Palestine Journal of Mathematics

Vol 13(3)(2024) , 312-319 © Palestine Polytechnic University-PPU 2024

Existence and uniqueness results for a nonlinear fractional Volterra
integro-differential equation with non-local boundary conditions

S. ABDELKEBIR

Communicated by Ayman Badawi

MSC 2010 Classifications: Primary 35R11; Secondary 26A33, 42B05.

Keywords and phrases: Volterra fractional integro-differential equation, Caputo fractional derivative, fixed point theorem.

The authors would like to thank the referee for his/her careful reading and valuable comments, which greatly improved the paper.

This research work is supported by the General Direction of Scientific Research and Technological Development (DGRSDT)-Algeria.

Abstract In this article, we explain the existence and the uniqueness of the solutions associated with
the non-linear fractional integro-differential equation of Volterra for the fractional derivative of Caputo
of values at local conditional limits.

This work is mainly based on the application of the theory of fixed points in the Banach space. This
work will be supported by an example at the end .

1 Introduction

Fractional differential equations are considered as one of the most important fields in mathematics
through the last years, and they will also accept especially that they have wide applications in many
branches, including: chemistry, physics, biology, engineering,

In this work we look for possible solutions to the non-linear Fractional Volterra equation:

“Deu(t) = ht) + )\/Ot k(t, ) (s, u(s))ds, (1.1)

with two non-local boundary conditions,

au(0) + bu(l) = p1, i €R, (1.2)

and

cu'(0) +du (1) = pia, 2 €R, (1.3)

where ¢D“u(t) denotes the a-fractional order derivative of u(t) in the Caputo sense. The kernel k(¢, s)
and the function h(t) of these equations are given real-valued functions, a, b, ¢ and d real numbers, and
u(t) is the unknown function, X a fixed numerical parameter.

Many researchers have studied Volterra’s integro-differential equation [21, 16, 1, 17] and [9], [10].
The study of Volterra’s integro-differentiation equation was about searching for exact solutions

(See:[14],[4],[24],[3],...). On the other hand, some researchers searched for numerical methods in
order to find approximate solutions to this equation, (See:[6],[8],[23],[25],...).

In order to generalize the integral-differential equations, we generalize the fractional derivation of
Caputo for this equation to become under the name: "Fractional Volterra’s Integro-Differential Equa-
tion" (FVIDE). This fractional equation has been discussed in several works through finding exact and
approximate solutions. Among the works: [5], [25],[20] and [7]...

On the other hand, the Volterra fractional integral differential equation was studied with the Caputo-
Hadamard fractional derivative (see:[13]), in order to prove the existence and uniqueness of positive
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solutions to this equation with only an initial condition (see:[2]).

In this work, we generalize the initial condition of the Volterra fractional integral equation with a
Caputo fractional derivative to a non-local boundary condition. This condition has been mentioned in
several works on partial and fractional differential equations, (see: [12],[11],[22].)

2 Preliminaries

In this section, we give some definitions of the derivative and integral operator of Riemann Liouville
as well as the derivative operator of Caputo.[18, 19] And also the definition of fixed point theory.

Definition 2.1. [18] The Riemann-Liouville integral of order o > 0 of a function ¢ : [0,00] — R is
defined by

L[t pln)

(I°p)(t) = / dr, t>0, 2.1)
=T Jy =

wheren — 1 < a < n,ifn € N, D* = j%;. And I'(«) is the Euler’s Gamma function defined by

L(t) = [, 7"~ e~"dr with t € ]0, +00].

Definition 2.2. [18] The Riemann-Liouville fractional derivative of order « > 0 of a function ¢ :

[0, 00] — R is defined by

%0 0= () 1"9) )= rrs e | Gemrdn, (1= fa] +1.¢20). @)

Definition 2.3. [18, 19] The Caputo fractional derivative of order o € R for a function ¢ € C" [a, b]
is defined as

(°DYp)(t) = I""*(D")(t) for a>0,and (°D%)(t) = ¢(t). (2.3)
where I is gamma Euler’s function.

