Advances in Dynamical Systems and Applications (ADSA).
ISSN 0973-5321, Volume 16, Number 1, (2021) pp. 217-236
(©Research India Publications
https://dx.doi.org/10.37622/ADSA/16.1.2021.217-236[

Existence and Stability Results for Fractional
Volterra-Fredholm Integro-Dierential Equation with
Mixed Conditions

Ismael Y.A. Alasadi' and Ahmed A. Hamoud?§

' Department of Applied Mathematics, Faculty of Mathematical Sciences, University of
Tabriz, Iran. and Department of Mathematics, Thi Qar Directorates of Education,
Ministry of Education, Iraq.

2Department of Mathematics, Taiz University, Taiz, Yemen.

Abstract

In this paper, we establish some new conditions for the existence and uniqueness
of solutions for a class of nonlinear Caputo fractional Volterra-Fredholm
integro-differential equations with mixed conditions. The desired results are proved
by using Banach and Krasnoselskii’s fixed point theorems. In addition, the
Ulam-Hyers stability and Ulam-Hyers-Rassias stability for solutions of the given
problem are also discussed.
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1. INTRODUCTION

Recently it have been proved that the differential models involving nonlocal derivatives of
fractional order arise in many engineering and scientific disciplines as the mathematical
modeling of systems and processes in many fields, for instance, physics, chemistry,
aerodynamics, electrodynamics of complex medium, polymer rheology, and so forth
[2,3,4,5,6, 14, 17, 28].
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For instance, fractional differential equations are an excellent tool to describe hereditary
properties of viscoelastic materials and, in general, to simulate the dynamics of many
processes on anomalous media. Theory of fractional differential equations has been
extensively studied by several authors as Balachandran and Trujillo [9], Baleanu [1],
Kilbas et al. [17], Lakshmikantham and Rao [18], and also see [10, 11].

The stability theory for functional equations started with a problem related to the
stability of group homomorphisms that was considered by Ulam in 1940 [26].
Afterwards, Rassias [19] introduced new ideas e.g., by proposing to consider
unbounded right-hand sides in the involved inequalities, depending on certain functions,
introducing therefore the so-called Hyers-Ulam-Rassias stability. Equation stability is
an important subject in the applications. Many authors investigated different types of
stability of fractional integro-differential equations, for instance, see [20, 21, 22, 23, 27].

Subsequently several authors have investigated the problem for different types of
nonlinear differential equations and integro-differential equations including functional
differential equations in Banach spaces. Very recently N’Guer’ekata [24] discussed
the existence of solutions of fractional abstract differential equations with nonlocal
initial condition. The nonlocal Cauchy problem is discussed by authors in [2] using
the fixed-point concepts. Tidke [25] studied the fractional mixed Volterra-Fredholm
integro-differential equations with nonlocal conditions using Leray-Schauder Theorem.

Baleanu et al. [1], by using fixed-point methods, studied the existence and uniqueness
of a solution for the nonlinear fractional boundary value problem given by

‘D’u(t) = A(t,u(t)), te J=1[0,T], 0 <v <1,
u(0) = u(T),u(0) = Bru(n),u(T) = Bau(n), 0 <n <T, 0<f1 < <1

Devi and Sreedhar [7] used the monotone iterative technique to the Caputo fractional
integro-differential equation of the type

‘D"u(t) = A(t,u(t), ["u(t)), t€ J=1[0,T], 0 <v <1,
u(0) = wuo.
Wang and Zhou [27] studied the Ulam stability and data dependence for a Caputo
fractional differential given by
‘D'u(t) = A(t,u(t)), t e J =[a,+0), 0 <v <1,
u(a) =¢.

Dong et al. [8] established the existence and uniqueness of solutions via Banach and
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Schaude fixed point techniques for the problem given by
t
DY ult) = A(t, u(t)) +/ Blt, s, u(s))ds, t € J = [0,T], 0< v < 1,
0
u(0) =&,

Motivated by the above works, we will study a more general problem of
Caputo fractional integro-differential equations wich called Caputo fractional
Volterra-Fredholm integro-differential equation with mixed conditions in Banach
Space:

t 1
Cngﬁu(t) = A(t,u(t)) —l—/ B(t,s,u(s))ds —|—/ C(t,s,u(s))ds + “Dgy F(t,u(t)), (1)
0 0
U
uw(0) = ug, u'(0) = b/ u(s)ds, beR, 0<n<1, ()
0
where CDgf F is the Caputo fractional derivative of order v + 3, 1 < v+ <2, t €
J:=1[0,1, AF:JxX — X,and B,C : J x J x X — X are continuous
functions satisfying some conditions which will be stated later. “Df. denotes the

Caputo fractional derivative of order v.

