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Abstract

In this paper, the existence and uniqueness problems of the
solution of a generalized Cauchy type fractional nonlocal in-
tegrodifferential equation are investigated. The results are ob-
tained using Banach and Krasnoselkii fixed point theorems.
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1 Introduction

Fractional differential equations are emerged as a new branch of applied math-
ematics by which many physical and engineering approaches can be modelled.
The fact that fractional differential equations are considered as alternative
models to nonlinear differential equations which induced extensive researches in
various fields including the theoretical part (see [1]-[12] and references therein).
The existence and uniqueness problems of fractional nonlinear differential and
integrodifferential equations as a basic theoretical part are investigated by
many authors (see [1],[2],[3],[5],[6],[7],[8], [9],[11]). In [5], the authors consid-
ered the Cauchy type problem for nonlinear fractional differential equations
in weighted spaces of continuous functions. The Cauchy problems for some
fractional abstract differential equations with nonlocal conditions are investi-
gated by the authors in [1] and [11] using the Banach and Krasnoselkii fixed
point theorems. The Banach fixed point theorem is used in [8], and [9] to
investigate the existence problem of fractional integrodifferential equations in
Banach space. Motivated by these works we study in this paper the existence
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of solution of generalized Cauchy problem for fractional nonlocal integrodiffer-
ential equations in Banach spaces by using fractional calculus and fixed point
theorems.

2 Preliminaries

We need some basic definitions and properties of fractional calculus which will
be used in this paper.

Definition 2.1 A real function f(t) is said to be in the space C,, p € R if
there exists a real number p > u, such that f(t) = t* f,(t), where f; € C[0, 00),
and it is said to be in the space C} iff fm e Cy,n e N.

Definition 2.2 A function f € C,, p > —1 is said to be fractional inte-
grable of order o > 0 if

IR0 = (1) () = s [ (=977 f5)ds < oc,

where o > 0, and if a« = 0, then I°f(t) = f(t).
Next, we introduce the Caputo fractional derivative.

Definition 2.3 The fractional derivative in the Caputo sense is defined as

D) = ()@ =r ()0

t

s ()

0

forn—1<a<nneN, t>0, feC". Inparticular, if 0 < a < 1, then

t
D@ f(t) = ﬁof%d& where f(s) = dj;(ss).

The identity (IaD(a)f) (t) = f(t) — f(0) and other properties of the frac-
tional operators used in the general theory of fractional differential equations
can be found in [4], [10], and [12].

Let Y = C(J,R) be a Banach space of all real-valued continuous functions
x(t) on a compact interval J = [0, T]. The product space Y® =Y xY x...xY

2k+1
(2k + 1 times) is a Banach space endowed with the norm ||z|| = Y |[ly;| for
j=1
any z = (y17y27 T 7y2k+1> ceY®.
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Consider the fractional nonlinear integrodifferential equation

D@ x(t)
= f(t,z(t), DVx(t), Dx(t), ..., D) (t), [x(t), [°22(t), ..., [*x(t)),
z(0) = 29 € R,

(1)

where0 <a—a; <a+a;<1;1<j<k;keNzeY,and f: IxY® =Y
is a function satisfies the following condition:

(Hf) f:JxY® — Y isjointly continuous and there exists a positive constant

L such that
2k+1
Hf(t7x17'r27x37 ...7.T2k+1> - f(t7y17y27y37 "'7y2k+1>H S L Z ||xj - y]H
j=1

for any t € J, x1, T, X3, ..., Topi1, Y1,Y2, Y3, -, Y2kr1 € Y. Moreover, let
2k+1

—N—
K =sup,; || f(t,0,0,....,0)

Eq.(1) is equivalent to the integral equation (see [6] for more details)

©(t) = zo+ I(f(t,z(t), Da(t), DD (t), ..., D (t), (2)
Iz(t), I?x(t), ..., [*x(t)))

t

= :L*o—l—ﬁ/(t—s)o‘_lx

0
f(s,z(s), DV (s), DD (s), ..., D)z (s), I*1x(s), [*2x(s),
oy I9%2(8))ds.
3 Existence problems

We prove the existence of the fractional nonlinear integrodifferential equation
(1) by using the well-known Banach fixed point theorem. The following con-
dition is essential to get the contraction property.

