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Abstract

In this paper, we introduce the concept of a cyclic (x, 3)-admissible mapping type S and the notion of an («, 3)-(, @)-
contraction type S. We also establish fixed point results for such contractions along with the cyclic («, 3)-admissibility type S
in complete b-metric spaces and provide some examples for supporting our result. Applying our new results, we obtain fixed
point results for cyclic mappings and multidimensional fixed point results. As application, the existence of a solution of the
nonlinear integral equation is discussed.
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1. Introduction

The well-known Banach’s contraction principle has been generalized in many ways over the years
([5, 7,9, 13, 15]). One of the most interesting is the extension of Banach’s contractions to case of weakly
contractions which was first given by Alber et al. [3] in the framework of Hilbert spaces. Afterward,
Rhoades [16] claimed that the Alber et al.’s fixed point result in [3] is also valid in complete metric spaces.
In 2008, Dutta and Choudhury [12] extended the weak contractions by using the concept of an altering
distance function, i.e., a function that alters distance between two points in a metric space, which was
first introduced by Khan et al. [14]. They also established some fixed point results for such contractions
in complete metric spaces.

In 2012, Samet et al. [18] introduced the famous concept of a very useful tool for proving the existence
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theorems of fixed points which is called x-admissibility. Also, they established various fixed point theo-
rems for new nonlinear mapping satisfying some contractions in complete metric spaces. Later, in 2014,
Alizadeh et al. [4] introduced the similar notion with a-admissibility of Samet et al. [18], which is called
cyclic («, B)-admissibility. They also obtained fixed point results for nonlinear mappings concerning such
admissibility in the setting of complete metric spaces. Very recently, Sintunavarat [19] defined the notion
of a new admissibility type which is called x-admissibility type S. That is the motivation to write this
work. He also showed that the class of x-admissible mappings and the class of x-admissible mappings
type S are independent and proved fixed point results for nonlinear mapping including this new class in
b-metric spaces.

From above mentioned, we combine the concept of a cyclic («, 3)-admissibility with the idea in [19]
for defining the new type of a cyclical-admissibility called cyclic («, 3)-admissibility type S. We also give
some examples to show that the class of cyclic («, 3)-admissible mappings and cyclic («, 3)-admissible
mappings type S are independent. Moreover, we introduce the new contraction namely («, 3)-(\, @)-
contraction type S and give the sufficient condition to guarantee the existence of fixed point results for
nonlinear mapping satisfying such contractions in b-metric spaces. We offer an illustrative example to
indicate the validity of the hypotheses and degree of utility of our results. As an application of our results,
fixed point results for cyclic mappings, multidimensional fixed point results and the existence result of a
solution for the nonlinear integral equation are given.

2. Preliminaries

In this section, we give some notations and basic knowledges. Throughout this paper, we denote by
IN and R the sets of positive integers and real numbers, respectively.

2.1. History of various kinds of contractions
The first well-known contractions were first introduced by Banach in his thesis [6] as follows.

Definition 2.1 ([6]). A self-mapping T on a metric space (X, d) is said to be contraction if there is k € [0, 1)
satisfying

d(Tx, Ty) < kd(x,y) (2.1)
for all x,y € X.

In 1997, Rhoades [16] suggested the following contraction which was first introduced by Alber et al.
[3] in the setting of inner product spaces.

Definition 2.2 ([16]). A self-mapping T on a metric space (X, d) is said to be weak contraction if
d(Tx, Ty) < d(x,y) — @(d(x,y)) (2.2)

for all x,y € X, where ¢ : [0,00) — [0, 00) is a continuous and nondecreasing function with ¢(0) = 0 and
@(t) >0forallt > 0.

Remark 2.3. If we take ¢(t) = (1 —k)t for all t > 0, where 0 < k < 1, then the condition (2.2) becomes
(2.1).

Rhoades [16] also established the following fixed point result for nonlinear mappings satisfying the
weak contractive condition.

Theorem 2.4 ([16]). Let (X, d) be a complete metric space and T : X — X satisfies the weak contractive condition
(2.2). Then T has a unique fixed point.

In 1984, Khan et al. [14] introduced the concept of an altering distance function as follows.

Definition 2.5 ([14]). A function { : [0, 00) — [0, 00) is called an altering distance function if the following
properties are satisfied:

1. 1 is continuous and monotone nondecreasing;
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2. P(t) =0if and only if t = 0.

Note that if 1 is an altering distance function, then it commutes with max, i.e., (max{sy, s2,...,sn}) =

max{(s1),W(s2),..., P(sn)} for all sq,s3,...,sn € [0,00).
Here, we give some examples of an altering distance function.