Proposition 2.4. [18] Let o > 0 and 3 > 0, for all p € £ [a,b], we have
= DE(17)(1) = (1) o
i) I¢(cD2) (t) = () — Sop=y TN pere, o € C™ [a,b] withn — 1 < a < n.

Theorem 2.5. [10, 15] Let X be a Banach space. Suppose the operator T :X —— X satisfies the
contractive condition,

|[Tw —Tv| < o|lu—wv| for:uvelX. 24
where, 0 < 1is a constant. Then T has a unique fixed point in X.

Lemma 2.6. Let ¢ € C'[1,2], a+b # 0 and c+d # 0, then the fractional boundary value problem (2.5),

DYu(t) =p(t), l<a<2,tel0,1] =, (2.5)
with two non-local boundary conditions,
au(0) + bu(1) = py, cu (0) +du' (1) = pa,  (p1,p2) € R x R, (2.6)

has a unique solution (2.7) written as follows

u(t) = F(la)/o (t — )% o(s)ds — Wb)rm)/o (1= $)°=(s)ds
bd ! a2 1 by
+ (a+b)(c+d)r(a—1)/0 (=8 els)ds + g ~ G ne 1 9) 2.7)

d ! o )
e , e

t.
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Proof. The general solution to problem (2.5), “D%u(t) = o(t) is

u(t) = I% (t) + co + it (2.8)

Where (co, ¢1) € R x R. By the two boundary’s conditions (1.2),(1.3) we get,

(i) For condition (1.2), we have: au(0) + bu(1) = py, with: a + b # 0.

1 ' a-l 1 : a—1
! w/o(o_s) pla)ds teo en x 0 +b<1"(a)/0(1_5> @(s)ds +co+c x 1] = py,
=0
we obtain
(a+b)co+ber = —b/l(l— )" p(s)d 2.9)
a co +ber = ) Jo s o(s)ds. .

(i) For condition (1.3),and by differentiating formula (2.8), we find,

= —1 t —8)* “p(s)ds + ¢
u(t)—l_,( )/O(t V2 2p(s)ds + c1, (2.10)

a—1

we have: cu/(0) + du'(1) = pp, with: ¢+ d # 0.

1 0 a—2 1 : a—2
c 1"(&—1)/0 (0—9)*""p(s)ds+c; | +d <F(a—1)/0 (1 —8)*""p(s)ds+c1 | = ua,
=0
we obtain
d : )
=] (1-5)>? : 2.11
AT T erd(a— 1)/O (1=8)"e(s)ds + 255 @10
According to formula (2.9), we have,
(a+b)e —b/I(ls)“—‘ (s)ds—i—bd/l(ls)o‘z (s)ds — 2424
= " T(a) J, v c+dT(a—1) J, 7 c+d Hb
we obtain,
o= — b /l (1— s)a_l o(s)ds + bd /1(1 —5)*%p(s)ds
(a+b)I'(a) Jo (a+b)(c+d)I(a—1) Jo
LM bpz

(a+b) (a+b)(c+d)
(2.12)

Substituting the values of ¢ (2.12) and ¢; (2.11) in (2.8), we obtain the integral equation (2.7). O
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3 MAIN RESULTS

Through the result obtained in Lemma 2.6. We substitute the equivalent in formula (1.1) and get the
fractional integral equation,

u(t) = F(l) /Ot(t _ gyt <h(s) 4 A/OS k(s,T)f(T,u(T)dT) ds

(&%

_ (be)rm) /01(1 _ gyt (h(s) + /\/08 k(s,r)f(r,u(T)dT) ds

bd ! o s
+ T et dT@=1) A (1—3s) (h(s) +A ; k(s,T)f(T,u(T)dT) ds (3.1)

