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Abstract

The purpose of this paper is to study and discuss the existence of common fixed points for weakly
compatible mappings satisfying the generalized contractiveness and the (CLR)-property. Our results improve
the corresponding results given in He et al. [X. He, M. Song, D. Chen, Fixed Point Theory Appl., 2014
(2014), 9 pages]. Moreover, we give some examples to illustrate for the main results. (©2016 All rights
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1. Introduction

In 1922, Banach [5] proved the theorem which is well known as “Banach’s Fixed Point Theorem” to
establish the existence of solutions for nonlinear operator equations and integral equations. It is widely
considered as a source of metric fixed point theory and also its significance lies in its vast applications. The
study on the existence of fixed points of some mappings satisfying certain contractions has many applications
and has been the center various research activities. In the past years, many authors generalized Banach’s
Fixed Point Theorem in various spaces such as quasi-metric spaces, fuzzy metric spaces, 2-metric spaces,
cone metric spaces, partial metric spaces, probabilistic metric spaces and generalized metric spaces (see, for
instance, [2, 3, &, [7, 9, (15, [16, [I7, [20, 22, 23, 24, 25, 26, 27, [28, 29, 30)).

On the other hand, in 2008, Bashirov et al. [6] defined a new distance so called a multiplicative distance
by using the concepts of multiplicative absolute value. After then, in 2012, by using the same idea of
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multiplicative distance, Ozavgar and Cevikel [I8] investigate multiplicative metric spaces by remarking its
topological properties and introduced the concept of a multiplicative contraction mapping and proved some
fixed point theorems for multiplicative contraction mappings on multiplicative spaces. In 2012, He et al. [§]
proved a common fixed point theorem for four self-mappings in multiplicative metric space.

Recently, motivated by the concepts of compatible mappings and compatible mappings of types (A),
(B) in metric spaces given by Jungck [10], [I4], Jungck et al. [I2] and Pathak and Khan [19], in 2015, Kang
et al. [I1] introduced the concepts of compatible mappings and its variants in multiplicative metric spaces,
that is compatible mappings of types (A), (B) and others, and prove some common fixed point theorems
for these mappings.

Especially, in 2002, Aamri and Moutawakil [I] introduced the concept of the (E.A)-property. Afterward,
in 2011, Sintunaravat and Kumam [27] obtained that the notion of the (E.A)-property always requires a
completeness of underlying subspaces for the existence of common fixed points for single-valued mappings
and hence they coined the idea of common limit in the range (shortly, the (CLR) property), which relaxes
the completeness of the underlying of the subspaces.

Motivated by the above results, in this paper, we prove some common fixed point theorems for weakly
compatible mappings satisfying some generalized contractions and the common limit range with respect to
the value of given mappings in multiplicative metric spaces. Also, we give some examples to illustrate for
our main results.

2. Preliminaries

Now, we present some necessary definitions and results in multiplicative metric spaces, which will be
needed in the sequel.

Definition 2.1 ([6]). Let X be a nonempty set. A multiplicative metric is a mapping d : X x X — RT
satisfying the following conditions:

(M1) d(z,y) > 1for all z,y € X and d(z,y) =1 <=z =y;

(M2) d(z,y) = d(y,z) for all z,y € X;

(M3) d(z,y) < d(z,z)-d(z,y) for all z,y,z € X (: multiplicative triangle inequality).

The pair (X, d) is called a multiplicative metric space.

Proposition 2.2 ([18]). Let (X,d) be a multiplicative metric space, {x,} be a sequence in X and let x € X.
Then
Tn = x (n— 00) if and only if d(z,,x) =1 (n — 00).

Definition 2.3 ([18]). Let (X,d) be a multiplicative metric space and {x,} be a sequence in X. The
sequence {x,} is called a multiplicative Cauchy sequence if for each € > 0 there exists a positive integer
N € N such that d(zy, zm) < € for all n,m > N.

Proposition 2.4 ([I8]). Let (X,d) be a multiplicative metric space and {x,} be a sequence in X. Then
{zn} is a multiplicative Cauchy sequence if and only if d(xp, Xm) — 1 as n,m — oo.

Definition 2.5 ([18]). A multiplicative metric space (X,d) is said to be multiplicative complete if every
multiplicative Cauchy sequence in (X, d) is multiplicative convergent in X.

Note that R™ is not complete under the ordinary metric, of course, under the multiplicative metric, R
is a complete multiplicative and the convergence of a sequence in R™ in both multiplicative and ordinary
metric space are equivalent. But they may be different in more general cases.