Example 2.6. Let @; : [0,00) — [0,00),1 € {1,2,...,5} be defined by

(p1) @1(t) =ktforall t € [0,00), where k > 0;
(92) @2(t) =tk forallt € [0,00), where k > 0;
t2, te 0,1,
{ 1+vt—1, te(1,00);
(p4) @4(t) =at—1forallt € [0,00), where a > 0 and a # 1;
(p5) @5(t) =log(kt+1) for all t € [0, 00), where k > 0.

)
(p3) @3(t)
)
)

Then ¢ is an altering distance function for each i € {1,2,...,5}.

In 2008, Dutta and Choudhury [12] extended the concept of a weak contraction by using the concept
of two altering distance functions and proved the fixed point results for such contractions as follows.

Theorem 2.7. Let (X, d) be a complete metric space and T : X — X be a mapping satisfying the inequality
Y(d(Tx, Ty)) < b(dlx,y)) — e(d(x,y))
forall x,y € X, wherep, @ : [0,00) — [0, 00) are two altering distance functions. Then T has a unique fixed point.

Afterward, Dori¢ [11] (see also [1]) replaced the continuity of ¢ by “lower semi-continuous” and
proved the following results.

Theorem 2.8 ([11]). Let (X, d) be a complete metric space and T : X — X be a mapping satisfying the inequality

V(d(Tx, Ty)) < W(N(x,y)) — ¢(N(x,y))

forall x,y € X, where N(x,y) is given by

N(x,y) := max {d(x,y), d(x, Tx), d(y, Ty), d(x, Ty) +d(y, Tx) } /

2
P : [0,00) — [0, 00) is an altering distance function and ¢ : [0,00) — [0, 00) is a lower semi-continuous function

with @(t) =0 if and only if t = 0. Then T has a unique fixed point.

2.2. History of various types of admissibility

In 2012, Samet et al. [18] introduced the concept of an x-admissibility which is a very useful tool for
proving the existence of fixed points as follows.

Definition 2.9 ([18]). Let X be a nonempty set and « : X x X — [0,00) be a mapping. A self mapping
T:X — Xis said to be x-admissible if the following condition holds:

x,yeX axy)>1= «(Tx, Ty) > 1.
Example 2.10 ([18]). Let X = [0,00) and define T: X — X and « : X x X — [0, 0c0) by
Tx =+/x forall x € X
and

e Y, x2>vy,
o«(x,y)z{ oy

Then, T is x-admissible.
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In 2014, Alizadeh et al. [4] introduced the notion of a cyclic («, )-admissible mapping as follows.

Definition 2.11 ([4]). Let X be a nonempty set, T : X — X be a mapping, and «, 3 : X — [0, c0) be two
functions. We say that T is a cyclic («, 3)-admissible mapping if the following conditions hold:

1. «(x) > 1 for some x € X implies (Tx) > 1;
2. B(x) > 1 for some x € X implies (Tx) > 1.

Example 2.12 ([4]). Let X = R and T : X — X be defined by T(x) = —(x +x%) for all x € X and let
o, B : X — [0,00) be defined by x(x) = e* for all x € X and B(x) = e for all x € X. Then T is a cyclic
(«, )-admissible mapping.

Recently, Sintunavarat [19] defined the notion of a new admissibility type which called x-admissible
mapping type S.

Definition 2.13 ([19]). Let X be a nonempty set, s be a given real number such that s > 1 and «: X x X —
[0,00) be a given mapping. A mapping T : X — X is said to be an x-admissible mapping type S if the
following condition holds:

x,y € X with «(x,y) > s = «a(fx, fy) > s.

Example 2.14 ([19]). Let X =R, s =2 and mappings « : X x X — [0,00) and T : X — X be defined by

2442 3+tanh(2x+1), x € [3,4],
x(x,y) = * '+y ; XY € [3.’4]’ and Tx =< x
min{l, [x —y|}, otherwise, > x € [0,3) U (4, 00).

Then we can see that T is an x-admissible mapping type S. Moreover, T is not an x-admissible mapping.

2.3. b-metric spaces

In 1993, Czerwik [10] introduced the concept of a b-metric space which is a generalization of the
metric space as follows.

Definition 2.15 ([10]). Let X be a nonempty set and s > 1 be a given real number. Suppose that the
mapping d : X x X — [0, co) satisfies the following conditions:

(BM;) d(x,y) =0if and only if x =y;
(BMy) d(x,y) =d(y,x) forall x,y € X;
(BM3) d(x,y) < sld(x,z) +d(z,y)] for all x,y,z, € X.

Then (X, d) is called a b-metric space with the coefficient s > 1.

It is obvious that the class of b-metric spaces is effectively larger than that of metric spaces since any
metric space is a b-metric space with s = 1. The following examples show that, in general, a b-metric
space need not necessarily be a metric space.

