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Abstract

In this paper, we study the existence and the uniqueness of the solution of the non-local problems of q-fractional functional
integro-differential equation with non-local g-integral condition. The continuous dependence of the solution will be studied.
Two examples will be given to illustrate results.
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1. Introduction

g-calculus, This area of research has several applications, see [2, 10, 11] and references therein. There
are several developments and applications of the g-calculus in mathematical physics, the theory of rel-
ativity and special functions [1, 4]. In several papers [13, 15], integro-differential equation with infinite-
point boundary conditions have been studied. In [5-7] El-Sayed et al. introduced and studied integro-
differential equation with infinite-point boundary conditions.

In this paper, we are concerned with g-fractional functional integro-differential equation

dx 5

P f(t, x(t), Igg(t, x(t))), ae te(0,1], (1.1)
with the non-local g-integral
1
J x(s)dgs = xo. (1.2)
0

The existence and the uniqueness of solution, under certain conditions, will be proved. The continuous
dependence of the solution on xg, will be studied.
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Importance of fractional differential equations appears in many of the physical and engineering phe-
nomena [13]. Problems with non-local conditions and related topics were studied, for example [6, 7, 9].
The attention of researchers subject of g-differential equations appeared in recent years [17]. Noted re-
cently the attention of many researchers is in the field of fractional g-calculus [3, 14, 18, 19].

The paper is organized as follows. In Section 2 some necessary definitions and results are recalled
from the literature and the equivalence g-fractional functional integro-differential equation (1.1) with non-
local g-integral condition (1.2) is given. In Section 3, we study the existence of continuous solutions of
the problem (1.1)-(1.2). In Section 4, we establish the existence of exactly one solution of (1.1)-(1.2). In
Section 5, the continuous dependence of the solution is studied. In Section 6, two examples are given to
demonstrate the main existence result. Finally, the conclusion of our work is introduced.

2. g-calculus

First, we write the basic definitions of the g-fractional integral and q-derivatives, for more details.

e Let a real parameter q € (0,1), we define a g-real number [a]4 by

1—q°

-, R.
1—gq ac

[a}q =

A g-analog of the Pochhammer symbol (g-shifted factorial) is defined by

(@:q)n = 1, n =0,
4 Qn = " M1—aql), neN.

The g-analog of the power (a —b)™ is given by
N 1, n=0,
(a=b)" = { [T (a—bq), neN, a,beR.
e Also,
(a=1)" =a™(b/a;q)n, a #0.

Notice that, limy . (a; q)n exists and we will denote it by (a; q)so
More generally, for A € R, aq® # q ™ (n € N), we define

(b/a; q)oo
(CI)‘ b/a; q)oo

_ (@ d)w
(aq?; q)oo

The g-gamma function is defined by

(a; q)a and (a—b)N = a

G(q")

, R—-{0,—-1,-2,...},
A—qr 16 "SR! J

I—‘q (t) =

where G(q') = . Or, equivalently, I'q(t) = 1;_1%, and satisfies I'q(t + 1) = [t]qTq(1).

(qq 1

Definition 2.1 ([2]). Let f be a function defined on [0, 1]. The fractional g-integral of the Riemann-Liouville
type of order & > 0 is given by

I2)(t f(t)’ 5 =0,
Uahit) = 157 Jolt— qs)®H(s)dgs = (1—q)%° 52, qHLiif(qlt), &> 0.

Lemma 2.2 ([16]). For & > 0, using q-integration by parts, we have

+(8)

5 _
TV = F 57y
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The equivalence of (1.1)-(1.2) and integral equation is given in the following lemma.

Lemma 2.3. If the solution of the non-local problem (1.1)-(1.2) exists, then the functional q-fractional integro-
differential equation (1.1)-(1.2) and the functional q-integral equation

1 rs
x(t) = i <11qs [xo —L JO £(8,x(8),15,9(6,x(0)))d0ds] +Lt f(s,x(s), 15g(s, x(s)))ds. (2.1)

are equivalent.

