symmetry

Article

Controlled S-Metric-Type Spaces and Applications to
Fractional Integrals

Nilay Ekiz Yazici (9, Ozgur Ege 2(%, Nabil Mlaiki >*

check for
updates

Citation: Ekiz Yazici, N.; Ege, O.;
Milaiki, N.; Mukheimer, A. Controlled
S-Metric-Type Spaces and
Applications to Fractional Integrals.
Symmetry 2023, 15,1100. https://
doi.org/10.3390/sym15051100

Academic Editor: Juan Luis Garcia

Guirao

Received: 28 April 2023
Revised: 11 May 2023

Accepted: 15 May 2023
Published: 17 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Aiman Mukheimer 3

Departments of Mathematics, Bursa Technical University, Yildirim, Bursa 16310, Turkey; nilay.ekiz@btu.edu.tr
Department of Mathematics, Ege University, Izmir 35100, Turkey

Department of Mathematics and Sciences, Prince Sultan University, Riyadh 11586, Saudi Arabia;
mukheimer@psu.edu.sa

Correspondence: nmlaiki@psu.edu.sa or nmlaiki2012@gmail.com

Abstract: In this paper, we introduce controlled S-metric-type spaces and give some of their properties
and examples. Moreover, we prove the Banach fixed point theorem and a more general fixed point
theorem in this new space. Finally, using the new results, we give two applications on Riemann-—
Liouville fractional integrals and Atangana—Baleanu fractional integrals.

Keywords: fixed point; S-metric; controlled metric type; fractional integral

MSC: 2010 Primary 47H10; Secondary 54H25

1. Introduction

Fixed point theory is an exciting branch of mathematics. It can be seen as a mixture
of analysis, topology, and geometry. Since this theory helps to solve some mathematical
problemes, it is a rapidly developing field. Fixed point theory deals with the existence and
uniqueness of fixed points of functions, and the main problem is how to find them. The first
step in this field was taken in 1922 by Stefan Banach’s theorem known as the “Banach
Contraction Principle” [1] in the literature. Since then, new fixed point theorems have been
proved by many scientists.

Similarly, metric spaces are important for the area of fixed point. For a function
to be a metric function, it must satisfy three conditions. One of these is the symmetry
condition. Different types of generalizations of a metric space have been produced over
time. Some of them, such as G-metric space, were defined by Mustafa and Sims [2];
D-metric spaces wre defined by Dhage [3]; and D*-metric spaces were introduced by
Sedghi et al. [4]. Subsequently, some fixed point theorems have been proved in these
spaces [5-7]. Additionally, Sedghi et al. [8] introduced the notion of a S-metric space and
represented some of its properties.

After introducing the b-metric space [9,10] as a new generalization of the metric
space, an extended b-metric was defined in [11]. Mlaiki et al. [12] provided one of the
generalizations of the b-metric space. They introduced the concept of a controlled metric-
type space by applying the control function § : X x X — [1, c0) to the triangle inequality.
Many authors have since given different fixed point results and examples in this space.
For example, some of them are given in [13,14]. Various generalizations of controlled
metric-type spaces have also been defined [15-18]. Our motivation for this work is the
S-metric spaces and controlled metric-type spaces we just mentioned.

This paper is organized as follows: In the Section 2, we give the required background.
In Section 3, we introduce a controlled S-metric-type space via the S-metric and control
function. This section also includes some properties of this space and some fixed point
results with supporting examples. Some examples in these sections also use symmetric
functions. In the last section of the paper, we give two applications. These applications are
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the Riemann-Liouville fractional integral and the Atangana—Baleanu fractional integral.
These two fractional integrals were chosen because the existence of their solutions is of
great importance in applied mathematics and engineering.

2. Preliminaries

In the following, we recall some definitions and results from the literature.

Definition 1 ([8]). Let © be a nonempty set. A function S : @ — [0, 0) is called S-metric if for
each 0,y,(,a € ©, it satisfies

(1) 5(0,1,8) 2 0;

(ii) S(0,1,0) = Oifand only if 0 = 5 = {;

(ii)5(0,1,0) < 5(6,0,a) + S(n,1,8) + S(Z, L, a).

Example 1 ([8]). Let © = Rand ||.|| be a norm on ©. Then,

S0,1,0) = ln+C—20[ +[n -

is an S-metric on ©.

