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Abstract

We investigate the existence of solutions for a nonlocal hybrid boundary value problem of Caputo frac-
tional integro-differential inclusions. A hybrid fixed point theorem of Schaefer type for a sum of three
operators due to Dhage is applied to obtain the main result. The paper concludes with an illustrative
example. (©2016 All rights reserved.
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1. Introduction

Fractional differential equations arise in the mathematical modeling of systems and processes occurring
in many engineering and scientific disciplines such as physics, chemistry, aerodynamics, electrodynamics
of complex medium, polymer rheology, economics, control theory, signal and image processing, biophysics,
blood flow phenomena, etc. [I7, 21, 22]. Compared with integer order models, the fractional order models
describe the underlying processes in a more effective manner by taking into account their past history. This
has led to a great interest and considerable attention in the subject of fractional order differential equations.
For some recent work on the topic, see [I}, 2, [4, [7, [8, T3HI5] [19} 20} 24-26] and the references cited therein.
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Hybrid fractional differential equations have also been studied by several researchers. This class of
equations involves the fractional derivative of an unknown function hybrid with the nonlinearity depending
on it. Some recent results on hybrid differential equations can be found in a series of papers [3, 5] 11}, 23, 27].

In this paper, we study the existence of solutions for a nonlocal boundary value problem of hybrid
fractional integro-differential inclusions given by

(

2(t) = 3 IPhi(t, (1))
i=1 €G(t,x(t), teJ:=I0,1],

b f(t x(t)) (1.1)

where D® denotes the Caputo fractional derivative of order o, 1 < a < 2, I? is the Riemann-Liouville
fractional integral of order ¢ > 0, ¢ € {B1,82,...,8m}, f € C(J xR,R\ {0}), G : J xR — P(R) is
a multivalued map, P(R) is the family of all subsets of R, h; € C(J x R,R), 8; > 0,1 = 1,2,...,m,
p:C(J,R) > Rand A € R.

Recently, in [6], the existence of solutions for a nonlocal boundary value problem of hybrid fractional
integro-differential equations was studied by means of a hybrid fixed point theorem for three operators in a
Banach algebra due to Dhage [12]. Here, we extend the problem considered in [6] to the multi-valued case
and obtain an existence result by applying a hybrid fixed point theorem of Schaefer type for three operators
in Banach algebra due to Dhage [10].

In the next section, we recall some preliminaries related to our problem, while the main result is presented
in the last section.

2. Preliminaries

Let us first describe some important concepts of fractional calculus [I7), 21] and present a known result
that we need in the sequel.

Definition 2.1. The Riemann-Liouville fractional integral of order p > 0 of a continuous function f :
(0,00) — R is defined by

1 t
PO = o [ (- s
I'(p) Jo
provided the right-hand side is point-wise defined on (0, c0).

Definition 2.2. The Caputo derivative of order ¢ for a function f : [0,00) — R can be written as

Dif(t) = ED1 (f(t)—zt!f(k)(m) , t>0, n—1<gqg<n,

k=0

where the #D9 is the Riemann-Liouville fractional derivative of order ¢ defined by

Rpa __ L (4Y t —5)" 1 g(s)ds n— n
D190 = o () [ -9 n-1<q<n

Remark 2.3. If f(t) € C"[0,00), then

1 A C) n—q ¢(n
qu(t)_f‘(n—q)/o (t—s)q+1—"dS:I ML), t >0, n—1<q<n.

Now we state an auxiliary result; for the proof, see [6].
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Lemma 2.4 (An auxiliary lemma). Lety € AC(J,R). Then x is a solution of the hybrid fractional integro-
differential problem

2(t) — 32 P hi(t, 2(t)

o i=1 _
D 0) =ult), fel (2.1)

if and only if

S8 =S P h (b 2 . G R
() =3 1 ha(t () + <t>>{ | s

(1= s)fit
A— ——————h;(s,z(s))ds
N ;/0 L'(5:) B /1 (1- s)a—ly(s)ds (1)) te
f(1,A) o T(a) f0, p(z)) | ‘

Next, we review some material on multivalued analysis [9, [16] related to our work.

Let C(J,R) denote the Banach space of all continuous functions from J into R with the norm ||z| =
sup{|z(t)], t € J}. For a normed space (X, || - ||), let Py(X) ={Y € P(X) :Y is bounded}, and Pep cr(X) =
{Y € P(X) :Y is compact and convex}.