Example 2.16. Let X = R and the mapping d : X x X — [0, c0) be defined by
d(x,y) = (x—y)?> forallx,y € X.
Then (X, d) is a b-metric space with the coefficient s = 2.
Example 2.17 ([19]). Let (X, d) be a metric space and the mapping o4 : X x X — [0, c0) be defined by
oa(x,y) =[d(x,y)]P forall x,y €X,

where p > 1 is a fixed real number. Then (X, 04) is a b-metric space with the coefficient s = 2P 1.
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Next, we give the concepts of b-convergence, b-Cauchy sequence, b-continuity and b-completeness in
b-metric spaces.

Definition 2.18 ([8]). Let (X, d) be a b-metric space. Then a sequence {x, } in X is called:

(a) b-convergent if there exists x € X such that d(x,,x) — 0 as n — oo. In this case, we write lim x,, = x;
n—,oo

(b) b-Cauchy if d(xn,Xm) = 0asn, m — oco.

Each b-convergent sequence in b-metric spaces has a unique limit and it is also a b-Cauchy sequence.
Moreover, in general, a b-metric is not continuous. So we need the following simple lemma about the
b-convergent sequences in the proof of our main result.

Lemma 2.19 ([2]). Let (X, d) be a b-metric space with coefficient s > 1 and let {xn} and {yn} be b-convergent to

points x,y € X, respectively. Then we have

1
—zd(x,y) < liminf d(xn, yn) < limsup d(xn, Yyn) < szd(x,y).
S n—00 n—o0
In particular, if x =y, then we have lgn d(xn,Yn) = 0. Moreover, for each z € X, we have
mn o0

1
—d(x,z) < liminf d(xn,z) < limsup d(xn,z) < sd(x,z).
S n—rco n—oo

Definition 2.20 ([8]). Let (X, dx) and (Y, dy) be two b-metric spaces.

1. The space (X, dx) is b-complete if every b-Cauchy sequence in X b-converges.
2. A function f : X — Y is b-continuous at a point x € X if it is b-sequentially continuous at x, that is,
whenever {x,,} is b-convergent to x, {fx,} is b-convergent to fx.

Definition 2.21 ([8]). Let Y be a nonempty subset of a b-metric space (X, d). The closure of Y is denoted
by Y and it is the set of limits of all convergent sequences of points in Y, i.e.,

Y :={x € X: there exists a sequence {xn}in Y such that li_r>n Xn = xh
n o

Definition 2.22 ([8]). A subset Y of a b-metric space (X, d) is closed if and only if for each sequence {xn}
in Y which b-converges to an element x € X, we have x € Y (i.e. Y =Y).

2.4. Multidimensional
n—terms

"
Let n be a positive integer, X a nonempty set and X™ denotes the product space X x X x --- x X. We
let {A, B} be a partition of Ay, ={1,2,...,n}, thatis, AUB = A;; and AN B = @. Then we denote:

Qap={0:An = An:0(A) C Aand o(B) C B}

and
Qg ={0:An = An:0(A) CBand o(B) C A}.

Henceforth, let 01, 03, ..., 0, be n mappings from A, into itself and let Y be the (n)-tuple (01, 02,...,0n).

Definition 2.23. ([17]) Let X be a nonempty set. A point (x1,x2,...,xn) € X™ is called a Y-coincidence point
of the mapping F: X™ — X and g: X — Xif forallie {1,2,...n},

F(Xoi (1) Xo;(2)7 - -+ 1 Xoy (n)) = 9Xi-

If g is identity mapping on X, then (x1,x2,...,xn) € X™ is called aY-fixed point of F.
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3. Uni-dimensional fixed point theorems for («, 3)-(1, ¢ )-contractions type S

In this section, we introduce the concept of a cyclic («, )-admissible mapping type S and prove the
fixed point theorems for such mappings.

Now, we present the new type of a cyclic («, )-admissible mapping so called cyclic («, 3)-admissible
mapping type S as follows:

Definition 3.1. Let X be a nonempty set, s be a given real number such that s > 1, T : X — X be a
mapping, and «, 3 : X — [0, c0) be two mappings. We say that T is a cyclic («, 3)-admissible mapping
type S if

1. «(x) > s for some x € X implies 3(Tx) > s;

2. B(x) = s for some x € X implies «(Tx) > s.

Next, we give some examples to show that the class of cyclic («, 3)-admissible mappings and the class
of cyclic (o, )-admissible mappings type S are different.

Example 3.2. Let X = [0,00) with s =2 and T : X — X be defined by

! x €[0,3) U (4,00).

3+|sinx|, x € [3,4],
Tx =
x+1

Define two mappings «, 3 : X — [0, 00) by

X2, x € [3,4], 2x,  x €34,
b { 1, otherwise, and - B(x) = %, otherwise.

