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Abstract: In this paper, we investigate the existence and uniqueness of a fixed point of almost
contractions via simulation functions in metric spaces. Moreover, some examples and an application
to integral equations are given to support availability of the obtained results.
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1. Introduction and Preliminaries

In 1922, Banach [1] initiated studies of metrical fixed points by using contractive mappings in
a complete metric space. Since then, fixed point theory has been a focus of attention because of
its application potential in mathematical analysis and other disciplines. In particular, Berinde [2,3]
extended the class of contractive mappings, introducing the notion of almost contractions as follows.

Definition 1. Let (X, d) be a metric space. A self mapping T on X is called an almost contraction if there are
constants A € (0,1) and 6 > 0 such that

d(Tx, Ty) < Ad(x,y) +60d(y,Tx), forallx,y € X.

Berinde [2] then proved that every almost contraction mapping defined on a complete metric space
has at least one fixed point. Subsequently, Babu et al. [4] demonstrated that almost-contraction-type
mappings have a unique fixed point under conditions that present the notion of B-almost contraction.
See [5,6] for fixed point theory.

Definition 2. Let (X, d) be a metric space. A self mapping T on X is called an B-almost contraction if there are
constants A € (0,1) and 0 > 0 such that

d(Tx, Ty) < Ad(x,y) +ON(x,y)
forall x,y € X, where
N(x,y) = min{d(x, Tx),d(y, Ty),d(x, Ty),d(y, Tx)}.

Very recently, Khojasteh et al. [7] presented the notion of Z-contractions involving a new class of
mappings, namely simulation functions to prove the following theorem.
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Theorem 1. Let (X, d) be a complete metric space and T : X — X be a Z-contraction with respect to a function
{ satisfying certain conditions, that is,

¢(d(Tx, Ty),d(x,y)) = 0

forall x,y € X. Then, T has a unique fixed point, and, for every initial point xo € X, the Picard sequence
{T"xo} converges to this fixed point.

In this study, by combining the ideas in [4] and [7], we define almost Z-contractions and prove the
existence of fixed points for these operators. Moreover, some examples and an application to integral
equations are given to support the availability of the obtained results.

Let { : [0,00) x [0,00) — R be a function. Consider the following conditions:

(Z2)  C(t,s) <s—t forall t,s > 0.
(g3)  If (tn), (sn) are sequences in (0, o) such that limy, ety = limy_se 5, > 0, then

limsup {(ty, 1) < 0. (1)

n—o0

(C4) If (ty), (sn) are sequences in (0, 0) such that lim, e t; = limy 005y > 0 and ¢, < s, for all
n € N, then Equation (1) is satisfied.

If the function  satisfies the conditions ({71)—({3), we say that { is a simulation function according
to the sense of Khojasteh et al. [7]. If it satisfies ({2) and ({3), it is a simulation function according to
the sense of Argoubi et al. [8] and if it satisfies ({1), ({2), and ({4), then it is a simulation function
according to the sense of Roldan Lopez de Hierro et al. [9].

For the sake of openness, we consider the following definition.

Definition 3. A simulation function is a function { : [0,00) x [0,00) — R satisfying the conditions ({»)
and (C4).

Let Z be the family of all simulation functions ¢ : [0,00) x [0,00) — R.
Example 1. Let { : [0,00) x [0,00) — R be a function defined by

1 ifs=tor(st) =(0,0)
C(t,s)=<2(s—t) ifs<t

As—t otherwise

where A € (0,1). It is easy to see that { € Z, but { is not a simulation function in the sense of Khojasteh et al. [7],
Argoubi et al. [8], or Roldan Lopez de Hierro et al. [9].

2. Main Results

Firstly, we present the following definition which will be used in our main results.

Definition 4. Let (X, d) be a metric space and { € Z. We say that T : X — X is an almost Z-contraction if
there is a constant 6 > 0 such that

¢(d(Tx, Ty),d(x,y) + ON(x,y)) >0 (2)

forall x,y € X, where N(x,y) is defined as in Definition 2.
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Remark 1. If T is an almost Z-contraction with respect to { € Z, then
d(Tx,Ty) < d(x,y) +6ON(x,y) 3)
forallx,y € X.
The following lemma shows us that a fixed point of an almost Z-contraction is unique.
Lemma 1. If an almost Z-contraction has a fixed point in a metric space, then it is unique.
Proof. Let (X,d) be a metric space and T : X — X be an almost Z-contraction with respect to { € Z.