Proposition 2.6 ([I8]). Let (X,dx) and (Y,dy) be two multiplicative metric spaces, f : X — Y be a
mapping and {x,} be a sequence in X. Then f is multiplicative continuous at x € X if and only if
f(zn) = f(x) for every sequence {x,} with x, — x as n — oo.
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Proposition 2.7 ([I8]). Let (X,dx) be a multiplicative metric spaces, {x,} and {yn} be two sequences in
X such that x,, > x € X andy, -y € X asn — oco. Then

d(linvyn) — d(m,y) (TL - OO)
Definition 2.8. The self-mappings f and g of a set X are said to be:

(1) commutative or commuting on X [10] if fgx = gfz for all x € X
(2) weakly commutative or weakly commuting on X [21] if d(fgx,gfx) < d(fx,gz) for all x € X;

(3) compatible on X [I1] if limp—soo d(fgTn,gfxn) = 1 whenever {z,} is a sequence in X such that
limy, o0 fxn, = limy, oo g, =t for some t € X;

(4) weakly compatible on X [13] if fx = g for all z € X implies fgzr = gfz, that is, d(fz,gz) = 1 =
d(fgz,gfx) = 1.

Remark 2.9. Weakly commutative mappings are compatible and compatible mappings are be weakly com-
patible, but the converses are not true (see [11} [13]).

Example 2.10. Let X = [0,400) and define a mapping as follows: for all =,y € X,
d(z,y) = el*vl.

Then d satisfies all the conditions of a multiplicative metric and so (X, d) is a multiplicative metric space.
Let f and ¢ be two self-mappings of X defined by fz = 23 and gz = 2 — x for all # € X. Then we have

d(frn, grn) = elzn—Llleitent2 1 i and only if =z, — 1

and

as n — oo. Thus f and g are compatible. Note that

d(£9(0),9f(0)) = d(8,2) = €* > e* = d(0,2) = d(f(0), (0))
and so the pair (f, g) is not weakly commuting.

Example 2.11. Let X = [0,400), (X,d) be a multiplicative metric space defined by d(z,y) = el*~¥l for all
x,y in X. Let f and g be two self-mappings of X defined by

z, if 0<x<2, 4—z, if 0<x<2,
fr=4¢ 2, if z=2 gr =1 2, if =2,
4, if 2<x <400, 7, if 2<z<+occ.

By the definition of the mappings f and g, only for x = 2, fr = gr = 2 and so fgxr = gfz = 2. Thus the
pair (f,g) is weakly compatible.
For z, =2 — % € (0,2), from the definition of the mappings f and g, we have

lim fz, = lim gx, = 2,
n— o0 n—oo

but
lim d(fgzn,gfz,) = lim ™ =e? #1
n—oo n—oo

and so the pair (f, g) is not compatible.
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Definition 2.12. Two pairs S, A and T, B of self-mappings of a multiplicative metric spaces (X,d) are
said to have the common limit range with respect to the value of the mapping A (or B) (shortly, the
(CLR)-property) if there exists two sequences {z,} and {y,} in X such that

lim Az, = lim Sz, = lim By, = lim Ty, = Az
n—00 n—00 n—00 n—00

for some z € X.

Example 2.13. Let X = [0,00) be the usual metric space and define a mapping d : X x X — R by
d(z,d) = elv=l for all 2,y € X. Then (X,d) is a complete multiplicative metric space. Define mappings
S, T,A,B: X — X by

1
Sz 64$’ T 321:, T =z, T T
for all € X. Then, for the sequences {z,} and {y,} in X defined by x,, = + and y,, = — for each n > 1,

clearly, we can see that

lim Az, = lim Sz, = lim By, = 1i_>m Ty, = A(0) =0

n—o0 n—oo n—o0

or B(0) = 0. This show that the pairs (S, A) and (T, B) have the common limit range with respect to the
value of the mapping A or the mapping B.

Definition 2.14 ([18]). Let (X,d) be a multiplicative metric space. A mapping f : X — X is called a
multiplicative contraction if there exists a real constant A\ € (0,1] such that d(fz, fy) < [d(z,y)]* for all
T,y € X.

The following is Banach’s Fixed Point Theorem in multiplicative metric spaces, which was proved by
Ozavsar and Cevikel.

Theorem 2.15 ([18]). Let (X,d) be a multiplicative metric space and f : X — X be a multiplicative
contraction. If (X,d) is complete, then f has a unique fixed point in X.

Recently, He et al. [8] proved the following.

Theorem 2.16 ([]]). Let S,T, A and B be four self-mappings of a multiplicative metric space X satisfying
the following conditions:

(a) S(X)C B(X) and T(X) C A(X);

(b) the pairs (A,S) and (B,T) are weak commuting on X ;

(¢) one of S, T, A and B is continuous;

(d) there ezists a number A € (0, 3) such that, for all z,y € X,

d(Sz,Ty) < [max{d(Az, By),d(Az, Sz),d(By,Ty),d(Sz, By), d(Az, Ty)}])‘.

