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Abstract. The main objective of this paper is to investigate and prove the existence
and uniqueness theorems of the solution of nonlinear Volterra-Fredholm integro-differential
equations of fractional order. The theorems of two types for the nonlinear fractional or-
der Volterra-Fredholm integro-differential equations such as one- and two-dimensional are
proved by applying the fixed point theorem of Banach space couple with contraction mapping
principle, in which the sufficient conditions are presented in order to ensure the existence
and uniqueness of a unique fixed point related to the Volterra-Fredholm integro-differential

equation in operator form.

1. INTRODUCTION

The topic fractional calculus can be measured as an old as well as a new sub-
ject. Started from some speculations of Leibniz and Euler, followed by other
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important mathematicians like Laplace, Fourier, Abel, Liouville, Riemann and
Holmgren [22]. In the fractional calculus the various integral inequalities plays
an important role in the study of qualitative and quantitative properties of
solution of differential and integral equations.

In recent years, many authors focus on the development of techniques for
discussing the solutions of fractional differential and integro-differential equa-
tions. For instance, we can remember the following works:

Ibrahim and Momani [20] studied the existence and uniqueness of solu-
tions of a class of fractional order differential equations, Karthikeyan and Tru-
jillo [21] proved existence and uniqueness of solutions for fractional integro-
differential equations with boundary value conditions, Bahuguna and Dabas
[2] applied the method of lines to establish the existence and uniqueness of a
strong solution for the partial integrodifferential equations, Ahmad and Siva-
sundaram [1] studied some existence and uniqueness results in a Banach space
for the fractional integro-differential equation, Matar [24] deliberated the ex-
istence of solutions for nonlocal fractional semilinear integro-differential equa-
tions in Banach spaces via Banach fixed point theorem, Momani et al. [25]
proved the Local and global uniqueness result by using Bihari’s inequality for
the fractional integro-differential equation, Wu and Liu [30] discussed the exis-
tence and uniqueness of solutions for fractional integro-differential equations,

Recently, in [3, 6, 7, 11, 12, 14, 15, 16, 17, 18, 19, 25, 31] the author’s
obtained the result on uniqueness of solutions for fractional integro-differential
equations with nonlocal conditions using the fixed point theorem of Banach
space couple with contraction mapping principle.

Motivated by above work, in this paper we discuss new uniqueness results
for Caputo fractional Volterra-Fredholm integro-differential equation of the
form:

b

SDfu(z,t) = g(z. 1) + / " 2.ty uly. £)dy + / Zo(y, tyuly, )dy,  (L1)

x t b rt

S Dz, t) =gl £) + / / Zu(y, b uly, t))dsdy + / / Zo(y, t, u(y, £))dsdy,
a 0 a J0O

(1.2)

u(x,0) = up(x) (1.3)

where {D{ is the Caputo’s fractional derivative, 0 < a < 1, = € [a,b], t €
[0, T7].

The main objective of this paper is to investigate and prove the unique-
ness theorems of the solution of nonlinear partial Volterra-Fredholm integro-
differential equations of fractional order. The theorems of two types for the

with initial condition:
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nonlinear fractional order partial integro-differential equations such as one-
and two-dimensional are proved by applying the fixed point theorem of Ba-
nach space couple with contraction mapping principle and some properties of
fractional calculus.

The rest of the paper is organized as follows: In Section 2, some essential
notations, definitions and Lemmas related to fractional calculus are recalled.
In Section 3, the new existence and uniqueness results of the solution for
Caputo fractional Volterra-Fredholm integro-differential equation have been
proved. Finally, we will give a report on our paper and a brief conclusion is
given in Section 4.

2. PRELIMINARIES

The mathematical definitions of fractional derivative and fractional integra-
tion are the subject of several different approaches. The most frequently used
definitions of the fractional calculus involves the Riemann-Liouville fractional
derivative, Caputo derivative and we give some basic definitions and theorem
which are used later on in this paper [4, 5, 8, 9, 10, 13, 23, 26, 28, 30].

Definition 2.1. ([22], Riemann-Liouville fractional integral) The Rie-
mann-Liouville fractional integral of order o > 0 of a function h is defined
as
1 t
o h(z,t) = F(oz)/a (t — 5)* ' h(x, s)ds, aeRY,
oJPh(z,t) = h(z,t),

where R™ is the set of positive real numbers.