Definition 2 ([12]). Let © be a nonempty set and o : @ x © — [1, 00) be a function. The controlled
metric type on @ is d : © x @ — [0, 00) that satisfies the following conditions, for all 0,1,( € ©:
(1) d(6,n) = 0ifand only if 0 = u;

(2)d(6,1) = d(n,9);

(3)d(6,1) < «(6,6)d(8,8) +a(Z,1)d(n,E).
Then, the pair (®, d) is called a controlled metric-type space.

Example 2 ([12]). Take ® = {0,1,2} and choose the function d as

X=1y;
x=1Ly=00ry=1,x=0;

~

~

d(x,y) =
(x y) x=0y=20rx=2,y=0;

~

iR = O

x=1lLy=2o0rx=2,y=1.

~

Take o : © x © — [1, 00) defined by
«(0,0) =a(1,1) =a(2,2) =a(0,2) =1

5 11
0{(1,2) = Z, 0((0,].) = E

and let o be symmetric. It is clear that d is a controlled metric type.

3. Main Results

This section includes the new results of this paper.

Definition 3. Let ® be a nonempty set and o : ©® x @ — [1,00) be a function. If a function
S : @ — [0, ) satisfies the following conditions for all 0,17,{,a € ©, then it is called a controlled
S-metric type and the pair (®, S) is said to be a controlled S-metric type space.

(1) 5(0,1,0) > 0;

(ii)S(0,1,0) =0=0=y=(

(i) $(6,1,C) < a(6,a)S(6,0,a) +a(y,0)S(y,,0) + (,a)S(Z, L, a).

Example 3. Let © be a nonempty set and (®, d) be a controlled metric-type space with a symmetric
functiona : @ x ® — [1,00). Take S : @ — [0, 0) as

5(6,1,) = d(6,0) +d(y,9).
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The conditions (i) and (ii) clearly hold. We only prove condition (iii).

5(0,1,0) d(6,2) +d(n,0)

a(0,a)d(0,a) +a(n,a)d(n,a) +2a(Z,a)d({,a)
20(0,a)d(0,a) +2a(ny,a)d(y,a) +2a(,a)d(g,a)
«(0,a)5(0,0,a) + a(y7,a)S(y,1,a) + a(,a)S(Z, ¢, a).

IN A

Consequently, S is a controlled S-metric type.

Example 4. Let © be a nonempty set and (®, d) be a controlled metric-type space with a symmetric
functiona : @ x ® — [1,00). Take S : @ — [0, 0) as

5(6,1,) = d(6,1) +d(0,8) +d(n, ).

It is easy to see that S is a controlled S-metric type.

Example 5. Choose © = {1,2,...}. Take a function S : © X ©@ x © — |0, 00) defined by

0, ©0=n=¢,

l . _ . .
o) = |l 10Tl

7, fCisevenand 6 = 1 is odd,

1, otherwise.

~

Consider . : @ x ©@ — [1,00) as

0, if6iseven and 1 is odd
w(8,m) =< 1n, ifnyisevenand 6 is odd.
1, otherwise

It is easy to show that conditions (i) and (ii) are satisfied. We should prove condition (iii).

Case 1: If 0 = n = , then (iii) is satisfied.

Case 2: All cases except Case 1, where 8,1, are in the domain set of the function S, are listed in the
table below .

Cases 0 N 4
1. even | even | even
2. even | even | odd

2.1. | even= | even | odd
even odd | even
even odd | odd
odd | even | even
odd | even | odd
odd odd | even

7.1. odd= | odd | even

8. odd odd | odd

N G | W

In that case, (®, S) is a controlled S-metric-type space.

Definition 4. Let (®, S) be a controlled S-metric-type space and {6, },>0 be a sequence in ©.

(1) A sequence {0y} is convergent to some 6 € © if, for each € > 0, there exists N = N(e) € N
such that S(0,,6,,0) < € foralln > N.

(2)  Asequence {0, } in © is called a Cauchy sequence if, for each € > 0, there exists N = N(¢) €
N such that S(0y,0,,0,) < € forall m,n > N.
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(3) A controlled S-metric-type space (©,S) is said to be complete if every Cauchy sequence
is convergent.

Lemma 1. In a controlled S-metric-type space, we have S(6,6,11) = S(n,1,0).

