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theorem for a sum of three operators due to Dhage is used. An example
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1. INTRODUCTION

In recent years, initial and boundary value problems of nonlinear fractional dif-
ferential equations and inclusions have been studied by many researchers. Frac-
tional differential equations appear naturally in various fields of science and en-
gineering, uch as physics, chemistry, aerodynamics, electrodynamics of complex
medium, polymer rheology, economics, control theory, signal and image process-
ing, biophysics, blood flow phenomena, etc. [1]-[6], and constitute an important
field of research. For some recent development on the topic, see [7]-[15] and the
references therein.

Hybrid fractional differential equations have also been studied by several re-
searchers. 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 ([16]-[21]).

In this paper we study existence results for initial value problems for hybrid
fractional integro-differential inclusions

2(t) = 35 P hi(t, (1)
Do =1
(L.1) Ft,2(0), T ()

€ F(t,x(t)), teJ:=10,T],

z(0) =0,

where D% denotes the Riemann-Liouville fractional derivative of order a, 0 <
a < 1, I? is the Riemann-Liouville fractional integral of order ¢ > 0, ¢ €
{B1,B2, -, Bms v}, £ €O xR2R\{0}), F:J xR — P(R) is a multi-valued
map (P(R) is the family of nonempty subjects of R) and h; € C(J x R,R) with
hi(0,0)=0,i=1,2,...,m.

An existence result is obtained for the initial value problem (1.1) by using a
hybrid fixed point theorem for three operators in a Banach algebra due to Dhage
[22]. In the case of single valued maps, i.e., F' = {f}, an initial value problem for
hybrid fractional integro-differential equations was studied recently in [23]. Here
we extend the results of [23] to cover the multi-valued case.

The rest of the paper is organized as follows: In Section 2 we recall some
useful preliminaries. In Section 3 we study the existence of the initial value
problem (1.1), while an example illustrating the obtained result is presented in
Section 4.

2. PRELIMINARIES

In this section, we introduce some notations and definitions of fractional calculus
[1, 5] and present preliminary results needed in our proofs later.
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Definition 2.1. The Riemann-Liouville fractional derivative of order ¢ > 0 of a
continuous function f : (0,00) — R is defined by

DIf(t) = F(nl_q) (Z)n/ot(t C 1 f(s)ds, n—1<q<n,

where n = [q] + 1, [¢] denotes the integer part of a real number ¢, provided the
right-hand side is point-wise defined on (a,c0), where I" is the gamma function
defined by I'(q) = [~ e 557 ds.

Definition 2.2. The Riemann-Liouville fractional integral of order p > 0 of a
continuous function f : (0,00) — R is defined by

(1) = F(lp) /0 (t— 5P~V f(s)ds,

provided the right-hand side is point-wise defined on (0, c0).

Lemma 2.1 [1]. Let ¢ > 0 and x € C(0,7) N L(0,T). Then the fractional
differential equation

Dix(t) =0
has a unique solution
w(t) = kit?™ 4 kot?™2 4o K9,
where k; € R, 1 =1,2,...,n, andn —1 < q < n.

Lemma 2.2 [1]. Let ¢ > 0. Then for x € C(0,T) N L(0,T) it holds

n

ID%%x(t) = x(t) — Z

Jj=1

( ]n—qx)(n—j) (0) i
T(g—j+1) ’

where n —1 < g < n.

Let E = C(J,R) be the space of continuous real-valued functions defined on
J =10,T]. Define a norm || - || and a multiplication in E by

]l = Sup [z()] and (xy)(t) = z()y(t), Vie J.
te
Clearly E is a Banach algebra with respect to above supremum norm and the
multiplication in it.

Next we recall some basic definitions of multivalued analysis.
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For a normed space (A, | - ), let Py(A) = {A1 € P(A) : A; is closed}, Py(A) =
{A; € P(A) : A; is bounded}, P, (A) = {A1 € P(A) : A; is compact}, and
Pepc(A) = {A € P(A) : A; is compact and convex}. A multi-valued map
G: A — P(A) is convex (closed) valued if G(a) is convex (closed) for all a € A.
The map G is bounded on bounded sets if G(B) = UzepG(x) is bounded in A
for all B € Py(A) (i.e., sup,eg{sup{ly| : y € G(z)}} < o0). G is called upper
semi-continuous (u.s.c.) on A if for each ag € A, the set G(ap) is a nonempty
closed subset of A, and if for each open set N of A containing G(ag), there exists
an open neighborhood N of ag such that G(Ny) C N. G is said to be completely
continuous if G(B) is relatively compact for every B € Py(A). 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, i.e., a, — ax, b, — by, b, € G(a,) imply
b. € G(ax). G has a fixed point if there is a € A such that a € G(a). The fixed
point set of the multivalued operator G will be denoted by FizG. A multivalued
map G : J — Py(R) is said to be measurable if for every b € R, the function
t — d(b,G(t)) = inf{|b —c| : ¢ € G(t)} is measurable.

