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NEW RESULTS ON CAPUTO FRACTIONAL VOLTERRA-FREDHOLM
INTEGRO-DIFFERENTIAL EQUATIONS WITH NONLOCAL
CONDITIONS

A. A. SHARIF"3* A. A. HAMOUD?, M. M. HAMOOD?3, K. P. GHADLE?, §

ABSTRACT. This article investigates the existence and uniqueness of solutions for a
nonlocal initial condition of the Caputo fractional Volterra-Fredholm integro-differential
equation in a Banach space. We shall prove the existence and uniqueness of the results
by using the Banach and Krasnoselskii fixed-point theorems. A number of illustrative
examples will be given to further the understanding of our main conclusions.

Keywords: Volterra-Fredholm integro-differential equation, Caputo fractional derivative,
Fixed point method.
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1. INTRODUCTION

Fractional calculus extends the concepts of derivatives and integrals for functions to
non-integer orders. The exploration of equations involving fractional differentiation and
integration is a relatively recent pursuit. Prominent contributions in this field include the
works of Kilbas et al. [1], Podlubny [2], and other researchers. Integro-differential equa-
tions link the derivatives and function values over a domain, making them broadly useful
models across science and engineering. By relating rates of change and net quantities,
these equations describe conserved physical properties. For example, integro-differential
formulations represent total mass in transport phenomena and moment integrals in me-
chanics, as established in several studies [3, 4, 5, 6, 7, 8, 9, 10]. The distinctive fusion
of local and non-local theories empowers integro-differential equations as adaptable repre-
sentations. Much research has thus focused on developing solutions for such formulations.
Especially active investigation surrounds fractional order integro-differential equations,
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seeking conditions to guarantee solution existence and uniqueness. Multiple studies have
presented proofs and numerical evidence certifying well-posed solutions to an array of
fractional integro-differential systems [11, 12, 13, 14, 15, 16, 17, 31]. Elucidating requi-
site constraints for robust fractional integro-differential solution theories remains an open
challenge with profound implications, commanding wide attention.

In [18], the local and global existence of the Cauchy problem is studied. In [19], the
existence and uniqueness of the fractional integro-differential issue were examined.

The primary objective of this paper is to establish multiple standards that can be
used to determine if a solution exists and is unique for a specified fractional Volterra-
Fredholm integro-differential equation and corresponding initial value problem. In order
to accomplish this goal, we first converted our main problem into an equivalent fixed
point problem. We then utilized the fixed point theorems of Banach and Krasnoselskii
to prove the existence and uniqueness results regarding solutions to our problem within a
well-defined Banach space.

In this paper, we considered a new fractional class of Volterra-Fredholm integro-differential
equation in the context of the standard Caputo fractional derivative:

T 1
O, o(r) = B(p(r)) + F(x, 9(1)) + /0 ot 0, 9(0))do + /0 ha(t,0,0(0))do, te W (1)

¢
p(0) = ¢ / p(@)dw, 0< <1, =01, 2)

where “D™ is the Caputo fractional derivative of order tv, § : ©» x R — R and Fg, A1 :
Y x 1 xR —= R, &€ (1h,1) are appropriate functions satisfying some conditions which
will be stated later.

2. AUXILIARY RESULTS

Before presenting our primary results, we offer the essential definitions, preliminary de-
tails, and assumptions that will be employed in our subsequent discourse [20, 21, 22, 23,
24, 25, 26, 27, 28, 29, 30].

