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EXISTENCE AND UNIQUENESS OF SOLUTIONS TO
FUNCTIONAL INTEGRO-DIFFERENTIAL FRACTIONAL
EQUATIONS

MOULAY RCHID SIDI AMMI, EL HASSAN EL KINANI, DELFIM F. M. TORRES

ABSTRACT. Using a fixed point theorem in a Banach algebra, we prove an
existence result for a fractional functional differential equation in the Riemann-
Liouville sense. Dependence of solutions with respect to initial data and an
uniqueness result are also obtained.

1. INTRODUCTION

Fractional Calculus is a generalization of ordinary differentiation and integration
to arbitrary (non-integer) order. The subject has its origin in the 1600s. During
three centuries, the theory of fractional calculus developed as a pure theoretical
field, useful only for mathematicians. In the last few decades, however, fractional
differentiation proved very useful in various fields of applied sciences and engineer-
ing: physics (classic and quantum mechanics), chemistry, biology, economics, signal
and image processing, calculus of variations, control theory, electrochemistry, visco-
elasticity, feedback amplifiers, and electrical circuits [4l 6] [, [9, 15l 18] 20, 22, 23].
The “bible” of fractional calculus is the book of Samko, Kilbas and Marichev [20].

Several definitions of fractional derivatives are available in the literature, in-
cluding the Riemann-Liouville, Grunwald-Letnikov, Caputo, Riesz, Riesz-Caputo,
Weyl, Hadamard, and Chen derivatives [11], 12| [I3] 16, 17, 20]. The most com-
mon used fractional derivative is the Riemann-Liouville [I0 17, 20, 2], which we
adopt here. It is worth to mention that functions that have no first order derivative
might have Riemann-Liouville fractional derivatives of all orders less than one [I7].
Recently, the physical meaning of the initial conditions to fractional differential
equations with Riemann-Liouville derivatives has been discussed [7, 14} [16].

Using a fixed point theorem, like Schauder’s fixed point theorem, and the Banach
contraction mapping principle, several results of existence have been obtained in
the literature to linear and nonlinear equations, and recently also to fractional
differential equations. The interested reader is referred to [II 2] 3] [19].

Let Iy = [—0,0] and I = [0, 7] be two closed and bounded intervals in R; B(I,R)
be the space of bounded real-valued functions on I; and C = C(Iy,R) be the space
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of continuous real valued functions on I. Given a function ¢ € C, we consider the
functional integro-differential fractional equation

C%: {f(tx(;gt))] = g(tth»/otk(s,lﬂs)ds) ae,tel, (1.1)

xz(t) = o(t), te Iy, (1.2)
where d*/dt® denotes the Riemann-Liouville derivative of order «, 0 < o < 1, and
x¢ + Ip — C is the continuous function defined by z;(0) = z(t + 6) for all 8 € Iy,
under suitable mixed Lipschitz and other conditions on the nonlinearities f and
g. For a motivation to study such type of problems we refer to [I]. Here we just
mention that problems of type (L.1)-(L.2) seem important in the study of dynamics
of biological systems [I].

Our main aim is to prove existence of solutions for 7. This is done
in Section [3| (Theorem [.1)). Our main tool is a fixed point theorem that is often
useful in proving existence results for integral equations of mixed type in Banach
algebras [5], and which we recall in Section [2 (Theorem [2.2). We end with Sec-
tion [d by proving dependence of the solutions with respect to their initial values

(Theorem and, consequently, uniqueness to (L.I)—(L.2)) (Corollary [4.2).

2. PRELIMINARIES

subject to

In this section we give the notations, definitions, hypotheses and preliminary
tools, which will be used in the sequel. We deal with the (left) Riemann-Liouville
fractional derivative, which is defined in the following way.

Definition 2.1 ([20]). The fractional integral of order o € (0,1) of a function
f € LY0,T)] is defined by

1°f (1) = / “F(‘j?f(s) ds,

t € [0,T], where T is the Euler gamma function. The Riemann-Liouville fractional
derivative operator of order « is then defined by

d d

L= Zopie

dto "~ dt°

In this article, X denotes a Banach algebra with norm || - ||. The space C(I,R)

of all continuous functions endowed with the norm ||z|| = sup,c; |z(t)| is a Banach
algebra. To prove the existence result for (1.1))—(1.2]), we shall use the following
fixed point theorem.