(Hq) Let 0 < ¢ < 1, and r be a positive finite real number such that
> |1 S (e Totod
q9= T(a+1) +];1 <r(afaj+1) + r(a+aj+1))

k
1 a—ao; e
r>(1-q) (onH (1 + 21 r(g—ajil)) + rﬁin) :
J:

Moreover, let B, = {y € Y : |ly|| < r}.
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Theorem 3.1 If the hypotheses (Hf )-(Hq) are satisfied, then the fractional
integrodifferential equation (1) has a unique solution on J.
Proof. We prove, by using the Banach fixed point, the operator ¥ :Y — Y
given by

U (t) = zo + I¢(f(t, z(t), DVx(t), DD (t), ..., D) x(t),
I (t), I2x(t), ..., [*%*x(t)))

has a fizved point on B,.. This fizxed point is then a solution of Eq.(1). Firstly,
we show that VB, C B,, Let x € B, then

[Pz ()] < 2ol

+ 17 (|| £t 2(t), DVa(t), DDa(t), ..., D a(t), [ x(t), [*2x(t), ..., [*z(t))]|)

= ||zol|

+ 17| f (&, x(t), DVa(t), DD x(t), ..., DR a(t), [ x(t), [*x(t), ..., " x(t))
2k+1 2k+1

—— ——
—£(t,0,0,...0) + £(t,0,0,....0)

< [|zoll + LI* (IIﬂf(t)ll +>_ (IDz(0)] + III‘”"'x(t)II))

j=1
2k+1

——
+1o | | £¢,0,0,...,0)

by the semigroup property of the fractional operators (see [4]; Theorem 3.7),
we have

[T (t)]| < [|lo
+ L(Ia | (t) \+Z (19799 ||[1 D) (t)|| + 19729 |lao(t )H))
f(t, 0 0,.

2k+1

= lzoll + L (1“ lz (@)l + D (1% lla(t) — wol| + 17F H:z:(t)H))

Jj=1

2k+1
f(t, 0 0,. ,
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hence

W (t)]

i ga—ay Kt
= ||9”°||< 2ty )) YCES)

7j=1
k .
a ta Qa; ta—l—aj
L + .
* ( ;( a—a]+1)+F(a+a]+1))>Hx”

since x € B,., we get

[Wa@)]| < [z <1+Z Mo —a; + )>+P(i{fl>+qr <(I—gq)r+qr=r.

Hence, the operator ¥ maps B, into itself. Next, we prove that ¥ is a contrac-
tion mapping on B,. Let z,y € B,. Since £(0) = y(0), then

W (t) — Wy (t)]]
= ||7e s cx(t), DYz (t), DD g(t), ..., DO (t), I a(t), 1°2x(t), ..., I*x(t))

— IYf(t, (),D<al>x(t),D<a2>x(t),...,D<ak>x(t),falx(t),fazgc(t),...,Jaka:(t))H

LI® lllx —y(t ||+Z |D) (2 y(t))H+||l“j(:v(t)—y(t))||)]

IN

L |1 ) ||+Z (1272 [[x(t) = y(@)]) + T+ ||x<t>—y<t>||)]

IN

o ooy toz—i—ozj
< Llgoop t + :
- Ma+1) ;(F(a—aj+1) F(a+ay+1))

[l = yll

< qllz =yl

Hence, the operator ¥ has a unique fixed point which is a solution to the integral
Eq.(2), and hence a solution to Eq.(1).
4 Nonlocal problem

We discuss in this section, the existence problem of the fractional nonlinear
integrodifferential equation (1) with a nonlocal condition of the form

2(0) + g(x) = o, (3)

where g : Y — Y is a given function that satisfies the following condition:
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(Hg) ¢ is a continuous function and there exists a positive constant G such
that

lg(x) —g)|| < Gllz —yl|, forz,y €Y.

In terms of the nonlocal condition (3), Eq.(1) is equivalent to the integral
equation

(t) = w0 — g(x) +

We need the following hypothesis:

(Hr) Let 0 < ¢ < 1 and r be a positive finite real number such that

e

(1+Q)T Toctas
q>G+L |: a+1) +Z <F(a a+1) + (oe+aj+1)):|
T k a—ag
rz =07 (Jal (1 > ﬁ) o) {1+ 3 ey

KT
L + T(a+1) ) :

Moreover, let B, ={y € Y : |ly|| < r}.