Here we claim that T is a cyclic («, )-admissible mapping type S. If x(x) > 2, then we have x € [3,4]
and so Tx = 3+ |sinx| € [3,4]. Consequently 3(Tx) > 2. If 3(x) > 2, then we have x € [3,4] and so Tx =
3 +|sinx| € [3,4]. Consequently «(Tx) > 2. Then T is a cyclic («, 3)-admissible mapping type S. Further,
T is not a cyclic (o, 3)-admissible mapping. Indeed, if x =1 then «(x) =1, but B(Tx) = (1/2) =2/3 < 1.

Example 3.3. Let X = R with s =2 and T : X — X be defined by

X
Tx={ "% x € (—oo,—2] U{0} U [2, c0),
—(x+x3), otherwise.

Define two mappings «, 3 : X — [0, 00) by

2, x=0, 24lInlx+1], x € (—o0,—2]
a(x) =< x+cosh(3x+2), x€2,00), and PB(x)= { x ! L
N . e X, otherwise.
ex, otherwise,

Here we claim that T is a cyclic («, 3)-admissible mapping. If «(x) > 1, then we must have x € [0, c0).

Case I: x € [2,00), then Tx € (—o0,—1]. Clearly, in case Tx € (—oo,—2], we get 3(Tx) > 2 > 1. On the
other hand, Tx € (—2,—1], then B(Tx) = e~ "* > 1.
CaseII: x € [0,2), then B(Tx) =e ™* > 1.
If B(x) > 1, then we must have x € (—o0, 0].

CaseI: x € (—oo,—2], then Tx € [1,00). Clearly, in case Tx € [2,00), we get o(Tx) > 2 > 1. Otherwise,
Tx € [1,2), then a(Tx) =e™ > 1.
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Case II: x € (—2,0], then o(Tx) > 1.
Therefore T is cyclic («, 3)-admissible mapping. Moreover, T is not cyclic («, 3)-admissible mapping
type S with s = 2. Indeed, if x = 0 then «(x) =2 =s, but B(Tx) = p(0) = e’ =1 < 2.

Throughout this work, unless otherwise stated, F(T) stands for the set of all fixed points of self map-
ping T on a nonempty set X, that is,
F(T) :={x € X[Tx = x}.

Unless otherwise specified, we denote by ¥ and @ the following sets

Y:={1:[0,00) = [0,00) : P is an altering distance function}
and

O :={¢ :[0,00) = [0,00) : @ is lower semi-continuous with ¢(t) = 0 if and only if t = 0}.

Definition 3.4. Let (X, d) be a b-metric space with the coefficient s > 1 and «, 3 : X — [0, 00) be two given
mappings. A mapping T : X — X is said to be an («, 3)-(, ¢)-contraction mapping type S if and only if

xyeX, alx)Bly) =s=v(s*d(Tx Ty) <b(dlxy) —eldlxy)),
where P € ¥ and ¢ € O.

Theorem 3.5. Let (X, d) be a complete b-metric space with the coefficient s > 1, and T : X — X be an («, 3)-
(\p, @)-contraction mapping type S and the following conditions hold:

(@) Tisa cyclic («, p)-admissible mapping type S;

(b) there exists xg € X such that «(xg) > s and B(xg) = s;

(c) T is continuous, or

(c’) if {xn} is a sequence in X and it converges to x € X and B(xn) = s foralln € N then B(x) > s.

Then T has a fixed point in X. Furthermore, if x(x)B(y) > s for all x,y € F(T), then the fixed point of T is unique.

Proof. Let xg € X be a point in the assumption (b) and then x(xg) > s and 3(xg) > s. Define the sequence
{(Xn} by xn = T = Txn_1 for all n € IN. From the fact that T is a cyclic («, $)-admissible mapping
type S and «(xg) > s, we get B(x1) = B(Txg) > s which implies that «(x;) = «(Tx;) > s. Continuing
this method, we get «(xon) > s and B(xan_1) > s for all n € IN. By similar argument, we can see that
x(xon—1) = s and B(x2n) > s for all n € IN. This yields that «(xn) > s and B(xn) > s for all n € INU{0}
and hence «(xn_1)B(xn) > s for all n € IN. By the (o, 3)-(, @)-contractive type S condition of T, we have

¢(33d(xn/ Xn+1) < d)(d(xnflr Xn)) - (P(d(xnflrxn)) (31)

for all n € IN. Since \ is nondecreasing and s > 1, we get d(xn,Xn+1) < s3d(xn, Xnt1) < d(Xn_1,Xn)-
This mean that the sequence {d(xn, Xn1)} is nonincreasing and hence there exists some non-negative real
number r such that

lim d(xn,Xn41) =71. (3.2)
n—oo

Taking the limit supremum as n — oo in (3.1), by using (3.2) and the property of { and ¢, we have
P(s’r) < P(r) — (1) < P(n).
This which implies that ¢(r) = 0 and thus r = 0. Hence,

lim d(xn,Xns1) =0. (3.3)

n—o00
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Next, we prove that {x, } is a b-Cauchy sequence in X. Suppose the contrary, then there exists e > 0 for
which we can find subsequences {x,, (x)} and {x,, (i)} of {xn} with n(k) > m(k) > k such that

d(Xm (k) Xn(k)) = € (3.4)
and n(k) is the smallest number such that (3.4) holds. That is
d(Xm (k) Xn(k)—1) < €. (3.5)
By (BM3), (3.4), and (3.5), we get
€ < d(Xm (k) Xn(k)) < sld(Xm (), Xn(k)—1) + A(%n (10)—1, Xn (k)] < s€ 4 d(Xn (1)1, Xn (k) )-