Proof. Let x be a solution of the non-local problem (1.1)-(1.2), integrating both sides of (1.1) we get

t

x(t) = x(0) + JO f(s,x(s), Izg(s,x(s)))ds. (2.2)

Using the non-local q-condition (1.2), we get

1 1 1 ps
Jx(s)dqs:J x(O)dqs+J J £(6,x(8), 15 9(6,x(0)))d0d s,
0 0 0JO

then

1 1 ps
x(0) = i dqs[xo —L JO £(6,x(8),15,9(6,x(6)))d0d gs]. (2.3)

Using (2.2) and (2.3), we obtain (2.1). To complete the proof, suppose that x satisfies equation (2.1),
differentiating (2.1) we obtain

d d 1 1 rs t
d—: = dt{f(l)dqs[xo —J J f(e,x(e),IZg(G,x(G)))deqs] Jo f(s,x(s),Izg(s,x(s)))ds}

0Jo
—o+ 4 tf( (s), 12 g(s,x(s)))ds = f(t,x(t), I3 g(t, x(t)))
= +dtL s, x(s), Igg(s, x(s s = f(t, x(t), I[qg(t,x
and
Jlx(’t)d ’czl[xo—J'1 r f(0,x(0) 159(6 x(0)))d0ds] Jld T—f—Jl Je (s, x(s) I‘sg(s x(s)))dsdqT.
0 d édqs 0do v qoq 0o Tz a

Then

1
J x(T)dqT = Xo.
0

3. Existence of solution

In the following theorem, using Schauder fixed point theorem [8], we establish existence of at least
one solution of (1.1)-(1.2).

Theorem 3.1. Let f : [0,1] x R> — Rand g : [0,1] x R — R satisfies Carathéodory condition, if there exist
functions c1 5 € L0, 1] and positive constants by 5 > 0 such that

If(t, %, y)l < ca(t) + bilx[+balyl, [g(t, x)| < c2(t) + balx],

and

¢ t 2b1b,
su ci(s)ds < My, su J Beo(s)ds < My,  (2bg + ) e [0,1),
te[ol?l} JO te[oﬁ] 0 9 (6+1)Fq(6+1)

then the non-local problem (1.1)-(1.2) has at least one solution.
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Proof. Define the operator A associated with the integral equation (2.1) by

1 1 ps t
Ax(t) = i dqs[xo—L L £(6,x(8), 15 g(6,x(6)))d0d gs] +L f(s,x(s), 15g(s, x(s)))ds.

Let Qr ={x(t) e R:||x]| < v}, where 1= |X°|+2M1+2%,bb1M2 . Then, for x € Q,, we have
1= (2014 iy sy )

Ax(t)] <

1 prs t
jljl ol +L L [£(6,x(8), 15 (8, x(6)))|d0d 4] +L (5, x(s), 13 g(s, x(s)))Ids
04qS

1 1 s
< Il dqs[IXoHL L (c1(8) + blx(6)] +b1131g(6,x(6))])d8dgs]

t
+ | erls) + k() + i gt xlshds

0
1 1 s s

< [|xO|+j (Ml+b1r+b1j 15]¢2(0) + balx(0)ldqs)]
0dqgs 0 0

t
+M;+bir+ blj Iz (c2(s) + balx(s)[)ds
0

s o
<

1
(%ol +J (M1 +bir+b1My + blber’
0

. mde” qu

1
fodqs
s
M{+Db biMy +bb _—
+ M1+ 017+ biMo + 12TJO T+ 1)
o 2bibor

= +2M; +2bi7 4 2b1M; +
[Tags T T )y (6 + 1)

t 5
ds

This proves that A : Q, — Q. and the class of functions {Ax} is uniformly bounded in Q..
Now, let t1,t, € (0,1) such that [t, — t1] < 6, then

1> t
|Ax(t2)_AX(t1)|:J f(s,X(S),Iﬁg(s,X(S)))ds—J f(s,x(s),15,9(s,x(s)))ds
0 0
rto
< | If(s, x(s), 15 g(s,x(s))ds)|ds
Jt
o
< | (ea(s) +brfx(s)|+ biIglg(s, x(s))ds)lds
Jt
rto 1) 5 to 56
< ds+ (tp—t)byr+by | I ds+bibyr | ————ds.
., ci(s)ds + (t2 — t1)byr + 1L1 gC2(s)ds + by 2TLI F o+ 1) $

