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EXISTENCE OF MILD SOLUTION FOR NONLINEAR HYBRID
FRACTIONAL INTEGRO-DIFFERENTIAL EQUATIONS WITH
CAPUTO DERIVATIVE

MOHAMED.HANNABOU, KHALID.HILAL

ABSTRACT. In this paper we prove an existence result for a boundary value
problem of nonlinear hybrid fractional integrodifferential equation involving
Caputo derivative. We employ a hybrid fixed point theorem of Dhage as a
basic tool in the analysis of our problem. Finally, an example is given to
illustrate the result.

1. INTRODUCTION

This note motivates some papers treating the fractional hybrid differential equa-
tions involving Riemann-Liouville differential operators of order 0 < a < 1.
In [18], Sitho et.al. discussed the following existence results for hybrid fractional
integro-differential equations

D (””“)‘Z?(;’if;)’;“t’””“”) =g(t,z(t)) ae. teJ=[0,T], 0<a<l

z(0)=0

where D denotes the Riemann-Liouville fractional derivative of order o, 0 < o < 1,
I? is the Riemann-Liouville fractional integral of order ¢ > 0, ¢ € {B1, B2, ..., Bm },
fecC(JxR,R\{0}), g € C(Jx R,R), with h; € C(J x R, R) with h;(0,0) =
0,i=1,2,...,m.

In [15], Khalid Hilal and Ahmed Kajouni considered boundary value problems for
hybrid differential equations with fractional order (BVPHDEF of short) involving
Caputo differential operators of order 0 < a < 1

D (7l ) = gt 2(1)) e, t€J=[0,7]

2(0) o)
aF0w0) 1 OFTarmy = €
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where f € C(J x R,R\{0}) , g € C(J X R, R) and a,b, ¢ are real constants with
a+b#0.

Dhage and Lakshmikantham [5] discussed the following first order hybrid differential
equation

4 lf(ff;gt))] =g(t,z(t)) ae teJ=[0,T]

z(tg) =xo € R

where f € C(J x R, R\{0}) and g € C(J x R, R). They established the existence,
uniqueness results and some fundamental differential inequalities for hybrid differ-
ential equations initiating the study of theory of such systems and proved utilizing
the theory of inequalities, its existence of extremal solutions and a comparison re-
sults.

Zhao et.al. [19] are discussed the following fractional hybrid differential equations
involving Riemann-Liouville differential operators

v L((Z»] = g(t,2(t)) ae. te]=[0,T]

2(0)=0

where f € C(J x R, R\{0}) and g € C(J x R, R). They established the existence
theorem for fractional hybrid differential equation, some fundamental differential
inequalities are also established and the existence of extremal solutions.
Benchohra et al.[16] are discussed the following boundary value problems for dif-
ferential equations with fractional order

cD*y(t) = f(t,y(t)), for each teJ=[0,T], 0<a<l
ay(0) +by(T) =¢

where ¢D® is the Caputo fractional derivative, f : [0,7] x R — R, is a continuous
function, a, b, ¢ are real constants with a + b # 0.

Motivated by some recent studies on hybrid fractional differential equations see
[15],[18], we consider the following boundary value problem problem :

af =)=, 1Pih(t,
D ®) Z;r(tl’m(t)) ¢ (t))> =g(t,z(t)) ae teJ=[0,T], O0<a<l

(1)
20) o)
aF0.z0y 0Tty = ©

where D® denotes the Caputo fractional derivative of order o, 0 < o < 1, I?
is the Riemann-Liouville fractional integral of order ¢ > 0, ¢ € {B1,82,...,0m},
felC(JxR,R\{0}), g€ C(Jx R,R), a, b, ¢ are real constants with a + b # 0,
and h; € C(J x R, R) with h;(0,2(0)) =0,i=1,2,...,m.

By a solution of the (1) we mean a function z € C(J, R) such that

(i) the function t — F{t 7y is continuous for each z € R, and

(ii) « satisfies the equations in (1).
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This paper is arranged as follows. In Section 2, we recall some concepts and some
fractional calculation law and establish preparation results. In Section 3, we study
the existence of the boundary value problem (1), based on the Dhage fixed point
theorem. In Section 4 an example is given to illustrate the result.