The paper is organized as follows: Sect. 2, we present some notations, definitions
and results which are used throughout this paper. In Sect. 3, we use the fixed point
techniques to prove the existence and uniqueness results for the problem (1)-(2). In
Sect. 4, we establish the Hyers-Ulam stability of the problem (1)-(2) be also discussed.
Concluding remarks close the paper in Sect. 5.

2. PRELIMINARIES

Here, we present some notations, definitions and results which are used throughout this
paper, see [2, 12, 13, 14, 15, 16, 17, 18].

Let X, we denote the Banach space equipped with the norm ||.|| and C'(J, X), C™(J, X)
denotes respectively the Banach spaces of all continuous bounded functions and n times
continuously differentiable functions on J. In addition, we define the norm

pumy t
lulle = max u(®)|
for any continuous function v : J — X.

Definition 2.1. [28] The left sided Riemann-Liouville fractional integral of order v > (
of a function u : J — X is defined as
1 t
Ju(t) = t— )" tu(s)ds, t € J.
fult) = o [ = usas e s

where 1" denotes the Gamma function.
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Definition 2.2. [17] The left sided fractional derivative of u € C™(J, X) in the Caputo
sense is defined by

“Dyru(t) = Jy"D™u(t)
F(ml—y) Jolt = sy W) gs o —1 < v < m,

ds™

= (3)
O™ u(t)

8t7n b

Hence, we have

L J§Ju = J5 P, v >0.

(8+1) v
2. JyuP = F(ﬁ+u+1)uﬁ+7
3. D(’§+uﬂ = F(Fﬁji)l)uﬂ’”, v>0, p>-1.

4. Ji.Dyu(t) = u(t) —u(a), 0 <v < 1.

_a\k
5. J4 Dyu(t) = u(t) — S u® (1) S8, >0,
Definition 2.3. /28] The Riemann Liouville fractional derivative of order v > 0 is

normally defined as
Dgru(t) = Dyt Jgi "u(t), m—1<v<m, meN. 4)

Theorem 2.1. [17] (Banach fixed point theorem). Let (S, ||.||) be a complete normed
space, and let the mapping F : S — S be a contraction mapping. Then F has exactly
one fixed point.

Theorem 2.2. [17] (Krasnoselskii fixed point theorem). Let w be bounded, closed and
convex subset in a Banach space X. If T1,T5 : w — w are two applications satisfying
the following conditions:

1) Tix + Toy € w for every x,y € w;

2) 17 is a contraction,

3) 15 is compact and continuous.

Then there exists a € w such that Tia + Tra = a.

Lemma 2.1. [8] Let u(t), A(t),q(t) € C(J,Ry) and let n(t) € C(J,Ry) be
nondecreasing for which the inequality

u(t) < nft) + /0 " A(s)u(s)ds + /0 " A(s) /0 q(ryu(r)drds,

holds for any t € J. Then

ul(t) < n(t) [1+ /0 tA(s)( /O S(A(r)+q(r))dr)ds]
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3. EXISTENCE AND UNIQUENESS RESULTS

In this section, we shall give an existence and uniqueness results of Eq.(1), with the
condition (2). Before starting and proving the main results, we introduce the following

hypotheses:

(A1) Assume that A, B, C and F’ satisfy
JA(t, ()] < i) gr([lul]),
[F(t,u(®)] < fa()g2([[ul]),
[B(t, s,u(t))] < fs(s)gs([[ul]),
1C(t, s, u(®))] < fa(s)ga(llul),

where f; € C(JRy), i = 1,2, f; € C(J x J,Ry), j = 3,4, with f =
max{ f1, fo, f3, fa}, t,s € J, u € X and ¢; : Ry — R, with g =
max{gi, g2, g3, g}-