Taking the limit supremum as k — oo in above inequality, by using (3.3) we get

€ < limsupd (X k), Xn(k)) < se. (3.6)
k—o0
Since,
d(Xm k), Xn (k) < SIA(Xm (k) Xn (k) +1) + AXn ()41, Xn (k)] (3.7)
and
d(Xm (k) Xn(k)+1) < sld(Xm k), Xn k) + A(Xn (k) Xn (k) +1)]- (3.8)

Taking limit supremum as k — oo in (3.7) and (3.8), by using from (3.3) and (3.6), we get

e < s(lim supd(xm(k),xn(k)ﬂ)) (3.9)
k—o0
and
lim supd (X (1), Xn (k)+1) < s%e. (3.10)
k—o0

By the inequalities (3.9) and (3.10), we have

©»|m

< limsupd (X (k) Xn(k)+1) < s%e.
k—o0

Similarly, we can show that

< lim supd (X, (k) 41, Xn (k) < s%e.

k—o00

»w|lm

Finally, since

S[A(Xm (k)41 Xm (k) + A(Xm (k) Xn (k) +1)]

d(Xm ()41, Xn(k)+1) <
< 8A(Xm (k)1 Xm (k) + 87 1A (Xm (k) Xn (1)) + A% (1), X (60) 1)),

it follows that

lim supd (Xm (1)1, Xn (k) +1) < s’e. (3.11)
k—o0

By (BM3), we get
s[d(Xm (k) Xm (k) +1) + A(Xm (k)17 Xn (k)]
$d(Xm (k) Xm (k) +1) + 21AXam (1)1 Xn (1) +1) F A% (1) 110 X (1)) (3.12)

Taking limit supremum as k — oo in (3.12) and using (3.3) and (3.6), we have,

d(Xm (k) Xn(k)) <
<

€ .
— <limsupd(Xpm k)41, Xn (k) +1)- (3.13)
S k—o0
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By inequalities (3.11) and (3.13), we have

€ .
- < llmsupd(xm(k)+1,xn(k)+1) < se. (3.14)
S k—o0

Since, a(xn, )B(xm,) = s for all k € IN. By the («, 3)-(1, ¢)-contraction type S of T, we have
V(2 d (Xm0 41, %n (k) 11)) < WA Xm k), Xn (1)) — @(A(Xm (1), Xn (k)))- (3.15)
Letting k — oo in (3.15) and using (3.14), (3.6), and the properties of 1 and ¢, we have

P(se) = <83 <:2>> <Y (S3lim Supd(xm(k)+1fxn(k)+l)>

k—o0

< tb(limsupd(xm(k),xn(k))> — @ (liggfd(xm(k),xn(k)o <P(se) —o(e).

k—o0

This implies that ¢(e) = 0 and hence € = 0, which is a contradiction. Therefore, {x,,} is a b-Cauchy
sequence. By the completeness of b-metric space X, there exists x € X such that

lim d(xn,x) =0.
n—oo

Assume that the assumption (c) holds, then we get

Iim d(Txn, Tx) =0.

n—oo
Since,
d(x, Tx) < sld(x, Txn) + d(Txn, Tx)]
for all n € IN U{0}. Taking limit as n — oo in above inequality, we obtain
d(x,Tx) =0

and hence Tx = x. Now, assume that the assumption (c’) holds, then we get &(x»)p(x) > s. Since T is an
(o, B)-(1, @)-contraction mapping type S, we have

B(s*d(xn+1, Tx)) < ¥(d(xn,x)) — @(d(xn, X)) (3.16)

for all n € IN. Taking the limit supremum as n — oo in (3.16), we get P(s3d(x, Tx)) < 0. Hence,
d(x, Tx) =0, that is Tx = x.