Proof. By the definition of a controlled S-metric type, we have
5(0,6,1) <a(0,0)5(6,6,0) +a(6,0)S(6,0,0) + a(n,0)S(1,1,0). 1)

Similarly,

S(n,1,0) < a(n,n)S(,n,m)+aln,n)S01,1,1) +a(0,17)S(6,0,7). 2)

From (1) and (2), we obtain

5(0,0,1) < a(n,0)S(n,1,0) < a(0,1)S(0,0,1). ®)

Since a(60,17) > 1, we conclude that S(6,6,7) = S(1,1,6). O

Theorem 1. Let (©,S) be a controlled S-metric-type space and T : © — © be a mapping such
that
S(T6,T6,Ty) < LS(6,6,n) 4)

orall 0,1, € ©, where L € (0,1). For 6y € O, take 6,, = T"6y. Suppose that
n pp

. w(Bi41,0i10) 1
Iim ————=2w (0,51, 0,) < —. 5
fnuz}i;% (0;,0;11) #(0is1,0m) < ©)

In addition, assume that, for every 6 € @

nlgr.}o a(6,,0) and nlg]go «(6,0,) exist and are finite. (6)

Then, T has a unique fixed point.

Proof. Consider the sequence {6, = T"6}. By using (4), we have
(6, 61, 0s1) = S(T"80, T"60, T"61) < L"S (8o, 69, 6;) for all n > 0. @)

For all natural numbers n < m, we have

(6, 01+1)S(On, On, 0n1) + (O, 011)S(On, 0n, 011) + a(Om, 01111)S (O, O, O 11)
20(0n, 0141)S (O, O, O 41) + (041, 0m) S (On 41, O g1, Om)

20(0n, 01+1)S(On, O, On1) + (1, Om) [(0n41, 0n12) S (0041, 01, Ont2)
a(0n+1,0n+2)S(0n+1, 011, Ont2) + a(0n12,0m)S (012, 0nt2, 0 )|

2001, 0,141)S(0n, On, 1) + 20(0p141, Om ) (041, 01042) S (01, 01, Onv2)
®(011,0m) & (0 s2,0m)S (012, 0n42,0m)

20(0n, 0141)S(On, O, On1) + 20(0n41, Om ) (011, 0n42) S (01, Onv 1, Ont2)

“(9n+1r gm)“(GnJrZ/ Gm) [2“(9n+2r 9n+3)5 (9n+2r 9n+Zr 9n+3)

“(6n+3/ Bm)5(9n+3, 9n+3r 9111)]

20(0,041)S(On, 0n, 0n 1) +20(0r111, O )& (01, 0142)S (011, 011, 00 12)
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+ 2a(0p11, Om)(On-+2, Om)a(On12,0n+3)S(Ont2, Onv2, Ont3)

+ (01, 0m) (02, 0m )2 (0n13,0m)S (013, 0n3, Om)

<
m—2 i

S 2“(6n10n+1)s(0n10n16n+1)+2 2 |:H a(ﬂj,Gm)}a(Gi,GiH)S(Gi,Gi,BiH)
i=n+1Llj=n+1

+ 2 H 91/9 m 1/9m—1/9m)

i=n+1

m—2 i )

S 2(’((9”,9”+1)Ln5(90,90,91)+2 Z |:H tx(ej,em):|0((91‘,91'+1)LZS(90,90,91)
i=n+1Lj=n+1

+ 2 H 91, Gm S(QO/ 90/ 91)
i=n+1

206(9;1, 9n+])LnS(90/ 90r 91)

m—2 i .
+ 2 2 [H oc(Gj,Qm)]oc(G,-,QiH)LZS(GO,GO,Ql)

IN

i=n+1Llj=n+1

+ 2 H 61/9 (Gmflrem)s(e()/GO/gl)
i=n+1

S 2&(9n,9n+1)Ln5(90,60,91)

i

+ 2 Z IT a(ej,em)]a(ei,eiH)L"S(eo,eO,m)

i=n+1Ltj=n+1

S 2“(6n/0n+l)L 5(90,60,91)

+ 2 Z Hoc } (6;,0,41)L'S(60, 600, 61).
i=n+1Lj
Let

Py }
Xp = Z( D((Gj,em)>0é(9i,9,’+l)Ll
]
Hence, we have

S(Gnr 61’1/ Gm) S (2“(91’11 6n+l)Ln +2<Xm71 - XVI))S(BOI 60/ 61)
25(60,60,61) (L"a(61, 0 11) + (X1 — Xun))-

