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Abstract

In this paper, we present some results concerning the existence of solutions for a system of integral equations of
Riemann-Liouville fractional order with multiple time delay in Fréchet spaces, we use an extension of the Burton-Kirk

fixed point theorem. Also we investigate the stability of solutions of this system.
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1 Introduction

Integral equations occur in mechanics and many related fields of engineering and mathematical physics and
others. They also form one of useful mathematical tools in many branches of pure analysis such as functional
analysis [21], 27, 29]. There has been a significant development in ordinary and partial fractional differential
and integral equations in recent years; see the monographs of Abbas et al. [7], Baleanu et al. [12], Kilbas et
al. [22], Lakshmikantham et al. [23], Podlubny [26]. Recently some interesting results on the attractivity of
the solutions of some classes of integral equations have been obtained by Abbas et al. [II 2l Bl 5] 6] 8], Banas
et al. [I3] 14l 5], Darwish et al. [I6], Dhage [I7, 18] [19], Pachpatte [24], 25] and the references therein.

In [10], Avramescu and Vladimirescu presented an existence result of asymptotically stable solutions for
the integral equation

x(t) = q(t) +/O K(t,s,x(s))ds + /OOO G(t,s,x(s))ds; ift € Ry. (1.1)

They used two fixed point theorems in Fréchet spaces, the Banach’s contraction principle and the fixed point
theorem of Burton-Kirk. In [I1], the same authors studied the existence and the stability of solutions of the
integral equation

v(t)
z(t) = f(t, z(t)) +/0 u(t,s,x(u(s)))ds; if t € Ry, (1.2)

by using the Schauder-Tychonoff fixed point theorem (see, e.g., [29]) in some Fréchet spaces. Recently, in [4],
Abbas and Benchohra investigated the existence and uniqueness of solutions for the following fractional order
integral equations for the system

u(x,y) = Zgl(x7y)u(x - §i,y - Mi) + Igf(x7y’u(x’y)); if (l‘vy) € Ji, (13)
1=1
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u(z,y) = (x,y); if (z,y) € Ji := [~& a] x [=p,b]\(0,a] x (0,], (1.4)
where J; = [0,a] x [0,b], a,b >0, 8 =(0,0), &,u; >0; i=1...,m, £ = max {&}, p= _max {wi}, Iy is

the left-sided mixed Riemann-Liouville integral of order r = (r1,r2) € (0,00) x (0,00), f:J1 X R* = R", g; :
J1 — R; i =1...m are given continuous functions, and ® : J; — R" is a given continuous function such that
m

®(2,0) =Y gi(x,0)®(x — &, —p;) and D(0,y) = > 6i(0,y) (=& y — p1a).
i=1 =1

Motivated by those papers, this work deals with the existence and the stability of solutions of a class of
functional integral equations of Riemann-Liouville fractional order with multiple time delay. We establish some
sufficient conditions for the existence and the stability of solutions of the following fractional order integral
equations for the system

u(t,z) = Zgi(t,x)u(t —Tx— &)+ ft,x, Tju(t,x),u(t,x)); (t,x) € J, (1.5)
i=1

u(t,z) = ®O(t, x); if (t,z) € J := [—7,00) x [—&,b]\ (0, 00) x (0, 8], (1.6)

where J := R, x[0,b], b> 0, Ry =[0,00), 8 = (0,0), r = (r1,72), 1,72 € (0,00), 745,& >0;i=1...,m, 7=
max {ri}, &€= max (&}, f:JxRxR—R, g:J—Ry;i=1...m, ®:.J — R are given continuous

functions such that
O(t,0) =Y gi(t,000(t — 75, —&) + f(£,0,0,(¢,0)); ¢ € [0,00),
=1
and .
O(0,2) =Y gi(0,2)(—75, @ — &) + £(0,2,0,8(0,2)); € [0,].
i=1

Our investigations are conducted in Fréchet spaces with an application of the fixed point theorem of Burton-
Kirk for the existence of solutions of our problem, and we prove that all solutions are globally asymptotically
stable. Also, we present an example illustrating the applicability of the imposed conditions.