For proving the uniqueness of fixed point of T, suppose that x and x* are two fixed points of T with
x # x*. From the hypothesis, we obtain that «(x)p3(x*) > s. Since T is an («, 3)-(\, @)-contraction
mapping type S, we have

P(s’d(x,x*)) = P(s*d(Tx, Tx*)) < P(d(x,x*)) — @(d(x,x*)) < p(d(x,x*)).
This yields that s*d(x, x*) < d(x,x*), which is a contradiction. Hence x = x*. This completes the proof. []

Example 3.6. Let X = R with the b-metric d : X x X — [0, 00) given by d(x,y) = (x —y)? for all x,y € X.
Then (X, d) is a complete b-metric space with the coefficient s = 2. Define the mappings T : X — X and
o, B : X —[0,00) by

2, ifxel0,00), 2, ifx € (—o0,0],

— _ginh 1% _ _
Tx = —sinh 4 forall x € X, «fx) = { 0, otherwise, and - B(x) = { 0 otherwise.
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Also, we define { and ¢ by P(t) =kt and ¢(t) = % forallt € [0,00), where 1 < k < 2.
Now we will show that T is a cyclic («, 3)-admissible mapping type S. Let x(x) > s = 2 for some
x € X. Then x € [0, 00) and Tx € (—o0,0]. Thus B(Tx) > 2. Similarly, if (x) > s = 2 for some x € X, then
x € (—o0,0] and Tx € [0,00) and hence «(Tx) > 2. Hence, T is a cyclic («, 3)-admissible mapping type S.
Next, we will prove that T is an («, 3)-(1, @)-contraction mapping type S. Suppose that x,y € X such
that a(x)B(y) > s = 2. Then we get x € [0,00) and y € (—oo, 0] and so we have

4

X Yy 2 X
< _—— = = — — 2
\8k<4 4> 2(x y)

= Klx )2~ 5 (- y2 = bldlx y)) — pldlx y).

2
P(23d(Tx, Ty)) = 8k(Tx — Ty)? = 8k< sinh ™! Z —sinh ! y)

Then T is («, B)-(, ¢)-contraction type S.

It is easy to see that there is xg € X such that «(xp) > s and B(xg) > s. Moreover, T is continuous.
Therefore, all conditions of Theorem 3.5 hold. So we can conclude that T has a fixed point, that is, a point
0eX

Remark 3.7. By using the same technique in Theorem 3.5, we can replace the condition (c) or (c’) by the
following condition:

e if {xn} is a sequence in X that converges to x € X and «(xn,) > s for all n € N, then x(x) > s.
From Theorem 3.5, we can proof the following corollary and then the details are omitted.

Corollary 3.8. Let (X, d) be a complete b-metric space with constant s > 1, o, 3 : X — [0, 00) be two given
mappings and T : X — X be a mapping satisfying the following inequality:

a(x)B(Y)b(s’d(Tx, Ty)) < b(d(x,y)) — @(d(x,y))

forall x,y € X, where \p € ¥ and @ € ©. Suppose that the following conditions hold:

(@) Tisa cyclic («, B)-admissible mapping type S;
(b) there exists xg € X such that «(xg) > s and B(xg) = s;
c) T is continuous, or
(c’) if {xn} is a sequence in X that converges to x € X and 3(xn) > s for all m, then 3(x) > s, or
(c”) if {xn} is a sequence in X that converges to x € X and x(xn) > s for all n, then o(x) > s.

Then T has a fixed point in X. Furthermore, if x(x)B(y) = s forall x,y € F(T), then the fixed point of T is unique.

It has been pointed out in some studies that the fixed point results for cyclic mappings can be con-
cluded from Theorem 3.5 under some suitable cyclic (e, 3)-admissible mappings type S.

Theorem 3.9. Let A and B be two closed subsets of a complete b-metric space (X, d) with constant s > 1 such that
ANB#0and T: AUB — A UB be a cyclic mapping, i.e., T(A) C B and T(B) C A, satisfying

P(s°d(Tx, Ty)) < ¥(d(x,y)) — e(d(xy) (3.17)
forall x € Aandy € B, where\p € Y and ¢ € ©. Then T has a unique fixed point in A N B.
Proof. Let &, 3 : X — [0, 00) be defined by

x(x) = s, ifx€aA, and B(x) = s, ifx € B,
“ 1 0, otherwise, “ 1 0, otherwise.
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Now we will show that T is an («, )-(1, ¢)-contraction mapping type S. Assume that x,y € X with
a(x)B(y) = s. Then we have x € A and y € B. By the inequality (3.17), we have

P(s°d(Tx, Ty)) < w(d(x,y)) — @ld(x,y)).

So Tis an («, B)-(, @)-contraction mapping type S.
Next, we will show that T is a cyclic («, $)-admissible mapping type S.

e If a(x) > s for some x € X, then x € A and Tx € B and thus 3(Tx) > s
e If B(x) > s for some x € X, then x € B and Tx € A and hence «(Tx) > s.

Therefore, T is a cyclic («, 3)-admissible mapping type S.

It follows from the definitions of & and B and the fact that A N B # () that there is xo € A N B such that
o(xg) = s and B(xo) > s.

Finally, we will show that the condition (c’) in Theorem 3.5 holds. Assume that {x,} is a sequence in
X such that B(x,) > s forallm € IN and x,, — x4 asn — oo. Then x,, € B for all n € IN. Since B is a
closed subset of X, we obtain x, € B and so B(x.) > s.