_(c_‘_d)rb(a_l)A (1—-s)272 (h(s) + A ()5 k(s’r)f(T,u(T)dT> ds‘| t

H2 0 bz
t — .
c+d a+b (a+b)(c+d)
In order to reach correct results, the formula (3.1) should be changed to the following format. By
the fractional integral equation (3.1), we have

+

+

u(t) = r(la) /Ot(t — s)oh(s)ds + F(Aa) [ (/Os(t - s)o‘lkj(s,T)f(T,u(T)dT) ds

: | o e | 5 — ) (s, 7) f(r,u(r)dr ) ds
—m/o (1 —5)*""h(s)ds (a+b)r‘(a)/0 </0 (1 Y (s, ) f (7, u(r)d )d
bd 1 a—2
+(a+b)(c+d)r(a_1)/0 (1 —5)*""h(s)ds

* (a+0b)(c idz)r(a ) /O1 (/Os(l — $)*?k(s,7) f(1, ’LL(T)dT) ds

d ! o
- (c+d)I'(a— l)t/o (1=9) Zh(S)dS

_ M?(a_l)t/ol (/05(1 - s)a%(sm)f(ﬂu(T)dT) ds

fe , M bua

Terd e T ot a
(3.2)

Using Fubini theorem, we get

L erade e A L et o) (s
u(t)—r(a)/o(t )* 'h(s)d +F(a)/0 </S(t ) Vk(r, )d>f(7 (s))d

1 1 1
o OO e ) (/ “T)“k(w)fh) s, u(s))ds
bd ! s
* (a+b)(c+d)F(al)/0 (1= 5)*"h(s)ds

* (a+b)(c idg)r(a 0 /01 (/:(1 —T)“‘2k(7,s)d7) F(s,u(s))ds

d ! o
- (c+d)T(a— l)t/o (1-9) Zh(S)dS

_ Mf")mt/()l (/St(l — 1) 2k(r, s)d7> f(s,u(s))ds

M2 I buz
t — .
terd Tary @rberad

(3.3)
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By changing the integration modes, we get the following

' 1 a—1 ! b a_l
u(t) = /0 m(t - S) h(S)dS — /0 W(l — S) h(s)dg
bd d 1 o
" {(a+ Det+d(a—1) (c+d)T(a— 1)4 /0 (1—5)**h(s)ds

N a1 b b -
+ (/ IR LD Mree iUSEy k(r,s>d7> £ (5, u(s))ds

bd d ! 1 s
+)\{(a+b)(c+d)l“(a1)_(c—|—d)r(a1)t}/t </ (1—7) k’(T»S)dT> f(s,u(s))ds

P2y bua
c+d a+b (a+b)(c+d)

+

(3.4)
We define the operator 7:X — X and X be a Banach space : X = (C'[0,1],R),

with all continuous real functions on [0, 1] to R, and the norm w is ||u|| = sup,¢ ; [u(t)],
So, we write T'u(t) as follows

' 1 a—1 ! b a1
Tu(t) :/O @(t—s) h(s)ds—/0 m(l — ) 'n(s)ds
bd d 1 -
" [( Dic+dI(a—1) (c+d(a—1) ]/0 (1 —s)*""h(s)ds

/(/ gt 1k(73)d>f( u(s))ds

A [(a +b)(c f ACa—1) (c+ dﬁ(a - l)f] Al (/:(1 — 1) k(T s)dT> f(s,u(s))ds

%) i bua

tord A (a+b)(ct+d)
(3.5)
In order to obtain final results in the latter, we present the following hypotheses:
1) Let J =[0,1], f:J x R — R be continuous function, so f is a lipschitzian function,
36 >0,|f (t,x) — f(t,y)| < d|x —yl, forall (¢,z),(t,y) € J xR.
2) Suppose that,
—(1— 2—a
( ) ( S) ) h(’ll ( ) (36)
k(r,s)=(1=7)""ki(r,5),

with, h; (s) is a continuous function, and k; (7, s) is a continuous function with respect to 7.
From formula of the operator 7" and according the formula (3.6) we conclude that,

A= (a+b c+d ‘+ |c+d|

2—a
Il] = sup,c.; \(1 =) hi (3)| < |l (3.7)
M =sup, s (1= 7"k (7,5)| < sup, . ki) = M

Use of fixed point theorem [1],[10] we demonstrate that the operator 7" is a contraction operator on
space X.