Theorem 2.2 ([5]). Let B.(0) and B,-(0) be, respectively, open and closed balls in
a Banach algebra X centered at origin 0 and of radius r. Let A, B : m — X be
two operators satisfying:

(a) A is Lipschitz with Lipschitz constant L 4,

(b) B is compact and continuous, and

(¢c) LaM < 1, where M = |B(B,(0))|| := sup{||Bz|; = € B,(0)}.
Then, either

(i) the equation A\[AxBzx] = z has a solution for A =1, or

(i) there exists x € X such that ||| = r, AN|[AzBz] = x for some 0 < A < 1.
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Throughout this article, we assume the following hypotheses:

(H1) The function f : I x R — R\ {0} is Lipschitz and there exists a positive
constant L such that for all x,y € R, |f(¢t,2) — f(¢t,y)| < Llx—y| a.e., t € I.

(H2) The function k& : I x C — R is continuous and there exists a function
B € LY(I,R*) such that |k(s,y)| < B(s)|ly|| a.e., s € [,y € C.

(H3) There exists a continuous function v € L>(I,R") and a contraction v :
RT — RT with contraction constant < 1 and +(0) = 0 such that for z € C
and y € R, g(t,2,y) <v(O)¢ (x|l + |y]) ae., t € 1.

(H4) The function k is Lipschitz with respect to the second variable with Lips-
chitz constant Ly: |k(s,z) — k(s,y)| < Lg||lx — y|| for se I, z,y € C.

(H5) There exist Ly and Ly such that for z1, 20 € C, y1, y2 € R and s € I,

l9(s,z1,91) — g(8, T2, y2)| < Lallw1 — x2 + Lalyr — yal.
3. EXISTENCE OF SOLUTIONS

We prove existence of a solution to (|1.1)—(1.2)) under hypotheses (H1)-(H5).
Theorem 3.1. Suppose that hypotheses (H1)—(H5) hold. Assume there exists a

real number r > 0 such that

L Sup e o,y V(8) (L + 18] )(r)

1 _ LT

r > )
ety SWPse(o,r) V(8) (1 + [1BllL)(r)

(3.1)

where

LT
———— sup () +||B||p1)¥(r) >0, F= sup |f(t,0)].
ey S A6+ 1Bl ) S 1510,0)

Then (1.1)—(1.2) has a solution on I.
Proof. Let X = C(I,R). Define an open ball B,.(0) centered at origin and of radius

r > 0, which satisfies (3.1). It is easy to see that z is a solution to (L.1)—(L.2) if
and only if it is a solution of the integral equation

x(t) = f(t,z(t))I¢ (g(t, a:t,/ot k(s,xs)ds)).

In other terms,

t -1 s
t— )™
x(t) :f(tms(t))/o (F(Z)é)g(s,ms,/o k(T,{ET)dT)dS. (3.2)
The integral equation (3.2) is equivalent to the operator equation Axz(t)Bz(t) =
x(t), t € I, where A, B : B,(0) — X are defined by

Az(t) = f(t,2(t), Ba(t) = I (g(t,xt,/otk(s,xs)ds))

We need to prove that the operators A and B verify the hypotheses of Theorem [2.2]
To continue the proof of Theorem [3.1] we use two technical lemmas.

Lemma 3.2. The operator A is Lipschitz on X.
Proof. Let z,y € X and t € I. By (H1) we have
|Az(t) — Ay(t)| = |f(t.z) — f(t,y)| < Llz(t) —y(@®)] < L]z —y|.

Then, ||Az — Ay|| < L||z —y|| and it follows that A is Lipschitz on X with Lipschitz
constant L. g
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Lemma 3.3. The operator B is completely continuous on X.

Proof. We prove that B(B,-(0)) is an uniformly bounded and equicontinuous set in
X. Let x be arbitrary in B,(0). By hypotheses (H2)—(H4) we have

g(t;xt,/o k(s,xs)ds>D |
F(loz)/o(t—s)a_l‘g(s,:ns,/O k(T,(E-,—)dT)‘dS

F(la) /Ot(t —~ s)a‘lv(s)w(uxsn - /Osﬁ(f)nder)ds

1 [t o
<T@ / (t — ) 1y(s) (1 + |Bl| 2 () ds

SUDs¢[0,T] v(s)
- I(c)
SUPse(0,T7] v(s)
Fa+1)

Taking the supremum over ¢, we get ||Bz| < M for all = € B,(0), where

SUPs¢[0,7] v(s)
Ia+1)