Therefore, all conditions in Theorem 3.5 hold and thus T has a fixed point in A UB. Assume that
z € AUB is a fixed point of T. If z € A, then z = Tz € B. In case z € B, we get z = Tz € A. Therefore,
z € AN B. Moreover, the fixed point of T is unique since «(x)B(y) = s> > s for all x,y € F(T). O

Example 3.10. Let X = R with the b-metric d given by d(x,y) = (x —y)? forall x,y € X, let A = [-1,0]
and B = [0, 1]. Define the mapping T: AUB — AUB by

X
Tx =——— f 1 .
X 821 orall x e X

It is easy to see that T is a cyclic mapping. Now we will show that the inequality (3.17) holds with 1\ and
¢ which are defined by {(t) = kt and ¢(t) = % for all t € [0, 00), where k is a fixed nonnegative real
number. Let x € A and y € B. Then we get

3 —
P(2°d(Tx, Ty)) —8k<8(2+x 2+y )
k
S

K xoy ) —x— ) Sy = p(d d
N ramy)) < 5P =Ky x -y = bldluw) - oldly))

Therefore, all conditions in Theorem 3.9 are satisfied and so we obtain that T has a unique fixed point in
AN B, that is, a point 0 € AN B.
4. Multidimensional fixed point theorems for («, 3)-(1, @ )-contraction mappings type S

In this section, we apply Theorem 3.5 for proving the multidimensional fixed point results. First we
shall give some results which are very important for our consideration.

Lemma 4.1. Let (X, d) be a b-metric space with the coefficient s > 1. Define a mapping Dy, : X™ x X™ — R by

Dn(A,B) = max d(ai, bi)

1<ign

forall A = (aj,qp,...,an) and B = (by,by,...,bn). Then Dy is a b-metric on X™. Moreover, if (X,d) is
complete, then (X™, Dy,) is also complete.
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Lemma 4.2. Let (X, d) be a b-metric space with the coefficient s > 1, F : X™ — X be a mapping, and {A,B} is a
partition of {1,2,...,m}. Suppose that Y = (01, 02,...,0n) is an n-tuple of mappings from {1,2,...,n} into itself
verifying o1 € Qap ifi € Aand oy € Qly g ifi € B. If Fy : X™ — X™ is defined by

FXo1 (1), Xoy(2) -+ 1 Xy (n);
Fy(x) _ F(Xo‘z(l)/xo‘z(Z)/---/XO‘Z(TL))/
FXon (1) Xon () Xon (m));
forall x = (x1,%2,...,%xn) € X™, then the following assertions hold:
1. if F is continuous, then Fy is continuous;
2. (x1,%2,...,xn) € X™ is a Y-fixed point of the mapping F if and only if (x1,%2,...,xn) € X™ is a fixed point
Fy.
Theorem 4.3. Let (X, d) be a complete b-metric space with the coefficient s > 1, and {A,B} is a partition of
{1,2,...,n}and ¥ = (01,02,...,0n) be an n-tuple of permutations from {1,2,...,n} into itself verifying o; €
Qapifi€ Aand oy € Q) g if i € B. Suppose that F: X™ — Xand g : X — Xare two mappings such that there
exist \, @ € ¥ satisfying

B(s2d(F(x1,%2, -+, xn), FYL,Y2,- -, Yn))) <V < max d(Xi,yi)> - < max d(Xi,yi)>

1<ign 1<ign
forall x = (x1,%2,...,%n),Y = (Y1,Y2,...,Yn) € X™. If Fis continuous, then F has a Y-fixed point.

Proof. Let Y = X™, then (Y, Dy, ) is complete b-metric spaces and Fy : X™ — X™ be define as Lemma 4.2.
Since, F is continuous, we have that Fy is continuous. Let A = (x1,%x2,...,%n) and B = (y1,y2,...,yn) are
element Y, then

DH(FYAIFYB) = DTL(FY(XLX:Z/' . ~/Xn)/FY(y1/y2/‘ . -/yn))

F(Xo, (1) X0y (2)7 -+ Xy ()]s FYo,(1):Yo1(2)r -+ Yoy (n))s
D F(Xo,(1)r X0y(2)7 - 1 Xy () ) FYo,(1):Yor(2)r- -+ Yau(n))s
- n . 7 .