Note that v is a fixed point of the operator T' = T (u) = w if and only if u is solution of the problem
(1.1) with non local boundary conditions attached to the problem.
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Theorem 3.1. Suppose that the previous hypotheses are satisfied. The problem (1.1)-(1.3) have a unique
solution if

Mla+2) " 20(a—1) 38

I\ M5 A¢A|AT51 X

Proof. For all u,v € X, According to hypotheses H; and H,, we have

(Tu(t) = 7o(0) = | [ ( / @(t—ﬂa—lms)m) [F(s,u(s)) — f(s,0(s))] ds
bd d bt o2
+Aha+w®+®Fm—1Y_@+@Ha—U4£(A(L”O K(r, 8)dr) [f (s, u(s)) — £(s,0(s))]ds] .

([ = =" b ) e ) 7o ats) = s 05 s
A ha e T (c+d>1:i<a = [ (/ b)) o)~ S o) |

B [ ([ ) it ([ )

|A|A16 L ANMS
= T+ — vl |2t —1].
Tla 1 )H ol [t (o - )II I ]
ANMs  ANMS ol
Ta+2)  20(a—1)| """
and we get
[Tu(t) = Tv()] < o flu—v]. (3.9

Since o < 1, therefore, the operator 7' is a contraction, we conclude that the problem (2.5) with the non
local conditions have a unique solution in all X. O

Example 3.2. Let the fractional integro-differential equation mentioned in formula (1.1), with the two
non-local conditions (1.2),(1.3) such that:

e, 2, A= %,a: Lb=2c=d=1,u =1+42e, up =2e, f(t,u(t)) :u(t)et2,k;(s,t) =ts,
and h () = Lt + (42 +2)et” — Lt
From hypothesis Hj, f is a Lipschitzian function, we have,

F(tu(®) = f o @) = [ub)e” —v(t)e”
e u(t) — v (1))

< t
max e u(t) — v ()

=elu(t) —v(t).

So for all (¢, ), (t,y) € J xR

[f (tu(®)) = f (o (@) <elult) —o@)].
It is clear that,
d=e~ 2718, M =sup, ;c;|k(s,t)| =1= M, and |h| = sup,.; |h(t)] =4
So the fractional integro-differential equation with these data in this example is as follows,

t
CD“M@):%#+@#+2k¥—%wﬁ%i%A4wu@ﬁ§®,ae]Lﬂ. (3.10)
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+ Fora =2in (3.10), u(z) = e® is a solution to the following classical equation

" 1 1 I
u (t) = —t+ (46> + 2)@’52 — e 4 / 4tsu (s) e ds, (3.11)
4 4 4 Jo
with non-local boundary conditions,
w(0) + 2u(1) =1 4+ 2e, (3.12)
u (0) +u (1) = 2e. (3.13)
According to formula (3.7) we calculate A,
bd d 2 1
(a+b)(c+d))’+ c+d‘ = ‘3 x 2‘ * ’2‘ ~0.833.

We calculate the value of o from the example data, with o = 1.5, we have

INM'S  ANMGS|  [025x1x2.718 L 0833x0.5x1x2718
Ta+2)  2T(a—1)| [(3.5) 20(0.25)

~ 0.3641345704 < 1.

By theorem 3.1, we can say that problem (3.10) with non-local conditions (3.12) and (3.13) have a
unique solution.

4 Conclusion

In this work, we prove the existence and uniqueness of the Fractional Volterra Integro- Differential
Equation solutions of the Caputo sense, with non-local conditions. This work is a generalization of the
existence and uniqueness proof of the solutions to the ordinary Volterra integral equations.
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