Definition 2.1. [1, 2] The Riemann-Liouville fractional integral of order v , is defined
by
1

Jore(r) = T(w) /Ot(t — o) lp(o)do, w > 0. (3)

Definition 2.2. [1, 2] The Caputo fractional derivative of order o (v —1 < w < v) is
defined as

DR 40) = gy [, - 7 e o, >0, ()

I'(v—
Lemma 2.1. [1], For real numbers vo,q > 0 and appropriate function p; we have for all
(1) T390 0(t) = T3, T5e0(0) =I5 e(v)
@) 3 CDR () = () — p(0), 0<w <1
(3)  CDNINe() = ().
Theorem 2.1. (Banach’s fixed point theorem)[8]. Suppose 2 be a non-empty complete

metric space and S : Q — ), is contraction mapping. Then, there exists a unique point o €
Q such that ®(o) = 0.
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Theorem 2.2. (Krasnoselskii’s fized point theorem)[8]. Suppose w be a closed convex and

nonempty subset of a Banach space k. If S, 3% be two operators such that:

1. Sk + S*k* € w whenever K, K* € w.

2. § is compact and continuous.
3. S* is a contraction mapping.
Then there exists wg € w such that & = Swy + S woy.

3. PrINCIPAL FINDINGS

Using Banach’s fixed point theorem, we will demonstrate the existence and uniqueness
of the solution to the problem (1)-(2) in C(1,R). We will require some presumptions
about this fact.

(V1) @ :9 — R is continuous and there exists 0 < & < 1 such that

[2(p(x)) — 2(o(r)] < Rl — ol
(V2) §: ¢ x R — R is continuous and there exists © € £°(1), RT) such that
[S(r, 0(x)) = S(x, o (¥)| < O(v)[l¢ — woll,
(V3) ho,h1 : G x ¢ — R are continuous on G and there exist $;,i = 1,2 € £!(y, RT)
such that
ho(t, 0,0(0)) = ho (¥, 0, 00(0))| < H1(¥)[le — ol
(v, 0,0(0)) = T (v, 0, 00(0))| < H2(¥) [l — ol
Lemma 3.1. Suppose 0 <t <1 and £ # % Assume that ®,3, hy and | hy are continuous

functions. If ¢ € C(¢,R) then ¢ is solution of (1)-(2) if and only if ¢ satisfies the integral
equation

PO =t [ = [e0) + 3000 + [ halp.vplo))do
1 5 ¢ o N
[ o ptoio]do + r—gaims [ (€= 0 [Blot) + 300 60)

+ /0 o0, 0lw))deo + /0 1 B (1,0, () o] dp.

Proof. Suppose ¢ € C(1,R) be a solution of (1)-(2). Firstly, we show that ¢ is solution
of integral equation (5). By Lemma 2.1, we obtain

35+ €D 0(x) = o(x) — 9(0). (5)
In addition, from equation in (1)-(2) and Definition 2.1, we have
~ ]‘ t — ’
I CDPp(r) = () /O (c—p)°t {‘P(w(p)) + (o, ¢(p)) +/0 ho(p, 0, ¢(0))do
1
+ [ mipap(o)i]dp (6)
By substituting (6) in (5) with nonlocal condition in problem (2), we get

PO =t [ = [e0) + 3000 + [ halp.ovplo))do

1
[ mpop(o)io]do+40) 7)
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but, we have

o = ¢ f ol

- 0 C [ | @ =t Bt + S0t

+ /Ou ho(u,w,sa(w))dwr/ol P (11,0, () deo | dpe | e + £Cip(0)

= r(ém) /0C /(]w(w—ﬂ)m1¢(w(u))dudw

v : [ o= S etidu

+ /0C /Ow(w—mm_1 /OM ho(p, w, p(w))dwdpdm

| C AT (s, 9(00) | + £G4 (0)
Consequently,

p(0) = 1_& [// @ — 1) (1)) dpde
+ // (@ — )™ 'S, () dpdeo
n // — ,uml/ouho,u,wcp Vdwdpde
" /O/O<a— ml/olhlu,w dwdudw]

Using some manipulations we obtain:

¢
< (€ — W™ | Be(w) + S () + [ ol w, o(w))dw
0

#0 = T rm D Jy

1
+ /Ohl(,u,w,@(w))dw]d,u.