Definition 2.5. A multi-valued map G : X — P(X) is
(i) convex (closed) valued if G(z) is convex (closed) for all x € X;

(ii) bounded on bounded sets if G(Y) = UzeyG(z) is bounded in X for all Y € Py(X), that is,
supgey {sup{ly| : y € G(2)}} < o0;

(iii) upper semi-continuous (u.s.c.) on X if for each zp € X, the set G(z¢) is a nonempty closed subset
of X, and if for each open set N of X containing G(x¢), there exists an open neighborhood N of xg
such that G(Np) € N;

(iv) lower semi-continuous (l.s.c.) if the set {y € X : G(y) N'Y # 0} is open for any open set Y in X;
(v) completely continuous if G(B) is relatively compact for every B € Py(X);
(vi) measurable if for every y € X, the function
t— d(y,G(t)) = inf{ly — z| : z € G(t)}
is measurable.

Definition 2.6. If the multi-valued map G is completely continuous with nonempty compact values, then,
G is u.s.c. if and only if G has a closed graph, that is, z, = Zx, Yn — Yx, Yn € G(xy,) imply y. € G(x,).

Definition 2.7. The multi-valued map G has a fized point if there is z € X such that z € G(z). The fixed
point set of G will be denoted by FizG.

Definition 2.8. A multivalued map F': J x R — P(R) is said to be Carathéodory if
(i) t — F(t,z) is measurable for each x € R;
(ii) = —— F(t,z) is upper semicontinuous for almost all ¢ € J;

Further a Carathéodory function F is called L!—Carathéodory if
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(iii) for each p > 0, there exists ¢, € L'(J,RT) such that
[E @, 2)|| = sup{|v] : v € F(t,2)} < @p(t)
for all ||z|| < p and for a.e. t € J.
For each y € C(J,R), define the set of selections of F' by
Spy = {v e L'(J,R) :v(t) € F(t,y(t)) on J}.

We define the graph of G to be the set Gr(G) = {(z,y) € X x Y,y € G(x)} and recall some results for
closed graphs and upper-semicontinuity.

Lemma 2.9 ([9, Proposition 1.2]). If G : X — Py(Y) is u.s.c., then Gr(G) is a closed subset of X XY,
that is, for every sequence {Tp}tnen C X and {yn}tneny C Y, if when n — 00, Ty, — Ty, Yn — Ys and
Yn € G(zp), then y. € G(x,). Conversely, if G is completely continuous and has a closed graph, then, it is
upper semi-continuous.

Lemma 2.10 ([I8]). Let X be a Banach space. Let F : J X R — Py ey(X) be an L'~ Carathéodory
multivalued map and let © be a linear continuous mapping from L'(J, X) to C(J, X). Then, the operator

00 8p: C(J,X) = Papen(C(J, X)), (00 Sp)(z) = O(Ska)
is a closed graph operator in C(J,X) x C(J, X).

The following hybrid fixed point theorem of Schaefer type for three operators in a Banach algebra X,
due to Dhage [10, Theorem 4.13], plays a key role in proving the existence result for the nonlocal boundary
value problem ([1.1)).

Lemma 2.11. Let X be a Banach algebra and let A,C : X — X be two single-valued operators and
B : X = Pepeo(X) be a multi-valued operator such that

(a) A and C are Lipschitzian with the Lipschitz constants q1 and qa, respectively;

(b) B is compact and upper semi-continuous;

(¢c) Mq1 + g2 < 1/2, where M = || U B(X)||p.
Then, either (i) the operator inclusion x € AxBx + Cx has a solution or (ii) the set € = {u € X : pu €
AuBu + Cu, p > 1} is unbounded.
3. Main Result

In the forthcoming analysis, we need the following assumptions.

(H1) The function f:J x R — R\ {0} is continuous and there exist positive function ¢, with bound ||¢||,

such that
[f(t,2) = f(t,y)] < o(t)|x -y (3.1)
fort € J and x,y € R.
(H2) h; : J xR = R, i=1,2,...,m, are continuous and there exist positive functions v, i = 1,2,...,m,

with bounds ||1;]|, i = 1,2,...,m, such that
hi(t, x) — hi(t,y)| < vi(t)|le —yl, i=1,2,...,m, (3:2)

fort € J and x,y € R.
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(H3) There exists a constant My > 0 such that

’hi(t,l')’§M0, (t,x)EJXR, 1=1,2,...,m.

(H4) There exists a constant M; > 0 such that

< M, Vx € C(J,R)

(H5) G :J X R — Pepen(RT) is L-Carathéodory multi-valued map.
(H6) There exists a continuous function p € C'(J,R") such that

|G(t, z)||p :==sup{ly| : y € G(t,x)} < p(t) foreach (t,z)e JxR.