2 Preliminaries

In this section, we introduce notations, definitions, and preliminary facts which are used throughout this
paper. By L!([0,a] x [0,b]), for a,b > 0, we denote the space of Lebesgue-integrable functions u : [0, a] x [0, b] —

R with the norm .
Julls = / / fu(t, 2)\dadt.
0o Jo

As usual, C := C([—7,00) x [=&, b]) is the space of all continuous functions from [—7,00) x [—¢,b] into R.

Definition 2.1. ([28]) Let r = (r1,72) € (0,00) x (0,00), 6 = (0,0) and v € L*([0,a] x [0,b]); a,b > 0. The
left-sided mized Riemann-Liouville integral of order r of u is defined by

1 t x

Lu)(t,z) = —————— t— ) Yo —y)2 (s, y)dyds,

(Tyu)(t.a) = 5mme | [ =97 =0 sy

where T'(-) is the (Euler’s) Gamma function defined by T'(¢) = [;°t¢ e~ dt; ¢ > 0.

In particular, for almost all (¢,2) € [0,a] x [0, ],
t x
(I§u)(t,) = u(t,), and (Fu)(t.o) = [ uls,y)dyds,
0 Jo

where 0 = (1,1).
For instance, Iju exists almost everywhere for all r1,72 > 0, when u € L'([0, a] x [0,b]). Moreover

(Iju)(t,0) = 0; for a.a. t € [0,al,
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and
(I5u)(0,z) = 0, for a.a. z € [0,b].

Example 2.1. Let \,w € (—1,00) and r = (r1,72) € (0,00) X (0,00). Then

L1+ M1 +w)
Fl+A+r)TQ4+w+ry)

Itha® = ATt for a.a. (t,x) € [0,a] x [0,D].

Let X be a Fréchet space with a family of semi-norms {|| - || }nen=:={1,2,...}- We assume that the family of
semi-norms {|| - ||} verifies:

[zl < llzllz < llzlls < ... for every z € X.
Let Y C X, we say that Y is bounded if for every n € N*, there exists M,, > 0 such that
ylln < M, forallyey.

To X we associate a sequence of Banach spaces {(X™, || - |l»)} as follows: For every n € N*, we consider the
equivalence relation ~,, defined by: x ~,, yif and only if ||x—y||,, = 0 for z,y € X. We denote X" = (X|~,, |‘||l»)
the quotient space, the completion of X™ with respect to ||-||,. To every Y C X, we associate a sequence {Y ™}
of subsets Y™ C X™ as follows: For every € X, we denote [z],, the equivalence class of = of subset X™ and
we defined Y™ = {[z],, : © € Y}. We denote Y™, int,(Y") and 9, Y™, respectively, the closure, the interior and
the boundary of Y™ with respect to || - ||, in X™. For more information about this subject see [20].

For each p € N* we consider following set, C), = C([—7, p] x [-&,D]), and we define in C the semi-norms by

l[ull, = sup [t 2)]-
(t,@)E[—=7,p] X [—&,b]

Then C is a Fréchet space with the family of semi-norms {||u||,}.

Definition 2.2. Let X be a Fréchet space. A function N : X — X is said to be a contraction if for each
n € N* there exists k,, € [0,1) such that

IN(u) = N)|ln < Eknllu —vlln for all u,v e X.

We need the following extension of the Burton-Kirk fixed point theorem in the case of a Fréchet space.
Theorem 2.1. [9] Let (X,||.||n) be a Fréchet space and let A, B : X — X be two operators such that
(a) A is a compact operator;
(b) B is a contraction operator with respect to a family of seminorms {||.||»};
(c) the set {zx € X : & =AA(z) + AB (£), A€ (0,1)} is bounded.

Then the operator equation A(u) + B(u) = u has a solution in X.

Let £ Q C C, and let G : Q — Q, and consider the solutions of equation
(Gu)(t, z) = u(t, x). (2.1)
Now we introduce the concept of attractivity of solutions for our equations.

Definition 2.3. ([d, [7]) Solutions of equation are locally attractive if there exists a ball B(ug,n) in the
space C such that, for arbitrary solutions v = v(t,z) and w = w(t,x) of equation belonging to B(ug,n)NS,
we have that, for each x € [0, b,

lim (v(t, z) — wlt, x)) = 0. (2.2)

When the limit is uniform with respect to B(ug,n) N, solutions of equation are said to be uniformly
locally attractive (or equivalently that solutions of are locally asymptotically stable).