Let C(J,R) denote the Banach space of continuous functions from .J into R
with the norm ||z|| = sup,c; |z(t)|. Let L'(J,R) be the Banach space of mea-
surable functions = : J — R which are Lebesgue integrable and normed by
Izl g = [y la(t)ldt.

For each y € C(J,R), define the set of selections of F' by

Spa:={ve LYJ,R):v(t) € F(t,x(t)) for ae. t € J}.
For the forthcoming analysis, we need the following lemma.

Lemma 2.3 ([24]). Let X be a Banach space. Let F': J x X X X — Py (X) be
an L'— Carathéodory multivalued map and let © be a linear continuous mapping
from LY(J, X) to C(J,X). Then the operator

©o0Sp:C(J,X) = Pepe(C(J, X)), z— (00Sp)(z)=0(Sry)
is a closed graph operator in C(J,X) x C(J, X).

3. MAIN RESULT

In this section we prove our main result for the initial value problem (1.1). The
following hybrid fixed point theorem for three operators in a Banach algebra F,
due to Dhage [22], will be used to prove the existence result for the initial value
problem (1.1).

Lemma 3.1. Let X be a Banach algebra and let A,C : X — X and B : X —
Pep,c(X) be three operators satisfying:
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(a1) A and C are Lipschitzian with Lipschitz constants 0 and p, respectively,
(b1) B is compact and upper semi-continuous,
(c1) OM + p < 1/2, where M = || U B(X)|p.

Then either

(i) the operator inclusion x € AzBx + Cz has a solution, or
(i) the set € ={u e X : \u € AuBu+ Cu, A > 1} is unbounded.

Lemma 3.2. Let y : J — R be a continuous function. The unique solution of
the hybrid fractional integro-differential problem

2(t) = 32 IPhi(t, 2(t)

(3.1) b® f(tf:ét)’ Ta@) | —v®: teJ =0T

is given by

—5)o— 1
(3.2) a(t) = f(t, 2(t), Da(t)) / s

s)ds+ > I%h; teJ.
0 F(a) Z

Proof. Applying the Riemann-Liouville fractional integral of order o to both
sides of (3.1) and using Lemma 2.2, we have

w(t) = 3 Phlta®)]
Fa(@), Te@) | )

= I%(t).
t=0

i« {95(75) — iy Iﬁihi(tvx(t))]
f(t, (1), Ia(t)

Since z(0) =0, h;(0,0) =0,i=1,2,...,m and f(0,0,0) # 0, it follows that
x(t) = f(t,x(t), I a( +Zfﬂl

Thus (3.2) holds. The proof is completed. ]

Definition 3.1. A function € C'(J,R) is called a solution of problem (1.1)
if there exists a function v € L!'(J,R) with v(t) € F(t,2(t)), a.e. J such that
z(0) =0 and

t (t _ S)a—l

s)ds m Bin;(t, x .
o) )ds + > IPh(t, (b)), teJ

=1

£(t) = f(t,(t), Da(t)) /0
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Theorem 3.1. Assume that:

(H1) The functions f : J x R2 — R\ {0} and h; : J x R — R, h;(0,0) = 0,
1 =1,2,...,m, are continuous and there exist two positive functions ¢, ¥;, i =
1,2,...,m with bounds ||¢|| and ||1;,i =1,2,...,m, respectively, such that

(33) |f(t,x1,x2) - f(t7y17y2)| S ¢(t)(|f£1 - 1:2‘ + ’yl - ?/2|)7
and

fO’f’ te J and T,Y,T1,T2,Y1,Y2 S R.

(Hg) There exists a continuous function p : J — (0,00) such that t — F(t,x) is
measurable and

()| < p(b),
for almost allt € J and z € R.

(Hs)

iy ol
63 101+ ) Pl +ZF e

Then the problem (1.1) has at least one solution on J.

Proof. Set X = C(J,R) and define three operators A : X — X by
(3.6) Az(t) = f(t,x(t), ["z(t)), t € J,
B:X —P(X) by

(3.7) Bx:{ueX:Mﬂ:[j@;Z;IMQ@,UG&%}

and C: X — X by

m

Calt) = 3 I*hit ()

5)fi1
(3.8) ——}:/' hi(s, 2(s))ds, t€J

Then the problem (1.1) is transformed into an operator inclusion as

(3.9) x € AzBz + Cx.
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We shall show that the operators A, B and C satisfy all the conditions of Lemma
3.1. This will be achieved in the series of the following steps.

