()\)
(1- q)(BH\)
(1- q)(ﬁ—l)(l _ q)()\)

_ _ B+
= (x—a) 1-9g) (l—q)(f’”‘) )

(1- q) B-1 1- q)()\) 1- q)f)—l(l _ q))\
(1- q)(f’+)\)(1 _ q)ﬁ_l(l _ q))\
BN 1- q)ﬁ”‘(l _ q)(ﬁ_l)(l _ q)()\)

)y

= xP*Va-g

)

= x-a)PNa-g

’

= (x—a) (l_q)(ﬁ+)\)(1_ q)f"l(l—q))\ ’
= (x—aFh Lg® O+ 1)
La@+A+1)
Hence,
Iy Iy(A+1)
P ™ (_(ﬁ+7\)‘f‘7 o),
g =0 e\ Y T e
_ I'y(A+1) NI
IyB+A+1)

Particularly, for A =0, we have:

~ﬁ _ B-D
( 1)(x) - F(ﬁ)f (x—gn®Vd,r,
- | D,-0Pd,r
[mr(ﬁ)f a(r= 07 dgt
_ NS
- F(ﬁ D -1 ]
i x-—a)®
EPIGES N

Properties 3.8 [78, 86] The fractional q-integral of the Riemann-Liouville has the follow-
ing properties:
1. Linearity: Let §,V : [a,b] — R, for y,A € R and for any p € R,. Then, we have:

WP (Yo +Aw() =y (3 q_acp) ) + A (zg,aq,) ().
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2. Semi-group and commutativity: Let ¢ : [a,b] — R and for any o,p € Ry. Then, we

have:

(”“*"’q)) ), (1.44)
(95,638.00) (0.

(95 Th.00) 0

Proof.

1. Lety,w:[a,b] = R, for y,A€Rand p € R, we have:

1 X
—gp)-D D+ Aw(D)dyt,
Fq(ﬁ)fa x—gn®™ " (Y0 +Aw (1) dy

S { fx —gt)®PVod,r+
T, J, X907 ¢4

-y (jq,uq)) (x) +A (Jf’,,aw) (x).

3 o (YO0 + Ay ()

)\ X
— t (ﬁ_l) l— d t,
Fq(ﬁ)[a (x—qr) Y (1) q

2. Let ¢ : [a,b] — R and for a,p € R4, then by Definition 3.1 and formula (1.19), we

have:

(rabed)w = o [C-an 3 wind,,

F()

= T8 (=) (B-1)
) F(oor (ﬁ)_[ (x=aqb) f(t qs)®Vp(s)dgsdqt,

S S _ t(a—l)_f _ t(a—l))
Fq(am,(ﬁ) Uo (x=qi) 0 FT Y

t a
x([ (t—qs)(ﬁ‘”(p(s)dqs—f (t—g9)P Vp(s)d, s)dqt,

= T8 (=) (B-1)
) F(a)r (ﬁ)f (x=qb) f(t q9)P "V d(s)dgsdgt

‘rq(oorq(ﬁ) fo b c’”(a_nfo (t= 9700 dgsdyt

T (a)lfq(ﬁ) foa(x —a0* fot(t ~ a9 psdgsdyt

*mﬁaw—qnm‘”fw—qsvﬁ—vcp(smqsdqa
= mfox(x— qr)(“‘“fot(t— qs)P D ¢(s)dgsdgt

_; * _ ((X—l)fu _ (ﬁ—l)
Fq(O()Fq(ﬁ)_/(; (x=aqt) o (t—qs)" " d(s)dgsdqt.

R.P Agarwal in the article [11] proved that the following equality is correct:

[3‘;‘,’03 q,ocp) x) = (”‘”%) (x). (1.45)
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As a result, we remark:

(9% 35.00) 0

. 1 fx _ (a_nf“ _ 56D
(3%038 40) 0 T e X0 ), =09 e dgsdyr,

rvOH‘ﬁ ;fx B (O(—l)fa ~ 61
( q>) L@ () Jo (=g | (E= g9 T P(s)dgsdt

Moreover, we have:

(MH%) (x) = (”Mﬁ(l)) (x) = (”‘HB(D) (). (1.46)

According to the relation (1.46), we obtain:

~ _ ~a+ﬁ ~(x+f> (a-1)
(Jq,an,a(b) (x) = ( (P) (X)+( (l)) (a)— —Fq((X)Fq(f))f (x—qt)
a
xf (t—qs)(ﬁ_l)(b(s)dqsdqt,
A 1 ‘ (o+p-1)
= ( (b) () + & f (x—q1) G(dgt
- (a-1) B-1
rq(a)n,(ﬁ)f (= an f (E=as)™ b9 dqsdgt.
Then,
(’Jg.ajq,a‘b) (x) = (NOH-E’CP) (x)+¢,
with
¢ = ;fa(x—qt)(“ﬁ_l)q)(t)dqt——l fx(x—qt)(“_l)
Fq(“"'ﬁ) 0 Fq(a)Fq(ﬁ) 0

a
xf (t— )P Vp(s)dysdyt.
0

By applying Definition 2.11, we find:

¢ =

So,

a(l—¢q) i1 @D oy ax(1-g)
Fq((x+ﬁ)zq(x a ¢(a'a) T, ()T ,()

w . . - .
« Z qn (x_ qn+1x)(°‘—1)qu (qnx_ ql+1a)“3 Dq)(q’a),
n=0 i=0
_ i+1a)(0‘+5—1)

2 il(x-q x(1-¢q)
1- _
=024 [ Ta+p)  T@IyP)

Y g (k- q" D) (g5 g )(ﬁ_l)lcb(q"a)-

n=0

¢ = a(l- q)iqiciq)(qia),

i=0
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with
(a+p-1) ©
. - (x—g'*'a) x(1- Z g (x- g™ )((x—l) (qnx_ql-ﬂa)(ﬁ—l).
' Ta+p) T, Fq ([?))
According to the definition of g-Gamma (1.29), we have:
( )((X+[3 1)
Fyla+P) = %, (1.47)
(1 q)(O( 1 (1- q)(ﬁ 1)
Tg() () = —" T g1 (1.48)
Using the formulas (1.47)-(1.48), we get:
o (x_ qi+1a)(0(+ﬁ—1) (1— q)(x+ﬁ—1 ~ x(1— 67)(1 _ q)(x—l(l _ q)ﬁ—l
¢ = (1 _ q) (a+p-1) (1 _ q)((x—l) (1 _ q) B-1
& B-1
Xan(x—qn+1x)( (qnx qz+1 )ﬁ ’
n=0
@+p-1) (1 _ i+1ay@B=1 - aip-1 (a+p—1) a+p-1
R (1-4""9) 1-q BE: (1-q)
- (1-g) (a+p-1) (1- q)((x—l) 1-q) B-1
f)n n+l (a=1) i+1-n -1
x Z q )P 1-gm1 )

If we take v = %qi, we can write:
x((x+ﬁ—l) (1 _ VC]) (a+p-1) (1- q)(x+ﬁ—1 x((x+ﬁ—1)(1 _ q)(x+ﬁ—1
(1— g)(+b-1) B (1-g) D1 -gq)6B-D

<y g*" (1- qn+1)(0‘—1) (1- Vql—n)(ﬁ—l) .
n=0

¢i =

By formula (1.39), we find:

x((x+ﬁ—1) (1 _ Vq)(OH_ﬁ_l) (1- q)a+ﬁ—1 x((x+f)—1) 1- q)a+ﬁ—1 (1 _ Vq) (a+p-1)

Ci= (1- q) (a+p-1) (1- q)((x+ﬁ—1)
Hence,
w . .
C=a(l- q)Zq’ciq)(q’a) =0.
i=0
Consequently,

[253000) =25 0) 0.

In the same way, we show that:

()= (0) o

=0.
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3.2 Riemann-Liouville’s Fractional g-Derivative

This part focuses on the basic concepts and properties of the Riemann-Liouville’s frac-

tional g-derivative.

Definition 3.9 /79, 88] Let ¢ be a function defined on [a,b] and for p € R. The Riemann-
Liouville’s fractional q-derivative of order f is defined by:

(%,ﬁacb) (x); if p<0,
(*Dhad) @ =1 oy if =0, (1.49)
(g[ﬁ]ﬁ[m B (b) @ if B0,

where [P] is the integer part of p.

Example 3.10 /86] Let ¢(x) = (x— )™, 0 < a < x < b. Then, for all p,\ € R, \N and for
B-A\) ¢N, we have:

Iy ()\+1)

RLAB
D
I'yAA-p+

gax—a)® =

x—a)A P, (1.50)

In effect,
RL@Ba(x W = Q[ﬁl(f%ﬁl Bix— a)()\))

Using the formula (1.42), we get:

W _ oB [ La®+D

Iy(BI-Pp+A+1)

~ I'yA+1) @[LE] (x— a)([ﬁ]—m)\)’

Ig(B1-Pp+A+1)

Ropb (x—a)

B a)([ﬁ]—ﬁﬂ)),

_ g+ 1) Lq@I=PrA+D o apr-per-ipn,

Ig(BI-P+A+1) I4(BI-Pp+A+1-1[B])
~ I'yA+1) A=p)
T,h—pep ¥

In particular, for A =0, we have:

—a)-®
RLAB 1 _ % 151
(F0f,01) ) TP (1.51)
If (B—A) €N, then we have:
Rob x—m®=o. (1.52)

Remark 3.11 /86] For every &(x) defined on (0,b) and p € R, the following fact is true:

(05 ) (@) = (D381 p) ) =o0. (1.53)
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Proposition 3.12 [86] For every p € Ry \N and 0 < a < x < b, the following properties is

correct:
1
(94 90 ) 0 = (FDh ) (0. (1.54)
2,
RLB RL [3+1 B b(a) _(-B-D)
( ®q,a@q¢>)(x) ( Dy ¢)() —Fq(_ﬁ)(x R (1.55)
Proof.

1. According to Definitions 3.9 and 2.9, we get:

(0% 00 = (240835 o) 00,
(@ ﬁ]+1~[ﬁ] ﬁ(b) (x),

(RL@5+1¢) ).

2. They exist n e Nsuch as n < < n+1, then [p] = n+ 1. Using Proposition 2.16, the
formulas (1.43)-(1.12) and property (1.44), according to the equation (1.54), we find:

(RL®5+1¢) x) (Qq RLgyB a(b) ),

_ (©q® ﬁmﬁ] ﬁq)) x),

_ (gq@'”“”“ Po) ),

D530 P [(34.0D49) 0+ 0@)],

©n+2~n+1 ﬁjqa q(l)) () + d(a) (©n+2~”+1 By )(x),

Ll)(a) n+2 .. (n+1-P)
Tyniz—p 7 790
O@  Tyn+2-P) o
Ton+2—p I,p o~ P

D +l@quajn+l B@q(b) (X)+

(
(
= (003 PR+
[
(

_ (o5 ¢l@)  po1
= |Dg T34 33,,4))( HFq( [3)( a) )
= (Mof D qtb)( )+ @ (x—a) P,

Fq(_ﬁ)
|

Corollary 3.13 /88] The semigroup property of the Riemann—-Liouville’s fractional q-derivative

is not valid, i.e., for any a,p € R, we have:
(fto2,, M0f (o) 0 # (D5 ) 0.
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3.3 Caputo’s Fractional g-Derivative

In this part, we review the definition and some properties of the fractional g-derivative of
the Caputo type.

Definition 3.14 /79, 88] Let ¢ be a function defined on [a,b] and for 5 € R. The Caputo’s

fractional q-derivative of order { is given by:

(75) o) if <0,
(CD5.00) 0 =14 b0 if =0, (1.56)
(5 Pofe) 5 if p>0,

where [P] is the integer part of p.

Example 3.15 [86] Let p(x) = (x — M, 0<a<x<b. Then, for e R \N and A > [p] -1,

we have: L, +1)

A4 T ) AP
ToA—p+ 1) a) . (1.57)

Cof Jx—a)™ =

In effect,

C@E’,ya(x—a)m ”[ﬁ (59[5 (x— a)()‘))

1P ﬁ( LqA+1) (x_a)(k—[ﬁl)),

Y. Ty +1-1[BD)
LgA+ D ipi-p A-IB]).
TS TR
Applying the formula (1.42), we find:
C@(X (x_a)()\) _ Fq()\+ 1) Fq(A'Fl—[ﬁ]) (x—a)([ﬁ]_ﬁ+)\_[ﬁ]),
T8 IgA+1—=1[BD) I4(B1-P+A—[B]+1)
M x_a)()\—ﬁ).
IyA=B+1)
In particular, for AeN and p > A, we have:
D s -a)® =300 P (D - ™) =o0. (1.58)

Remark 3.16 The Caputo’s q-derivative of a constant function c is zero, i.e.:
Remark 3.17 [86] For every &(x) defined on (0,b) and p € R, the following fact is true:

(%5 aq>) (@) = (”[ﬁ] Po ﬁ](p) (@) =0. (1.60)
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Proposition 3.18 (86, 88] For anyp € Ry \N and 0 < a < x < b, the following properties is

valid:
1.
(C05,:240) )= (“Dh ) . (1.61)
& B
(94 “05,00) 0 = (D5 ) o)+ % (x— ) PI=P-D), (1.62)
Proof.

1. ffp=n+e,neN,0<e<1,then[p]=n+1and [p+1] = n+2. According to Definition

3.14, we obtain:

(“ofie)w

1l
ﬁﬁﬁ?ﬁﬁ/‘

2. Ifp=n+e,neN,0<e<1,then[f]l=n+1and [p+1]=n+2. Using Theorem 3.5, we
find:

9,0 o)) 9, 3P-Bn ) (),
q q q
(gqjgzl—(n%)gzﬂ(b) ),

@qjl—e©n+l¢ (x),
q

q.a
©n+1(b)(a)

_ ~l—e+l 1 ( q (1-e)
= By (Jq'cfyr ®q©Z+ (D)(x)*‘m(X—a) )
2—emyn+2 (©Z+l(b) (a) (1-e)
= [D,7,.9 +—D (x—a)" .
(247552 0) 0 T,e-g 0%
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By property (1.44) and relations (1.12),(1.23), we get:

(D516) @
I'y2—¢)
(2516) @
r,(1—¢)
(2116) @
I'y(1+n-p)
(21+1¢) @
Iy0+n-p)
(28] @
(BT -P)

[1-elg(x—a)9,

(94 “D5,00) 0 = (DgTqaTlwDi o) () +

(x—a)9,

(Thcon2e)w+

(x _ a)(n—ﬁ)’

(j};a”‘% g”q)) x) +

- (jn+2—(ﬁ+l)®Z+2¢) (x) + (x_ a)(}’l—f)),

q.a

= (9P ) ) + (x—a) P10,

(25'¢) @

Nt ) (BI-R-D
rap—p @ '

= (“ofie)w+

Corollary 3.19 [86] The semigroup property of the Caputo’s fractional q-derivative is not

valid, i.e., for any o, p € R, we have:

(D5, “Df at) 0 # (D5 o) (0. (1.63)

3.4 Relationships Between Fractional g-Operators

This part will explain the link between the two types of fractional g-derivatives, as well as

the relationships between the fractional g-integral and fractional g-derivatives.

Theorem 3.20 [86] Letp € R: \N and 0 < a < x < b. The relation among the Riemann-

Liouville’s and Caputo’s fractional q-derivatives is given as follows:

Bl-1 (@ﬁ,cb) (@)

(408 0] (0 = (08 ) o + X

(- P, 1.64
2 Fq(i—ﬁ+1)(x a) ( )

Proof. For any § € Ry \N with p = n+¢, where n € N, € € (0,1). By using mathematical

induction, we will prove that Theorem 3.20.
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First, for n=0,i.e.: 0 <p < 1. By Theorem 3.5 and property (1.44), we have:

~1 -B _ ~2—P (b(a) )
el = (o)W 5 og -,
P @ . a-p
= (Jq,an,u qu)) (%) + T,2—p) (x—a)" ",
_ [~ CoB ¢l@  _ a-p
= (JQ,G ng,aq)) (x) + I,2—P) (x—a) .
Applying © 4 to the previous equation, we obtain:
~1 ~ p ¢(a) -

Then, according to the propositions (1.23) and (1.12), we get:

¢(a) (x—a) P,

(“oha0)w = (Do) Ty

Next, we assume that the relation (1.64) holds for f = n + € where € € (0, 1), for n € N, and

we will show that it’s holds for p = n+¢€+ 1. In fact, by formula (1.54), we have:

= (9, RL@ nb) (), (1.65)
The following hypothesis is satisfied,
n o (0h0)@

( _ a)(l'—}’l—G).

