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Existence theory for implicit fractional
g-difference equations in Banach spaces
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Abstract. This paper deals with some existence results for a class of implicit
fractional ¢-difference equations. The results are based on the fixed point theory
in Banach spaces and the concept of measure of noncompactness. An illustrative
example is given in the last section.
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1. Introduction

Fractional differential equations have recently been applied in various areas of
engineering, mathematics, physics, and other applied sciences [27]. For some funda-
mental results in the theory of fractional calculus and fractional differential equations
we refer the reader to the monographs [1, 2, 3, 20, 26, 30], the papers [21, 22, 29] and
the references therein. Recently, considerable attention has been given to the existence
of solutions of initial and boundary value problems for fractional differential equations
and inclusions with Caputo fractional derivative; [2, 19]. Implicit fractional differen-
tial equations were analyzed by many authors; see, for instance [1, 2, 4, 12, 13, 14]
and the references therein.

Fractional g¢-difference equations were initiated at the beginning of the 19th
century [5, 15], and received significant attention in recent years. Some interesting
details about initial and boundary value problems of g-difference and fractional g-
difference equations can be found in [7, 8, 16, 17] and references therein.

Recently, in [3], the authors applied the measure of noncompactness to some
classes of functional Riemann—Liouville or Caputo fractional differential equations in
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Banach spaces. Motivated by the above papers, we discuss the existence of solutions
for the following implicit fractional ¢-difference equation

(CDgu)(t) = f(tu(t), (CDLu)(t)), t € I =[0T], (L1)

with the initial condition

u(0) = wuyg, (1.2)
where ¢ € (0,1), « € (0,1], T >0, f: I x Ex E — E is a given function, F is a
real (or complex) Banach space with norm || - ||, and “D¢ is the Caputo fractional

g-difference derivative of order a.
This paper initiates the study of implicite fractional ¢-difference equations on
Banach spaces.

2. Preliminaries

Consider the Banach space C(I) := C(I, E) of continuous functions from I into
E equipped with the usual supremum (uniform) norm

[ufloo := sup [Ju()]]-
tel

As usual, L*(I) denotes the space of measurable functions v : I — E which are
Bochner integrable with the norm

IIvH1=/O v (t)||dt.

Let us recall some definitions and properties of fractional g-calculus. For a € R, we
set

The g-analogue of the power (a — b)™ is
(a—b) =1, (a—b)™ =T7"}(a — bg"); a,b € R, n €N.

In general,

@ ayoo a_bqk
(a_b)( ):a k=0 (a—bqk“ra>7 a,b7OZER.

Definition 2.1. [18] The ¢g-gamma function is defined by

— )1
F(I(g) = ((]i_tlci)&_la g ER- {07 713 727 }

Notice that the ¢-gamma function satisfies I'y(1 + &) = [£],I'4(&).
Definition 2.2. [18] The g-derivative of order n € N of a function u : I — E is defined
by (Dgu)(t) = u(t),

(Dqu)(t) := (Dgu)(t) = ;1 #0, (Dgu)(0) = lim(Dgu)(t),

u(t) — u(qt)
t t—0

(1-q)
and

(Dpu)(t) = (DgDp~ u)(t); t €1, ne{1,2,...}.
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Set I := {tq™ : n € N} U {0}.

Definition 2.3. [18] The g-integral of a function w : I; — E is defined by

oo

(Lu)(t) = / u($)dgs = S 11— )" f(tg™),

n=0
provided that the series converges.
We note that (Dglqu)(t) = u(t), while if u is continuous at 0, then
(IgDqu)(t) = u(t) — u(0).
Definition 2.4. [6] The Riemann-Liouville fractional g-integral of order @ € Ry =

[0,00) of a function u : I — E is defined by (IJu)(t) = u(t), and

t (1 — gs)(@—1)
(Iou)(t) = /0 (tr‘i()a)u(s)dqs; tel

Lemma 2.5. [24] For a € Ry :=[0,00) and A € (—1,00) we have

(1 - a))(t) = e

m(t—a)()\+a); O<a<t<T.