From condition (5) and using the ratio test, we see that lim,_,. X, exists and the
sequence { X, } is Cauchy. If we take the limit for n, m — co, we deduce that

lim  S(6y, 60, 0) = 0. )

n,m—o0

Then, {6, } is a Cauchy sequence. Since (®, S) is a complete controlled S-metric-type space,
there exists # € © such that {6,} — 1. We next prove that u is a fixed point of T. By the
definition of a controlled S-metric type, we have

S(0ns1, 0011, 1) < 20(0,11,00)S (011,00 11,0n) + (00, 1)S(0n, 0, 11).
If we take the limit for n — oo, using (5), (6), and (8), we obtain

Jim S(6y41,041,4) = 0. 9
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Using the same conditions again, we have

S(Tu, Tu,u) = S(u,u,Tu)
< 20(u,041)S(u, 1, 0p41) + &(0pp1, Tu)S(Opy1,Ons1, Tu)
< 2a(u,0,41)S(u,u,0,11) + a(0,41, Tu)LS (0, 04, 1).

Taking the limit as n — oo and considering (6) and (9), we deduce that S(Tu, Tu, u) = 0,
that is, Tu = u. Finally, we show that u is unique. Assume that v is another fixed point of T
and u # v. Then, we obtain

S(u,u,v) = S(Tu, Tu, Tv) < LS(u,u,v).

Since it is a contradiction, it must be S(u,u,v) = 0, i.e., u = v. Therefore, T has a unique
fixed point. [J

Now, we introduce a family of functions to investigate some new fixed point theorems.
Let M be a family of all continuous functions such that M : R — R,. For some
k € [0,1), we consider the following conditions.
(N1) Forall 6,7, € Ry, if n < M(6,6,0,¢,1) with { <20 + 1, then 7 < k6.
(N2) Forally € Ry, if 5 < M(#,0,1,1,0), theny = 0.

Theorem 2. Let (©,S) be a complete controlled S-metric-type space and T : © — © satisfies
S(Te,T6,Ty) < M(S(6,6,7),S(T6,16,0),5(16,16,1),S(Tn,Ty,0),S(Ty, Ty,n)) (10)

orall 0,1, € © and some M € IN. For 6y € O, take 6,, = T"0y. Suppose that
7 pp

. a(0iy1,0i42) 1
sup lim —————"=2ux(0;11,0,,) < — 11
ng i—00 tx(ei, 9i+l) ( i+l m) k ( )
where k € (0,1). Moreover, assume that, for every 6 € ©, we have
Jijrgow(en, 0) and Jijﬂoa(e, 6,) exist and are finite. (12)

Then, we have the following:

(i) If M supplies (N1), then T has a fixed point.
(i)  If M supplies (N2) and T has a fixed point, then this fixed point is unique.

Proof. (i) Consider a sequence {6, = T"6y}. Using (1) and (4), it follows that

S(9n+1/9n+1/9n+2) = S(T0y, Ty, T0,11)
S M(S(Gn,Gn,9n+1),5(T9n,T9n,9n),S(T9n,T9n,9n+1),
S(TOu+1, TOn41,00), S(TOny1, TOny1,0n41))
M(S(0n,0n,0141), S (011, 0n+1,0n), S(On+1, 011, 0n41),
S(9n+2/9n+2/Gn)rs(9n+2r6n+2r9n+1))
= M(S(anen/9n+1)15(9n/9n,9n+1)101
S0, On,0n12), S(On+1,On+1,0n42))-

By the definition of a controlled S-metric -type space,

S(6n,0n,0n12) < 20(0n,0,41)S (00, O, 0141) + (0112, 01 41)S(Onv2, 0ng2, 0ng1).-
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Since M satisfies condition (N1), we obtain

S(9n+1/ 9n+1/ 9n+2) < kS(Qn, O, 9n+1)
< K"1S(6o,60,61)

for k € (0,1). Thus for all n < m, from (1) and triangle inequality,

S(Gnr 971/ 9711)

Hence, we have

5(97’!/ 071/ 9771) < 25(907 90/ 9]) [knlx(eﬂ/ 9n+1) + (Xm—l - Xi’l)]

ININ + + AN+ + IANIA

_|_

IN

IN

206(971/ 9n+1)5(9nr 97’1/ 9n+1) + “(9n+1/ gm)5(9n+1/ 9n+l/ 9711)

a(0n,0141)S(On, On, 01 41)

(011, 0m) [2a(011,0142)S (011, 0041, Ont2)
(012, 0m)S(On+2, 012, 0m)]