(RL,DZ;e(I)) (x) = (C,Dn+€q)) (x)+ Z Fq

(i-n—€e+1)

Therefrom, according to the equality (1.65), we find:

Da (C@’“etb)(xwi pq(%q))(a) (x—a) =9,

(RL@B aq)) )

(i-n—€e+1)

n (Ph0)@

) ( O ) 0+ Z S g(i—-n—e+1) Dgle-e,
= (94 CDhto) 0+ Z —r( ( q_(pl(a)e) (x—atmmmeh,
Using the property (1.62), we get:
(M08 .0)w = (CDpie) o+ —(i;zz(f)e()a) (x-a)9 4 Z —ngi’_(pl(a)e) (x- ey,
AL R
]
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Lemma 3.21 [86] For P € R, and let0 < a < x < b. The connections among fractional q-

integral and fractional q-derivative of the Riemann Liouville type are given as follows:
1.
(Ji,a RL@g,utl)] (%) = p(x). (1.66)

(M0,035,00) () = p(0). (1.67)

Proof.

1. For 0 <P <1, according to the property (1.24), we have:

Ox) = (T4,aD4¢) (X) + d(a). (1.68)

Applying J}L—f on equality (1.68) and using the properties (1.43)-(1.44), we get:

(300) @0 = (3274.:040) 0+ 0@ (3551 0,
= (jfijuﬁgq(b) (x) + %(Je —a) P,
Then, we apply D to the previous equation, we find:
(“0f) 0 = (243500) 0,
= (qué,_aﬁ@ qq)) (x) + %Qq(x )P,
- (D43047500,40) 0 + %u —a P,
= (jéjaﬁ@q(b) (x) + _o@ (x—a) P,

r,(-p)

By relations (1.42), (1.44) and equality (1.68), we obtain:
d(a)
r,-p)
TA-pprip @

(34,60 49) (xX) + d(a),

P (x).

(0hua)co = (o) 2D e,

(34,00 40) (x) +

Ifp=n+ewhereee (0,1), neN. Placing=p -1 and ¢ —R- @f’,;}cp, from Theorem
3.5 and using property (1.54), we find:

RLQﬁ_lq)) (a)
~B-1 RLAB-1 ~p p-1 ( 8 -
(o Mohde) e = (9.0, Dh ) O —7.m @™,
RL@B_I(I)) (u)
_ (4P p ( a8 -
= (‘Jq,a RL@q’a(p) (x) + T,® (x—aq)f-D
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So, by formula (1.53), we have (RLQﬁ . (p) (a) =0, and we can write:
(95, P08 a0 ) 0 = (35 F08 o) 0.
Repeating this relationship z times, we obtain:
(jg,a RL@S,GL')) (x) = (7‘3,}” RL@[;—anq)) (),

(96,0 M5 o) (),
b(x).

2. Using the properties (1.44) and (1.25), for € R;, then by Definition 3.9, we get:

(RL@ﬁ 0 a¢) (x) (g[ﬁ] 5 qﬁ] PP q)) ),

(@ ﬁ] ﬁ] f)+5(b) (x),
fals Jq,acp) (%),
().

Lemma 3.22 [86] LetP € R, and0 < a < x < b. The connections among Riemann-Liouville’s

fractional q-integral and Caputo’s fractional q-derivative are given as follows:

1.
B1-1 (DL ] (@) ,
(96,0 D6 00) =0 - Y (A (x-a)®. (1.69)
io lilq!
In particular, forp € (0,1) and a =0, we have:
("ﬁ %%) () = b (x) — H(0). (1.70)
2,
(%ﬁ 0 a(p) () = b (). (1.71)
Proof.

1. For p € Ry, by applying the properties (1.44) and (1.26), we get:

(950 D00 = (35905 PDN ) 0,
( 22“5] ﬁ@gﬂ(p) ),
(75628 0) 0,
-y [259) @

i lilg!

(x— a)(i).
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Particularly, for p € (0,1) and a =0, we have:

(95 “20) () = o) - $00).

2. For p € Ry, by placing ¢ — J; ;¢ in Theorem 3.20, from the relation (1.67) and for-
mula (1.38), we find:

z~5
p1-1
p ( q Ciaq))(a)( _a)(i_ﬁ),

(cgﬁ ~qa¢) (x) (RL@ﬁ 5P a‘b) (x) —

/~ﬁ 1
B1-1 ( cb) () ,
_ _ _ P
= o).

4 Kuratowski’s Measure of Non-Compactness

This section includes the basic concepts and certain properties of the Kuratowski’s mea-

sure of non-compactness. For more details; see references [18, 29, 94].

Definition 4.1 [29, 94] Let E be a Banach space and (¢ be the family of bounded subsets

of E. The Kuratowski'’s measure of non-compactness is the map \: 2 — R, defined as:
H(ef) =infle >0: o/ c UL, of; and diam(<f;) <€}; where of € ().

Properties 4.2 [29, 94] The Kuratowski’s measure of non-compactness has the following

properties:
(1) wf)=0 & of iscompact (o is relatively compact).
2) u(d) = u(A).
(3) oA € B = p(d) < u(B).
(4) W +B) = uf) + u(A).
6) ulys) =lylules), yeR.
(6) ulconved) = ().
(7) u(ef + xo) = p(<f), forevery xo €E.

Where convsf and <f denote the convex hull and the closure of the bounded set <f , respec-

tively.
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5 Fixed Point Theorems

Fixed point theorems are incredibly helpful tools in mathematics, especially for solving
differential equations. In fact, these theorems provide sufficient conditions for which a
certain function admits a fixed point, guaranteeing the existence of solution to a given
problem.

In this section, we will present some of fixed point theorems that we will need for this

thesis. For more information; see references [12, 50, 51, 65, 74, 87, 89].

Definition 5.1 [65](Fixed Point)
Let ¢ a continuous function on an interval J = [a,b], we say that z* € J is a fixed point of ¢
such that:

G(z")=2z".

Theorem 5.2 [50] (Banach Contraction Principle)
LetX be a non-empty closed subset of a Banach spacet and /€ : X — X a contraction map-

ping, then A has a unique fixed point.

Theorem 5.3 [87](Schaefer)

Let E be a Banach space and /€ :E — [E be a completely continuous operator. If the set
) :={zeE:z=yH(2), for ye (0,1)}

is bounded, then A€ has at least one fixed point.

Theorem 5.4 [12, 50] (Nonlinear alternative of Leray-Schauder)
Let E be a Banach space and X a closed, convex subset of E. Let % be an open subset of X

with 0 € % and € : U — X a continuous and compact operator. Then either
(i) A has fixed points on %, or
(ii) There exist z € 0% andy € (0,1) with z=YyA(z).

Theorem 5.5 [87] (Krasnoselskii)
Let X be a closed, convex non-empty subset of a Banach spaceE, suppose that o/, :X — E

are two maps satisfying the following three conditions:
(i) y+BzeX (Vy,zeX)
(i) < is a continuous and a compact mapping.
(iii) 9B is a contraction mapping.
Then, there exists z in X such that o/ z+ Bz = z.
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Next, we review the fixed point theorem of Monch and an essential lemma.

Theorem 5.6 [74, 89] (Monch)
Let X be a bounded, closed and convex subset of a Banach spaceE such that 0 € X, and let

S a continuous mapping of X intoX. If the implication
V=conv/V) or V=AV)U{0} =>u¥)=0 (1.72)

holds for every subset 7 of X, then S has a fixed point.

Lemmab5.7 [51]If 7V < C(J=Ia,b],E) is a bounded and equi-continuous set, then

1. The function t — W(¥ (t)) is continuous on J.

2, ”(U z(t)dt : z(—:V})S[uU/(t))dt.
J J
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Chapter 2

Boundary Value Problem for Fractional
q-Ditference Equations of Order 5 € (0, 1]

1 Introduction and Motivation

Recently, scientists have been interested in developing and expanding as several types of
fractional differential equations as possible, because of its application and modeling in
many phenomena. Among types of equations that have attracted attention are the frac-
tional g-difference equations. Therefore, researchers discussed and studied the existence
of solutions to the initial and boundary value problems for fractional g-difference equa-
tions that involves the Caputo’s fractional g-derivative. For more information; you can
see these references [5, 6, 15, 28, 98].

Bonchohra et al. in [35] established the existence of solutions to the first-order bound-
ary value problem for the following fractional differential equations involving the Caputo’s

fractional derivative:
‘D (1) = f(t,y(1); te€[0,T],0<a<l,

ay(0)+by(T) =g,

where ‘D is the Caputo’s fractional derivative, f : [0,T] x R — R is a continuous function,

a, b, ¢ are real constants with a+ b #0. They provided two existence results: one based on

the fixed point theorem of Banach and the other on the fixed point theorem of Schaefer.
In [39], Benhamida et al. studied the existence of solutions to the boundary value

problem of the Caputo-Hadamard’s fractional differential equations of the following form:
eD Ty = f(t,y(1); foraere[l,T],0<r<1,

ay(1) +by(T) =c¢,
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2. REPRESENTATION OF THE INTEGRABLE SOLUTION

where ;D" is the Caputo-Hadamard’s fractional derivatives, f : [1,T] x E — E is a given
function and E is a Banach space, a,b,c € R such that a+ b # 0. The authors used the
fixed point theorem of Monch and Kuratowski’s measure of non-compactness to study
the existence of solutions.

Motivated by the previously stated works, in this chapter, we are interested in studying
the existence and uniqueness of solutions to the boundary value problem for fractional
q-difference equations that involves the Caputo’s fractional g-derivative, which is given

as follows:

(%Sz) (O =dt,z(0); 0<P<1, teI=[0,T],
@.1)
az(0)+bz(T) =c,

where g € (0,1), T > 0 and C’DE’, is the Caputo’s fractional g-derivative of order f € (0, 1],
¢ :JxE — Eis a given function with E is Banach space and a,b and ¢ are real constants
such thata+ b #0.

The chapter’s remaining are organised in the following way: In Sect.2, we present the
integrable solution to the boundary value problem (2.1). Next, in Sect.3, we prove the ex-
istence and uniqueness results for solutions of the boundary value problem for fractional
q-difference equations (2.1) with E = R, by applying some fixed point theorems (Banach
contraction principal, Schaefer and Leray-Schauder non-linear alternative). In Sect.4, we
investigate another existence result for solutions of the boundary value problem for frac-
tional g-difference equations (2.1) in Banach space, which is based on the fixed point
theorem of Monch combined with the technique of the Kuratowski’s measure of non-
compactness. In order to support our existence theorems, we conclude each section with

illustrative examples.

2 Representation of the Integrable Solution

This section contains the definition and lemma of the integral solution to the boundary

value problem (2.1), which is essential for the rest of the chapter.

To begin with, let’s define what is meant by the integral solution to the boundary value

problem (2.1).

Definition 2.1 A function z € C(J,E) is said to be a solution of the boundary value problem
(2.1), if z satisfies the fractional q-difference equation (C”Dgz) (1) = ¢(t, z(t)) on J where
B € (0,11, and satisfies the boundary condition az(0)+bz(T) =c.
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The following lemma is necessary for the existence of solutions to the boundary value

problem (2.1).

Lemma2.2 Let 0:J — E be a continuous function. The integral solution of the following

fractional boundary value problem:

(¢0f2) =60 0<B=1,reI=10T),
(2.2)
az(0) +bz(T) =c.

Given by:

B t(t—qs)(ﬁ_l) b T (T—qs)(ﬁ_l)
z(t) = —G(S)dqs— bf Fq(ﬁ)

¢
_— 2.
o T,P O)dgs+ % @3

Proof. By applying the Riemann-Liouville’s fractional g-integral of order § € (0,1] on both

sides of the equation for the problem (2.2), and according to Lemma 3.22, we have:

(t— qs)(ﬁ 1)
(z‘)f ) —————0(8)dgys + . (2.4)

Next, we will determine the constant ¢y by utilising the boundary condition of the prob-

lem (2.2), we get:
az(0)+bz(T)=c = acy+b (350D +co)=

Since a+ b #0, hence,

c b 8
= —-—-——-7 OT,
@ a+b a+b M

T(T-qs)P-V
- 0(s)ds.
a+b a+bf0 T,m e

By changing ¢y in equation (2.4), we find:

(- qs)(ﬁ—l) b fT (T — qs)(ﬁ—l)
b

f= 0(s)d, s —
A=) e W 7,0

c
0(s)d _
(s) g+ "y

The proof is finished. m
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3. BOUNDARY VALUE PROBLEM FOR FRACTIONAL Q-DIFFERENCE EQUATIONS

3 Boundary Value Problem for Fractional g-Difference Equa-

tions

! This section focuses on proving the results of the existence and uniqueness of solutions
to the boundary value problem (2.1) with E =R, through the use of several fixed point

theorems. This means that we will deal with the following boundary value problem:

(%Ez) (O =dt,2(0); 0<P<1, teI=[0,T],
2.5)
az(0) + bz(T) = ¢,

where g € (0,1), T > 0 and CCDE, is the Caputo’s fractional g-derivative of order f € (0, 1],

¢:J xR — Risagiven function and a, b, ¢ are real constants such that a + b #0.

Now, we present the following hypotheses which will be used in the remaining parts:
(A1) The function ¢ : J x R — R is continuous.

(A2) The function ¢ satisfies the Lipschitz condition, i.e.: There exists a constant £ > 0,

such that for every ¢ € J and every y, z € R, we have:
(1, 1) - b(t,2)| < Lly - z|.

(A3) There exists a constant .4 > 0, such that for every ¢ € J and every z € R, we have:

lp(t, 2) < M.

3.1 Existence and Uniqueness Result

This part shows the uniqueness of solutions to the boundary value problem (2.5), which

depends on the theorem of Banach contraction principle (Theorem 5.2).

Theorem 3.1 Suppose that the hypotheses (A1) and (A) hold. If

0<(1+ 6] ) e <1 (2.6)
la+ b Fq(ﬁ+1) ' '

Then, the boundary value problem (2.5) has a unique solution on J.

IN. Allouch, S. Hamani and J. Henderson, Boundary Value Problem for Fractional q-Difference Equa-
tions, Nonlinear Dynamics and Systems Theory, 24(2), (2024), 111-122.
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3. BOUNDARY VALUE PROBLEM FOR FRACTIONAL Q-DIFFERENCE EQUATIONS

Proof. Firstly, we convert the problem (2.5) into a fixed point problem and define the

operator
F:C(J,R) — C(J,R)
By:
GO b (T(T—gsPD ¢
(%Z)(t)—fo ) G(s,z(8)dys a+bf0 T, 0) (s, z(s)dgs + b (2.7)

According to Lemma 2.2, it is evident that the fixed points of the operator /# are the solu-
tions of the boundary value problem (2.5).
Next, we will demonstrate that the operator ./ is a contraction mapping on C(J,R).

Let y,z € C(J,R) and for each ¢ € J, then we have:

t(t—gqs)®D
() (1) — (H#2) ()] fo (s, () — D5, 2(5))) dys

(9]

T(T ®-1
a+bf : qué) (d(s,y(8) — d(s, 2(5))) dgs|.
q

Thus,

(A y) (1) — (A 2)(1)]

IA

t t— (ﬁ—l)
fo % (s, Y(5)) — b (s, 2(5))| dgs
q

b T (T= B-1
+|a|+|[,|f0 ( Fq%) |b(s, y(s)) = (s, 2(9)| dys.
q

Using the hypothesis (A;), we get:

(t— qs)(ﬁ D
L@
L Lol T (T —g9Ph
la+blJo I'y(P)

() (1) - (H2) (1) < £f ly(s) - 2(s)| dgs

ly(s) = z(s)| dgs.