First we show that the operators A and C define single-valued operators
A,C: X — X and B : X — Pg, (X). The claim concerning A and C is obvious,
because the functions f and h;, i = 1,2,...,m are continuous on J x R? and
J X R respectively. We only prove the claim for the multi-valued operator B on
X. Note that the operator B is equivalent to the composition £ o Sg, where L is
the continuous linear operator on L'(.J,R) into C(.J,R), defined by

t —s a—1
L)) = /0 %v(s)ds.

Suppose that € X is arbitrary and let {v,} be a sequence in Sg,. Then, by
definition of Sp,, we have v,(t) € F(t,z(t)) for almost all t € J. Since F(t,z(t))
is compact for all ¢ € J, there is a convergent subsequence of {v,(t)} (we denote
it by {vn(t)} again) that converges in measure to some v(t) € Sg, for almost all
t € J. On the other hand, £ is continuous, so L(vy,)(t) — L(v)(t) pointwise on .J.

In order to show that the convergence is uniform, we have to show that
{L(vy)} is an equi-continuous sequence. Let t1,t2 € [0, 1] with ¢; < t2. Then, we
have

t1 [(tg _ S)afl _ (tl _ S)afl]
/0 o) vp(8)ds

2 (t2 _ 3>a—1
+/t1 T Tla) vp(8)ds|.

[£(vn)(t2) = L(vn)(t1)] <

We see that the right hand of the above inequality tends to zero as t3 — ¢;. Thus,
the sequence {L(v,)} is equi-continuous and by the Arzeld-Ascoli theorem, we
get that there is a uniformly convergent subsequence. So, there is a subsequence
of {v,} (we denote it again by {v,}) such that £(v,) — L(v). Note that, £(v) €
L(SF.). Hence, B(x) = L(SF;) is compact for all x € X. So B(x) is compact.

Now, we show that B(z) is convex for all x € X. Let z1, 20 € B(x). We select
f1, f2 € Sk such that

t _ s a—1
) = [l s, =12

for almost all ¢ € [0,1]. Let 0 < X < 1. Then, we have

t —s a—1
Az1 4+ (1 — N)2zo](t) = /0 (tF)

() (1= X))
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Since F has convex values, so Sg,, is convex and Afi(s) + (1 — ) fa(s) € Spa.
Thus

Az1+ (1= M)z € B(x).

Consequently, B is convex-valued.

Step 1. We show that A and C are Lipschitz on X.
Let x,y € X. Then by (H;), for t € J we have

[Az(t) = Ay(0)] = [f(t,2(1), (1) = f{t,y(0), My(1))|
P (e (t) = y(®) + [[Max(t) — IMy(t)])

T
161 {1+ 575 ) e =l

which implies || Az — Ayl < [|¢|| (1 + F('y+1 )Hx y|| for all z,y € X. Therefore,

IN

IN

A is a Lipschitz on X with Lipschitz constant ||¢|| <1 + F('y+1)>
Analogously, for any =,y € X, we have

Calt) - Cy(t)| =

-3 te )
_Sﬁz
sz / U Gi(s)lar(s) — y(s)|ds

;|| TP
<~y &
= TBi+1)
This means that
K& H
ICx —Cyll < Z 3 z =yl
Thus, C is a Lipschitz on X with Lipschitz constant » ;- ‘#{é”f%

Step 2. The operator B is compact and upper semi-continuous.
We will show that B maps bounded sets into bounded sets in X. Let B, =
{z € X :||z|| < r}. Then for h € B,z € B, there exists v € Sg, such that

t —s a—1
h(t) = /0 (tr&)v(s)ds.



HYBRID FRACTIONAL INTEGRO-DIFFERENTIAL INCLUSIONS 159

Then for t € J we have

t _Sa—l
IWMSA@)MM%

I'(«)
t — 3 a—1 lo"
< [ s < Il = Ko

for all ¢t € J. Therefore, ||| < K; which shows that B is uniformly bounded
on X.

Now, we will show that B(X) is an equicontinuous set in X. Let 7,70 € J
with 71 < 79 and x € S. Then we have

|h(72) = h(11)]

T2 (T2 o S)a—l T1 (7_ o S)a—l
[Py [ v

T1 (7_2 _ 8)0171 _ (7_1 _ S)afl T2 (7_2 _ s)afl
SA wﬁm+lwﬂm

I'(a) . ()
g [ /On

which is independent of z. As 71 — 73, the right-hand side of the above inequality
tends to zero. Therefore, it follows from the Arzela-Ascoli theorem that B is a
completely continuous operator on B,.