20(0n, 01+1)S (6, On, O i1)

2“(6n+lr Gm)“(6n+1r 9n+2)5(6n+1r On+1, 6n+2)
(041, 0m)a(0n12,0m)S (012, Ont2, Om)

20(6,,60111)S(0n,01,60,41)

m—2 i
)3 ( [T “(9]"9’")>“(9i/9i+1)5(9i19ir9i+1)

i=n+1 \j=n+1

2 I—I 91/9 m lremfllem)
i=n+1

2a(9n,0n+1 )K" S (80, 60, 61)

2 Z (1—[ (0;,0 ))“(91‘,9i+1)ki5(90/90/91)

i=n+1 \j=n+1

2 H 91/9111 km 13(9()'90’91)
i=n+1

20((9;1, n+1)kn (90, 90, 91)

2 ¥ (H e,,em>)a(Gi,9i+1>kfs<eo,eo,el)

i=n+1 \j=n+1
2 H 01/6 (917171/ Gm)S(GO/ 60/ 61)
i=n+1

2a(9n, 0,11)k"S (6, 60,601)

2 Z (H a(0;,0 )>“(Gi,9i+1)kis(90,90/91)

i=n+1 \j=n+1
204(6",6”+1)k”5(60,60,61)

2 (Hzx > (6;,0;41)k'S (60, 60, 61).

i=n+1

Above, we made use of (0, 77) > 1. Let

&_zﬁp )emmk

i=0

(13)
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By condition (11) and using the ratio test, we can see that lim;, . X, exists and the
sequence {X, } is Cauchy. Finally, if we take limit in the inequality (13) as n, m — oo, we
conclude that

lim S(6y,6,,6m) =0,
n,m—00
that is, {6} is a Cauchy sequence. Since (©,S) is a complete controlled S-metric-type
space, there is an element 6 € © such that {6,} — 6.
Now, we prove that 6 is a fixed point of T.

S(0i1, 001, TO) S(T6y, T6,, TO)
M(S(6n,04,0),5(T76,,16y4,0,),S(TO,, TOy,0),
S(T8,T6,6,),5(T6, T6,6))

M(S(Qﬂf On, 9)/ S(9n+1/ On-+1, 97!)/ S(9n+1r On+1, 9);

S(T6,T9,6,),5(T6, T6,0)).

IN

Since M € 9, using (10) and taking the limit as n — oo, we find
S(6,6,T0) < M(0,0,0,5(6,6,T0),S(6,6,T6)).

Since M satisfies condition (N1), S(6,6, T8) < 0, thatis, T8 = 6.
(ii) Let 0, 57 be fixed points of T. It follows from (1) and (10) that

5(0,0,n) = S(T6,T6,Tn)

M(S(6,6,1),S(T6,T6,0),S(T6,T6,4)S(Ty, Tn,0),S(Ty, Ty, 1))
= M(S(0,0,1),0,5(0,0,1),5(n,1,0),0)

= M(S(G,G,?j),o,5(9,9,17),5(9,9,17),0).

IN

By the fact that M satisfies condition (N2), we have 7 = S(6,6,17) =0,i.e., 0 =5. O
Corollary 1. In Theorem 2, if we choose M(6,1,{,s,t) = L6, then we obtain Theorem 1.

4. Some Applications to Fractional Integrals
4.1. Fixed Point Approximation to the Riemann—Liouville Fractional Integrals

Some mathematicians have been interested in Riemann-Liouville integral equations
and the fixed point approach method. We show that the existence and uniqueness of
a solution to the Riemann-Liouville equation via this method. The Riemann-Liouville
fractional integral is given in the following form:

RLpy _ r(lv) / " F(H)(x— LT (W) > 0, (14)

where v € R, f(x) € © (O is the set of all continuous functions from [0, 1] onto R) and
x,t € [0,1]. Using Example 3, we define distance S : ©® X ® x ® — [0, c0) by

S(f,8h) = d(f,h) +d(g h)
forall f(x),g(x),h(x) € ®and x € [0,1], where d : ©® x ©® — [0, o) defined by
d(f,8) = f(x) — g(x)|?
is a controlled metric type. Then, it is clear that S is a controlled S-metric type.
Now, we can show that (14) has a unique solution under the following condition:

1 (x — t)V_l(x — a)z"
2(x+1) [(x —t)v—1|

< L, where L € (0,1) and x # ¢.
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Define also an operator T : @ — © by