Thanks to the formula (1.43) and for each ¢ € J, we obtain:

(t—gs)®-D
12 (Y) - (Do = stlé?(ilf 6 |y(s)—z(s)|dq3)
L£1b] T (T - qS)(ﬁ_D )
— d ,
Stleljp(la+b| ;) |y(s) = 2(s)| dys
T(T- qs)(ﬁ 1)
< £ o
f Iq® T, Pl Ades

+ Ll T(T_qs)(ﬁ_l) sup |y —zldgs
a+blJo L, ger o cad
oT® £1b| T®

I,B+1) Iy = 2leo + la+b| T,(B+1)

1Y = Zlloo-
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3. BOUNDARY VALUE PROBLEM FOR FRACTIONAL Q-DIFFERENCE EQUATIONS

Consequently,

6| oT®
) 1y zlloo-

12 Y) - A (Do = (1+|a+b| T,(B+D

As aresult, by condition (2.6), 4 is a contraction operator, and according to the theorem
of Banach contraction principle, we deduce that the operator 4 has a unique fixed point,

which is the unique solution to the boundary value problem (2.5). =

3.2 Existence Results

This part contains the results of the existence of solutions to the boundary value problem

(2.5), so that we given two results of the existence depend on various fixed point theorems.

The first outcome depends on fixed point theorem of Schaefer (Theorem 5.3).

Theorem 3.2 Assume that the hypotheses (A1) and (A3) are satisfied. Then, the boundary

value problem (2.5) has at least one solution on J.

Proof. To demonstrate this result, we will use the fixed point theorem of Schaefer, i.e.
we'll prove that the operator .# defined by (2.7) has a fixed point. So, the proof will be
presented in four steps.

Step 1: A is a continuous operator on C(J,R).

Let {z,} nen be a sequence such that z,, — z in C(J,R). Then, for every ¢ € J, we have:

(t—qs) PV
I'q(®)
bl [T (T-gs)®"V
la+blJo T4

[(A#zp) (1) — (H2) (1) < | (s, 2 (5) — b(s, 2(5))| dg s

|b(s,2n()) = b(s, 2()| dgs.

Therefore, for every 7 € J, we get:

1b] T®
) Ip(., 2 () —d(, 2())lloo-

I#(zp) = A (Do = (1+|a+b| TG+ D

Since ¢ is a continuous function, i.e.:

I, 2,()) = b(, 2()llcc =0 as n—oo.

Then,
A (z,) — H(2)|loo— 0 as n— oo.

Hence, / is a continuous operator on C(J,R).
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3. BOUNDARY VALUE PROBLEM FOR FRACTIONAL Q-DIFFERENCE EQUATIONS

Step 2: /£ maps bounded sets into bounded sets in C(J,R).
In fact, it suffices to prove that for all r > 0 there exists a constant R > 0, such that for
every z€°'B, ={z€ C(J,R) : || zllox < 1}, we have [|.#£(2) [loo < R.

Let z € °B,. Then, for every ¢ € J, we have:

t(f—gs)B-D b [T (T—gs)®BD
[(A2)(1)] fo %tb(s,z(s))dqs—awfo ( qu[)?)) (b(s,z(s))dqs+ach,
q q
L(t—gqs)PD |b| fT (T—gs)®Y el
A 7o) (s, 2(5))dgs+ e ) b (s, 2(5))|dgs + P

According to the hypothesis (A3), we find:

(t—gs)®V fT(T qs)®Y [
|(#2)(0)] < f T, ® dqs+ M |a+b| ) ”S+|a+b|'

Using the formula (1.43) and for each t € J, we get:

(#2)(D] < MTO bl _ATO e
T I;B+1)  la+blI;B+1)  la+b|
So,
6| \ 4T® Ic]
R4 < |1 =R
7@ < (+|a+b| ST s

Hence, ./ is an uniformly bounded operator on ‘5.
Step 3: A maps bounded sets into equi-continuous sets of C(J,R).
Let 11, t; € Jsuch that #; < £, and let B, be abounded set of C(J,R) as in Step 2. For z € B,

then we have:
L (f, — B-1
|(<]£Z)(t2)_(<]£Z)(t1)| = j(; %

131 (t —qS)(B_l)
I() q)(s,z(s))dqs—f BN

0 Fq(ﬁ)

b (s, z(8))dgs|.

Therefore,
(- q9)PV = (5, — g9)PD)
I'q®)

2 (1 — qs)P
+ft1 qu)(s,z(s))ldqs.

A -Ew) = | s, 25D dys

Applying the hypothesis (A3), we obtain:

o “ (B-1 _ (B-1)
(D)~ (D = f (12 = g9 = (11— g9V ) dys

* (6 g9 Vd,s.

F (‘3) 5]
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After calculating the integrals, we find:

_ M (e B
(#2)(12) — (#D(1)] < Fq(ﬁ+1)(t2 i).

As 1) — Iy, the inequality above’s right-hand side tends to zero, i.e.:
[(A2) () — (H2) (1) —0 as 11— .

Consequently, .# is an equi-continuous operator. Due to the results obtained in Steps 1,
2 and 3, and according to the theorem of Arzela-Ascoli (Theorem 1.9), we can deduce that
/€ is a completely continuous operator.

Step 4: A priori bound.

Now, we'll show that the set 2= {z € C(J,R) : z= y#(2),0 < y < 1} is bounded.

Let z € (2. Then, for every ¢ € J, we have:

z(1)

Y(Az)(1),

E(f—qs)®D fT (T - qs)(ﬁ )

c
d —.
®(s, z(8)) gS+ o

Therefore, from the hypothesis (A3) and by estimation in Step 2, it follows that for y € (0, 1)

and for each t € J, we obtain:

lz(n)] = YI(Az) (1),
< (2o,
®
( |b] ) MT N |cl _
la+bl) I;(B+1) |a+b

So,

|Zzlloo <R < +o00.

Consequently, the set {2 is bounded.
As aresult of Steps 1 to 4 and according to the fixed point theorem of Shaefer, we conclude
that the operator # has at least one fixed point which is the solution to the boundary

value problem (2.5). m
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The second outcome depends on non-linear alternative of Leray-Schauder theorem

(Theorem 5.4).

Theorem 3.3 Suppose that the hypothesis (A1) is satisfied and the following hypotheses
hold:

(A4) Thereexist®y € L'(J,R,) and¥: R, — R, continuous and non-decreasing, such that

foreach t € J and each z € R, we have:

(2, 2)| < Doy (W 2]).

(As) There exists a constant positive v > 0, such that:

v

) v (3

Then, the boundary value problem (2.5) has at least one solution on J.

Proof. To establish that the operator ./ defined by (2.7) has a fixed point, we will apply
the non-linear alternative of Leray-Schauder theorem. The operator . is continuous and
completely continuous as shown in Theorem 3.2.

Let z be such that for every ¢ € J, we use the equation z(?) = y(#z)(¢) for y € (0,1). Then,
thanks to the hypothesis (A4) and for each ¢ € J, we have:

f— gs)B-D bl T (T—gs) 6D
2(8)] < f( 99 |¢(s,z(s))|dqs+|a'+'b|fo( 9|5, 2(5)) dgs + —

Iy () la+b|’
(t— qs)([?) 1) 1] fT (T—qs)(ﬁ_l) Ic|
f T Py [ ey +

Therefore, for every t € J, we get:

|c]
la+b|

|b]
la+b|

|b] ~B
(1 + ot bl)W(Hleoo)(Jq@(p)(T) +

(I D) DW(| 2l 00) +

Ic|
la+b|

IA

lzlo < (hPe)MPIzloo) +

Thus,

llzlloo

vyl 3

A
—

[+

So, by hypothesis (As), there exists v such that || z||o, # V. Let’s set

U ={z€ C(J,R): || zlloo < V}.
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Clearly, the operator .# : % — C(J,R) is completely continuous. From the choice of %,
there is no z € 9% such that z = Yy #(z), for some y € (0,1). Therefore, according to the
theorem of Leray-Schauder non-linear alternative, we conclude that the operator . has
at least one fixed point z € 9, which is the solution to the boundary value problem (2.5).

3.3 An Example

Consider the following boundary value problem for fractional g-difference equation:

Cpy1/2 e . _
(@1/3Z)(t)—m, 0<ﬁ§1,l’€J—[0,1],

(2.8)
z(0)+2z(1) =0,
whereq:%,ﬁ:%, a=b=1,¢=0,T=1, and

— 12

e V4
= Ry.
o(1, 2) (GH)(HZ),(t,z)eJx +

Let y,z € R; and for each ¢t € J=[0,1]. Then, we have:

lp(t, y) — b(2, 2)]

’

et ( y z

(6+1) 1+y_1+z
.y

< —

= Grp? %

= 1I |

= —|y—2Z.
6)’

Since £ = %, then the hypothesis (A2) holds. Next, we will check that the condition (2.6) is
satisfied with T =1. In fact,

( |b] ) eT® ( 1) 1
1+ = 1+-= o 3.
|a+b| Fq(ﬁ+1) 2 6F1/3(§)
0.2666 < 1.

1§

Consequently, according to Theorem 3.1, the boundary value problem (2.8) has a unique

solution on [0, 1].
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BANACH SPACE

4 Boundary Value Problem for Fractional g-Difference Equa-

tions in Banach Space

2 This section discusses the study of the existence of solutions to the boundary value prob-
lem (2.1) in Banach space E with the norm ||.||, by using the fixed point theorem of Ménch
and the Kuratowski’s measure of non-compactness. which is an essential technique for

finding differential equations solutions.

Below, we present the following hypotheses that will be employed in the remaining

part:
(Ag) The function ¢ : J x E — E satisfy the Carathéodory conditions.

(A7) There exists p € L*°(J,R;), such that for every ¢ € J and every z € E, we have:

(L, 2) [ < p()llzll.

(Ag) Forevery t € J and every bounded set 98 c E, we have:

WP (t, B)) < p(t)u(4A).

4.1 Existence Result

This part focuses on proving the result of the existence of solutions to the boundary value

problem (2.1), which is based on Monch'’s fixed point theorem (Theorem 5.6).

Theorem 4.1 Assume that the hypotheses (Ag),(A7) and (Ag) are satisfied. If

(1+ lb') L ol <1 (2.9
atbl) TypeD P = '

Then, the boundary value problem (2.1) has at least one solution on J.

Proof. To begin with, we convert the problem (2.1) into a fixed point problem and define
the operator
A€ :C(J,E) — C(J,b)

Given by:

(- gs)®V b [T(T-gs9bD c
(Hz)(t) = .[)W¢(S’Z(S))dqs_a+bfo T, @) ¢(s,z(s))dqs+m.

2N. Allouch and S. Hamani, Boundary Value Problem for Fractional q-Difference Equations in Banach
Space, Rocky Mountain J. Math., 53(4), (2023), 1001-1010.
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From Lemma 2.2, it is evident that the fixed points of the operator # are the solutions of
the boundary value problem (2.1).

Let w > 0, we consider the set:
Dy={z€C(JE) : |zlleo < W}. (2.10)

Evidently, the set 9,, is closed, bounded and convex of C(J,E).

Next, we are going to prove that the operator / satisfies the conditions of Monch’s
fixed point theorem. Thus, we offer the proof in three steps.
Step 1: S is a continuous operator on C(J,E).

Let {z,} nen be a sequence such that z,, — z in C(J,E). Then, for every ¢ € J, we have:

t(t—gs)BD
(9]
LI D L
a+blJo T4

|(AHzp) (1) — (H2) ()] < fo | (s, 24 (5) — b(s, 2(5))| dgs

|9 (s, 2n(8)) — (s, 2(5)) | dgs.

Therefore, for each ¢ € J, we give:

16| T®
) b (s, 2, (8) — P (s, z())]l.

A (zy) = A (D] < (1+|a+b| T B+D

Let p > 0, such that:

lznloo=p and |[zlleo=<p.

From the hypothesis (A7), we get:
b (s, 2n(8)) — b (s, z() N < 2pp(s) :=8(s); d(s) € L>°(J,Ry).

Since ¢ is a Carathéodory’s function, and thanks to the Lebesgue’s dominated conver-

gence theorem, we find:
”%(Zn) _%(Z)”oo —0 as n—oo.

Thus, A is a continuous operator on C(J,E).
Step 2: S maps D, into D,,.

Let z € 9, and using hypothesis (A7), for every ¢ € J, we have:

) bl (T (T—gs) 6D
(#2)(0)] f( ~49) |¢(s,z(s))|dqs+|a'+'b| fo T=a9 " s, 25 dgs + —

Fq(ﬁ) Fq(ﬁ) la+b|’
(t—gs)P~V || [T(T—qs)(ﬁ-” lc]
ST d .
fo Fogy POl e [ e el
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By the set (2.10) and for all € J, we find:

@1 =~ e O _OTY
I'yB+1) la+bl I;(B+1) la+Db|
= ‘”(” . ) T e+
la+bl) I;(B+1) la+ bl
< .
Consequently,

[# (2o = w.

Step 3: (D) is bounded and equi-continuous.
According to Step 2, it’s clear that #(9,,) < C(J,E) is bounded.
Next, we prove that the equi-continuity of #(2,,). Let z € 9, and let t;, £, € J such that

h < t», we have:

tr t— (ﬁ_l)
(2 (1) - (H2) (1) fo U 2al/hillng

(P(S;Z(S))dqs_f (s, z(8))dgs|,

Fq(ﬁ) 0 Fq(ﬁ)
1 (- )PV — (1, — g5)PV)
= fo .0 (s, z())ldgs
7] (tz _ qs)(ﬁ_l)
_ , dgs.
+ft1 Ty®) lb(s, z(s)|dgs

Applying the hypothesis (A7) and by the set (2.10), we get:

[(#2) (1) — (#2) (1) < Fql(ﬁ) fotl ((tz —qs9)P V- (1, - qs)(ﬁ‘”)p(s)||z||dqs
) :(tz —g9)P Vp(9)llzldys,
% :(tg - qs)@_l)dqs.

After calculating the integrals, we obtain:

(D)~ ()| = P16 0)

L,e+ptz 1

As t) — 1o, the inequality above’s right-hand side tends to zero, i.e.:
(A2) () — (AH2) ()| —0 as t — 1.

Consequently, the equi-continuity of #(2,,). So, #£(D,) € D,.

47



4. BOUNDARY VALUE PROBLEM FOR FRACTIONAL Q-DIFFERENCE EQUATIONS IN
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Finally, we prove that the implication (1.72) holds.
Let 7 be a subset of 9, such that ¥ c conv (A (¥ U {0}). Since 7 is bounded and equi-

continuous, and thus the function ¢ — v(¢) = u(¥(#)) is continuous on J. Thank to the
hypothesis (Ag), Lemma 5.7, and using the properties of the measure p, then for every

t € J, we have:

v() = pAT)()uioy,
= wHI)(D),
t (r— qS)(ﬁ—l) |b| fT (T — qs)(ﬁ_l)
o Iq PRI ()dgs+ la+b| Jo I'y(B) PN (s)dgs,
(t—q9PY T(T— gs)®-D

b f
- o0 ood + " ood .
A T, ®) Ipllirellvlloodys arol T, @ Ipllieell Vlioodys

Thus, for each ¢ € J, we find:

T® |b| T®
v(t) = ———Ipllrellvllco + P llree | Vlloos

T,prDn At bl T,B+D T

< vl (1+ o ) L 9l

= Wl (M0 Ty P

This implies that,

[Vl |1 (1+ il ) L 9l <0

0 la+bl) I,B+1) Pliee| =0.

According to the condition (2.9), we obtain ||v[. =0, i.e.: v(f) =0 for every t € J. So, ¥ (¢)
is relatively compact in E. In light of the theorem of Ascoli-Arzela (Theorem 1.9), 7 is
relatively compact in &,,. Thanks to Theorem 5.6, we deduce that the operator .# has a

fixed point which represents a solution to the boundary value problem (2.1). m

4.2 An Example

Let
[e.@]
E= ll :{(21)22)"'7zny"') : Z |Zn| <OO},
n=1

be our Banach space with the norm

o0
lzll =) Iznl.
n=1
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5. CONCLUSION

Following that, we examine the boundary value problem for fractional g-difference

equation of the from:

I'12(3) % cos(0)]za (1)
160z, (O+)

(C®1/4Z ) (t) —

1/2%n 0<[.))S1,IEJ:[O,1],

(2.11)
zn(0) +2z,(1) =1,

whereq:%,ﬁ:}l,Tzl,a:b:c:l,and
Z:(ZI;ZZ)---!Z}’M---))

(p:((bly(bz,--.,(bn,...).

And
T2 £ cos()] znl

;o (t,2)e IxE.
16(lz,| +1)
It is evident that the hypotheses (Ag) and (A7) are satisfied, where:

(-')I’Z(t) Z) =

(PP cos(r)

p() 16

Next, we will verify that the condition (2.9) is satisfied. In fact,

(1+ 6] ) T® - (1+1) Ne(3)
a+bl) L@+ - 2)16012(%)
=~ 0.1172< 1.