Now, by substituting the last value of ¢(0) in (7) we find (5). Conversely, in view of
Lemma 2.1 and by applying the operator C@Sﬂr on both sides of (5), we get

COPo(r) = COR I B(p(r) +C DR IR S(z, (1))
T 1
+ C’}D‘&LJB"JF(/() ho(t,a,cp(a))da+/0 hl(t,a,cp(a))d(I)
= Do) + 3(r, 0(r) + /0 ho(x, 0, p(0))do
1
+ /0 (v, 0, 0(0))do. (8)
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We will establish the problem’s existence and uniqueness by verifying the fulfillment of
the given equation (1)-(2) through the function . Furthermore, upon substituting v with
0 in the integral equation (5), it becomes evident that the nonlocal condition specified
in (1)-(2) is satisfied. Consequently, ¢ constitutes a solution for problem (1)-(2), thereby
concluding the proof. O

Theorem 3.1. Assume that

(A1) [[@(p(r) — (po()]| <5l —woll, ¢, vo €R
(A2) H%(t>¢(t)) - %(tv <P0(t)H S 5*"()0 - 900||7t S ¢> @, ¥o eR
(A3) |ho(t, 0,0(0)) — ho(r, o, 00(0))]l < dolle — woll
|1 (v, 0,0(0)) — ha(r, 0, 00(0)|l < 55l — ol (v,0) €G, ¢, o € R

[0+ 6% + 53] 8 [1€]6 + [€]6* + [€lag] ¢+ [€]50¢™+2

= w1 w2 11— &C|T(w + 2) 11— &C|T(w + 3)

1. (9)

In such a case, the fractional Volterra-Fredholm integro-differential problem (1)-(2) pos-
sesses a solitary solution that is unique.

Proof. To begin with, we establish the definition of an operator X : C(1),R) — C(¢),R) by

B = gy [ = B0 + 300 + [ ol (o))
¢

(1-&O(ro+1

1 ¢
+ [ mipap(o)ic]dp+ [ €= [ + 30l
o 1
[ ol g+ [ s ple)) o]
and we consider the subset M, of C(¢),R) defined by

M ={p e C(¥,R) : [lp] < £}

where £ is carefully selected as a strictly positive real number in order to ensure that

[@ S ng) | hg (16127 + 11" +lglng | ¢+ " |¢|ng¢o+2
¢> T+ " Tw+2) =& (w+2) [[—&cT(mT3)
T Dol g [lesre s lontt jgpemte

Twtl) — T(w+2) [T=&CT(w+2) [EYACES)

with

o = |2(0)|, S =sup|S(p,0)|, hg = sup |ho(p,0,0)|, ] = sup |hi(p,o,0)|.
peJ p.c€D p.c€D

Subsequently, we proceed to demonstrate that the operator R has a unique fixed point
within the range of M, which is identical to the unique solution to the equations (1)- (2).
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Our proof entails two steps.
[(Re )(t)\t
= 7 [ e [ + 30 + [ o ool

1
€ w
+ rmp,o,so(a))rda}dw(l_ ey € e et

1
+ Ig(u,w(u))l+/0#|ho(ﬂ,w,w(w))ldw+/0 Iﬁl(u,ww(w))ldw}du
1

< oy | o R — 2O)] + [2(0)]dp

W)
¥ 1“1m)/t(t— 0" (1900 2(0)) — $(0.0)] +13(p.0) Jdp
)] / " l/op [holp..2(0)) = ho(p. ,0)] + [Bo(p. 7, 0)] | dedp
1
e / - 1/0 h1(p.0.0(0)) — a(p, 0, 0)] + [ (p, 0,0)] | dodp
. €] /C(C )P[0 (1)) — B(0)] + [B(0)]] dy
11— &¢I (v + 1) Jo

€] " PTs 3 3

* D Jy € 10Ut 9001+ 19 0l

¢ 7
|1—5<||1€|<m+1> /0 (C=m® /0 (17201, 9()) = Fio (12,0, 0)

4 e [
+ ol 0 dwde+ gt [ = [ I )