This mean that the class of functions {Ax} is equi-continuous in Q.. Let xn € Qr, Xn = x(Nn — 00), then

from continuity of the functions f and g, we obtain f(t,xn (t), yn(t)) — f(t,x(t),y(t)) and g(t, xn(t)) —
g(t,x(t)) asn — oo. Also

1 ps
lim Axn(t) = lim [ 11 [xO—J J £(6,%n(0),159(6,x(0)))d0d gs]
t

+ L f(s,xn(s), Igg(s,xn(s)))ds} .
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Using (1.1)-(1.2) and Lebesgue dominated convergence Theorem [12], from (3.1) we obtain

1 ps
nlig;OAxn(t) = [fltli S[XQ—JO Jo f(G,xn(e),Ii’lg(e,x(e)))dedqs]
049

t
—l—J lim f(s,xn(s),Izg(s,xn(s)))ds = Ax(t).

0 n—o0

Then Ax,, — Ax as n — oo. This mean that the operator A is continuous. Then by Schauder fixed point
Theorem [8] there exist at least one solution x € C[0, 1] of the functional equation (1.1)-(1.2). O

4. Uniqueness of the solution

In the following theorem, we establish existence of exactly one solution of (1.1)-(1.2).

Theorem 4.1. Let f: [0,1] x R?2 — R is measurable in t for any x,y € R and continuous in x, y for all t € [0, 1]
and g : [0,1] x R — R is measurable in t for any x € R and continuous in x for all t € [0,1]. If there exists
by > 0 with

f(t,x,y) — f(t, w,v) < bilx —u[+bily —v[ and |g(t,x) — g(t, u)| < balx —ul,
then the solution of the non-local problem (1.1)-(1.2) is unique.
Proof. Let x,y be two the solution of (1.1)-(1.2), then

1
1
fo dgs
t

1 rs
_ ﬁ(li S[XO—L JO £(6,4(6),15,9(6,y(0)))d0ds] —JO f(s,y(s), I g(s,y(s)))ds|
0*+4

1 s
< Ilji s JO L 176, x(0), 15,98, x(0))) — (8, y(8), 1%,9(6,y(6)))]d0dlys
0 9q

t
+ | (s, x(s), 159(s,x(s))) — (s, y(s), 15.9(s,y(s)))lds
0

1 ps t
)~y (0 = o | | f(e,x(e),Izg(e,x(e)))dedqs1+JO f(s,x(s), 13g(s,x(s)))ds

0J0

1 J'l JS 5
< |(b1]lx —yl| + b11glg(6,x(6))
Jb dgs JoJo a
t

—g(6,y(0))))d8dys +L |(by|lx —yl| + 113 g(s, x(s)) — g(s,y(s))])ds

2b1b; 2b1b;
<2b —y||+ —y|l = (2bg + —yll.
e=vll+ 5 s IF Y= @0 e gyl
Hence
2b1by
1—-2b — <0.
( 1+(6+1)Fq(5—|—1))HX Yyl

since (2b1 + Wﬁ%m) < 1, then x =y and the solution of the non-local problem (1.1)-(1.2) is unique.

O



R. G. Ahmed, S. A. Abd El-Salam, A. M. A. Elsayed, J]. Math. Computer Sci., 29 (2023), 167-174 172

5. Continuous dependence
In the following, we give the definition of solutions continuously depend on initial data.
Definition 5.1. The solution x € C[0, 1] of the non-local problem (1.1)-(1.2) depends continuously on xy, if
Ve>0, 3 di(e) st Ixo—xpl<d1 = Ix—x%<e,

where x* is the solution of the non-local problem

d(;t — f(t,x"(1), L g(t,x"(1))), ae te(0,1], (5.1)
with the non-local g-condition
1
J x"(s)dgs = xg. (5.2)
0

Theorem 5.2. Let the assumptions of Theorem 4.1 be satisfied, then the solution of the non-local problem (1.1)-(1.2)
depends continuously on x.