Consequently, according to Theorem 4.1, the boundary value problem (2.11) has at least

one solution on [0, 1].

5 Conclusion

In this chapter, we have provided sufficient conditions for the existence of solutions to the
boundary value problem for fractional g-difference equations involving the Caputo’s frac-
tional g-derivative. Consequently, we obtained the results of the existence and unique-
ness of solutions to the boundary value problem for fractional g-difference equations,
through the use of different fixed point theorems (Banach contraction principle, Schae-
fer and non-linear alternative of Leray-Schauder). Additionally, we studied another exis-
tence result for solutions of the boundary value problem for fractional g-difference equa-
tion in Banach space. This result is based on Kuratowski’s measure technique of non-
compactness and Monch'’s fixed point theorem. To illustrate our findings, we presented

numerical examples.
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Chapter 3

Boundary Value Problem for Fractional
g-Difference Equations of Order [ € (1, 2]
with Integral Conditions

1 Introduction and Motivation

Fractional g-difference equations play an essential role in modeling many phenomena
in different areas, and are currently studied by many academics in various fields of sci-
ence and engineering. In recent years, several scholars have investigated the existence
and Ulam stability of solutions to the boundary value problems for fractional g-difference
equations involving the Caputo’s fractional g-derivative. For more details; see the works
[1, 6, 56, 68, 98].

In [33], Benchohra et al. established the existence and uniqueness of solutions to the
boundary value problem (BVP for short) with fractional order differential equations and
non-linear integral conditions involving the Caputo’s fractional derivative of the following
form:

‘D(t)=f(t,y(r); tel0,T],1<a<2,

T
y(0) —y'(0) :fo g(s, y(s)ds,

T
y(T)+y'(T)=f0 h(s, y(s))ds,

where D is the Caputo’s fractional derivative, and f, g, h: [0,T] x R — R are given con-
tinuous functions. The researchers used some fixed point theorems (Banach, Schaefer,

Leray-Schuder, Burton-Kirk) to verify the existence of solutions.
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2. REPRESENTATION OF THE INTEGRABLE SOLUTION

Primarily motivated by the work mentioned above, our main goal in this chapter is to
examine the existence, uniqueness and Ulam stability of solutions to the boundary value
problem for fractional g-difference equations involving Caputo’s fractional g-derivative

with non-linear integral conditions of the following type:

(ngz) (O =dt,2(0); 1<P=<2, teI=[0,T],

3 2(0) = 2'(0) = J @(s, 2(s))ds, 3.1)

2(T) +2'(T) = [y (s, z(9)ds,

where g € (0,1), T > 0 and C@g is the Caputo’s fractional g-derivative of order f € (1,2],
¢ :JxE — Eis a given function and ¢,y : J x E — E are continuous functions with E is
Banach space.

The rest of the chapter is structured as follows: In Section 2, we offer the integrable
solution of the boundary value problem (3.1). The Section 3 focuses on studying the exis-
tence and Ulam stability of fractional g-difference equations with integral boundary con-
ditions (3.1) with E =R, so that we provide two results for the existence: one depends on
Banach contraction principal theorem and the other on Schaefer’s fixed point theorem. In
addition to presenting the stabilities results, which are based on Ulam-Hyers and Ulam-
Hyers-Rassias stabilities techniques. In Section 4, we establish another existence result
for solutions to the boundary value problem for fractional g-difference equations with
integral conditions (3.1) in Banach spaces that depends on Monch'’s fixed point theorem
and Kuratowski’s measure of non-compactness. To illustrate our results, we give examples

at the end of each section.

2 Representation of the Integrable Solution

The definition and lemma of the integral solution to the problem (3.1) are presented in

this section and are important for understanding the remainder of the chapter.

Firstly, let us define what is meant by the integral solution to the problem (3.1).

Definition 2.1 A function z € C(J,E) is said to be a solution of the problem (3.1), if z sat-
isfies the fractional q-difference equation (CQE;Z) (1) = ®(t, z(1)) on J wherep € (1,2], and

satisfies the following integral boundary conditions:

T T
z(0)—Z'(0) :f ¢(s,z(s)ds and z(T)+Z'(T) :f W(s, z(s))ds.
0 0
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2. REPRESENTATION OF THE INTEGRABLE SOLUTION

The following lemma is essential for the existence of solutions to the problem (3.1).

Lemma 2.2 Let w,u, v € C(J,E). The integral solution of the following fractional problem:

(b2} (=ww; 1<p=2, teI=10T),

] 2(0) - 2'(0) = [y u(s)ds, (3.2)

2(T)+2'(T) = fy v(s)ds.

Given by:
T
z(1) :J,’(t)+f Gy (t,s)w(s)dys, 3.3)
0
where
1+T-1 (T 1+0 T
H (1) = a+t-y u(s)ds+ 1+0 f v(s)ds, (3.4)
2+T) Jo 2+T) Jo
and
(=)D 1+nT-g9® D 1+0)T-gs5)P2
Iy® e+, e+nl,p-1 "’ 0=s<t,
gq(t; S) = (3.5)
_0+n(@-g9® Y a+n(T-g9®?
e+D I, p) e+l ,B-D r=s<T.

Proof. Let’s start by applying the Riemann-Liouville’s fractional g-integral of order p €
(1,2] to both sides of the equation for the problem (3.2), and thanks to Lemma 3.22, we

obtain:

t (t—qs)(ﬁ‘”
z(t) = 5 Ww(s)dqs+co+clt. (3.6)

Next, we use the integral conditions of the problem (3.2) to find the constants ¢y and c;.

This gives us:

T
Co—C1 :f u(s)ds, (3.7
0
and

T (T — qs)(ﬁ—l) T (T — qs)(ﬁ—Z) T
C()+(1 +T)Cl+‘/(; WW(S)qu‘l‘L mW(S)qu—L V(S)dS. (3.8)
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2. REPRESENTATION OF THE INTEGRABLE SOLUTION

From the equations (3.7) and (3.8), we find:

1 T T T(T- qs)(ﬁ—l) T(T- qs)(ﬁ—Z)
= I (fo v(S)ds—fo u(S)ds—fO Ww(s)dqs—fo mw(s)dqs),
and
_asm T Lo (T gg)PD T (1 gg)B-2
C = 2+1) Jo u(s)ds + 2+ (f() U(S)dS—\[O WW(S)qu_L mW(S)qu).

By substituting ¢y and ¢; into equation (3.6), we get:

B t(t_qs)(ﬁ—l) (1+T) (T 1 T T(T_qs)(ﬁ—l)
z(t) = j(; ) w(s)dqs+(2+T) | u(s)ds+(2+T)(f0 v(s)ds j(; ) w(s)dys

T (T — qs)(ﬁ—Z) t T T T (T — qs)(f)—l)
_fo —Fq(ﬁ—l) w(s)dqs)+—(2+T)(fo v(S)dS—fO u(s)ds—f0 —Fq(ﬁ) w(s)dgs

T (T — qs)(ﬁ—Z)
|, T wdas)
1+T-0 (T 1+ (T E(t—qs)®D
= W 5 u(s)ds+mfo v(s)ds+ A Ww(s)dqs
TT_ -1 Tm_ P2
(1+12) (T—gqs) w(s)dqs— (1+1) (T-qs9) w(s)dqs.

e+l I, e+ T,E-1

According to the fact that [} = [l + [;', we obtain:

T
2(H) =K (1) +f G, (t, ) w(s)dys,
0

with

_ T T
K (1) = w u(s)ds+ d+0 f v(s)ds,
2+T) Jo 2+T) Jo

and

(t=g)® D 1+)T-g9® P 1+0)(T-g5®?
I @+ ;@) e+n1,p-D ’

0<s<t,

_1+0(T=g9)* D a4+ (T-gs5)P 2
@+D) 1, B) @+Dl,p-1n "’

t<s<T.

Lastly, we confirm that z is a solution to the problem (3.2). The proof is completed. =
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3 Existence and Ulam Stability for Fractional g-Difference

Equations with Integral Boundary Conditions

1 Tn the following section, we will establish the results for the existence, uniqueness and
stability of solutions to the problem (3.1) with E = R, by employing certain fixed point
theorems and Ulam stability techniques. This implies that the following problem will be

addressed:

(C’DE’,Z) (O =dt,2(0); 1<p<2, teI=[0,T],

3 2(0) - 2'(0) = f, (s, z(s))ds, (3.9)

2(T) +2'(T) = [y w(s, z(s))ds,

where g € (0,1), T > 0 and C@E] is the Caputo’s fractional g-derivative of order f € (1,2],

¢:J xR — Risagiven function and ¢,y : J x R — R are continuous functions.

3.1 Existence and Uniqueness Result

In this part, we discusses the uniqueness of solutions to the problem (3.9) by applying the

Banach contraction principle theorem (Theorem 5.2).
Theorem 3.1 Suppose that the following hypotheses are satisfied:

(Hy) The function $:J x R — R is continuous.

(H2) There exist positive constants £, £, and £y, such that for every t € J and every

¥,z € R, we have:
b2, y) — (1, 2)| < Lyly — zl,

lp(,y) —@(t,2)| < Lply — zl,

lw(t,y)—w(t,2) < Lyly - zl.

If
T(1+T) ,
0<(£q,+£w)m+2¢€9qT<l, (3.10)
where
E?; = sup [9,(t,9)l.

(t,8)eIxJ

Then, the problem (3.9) has a unique solution on J.

IN. Allouch and S. Hamani, Existence and Ulam Stability for Fractional q-Difference Equation with Inte-
gral Boundary Conditions. (Submitted)
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WITH INTEGRAL BOUNDARY CONDITIONS

Proof. To prove this result, we first transform problem (3.9) into a fixed point problem

and consider the operator:
A :C(I,R) — C(J,R)

Given by:
T
(N 2)() = F(b +f0 Gy (t,9)P(s,2(5)dgs,
where
(1+T—t)fT (1+t)fT
H () = ——— ) ds+ —— : ds,
(0 2+7T) 0 (P(S z(s))ds 2+T) Jo W(S z(s))ds
and
(l’—c]s)(ﬁ—l) B (l+t)(T—qS)(ﬁ_D B (1+t)(T—qs)(ﬁ‘2) .
Iy e+Dl,P) 20,1 0<s<t,
ggq(t) S) =
_1+0(T-g9)* Y  a+(T-g5P2 et

@+1 1 5P e+nlye-1 "’

(3.11)

(3.12)

(3.13)

It is clear from Lemma 2.2 that the solutions of the problem (3.9) are the fixed points of

the operator &.

Following that, we will show that the operator .4 is a contraction mapping on C(J,R).

Let y,z € C(J,R) and for every ¢ € J, then we have:

(A V@) - (N2)() = a+1-n T( (s,¥(8) — (s, z(s5))) d

¥ z = o+ U, ©(s,y(8) —@(s,2(8))ds
a+n (7T

*orm (W(s, y(s) —w(s,z(s)ds

T
+f0 Gy (t,9) (D, ¥(9) — P(s,2(5))) dgs|.

This means that,

1+T-1p
2+T)
(1+ f)
(2+T)

(A V() = (A 2)(D)]

IA

f lw(s, y(9) —wi(s, z(s)| ds

+ fo 19, (£, )1 [P (s, y(5)) — D(s, 2(5)) | dgs.

Applying the hypothesis (H), we obtain:

(1+T-
Lo 2+T)

+2¢f0 194 (t, 5)| |y(s) - z(s)| dgs.

(A @)= (AN 2)(D] =

T
f |0(s, ¥(9)) — (s, 2(5))| ds

t
)f |y(s) z(s)|ds+2w(2 f|y(s) z(s)|ds
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Therefore, for each ¢ € J, we get:

IA () - AN (@ = Ster( @(I(ZIT)I)I ly(s) - Z(S)|d8)+st1€1§)(£w%foT|y(8)—Z(S)|ds
+st1€1Jp (S(bfo 194 (1, 9)| |y(s)—z(s)|dqs),
< Lyt =l Sy 1= 2l + 09Ty -l
Thus,
T1+T)

A - A (Do = ((S(p +Ly)—— 2¢€9;T)||y—zlloo-

2+T)

Consequently, from condition (3.10), the operator .4 is a contraction, and according to
the theorem of Banach contraction principle, we conclude that the operator .4/ has a

unique fixed point, which is the unique solution to the problem (3.9). m

3.2 Existence Result

In the next part, we investigate the existence of solutions to the problem (3.9) through the

use of Schaefer’s fixed point theorem (Theorem 5.3).

Theorem 3.2 Suppose that the hypothesis (H,) holds and the following hypothesis is satis-
fied:

(H3) There exist positive constants My, My and My, such that for every t € J and every
z € R, we have:
|‘~b(t) Z)l = '/%(I))

(e, 2)| < My.

Then, the problem (3.9) has at least one solution on J.

Proof. In order to demonstrate that the operator .4 defined by (3.11) has a fixed point,
we will apply the fixed point theorem of Schaefer. There will be four steps to proof.

Let us consider:

Eﬁ;: sup [9,(t,9)|.
(t,8)€IxJ
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Step 1: A is a continuous operator on C(J,R).
Let {z,} nen be a sequence such that z,, — z in C(J,R). Then, for every ¢ € J, we have:
1+T-1)

T
(N 2,) (1) = (N 2)(1)] < o T f | p(s, 2 () — (s, 2(5)| ds

(1+t)
(2+T)

+f0 194 (£, )| |$ (s, 2 (5) — P (s, 2(5)) | dgs.

f [W(s, 2n(s)) —w(s,z(s)| ds

Thus, for each ¢ € J, we find:

T(1+T)

I (zn) =N @loo = Z5 oo 2n () =@ 2D, +

+G2T | D 2n () =Pl 2D o

T(A+T)
2+T)

W 200 =W, 20 |

Since ¢, ¢ and Y are continuous functions, i.e.:

”(-b(-) zn(-)) _(b(-) z(-))”oo _>0 as n— oo,
lp(.,zn() =@, 2())llec— 0 as n— oo,
lw(,z,()=w(,z2()lleo—0 as n — oo.

So,
A (zp) = AN (Doo—0 as n— oo.

As a consequence, the operator .4 is continuous on C(J,R).

Step 2: A maps bounded sets into bounded sets in C(J,R).

In actually, It is sufficient to show that for all r* > 0 there exists a positive constant R* > 0,

such that for every ze B*. ={z€ C(J,R) : | zlloc < "}, we have || A (2) |0 < R*.

Let z € B7.. Then, for every ¢ € J, we have:
(1+T-1

T (1+1)
(N2 = W‘/(.) P(s,z(s))ds+

1+T-1
2+7)

T T
(2+T)f0 W(s,z(s))ds+f0 Gy (t,9)d(s,2(5)dgs|,

T 1+0 (T T
foltp(s,Z(S))ldH flw(s,Z(S))ldHfo 194 (¢, 1P (s, 2(s))|dgs.

2+T) Jo

Applying the hypothesis (H3) and for each ¢ € J, we obtain:

NDD = gDy 0, NI D g
DW= eTory T e e
Consequently,
T(L+T) . .
AN (Do = (My+ Ay) 2+ + MpG, T =R

Thus, the operator .4 is uniformly bounded on %j*.
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Step 3:. A4 maps bounded sets into equi-continuous sets of C(J,R).
Let n, ; € J such that #; < 1 and let *B”. be a bounded set of C(J,R) as in Step 2. For

z €‘B7,, then we have:

(h—-t) (T
—(2+T) : cp(s,z(s))ds+ (2 T

T
+l;(@qUzS%—gqULsndﬂ&ZUquS

(AN 2)(82) — (A 2)(11)]

f (s, z(s))ds

[t — o]
2+T)

T
+f0 9, (L2, 5) — Gy (11, 9)] 1 (s, 2(5)dys.

IA

T _
fo Icp(s,Z(S))IdS+(2 ‘) f (s, z(s))|ds

From hypothesis (Hs), we find:

T|t -t T(t, -t
(N 2)()— (N2)(h)| = M |6 — o] (tr—11)

—1m 2 2TV Uy Tsup |9, (b, s) — G (1, 9)|.
*T2+T) Y72+ ¢ iﬂ?' a(12,9) = Gq(1,9)|

As t) — 1o, the inequality above’s right-hand side tends to zero, i.e.:

(AN 2) () = (N2 ()| —0 as 1 — b

Thus, the operator A4 is equi-continuous.