(A2) There exists a constant M/ > 0 such that m > 1.
2 1 b 2 v+p+1 £+1

5 — N N ||2 ( U L )

Pv+8+1) TB+1) N-2p\Tv+5+2) T(B+2)

[ F(0, uo)| b (10, ug)| g4
h o= |ugl+ ’ < ’ B4 plu )
1 2 1 b v+p+1 B+1 I +B+2

5y = + TR (=" T+ ).

v+pB+1 v+p+2 [f+1 11— | v+pB+2 [+2 v+p+3

(A3) Forany ¢t € Jand u,v € X, (t,s) € G = {(t,s) : 0 < s <t < 1}, there exist
positive constants Ly, Lo, L3 and L4 such that

)< Laflu(t) = v(®)];
) < Lafu(t) = v@)],

( (¢, s,0(0)]] < Lalu(t) = v(0)]],
s, u(t)) = Ot s,0() || < Lallu(t) = v(@®)]l;

t,o(t

(¢, v(t)
— F(t,v(t)

with L = Il'laX{Ll, LQ, Lg, L4}
(A4) Assume that A, B, C and F satisfy

1A
£
1B(

(

t

t

t,s,u
et
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where p; € L>®(J,Ry), 1 =1,2,3,4,t € J,u € X and (¢, s) € G.

Lemma3.1. Let 1 <v+ (<2, b# n% and u € C(J, X) is called a solution of the
problem (1)-(2) <= u satisfies

u(t) = /Ot (tr_(j):r;)_l [A(s,u(s)) + /OSB(s,r,u(r))dr + /01 C’(s,r,u(r))dr} ds

t(t—s)B1 U
+A@Fé)F@Mw%+%_§?£&6

e[ e [ o ool

T (n—r)B F(0,ugp)
—I-/O F(6+1>F(r,u(r))dr—F(6+2)n5+1+77u0}.

Proof. Letu € C(J, X) be a solution of the problem (1)-(2). Firstly, we show that u is
solution of integral equation (5). By Definition 2.2, we obtain

157 DY u(t) = u(t) — u(0) — o' (0)t. (6)

In addition, from equation in (1) and Definition 2.1, and use the assumption (4) of
Definition 2.2, we have

IOVIB cDu+b’ ( )

— [O”fﬁ ~|—/Btsu ds+/Ctsu ))ds +°¢ D+F(t,u(t))>
0 0
:]gfﬁ +/ B(t, s, u(s) ds+/C’tsu ds)
0
+I0 F(tu(t)) — i 3) (7)

By substituting (7) in (6) with nonlocal condition in problem (5), we get the following
integral equation

u(t) = ]gf6<A(t,u(t))—i—/OtB(t,s,u(s))dS—i—/ol C’(t,s,u(s))ds)

+@F@mm—§%%%

From integral boundary condition of our problem with using Fubini’s theorem and after

7 4 ug + ' (0)t. (8)

some computations, we get:

&)
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2 (0) :blnmms

= o [ [ (Atsutn + |

F(0,ug)
GRS
= b/o77 [Igfﬁ(A(s,u(s)) +/08 B(s,r,u(r))dr—i—/o C(s,r,u(r))dr)
F(0,up) 2

B+1 n
———n" 4 nue + /(0
F(5+2)77 o (0)

— b[g:rﬁﬂ (A(n, u(n)) + /On B(n,r,u(r))dr + /01 C(n,r,u(r))dr)

Z<O’u0) B+1 772 /
— = A nue + 5-u'(0),
rw+m” o 2()

S

B(s,r,u(r))dr + /01 C(s, r,u(r))dr)

+I§+F(s, u(s)) s +ug + u’(O)s} ds

+I§+F(s, u(s))} ds —

G F G u(m)
that is
0(0) = =[5 (At + [ B+ [ o)

1-b7%
_ FOw) s
I'(5+2)

I E () + 7. ©

Therefore, we get

1m):Jy%mmm»+£3@&mm%+ﬁzwﬁm@mg

F(O, UQ) tﬂ
reE+1)

. _tbbﬁ [ISIB“ (A(n,u(n)) + /077 B(n,r,u(r))dr + /01 Cy,r, U(T))dr)

HID F(tu(t)) — + g

F(O, UQ)

I F (n, u(n)) — T(B+2)

n’t + 77“0] .