2. PRELIMINARIES

In this section, we introduce notations, definitions, and preliminaries facts which
are used throughout this paper. By EF = C(J, R) we denote the Banach space of
all continuous functions from J = [0, 7] into R with the norm

Iyl = sup{ly(t)],t € J}

The class C(J x R, R) is called the Carathéodory class of functions on J x R which
are Lebesgue integrable when bounded by a Lebesgue integrable function on J .
By L'(J, R) denote the space of Lebesgue integrable real-valued functions on J
equipped with the norm ||.||z1 defined by
T

2l = fy |z(s)lds
Definition 1.([2]) The Riemann-Liouvelle fractional integral of the function h €
L([a,b], RT) of order a € R is defined by

t -1
t—s)®
IZh(t) = / (771 s)ds
0= [ St
where I' is the gamma function.
Definition 2.([2]) For a integral function h given on the interval [a,b] , the The
Riemann-Liouville fractional-order derivative of h, is defined by

(“D2 h)(t) = ﬁ (i)n/:(t_lfz;z)al(s)ds

where n = [a] + 1 and [a] denotes the integer part of a.
Definition 3.([2]) For a function h given on the interval [a,b] , the Caputo
fractional-order derivative of h, is defined by

c o _ 1 t(tis)niail (n) $)ds
(DM = o=y | g

where n = [a] + 1 and [a] denotes the integer part of «.
Lemma 1.([1]) Let @ > 0 and = € C(0,T)NL(0,T). Then the fractional differential
equation

D% (t) =0
has a unique solution
w(t) = kyt® kot 2 Lkt

where k; € R,i=1,2,...,n,andn — 1 < a < n.
Lemma 2. Let a > 0. Then for z € C(0,7) N L(0,T) we have

I°D%(t) = x(t) + co+ it + ... 4+ cp1t" L,

fore some ¢; € R,i=1,2,...,n— 1. where n = [a] + 1.
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3. HYBRID FRACTIONAL INTEGRO-DIFFERENTIAL EQUATIONS

In this section we consider the boundary value problem (1). The following hybrid
fixed point theorem for three operators in a Banach algebra E, due to Dhage [§],
will be used to prove the existence solution for the boundary value problem (1).
Lemma 3. Let S be a nonempty, closed convex and bounded subset of a Banach
algebra F and let A,C : E — E and B : S — FE be three operators satisfying:
(i) A and C are Lipschitzian with Lipschitz constants ¢ and p, respectively,

(ii) B is compact and continuous,

(i) = AzBy + Cx =z € Sfor ally € S,

(vi) 0M + p < 1, where M = || B(S)]|. Then the operator equation x = AxBx+ Cx
has a solution.

Lemma 4. Suppose that 0 < « < 1 and a, b, ¢ are real constants with a + b # 0.
Then, for any h € L*(J, R) , the mild solution = € C(J, R) of the problem

m By x
po [ 2=, i, (f))) h(t) ae. teJ=][0,T]

o) (2)
200) #(T)
aF0a0) 0Ty = €

is given by the hybrid integral equation

o) = 2] [ -9 s 3)

ﬁ(% /OT(T —5)2"h(s)ds — ¢

b TP hi(T, (T .
T (1)) )} +ZI’3 e [0,T]

Proof. Assume that x is a solution of the problem (3). By definition, f(f(izt()t)) is

continuous. Applying the Caputo fractional operator of the order o, we obtain the
first equation in (2). Again, substituting ¢ =0 and ¢ =T in (3) we have

HO) b (T DS P a(T) S I hi(0,2(0)
f<ovx<o>>a+b<r<a>/o (T=s) " hs)s—e+ === = e ==

Z(T) = 1 g a—1 1 b T a1
FTa(D) ~ T(a) /0 (T=s) h($>d8*m(@ /0 (T — 5)°*h(s)ds
b3, Iﬂihz‘(TaﬂC(T)))

T ()
. S IPihy (T, x(T))
F(T, =(T))
then
z(0) z(T) . —ab T ety
“F0.20) ) (a—l—b)F(a)/O (T = 5)" " h(s)ds + —
b T ot _L T s
o @ s [

be (—ab_ b? b)zg’;lﬁihi(T,x(T))

a+b a+b a+b+ f(T,x(T))
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this implies that
L) a1
f(0,2(0)) (T, 2(T))

In the forthcoming analysis, we need the following assumptions:
(H1) The functions f : J x R — xR\ {0} and h; : J x R — xR, h;(0,2(0)) =

0,2 =1,2,...,m, are continuous and there exist two positive functions ¢,
Y, t = 1,2,...,m with bound ||¢|| and [|¢]], i = 1,2,...,m, respectively,
such that

|f(t,2(t) — f(t,y(t)] < o(t)|x(t) — y(t)]
and
[hi(t, 2() — halt, y ()] < B0 —y(B)], i=1,2,...,m,

fort € J and z,y € R.
(H2) There exists a function h € L'(J, R) such that .