As a result of Steps 1 to 3 and thanks to the Arzela-Ascoli’s theorem (Theorem 1.9), we
deduce that the operator 4" is completely continuous.

Step 4: A priori bound.

Let’s now show that the set 2* = {z € C(J,R) : 2= YA (2), Y € (0,1)} is bounded.

Let z € £2* and for each t € J, then we have:

z(1) YA 2)(1),

(M T ( ())d+
2+7T) ()w&zs s Q T)

f (s, z(s))ds+f Gy (t,5)b(s,z(s))dgs

Hence, by hypothesis (H3) and using the estimation in Step 2, it follows that for y € (0,1)

and for every t € J, we find:

A

lz(D)] = YIAN2)()],
| (2)ll oo,

TA+T)
(M +Ay) 2+T)

IA

IA

+ ./%(p(g;;T = 9{* .
Then,
1Zlloo < R* < +00.

Thus, the set {2* is bounded.
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As a consequence of Steps 1 to 4 and according to Schaefer’s fixed point theorem, we de-
duce that the operator 4" has at least one fixed point which is the solution to the problem
(3.9). m

3.3 Ulam Stability Results

This section focuses on defining and studying different types of Ulam stability to the prob-
lem (3.9), by applying Ulam-Hyers and Ulam-Hyers-Rassias stabilities.

Relying on the references [1, 6, 22, 46, 56, 82, 83, 91], we give the following definitions:

Definition 3.3 The problem (3.9) is Ulam-Hyers stable if there exists a real numbern > 0,
such that for every € > 0 and for every solution y € C(J,R) of the following inequality:

D00 - byl e, 1<p=2, re], (3.14)
there exists a solution z € C(J,R) of the problem (3.9) with the norm
ly—zlloo = Me.

Definition 3.4 The problem (3.9) is generalized Ulam-Hyers stable if there existsk € C(Ry,R;)
with x(0) = 0, such that for every € > 0 and for every solution y € C(J,R) of the inequality
(3.14), there exists a solution z € C(J,R) of the problem (3.9) with the norm

Iy —zlloo = x(€).

Definition 3.5 The problem (3.9) is Ulam-Hyers-Rassias stable with respect to o if there
exists g > 0, such that for every € > 0 and for every solution y € C(J,R) of the following
inequality:

I(Cng)(t) O, y()l<eo(t), 1<Pp=s2 te], (3.15)

there exists a solution z € C(J,R) of the problem (3.9) with the norm
1y - zlloo < Ng€T(E), LEJ.

Remark 3.6 Clearly : Definition 3.3 = Definition 3.4.
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Now, we present main results related to Ulam stabilities of the problem (3.9).

Theorem 3.7 Suppose that the hypotheses (H;)-(Hy) and condition (3.10) are satisfied. Then,
the problem (3.9) is Ulam-Hyers stable.

Proof. Let y € C(J,R) be a solution of the inequality (3.14) and let z € C(J,R) be the unique

solution of the problem (3.9). Then, from Lemma 2.2, we have:
T
z(t) = A(1) +f Gy (t,8)P(s,2(8))dys,
0

where the functions # () and ¥,(t, s) are given by the equations (3.12) and (3.13), respec-
tively. By integration of the inequality (3.14) and for every ¢ € J, we get:

‘ Y0 - G5 Jo 0s y(shds ey
— 828 [T s, () ds— [y Gq(t, (s, y()dys I
£
— €.
I'yB+1)

Therefore, we can write:

1+T-1
2+1)

IA

ly(£) = z(D)] ‘ (1) - fT (s,z(s))ds— 1+0 fT (s,z(s))ds
y y o @Ls, 2+1) Jo wis,

)

T
_fo Gy(t,)P(s,z(s))dgys

1+T-1
2+1)

a+n (T
(2+T)f0 y(s, y(s)ds

1+T-1) (T
% A (p(s,¥(5) — (s, z(s))) ds

T
< ‘y(t)— fo @(s,y(8)ds—

T
_fo Gy (1, )b(s, y(s)dgs +

a1+n (T
2+ Jo
1+T-0 T (1

‘(r)—— (s, y(s))ds - ”)fT( (s))d
Y e+ Jo PEYSET oy ), VIS YIAs

1+T—-0 T
%L ((P(Sry(s))—(p(S,z(s)))ds

+

IA

+

T
_fo Gy(t,9)P(s, y(s)dgs

a1+p (T
2+T)Jo

+

Then, for each ¢ € J, we obtain:

r® (1+T-1¢)
€+
I'yB+1) 2+T)

1+0n
2+71)

T
ly()—z(0)] = fo (s, y(5)) — (s, 2(5)| ds+

T T
x fo lwis, y(s) —w(s, z(s)| ds+ fo 19, (1, )1 | (s, y(5)) — P(s, 2()| dgs.
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T
(W(s, y(s) —w(s, z(s)) ds+ fo Gy (t,9) (D5, ¥(8) — P(s,2(5))) dgs

T
(W(s, y(s) —w(s,z(s)ds + fo G4(1,5) (P(s,y(8) —d(s,2(5)) dgs
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WITH INTEGRAL BOUNDARY CONDITIONS

Applying the hypothesis (H,) and for every ¢ € J, we find:

® T1+T)
- S —e+|[(Lp+ L) ———+ L4 Ty - 2l oo
||J/ Z”oo Fq(ﬁ'Fl)e (( P W) (2+T) b q )”J/ Z”OO
By condition (3.10), we get:
T®
Y-zl < o 3
1- ((S(p +£W)W +£¢Cg;T)

ne.
Thus, the problem (3.9) is Ulam-Hyers stable. m

Corollary 3.8 If we take x(€) = ne; k(0) = 0, we conclude that the problem (3.9) is general-
ized Ulam-Hyers stable.

Theorem 3.9 Suppose that the hypotheses (H;)-(H») and condition (3.10) are satisfied, and
the following hypothesis holds:

(Hy) Let o € C(J,Ry) be an increasing function. There exists As > 0, such that for every

te J, we have:
Wo) <As0(0).

Then, the problem (3.9) is Ulam-Hyers-Rassias stable.

Proof. Let y € C(J,R) be a solution of the inequality (3.15) and let z € C(J,R) be the unique

solution of the problem (3.9). Then, according to Lemma 2.2, we have:

T
z2(f) = J{(t)+f G, (1,5 (s, 2(5))dys,
0

where the functions £ () and %, (1, s) are given by the equations (3.12) and (3.13), respec-
tively. Through integration of the inequality (3.15) and for every ¢ € J, we find:

ORE =l XICSOIE < Jyeo(n)
~G Jo Wis, y(sNds = [ Gg(1, (s, y(S)dqs !
< eAyo(D).
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Then, we can write:

1+0
2+7)

1+T-1
2+1)

IA

ly(2) — z(1)]

T T
‘y(t)— fo (s, z(s)ds— fo v(s,z(s)ds

)

T
_fo Gy (t,)P(s,z(8))dgs

1+T-1)
(2+T)

1+0
2+1)

1+T—-0 T
% 0 ((p(S’J/(S))_(P(S,Z(S)))ds

IA

T T
‘y(t)— fo @(s,y(8))ds— fo y(s,y(s)ds

T

a1+n (T
2+1T) Jo
1+T-1 T (1+0

‘y(t)—w A cp(s,y(S))ds—(2+T)

1+T-0 [T
%fo (p(s, y() — (s, 2(5)) ds

+

T
(W(s, y(s) —w(s,z(s)ds + fo G4(1,5) (P(s,y(8) —db(s,2(5)) dgs

’

IA

T
fo y(s, y(s)ds

+

T
_fo G, (1, 9)P(s, y()dys

a+p (T
2+T) Jo

+

)

T
(W(s, y(s) —w(s,z(s)ds + fo Gy (t,9) (d(s, () — D5, 2(5))) dgs

Therefore, for each ¢ € J, we give:

ly() —z(H)] < €A 0(t)+wa| (s, y(s) — (s, 2(5) | ds +
y < €Ao orT) Jy 1PV @(s,

(1+1)
(2+T1)

T T
x fo lwis, y() —w(s, z(s)| ds+ fo 194 (1, )1 | (s, y(5)) — d(s, 2()| dgs.

Using the hypothesis (H) and for every ¢ € J, we get:

T1+T) .
ly—zloo < €Ago(f)+ ((Q(p +£w)m +£¢‘£qT) Iy — zllco-

From condition (3.10), we obtain:

€eAgO (1)
1- (2 + L) TED + 249, 7)

IA

ly—zlloo

2+7)

Ne€o(1).

Consequently, the problem (3.9) is Ulam-Hyers-Rassias stable. m
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3.4 Examples

This part includes two examples that illustrate our main results.

Example 3.10 Consider the following boundary value problem for fractional q-difference

equation:

(CO¥72) (1) = L5 cos(z(); 1<Pp=2, teI=[0,1],

3 2(0) - 2'(0) = f; $ cos(z(s))ds, (3.16)

z2(1) +2'(1) = f, $sin(z(s)ds,

wheref = %, q= %,T: 1, and

-t

+6

(p(t,z):écos(z), (t,2) e IxR,

cos(z), (t,2) e IxR,

(t )—If
¢(1,2)= =

\u(t,z):gsin(z), (t,z) e IxR.

Obviously, the functions ¢, p and y are continuous.

Let y,z € R and for every t € J=[0,1]. Then, we have:
-t

+6
-t

(cos(y) —cos(2))],

lp(t, y) — (1, 2)]

IA

" 6|cos(y) —cos(z2)],

IA

1| |
—_ _Z,
6)’
and

1| I
— _Z,
2)’

IA

lp(t,y) —@(t, 2)|

1| |
—ly-zl.
2)’

IA

lw(t,y) -yt 2)l

Then, the hypothesis (Hy) is satisfied with £y = % and £y =Ly = % . Hence, from the equa-
tion (3.13) and for each J = [0, 1], we give:

2
@G*= sup |9,(t, )= + .
U S 30,B) 3[,B-1
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Now, we will verify that the condition (3.17) is satisfied with T = 1. In effect,

T(1+T 2(1 1 1 5 2
(£¢+2w)g+£¢<§;T = —(—+—)+— et |
2+T1) 3\2 2] 6\37(3) 31172(3)
~ 0.9833<1.

Hence, thanks to Theorem 3.1, the problem (3.16) has a unique solution on [0, 1] and all the
conditions of Theorem 3.7 are satisfied. Thus, the problem (3.16) is Ulam-Hyers stable.
Next, let o (t) = t* for each t € J=1[0,1], then we have:

IG3) 508 I17(3)
29,1 7= 29
I7(%) I17(%)

G OE

2 = A\g0 (1).

Then, the hypothesis (Hy) holds with o(t) = t? and A = % Hence, all the hypotheses
1/7(5

of Theorem 3.9 are satisfied. So, the problem (3.16) is Ulam-Hyers-Rassias stable.

On the other hand, let z € R and for each t € J, we have:

lb(2,2)| = !
o(t,z2)| = &

1
|(P(t;z)| = 5)
lw(t,2) < !
winal = 2.

Hence, the hypothesis (H3) holds with 4Ly, = % and My = My = %
Consequently, according to Theorem 3.2, the problem (3.16) has at least one solution on

[0,1].

Example 3.11 Consider the following boundary value problem for fractional q-difference

equation:

Cy4/3 _ _Plz@l+1 _
(QI/ZZ)(f)—m, 1<f)$2,t€.]—[0,1],

4 2(0) - 2'(0) = fy} £2L12(s)lds, (3.17)

2 +2'(1) = f) S412(s)lds,

wheref = %, q= %,T: 1, and

o(t,2) z+1 (t,2) € IxR
yR)=—"T—F7—, y & X )
6el(1+ z) N
2 +1
(P(t;z) = 3 2, (t,Z) € J X IR+)
2 _
W(t,2) = 5 z, (t,2) € I x R;.

Evidently, the functions &, and\y are continuous.
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Let y,z€ R, and for each t € J=10,1]. Then, we have:

tz
—_— -2z ,
6et|y |

IA

1p(2, y) = b(t, 2)]

IA

1| |
f— _Z’
6)’

and
1
lp(t,y) —@(t,2)| < §|y—ZI,

1
N/(t»J/)—W(t,ZH =< g|y_z|-

So, the hypothesis (Hp) holds with £, = ¢, £, = 3 and £y, = . Therefore, according to the
equation (3.13) and for every J = [0, 1], we give:

5 2
¢ = sup |¥9,(t )= + .
Ut 3T,()  30,(B-1)

Now, we will verify that the condition (3.17) is satisfied with T = 1. In effect,

TA+T 2(1 1 1 3 2
(£¢+2W)(—+)+2¢€9;T = —(—+—)+— T+ |
2+T) 33 5/ 6\3I2(3) 3112(3)
=~ 0.7057<1.

Thus, according to Theorem 3.1, the problem (3.17) has a unique solution on [0,1] and all
the conditions of Theorem 3.7 are satisfied. So, the problem (3.17) is Ulam-Hyers stable.
Next, let o (t) = t* for every t € J=[0,1], then we have:

17,03 3
120) 03 S W10}

J1a0(0) =
12 N3 202 (%)

Hence, the hypothesis (Hy) holds with o(t) = t? and \g = ﬁ Therefore, all the condi-
12(5
tions of Theorem 3.9 are satisfied. Thus, the problem (3.17) is Ulam-Hyers-Rassias stable.

On the other hand, let z € R, and for every t € J, we have:

1
|‘~|)(17,Z)| = 6)
lp(t,2)] = !
(P y & = 3)

1

Then, the hypothesis (Hs) is satisfied with My, = §, My =% and My = .
Consequently, thanks to Theorem 3.2, the problem (3.17) has at least one solution on [0, 1].
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4 Boundary Value Problem for Fractional g-Difference Equa-

tions with Integral Conditions in Banach Spaces

2 The main goal of this section is to show the result of the existence of solutions to the
boundary value problem (3.1) in Banach space E with the norm |.||, through the use of the

Kuratowski’s measure of non-compactness and Ménch'’s fixed point theorem.

4.1 Existence Result

In this part, we prove the existence of solutions to the problem (3.1), which depends on
the fixed point theorem of Monch (Theorem 5.6).

Theorem 4.1 Suppose that the following hypotheses are satisfied:

(Hs) The functions d, ¢,y : J x E — E satisfy the Carathéodory conditions.

(Hg) There existpy, P, Py € L°(J,Ry), such that for every t € J and every z € E, we have:

o, 2l = pop@lzll,
lp(t, 21 = pedlzl,
w21 = py@lzl.

(H7) Forallt € J and every bounded set 2 c E, we have:

W1, B)) = pe(HU(A),
w(p(t, %)) P (U(A),
LW (L, AB) = py(OHu(A).

IA

A

If
T +T
ﬁ(llpwllmwIIpwllLoo)+<£;T||p¢||Loo<1. (3.18)

where

%: sup |9,(t,s)l.
(t,5)€IxJ

Then, the problem (3.1) has at least one solution J.

N. Allouch, J.R. Graef and S.Hamani, Boundary Value Problem for Fractional q-Difference Equations
with Integral Conditions in Banach space, Fractal Fract., 6 (5), (2022), 11 page.
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Proof. In order to illustrate this result, we first convert the problem (3.1) into a fixed point

problem and consider the operator:

N :C(J,E) — C(J,E)

By:
T
(N2) () = H(t) +f Gq(1,5)b(s,z(s)dys, (3.19)
0
where
(1 +T - t) T (1 + t) T
H () = ———— ) ds+ , ds,
( ) (2+T) j; (P(S Z(S)) $ (2+T)_/(; W(S Z(S)) S
and
(t—qs)(ﬁ—l) _ (1+I)(T—q5)(ﬁ—l) _ (1+t)(T—qs)(ﬁ‘2] .
Iy®) @+ 4P 2+ ,¢-1) 0=<s<ft,
(gq(t) S) =
_(1+L‘)(T—qs)(ﬁ—1] _ (1+t)(T—qs)(ﬁ_2)_ ‘< S<T

e+n 14 ®) e+nl,e-1 "’

Obviously, according to Lemma 2.2, the fixed points of the operator .4 are solutions of
the problem (3.1).

Let ™ > 0, we consider the set:
E’Z:;* ={z€C(JE) : |Izlleo < W™} (3.20)

It is clear that @:)* is a bounded, closed and convex set of C(J,E).