Theorem 3.1. Assume that the conditions (H1)-(H6) hold. Then the nonlocal boundary value problem (|1.1)
has at least one solution on J provided that

2
v o=l (P( el +

Al + M, 5 RS m
[Al+ Mo 2 MG A g Ll loell - _ 1 (3.3)
‘f(LA)’ 2=1FIBZ+1 2

Proof. Let X = C(J,R) be the space of continuous real-valued functions defined on J = [0,1]. Define a
norm || - || and a multiplication in X by

lzll = suple(®)] and (zy)(t) = z(B)y(t), vt € J.

Clearly X is a Banach algebra with respect to above norm and the multiplication in it.
Define three operators A, B and C on X by

Ax(t) = f(t,2(t), t €, (3.4)
Gt R N 11C)) )
| N ()
5)Bi—1
A-— Z hi(s,z(s))ds
Bu(t) = { u(t) :u(t)={ / (3.5)
f(LA)
/1 (1 _ S)afl
- ; o) v(s)ds |t, ve Sg, tE€J,
and . b
Calt) = 3 IPhi( Z/ t_s (s, w(s))ds, te (3.6)
=1

We will show that the operators A, B and C satisfy the hypothesis of Lemma [2.11]in a series of steps.

Step 1. We first show that the operators A and C define single-valued operators A,C : X — X and

B:X — Pepeo(X).

The claim concerning A and C is obvious, because the functions f and h; are continuous on J x R. We
only prove the claim for the multi-valued operator B on X. First, we show that B has compact values on X.
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Observe that the operator B is equivalent to the composition K o Sg ;. of two operators on L!(J,R), where
K : L'(J,R) — X is the continuous operator defined by

t — s a—1 T
Kv(t):/o (tF(a))v(s)ds+(1—t)(')u()

1—551
A Z / Mo s L N,
* f<1,A> - Ty

and Sg, = {v € LY (J,R) : v(t) € G(t,x(t)) on J}.

To show that B has compact values, it then suffices to prove that the composition operator K o S, has
compact values on X. Let z € X be arbitrary and let {v,} be a sequence in Sg ;. Then, by the definition
of Sgu, vn(t) € G(t,z(t)) a.e. for t € J. Since G(t,z(t)) is compact, there is a convergent subsequence of
vn(t) (for simplicity call it v, (¢) itself) that converges in measure to some v(t), where v(t) € G(t,z(t)) a.e.
for ¢t € J. From the continuity of K, it follows that Kv,(t) — Kv(t) pointwise on J as n — co. In order
to show that the convergence is uniform, we need to show that {Kwv,} is an equicontinuous sequence. Let
71,70 € J with 71 < 7. Then, we have

T (7_ _ S)a—l T (7_ _ S)a—l
/0 QF@vn(s)ds—/O %Tvn(s)ds

m
1
|A’ + MO Z:l F(Bi'f'l) 1 (1 _ S)ail
+ |10 — 71 = —I—/O T\vn(sﬂds + |72 — m| My
1

70,4
)

— (7'1 — S
Qe 1
Al + Mo Z; T(Bi+1) 1(1—s)ot
+ |72 — 71| +/ ——————|vn(s)|ds | + |2 — 11| M
0

‘Kvn(TQ) - Kvn(Tl)‘ <

a—1 )a—l

(12— 3)

" 7(7—2_8)&_ vn(8)|ds
o el + [ A )

70, 4 ()
T1 (7_2 _ S)afl _ (7_1 _ S)ozfl T2 (7_2 o S)afl
</ o L

Al + Mo Zl m (1= g)ot
+|7'2—7'1‘ = —l—/ 70[”])Hd8 +|7’2—7’1‘M1
0

|f(1,4)] I'(a)
A+ Mo 3 ey
ol o e i Il
<F(a+1)(72_71)+’72_71|< FLA TTasn M)

As 1 — 1, the right-hand side of the above inequality tends to zero. Therefore, it follows by the Arzelé-
Ascoli theorem that {Kv,} is an equicontinuous sequence.
Next, we show that B is convex valued. Let ui,us € B(x). Then there exist v, v2 € Sg 5 such that

t — s a—1 T
wio = [T >ds+<1—t)5“

M = g)Bim

A— Z/ (1 hi(s,z(s))ds . .
+ =10 _/ (L= o)™ (s)ds |¢
f(LA) 0 T(a) e
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for i = 1,2. Now for any A € [0, 1], we have

t —_ s a—1 "
Au(t) + (1 = Aua(t) 2/0 %Avl(s)dsju)\a _t)m
—m 1(1_8)6i_1 (s, x(s))ds
M z;/o Ty el e
+ PO A) —/0 kal(s)ds t
t — s a—1 "
+/0 (tr(a))(1—A)v2(s)ds+(1—A)(1—t)m
(=S s
(1—>\)A—;/0 ) (1= Nhi(s, z(s))d
! FLA)
1 g1
—/0 4 mf) (1-A) ()ds)
t _ g)a— 1
— [ bt + (1 - Aua(ol
,8171
() A— Z/ hi(s,z(s))ds
P
+{ t)f( s () +< f(l,A)

1 (1 _ S)a—l
_ /0 ) M)+ Aw(s)]ds)t.