It results that B(B,(0)) is an uniformly bounded set in X. Now, we shall prove
that B(B,(0)) is an equicontinuous set in X. For 0 < ¢; <ty < T we have

|BI(t2) BIZT t1)|
ta
‘/ (ta —s)*™ 1 (s xs,/ k(T,:rT)dT)ds
0
_/ (t; — )y (s xé,/ k(r, xT)dT> ds’}
‘/ (t2 —8)*~ ! sxs,/ k(r,z.)d
(a

(ta — s)o‘flg<s Q:s,/o k(r, .T.,-)dT)dS

[,
_/O (t, — S)a_lg<8,a?57 /Os k(T, CL‘T)dT)dS‘}

Ba(t)] < 1°(

IN

IN

(L4 118121) () / (t— 5)°~1ds

(L + 18l Lr) »(r) T

M= L+ Bl 1) (r)T.

ds

On the other hand,
’g(s,xs, /OS k(r, acT)dT)ds‘ < v(s)w<||m|\ + ) /OS (T, l‘T)dT’)

<0 (lel + [ Br)lalr)
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<y )ll2l[(T+ 118 £1)e(s)
< sup(y(s)y(s)|=[[(1 + [|B]L1) < e,
S

where c is a positive constant. Then

| Bx(t2) — Bx(t1)]

o st s [l =9
< — (ta —8)* 7" —(t1 —s)* " |ds+ —/ (ta — 8)* | ds
F(Oé) 0 F(a> t1
c
< ——|tg —tf — 2(ta — 1)
Because the right hand side of the above inequality doesn’t depend on x and tends
to zero when ty — t1, we conclude that B(B,(0)) is relatively compact. Hence, B
is compact by the Arzela-Ascoli theorem. It remains to prove that B is continuous.
For that, let us consider a sequence x™ converging to x. Then,

|Fa"(t) — F(t)]

< ‘f(t,x”)[o‘ (g(t,x?7/0tk(s7x?)ds)) — f(t,x)I¢ (g(t,xt,/o k(s,xs)ds))‘
<1r(t.an) = st (Jo(tat, | k(s.a2)ds))
+ | f(t, z)|| T (g(t,m?,/ot k(s,x?)ds)) —I° (g(t,mt, /Ot k(s,xs)ds)))

t t
g(t,xf,/ k(s,x?)ds) —g(t,xt,/ k(s,xs)d5>
0 0
On the other hand,

( (t,x 7/ x?)ds) —g(t,mt,/ot k(s,xs)ds)‘)

¢
I*(Ly|z} —th—Lg’/ S, " )ds—/ k(s,xs)ds
0

< Lfja” — all + |£(t, @)1 (

).

IN

)

IN

| /\

Ly |z} —xt\—i-Lng/ | —xs|ds)

l#f = il + Lo Ly Txg — )

a 1

—S
Ly + LoLiT) |2} — ——d
(Ly + LaLiT) |12} xtu/o Ty
1

< ———— (L1 + Lo LiT) ||xf — x4
< iy (B4 LaLe) o} — ]
Taking the norm, ||Fz"™—Fz| < L||x"—x||+ﬁ|f(t,x)\ (L1 + LoLiT) ||z8 —z¢ ||

Hence, the right hand side of the above inequality tends to zero whenever ™ — .
Therefore, Fa™ — Fx. This proves the continuity of F. O

(

I“(le —xt\—i—Lg/ Ik (s, k(s,xs)|ds>
r(
I* (L

\ /\

IN

Using Theorem we obtain that either the conclusion (i) or (ii) holds. We
show that item (ii) of Theorem cannot be realizable. Let x € X be such that
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|z|| = r and z(t) = Af(¢, z(t))I* (g (t,xt,fot k‘(s,xs)ds)) for any A € (0,1) and
t € I. It follows that

(0] < A(F(2(6) = F0)]+ 170D 1° (ot | k(s.2.)ds))
< A(L|x(t)|+ F) I¢ (g(t,xt,/ot k(s,xs)ds>)
< A(L|z|| + F) I« (g(t,wt,/ot k(sws)ds))

< @hall+ Py 1° (s6e0 (Jel +| | k(s )ds]))
< (Ll + F) 17 (1(0)9 (2] + 18] 2 1al))

M ' S 1 x —_ 3 a—1 s
fo [ A 181 v el = )