Proof. Let x,x* be two solutions of the non-local problem (1.1)-(1.2) and (5.1)-(5.2), respectively. Then

1 ps t
Ix(t) —x*(t)] = |f(1) zqs [xo — Jo Jo f(e,x(e),IZQ(S,X(G)))deqs] + JO (s, x(s), Igg(s,x(s)))ds

1
_f(l)dqs
i Jl J 1£(6, x(0), 18 9(8, x(0))) — (6, y(8), I g(6, y(8)))/d0ds
e B

t
+ | If(s,x(s), 15 9(s,x(s))) — (s, y(s), 159(s,y(s)))ds
0

t

1 rs
_ * 5 * . « 5 .
[xo L Jo (0,x(0),I49(0,x"(0)))d0dgs] L f(s,x*(s), Iqg(s,x*(s)))ds|

Ixo — x5l 1 Los s
< J-ld + J‘ld 0 Jo |(b1||x_y||+b11q|g(elx(e))
09qS 09qS

t
—9(0,y(0))))d0dqs + L |(b1]lx =yl + baT§lg(s, x(s)) — g(s,y(s)))ds

o1 2b1b, o 2bib;

< +2by|x —y| + x—y|| = ——— + (2b; + )Ix —yll.
Hence
Ix —x*|| < ! =€
(Jo dqs)11 — (261 + sy )
This mean that the solution of the non-local problem (1.1)-(1.2) depends continuously on xy. O]
6. Examples

In this section we offer some examples to illustrate our results
Examble 6.1. Consider the following nonlinear integro-differential equation

dx _aov (X)) 21

It 31 e + IO.5§(cos(3t +3) +t2cosx(t) + e tx(t)), ae te(0,1], (6.1)
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with g-condition
1
J x(s)ds = xg. (6.2)
0
Set
In(1 t 12
f(t,x(t), I g(t, x(t)) = e  + w + §I§ (cos(3t 4+ 3) + t° cos x(t) + e tx(1)).
Then
5 3¢t 4 131 5 —t
[Tt x(t), [qg(t, x(t))) < t'e (I [+ 3155 5(cos(3t+3) + 7 cos x(t) + e *x(t))]),
and also , .
l9(t, x(t))] < lcos(3t+3)[ + ZIx(t)]
It is clear that the assumptions of Theorem 3.1 are satisfied with
1
c(t) =t € L'0,1), eft) = lcos(3t+3) € L'[0,1],
1 1 2b1b, 2 5
bi=-, b=, 2bj+ =~ + 5——- =0.8390712688 < 1,
173 %273 PTG+ 3 Ins(D)
by applying to Theorem 3.1, the given non-local problem (6.1)-(6.2) has a continuous solution.
Examble 6.2. Consider the following nonlinear integro-differential equation
dx ;3 x(t) 1 tx(t)
=t"+t+1 I It+3)+ ), ae te(01], 6.3
dt A +\/t+3Jr 054(Sm( - )+2t(1+X(t))) e telod (62)
with g-condition
1
J x(s)ds = xq (6.4)

Set
5 s x(t) 1 _ )
f(t, x(t), [qg(t, x(t) = * +t+1+ m+41q(51“ B3 2ty
Then
5 5 1 53 tx(t)
(6 x(0), gLt x(t)] < €4t 1t 3+ 31§ i3+ 3) 4 5™l
and also

3, . 3
lg(s,x(s))] < 1|(81n2(38 +3)| + gIX(S)I‘
It is clear that the assumptions of Theorem 3.1 are satisfied with
3 1 3.2 1
ct) =t’+t+1eL'0,1], ca(t) = 1\(sm (3s+3)l € L'[0,1],

by = by =, 2b;+ ==+

8’ B+1rq(3+1) 3 2Mys(3)

2b;b 2 i
3 1b> 1 0.89864714178 < 1,
5

1
3/

by applying to Theorem 3.1, the given non-local problem (6.3)-(6.4) has a continuous solution.
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7. Conclusion

In this work, the existence of continuous solution using Schauder fixed point Theorem, its uniqueness,
and the continuous dependence of the g-fractional functional integro-differential equation on an initial
data have been studied. Some examples are introduced to illustrate the benefits of our results. In the
future, generalization of g-fractional functional differential equation in time scale can be examined.
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