Finally, by substituting (9) in (8) we find (5). Conversely, from 2.2 and by applying the
operator CDgir % on both sides of (5), we find

Dy Pult)
t 1
_ CngﬁIgjﬁ(A(s,u(s)H /0 B(t, s, u(s))ds + /0 O(t, s,u(s))ds +CD5+Ig+F(s,u(s))>ds
+DY T (u(0) + o/ (0)t)

t 1
= A(t,u(t))—i—/o B(t,s,u(s))ds—i—/o C(t,s,u(s))ds +° Dy, F(t,u(t)), (10)
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this means that u satisfies the equation in the problem (1)-(2). Furthermore, by
substituting ¢ by 0 in integral equation (5), we have clearly that the integral boundary
condition in (2) holds. Therefore, u is solution of problem (1)-(2), which completes the
proof. ]

Existence Result by using Leray-Schauder Nonlinear Alternative.

Theorem 3.1. Assume that the assumptions (Al) and (A2) are satisfied. Then the
problem (1)-(2) has at least one solution u(t) on J.

Proof. Forr > 0, let
Br={ue C([0,1],R) : [Ju]] <r},

be a bounded set in C'([0, 1], R). We will show that Y maps bounded sets into bounded
sets in C'([0, 1], R). Then, by (A1), we have

t — s B—1 s
ruol < [ (et + [ e har

v+ 0)
1 t (t _ 8)5—1
+ [ @i as+ [ L ps)an (s + ul
_|F(0, up)| d el EOu0)l g
Fw+1)+u—b§ﬂm0| T(B+1) .

— )
+’1 _|b(|7772‘ {/On (172(/3_32) (f2<7')92(HU(7")H)d7”
2

N (p — p)rHB+1 "
. /0 m[fl(r>gl<||u(r>||>+ /0 J(r)gs(u(o) | do

+/01 J1)ga(llu(@))do | ar)

P s [ G

< It | [ i s+ [ S

R s e AU s s

I T e K e e ]

F(0,u0) bl (1F(0,u0)

I‘(B—I—(i) + luof + ,1_b7722|(1“(ﬁ+(;) 6+1+7I|U0|)
< Ml [ + s
= g vrB+l vtB+2 A1

|b| ( nu—i—ﬁ—i-l nﬁ-‘rl 2771/4-5-1-2 i|

+ +
]1—6%\ v+B+2 [B+2 v+pB+3

|F(0, up)] bl (IFO,u0)] giy

o+ Jug + +

NGESVRR \1_m;y<r</3+2> ool

= [Ifllg([[ul])d2 + 01 < +oc. (11)
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Let ty,ty € J with t; < ty and u € B,, where B, is a bounded set of C'([0, 1], R).
Then we have

u)(t2) — (Tu)(tr)||
123

1Y
’ ﬂ S 'LL S, T, u\Tr r
< [T H+/ IB(s,rulr)]d
" (t2 — 5)7"
/ 1C (s, 7, ulr ||dr}ds+ WHF(S,@L(S))H@
(0= 57— (1 a1 S
e T G ueDI+ [ 1B )
+/ ||0(s,r,u(r))||dr}ds
(ty —s)P 1 — (ty — 5)° ! s ulsNlds o FOu)| 5 s
[ — (s, () s + 5 8 — )
bt = ) [IFO )] s =V
o LT ot | Tyt e
7 (77—7“)”5 r
[ (1Al + [ 1860 u(o) s
+/0 C(r.0.u(o))]ldo ) dr]
2ty — 1) — 17— ) 2(t2 — )" — [¢] — 85|
< Iloelh [ =255 1 NEESY
|b| 77quﬁJrl 776+1 277u+6+2
+(t2_t1)|1_bﬁ|<u+ﬁ+2+6+2+V+B+3>}
6 _ 5y [F(0, o)l b [1F(0, uo)| 514
+(ty — t] )W—i‘(tz—tl)’l_bﬂ;’ [F(ﬁ+2) 776 +77|u0|]
— 0 as tl—)tg, (12)

then T maps bounded sets into equi-continuous sets of C'.

By Arzela-Ascoli theorem, we have Y : C([0,1],R) — ([0, 1],R) is completely
continuous.