Suppose that there are two distinct fixed points u,v € X of the mapping T. Then, d(u,v) > 0.
Therefore, it follows from Equation (2) and ({,) that

0 < ¢(d(Tu,Tv),d(u,v)+ 0N (u,v))
= {(d(Tu, Tv),d(u,v) + O min{d(u, Tu),d(v, Tv),d(u, Tv),d(v, Tu)})
= {(d(w,0),d(u,0))
< d(u,v) —d(u,v) =0

which is a contradiction. Thus, the fixed point of T in X is unique. O

Our main result is as follows.

Theorem 2. Let (X, d) be a complete metric space and T : X — X be an almost Z-contraction with respect to
a function { € Z. Then, T has a unique fixed point, and, for every initial point xo € X, the Picard sequence
{T"xo} converges to this fixed point.

Proof. Take xo € X and consider the Picard sequence {x, = T"xg = Tx,_1},~¢ - If x4y = Xy 41 for
some 1, then xy, is a fixed point of T. Hence, for the rest of the proof, we assume that d(xp, xy11) >0
foralln > 0.

We shall divide the proof into three steps. The first step is to prove that

limd (01 = 0. @
Since
N(xn—lf xn) = min{d(xn—lf Txn—l)/ d(xn/ Txn)/ d(xn—lz Txn)/d(xn/ Txn—l)}

= min{d(x,_1,%n),d(xXn, xp11),d(Xn_1,%11),d(xn, x,)} =0
using Equation (2), for all n € N, we obtain

0 < Z(d(Txp_1,Txn),d(xy—1,%n) +ON(xy_1,%4))

= C(d(xn/xn+1)/d(xn—1/xn))
< d(xy_1,%n) —d(xp, Xy41)- (5)

It follows from the above inequality that
0 < d(xp,xp1) <d(xy_1,%n)

foralln € N.
Therefore, the sequence {d(x,, x,,1+1)} is decreasing, so r > 0 such that limy, e d (X5, X;41) = 7.
Assume that r > 0.
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Take the sequences {t,} and {s,} as t, = d(xn,x,41) and s, = d(x,,_1, x,). Since lim,_e0 ty =
lim, 005, = rand t, < s, for all n, by the axiom ({s) and Equation (5), we deduce

0 <limsup g ((d(xn, Xp4+1),d(xp-1,%2)) <O

n—oo

which is a contradiction. Thus, r = 0, that is, Equation (4) holds.

As a second step, we show that the sequence {x,} is bounded. On the contrary, assume that {x;, }
is not bounded. Then there is a subsequence {xy, } such that n; = 1 and for each k € N, nj; is the
minimum integer greater than 7 such that

d(xnkﬂ,xnk) >1

and
d(xp, xn,) < 1forme <m <myq — 1.

By the triangular inequality, we have

1 d(x”k+l’x”k) < d(x”k+1’x”k+1_1) + d(x”k+1_1’x”k)

<
< d(xnk+1’ x”k+l_1) + 1.
Letting k — oo in the last equation and using Equation (4), we obtain

lim d(xp,,,, Xn,) = 1. (6)

k—o0

Since T is an almost Z-contraction, we can deduce that d(xp, ., X, ) < d (xnk -1 X, —1). Hence,
using the triangular inequality, we obtain

1 d(xnkﬂzxnk) S d(xnk+1—lrxnk—l)
d(xnk+171’xnk> + d(x}’lk/xnkfl)

1 + d(xnk/ x'rlkfl)'

ININ A

Taking limit as k — co on both sides of the above inequality and using Equation (4), we deduce
l{li_{ilod(xnk+171/ xl’lkfl) = 1 (7)
Since
N(xnk+171/ x'rlkfl) = min{d(xnk+171’ Xngyq )/ d(x'rlkflr xnk)/ d(xnk+171/ xnk)/ d(xnkfll Xngyq )}
letting k — oo and using Equation (4), we obtain
kh_{g)N(x”kH*L xnkfl) = 0 (8)
By Equation (2), we have