Definition 2.2. ([22], Caputo fractional derivative) The fractional deriv-
ative of h(z) in the Caputo sense is defined by
oDER(z,t) = J"*D™h(x,t)

t —a—10"h(z,
ﬁfa(t_s)m “ 1#63, m—1<a<m,

Lmai;(f’t), a=m, meN,
where the parameter « is the order of the derivative and is allowed to be real
or even complex.

In this paper, only real and positive o will be considered. Hence, we have
the following properties:
(1) oJ2 oJ2h(x) = J*Th(z), «,v >0,

(2) JEhP (@) = rgEaimhte (@),
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(3) WDIHP(z) = piaiedsh? (@), @ >0, B> -1
(4) o oD3h(x) = h(z) — Sy B9 (00) 05 2 > 0.

Definition 2.3. ([22], Riemann-Liouville fractional derivative) The Rie-
mann Liouville fractional derivative of order o > 0 is normally defined as

Dh(t,x) = D" J" “h(t,x), m—1l<a<m, meN. (2.1)

Definition 2.4. ([27]) Let 7' : X — X be a mapping on a normed space
(X, |l-ID- A point z € X for which Tx = x is called a fixed point of T'.

Definition 2.5. ([29]) The mapping 7' on a normed space (X, ||.||) is called
contractive if there is a non-negative real number ¢ € (0, 1), such that

[Tz =Tyl < cflz =yl
for all z,y € X.

Lemma 2.6. ([32], Banach fixed point theorem) Let (X, ||.||) be a complete
normed space, and let T : X — X be a contraction mapping. Then T has
exactly one fized point.

3. MAIN RESULTS

In this section, we shall give an existence and uniqueness results of Eq.(1.1)
and Eq.(1.2), with the initial condition (1.3) and prove it. Before starting and
proving the main results, we introduce the following hypotheses:

(A1) There exist two constants Lq,Lo > 0 such that, for any uj,us €
Ci(la, b] x [0,T7)
‘|Z1(y78,U1(y7 S) Zl(y)87u2(y) 8))” < Ll ”Ul - UQH ’

122(y, 5, u1(y. 8)) — Za(y, 8, ua(y, 8))|| < Lo [.ur — ua .
(A2) The function g : [a,b] — [0,T7] is continuous.

)_
)_

Lemma 3.1. Let u be defined on Cy([a,b] x [0,T]) with continuous nth order
partial derivatives with respect to t. Then u(x,t) is a solution of the problem
(1.1) — (1.3) iff u satisfies

wat) = i)+ offglet)+ o [ €9 [ sty

+ /ab Zs(y, s, u(y, 8))dy} ds

for x € [a,b], t €[0,T].
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Theorem 3.2. If the hypotheses (A1) — (A2) hold, and

T —a)(Li + La)
I'a+1)

<1, (3.1)

then the fractional integro-differential equation (1.1)-(1.3) has a unique solu-
tion.

Proof. By Lemma 3.1, we know that a function u is a solution to (1.1)-(1.3)
iff u satisfies

wat) = o)+ oot + o [ €= [zt

+ /ab Zs(y, s, u(y, s))dy] ds.

We transform the Cauchy problem (1.1)-(1.3) to be applicable to fixed point
problem and define the operator 7" : Cy([a, b] x [0,T]) — Cy([a,b] x [0,T]) by

(Tu)at) = wale) + offg(et) + s [ =97 [ [ Zutws. )iy

b
+ / Z2(y> S, u(y, 3))dy] dS,

we can see that, if u is a fixed point of 7', then w is a solution of (1.1)-(1.3).
Now we prove that T" has a fixed point u in Cy([a, b] x [0,T]). For that, let
uy, uz € Ce(la,b] x [0,T]) and for any = € [a, b] such that

wet) = wle)+ offgle )+ s [ =97 [ Zs o)y
, a
—I—/ Zg(y,s,ul(yjs))dy}ds,

and

wet) = wle)+ offgle ) + oo [ (=97 [ Z1ts a9y

b
+/ Zz(yﬁ,Uz(y?S))dy}ds.
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Consequently, we get