Next, we shall show that the operator .4 satisfies the assumptions of Moénch’s fixed
point theorem. The proof will be provided in three steps.
Step 1: A is a continuous operator on C(J,E).

Let {z,,} nen be a sequence with z;,, — z in C(J,E). Then, for every ¢ € J, we have:

1+T-1) (T

(N zp) (1) = (N2 (D] <= %f |p(s, 2 () — (s, 2(5))| ds
1+t
((Z:T)) f (s, 20(5) = W(s, 2(s))| ds

+ fo 194 (8, )| [P (s, 2 (5) — (s, 2(5))| dgs.

67



4. BOUNDARY VALUE PROBLEM FOR FRACTIONAL Q-DIFFERENCE EQUATIONS
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Therefore, for each ¢ € J, we obtain:

TQ+T
IA (zp) = AN (D) < ﬁ @5, 2n(8) — @(s, 2()) || +

+94,T || (s, 20 () = (s, 2(9) ).

0+ D (s, 2als) — wis, 2(5))|
2+ W (s, 2,(8) —w(s, z(s

Let p > 0 be such that:

lznloo<p and |[zlleo <p.

Using the hypothesis (Hg), we give:

p(s, 2 () = P(s, z()) | < 2ppy($) =8¢ (5); 8y (s) ELP(J,RY).
(s, 2, () = P(s, 2(8)) | < 2pp(8) 1= By (5); 8y (s) EL7(J,R,).
W (s, 2, (8)) —W(s, 2($))Il < 2ppy (s) := By (5); By (s) €LP(I,Ry).

Since ¢, ¢, and v are Carathéodory’s functions, and thanks to the Lebesgue dominated

convergence theorem, we get:
| A (2y) =N (2D)lloo— 0 as n—oo.

Thus, A4 is a continuous operator on C(J, E).
Step 2: N maps D, intoD;..
Let z€ 2. and applying hypothesis (Hg), for every ¢ € J, we have:

1+T-1
2+T)

A+T-1
2+T)

T (1+1) (T T
f lp(s, z(s)lds + f Iw(s,Z(S))IdHf 194 (¢, )1 (s, 2(s))|dys,
0 2+71)Jo 0

a+n (T T
(2+T)f0 Pq;(s)llzllds+f0 194 (1, ) Ipp(s)lIzlldgs.

[N 2)(D)]

T
fo po(s)llzllds +

From the set (3.20) and for each ¢ € J, we obtain:

0*TA+1) 0*TA+T)
N2 = = lpglhe + =5

2+7T)
T(1+T)
(2+T)

Ipy e + @™ G Tlipgllie,

IA

o ((llp(pllLoo+||Pw||L°°) +‘§;Tllp¢||Loo),

w*.

IA

Thus,

A (Dl = o
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Step 3: A (D,.) is bounded and equi-continuous.
In light of Step 2, It is evident that A (2;.) < C(J,E) is bounded.
Next, we demonstrate that the equi-continuity of A (@(’;*). Let z € @:)* andlet 1, heJ

such that f; < £, then we have:

h-1t) (T p—n) (1
((21+T2)) 5 cp(s,z(s))ds+%f0 W(s,z(s)ds

T
+ fo (94 (82,5) =Dy (11, 9)) b(s, 2(5))dys]

|1 — ol (ta—11)
2+T) 2+7T

T
+f0 |94 (12, 5) — G4 (11, 9)| (s, 2(5))dgs.

(AN 2)(82) — (AN 2)(11)]

T T
fo lp(s,z(s))llds+ fo lw(s,z(s))lds

Using the hypothesis (Hg), we find:

-t T
(N 2)(t) — (N2 ()] < |(21+T2)|f0 p(p(s)”Z”dS"' o T)f py(Sllzllds

T
+f0 G(12,5) G (11, 9)| po () 1 2lldgs.

Therefore,

|11 — B e (B2 —11)
o+ T 00
2+ IpellL or) Py llL

+0*Tpgllree sup |G (12, ) — G4 (11, )| -
seJ

(N 2) () — (N 2)(t)] = T

As 1) — Iy, the inequality above’s right-hand side tends to zero, i.e.:
(AN 2)() = (N2)(t)|—0 as 11— I

Thus, the equi-continuity of A(2..). So, /(2_.) € D;..

Lastly, we show the validity of the implication (1.72).
Let 7 be a subset of 2. such that 7 < conv(A (¥ u{0}). Since ¥ is bounded and equi-
continuous, the function ¢t — v(#) = u(¥(¢)) is continuous on J. Then, from hypothesis

(H7), Lemma 5.7, and applying the properties of the measure p, for every ¢ € J, we have:

IA

v(1) HA () (0 uioy,

IA

HA (1),
1+T-1)
(2+T)

T
f()p¢(8)u(7(5))d3+ fpw(S)pU/(S))dHf 194 (£, $)Ipgp (YUY (8))dygs.

2+T)
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So, for each t € J, we get:

v(t) = T(“_T)ll el vl +T(H-T)ll Lol Voo + 4, TllpgliLell vl
= Term el iVl oy Pyl T, HPe e v o
T(1+T) .
= ||V||oo(m(||]3¢p||m°+||Pw||L°°)+54qT||Pq>||L°°)-
This implies that,
TA+T) %
V]l oo 1—( cTT) (”p(p”L‘X’"‘”pw”LC’O)‘i‘ngT”p(p”LOO) <0.

By condition (3.18), we observe that ||v|, =0, i.e.: v(f) =0 for all £ € J. Thus, 7 (?) is
relatively compact in E. Thanks to Ascoli-Arzela theorem (Theorem 1.9), 7 is relatively
compact in 2,,.. According to Monch’s fixed point theorem, we conclude that the opera-

tor A has a fixed point that represents the solution to the problem (3.1). =

4.2 An Example

Let
o0
E=1 :{(zl,Zz,---,zn,---) L)1zl <00},
n=1

be our Banach space with the norm
oo
Izl =) |znl.
n=1

Now, we consider the following boundary value problem for fractional g-difference

equation:

Cy3/2 _ zp(1) . _
(@1/4Zn)(t)—m, 1<ﬁ$2,t€J—[0,1],

y 20(0) — 2,(0) = [ 5Lz, (s)ds, (3.21)

2 (1) + 2,(1) = [ £z, (s)ds,

wherep=3, g=1, T=1,and
zZn(1)
t,2)= ; t JxE,
bt 2 = S e O D) (5,2) € I
T
(pl’l(trz): Z}’t; (t’Z)EJX[E)
3
WVy,(t,2) = Zn; (t,z) € IxE.
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with
z2=(21,22,...,2Zn,...),
b= (b1, P2,...,Gp,..),
P=(P1,P2,..,Pp,...),
Y=Y, Wo,...,WUp,...).

Evidently, the hypotheses (Hs) and (Hg) are satisfied, with

po(2) = —1 Po(f) = _t3 d p (l‘)——t3
, an =—.
¢ el+5 ® 9 hd 6
By equation (3.13), we give:
g = Sup |<§q(t )| = +
@* - g ,8)| = .
(2,8)€IxJ 31 q(ﬁ) 31 q(f’ -1)

Next, we confirm that the condition (3.18) holds with T = 1. In fact,

04D ool + Iy llee) + 92 Tlpo i = 2(1+1)+1 > 2
2+T) O vk a7 " 3197 6) 6 3INu(3)  3INu(3) ’
~ 0.5564<1.

Thus, thanks to Theorem 4.1, the problem (3.21) has a solution on [0, 1].

5 Conclusion

In this study, we have presented the results of the existence, uniqueness and stability of
solutions to the boundary value problem for fractional g-difference equations involving
the Caputo’s fractional g-derivative with non-linear integral conditions, by using some
fixed point theorems and Ulam stability techniques. Moreover, we have also given an ad-
ditional result for the existence of solutions to the boundary value problem for fractional
q-difference equations with non-linear integral conditions in Banach spase, by applying
the Kuratowski’s measure of non-compactness and Monch’s fixed point theorem. To sup-

port our findings , we include illustrative examples.
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Chapter 4

Existence and Ulam Stability of Initial
Value Problem for Impulsive Fractional

q-Difference Equations

1 Introduction and Motivation

Impulsive fractional differential equations have played an important role in certain math-
ematical models of real phenomena, especially in the domains of biology and medicine(such
as observe blood flow phenomena). In recent years, many researchers have been inter-
ested in the impulsive fractional g-difference equations, so that they achieved the exis-
tence and stability of their solutions; see references [26, 13, 17, 61, 75, 93] for example.
Hammou and Hamani in [54] established the existence results for solutions of the ini-
tial value problems for impulsive fractional differential equations involving the Caputo-

Hadamard’s fractional derivative of the following form:
DTy = f(t,y(1); tela Tl t#t, k=1,---,m, 1<r<2,

Ay =g =Tk (y(£)), k=1,---,m,
AY e =L (y(1), k=1, m,
y(a =y, y,(a):yz,

where CHD; is the Caputo-Hadamard’s fractional derivative, f : [a,T] x E — E is a func-
tion, Iy, Iy :E—E k=1,---,m are functions, a=ty < t; < - < tjy < 1 =T, Ay lp=t, =
y(t;)—y(t,;), AY =t,= y’(t;)—y’(t,;), y(t;) =lime .o+ y(tx+¢€) and y(;) =lime—.o- y (¢ +€)
represent the right and left limits of y at t = #x, k= 1,---,m and E is a Banach space.
They used Monch’s fixed point theorem and Kuratowski’s measure of non-compactness

to study the existence of solutions.
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2. REPRESENTATION OF THE INTEGRABLE SOLUTION

Motivated by the aforementioned work, in this chapter, we investigate the existence,
uniqueness and Ulam stability of solutions to the initial value problem for impulsive frac-
tional g-difference equations involving Caputo’s fractional g-derivative, which is given as

follows:

(CDhz) (=02 1<p=2, teI=10T), t#£t;,i=1,,n,

Az == Fi(2(17)), i=1,--,n,
< 4.1)
AZ = Fi(2(£), i=1,+,m,

Z(O) = 20, Z/(O) = Zg;

where g € (0,1), T >0, C@g is the Caputo’s fractional g-derivative of order f € (1,2], and
¢ : J xR — R is a continuous function, .%;,.¢; : R — R, i = 1,---,n are given functions,

and 29,2 €R, 0=1tg < t; <+ <ty < tyr1 =T < +00, Az |=1;= 2(t]) — z(t]) and Az’ |;;=
Z(t7) =2/ (t)), z(t]) =limg_g+ z(¢; +€) and z(z;) =lim¢_.o- z(Z; +€) represent the right and
leftlimitsof zatt=t¢;,i=1,---,n.

The remainder of the chapter is organized in the following format: In Section 2, we
give the integrable solution of the initial value problem (4.1). After that in Section 3, we
present the main results regarding the existence and Ulam stability of solutions to the ini-
tial value problem for impulsive fractional g-difference equations, which are two results
of existence: one depends on Banach contraction principal theorem and the other on
Krasnoselskii’s fixed point theorem. In addition to the stabilities results which are depend
the techniques of Ulam-Hyers and Ulam-Hyers-Rassias stabilities. In Section 4, we finish

by providing an example that illustrates our main results.
2 Representation of the Integrable Solution

1 In this section, we introduce the definition and lemma of the integral solution to the
initial value problem for impulsive fractional g-difference equations (4.1), which is nec-
essary for the continuation of the chapter.

First of all, we introduce the Banach space PC defined by:

PC(J,R) ={z:J—R|zeC*(J;,R), and z(t), z(t;) exist, with z(t;) = z(t]), i =1, n},

where Jo = (fo, 111, J1 = (#1, 2], -+, J; = (&4, tiv1], i = 1,---, n, with the norm

Izllpc =sup|z(2)].
ted

IN. Allouch and S. Hamani, Existence and Ulam Stability of Initial Value Problem for Impulsive Fractional
q-Difference Equations. (Submitted)
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2. REPRESENTATION OF THE INTEGRABLE SOLUTION

Now, let’s define what is meant by the integral solution to the initial value problem
(4.1).

Definition 2.1 A function z € PC(J,R) is said to be a solution of the problem (4.1) if z sat-
isfies the fractional q-difference equation (C’Dgz) (1) =d(t,z(1)) on J wheref € (1,2], and
satisfies the following conditions:
AZ'[:[i:yi(Z(ti_)), izl)“'yn’
AZ | pey=Fi2())),  i=1,---,n,

z(0) =z, Z'(0)=

Next, we need the following lemma to determine the main results of the initial value
problem (4.1).

Lemma 2.2 Let 0:J — R be a continuous function. The integral solution of the following
initial value problem:

(Dbz) (=00 1<p=2 t€I=10T) t#8,i=1,0m,
Az |t:ti:j,-(z(tl._)), i=1,---,n,

— (4.2)
Az,l[:ti:yi(Z(ti_)), izl)“')n)
Z(O) = 20, Z/(O) = Zg»
Given as follows:
(B-1
2+ ZiEF J(tﬂ?m 0(s)dys; tedo=10,1],
Zo+zgt+ XL Fi(z() + X8 (10— 0) I i (2(17)
n t; (ti—qs)(ﬁ_l)e d
Z(t):< +Zi=1 ti—1 F(ﬁ) (S) q (43)
(ti—gqs)®2
+X0 (= ﬁtz)f My arrere 0(s)dys
— 1
+ [ 0 dgs; tedi=(ti timal i=1,0,m

Proof. By applying the Riemann-Liouville’s fractional g-integral of order 3 € (1,2] on both
sides of the equation for the problem (4.2), and according to Lemma 3.22.

If t € Jo =10, 1], then we have:

(t— )(ﬁ 1)
f F @) ————0(9)dgs+cp+crt.

Thank to the initial conditions of the problem (4.2), we find:

z(0)=co=29 and ZzZ'0)=c;=z;.
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2. REPRESENTATION OF THE INTEGRABLE SOLUTION

Thus,

t (t_qs)(ﬁ—l)

zZ(H)=zp+zgt+ | )

B(s)dys.

If t € J; = (1, t»], then we have:

~ If(t_qs)(ﬁ—l)
z(t) = . We(s)dqs+co+cl(t— f).

By impulsive conditions of the problem (4.2), we give:
Az ey =2(t) — 2(t]) = F1 (2(1])).

This means that,

- (- qs)PY
F(z(t7)) =co— z+z*t+f —————0(s)dys
1(2(1)) 0(0 olit ) T, ®) (8)dg4
So,
j 151 (tl_qs)(ﬁ_l)e d
Co=2z0+2zyh + N+ | ——L——0(s)d,s.
0=20+ 2o 1 1(z(17)) fo ) (s)dq
Also, we have:
AZ ey =2 () =2 (1)) = F1(2(8))).
This implies that,
— — * tl (tl - qS) (B_Z)
F1(z(t ))_cl—(zo +f0 —Fq(ﬁ—l) 0(s)dys
So,
’ Iy - h (tl_qs)(ﬁ_z)e d
= I - .
=25+ 1(2(1))+f0 T,6-1) (8)dys

Changing ¢y, ¢; in equation (4.5), we get:

zZ(t) = zo+zit+ F(z(t) +(t—1)F (z(t‘))+ft1 Me(s)d S
= 0 0 1 1 1 1 1 0 Fq(ﬁ) q
(¢ l_qs)(ﬁ -2) t (t_qs)(ﬁ—l)
+(t tl)f T (f) D e(S)qu+ . We(s)dqs.

If t € Jp = (2, t3], then we have:

_ ([T a=q9®Y
z(t) = Y Wﬁ(s)dqs+c0+cl(t—tz).

(4.4)

(4.5)

(4.6)
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2. REPRESENTATION OF THE INTEGRABLE SOLUTION

From the impulsive conditions of the problem (4.2), we give:
Az |i=p,=2(ty) — 2(1y) = F2(2(13).

This means that,
h(t - qS)(ﬁ_D
Iy®)

" (h-q9)P? “ (- qs)P )
+(tp — tl)[ T (ﬁ ) e(S)qu'Fj;l WB(S)qu .