0 < é ((d(Txnk+171/ Tx}’%*l)/ d(xnk+171/ xnkfl) + GN(xnk+171’ xnkfl))

< d(xnlﬁ,l*ll xl’lkfl) + 9N(xnk+1,1, xnkfl) - d(x'rl]H,l/ x}’lk)

©)

which implies that

d(xnk+1/ xnk) < d(xi’lkJrl—l/ xnk—l) + QN(x}’lk+1—1/ xnk—l)'
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If we choose the sequences {f;} and {sy} as ty = d(xn,,,, Xn) and s = d(x,,,, 1, %y, 1) +
ON (x4, 1, %n,—1), then t; < sy for all k. Moreover, taking into account Equations (6)(8), limy_,« t =
limy_ o ¢ = 1. Thus, we can apply the axiom ({4) to these sequences, that is,

limsup ¢ ((d(xng s Xn), d (X1, X 1) + ON (X, 1, %5, -1))) <O

n—o0

which contradicts Equation (9). This contradiction proves that {x, } is a bounded sequence. Now, we
claim that this sequence is a Cauchy sequence. Consider the sequence {C, } C [0, ) given by

Cy = sup{d(x;, xj) 1 i,j > n}.

It is clear that {C,} is a positive decreasing sequence; hence, there is some C > 0 such that
lim, e Cy = C. If C > 0, then, by definition of C,, for every k € N, n; and my, exist such that
my > ng > kand

1
Ck — E < d(xmk,xnk) < Ck.
Thus,
kli—r;olod(xmk, xi’lk) = C (10)

Using Equation (2) and the triangular inequality, we have

d(Xmy, Xn) < d(Xm—1, Xn—1)
<

d('xmk*ll xmk) + d(xmk/ xnk) + d(xnk/ xnkfl)'
Taking k — co and using Equations (4) and (10), we obtain

lim d(xmk_l, xnk_l) =C. (11)

k—o0

Since T is an almost Z-contraction, we can deduce that
d (X, Xn) < d(Xp—1, Xp—1) + ON (X, —1, X, —1)- (12)

Additionally, with the aid of Equation (4), we have

I}LTEON(xmk—ank—l) =0. (13)
Taking the sequences {t; =d(xu,, xn)} and {sy = d(xu—1,%5-1) + ON(Xp 1, %n-1)}

and considering Equations (10)—=(13), limy_,e tx = limy_,&sx = C and t; < si for all k. Then, by
Equation (2) and ({4), we obtain

0 < limsup ¢ ((d(xmy, X ), d(Xp—1, X, 1) + ON (X —1, X, —1)) <0
n—o0
which is a contradiction and so C = 0. That is, {x, } is a Cauchy sequence. Since (X, d) is a complete
metric space, thereis a u € X such that lim,, o x, = u.

As a final step, we shall show that the point u is a fixed point of T. Suppose that Tu # u.
Then d(u, Tu) > 0. By Equation (2), ({2), and ({4), we obtain

0 < limsup ¢ (d(Txu, Tu),d(xy, u)+ON(xy,u))
n—oo

< limsup [d(xy, u) + ON(xp, u) — d(xy41, Tu)]
n—oo

—d(u, Tu)
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which implies that d(u, Tu) = 0, that is, u is a fixed point of T. The uniqueness of the fixed point
follows from Lemma 1. O

The following example shows that Theorem 2 is a proper generalization of Theorem 1.

Example 2. Let X = [0, 1] be endowed with the usual metric. Define a mapping T : X — Xas Tx =1—x
forall x € X. Then, T is not a Z-contraction with respect to {) where for all t,s € [0, c0)

{(t,s)=As—t, Ae€]0,1).
Indeed, for all x # y, we have

¢ (d(Tx, Ty),d(x,y)) A=yl =1 -x—(1-y)|

Ax =yl =[x —y|
lx—y|—|x—y|[=0.