H Tui(x,t) — Tug(z,t) H
< H uo(x) + ol g(x,t) + F(la) /Ot(t — s)"“1
X [/: Z1(y, s, ur(y, S))dy+/: Z2(y,8,u1(y,8))dy}ds
i) = olfg(et) — s [ (=9
X[/: Z1(y, s, uz(y, S))dy+/: Z2(y,8,U2(y,8))dy}dSH
< HF(la)/t(t— s)* ! [/x [Zl(y,sml(y, s)) — Zl(y,syuQ(y,S))}dy
\ 0 a
+/a [Za(y,&ul(y, s)) — Za(y, s, ua(y, S))}dy}dSH

< s [ [ o) - waton )

b
+/a Lo H ui(y, 5) = u2(y, s) H dy} s

< 2 50w |
< e
(L14Lo) (b—a) T

Since NCESY

< 1, which implies T is a contractive mapping and there-

fore T has a unique fixed point, which means that equation (1.1) has a unique

solution.

Lemma 3.3. Let u be defined on Cy([a,b] x [0,T]) with continuous nth order
partial derivatives with respect to t. Then u(x,t) is a solution of the problem

(1.2) — (1.3) iff u satisfies
uw(z,t) =uo(x) + oli'g(x,t)

+// / (t =€) Zuly, s, uly, s))dydsde
+T(Oé)/o /a /0 (t =€) Za(y, s, uly, s))dydsd¢
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for x € [a,b].

Theorem 3.4. If the hypotheses (A1)-(A2) hold, and
T (b —a) (L1 + Ls)
I'a+2)
then the fractional integro-differential equation (1.2)-(1.3) has a unique solu-
tion.

<1, (3.2)

Proof. By Lemma 3.3. we know that a function u is a solution to (1.2)-(1.3)
iff u satisfies
u(z,t) = uo(x) + ol g(z,t)

F(la // / (t =€) Zi(y, s, u(y, s))dydsdg
/ / / (t =)' Za(y, s, uly, s))dydsdg.

We transform the Cauchy problem (1.2)-(1.3) to be applicable to fixed point
problem and define the operator T : Cy¢([a, b] x [0,T]) — C¢([a,b] x [0,T]) by

(Tu)(z,t) = up(z) + oli'g(x,t)

// / (t =& Zi(y, s, uly, 5))dydsdé
’ r<a>/o [ [ft= 0 5t s,

we can see that, if u is a fixed point of T', then u is a solution of (1.2)-(1.3).
Now we prove T has a fixed point u in Cy([a,b] x [0,T]). For that, let uy,us €
Cy([a,b] x [0,T]) and for any x € [a, b] such that

ur(z,t) = uo(z) + OItg x,t)

+F(1a) / / / (t = 7 Za(y, s, w1y, 5))dydsde
us(z,t) = uo (@) + ol%g(x,1)

+F(1a// / (t — O Z1(y, 5. us(y, s) dydsde

e / / / (t — €7 Zaly, 5, ua(y, s))dydsd.

and
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Consequently, we get

H Tuq(z,t) — Tus(z,t) H

< |Juo@) + olrg(a.t) + / / / t— €712y (y, 5, ur(y, 5))dydsde
G /O / / <t—5)“—1zz<y,s,u1<y,s))dydsdg
—ug(z) — oIfg(z,t) — / / / (t—&)* " Z1(y, s, ua(y, s))dydsd§

1 / / / (t_f)a—%(y,s,uz@’s))dydsﬁu

_HF - 0 s 0 .9) - 220 )
v [ <t—5>a*1[z2<y,s,u1<y,s>>fZz<y,s,u2<y,s>>]dydsdsu

(a) // A 1L1H“l(y’8>*U2<yas>dedsd5

(1a /// t=0% 1L2Hu1 Yy, s 2(y,s)dedsdg

(L1 2 ol
R TTE Vo] R H
- (L1 + La)(b — a)T Tt

- INa+2) Hul_uQH'
_ a+1
Since (L1+L13()£¥12‘§)T < 1, T is a contractive mapping and therefore T" has a

unique fixed point, which means that equation (1.2) has a unique solution.

4. CONCLUSION

The main purpose of this paper was to present new existence and unique-
ness results of the solution for Caputo fractional Volterra-Fredholm integro-
differential. The techniques used to prove our results are a variety of tools
such as the fixed point theorem of a Banach space couple with contraction
mapping principle and some properties of fractional calculus. Moreover, the
results of references [21, 25| appear as a special case of our results.
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