(TQ — S)a_l — (7’1 — S)a_l

Ia)

T2 (7_2 o S)a—l
Iplids + |~ P s,
T1

Step 3. B has a closed graph.
Let z, — x4, hy, € B(zy) and h, — hs. We need to show that h. € B(xz.).
Associated with hy, € T (xy,), there exists v, € Sp, such that for each t € J,

t (t _ S)O{*l
hp(t :/ ————v,(8)ds.
0= [ )
Thus it suffices to show that there exists v, € Sg, such that for each t € J,
t (t _ S)afl
hy(t :/ . (8)ds.
0= [ g
Let us consider the linear operator © : L!(J,R) — C(J,R) given by

t _Soz—l
fHem@:/WZQ)v@w

0
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Observe that

)

_Sal
G \—H/‘trd) (tns) —va(s)ds

as n — oo.
Thus, it follows by Lemma 2.3 that ©oSF is a closed graph operator. Further,
we have hy(t) € ©(Spg, ). Since z,, — x4, then we have

t _80471
m@>=[;“rgdm@m&

for some v, € Sp,,. Hence B has a closed graph (and therefore it has closed
values). In consequence, the operator B is upper semicontinuous.

Step 4. Finally we show that M + p < 1, that is, (c1) of Lemma 3.1 holds.
Since

[e7

(3.10) M = ||B(S)|| = sup {?Z? \Ba:(t)!} < HpHm,

€S

then by (Hs3) we have
T T3 T
1+ + <1,
161{1+ 53 ) Wl 5 > 5T

with 6 = |6 (1 + g ) and p = S, BE.

Thus all the conditions of Lemma 3.1 are satisfied and therefore, the con-
clusion (i) or (ii) holds. We show that the conclusion (ii) of Lemma 3.1 is not
possible. Let = be any solution of the (1.1) such that ux € AxBx + Cx for some

p > 1. Then there exists v € Sg, such that

_ S)oc—l

a?(t):/\f(t,x(t),ﬁaf(t))/o (trm) v(s) ds+>\ZIﬁl (t,z(t), teJ
=1

where A = % < 1. Therefore, we have

— g)e— 1 85271
ol0) < 6,00, () | ST m+2/ s, (o))
t

_S)a 1

saﬂuanww»—f@ﬁﬁ»mwﬂaamnmmA R

_ g)fim
+Z/ (t (|hi(s,2(s)) — hi(s,0)] + |hi(s,0)]) ds

ds
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< [||¢|| <1+ mTﬂ)> el + Fo

where Fy = sup;c;|f(t,0)| and Ko = sup,cs|hi(t,0)|, i =1,2,...,m, which leads
to

T Ui ||wZ\Tﬁz
S Ky) §

m

TG
+ K
OHPH +1 OZ TG+ 1)

T ||wl||Tﬁl
- [nqsn (1 e 1)) Il Z

As a result, the conclusion (ii) of Lemma 3.1 does not hold. Hence, the conclusion
(i) holds and consequently the problem (1.1) has a solution on J. This completes
the proof. ]

]| <

4. AN EXAMPLE
In this section, we present an example to illustrate our result.

Example 4.1. Consider the following hybrid fractional integro-differential equa-
tion

4 (£))
1) D3 f(t’j( LR e F(t,z(t)), te [0, g] ,
2(0) = 0, )
where
ha(t, 2(t)) = 2(4 fjatr)t;r(llxﬁ:‘v(t)l) ’
Ft,a(t), I z(t) = %smya:( )| + 2(21+t) <1 . Illglg;(t)‘ +1> I%x(t)’ +§,

and the multi-valued map F' : [0,3/2] — P(R) is given by

e~ 4 sin |z ||
8+ 3t2+ 5t (34 t2)(1 + |z|)

x— F(t,z) =
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Here a = 1/27 T = 3/27 m = 4> 61 = 3/27 62 = 5/27 53 = 7/2a 54 = 9/2 and
~v = 11/2. With the given data, we find that

1

|f(t,l’1,332) - f(tvylay2)| < qul - $2| + ‘yl - 3/2|)7

and

|h‘l(t>$)_hl(t7y) ’$—y|, i:17273747

<
A+i+t

for z,y,zj,y; € R, j =1,2. Choosing ¢(t) =1/(2+1t) and ¢;(t) =1/(4+ i+ 1),
it follows that ||¢|| = 1/2 and ||¢;|| =1/(4 +14), i = 1,2,3,4. For f € F, we have

e 4 sin |z || 1
| f| < max < z €R.

8 +3t2 4+ 547 (3+t2)(1 + |z|) 3+t2’

Thus,

IF(t.a)lp = sup{lf] £ € F(t.a)} < o

for all t € [0,3/2], z € R. Setting p(t) = 1/(3 + t?), we get [|p|| = 1/3. By direct
computation, we have

™ e o~ el
1+ 3 — 0.7179368020 < 1.
"‘b"( r(7+1)>”p”r(a+1) 2 T3, +1)

Consequently all conditions in Theorem 3.1 are satisfied. Therefore, the problem
(4.1) has at least one solution on [0, 3/2].
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