H(z(ty)) = co— (Zo +zg b+ F1(2(5) + (2 — 6)F 1 (2(8)) +f0 0(s)dys

Thus,

—_ 5] (tl _qs)(ﬁ_l)
o = Zo+ZSt2+f1(Z(l1—))+f2(z(t2_))+(t2—fl)Jl(Z(tf))+f ————0(s)dys

0 Fq(ﬁ)

fh (t l_qs)(ﬁ 2) 1 (tz_qs)(ﬁ—l)
+(t — tl)f T,6-1 (9(s)dqs+ft1 ) 0(s)dys.

Also, we have:
AZ N1=y=2'(13) - 2 (1) = I (2(1y)).

This implies that,

_ B . — B ho(t — qs)(ﬁ—z) 2 (fy— qs)(ﬁ—Z)
jg(Z(tZ N=c— 2 +f1(Z(f1 ))+ﬁ; }Cl([i—_l)e(S)qu ];1 m@(é‘)dqs
Thus,

— _ t _ B-2) t _ B-2)
clzzg+ﬂ1(z(t1_))+f2(z(t2_))+f lwe(s)dqﬁf il DA TR PN
t

0 Fq(ﬁ_l) 1 Fq(ﬁ_l)

Substituting cy, ¢; into equation (4.6), we find:

2(t) = zo+25t+A1(2(1]) + Io(2(15)) + (1 — 1) I1(2(5]) + (1 — 1) I 2 (2(13))

h(h-q9)P ]ﬁ(a—qs@*’
+| S—=—0()dgs+ | ————0(5)d
fo ) (8)dgs . Ty®) (8)dgs

t B-2) I — B-2)
+(t—t)f Hh-99 ——————0(8)dys+ (1 - 1) il b

r,B-1 n [;B-1

t(t— 6]5)([5 1)
+ | ————h(s)dys.
) Fq(ﬁ) (S) qs

0(s)dgys
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Generalizing in this manner, if ¢ € J,, = (¢,, t;+1], then we give:

n n . no ot (ti_qs)(ﬁ—l)
2(0) = zo+zit+) SFi(z(E))+) (t—t)Fi(z(E)+ ) =

0(s)d,s
i1 i-1 adu, 1P 1
n ti (t; — qs)(ﬁ—Z) t (t— qs)(ﬁ—l)
+ t—t; —0(5)d, s+ —————0(8)d,s. 4.7
L(t=t) | Ty 0Wdgst | T g 00dys @D

Consequently, according to the equations (4.4) and (4.7) we find the solution (4.3). The

proofis finished. =

3 Main Results

The purpose of this section is to provide results for the existence, uniqueness and stabil-
ity of solutions to the initial value problem for impulsive fractional g-difference equations
(4.1), by using the fixed point theorems and Ulam stability techniques.

The following assumptions are necessary in order to determine the main results:

(P1) The function ¢ : J x R — R is continuous.

(P2) There exists a positive constant £y, such that for every ¢ € J and every y,z € R, we

have:
b2, y) — (1, 2)| < Lply — zl.
(P3) There exist positive constants £ Jwgi,-’ i=1,---,n, such that for every y,z € R, we
have:

i)~ Fi@)| < Lyly-zl and |F;()~Fi(2)| <Ly |y~ zl.

(P4) There exists a positive constant .4, such that for every ¢ € J and every z € R, we
have:
|p(t, 2)| < M.

(P5s) The functions ﬂi,yi : R — Rare continuous and there exist positive constants .4 s,, J%j,
1

i=1,---,n, such that for every z € R, we have:

1 7i(2)| < Mg and | I(2)| < M5 .
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3.1 Existence and Uniqueness Result

In the following part, we apply Banach contraction principle theorem (Theorem 5.2) to

examine the uniqueness of solutions to the initial value problem (4.1).
Theorem 3.1 Suppose that the hypotheses (P1)-(P2) and (P3) hold. If

ne. T® o T®
¢ =2

O<nlys+nl-T+ —<1.
ST T L) I,B+1)

(4.8)

Then, the initial value problem (4.1) has a unique solution on J.

Proof. In order to demonstrate this result, we first transform the problem (4.1) into a fixed

point problem and define the operator
T:PCJ,R) — PC(J,R)

Given by:

n t; (ti_qs)(ﬁ_l)

T = zo+zgt+Y FizE )+ (t—1t)Fi(z(t;7)+ Y P (s, 2(5))dgs
i=1

i=1 i=1Y%i-1 Fq(ﬁ)
n t; (tl _ qs)(ﬁ—Z) t (t— qs)(ﬁ_l)
+ I=1t TRy ’ dgs+ - , d,.s,
;( ) s To6-T O(s,2(s))dgs . To® d(s, 2())dgs

IEJ:(tirti+l]) i:())"')n'

Thanks to Lemma 2.2, it’s clear that the fixed points of the operator ¥ are solutions of the
initial value problem (4.1).
Next, we will show that the operator ¥ is a contraction mapping on PC(J,R).

Let y,z € PC(J,R) and for every ¢ € J, we have:

(Fi ) =S )) + Y. (= 1) (F i) = Fi(2(6)

i=1

(X)) — (Z2)()] =

1

n
=1

nortio(f—qs)PD

* (5, ¥(8) — (s, 2(5))) dys
; li-1 Fq(ﬁ) (q) Y ¢ ) q
n t; (t;— 6]5) B-2)

+;(t ;) o T BT (b (s, y()) = (s, 2(5))) dys

t(f—gs)B-D
+f %(¢(s,J/(S))—¢(S’Z(S)))d‘75 '
t; q
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This implies that,

ENO-F@] < Y |Filyt)) - Filz))|+) (1)
i=1 i=1

TN = F i)

[ (ti—gqs)®V
i=1Y1i-1 Fq(ﬁ)

n t; ([i_qs)(ﬁ_z)
+Y (-t | ————
Zl “lil T,e-1

I(f— B-1
" % |(s, () = b (s, 2(s)) | dgs.
t; q

|b(s, y(8)) = P(s, 2(5)) | dgss

|b(s, () = d(s, 2(9)| dgs

Using the hypotheses (P,)-(P3), we obtain:

ENO-E0 = L4 [y —20)|+L5 Y (1=t |y(e;) - 2(8)]
i=1 i=1

noetio(f;— qs)(ﬁ—l)

+£ ~ p
‘P; i Tq) |y(5)—2(9)| dgs
3 o (t;—qs) P2
+£ t—t: Ui—qs)™ ~ p
(P;( i) - Fq(ﬁ— 1 |_V(S) z(5)| gS
t(t- qs)(ﬁ—l)

+£¢ ly(s) = z(9)| dgs.

t; Fq (B)

According to the formula (1.43) and for every ¢ € J, we find:

T®
— < v — — Tlv— P y=
(E@O - E2) D] = nLgly-zlpc+nly Tly Z||[P><1:+Fq(ﬁ+1)||y zllpc
nﬂq)T(ﬁ) o T®
+ - zllpc + ——— ||y - zllpc.
) ly—zlpc Fq(ﬁ+1)||y lpc
So,
IT0) -T2 P N X A POV
-%(z < |nCys+nl—T+ +n+1)———— | ly - zllpc.
y PC 7 7 ) T,6+D y PC

Thus, from the condition (4.8), the operator ¥ is a contraction, and according to Banach
contraction principle theorem, we conclude that the operator T has a unique fixed point,

which is the unique solution to the initial value problem (4.1). =
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3.2 Existence Result
This part discusses the existence of solutions to the initial value problem (4.1), through
the use of Krasnoselskii’s fixed point theorem (Theorem 5.5).

Theorem 3.2 Assume that the hypotheses (P1), (P3) and (P4), (P5) are satisfied. If

n(Lg+L5,T)<1. (4.9)

Then, the initial value problem (4.1) has at least one solution on J.

Proof. To illustrate this result, we will employ Krasnoselskii’s fixed point theorem. Firstly,
we consider the set:
B ={zePC(J,R): || zllpc =&},

where
/%(PT(ﬁ) n%¢T(ﬁ)

>(n+1 +
D ey e

+ 2ol + 125 |T + n(J%yi +¢%3‘T).

Also, we define the following operators ‘¥; and %, on Bg:

n t; (ti_qs)(ﬁ—l) n t; (ti_qs)(f)—Z)
T12)(1) = —————P(s,2())dgs+ ) _(t—1; L (s, z(s)d
(£12)(1) ; ) b(s,z(s))dgs ;( i) v TaB-1D) O(s,z(s))dgs
t(f— B-1
%q)(s,z(s))dqs.
t; q
n n -
(T22)(1) = zo+zyt+) Fi(2(t;)+ ) (t— ;)5 i(2(5;)).
i=1 i=1

Next, we will give the proof in steps.
Step 1: T1y +%»z € B forany y, z € Be.

Let y, z € B¢ and for each ¢ € J, then we have:

Lol (- qs) Py (L qs)P?

T 1+ (% B = , dgs+ t—t
(Z10) (1) + (322) (1) Zl s To® O(s, y(8)dgs Zl( ) oD
t(f_ q0B-1
xq)(s,y(s))dqs+f %q)(s,y(s))dqs+zo+z§t
t; Fq(ﬁ)

+Y I + Yt 0T,
i=1 i=1
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This means that,

n t; (tl,_qs)(ﬁ—l)
TN+ (Zo2)(1)] < _—
[(Z1)(2) + (Z22) (1) ; e Ty®

(- g9

|q)(s,y(3))| dgs+ ;(t— ti) iy TgB-1)

t(f— qs)(ﬁ—l)
t; Fq(ﬁ)

+) ||+ Y (- 1)
i=1 i=1

x| (s, y()| dgs+ |b(s, y(s))| dgs+1zol + 125t

Fitz))|.

By hypotheses (P4)- (Ps5), we get:

nortio(f—qs)PD
(1)) + (X22) (1) = M _
v ’ Y A

t(t_qs)(ﬁ—l) i n n
—————dys+ |zl +zglt+ ) Mg + ) My (1—1;).
() -1 -1

Lo (t; — qs)(ﬁ—Z)

n
dgs+ My ) (t—1;) —————dgs
A TRy A PR

+./%¢

Using the formula (1.43) and for each ¢ € J, we find:

n/%(pT(ﬁ) n/%(pT(ﬁ) '/%(bT(B)

T N+ (= | =
[(Z1 ) (8) + (Z22) (1) Fq(ﬁ+l)+ To® +Fq(ﬁ+1)

+z0l + 129 IT + ntl g, + ntt; T.
1

Thus,

./%(')T(ﬁ) n./%q)T(ﬁ)
+

Fq(ﬁ +1) Fq(ﬁ)

€1y +%2zllpc = (n+1)

€.

+lzol +125 T+ 1 (J%yi +Jﬂ;iT),

IA

Hence, T1y + T,z € B¢ for any y, z € Bs.
Step 2: ¥ is a continuous and compact operator.
Now, we shall show that the operator ¥ is continuous.

Let {z;} men be a sequence such that z,,, — z in B¢. Then, for every € J, we have:

n t; (tl _ qs)(ﬁ_l)
Tizm) (D= (T12)(0)] < A b
|(T12m) (1) — (T12) (D] Zl o Tu®

n L (t;—qs) B-2) ]
+) (t—t; wimqsy 2 (s)) — b,
i;( ) i Ig®-D |5 2m($) = dls 2())|dygs

|0(5, 2 (8)) = (s, 2(5))| dy s

t (- qs)®D

" y L) |b(s, 2im(8)) = (s, 2(5))| dgs.

By formula (1.43) and for each ¢ € J, we obtain:

T® nT®
+
Iy®+1) I,

1T1(zm) =1 (Dlpc < ((n+ 1) [bCzm)) = b 2() || pe-
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Since ¢ is a continuous function, i.e.:

b zm () —dGz2()lpc —0 as m— oo.

Hence,
1%1(zm) = %1 (2) lpc — 0 as m — oo.

Thus, ¥, is a continuous operator on Bg.
Next, we will prove that the operator ¥; is uniformly bounded on 5;.

Let z € ‘B¢ and for every ¢ € J, then we have:

n t; (ti_qs)(ﬁ_l)

>

i (= g9

1(%12) (1) ¢ (s, 2(s)dgs

P(s,z())dgs+)_(t—1t;)
i=1

i 1qB) i Lg(B—1)
t t— (ﬁ—l)
+ %q)(s,z(s))dqs ,
t; q

no et (ti_qs)(ﬁ—l)

<y

Lo (t; — qs) B-2)

|b(s,2() | dgs+ ) _(r—13) | (s, 2(5))| dgs
i=1

i=1Yti1 Fq(ﬁ) ti—1 Fq(ﬁ_l)
t(f—gs)B-D

n t %M(s,z(smdqs.
i q

Applying the hypothesis (P4), we get:

n t (t; — qs)(ﬁ—l)
12| = M e —
@O = M) | =7 G
t(t_qS)(B_l)
+. _— .
°), T m,e "

i (ti—q9)®?

n
dgs+ My ) (t—1;) ————dg4s
A A PR

From the formula (1.43) and for each ¢ € J, we find:

n/%(pT(ﬁ) n/%(pT(ﬁ) ./%q)T(ﬁ)
+ + :
Fq(ﬁ+1) Fq(ﬁ) Fq(ﬁ+1)

(Z12)(D] <

So,

.ﬂqff“‘” n./ﬂq)T(ﬁ)

T < +1 +
1%1 (@) lpc (n )Fq(ﬁ+1) Iy

Thus, ¥ is an uniformly bounded operator on B¢.

82



3. MAIN RESULTS

Finally, we will show that the operator ¥; is equi-continuous.

Let 11, 1> € J such that £; < 1 and for z € B¢, then we have:

n i (ti—qs) P j%(h—qﬂ@*)
3% L) - (% t = h—1; _— y d;s+ _—
[(T12)(82) = (Z12) (1) Z¥2 ), Theon PeEDdest | T
n i (f;— qs)(ﬁ—Z)
x (s, 2(5))dgs - ;m W quqs—_u"’(s’z“”d"s
h (t; — 6]3)(‘3_1)
_fti Wq)(s,z(s))dqs).
Therefore,
n t; t— (ﬁ—Z)
I(Z12) () — (Z12) ()] < ) (t— 1) L%JEL—%¢BJBMdﬁ
i=1 li-1 q(ﬁ_l)
(- gs) PV = (5 — g ®V)
+fti @ | (s, 2(5))| dgs
2 (1 — qs)P~
+ft1 T ® | (s, 2(5))| dgs.

By hypothesis (P,4), we obtain:

n t; ti_ (5—2)
I(%12)(5) - (Z12)(0)] < Myp) (—1) i~ 49)

—_— S
i=1 li-1 Fq(ﬁ -1 I
0 ((-q9)P Y- (6 - qs)PD)
+¢%[ dgs
*J, I,® I
“(t—gs5) P
ity [0
o T L, 7
After calculating the integrals, we find:
My & ¢-1, Mo ®) ®)
- n)l < t—t)(t; — ti— ——— |(—t)V = (1 — 1)V |.
[(%12) (1) = (T12) ()] < Fq(ﬁ);(z Dt = ti-1) NSy (=) = (- 1)

As 1) — 1o, the right-hand side of the above inequality tends to zero, i.e.:

[(T12) () — (%12) ()| —0 as t — to.

Thus, €5 is an equi-continuous operator. So, ‘¢ is a relatively compact operator on ‘B¢.
Consequently, thanks to Arzela-Ascoli’s theorem (Theorem 1.9), we conclude that the op-

erator ¥} is completely continuous on Bg.

83



3. MAIN RESULTS

Step 3: %, is a contraction operator on B;.

Let y, z € B¢ and for every ¢ € J, then we have:

(SN -SAO] = Y (FHE) - Fiz))+ Y- 0 (Fiye;) —Z(z(r{)))'.

i:l l:1

This impulse that,

n

(S () - (Z22) (0] < Y |Fily;) - (Fi)|+ ) (t— 1)
i=1

i=1

TN - F i)
Thanks to the hypothesis (P3), we obtain:

n n
(L= (%M = L4) |ya)-z0)|+L£5 Y -1 |y) - 2]
i=1 i=1

Then, for every ¢ € J, we get:

|Een) ()= 220 = nlylly-zlpc+nlz Tly-zlpc.

Thus,

IT:() - To@lpc < 1L+ L5 T)Iy-2lec.

Hence, from the condition (4.9), the operator ¥, is contraction on ;.
Consequently, according to Krasnoselskii’s fixed point theorem, we deduce that the oper-
ator T has at least one fixed point which is the solution to the initial value problem (4.1).