Then S, T, A and B have a unique common fized point in X .

3. Common fixed points for weakly compatible mappings

In this section we prove some common fixed point theorems for weakly compatible mappings in multi-
plicative metric spaces.

Theorem 3.1. Let (X, d) be a complete multiplicative metric space. Let S, T, A, B : X — X be single-valued
mappings such that S(X) C B(X), T(X) C A(X) and there exists X € (0,%) such that

dP(Az, Sz)dP(By,Ty) dP(Az,Ty)dP(By, Ax) })]A

/3 < /3
@ (S, Ty) < {cp(max {d (Az, By), 14 dP(Az,By) 1+ dr(Ax, By)

(3.1)
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forall x,y € X and p > 1, where ¢ : [0,00) — [0,00) is a monotone increasing function such that ©(0) = 0
and p(t) <t for allt > 0.

Suppose that one of the following conditions is satisfied:

(a) either A or S is continuous, the pair (S, A) is compatible and the pair (T, B) is weakly compatible;

(b) either B or T is continuous, the pair (T, B) is compatible and the pair (S, A) is weakly compatible.
Then S, T, A and B have a unique common fixed point in X.

Proof. Let g € X. Since S(X) C B(X) and T(X) C A(X), there exist x1,2x2 € X such that yp = Szg =
Bz and y; = Txy = Azy. By induction, we can define the sequences {z,,} and {y,} in X such that

Yon = STon = Bropt1, Yont1 = T2ony1 = AZopyo (3.2)

for all n > 0.
Now, we prove that {y,} is a multiplicative Cauchy sequence in X. From (3.1)) and (3.2)), it follows that,
for all n > 1,

dP (Yon, Yon+1) = dP(Szon, Txon41)
dp Ax2n75372n dp Bm?n 17T«T2n 1
< [80<max{dp(Ax2n,Bx2n+1))a ( 1+dp(121:c2( Bx;H) + )7

dp(AxQna T$2n+1)dp(BJZ2n+1, AxZn) }):| A
1+ dP(Azoy,, Bxoni1)

90<maX{dp (Y2n-1,Y20)), & (y2m?J2n+1)7dp(y%—l’y%“)})r

<
|

A
< Sﬁ(dp Yon— lay2n) ' dp(y2nay2n+1))}
[d(an 1,y2n)] PA [d(yzn,y2n+1)]p/\,
which implies that
PA A
A(yans Yan+1) < [d(yan—1,y20)] 77 = [d(Y2n—1,Y2n)] 7> = [d(Y2n—1, y2n)]", (3.3)

where h = 2 € (0,1). Similarly, we have

dP(yan+2, Yon+1) = dP(Sxont2, Txont1)
dP(Axoni2, Sxont2)d?(Bropi1, Txon41)
<[( {d”An,Bn, ) )
< |o( max § dP(Axop o, Broni1)) |+ d7(Atanr2, Brani)
dP(Axony2, Tw2,11)dP(Brony1, AT, 2) })} A
14 dP(Asp+2, Bxont1)

I

{80<max{ (Y2n, Y2n+1), & (Yan+2 Yoo, (y2n7y2n+1)}):|>\
|

[d(Y2n, Y2n+1)]P - [d(Y2n12, Y2ni1)]P,

dP
) ( max { y2n’ y2n+1) dp y2n+2a an-‘rl })}

IN

IN

which implies that

A

d(Yan+1, Y2n+2) < [d@2ns Y2n1)] T = [d(Y2n, Y2ns1)]" (3.4)
It follows from (3.3) and (3.4)) that, for all n € N,

2

AW Yn+1) < [d@n-1, yn)]" < [d(yn—2,yn-1)]"" < -+ < [d(yo. y1))"

n
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Therefore, for all n,m € N with n < m, by the multiplicative triangle inequality, we obtain

A(Yn, Ym) < dWYnsYn+1) - AYns1, Yns2) - A Ym—1,Ym)
< [d(yo, y)I™" - [dlyo, I - - [d(yo, y1))"

R

< [d(yo, y1)] -7

m—1

This means that d(yn,ym) — 1 as n,m — oco. Hence {y,} is a multiplicative Cauchy sequence in X. By
the completeness of X, there exists z € X such that y, — z as n — co. Moreover, since {y2,} = {Sx2,} =
{Bzant+1} and {yon+1} = {Tran+1} = {Azant2} are subsequences of {y,}, we obtain

lim Sz, = hm Bxopi1 = hm Txoni1 = hm Axopio = 2. (3.5)
n—o0

Next, we show that z is a common fixed point of S, T', A and B under the condition (a).