lg(t,x)| < h(t) ae teJ

for all z € R.
(H3) There exists a number r > 1 such that

[b] el b3y 1% hi (T, (T)) m T5i
FO{(l + |a+b|) <||hHL1 a+1)) + rager + ‘ (D) F (T2 (D)) H + Ko X il t4D
c b> I8 b (T,z(T)) m || || TP
1ol [(1 + \a+b\) (Hh”Ll F(a+1)) + |a‘+|b| DTG H — 2iz1 II“(ﬁU-i-l)

where Fy = sup|f(t,0)| and Ky =sup |h;(¢,0)], i =1,2,...,m,
teJ teJ

r>

Theorem 1. Assume that the conditions (H1) — (H3) hold. Then the boundary
value problem (1) has at least one mild solution on J provided that

< c Bih (T,
”¢|[(1+a|—b&—|b><”h”L1F(aT+1)) T |+|b+‘b2(iz—|—b])f( (,Z(T()?)H(‘”

m

é TBI
Z Kl

=1 Z
Proof. Set E = C(J, R) and define a subset S of F as
S={zxeE:|z| <r}

where 7 satisfies inequality (3).

Clearly S is closed, convex, and bounded subset of the Banach space . By Lemma
3, problem (1) is equivalent to the integral equation (3). Now we define three
operators;

A:E— E by
Az(t) = f(t,z(t)), teJ,
B:S— FE by
1 ! a—1 1 b r a—1
Bx(t) = (o) /0 (t—s)*""g(s,z(s))ds — P (m/o (T — )" "g(s,z(s))ds — ¢

by 1P (T, x(T))
f(T,z(T))

), teJ,
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and C: E — E by

m m ety )il
= Zlﬂihi(t,x(t)) = Z/o (ﬁr(ﬁ)i)hi(s,ac(s))ds7 telJ

We shall show that the operators A, B, and C satisfy all the conditions of Lemma
3. This will be achieved in the following series of steps.

Step 1: We first show that A and C are Lipschitzian on F.

Let z,y € E. Then by (H1), for t € J we have

[Az(t) = Ay(t)| = [f(t,=(t) — f(ty(t))]
o@)|z(t) =y < llelllz — vl
which implies || Az — Ay|| < ||¢[|[|z — yl| for all z,y € E. Therefore, A is a Lips-

chitzian on E with Lipschitz constant ||¢||.
Analogously, for any z,y € E, we have

(Calt) —Cy(t)] = ]Zrﬁiw,x@))fzfﬂihia,y(t))

i=1

— 5)Bi
Z/ 4 i(8)|$(8) —y(s)|ds

|| TP
Z NS L]

IN

IN

IN

This means that

Ui T
Iz~ (:y||<2 ]

Thus, C is a Lipschitzian on F with Lipschitz constant Y .- %

Step 2: The operator B is completely continuous on S.

We first show that the operator B is continuous on E. Let {z,} be a sequence
in S converging to a point z € S. Then by the Lebesgue dominated convergence
theorem, for all ¢t € J, we obtain

lim %g(s,xn(s))ds = /O(t—s)o‘_ lim g¢(s,z,(s))ds

n—oo Jq F(a) F(a) n— 00

I'«)
and
. b r a—1 — b ! —9)*" ! lim ¢(s, x,(s))ds

In consequence, we have
lim Bx, = Bz

n—oo
pointwise on J. Further, it can be shown as below the sequence f(Bx,,) of function
is an equicontinuous set in F. Therefore, Bx,, — Bz uniformly. As a result, B is
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a continuous operator on S.

Next we will prove that the set B(.9) is a uniformly bounded in S. For any = € S,
we have

Ba(t) = ]/Ot “F(‘Z;lg(s,z(s))ds— a—li-b(l“(ba) /OT(T_S)alg(s,:r(s))dS—C
b >, Iﬂihi(T,m(T))))

_l’_
f(T,z(T))
T 10| T | bY o 1P h (T, z(T))
S Wl v T et Me T ey | ot (T 2(T)) |
d 7 || by, I%hi(T,x(T)) |
< (e i) e * e ormamy |

for all t € J. Therefore, ||B|| < Ki, which shows that B is uniformly bounded on
S

Step 3: Now, we will show that B(S) is an equicontinuous set in E. Let 71,7 € J
with 71 < 79 and x € S. Then we have

|Bx(7e) — Ba(mi)| = )/072(72_5)

IN
c\\‘
ey
|
N
|
—| =
ol !