— (w0, 0)] + (1w, 0)] | vy
Bllel + @ e 0% [lll + S*e®  [Sollell + Aglev (85l + R

SECES) T(wo+ 1) T(w0 +2) T(w+ 1)
n Ellollell + @*J¢™ el el + S*I¢™ | [€lollell + Rgl¢™t?
11— &¢I (o +2) 11— &¢I (o +2) 11— &¢I (o + 3)
4 1185 lloll + ApIC™H
11— &¢I (w0 +2)
Co[Braea) & [+ +ldadent | jgacmr ],
- I(ro+1) [(ro + 2) |1 —&C|0 (o + 2) |1 — &¢I (o + 3)
D N N 3 Sl T S L Tt
F(t’o—i—l) F(m+2) ]1—§C‘F(1‘0+2) ‘1—§C]F(l‘0+3)
)

Therefore ||| < ¢, which means that XM, C M,.

Step II: We shall show that R : M, — M, is a contraction. In view of the assump-
tion (V1), we have for any ¢, o9 € My and for each t € ¢
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< L /0 (e o) [1B(0(p)) — Bo0(o))]dp + - /0 (e o)™ |30 ()

~S(ulldo+ g [ €= [ 1.0 0(0)) = hal. s ol oo

L /Ot(t_p)ml /01 Uhl(p,g7¢(a))_hl(p,0,¢o(a))|]dadp

()
B .
gt | € W 1R0) — @) d
A o amli R
g . (€ 190 ) = S o)
A .
et 1) / / [ho(p, w, p(w)) = ho(uvw,wo(w))l}dwdu
A -
et 1) / / [ (b w, (W) = ﬁlwwmo(w»@dwdu
[0 + 6% + &¢] S [IElo+ 110" + Jeldgle €] 5o+
I(ro+1) (o 4 2) |1 — &C|T (o + 2) |1 — &CIT (o + 3)
<llp ~ poll

Using Banach’s fixed point theorem, we will demonstrate the existence and uniqueness
estimation (9), it can be said that XN is a contraction. When all of the requirements of
Theorem 2.1 are satisfied, the proof of Theorem 3.1 is finished, and in that case, there
exists ¢ € C(¢,R) such that N¢ = ¢, which is the only solution to Problem (1)- (2)
in C(¢,R). We will require some presumptions about this fact.

g
Theorem 3.2. Assuming the conditions (V1), (Va) and (V3) are satisfied, if
R4 O]l + 19+ (Bl [ < 1. (10)
1 =&y (w0 +2)

Consequently, C(1,R) on v has at least one solution to the fractional Volterra-Fredholm
integro-dierential problem (1)-(2).

Proof. Initially, we convert the problem (1)-(2) into a fixed point problem by defining the
operator N : C(¢,R) — C(¢,R) by

1

t o
(O] = o5 | =0 [0 + 30D+ [ Vol (o) ldo

1 5 ¢ o
+ [ ImGoptonide)ap+ gt (€= 900

w 1
10 )]+ [ ol el + [ ole)) ] d
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Prior to commencing the proof of our theorem, we break down the operator N into the
combination of two operators U and 0, where,

B = iy | 6= [#6000) + 30000 + [ halpr (o)
1
" /0 (0. 0, o(0))dor | dp
and
3 ¢ o N H
Op)(r) = (1_§<)F(m+1)/0 () [¢(w(ﬂ))+o(u,<ﬁ(u))+/0 ho(p, w, p(w))dw

1
+ / ha (ks w, sO(w))dW} dp.
0
For any function ¢ € C(1,R), we define the norm
lell = sup{lp(c)] : v € ¥}

The outcome of our existence will now be examined in various steps:

Step I:
Put
w1 = sup |D(p)], w2 = sup [S(p, )|, ,
pEqe (pyp)Edxae
- / \fo(p,0, p(0))ldo, s = sup / 1 (py 0, 9(0))dor
(p,0,0)EGXqe (p,0,0)EG X e

We establish the set. q; = {¢ € C(¢,R) : ||¢]| < ¢} as the An assembly of components,
with £ representing a positive real constant.