7LH$H+F su s 1 T t —5)* Lds
< T(a) p Y(s) (L4 BllL) (Il ||)/O(t ) d

s€(0,T)

L] + F )
S Tarty S A6 410w () T

LT«
< (o g3y ,50m, 26) O+ 1812) 8 (lel) ) o

FT®
AT SESX)PT)V(S) T+ 1B81z) % () -

Passing to the supremum in the above inequality, we obtain
FagD SWPse(o,r) ¥(5) (1 + 18]121) ¥ (1)
1~ ity SWPseo.r) V() (1 + [1Bllz) ¢(|l])

If we replace ||z|| = r in (3.3)), we have

]| <

Pt S 0,7 Y(8) (1 + 18]l L)w(r)
1— w7 sup,c .y 7 (3) (1 + (1Bl )w(r)

which is in contradiction to (3.1). Then the conclusion (ii) of Theorem is not
possible. Therefore, the operator equation AxBx = z and, consequently, problem
(1.1)—(1.2), has a solution on I. This ends the proof of Theorem O

r <

Let us see an example of application of our Theorem Let Iy = [—m, 0] and
I =10, 7]. Consider the integro-differential fractional equation

d> ( x(t)

dte (t)|) = g(t,xt(;)’/ot k(s,xs)ds) ae,tel, (3.4)

T 0
where « =1/2 and f: I xR —->RT\ {0}, g: IxCxR—-Randk:IxC —R
are given by

sint

ft,2) =1+ —=(lz@)1), gt z,y) = Ozl +1y]), k(tvx):%,



EJDE-2012/103 EXISTENCE AND UNIQUENESS OF SOLUTIONS 7

with 4(t) = t,5(t) = 1.7 = 7, L = 15, F = sup, f(t,0) = 1,||f|lp2 = ; and

SUPsefo,-] Y(t) = 7. It is easy to see that all hypotheses (H1)-(H5) are satisfied
with ¢(r) = {5 for all » € RT. By Theorem r satisfies

12—-FB
LB
where B = F(%_l) SUPse (o, Y(8)(1+|8][1). We conclude that if r = 2, then (3.4)

has a solution in B(0).

12
~0.26<r<—~18.34
0,6_7"_LB 8,34,

4. DEPENDENCE ON THE DATA AND UNIQUENESS OF SOLUTION
In this section we derive uniqueness of solution to (L.1)—(L.2]).

Theorem 4.1. Let x and y be two solutions to the nonlocal fractional equation
(1.1) subject to (1.2) with ¢ = ¢1 and ¢ = ¢o, respectively. Then, we have

(Lllyll + F)(L1 + Lo L T) w5
o =yl < 7 61— ol

Proof. Let x and y be two solutions of (|1.1)). Then, from (3.2]), one has
|lz(t) — y(t)]
t

< ’f(t,m)]“(g(t,xt,/otk:(s,xs)ds)) — f(t,y)I¢ (g(t7yt,/0 k(s,ys)d5>)‘
<1700 = 1 (fo (e, [ Kmas)|)

I“(g(t,xt,/otk(s,xs)ds)) —I“(g(t,yt7/0 k(s,ys)ds))‘

< Ll =yl + el (fo (e, | h(s.)ds) (8. / (s, pe)ds)

for t > 0. On the other hand, we have

‘g(t,xt,/ot k(s,ms)ds> — g(t,yt,/ot k(s,ys)ds)’

t
< Lijwe — yil + Lo / k(s 22) — (s, ) |ds
0

< La[¢1(t) = ¢2(t)] + Lo LT[ ¢1 — @2
< (Ly+ Lo LiT) [lgr — o2

+ £t )l

Then
a0 (fo (s [ Kmds) = oo, [ bs.a5) )
< 1500 B+ LaaT) o — ool [ s

<|f ()| (Ly + Lo LiT) [|¢1 — ¢2| %
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Taking the supremum, we conclude that

e~y

< Lljz — yll + 1£(t.9)] (s + LoLiT) [ — @u%

TQ

< Dl ol + (1£(4.9) = FE0) + £40)) (B + L) o1 = bl gy

< 2llo ol + (Dl + 50w 7.0 ) (L1 + L) 5 o — ol

< Lz —yll + (Ll + F) (L1 + LoLiT) %Hm —al.
Therefore,

(Ll + F)(Ly + LoLiT) oo
Iz -yl < St CE NN

1-L

Corollary 4.2. The solution obtained in Theorem [3.]] is unique.
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