IN
B‘
—
3
|
N
Q
|
—
|
S~ S~
2
|
N
Q
|
_=
=
T
QU
V)
+
—
—
S
=
&)
~—~
Q
|
—
=
5
U
)

which is independent of x € S. As 71 — 79, the right-hand side of the above
inequality tends to zero. Therefore, it follows from the Arzeld-Ascoli theorem that
B is a completely continuous operator on S.

Step 4: The hypothesis (ii7) of Lemma 3 is satisfied.

Let z € F and y € S be arbitrary elements such that z = AxzBy + Cx. Then we
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have
[z@)] < [Ax(®)[|By(t)| + [Ca(t)]
t T
< |f(t,x(t)|HF(1a/0 (t—s)*""g(s, (s ))dSJF_l’_b(F(ba)/O (T — 5)* tg(s,z(s))ds + c
b TPy (T, (T "
+ FT (1) )H+‘Zlﬁ (5,5(1)|
< (5(00l0) = 100) + 1700 [ [ =9 nlsds

b ([ s e
o0 \T(a)

bzzll-[ﬁlhz(Tvx(T)) - i
P DR oo = 0+ .0
|b| T |C‘ bz:’;l I’BThZ<T,.I'(T))
< (7’H¢||+F0)[(1+m)(”h”’:ll‘(a—i—l))+|a+b|+ (a+0) (T, x(T)) H

ﬁywmumwm

- I'(s;+1)

1=

which leads to

|ﬂ|<<ﬂ¢+%ﬂ@+'“)0va§;0+ .

la + b |a + b
by, 1P hi(T, x(T)) o~ (7|l + ko) TP
’ (a+0)f(T,z(T)) H + ; SV

Therefore, x € S.
Step 4. Finally we show that 6M + p < 1, that is, (vi) of Lemma 3 holds.

Since
M =||B(S)|| = 2‘;2{22?'3“(”'}
0]
< () (e )
TR )
la+b| (a+b)f(T,=(T))

and by (Hs) we have
m Tﬁi
M + %] < L.
IO+ 3 55

with 0 = ¢l and p = Y7y w5 Il -

Thus all the conditions of Lemma 3 are satisfied and hence the operator equation
x = AzBx+Cx has a solution in S. In consequence, problem (2) has a mild solution
on J. This completes the proof.
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4. EXEMPLE

In this section we give an example to illustrate the usefulness of our main results.
Let us consider the following fractional boundary value problem:

3 a(t)=32%_ IPih;(t,x(t
R ”) A (Tl +15) ac. teT=[0.1

(5)

s

2(0 2(1)
FO20) T FLe() 2

where

Wl

S 3te=3t a2(t) +9x(t)] 1263
;Iﬁ halt:2() = I ipay ( lz(t)] + 5 5 )
z tsint (xz(t) + 4|z(t)]
T+ e\ |z +3
0 2sinmi (IQ(t) + 8|z(t)] é)

9+ (5+1)?) |z(t)| + 5 )
20 3tcost + dtsint % (t) + 5|z (t)] t
" TI0( )2 ( ()] + 4 t+2)

+
~

+ cos t)

+ I

+ 1

and

3(cosmt + 2t) r22(t) + 5|z (t)] 8 — 22—t
f(t, () =  ( ) ,

5(2 4 10¢t) 3+ |z(t)] 27
Hereaz%,T:La:b:Lc:g,m:4,61:%,62:2,63:1,—30,and
By = 22. We can show that

F(t2) = F(t ) < (

142t
N

(2+ 10t)2

t.a) = ha(t.9)| < (75 ) o=

|muww—muﬂﬂs(5q§!—)u—y

4+ et)
16
ha(t, z) — hsl(t, — Nz
[ha(t,2) = ha(t, ) s(———jjyx—m
It follows that ¢(t) = (1+ 26)(2 + 106)72, ¢y () = BELTL () = 2D
Ps(t) = 16(45 + 505+ )37 and ¥u(t) = w, which give norms ||¢| = 1,
]l = 25, ol = 22 ys)l = &, and [lyul| = 5. Since

l9(t, 2(8))| = giél;§w+p¢+wwg(’¥”;f)0?+§)

It is easy to verify that ||p|| = 5, Fo = sup |f(t,0)| = 55, and Fy = sup |h(t,0)| =
t€[0,2] t€(0,2]

2%, i = 1,2,3,4. We see that condition (H3) is followed with a number r €
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[0.187454,131.292851].

i c 4.1_ Bii Lz
(4 i) (Mo ra )+ |a|+|b|+‘b2(214:lf)f?T(§(T():)r))H

el
~ 018957628293 < 1.
+ § TG D 0.18957628293 <

Consequently all conditions in Theorem 1, are satisfied. Therefore, problem (5) has
at least one solution on [0, 1].
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