3.3 Ulam Stability Results

In this part, we will define and investigate different types of Ulam stability for the initial

value problem (4.1), through the use of Ulam-Hyers and Ulam-Hyers-Rassias stabilities.

Based on the references [1, 6, 23, 46, 56, 82, 83, 91], we provide the following defini-

tions:

Definition 3.3 The problem (4.1) is Ulam-Hyers stable if there exists a real numbern > 0,
such that for every € >0 and for every solution y € PC(J,R) of the following inequality:

COGN @ -d(t,y(0)se, 1<ps2 ted t#4,i=1,n, (4.10)

there exists a solution z € PC(J,R) of the problem (4.1) with the norm

|y - zllpc < ne.
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Definition 3.4 The problem (4.1) is generalized Ulam-Hyers stable if there existsk € C(Ry,R})
with x(0) = 0, such that for every € > 0 and for every solution y € PC(J,R) of the inequality
(4.10), there exists a solution z € PC(J,R) of the problem (4.1) with the norm

ly—zlpc = x(€).

Definition 3.5 The problem (4.1) is Ulam-Hyers-Rassias stable with respect to o if there
exists ng > 0, such that for every € > 0 and for every solution y € PC(J,R) of the following

inequality:

|(C© J/)(f) CP(I,J/(I)HSeO'(t), ]-<ﬁ§2) te‘]’ t#tl’} izl)"')nr (411)

there exists a solution z € PC(J,R) of the problem (4.1) with the norm

Iy — zllpc = noeo(?), € J.
Remark 3.6 Clearly : Definition 3.3 = Definition 3.4.

Following that, we introduce the main results of Ulam stabilities for the initial value
problem (4.1).

Theorem 3.7 Suppose that the hypotheses (P1)-(P2)-(P3) and condition (4.8) hold. Then,
the initial value problem (4.1) is Ulam-Hyers stable.

Proof. Let y € PC(J,R) be a solution of the inequality (4.10) and let z € PC(J,R) be the

unique solution of the initial value problem (4.1). Then, according to Lemma 2.2, we give:

n t; (ti_qs)(ﬁ_l)

z2(0) = z0+z0t+2y(z(t ))+Z(t—tl)J (z(£7))+) P (s, 2(8))dgs

i=1 i=1Y1%i1 Fq(ﬁ)
t; (t;—qs )(ﬁ 2) t(t _qs)(ﬁ—l)
+Y (-1 P 2(8))dgs+ | (s, 2(9))dys,
;( ) i ToB-T P (s, 2(5))dgs . To® P (s, 2(5))dgs

tEJi:(ti!ti+l]y i:(),"',n.

Through integration of the inequality (4.10) and for every ¢ € J, we find:

Y0 -z0-z5t =YL Fi(y () - L, (= ) (y (1)
—gs)®-D —gs)®~V
-yr [ —”’]i:()ﬁ) ¢ (s, y(8))dgs — f%(b(s ydgs | < Pe

li-1

(ti— qS)
“XiL =) [ T,6-1 —0(s, y()dgs
t(f))

TP+ 1)6'
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Then, we can write:

n n . nopt (ti_qs)(ﬁ—l)
(-2 =< \y(t)—zO—za‘t—Zfi(z(t;))—Z(t—t,-)ﬂl-(z(t;))—zt T
i=1 i=1 i=1Y1%i-1 q
n t; (tl _ qs)(ﬁ_z)
, dgs—) (t—t; —— (s, d
xP(s,2(s))dgs ;( i) o ToB=D O(s, 2(s))dgs

t f— (ﬁ—l)
_f %q)(s,z(s))dq‘?‘,
L q

. n ~ n . ~ nooetio(f;— qs)(ﬁ—l)

< \y(r)—zO—zot—Zfi(y(ri))—Z(t—ti)fi(y(ti))—z -
i-1 i1 adua L)

ti (t; — qs)(ﬁ—z) (- qs)(ﬁ—l)

G(s, y(8)dgs -

, dgs—) (t—t; —_—
xB(s, y(s)dgs Zl( )IH Y . T,0

n n _ _
xP(s, y(Ndgs+ ) (Fi(y(E;7) — (Fi(2(t7) + Y (1 — ;) (fi(y(t[)) —fi(z(r;)))

i=1 i=1

n t; (t; — qs)(ﬁ—l) n ti (t; — qs)(ﬁ_z)
+ (s, y() — s, dgs+Y (t—-1) | -
f[ T ey -z dgs Y- n | S

t (t—qs)(ﬁ‘”
t; Fq(ﬁ)

i=1
x (b(s, y(8)) — d(s, 2(5))) dg s + (d(s, y(5)) — d(s, 2(5)) qu’,

i} n ~ n . ~ norlio(f— qs)(ﬁ—l)
\y(t) —zo—zyt— Y Fi(yu7)) =Y - t)Ii(y;)N =) | ——m—
i=1 i=1

IA

i=1Y1i-1 Fq(ﬁ)
n ti (ti_qs)(ﬁ—Z) t(t_qs)(ﬁ—l)
) dgs— r—t; —OP(s, d,s— R
x (s, y(8)dgs Zl( ) o ToB-T) ¢ (s, y(8)dgs B

xb(s, y(5))dgs| +

YN (Fy) - (S )+ Y (- 1) (3i(y(t{)) -7 (z(t;)))
i=1 i=1
o (t;—qs)®=?

nftl' (ti_qs)(ﬁ—l)
t o Lg(B—=1

i 1B

+ (dCs, y() = (s, 2(5)) dgs+ Y (1= 1;)
i=1

i=1
t (t— qs)(ﬁ_l)
x (d(s, y(8) — d(s, z(s) dq5+f ————— (P(s5, y(5)) — B, 2(5))) qu).

t; Fq(ﬁ)
Therefore, for each ¢ € J, we get:
t(ﬁ) n n _ _
ly(6)—z(1)] < e+ ) |Fiy) — (Fiz())]+ ) (t— 1) fi(y(t;))—f,-(z(r;)))
Iy®+1) i3 ia
n t; (tl,_qs)(f)—l) n t; (ti_qs)(ﬁ—Z)
+ ——— b,y = b(s, z(N|dygs+ Y (t-t) | ——
Zl vy Tq®) |65,y - [ Zl vy TaB—1)

f(t—gs)®D

x |¢(S,J/(S)) _¢(s,z(8))| dqs+ P (),

(s, ¥(5) = (s, 2(5))| dgs.

Thank to hypotheses (P2)-(P3) and for every ¢ € J, we obtain:

T®

an)T(ﬁ) : ) £¢T(ﬁ)
+(n+
Fq(ﬁ+1)

,® T,B+1)

ly—2zlpc e+(n£yi+n£3iT+

)Ily—ZIlumq:-
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From the condition (4.8), we find:

T®
ly=zlpc = Fq(ile)(ﬁ) £,T®
1-|(nCys +ne— T+ — + (n+1)=2
Ji i T,® (n+1) T,B+D
= ne.

Thus, the initial value problem (4.1) is Ulam-Hyers stable. m

Corollary 3.8 Ifwe takek(€) = ne; x(0) =0, we conclude that the initial value problem (4.1)

is generalized Ulam-Hyers stable.

Theorem 3.9 Suppose that the hypotheses (P1)-(P2)-(P3) and condition (4.8) are satisfied
and the following hypothesis holds:

(Pg) Let o € C(J,R;) be an increasing function. There exists A; > 0, such that for every

t e J, we have:

Wo) <Aoo (D).

Then, the initial value problem (4.1) is Ulam-Hyers-Rassias stable.

Proof. Let y € PC(J,R) be a solution of the inequality (4.11) and let z € PC(J,R) be the

unique solution of the initial value problem (4.1). Then, from Lemma 2.2, we have:

i} n ~ n . ~ nopt (ti_qs)(ﬁ—l)

2(0) = zo+zyt+) Si(z(t7)+ ) (t—1)Fi(z(t7)+) —F
i1 i1 is1Jti 7B)

n t; (tl _ qs) (ﬁ_z)

+)) (-t —_—

izzl( ) i1 Fq(f’—l)

tEJl:(tl!tl-Fl]) iZO)"')n-

b(s,z(s))dgs

—gs)®-D

t
(D(s,z(S))qufti 4 ) (s, z(s))dys,

By integration of the inequality (4.11) and for every ¢ € J, we get:

Y -z0—zit—=X0 () - X0 (1— )1 (y(5)

i (ti—qs)®D t (t—gqs)®~D -
-, ti_lch(s,y(s))dqs(;;ch(s,y(s»dqs < Fheo(n),
—EE = ) Ji R s y(9)dgs
< eAy0(1).
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3. MAIN RESULTS

Therefore, we can write:

n n . nopt (ti_qs)(ﬁ—l)
(-2 < \y(t)—zO—za‘t—Zfi(z(t;))—Z(t—t,-)fl-(z(t;))—zt T
i=1 i=1 i=1Y1%i-1 q
n t; (tl _ qs)(ﬁ_z)
, dgs—) (t—t; —— (s, d
xP(s,2(s))dgs ZI( i) o ToB=D O(s, 2(s))dgs

t f— (ﬁ—l)
_f %q)(s,z(s))dq‘?‘,
L q

. n ~ n . ~ nooetio(f;— qs)(ﬁ—l)

< \y(r)—zO—zot—Zfi(y(ri))—Z(t—ti)fi(y(ti))—z -
i-1 i1 adua L)

ti (t; — qs)(ﬁ—z) (- qs)(ﬁ—l)

G(s, y(8)dgs -

, dgs—) (t—t; —_—
xB(s, y(s)dgs Zl( )IH Y . T,0

n n S —
xP(s,y()dgs+ ) (L) = (Fi(z(t7)) + ) _(t—17) (fi(y(ti_)) —fi(z(t{)))

i=1 i=1

n t; (t; — qs)(ﬁ—l) n ti (t; — qs)(ﬁ_z)
+ (s, y() — s, dgs+Y (t—-1) | -
f[ T ey -z dgs Y- n | S

t (t—qs)(ﬁ‘”
t; Fq(ﬁ)

i=1
x (b(s, y(8)) — d(s, 2(5))) dg s + (d(s, y(5)) — d(s, 2(5)) qu’,

i} n ~ n . ~ norlio(f— qs)(ﬁ—l)
\y(t) —zo—zyt— Y Fi(yu7)) =Y - t)Ii(y;)N =) | ——m—
i=1 i=1

IA

i=1Y1i-1 Fq(ﬁ)
n ti (ti_qs)(ﬁ—Z) t(t_qs)(ﬁ—l)
) dgs— r—t; —OP(s, d,s— R
x (s, y(8)dgs Zl( ) o ToB-T) ¢ (s, y(8)dgs B

xb(s, y(5))dgs| +

YN (Fy) - (S )+ Y (- 1) (Z—(y(t;)) -7 (z(t;)))
i=1 i=1
o (t;—qs)®=?

nftl' (ti_qs)(ﬁ—l)
t o Lg(B—=1

i 1B

+ (dCs, y() = (s, 2(5)) dgs+ Y (1= 1;)
i=1

i=1

t t— (ﬁ—l)
x (d(s, (5 —(b(s,z(s)))dqg+f (t=q9™

) (05, ¥(9) — b5, 2(5))) g

Then, for every ¢ € J, we obtain:

n n _ _
ly(0) =20 = ehoo (D) +)_|Fi(y(£;)) = (Fi(z(t;))|+ ) (1= 1) |£i () —fi(z(t;))(
i=1

i=1
n t; (tl _ qs)(ﬁ_l)

)

i=1Y%i-1 Fq ®)

n li (ti—qS)(ﬁ_Z)
(65 y(9) = bl 2(N|dgs+ 1 (¢t | —pg™,

<[ bl YN =l 2D dgs + | 75

|¢(S» y(8) —P(s, z(s))| dgs.

Applying the hypotheses (P,)-(P3) and for each ¢ € J, we find:

ne. T® . T®

+(n+1
,® Ve

ly—zllpc < e)\co(t)+(n£ji+n£z_T+ )”y—Z”[qu.
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4. AN EXAMPLE

By condition (4.8), we get:

eAg0 (1)

I’ZS¢T /Qq)T(ﬁ)
n+
T,® T+ Dy 4 (B+1)

ly—zlpc <=

1- n2y1+n£—T+

Ne€o ().

Thus, the initial value problem (4.1) is Ulam-Hyers-Rassias stable. m

4 An Example

Consider the following initial value problem for impulsive fractional g-difference equa-

tion:
Cp4/3, _ cos(z(D) . _ 1
("D7/62) (0 =singreey  L€I=10,1), 173,
cos(z( D)
Az|,_ 5,
< (4.12)
sin(z(2 7))
AZ, |t:%: T3’
z(0)=0, Z'(0)=

)= —S@ IR
¢ 6lnGr+6) = ° ’
and )

Fi(2) = CO;(Z), 31- (2) = su;(z); z€eR.

Obviously, the functions ¢ and Ji,yi are continuous.
Let y,ze Rand ¢ € J=10,1]. Then, we have:

1
1o, Y) = (1, 2)] = mlcosm—cosml,
= e "
and 1

|2 (y) = Fi(2)| < §|y—ZI,

— — 1
|Zi(Y)—Fi(2)| < aly—ZI.

Therefore, the hypotheses (P»)-(P3) are satisfied with £, = and £ 4, = L S— = l

6 ln(6)
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5. CONCLUSION

Now, we will confirm that the condition (4.8) holds with n=1,T =1. In fact,

Lg+nL T+n£¢T(ﬁ)+( +1) £¢T(ﬁ) 1+1+ ! + 2

nlqs +n— ——+(n —_—— = —+-= )

ST T,P) [,B+1) 96 6In©1(5) 6mE)(5)
~ 0.5524<1.

Hence, thanks to Theorem 3.1, the initial value problem (4.12) has a unique solution on
[0,1], and all the conditions of Theorem 3.7 hold, thus, the initial value problem (4.12) is
Ulam-Hyers stable.

Next, let o(¢) = 2 for every t € J=[0,1], we have:

1603 163
16®) ot _ 1168 2y . (4.13)

Iys(%) Iy6(5)

SGIOE

_ 1w
Tedh’
of Theorem 3.9 are satisfied, thus, the initial value problem (4.12) is Ulam-Hyers-Rassias

So, the hypothesis (Pg) holds with o(f) = t? and A,

Then, all the conditions

stable.
On the other hand, let z € R and for each t € J=[0, 1], then we have:

|p(t,2)| < m,

and ] . )
|Zi(2)| = Y |Zi(2)| = 5

Therefore, the hypotheses (P4)-(Ps5) are satisfied with .4, = m and A g, = %, ./%_i = %.
Next, we will verify that the condition (4.9) holds with n=1,T = 1. In effect,
1 1 15
nfLe+L-Tl=-+-=—<1.
( ST ) 9 6 54

Thus, all the conditions of Theorem 3.2 hold. Consequently, the initial value problem

(4.12) has at least one solution on [0, 1].

5 Conclusion

In this work, we have gave sufficient conditions for the existence of solutions to the ini-
tial value problem for impulsive fractional g-difference equations involving Caputo’s frac-
tional g-derivative of order p € (1,2]. Thus, we were able to obtain the results of the ex-
istence and uniqueness of solutions to the initial value problem (4.1) by applying some
fixed point theorems (Banach contraction principle, Krasnoselskii). Additionally, we have
defined and examines the Ulam-Hyers and Ulam-Hyers-Rassias stabilities of the initial

value problem (4.1). To support our results, we have provide an illustrative example.
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Conclusion and Perspectives

In this project, our primary scientific contributions have focused on providing sufficient
conditions for the existence, uniqueness and stability of solutions to boundary value prob-
lems for fractional g-difference equations (order f € (0,1] and f € (1,2]) and initial value
problem for impulsive fractional g-difference equations involving Caputo’s fractional g-
derivative. Consequently, we obtained the existence results using various fixed point the-
orems (Banach, Schaefer, Krasnoselskii, Non-linear alternative of Leray-Schauder) and
Monch’s fixed point theorem combined with the notion of Kuratowski’s measures of non-
compactness. In addition, we have discussed the stability results by applying Ulam-Hyers

and Ulam-Hyers-Rassias stabilities.

For the perspective and future research, it would be interesting to expand on the find-
ings of the thesis by considering fractional g-difference inclusions and systems of frac-
tional g-difference equations. Also, we will apply numerical methods to solve problems
of fractional g-difference equations and take into account their applications in various

fields of science and engineering.
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