/> [ gl

|1 — &¢I (1w +2) +F(m+1) (w1 + @2 + w3 + @a), (11)

and prove that Uy + 9¢g € q, C C(¢,R). For each ¢, ¢g € q¢, and v € 1. It follows that
1 . o
el < gy | (6= 0" (190000 + 190Dl + [ 1ha(p.ple)ldo
¥ / b1 (p.c. o()do dp

IN

/0( _p)mfl{sup\q)(cp)w sup  [S(p, )]

(o) e, (pp)EYXay

P 1
v s [pop@)lde+ s [ finlp.oelo))ldo]d
(pso,p)EGXqe /O (psop)EGXqe 4O

w1 + w2 + w3 + wy
I'(w+1)

IN

Thus,

w1 + Wy + w3 + w4y
I(w+1)

(S ] [
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In a similar way, for ¢o € q¢ and ¢ € ¢, we find

[0¢o(v)] <

I3
|1 —&CP(ro+1

[ it el

€] /< .
< C—wp)?| sup [®(po)| + sup  [S(u, e
|1 - fqr(m + 1) 0 ( ) [@06% | ( 0)‘ (k,00)EY X0y ‘ ( 0)|

nw 1
o sw / o 0, go(@))ldew + sup / 1y (1 0, o0()) o | i
(1w 00 (wW)EGXq, J O (1,00 (w)EGXqe 4O

|€|[o1 + w2 + w3 + @y (L
- 1P (w+2)

¢
[ = 1@ttt + 0l + [ ot ol

Therefore,

|| [ + w2 + w3 + w4 crot

(13)

As a result, considering the inequalities (12)- (13), we obtain

B¢ + 00l < [[Op|l + [[00l
w1 + Wy + w3 + Wy ’f‘[w1+WQ+W3+W4]Cm+1

< I+ 1) 11— &CT(w + 1)

¢|¢ott 1
T |1-&T(w+2)  T(o+1) (w1 + w2 + @3 + w4)
< 0

This indicates that Uy 4+ 0o € qy.

Step 1T :
We establish that 0 functions as a contraction mapping on qy. By referring to the operator’s
definition and employing Fubini’s theorem, we can express this as follows:

g ¢ o o~
90) = Gt . (€ [P + et

+ /0 " o, 9lw))duo + /0 il o)) |

¢
— e (€ 7[R + 3ol

¢ r¢
+ 1- £C)§(m 1) /0 / (C—n)" [EO(M,M o(w)) + hi(p,w, go(w))]d,udw.
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Hence, for any ¢, ¢ € q¢ and v € 1 we can find

¢
e [ € w9 — 2t

+ 1S () — 3w, soo(u)l]du
€] I e
= To(p,w, po(W))] + [l (1, w, p(w)) = (4, w, wo(w))l}dudw
€] ¢ N
e, €~ [0 = ol
+ @(u)\sO(u)—%(u)ﬂdu

5 S
s T [ € Bl - e
+ M) — po(w)|dudw

€l
(11 =& (w +2)

[0p(r) — 0o (v)| <

IN

Rlle = @oll + [1Blle=lle — ol

+ (I9ller + [192lle)lle — on] ¢t

€l
(11 =& (w +2)

IN

R+ (18]l + (91l + Hﬁszl)] ¢,

Thus,

€l
1= &¢I (o +2)

[0p — Do < 0

R+ (Ol + [D1ller + [92[ler |] ¢l — oll.

Thus, utilizing equation (10), we can deduce that 0 functions as a contractions on a q.
Step III:

To demonstrate that U is a compact operator, we claim that U(_qg) is a compact subset of

C(1,R). We merely need to demonstrate this to do so. () is a uniformly bounded and

equicontinuous subset of C(¢),R).. To start, it is evident by inequality (12) that U(qy) is

uniformly bounded. Next, we will prove that 0(q,) is an equicontinuous subset of C (¢, R).