We will apply the Leray-schauder nonlinear alternative once we establish the
boundedness of the set of all solutions to equation

u = €Yu for some € € (0,1).

Let u be a solution of (1), then, by (11) we have
u(@)| < [ fllg(llul)dz + o1,
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which implies:

ol
gl + 6 =

Then by (A2), there exist M > 0 such that M # ||ul|. Let us define a set

U={uecC(0,1],R) : [Jul| < M},

and then

T:U— C([0,1],R),
is completely continuous. From the choice of U, there is no ¢ € U such that

u = €eYufor e € (0,1),

then by the nonlinear Leray-Schauder type, we conclude that the operator T has a fixed
point u € U which is solution of the problem (1)-(2). O

Existence result by Krasnoselskii’s Fixed Point.

Theorem 3.2. Assume that the assumptions (A3) and (A4) are satisfied and if

KEZWMMw+WBMw+HMWW<V+ﬁ+1 |Wﬂw“> HMMW(5+2 WW%1><1
I'v+B8+2) v+5+2 ,1_§b| B+2 \B+1 ‘1_§b| -

and

(13)

o LIb| [2nu+5+1 +77ﬁ+1]<1
=Ty lv+p+2 g2l T

Then the problem (1)-(2) has at least one solution u(t) on J.

Proof. For any function u € C'(J, X') we define the norm
lullt = max{e™ u®)]| : t €.},
and consider the closed ball

B, ={ueC(J,X):|ull<r}
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Next, let us define the operators Y1, T, on B, as follows

Tiu(t) = /Ot L)Hﬂ_l [A(s,u(s)) + /08 B(s,r,u(r))dr + /01 C(s,r,u(r))dr|ds

T'(v+ B)
+ /Ot %F(s, u(s))ds + ug — %tﬂ
- _btbrg o %nﬁﬂ], (14)
Talt) = - _btb% [/On F((Z;;):Bl) (Al u(r)) + /0 B(r,,u(0))do
+ /0 1 ofr, a,u(a))dcr)dr—i- /0 nlgzﬁ_—J:)SF(r,u(T))dr] (15)

For u,v € B,,t € J, by fixed r > 1f1K, we use the estimations: & < 1, Z_t <

1, <31 <1, <71 <1, and by the assumption (A2) we find:

et et

e Tyu(t) + Tau(t)||
bt _ g)vHB-1 s 1
< /Ou[m(s)“u(s)wr/o lug(s)“u(T)HdT"i‘/o pua(s)[|u(r)||dr |ds

I'(v+pB)
(=9 F(0, 10)
+ [ moluts)lds + ol + s
‘b’ |F(O,’LL0)’ 1
el Ty
o[ (" =)
ol | st e
n _ B r 1
[ s oI+ [ wmle@ldo + [ ueloto)lds) ]
‘ (t B S)VJF/Bil o s 0o s 00 s
< / gy e e+ s el (e = 1) a2 s (e = 1) s
bt —s)Pt Ug
||/~02||E°||U||1/O %G%HUOH%
|| [ g |F(0, uo)| ,8+1]
11— b2 I'(6+2)
AU LU
L el

+/n—( i (HM 12 lvllve” + luslZ ol (e” = 1) + luallZ ol ( T—l))d]
Vl]|1€ (% € v (& T.
0 F(V—i—ﬁ—i—l) ! ! s ! 4 !
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Therefore,

[Tiu+ Tovl)y < [H/“”L” + sl oo + ||l oo <y TB8+1 |b|ny+5+1)

I'(v+8+2) v+B+2 |1 - T
oo 2 b|nftt
_|_||N2||L <ﬁ+ |b|n 2 ﬂ
B+2 \B+1 |1 Ly

| F(0, uo)| bl (1F(0,u0)] 51
+|uo| + N
o+ ) e e )
= rK+0,
<

This implies that (T1u + Tov) € B,.