Definition 2.4. ([6, [7]) The solution v = v(t,x) of equation is said to be globally attractive if
holds for each solution w = w(t,x) of . If condition 1s satisfied uniformly with respect to the set ),
solutions of equation are said to be globally asymptotically stable (or uniformly globally attractive).
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3 Existence and Stability Results

Let us start by defining what we mean by a solution of the problem (L.5))-(1.6]).
Definition 3.1. A function u € C is said to be a solution of —@) if u satisfies equation on J and

condition @ on J.

Now, we are concerned with the existence and the stability of solutions for the problem ([1.5)-(L.6). Set
B, = max sup gi(t,z) p; p € N
=hem | (¢,2)€[0,p] x[0,0]

and

B* = max { sup gl-(t,z)}.

i=L.m | (to)es
Theorem 3.1. Assume that the following hypothesis holds:
(H) The function f is continuous and there exist functions P,Q : J — Ry such that

P(t, 2)|ul + Q(t, z)|v|

t,x,u,v)| <
e o)l < =l

, for (t,x) € J and u,v € R.

Moreover, assume that
lim P(t,z) = tlim Q(t,z) =0; for xz€]0,b)].

t—o0o

If mB, < 1; p € N*, then the problem -@) has at least one solution in the space C. Moreover, if the
functions g;; i = 1...m are bounded on J, and mB* < 1, then solutions of —@ are globally asymptotically
stable.

Proof. Let us define the operators A, B : C — C by

o (t,z) € J,
M) = {f(t,x,fgua,x),u(t,x)); (t.2) € -
D(t, x); (t,x) € J,
(Bu)(t,x (3.2)

)= S gt a)ult —mx— &) () € .
i=1

The problem of finding the solutions of — is reduced to finding the solutions of the operator equation
A(u) 4+ B(u) = u. We shall show that the operators A and B satisfied all the conditions of Theorem The
proof will be given in several steps.
Step 1: A is compact.

To this aim, we must prove that A is continuous and it transforms every bounded set into a relatively
compact set. Recall that M C C is bounded if and only if

VpeN*, 3¢, >0:Yue M, |ul, <4,

and M = {u(t,z); (t,z)) € [-7,00) x [=&,b]} C C is relatively compact if and only if for any p € N*, the
family {u(t, )| (t,2))e[—r.p]x[-¢,5} 1S equicontinuous and uniformly bounded on [—7,p] x [, b]. The proof will
be given in several claims.
Claim 1: A is continuous.

Let {uy,}nen be a sequence such that u, — u in C. Then, for each (t,z) € [-7,00) X [—&,b], we have

|(Auy )(t, ) — (Au)(t, )| < [t 2, Tgun(t, @), un(t, @) — f(t, 2, Tgu(t, ©), u(t, z))|. (3:3)
If (t,z) € [-7,p] x [-&,b]; p € N*, then, since u,, — u as n — oo, then (3.3]) gives

lA(un) — A(u)||, = 0 asn — oo.
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Claim 2: A maps bounded sets into bonded sets in C.
Let M be a bounded set in C, then, for each p € N*, there exists £, > 0, such that for all u € C we have
|lull, < £p. Then, for arbitrarily fixed (¢,z) € [—7,p| x [=§, b] we have
((Au)(t, )| < |f(t, z, Tyu(t, x), ult, z))|
< (P(t, )| Tu(t, z)| + Q(¢, )|u(t, 2))])
T -1
x (14 [Tgu(t, z)| + |u(t, z))[)
< P(t,z) + Q(t, x)

< Py + Qp,
where
P, = sup P(t,z) and Q, = sup Qt,x).
(t,2)€[0,p] x[0,b] (t,2)€[0,p] x[0,b]
Thus
[A)ll, < Py + Q= 1, (3.4)

Claim 3: A maps bounded sets into equicontinuous sets in C.
Let (t1,21), (t2,x2) € [0,p] X [0,b], t1 < t2, 1 < z2 and let u € M, thus we have

|(Au)(t2, v2) — (Au)(t1,z1)| <

|f (t2, wa, Tgu(ta, v2), ulte, x2)) — f(t1, x1, lgu(ts, v1), u(ty, z1))|-

From continuity of f,Ij,u and as t; — t2, 1 — %2, the right-hand side of the above inequality tends to zero.
The equicontinuity for the cases t; < t3 < 0, 1 < x5 < 0 and t; < 0 < t3, 1 < 0 < x5 is obvious. As a
consequence of claims 1 to 3 together with the Arzeld-Ascoli theorem, we can conclude that A is continuous
and compact.
Step 2: B is a contraction.