THE) = 5 [ OG-0 (15)

Seeing that the problem in (14) has a unique solution is the same as seeing that the
integral operator in (15) has a unique fixed point. Suppose that

S(Tf,Tf,Tg) = d(Tf Tg)+d(Tf,Tg)
= 24(Tf,Tg)

= 2|Tf(x) —Tg(x)]?
- 2‘r(1v) /axf(t)(x — ) ldr — r(lu) /ﬂxg(t)(x — )V ldt

z@%déﬂx—wVWQﬂﬂw—ng
2y ([ 160 1|dt) £(5)— g
S T i TS v1dQ|ﬂw—ng

. 1 (xit)v 1 (x—t)” x
= —Zrz(v)|<x_t>vl|( v ) |f() ()|
_ 1 (x—t)v! [(x—a)
a 2F2(1/) [(x — t)v1| ( ) If(t) —g(t )|

_ f\v—1 _ 2\2v
- 1“(1/2+ 1) . |(2 — t()f1|a) f(t) —g(B)?

< 2Ld(f,8)
= LS(f.f.8)-

Therefore, all the hypotheses of Theorem 1 are verified; thus, T has a unique fixed point.
Hence, the Riemann-Liouville fractional integral equation has a unique solution.

2

IN

IN

4.2. Fixed Point Approximation to the Atangana—Baleanu Fractional Integrals

Atangana and Baleanu [19] introduced the fractional derivative and integral operator
in the form of (16) in 2016. This study has been used in many fields of science [20,21].
In this part, we show that there is a unique solution to the Atangana and Baleanu frac-
tional integral.

Let ® = C([0,1],R), and define S : ® x ©@ x ® — [0,00) by S(f, g, h) = d(f,h) +
d(g,h) forall f(x),g(x),h(x) € ®and x € [0,1], where d : ® x ©® — [0, o) defined by

d(f.8) = 1f(x) —g(x)

is a controlled metric type. Then, it is obvious that S is a controlled S-metric type.
On the other hand, the general form of the Atangana and Baleanu fractional integral is

ML) = G 00+ g [0 (16

where v € (0,1], f(t) € O (O is the set of all continuous functions from [0, 1] onto R), and
x,t € [0,1]. Note that 8 is the normalization function such that 5(0) = B(1) = 1, that s, it
is a function in which the integral is equal to 1 in the interval of domain f.
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Now, we prove that the integral in (16) has a unique solution if the following condition

holds:
1—v av

Bw) T BT

Define an operator T4 : © — © by

< L, whereL € (0,1). (17)

Tanf () = G f@) + gtces [ F0 (=07 )

Thus, the existence of a unique solution (16) is equivalent to finding a unique fixed point of
the integral operator (18). Consider

S(Tf,Tf,Tg) = d(Tf,Tg)+d(Tf,Tg)
= Zd(Tf,Tg)
— 2Tf(x) - Tg(x)P

= 2|50+ g /0= a)

_ (1=v v e\
(ﬁ(V) 80+ gy /, 060 ‘”)

_ 1=V olx v * gyl - 2
= 2 (ﬁ(v) [f (%) — &( >]+,3(V)l"(1/)/u (x — )Y Ldt[£ (1) g(t)])
1-v — g(x v ! X — v—1 N 2
< 2 (ﬁ(v) [f(x) — &( )|+ﬁ(v)F(v)/ (x — £)' "Lt f(b) g(t)|>
. 1-v ) — o(x)| — v (x—t)|* - 2
= 2| (G =50~ g | H]If(t) 0]
_ 1-v B v (x Ll) 2
-7 (ﬁ(v) A O I A g(t)|)
1-v v (x —a) - 2
=2 (ﬁv) et v ¥ g(x)l>
< 2L[f(x) — g(x))?
< 2Ld(f,g)
= LS(f.£.8)-

Thus, all the hypotheses of Theorem 1 are verified, and T has a unique fixed point.
As a result, the Atangana-Baleanu fractional integral equation has a unique solution.

5. Conclusions

In this article, we introduced the notion of a controlled S-metric-type space. Some
examples and properties were given in this new space. Then, we proved the Banach
contraction principle in controlled S-metric-type spaces and a more general fixed point
theorem. As future work, researchers should prove new fixed point theorems in this new
space. Moreover, the fixed point approach used in this paper for the Riemann-Liouville
and Atangana-Baleanu fractional integral equations can be applied to other differential
and integral equations.
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