Now, we establish that T, is a contraction mapping. For u,v € X and t € J, we have:

e[ Tau(t) — Tov(t)]|

o[ " =)
< L)) s (146 - Ao
—|—/OT ||B(r,0,u(o))—B(r,a,v(a))”da—i—/o ||C’(r,a,u(0))—C’(T,J,v(a))HdU)dr
" —r)
+ [ S IFu) = Pl ar]
AN U :
< ]1——6%2][/0 m(”u—v\he
M (n—qr)B
= oll(e” = 1)+ fu—olu(e = D)+ [T olerar
< |b| L [ oA+ n5+1}||u—v||1.
T - Zhlv+p+2 42
Thus,

[Tou —Tovlly < LKi|lu—ovl;

Then since LK; < 1, T, is a contraction mapping.
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The continuity of the functions A, B,C' and F implies that the operator T is
continuous. Also, V1B, C B,, for each u € B,, i.e. Y is uniformly bounded on
B, as

e[| Tyu(t)]]
! (t - S)wrﬁil s s s
< /0 W[“NIHLWHUHW + sl oo llull1 (¥ = 1) + [|pal| oo [|ul[1 (e® — 1) | ds
"(t—s)’ [ (0, up)|
+ ~ ———e¥ds + |ug| + = t”
=l | Setds + ol + %
Mt[ W@mﬂmq
— |y + =———2 .
1oz Y Rg )
Thus,
lpal| oo + (sl oo + |ptalle | |2l 2o
T < [ ]
Ml < T(v+p+1) B+1
[ (0, up)| 1] [F'(0,u0)| 544
+uo| + -
= TK + 51
< 7.

Finally, we will show that (T;B,) is equicontinuous. For this end, we define
A = Sup(s,u)elJXBr HA(87U>H7 _B = SUP(s,r,u)eGx B, fos ||B(S,7’, u)Hdr’ ¢ =
Sup(s,r,u)erBT fo ||C(87T> U)HdT’, F = Sup(s,u)eJxBT ||F(87U)H

Let for any v € B, and for each t,t, € J with t; < ¢, we have:

[(Cru)(tz) — (Tou)(ts)|
A+B+C

F
< 2ty — 14|V t”*ﬂ—t”ﬁ} —|:2t |8 tﬂ—tﬁ]
< F(VWH)[u P~ 7]+ gy (2~ 0l 1 6
F(0, up)| 0] | (0, up)|
A S ’ A 4

— 0 as to —> 14,

which implies that (Y B,) is equi-continuous, then Y is relatively compact on B,.
Hence by Arzela-Ascoli theorem, Y'; is compact on B,.. Now, all hypothesis of Theorem
2.2 hold, therefore the operator T has a fixed point on B,. So the problem (1)-(2) has
at least one solution on J. This proves the theorem.

O
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Theorem 3.3. Assume that the assumptions (Al) and (A3) are satisfied and if Lo < 1.
Then the problem (1)-(2) has a unique solution on J.

Proof. Let the operator T as in Theorem 3.1. Define
Ry ={ue C(J,X):|Jul| <v}.

We fix ¢ > S%% where N = max{N;, Na, N3, Ns}, such that IV

SupteJHA(tu(l))Ha Ny = SUPye s ||F<t70)||7 N3 = SupteJHfosB(tﬁst)dS”? Ny =
SUP (¢ s)eG || fo C(ta S, O)dS”

Firstly, we will prove that YR, C R,. For any u € R, we have

(T o)
< [ Ao+ [ 1B rutrldr+ [ 106 u(r)ldr]ds
o TLv+p) 0 0
(= s)P [F (0, u) o[ _a=r
o [ I e G el ([ R
<1t a1+ [ 1860 ato)lde+ [ 100, u(0))da]ar
n(n— )8 Ug 1
+/0 %HF(T,U(T))HW%—%WJF +77|U0|>
< (LY +N)o+ 4
< .

Hence, TRy C Ry.
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Secondly, We shall show that T : R, — R, is a contraction. From the assumption
(A1) we have for any u,v € Ry, and for each t € J

[(Yu)(t) — (To)@)||
t(t

_ gptAl s
< [U [HA(s u(s) = Als, oD+ [ 1B rulr) - Bls,ro(r)ldr
s)P-1
/ IIC (s, r,u(r C(s,r,v(r ))||dr]ds+/ (t F(;) | E(ryu(r)) — F(r,v(r))||ds
W <n—r>”+ﬂ
+|1_bn;’(/0 m[w,uv)) )]

+/T |B(r,o,u(c)) — B(r,o,v(0))||do
/ IC(r,o,u(o)) — C(r, O',’U(O'))Hdoldr

(n—r)P
+/ (ﬂ+1)”F( ())*F(r,v(r))ndr)
< Léllu—n.