Since G(t, z(t)) is convex, Avi(t) + (1 — X)va(t) € G(t,z(t)) for all t € J and so Auj + (1 — Nuz € Sg z.
Thus Auj + (1 — Nug € B(z), which proves that B(z) is a convex subset of X. As a result, B defines a
multi-valued operator B : X — Pep v (X).

Step 2. We show now that A and C are single-valued Lipschitz operators on X.
Let z,y € X. Then by (H;), for t € J, we have

[Az(t) — Ay(t)] = [f(t,2(2)) — F(t,y(0)] < o(®)]x(t) —y(@O)] < [lollllz -yl

which implies || Az — Ay|| < ||@]|[|z — y]| for all z,y € X. Therefore, A is a Lipschitzian on X with Lipschitz
constant [|¢||.
Analogously, for any =,y € X, we have

m

[Cx(t) — Cy(t)| = Zfﬁi[h‘(t z(t)) — hi(t,y(t))]

_361
_Z/t Gils)la(s) — y(s)lds

which implies that

—  llwall
[Cx —Cy| < E -yl
— Bz‘i‘l
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Thus, C is a Lipschitzian on X with Lipschitz constant Z (3 sz”

+1)

Step 3. The operator B is completely continuous and upper semi-continuous on X .

Let S be a bounded subset of X. Then, there is a constant » > 0, such that ||z| < r, for all x € S.
First, we prove that B is compact operator on S. To do this, it is enough to prove that B(S) is a uniformly
bounded and equicontinuous set in X. Let x € B(S) be arbitrary. Then, there is a v € Sg 4, such that

t — s a—1 T
x(t) :/0 uv(s)ds +(1- t)L

INE) f(0, (=)
_ gy
A— Z/ a hi(s,z(s))ds L gt
+ ( f(l,A) —/0 o) v(s)ds> t,
for any € S. Then, we have
e 1+ 08,

2(t)] < /0 i —lololds+ M +

1 (1 _ 8)0471
+/0 7F(oz) lv(s)|ds

2 1
<2/1 L (s)ds + M + A+ Mo 2 e
_— S S
=) T 7 ! (L, A)]
Al + Mo 3 g1y
7 (1, A)]

[£(1, A)]

2|lpll
“T(a+1)
Z:Kl

for all t € J. Therefore, ||z| < K7, which shows that B(S) is uniformly bounded set in X.

Again, proceeding with the arguments as in Step 1, we can see that B(.S) is an equicontinuous set in X.

Next, we show that B is an upper semi-continuous multi-valued mapping on X. It is known, by Lemma
2.9 that B will be upper semicontinuous if, we establish that it has a closed graph, since already shown to
be completely continuous. Thus, we will prove that B has a closed graph.

Let {x,} be a sequence in X such that x,, — z*. Let {y,} be a sequence such that y,, € Bx,, and y,, — y*.
We shall show that y* € Bx*. Since y,, € Bz, there exists a v,, € Sg s, ) such that

st ()
51—1

A— Z/ hi(s,z(s))ds ) -
—/ &vn(s)ds t, tedJ
f(laA) o T'(a)

We must prove that there is a v* € Sg , such that

t — s a—1 T
y*(t) :/0 (tr&)v*(s)ds +(1- t)(’;L()

m

1 (1—ys) 61—1
A— ~——~——h;(s,x(s))ds
. 1:1/0 - _/1 Q=) e oyas ¢, te
f(laA) 0 F<a> ’ .

+ My +

+
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Consider the continuous linear operator L : L'(J,R) — C(J,R) defined by

t — g a—1 T
Lo(t) :/0 (tr(a))v(s)ds +(1— t)(’;m

(1 — )8~
A— Z/ Z(s,:c(s))ds L gt N
+ f(l,A) —/0 T v(s)ds |t, t € J.