F(Xo, (1) X0 (2)7 -+ 7 Xop (n) )s FlYs, (1)) Yo (2) - Yon(n))s
= maxX d(F(XO'i(l))IF(XGi(Z))I' . .,F(Xgi(n)),F(ygi(l)),F(yGi(Q)),. . -/F(yci(n)))-

1<ign
Hence,

Ib(S3Dn(FyA,FyB)) :1])(53 maXx d<F(X0'i(1)IX0'1(2)I~"lxci(n))/F(yci(l)lyci(Z)l'"/UO‘;ATL)))

1<i<n

< (| max alvv) — 0 ( max dixius) ) = H(DA(A,B)) -~ 9DAIA B,

Setting «, 3 : Y — [0,00) by o (A) =5, frn(B) = s for all A,B € Y, and using Theorem 3.5, we get Fy has
a fixed point and thus F has a Y-fixed point. O

5. An application to nonlinear integral equation

In this section, we give an applications of our main result for showing the existence theorem of a
solution for the following nonlinear integral equation:

b
x(t) = d(t) —i—?\J h(t, s)f(s,x(s))ds, (5.1)

a

where A € [0,00) and a,b € R such that a < b, x € Cla, b] (the set of all continuous functions from [a, b]
into R), ¢ : [a,b] = R, h:[a,b] x [a,b] — [0,00) and f: [a,b] x R — R are given continuous mappings.
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Theorem 5.1. Consider the nonlinear integral equation (5.1). Suppose that the following conditions hold:

(A) f:[a,b] x R — R is nondecreasing in the second ordered with f(t,r) > 0 forall t € [a,b] and r € R;
(B) there exists a constant p > 1 such that

b
1
su h(t,s)Pds | < ;
tE[aI,)b] (Ja (s) ) 23P2_3P}\P(b_ a)p—lLp

(C) there exist 6,9 : Cla, b] — R that satisfy the following condition:
(Cy) for each x,y € Cla, b] with 8(x) > 0 and (y) > 0, we have

If(t, x()) — f(t, y(r)) < LIC((x(r) —y(r))P)],

where L > 0 and ¢ : [0,00) — [0, 00) is a right continuous nondecreasing function such that ¢(0) =0
C(t) <tforallt>0;
(C3) there exists x, € Cla, b] such that 6(x,) > 0 and ¥(xs) > 0;
(Cy) if
0(x) >0 forsome x € Cla,b] implies ¥(Tx) > 0

¥(x) =0 for some x € Cla,b] implies 8(Tx) >0,
where F : Cla, b] — Cla, b] defined by

b
(T = $(t)+A | hit,)t(s,x(s))ds
a
forall x € Cla,b] and t € [a,b];
(Cs) if {xn} is a sequence in Cla,b] that converges to x € Cla,b] and 6(xn) > 0 for all n € N, then
¥(x) = 0.

Then the nonlinear integral equation (5.1) has a solution.

Proof. Let X = Cla,b] and d : X x X — [0, c0) be defined by

dx,y) = sup x(t)—y(t)
tela,b]

for all x,y € X. Then (X, d) is a complete b-metric space with s = 2P~ 1. Also, we define «, 8 : X — [0, c0)
by
2P if9(x) >0,

2p—1 if9(x) >0,
a(x) = { L) and  f(x) = { 0 otherwise.

0, otherwise,

Here we will show that T is an («, )-(1, ¢)-contraction mapping type S. Suppose that x,y € X such
that «(x)B(y) > s and then 6(x) > 0 and 9(y) > 0. Putting q := % € R, that is, %—i— % =1, by condition
(C1) and the Holder inequality, for each t € [a, b] we get

b b

h(t,s)f(s,x(s))ds) — (d(t) —H\J h(t,s)f(s,y(s))ds)P

a

(2°P3|(Tx) (1) — (Ty) (1))P = 2P P |(p(t) + 7\J

< 2P Bpp (J
a
< 2P 3P)p ((J
b

< 2P 3PP (h — )P/ [J h(t, s)P (LIC((x(s) —y(s))P])Pds)]

a

a
b

P
h(t, s)[f(s,x(s)) —f(s,y(S))ldS)

blq)l/q[Jb

a a

P
h(t,s)PIf(s,x(s)) —f(s,y(s))|P ds]l/p) (5.2)
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b
< 237 PP (b — )P/ [J h(t,s)P(LP1C( sup bx(s) —y(s)P)Pds)]]
a tela,b]

b
<23P2—3P7\P(b—a)P‘1(J h(t,s)Pds)LP¢( sup [x(s) —y(s)IP)”
a te(a,b]

< [C(d(x,y))IP.

Now, we define functions 1\, ¢ : [0,00) — [0, 00) by P(t) = tP and @(t) = tP — (¢(t))P for all t € [0, c0).
Hence, from (5.2), we have

P(s*(A(Tx, Ty)) < (d(Tx, Ty))P = [(d(Tx, Ty))P — (¢(d(Tx, Ty)))P].

Therefore, T is an (&, 3)-(\, ¢)-contraction mapping type S.

It is easy to see that the other conditions of Theorem 3.5 hold and hence all conditions of Theorem
3.5 are satisfied. Consequently, we obtain that T has a fixed point, that is, the nonlinear integral equation
(5.1) has a solution. O]
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