Since Lé < 1, it follows that Y is a contraction, from Theorem 2.1, then there exists
u € C(J,X) such that Yu = u, which is the unique solution of the problem (1)-(2) in
C(J, X). This proof is completed. [

4. ULAM-HYERS STABILITY
In this section, we establish the Hyers-Ulam stability of the problem (1)-(2).

We say that the problem (1)- (2) has the Hyers-Ulam stability, if for all ¢ > 0 and all
function v € C(J, X) satisfying

o(t) = /Ot(t(s)y—w—l[A(s,v(s))+/OSB(S,T,U(T))dT+/01C'(8,r,v(r))dr]ds

I'(v+pB)
o) s,0(s))ds U—F<O’v0)5
+/0 r(py L eleds oo = grgn

e[ e [ i e

K (77_7')6 F(OaUO> B
+/0 TG+ 1>F('r,v(r))dr — mn g 77110]- (16)

We define the nonlinear continuous operator A : C'(J, X)) — C(J, X), as follows

Av(t) =° ngﬂv( )—CD6’+F(t,v(t))—A(t,v(t))—/O B(t,s,v(s))ds—/o C(t, s, v(s))ds.
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Definition 4.1. [22] For each ¢ > 0 and for each solution v of the problem (1)- (2),
such that

[Av]| <, (17)

the problem (1), is said to be Ulam-Hyers stable if we can find a positive real number
a and a solution u € C(J, X) of the problem (1), satisfying the inequality

[ut) —v(®)]| < o€, (18)
where €* is a positive real number depending on e.

Definition 4.2. [23] Let m € C(R™,R") such that for each solution v of the problem
(1), we can find a solution u € C(J, X) of the problem (1) such that

lu(t) —v(t)]| < me*, t e (19)
Then the problem (1), is said to be generalized Ulam-Hyers stable.

Definition 4.3. [22] For each € > 0 and for each solution v of the problem (1) is called
Ulam-Hyers-Rassias stable with respect to © € C(J,R") if

[Av(t)[ < eO(t), t € J, (20)

and there exist a real number o > 0 and a solution v € C(J, X) of the problem (1)
such that

Ju(t) —v(t)]] < ae.O(t), t € J. (1)
where €, is a positive real number depending on e.

Theorem 4.1. Assume that (Al) holds, with LK < 1. The problem (1) is both
Ulam-Hyers and generalized Ulam-Hyers stable.

Proof. Letu € C(J, X) be a solution of (1), satisfying (3) in the sense of Theorem 3.3
Let v be any solution satisfying (17). Lemma 3.1 implies the equivalence between
the operators A and Y — Id (where Id is the identity operator) for every solution
v € C(J,X) of (1) satisfying LK < 1. Therefore, we deduce by the fixed-point
property of the operator T that:

lo()) =@l = o() = Tolt) + To(t) - u(t)]

= |lv(t) = Yo(t) + Yo(t) — Tu(t)]|
I'Cu(t) = Tu(@)l] + [ Cu(t) - v(0)]
LK |u—v] + e

VAN VAN
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because LK < 1 and e > 0, we find

€

o= vl < =
Fixing €, = 5%, and « = 1, we obtain the Ulam-Hyers stability condition. In
addition, the generalized Ulam-Hyers stability follows by taking me = 5. [

Theorem 4.2. Assume that (Al) holds with L < %, and there exists a function © €

C(J,R™) satisfying the condition (20). Then the problem (1) is Ulam-Hyers-Rassias
stable with respect to ©.

Proof. We have from the proof of Theorem 4.1,

lu(t) — v()|| < (1), t € J.

€
1-LK"

where €, = This completes the proof. ]

5. CONCLUDING REMARKS

In this paper, we studied the existence and uniqueness of solutions for a class of
nonlinear Caputo fractional Volterra-Fredholm integro-differential equations with the
integral conditions. In addition, the Ulam-Hyers stability and generalized Ulam-Hyers
stability for solutions of the given problem are also discussed. The desired results are
proved by using via using Banach and Krasnoselskii fixed point theorems.
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