A

Now, we show that T is an almost Z-contraction with respect to (. For an arbitrary x,y € X, since

N(x,y) = min{d(x,Tx),d(y,Ty),d(x,Ty),d(y, Tx)}
— min{|2x—1],[2y—1],[x+y—1]},

we deduce that

C((Tx, Ty), d(x,y) +ON(x, ) = Ald(x,y)+ON(x,y)] — d(Tx, Ty)
= AMlx—y|+0min{|2x—1|, |2y —1|,|x+y—1|}]
—lx=yl.

Thus, we get two cases:
Case I: If x =y, then
C(d(Tx, Ty),d(x,y) +ON(x,y)) = A0 | 2x — 1 |> 0.
Case II: Without loss of generality, assume that x > y. Then
C(d(Tx, Ty),d(x,y) +6N(x,y)) = A [x —y | +A0 [ 2y =1 — | x—y .
If we especially choose A = % and 8 = 10, then we get
(d(Tx,Ty),d(x,y) + ON(x,y)) =5 2y~ 1| 3 | x~y[> 0.

Therefore, all of the conditions of Theorem 2 are satisfied; hence, T has a unique fixed point u = % € X.

If we take { (t,s) = As — t and 8 = 0 in Theorem 2, then we have the following result.
Corollary 1 ([1]). Let (X,d) be a complete metric space and T : X — X be a given mapping such that

d(Tx, Ty) < Ad(x,y)

forall x,y € X, where A € [0,1). Thus, T has a unique fixed point.

If we take { (t,5) = ¢(s) — t and 6 = 0 in Theorem 2, then we have the following result.
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Corollary 2 ([10]). Let (X, d) be a complete metric space and T : X — X be a given mapping satisfying

d(Tx, Ty) < ¢(d(x,y))

forall x,y € X where ¢ : [0,00) — [0, 00) is an upper semi-continuous function with ¢(t) < t forall t > 0
and ¢(0) = 0. Thus, T has a unique fixed point.

3. An Application

Consider the following integral equation:

p(r)=q(r) —l—H/abH(r,z)f(z,p(z))dz, rel=lab] (14)

whereq: I - R, H: I xI =R, f:IxR — Rare given continuous functions.

In this section, we prove the existence of a unique solution of the integral Equation (14) that
belongs to X := C(I, R) by using the results of the previous section.

Define a mapping T : X — X by

Tp(r) := q(r) +9/abH(r,z)f(z,p(z))dz, rel=l[abl.

Thus, the existence of a unique solution of Equation (14) is equivalent to the existence of a unique
fixed point of T.
Meanwhile, X is endowed with the metric d, which is defined by

d(p,q) =sup|p(r) —q(r)|

rel

f is a complete metric space.
We will analyze Equation (14) under the following assumptions:

(@) o<1
(b)  sup,g [} H(rz)dz < gl
(c) forallp,geR,

[f(z,p) = f(z )| < ¢(lp—4l)

where ¢ : [0,00) — [0,0) is a nondecreasing upper semi-continuous function with ¢(t) < t for all
t > 0and ¢(0) = 0.

Theorem 3. Under the assumptions (a)—(c) , the integral Equation (14) has a unique solution in X.

Proof. On account of our suppositions, for all r € I, we deduce that

d(Tp1, Tpa) = sup|Tpi(r) — Tpa(r)|

rel , ,
= suplq(r) +0 [ H(.2) [z pa(2)dz — () 40 [ H(2) £z pa(e))iz
= lolsup | [ H (02 e p1(2) — £z pale))]

IN

plsup { [ H 2z [ 11 @) - £ pata))

rel
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otsup { [ 112102 { [ 156212 £ pate) )

re

bia {/ﬂb¢(r’1(2) —P2(2)|)dz}

b
10| ﬁ/a ¢(d(p1,p2))dz
0] ¢(d(p1, p2)) < p(d(p1,p2))-

IN

6]

IN

Hence, all of the conditions of Corollary 2 are fulfilled. This means that T has a unique fixed point;

that is, Equation (14) has a unique solution in X. O
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