Consider v,w € C. Then, for any p € N and each (¢,z) € [—7,p] x [—£, b], we have

|(Bo)(t,2) = (Bw)(t,2)] < Y gilt, a)lo(t — 7,2 — &) —w(t = 7,2 — &)
i=1

IN

meHU _wllpv

then
[(B(v) = B(w)|lp <mBy||v—wllp.

Since mB, < 1; p € N*, then; the operator B is a contraction.
Step 3: the set £:={u e C:u=MA(u)+AB (%), A€ (0,1)} is bounded.

Let u € C, such that u = MA(u) + AB (%) for some A € (0,1). Then, for any p € N* and each (t,z) €
[0,p] x [0,b], we have

t
lu(t,2)| < )\(Au)(t,x)|+)\‘B (“g”)
< mB,lu(t,z)| + Q(t,z) + P(t, x)
< mBy|lully + Py + Qp,
then,
P,+Q
lull, < ——F
P 1-mbB,

On the other hand, for each (¢,z) € [—7,p] x [—&,b]\(0,p] x (0,b], we get

u(t,2)] < 191, < sup ()] = B,
(t,@)€[—7,p] x[—&,b1\(0,p] X (0,D]
Thus P40
+ x
|lull, < max {1377132’(1)”} =: £,
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Hence, the set & is bounded. As a consequence of steps 1 and 3 together with Theorem [2.I} we deduce that
A+ B has a fixed point u in C which is a solution to problem (1.5)-(1.6]).

Now, we show the stability of solutions of the problem (1.5)-(1.6). Let v and v be any two solutions of
(1.5)-(1.6), then for each (¢,z) € [—T,00) x [=£, b], we have

[(Au)(t, x) — (Av)(t,z) + (Bu)(t, ) — (Bo)(t, z)|
Zgi(tvx)\u(t =T, x = &) —v(t —Ti, T — &)

+ |f@x, Tju(t, ), u(t,x)) — f(t, z, Igv(t, x),v(t, ©)))|
< mB*|u(t,z) — v(t,z)| + 2P(t, ) + 2Q(t, z).

|u(t7 x) - U(tv LU)|

IN

Thus
u(t, ) — v(t, )| < Q(P(tl’:”_);gft’x)). (3.5)

By using (3.5)), we deduce that
lim (u(t,z) —v(t,z)) = 0.

t—oo

Consequently, the problem (|1.5)-(1.6)) has a least one solution and all solutions are globally asymptotically
stable. -

4 Example

Consider the following system of fractional order integral equation of the form

(t, ) AP PR SRS S ORRPNUE U S ORI
u(t,r) = ——zu(|{t——,x — —ul(t—2,x — - —u(t—1,2— -
’ 14 8¢3 4’ 14 12t4 ’ 2 4 ’ 2

L\ IDu(t, )| + et u(t, z)|

1+t+x
; (t,z) € Ry x [0,1], 4.6
T+ e Tl o) + e, ) € e 00 (10
u(t,z) = 0; if (t,2) € J :=[=2,00) x [=3,1]\(0,00) x (0,1], (4.7)
where r = (%, 3—53) . Set
3 1 3
(7_1351) = <4a3> ) (7—2352) = <2a 2> ) (7—3753) = (17 2> )
t3z tiy? 1
q1(t,z) = [TER ga(t, ) = T 120 g3(t,x) = T

and

[ul 2—t+a
+ |vle
f(t,.’l?, U,’U) = Lttt | | ; (t,x) S R+ X [0, 1]

[ul 2—t+z’
I+ et |v]e

We have m =3, (1,£) =(2,3) and B, < B* = %; peN.
The function f is continuous and satisfies assumption (H), with

P(t,x) = and Q(t,z) = >~t1%,

1+t+x

Hence by Theorem the problem (4.6)-(4.7) has a solution defined on [—2, 00) x [—3,1] and all solutions are
globally asymptotically stable.
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