Theorem 4.1 If the hypotheses (Hf),(Hr), and (Hg) are satisfied, then the
fractional integrodifferential equation (1)-(3) has a unique solution on J.
Proof. We want to prove that the operator ® :' Y — 'Y defined by

Qx(t) =x9 — g(x) +
I(f(t,z(t), DV (t), D g (t), ..., D) g (t), I x(t), [°2x(t), ..., I%z(t)))

has a fized point on B,. This fized point is then a solution of Eqs.(1) and (3).
Let x € B, then

[Dx(t)]| < [|zoll + lg(O)|| + G ||| +
1 (|| £t 2(t), DVa(t), DDa(t), ..., D (t), I x(t), [*2x(t), ..., [z (t
< ol + llg(0)]| + G |||

2k+1

+L1"<le |+Z (|| D \+||f%;()||)>+fa £(t,0,0,....,0)

I°(f(t, () DV (t), DD (t), ..., DO x(t), I 2 (t), Iz (t), ..., I xz(t))).

i)
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by the semigroup property of the fractional operators, we have

[Pz < zoll + lg(0)]| + G |||

L (I“ l@1 + Z (127 [|lo(t) — o + g ()| + 71 Hx(t)ll)>

2k+1

——
+1* [ || £,0,0,...,0)

k
tOé Oé]
o (Hzm_w)

g 1+§3 T ST
I'a—a;+1) I'(a+1)

i=

1
k .
o 1+Gto¢ aj toa+a]
L
* ( T(a+1) +Z< T(o—a; + 1)+F(a+aj+1))>HxH

=1

IN

since x € B,., we get
[@x(@) < (1—q)r+ar =7

Hence, the operator ® maps B, into itself. Next, we prove that ® is a contrac-
tion mapping on B,. Let x,y € B,, then

[@x(t) — Qy(t)|| < Gllz -yl
+ || f (¢, 2(8), DVa(t), D (t), ..., D x(t), I x(t), [*22(t), ..., [ z(t))
- Io‘f(t,x(t),D(o‘l)x(t),D(a2)x(t),...,D(a’“)x(t),[alx(t),fo‘2x(t),...,[a’“x(t))H

< Gllz -yl
v LI [Hx \|+Z | D) (2 y(t))H+\|I“j<x(t)—y(t))|!)]
< Gllx—yll+LI“||w()—y()ll

[k

+ LD (1 () = y(t) = g(y) + gla)l| + 177 () — y(t)l\)]

Li=1

Gllz -yl

e k 1—|—G to—oy totag
+ L —|— + ;
Fla+1) “\IN(a-—a;+1) T(a+aj+1)

VAN

[ =y

< qllx—yH-

Hence, the operator ® has a unique fixed point which is a solution of the system

(1)-(3).
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The last result is based on the following well-known fixed point theorem.

Theorem 4.2 (Krasnoselkii) Let S be a closed conver and nonempty subset
of a Banach space X. Let P and () be two operators such that
(i) Px + Qy € S whenever x;y € S;
(i1) P is a contraction mapping;
(111) @Q is compact and continuous.
Then there exists z € S such that z = Pz + Qz.

To apply the above theorem we need the following condition instead of the
condition (Hf).

(HF) Let f: JxY® — Y be jointly continuous and there exists a positive
constant C' such that

sup ||f(t,x1(t),x2(t),x3(t), "'7'r2k+1(t))|| < Cv

for all (t,&?l,l’g,xg, ...,$2k+1> e J x Yy®

Theorem 4.3 If the hypotheses (Hg) and (HF) are satisfied, and if G < 1,
then the fractional integrodifferential equation (1) with nonlocal condition (3)
has a solution on J.

Proof. LetB, ={yeY :|y|| <r}, wherer(1-G) > <Hx0H + [lg(0)]| + %) .
Define the operators P, and () on B, by

Px(t) = z9 — g(x)
Qu(t) = I°(f(t, x(t), DV (t), D@2)g(
I (t), I22(t), ..., [**x(t

t), ..., D)z (t),

).

We observe that if v,y € B,, then Px + Qy € B,. Indeed it is easy to check
the inequality

cTe
P < — <7l - =
P2+ Qull < laoll+ Gr 4 lgO) + gy <71 =) +Gr =

It is obvious that the operator P is a contraction. By the hypothesis (HF), the
operator () is continuous and uniformly bounded on B,. The equicontinuity
of Qx(t) is already proved in [11], and so Q(B,) is relatively compact. By the
Arzela Ascoli Theorem, () is compact. Hence by the Krasnoselkii theorem there
exists a solution to the system (1)-(3).
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5 Open Problem

Let Y = C'(J,R) be a Banach space of all real-valued functions having at
most continuous first derivative on a compact interval J = [0, T].
Consider the fractional nonlinear integrodifferential equation

D@ g (t)
= f(t,x(t), DV (t), D) g(t), ..., DO x(t), [ x(t), [*2x(t), ..., [**x(t)),
z(T) =zr € R,

(4)

where 1 < mazi<j<p(aj) <a<2;keN,z €Y, and f: JxY® — Y satisfies
appropriate condition. The problem may be solved if one can establish a mild
integral solution of the above equation and then a fixed point theorem can be
applied to prove the existence problem.
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