In particular,

(Io1)(t) = Fq(lia)t(a).

Definition 2.6. [25] The Riemann-Liouville fractional ¢-derivative of order @ € Ry of
a function u : I — E is defined by (DJu)(t) = u(t), and

(D) (t) = (D)2 2); te T,
where [a] is the integer part of a.

Definition 2.7. [25] The Caputo fractional ¢-derivative of order a € R of a function
u: I — E is defined by (“DJu)(t) = u(t), and

(Dgu)(t) = (I~ D) (t); te 1.
Lemma 2.8. [25] Let a € Ry. Then the following equality holds:

[a] -1 ik

(I& ©Du)(t) = u(t) — kZ:O m(pgu)(()).

In particular, if « € (0,1), then
a C na
(Iq Dy w)(t) = u(t) — u(0).

From the above lemma and in order to define a solution for the problem (1.1)-(1.2),
we conclude with the following lemma.
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Lemma 2.9. Let f : I x E x E — E such that f(-,u,v) € C(I), for each u,v € E.
Then the problem (1.1)-(1.2) is equivalent to the problem of obtaining solutions of the
integral equation

9(t) = f(t,uo + (Ig9)(t), 9(t)),
and if g(-) € C(I) is the solution of this equation, then

u(t) = uo + (I79)(?).

Definition 2.10. [9, 10, 11, 28] Let X be a Banach space and let 2x be the family
of bounded subsets of X. The Kuratowski measure of noncompactness is the map
w:Qx — [0,00) defined by

p(M) = inf{e > 0: M C UjL; M;, diam(M;) < e},
where M € Qx.

The measure of noncompactness satisfies the following properties

) u(M) =0« M is compact (M is relatively compact).
) (M) = p(M).

) My C My = pu(My) < p(My).

) (M + Ms) < p(My) + p(Ms).

) p(eM) = |e|p(M), c € R.

) p(conv M) = pu(M).

For our purpose we will need the following fixed point theorem:

1
(e
I

Theorem 2.11. (Monch’s fized point theorem [23]). Let D be a bounded, closed and
convez subset of a Banach space such that 0 € D, and let N be a continuous mapping
of D into itself. If the implication

V =conoN(V) or V.= N(V)U{0} =V is compact, (2.1)
holds for every subset V' of D, then N has a fixed point.

3. Main results

In this section, we are concerned with existence results for the problem (1.1)-(1.2).

Definition 3.1. By a solution of problem (1.1)-(1.2), we mean a continuous function
u that satisfies the equation (1.1) on I and the initial condition (1.2).

The following hypotheses will be used in the sequel.

(Hy) The function f: I x E x E — E is continuous.
(Hs) There exists a continuous function p € C(I, Ry ), such that

1t u,v)l| < p(t); fortel, and u,v € E,
(Hs) For each bounded set B C E and for each ¢ € I, we have
u(f(t, B.S DyB)) < p(t)u(B),

where CD;'B = {CD;'w :w € B}, and u is a measure of noncompactness on E.
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Set . o)
(t—gs)*!
* =su t7andL::su/ ~—td,s.
P teg)p() te? 0 Lg(a) !
Theorem 3.2. Assume that the hypotheses (Hq1) — (Hs) hold. If

0= Lp* <1, (3.1)
then the problem (1.1)-(1.2) has at least one solution defined on I.

Proof. By using Lemma 2.9, we transform the problem (1.1)-(1.2) into a fixed point
problem. Consider the operator N : C'(I) — C(I) defined by

(Nu)(t) = uo + (I7g)(t); t € 1, (3.2)
where g € C(I) such that
g(t) = f(t,u(t),g(t)), or g(t) = f(t,uo + (I g)(t), g(1))-

For any u € C(I) and each t € I, we have

t _ S(a—l)
INW@] < ol + / a7 () s

Fq(a)
t _ a—1)
(t — gs)"
< luo +/ —————p(s)dys
|| || 0 Fq(O() ( ) q
top —1)
L[t —gs)
< uoll+p / ———F——dys
” ” o Fq(a) q
< Juol|l + Lp*
= R.
Thus
[N (u)]leo < R. (3:3)

This proves that N transforms the ball Br := B(0,R) = {w € C : |[w||so < R} into
itself.