We have for any of these. ¢ € qy and for each tq,to € 1 where t1 < to:

[Bp(t1) — Bp(ra)]

— 7 | V=0 19D+ 130 0(0))

1

1
+ [lhoto.optoNldr + [ Imp.op(e)ldo]dp

+r(1m) /0” (62— p)"~1 — (r1 — p)™ ] [|<I>(g0(p))| +1S(p, 0(p))]
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P 1
+ /0 (., ()| do + /0 17 (p, 0, 0(0))|do|d

<t L 1= [ = e = )

1

x| sup [0(2)|+  sup  [S(p, )]
e (pyp)Ebxae

+ o [ hopist s [ e

(PvU#’)EQXlM 0 (p70'¢7 ngq[
w1 + wa + w3 + Wy

[2(t2 —v1)" + ) — 7]

I'(w+1)
w1 + wo + w3 + Wy fo
Tty (2]
—> 0 as t; — to.
Then
[0¢(x1) = B (e2)[| = 0,
which means that U(qy) is equicontinuous. O

Lastly, considering the continuity of ®, <, kg and Ay, it can be inferred that the opera-
tor U : q¢ — q¢ is continuous. Consequently, the operator U is compact on q,. With this,
all the conditions of Theorem 2.2 are satisfied. Thus, the operator X = U + 0 possesses a
fixed point in q,. As a result, the fractional Volterra-Fredholm integro-differential problem
(2) has a solution ¢ € C(¢,R). This concludes the proof of Theorem 3.2.

4. AN APPLICATION
Example 1. Consider the following nonlocal fractional integro-differential problem:

1 1 vt 2(o—t) 1 ot
Cpi 1 _v() / e / e "

P(0) = /0 " p(o)do. (15)

1
1S(t, ) — S(t, 00)| < %Wp — o]

’ho(t, 0390(0-)) - ho(t, g, (po(O’)) ”gp ‘POH

< 45
and

[P (v, 0, (o)) = (v, 0, po(0))| < 25H<P ol-

Currently, the conditions (A;) — (Ag) are fulfilled, given that: § = 5, 6* = o,
1

% and dy = 5z, subsequently, through a series of calculations, it is determined that.

5o =
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e — |04 d] G0 [0+ IElor + gl jeldocmt?
(o +1) (o +2) |1 — &CI0 (o + 2) |1 — &C¢|0 (o + 3)
= 0.33<1.

Therefore, by applying Theorem 3.1 the problem (14)-(15) has a unique solution on 1.

Example 2. Consider the following nonlocal fractional Volterra-Fredholm integro-differential
problem:

1 1 9 (t) v 263t 1 et+1
OD3, p(t) = — cos’ L4 d —_p(o)do (1
040(6) = g5 os(6l0) + peitz + | mre()in+ [ m—eleys (10)

0.3
o0 =15 [ el (17)

Then for ¢, oo € RT and v € [0,1] we have:

1
|@(p) — @(p0)| < Bllso — o]

’d’(za@) _¢(27§00) ||90_<;00||

2
| < —=
15 + 3e?
1
o (v, 0, 0(0)) = ho (v, 7,00 (0))] < 2™l =
and )
71 (v, 0, 0(0)) = B (¥, 0, 00(0)) < g™ o = ol -
Currently, the conditions (V1), (V2) and (V3) are fulfilled, given that & = 1,
O(r) = ﬁ, 91(z) = %63" and $9(z) = %6”1, where ||O| g = %,

191]|e1 = 1—15(63 —1), [[92]ler = §(e — 1) subsequently, through a series of calculations, it
is determined that.

€]
1= &y (o +2)
The confirms that the (10) condition is true. This leads us to conclude that the nonlocal
(FVFIDE) problem (16)-(17) has a solution on ¢ by using theorem 3.2.

R+ 0]l + |91 1 + [[92]] 1 [¢°FT = 0.1461 < 1.
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