Observe that

t(t_s)a_l ok o ! (1_3)a_1 v (s) — v¥(s s
|t = v = [ o) = ol | =0,

(@)

as n — oo. From Lemma it follows that L o Sg, is a closed graph operator. Further, we have
yn(t) € L(Sg ). Since y, — y*, therefore, we have

lyn () —y™ @) = ‘

* _ ! (t — S)ailv* $)ds - ,U(.ZU)
0= ) Sy O =07
(1 —s)f1
A— hi(s,z(s))ds
+ Z/ —/1(1_S)a_1v*(s)ds t,ted
f(lvA) o I ’ '

As a result, we have that B is a compact and upper semi-continuous operator on X.
Step 4. We show that the condition (c) of Lemma holds, that is, Mq1 + q2 < 1/2.
This is obvious by .
Step 5. Finally, we show that the conclusion (ii) of Lemma does not hold.

Let x be any solution of the boundary value problem (|1.1)) such that ux € AxBx + Cx for some p > 1.
Then there is a v € Sg , such that

t — g a—1
AZI& )+ Af(t, x(t )){/0 (tr(a))v(s)ds
(1—s)Pi~
A— Z/ i(s,x(s))ds L gt
+ —/ v(s)ds |t
< f(LA) 0 T(0) )
+ (1 —t)%}, teJ,

where \ = i < 1. Then, we have

g A+ Mo 3 riiten
j(t)] S!f(t,w(t))l{ /0 (’fm)l)w(s)lds+ | f(ll,:fll)|

(1—8)0‘ 1 t—sﬁl_l
+/0 ) v (s yds+M1}+Z/ hi(s, z(s))|ds



B. Ahmad, S. K. Ntouyas, J. Tariboon, J. Nonlinear Sci. Appl. 9 (2016), 4235-4246

4244

S)afl

< (ISt 2(t) = f(£,0)[ + [f(£0)]) { /O (t;@\lpllds

UL 1
A+ Mo 2, rpm /lﬂ—sf”nnd M
+ — + | —=—~—lpllds +
(1, A)] o D(a) '

_Sﬁl
+§;/t (|hi(s, 2(5)) — hi(s,0)] + |hi(s, 0)]) ds

2 i= ¢ 7
gwmm+%%njﬂn+ e ) o3 I

where Fy = sup;c | f(t,0)|, K; = sup;cy |hi(t,0)], 4 = 1,2,...,m. Taking the supremum for ¢ € [0, 1] of the

above inequality, we obtain a constant M > 0 such that

S~ 1
2lpll_ 4]+ Mo z; FBi+1) o) s i K;
ol < a1 T(a+1) F(1,4)] AR =2ACIENY)
x| < = ™
Al + M, L
(2 ST I
(a+1) F(1,4)] I

which means that the set £ = {z € X : ux € AzBzx + Cz, p > 1} is bounded, since by (3.3)), v < 1/2. As
a result, the conclusion (ii) of Lemma does not hold. Hence, the conclusion (i) holds and consequently

the boundary value problem (|1.1)) has at least one solution on J. This completes the proof.

Example 3.2. Consider the following nonlocal hybrid boundary value problem

4 r 6 N
N T a2 (1))
=1
F(t,x(t))

D°/3 € G(t,z(t)), te[0,1],

2(0) = yel = Z= #(6), MUZE

)

Where()<'y<1,£j6(0,1),@-<§j+1,j:1,2,...,n—2,n23,

_ |(t)] L
hi(t, z(t)) = @01t 00T R0’ i=1,2,...,5,

G :[0,1] x R — P(R) given by

243 2
cos? z(t), ;— fe o0 4 3 sin |3:(t)]] ,

Git.ate) = [V

and

1 z2(t) + |a(t)]
F2) = 535 < 1+ [2(0)] ) L

O
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Here « =5/3, m=6, 5; =(2i—1)/2,i=1,...,6, A=3/4 and p(x) = yexp(— Z;l:_f 22(¢;)). Clearly

00 = 5] = (55 ) ol

1
’hl(t7m) - hl(tﬂy)| < <20—’—Z‘|—t> “T - y’? for T,y € R7Z = 1727"‘76‘

Setting ¢(t) = 1/(35+1t) and ¢(t) = 1/(20+i+t), we get ||¢]| = 1/35 and [[¢5]| = 1/(20+14), i =1,2,. ..

It is easy to see that

p(x) 35 1 103
| < — . < _ 70
‘f((),,u(x))' — 36’ |h1(t,{[})| =91’ f(17A) 2%
Further, we have
2 19
|G(t,x)|| = sup{ly| : y € G(t,z)} < 3 i == p(), 7 €R.

Setting constants My = 1/21, M; = 35/36, ||p|| = 11/3 and using these values, we find that v < 1/2. Thus
all the conditions of Theorem are satisfied. Hence, the problem (3.7) has at least one solution on [0, 1].
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