We shall show that the operator N : Br — Bp satisfies all the assumptions of
Theorem 2.11. The proof will be given in three steps.

Step 1. N : Br — Bpg is continuous.
Let {un }nen be a sequence such that u,, — w in Bgr. Then, for each ¢t € I, we have

(a 1)

I(Nun)(t) = Nu) Ol <y “FE = 11ga(s) = 9(5))lldgs,

c1

where g, g9 € C(I) such that
gn(t) = f(t, un(t)v gn(t))a

and
g(t) = f(t,u(t), g(t)).

Since u,, — u as n — oo and f is continuous, we get

gn(t) = g(t) as n — oo, for each t € I.
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Hence

IN(un) — N(w)]|oo < Lllgn — glloc = 0 as n — oo.

Step 2. N(Bg) is bounded and equicontinuous.
Since N(Bgr) C Bgr and Bpg is bounded, then N(Bg) is bounded.
Next, let t1,t2 € I, t1 < t3 and let u € Bg. Thus, we have

to toqs (a—1) t1 t1q0s (a—1)
/ %g(s)dqs—/ Lg(s)dqs .
0 0

Ivu)a) - vy < | [ 2 e

where g € C(I) such that
g(t) = f(t,u(t), g(t)).

Hence, we get

IVa)(e) = )] < [,
t1 (tzqs)(oﬁl) (ths)(a 1)
Jr/O 1—‘q(a) 1—‘q(O‘) e
t2 g)(a—1)
< [y
o 1| (t2gs) @Y (tigs)leT
r / T, (@) T () |“*

As t; — to, the right-hand side of the above inequality tends to zero.

Step 3. The implication (2.1) holds.

Now let V be a subset of By such that V' C N (V) U {0}. V is bounded and equicon-
tinuous and therefore the function t — v(t) = «a(V(t)) is continuous on I. By (Hs)
and the properties of the measure pu, for each ¢ € I, we have

v(t)

INIA

IA

S—

—_

-~

<

\
2| w

S~—

7

=
=
»
=
—
»
S—
S~—
SN
=)
»

IA
)
_*
=
3

Thus

lolloo < fllolloc-
From (3.1), we get ||[v|lcc = 0, that is, v(¢t) = p(V(t)) = 0, for each t € I, and then
V(t) is relatively compact in E. In view of the Ascoli-Arzela theorem, V' is relatively

compact in Bgr. Applying now Theorem 2.11, we conclude that N has a fixed point
which is a solution of the problem (1.1)-(1.2).
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4. An example

Let

oo
= {u:(ul,uQ,...,un,...):Z|un| <oo}
n=1

be the Banach space with the norm

[e%S)
lulln =D funl.
n=1

Consider the following problem of implicit fractional %—difference equations

{(CDiunxt) = fult.u(t). (DI w)(®): ¢ € [0.1), @)
u(0) = (0,0,...,0,...),
where
£ (27" + uy (1)) sint
n(t,u,v) = , 0,1],
Julte0) 64L(1 + fluflin + VO + ullp + [Jv]i) re o
fn(0,u,v) =0,
with

=01 foyo ooy fnyeo), and uw = (ug, U, ...y Un, .. .).
For each t € (0, 1], we have

IfEu) ] = > [fals,un(s))]
n=1
< L Lsin (1 + )
— ll
64L(1 + [lufln + V(L + [[ufl + [[o]ir)
7 | sint|
< -
- 64L
Thus, the hypothesis (Hs) is satisfied with
7 | sint|
p(t) = i '€ (0,1],
p(0) =0.
So, we have p* < ﬁ, and then
Lp* = 1.
P =61 "

Simple computations show that all conditions of Theorem 3.2 are satisfied. Hence,
the problem (4.1) has at least one solution defined on [0, 1].
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