Case 1. Suppose that A is continuous. Then it follows that lim, oo ASToy = limy,_ oo A%z9, = Az.
Since the pair (S, A) is compatible, it follows from (3.5)) that

lim d(SAxo,, ASxzo,) = hm d(SAxe,, Az) =1,

n—oo

this is, limy,—,e0 SAxa, = Az. Using (3.1]), we have

dp(AQ.’EQn, SA$2n)dp(B£C2n+1, T$2n+1)
1+ dp(AQ.TQn, Bx2n+]_) ’
dp(Al‘2x2n, T$2n+1)dp(B:U2n+1, A2x2n) })] A
1 +dp(A2n,Bx2n+1) .

dP(SAxoy,, Txopny1) < [@(max {dp(A2$2n, Bzopi1),

Taking n — oo on the two sides of the above inequality and using (3.5)), we can obtain

d’(Az,z) < _w(max {dp(Az,Z), Az Az)d(z, 2) alp(AZvZ)dp(?«w‘lz)})]A

14dr(Az,z) = 1+dP(Az,2)
:go(max {dp(Az,z), dpl),dp(Az,z)}ﬂ/\

(Az, z
o)

< [d(Az, z)]pA

IN

This means that d(Az, z) = 1, this is, Az = z. Again, applying (3.1)), we obtain

dP AZ,SZ dP(Bwopy1, Tron
dP(Sz, Tront1) < [‘P<max{dp(Az’ Beania), : 1+ O)ZP(I(‘LZ ;;21 +1)2 +1)’

dp(AZ, T.’L‘Qn+1)dp(B.Z'2n+1, Az) }>:| A
1+ dp(AZ, Bxgn_H) '

Letting n — oo on both sides in the above inequality and using Az = z and ({3.4)), we can obtain

P(Sz,z) { (max{dp (Az, 2),

orise )]

< [d(Sz, z)]

dP(z,8z2)dP(z, z) dp(Az,z)dp(z,Az)})r
1+dP(Az,z) = 1+dr(z,2)

IN
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This implies that d(Sz,z) = 1, that is, Sz = z. On the other hand, since z = Sz € S(X) C B(X), there
exist z* € X such that z = Sz = Bz*. By using (3.1) and z = Sz = Az = Bz*, we can obtain

dP(z,Tz") = dP(Sz,Tz")

dP(Az,Sz)dP(Bz*,Tz*) dP(Az,Tz")dP(Bz*, Az) })} A

< P(Az, Bz*
>~ [@(max {d ( Z, z )7 ].+dp(AZ,BZ*) ) 1+dp(AZ7BZ*)

< (o))
< [d(z, TP
This implies that d(z,7z*) = 1 and so Tz* = z = Bz*. Since the pair T, B is weakly compatible, we have
Tz=TBz* = BTz" = Bz.
Now, we prove that Tz = z. From , we have
dP(z,Tz) = dP(Sz,Tz)

< [o(mas{eran 0. S R T M i 5 D)
:g0<rnax {dp(z, Tz), dp(;Tz)’ dP(z, Tz)})} ’

- e o))
< [d(z, Tz)]PA.

IN

This implies that d(z,T%) = 1 and so z = T'z. Therefore, we obtain z = Sz = Az =Tz = Bz and so z is a
common fixed point of S,T, A and B.

Case 2. Suppose that S is continuous. Then lim, oo SAZ2, = lim, oo S?T2, = Sz. Since the pair
(S, A) is compatible, it follows from (3.5]) that

lim dP(SAxay,, ASxzay,) = li_)m dP(Sz, ASxa,) = 1,

n—oo

this is, limy, 00 ASx2, = Sz. From (3.1]), we obtain

dP(ASxon, S?Toy)dP(Bxont1, TToani1)
/4 2 < D ) 5
dP(S*xon, Tront1) < [cp(max {d (ASxon, Bxoni1)), 1+ dP(ASzan. Brons1) ,

dP(ASxoy, Tront1)dP(Bxany1, ASTay) })} /\.
1+ dP(ASxay,, Bropi1)
Taking n — oo on the both sides of the above inequality and using , we can obtain
dP(Sz,Sz)dP(z,z) dP(Sz,z)dP(z,5%) })} A
14dr(Sz,2) = 1+dr(Szz2)

dP(Sz,z) < -g0<max {dp(Sz, z),

:go(max {dp(Sz, z), cﬂ’(SlZ,z)’ dP(z, Sz)})})\

- era)]
< [d(Sz, 2)|P.

This means that d(Sz,z) = 1, this is, Sz = z. Since z = Sz € S(X) C B(X), there exist z* € X such that
z =Sz = Bz*. From (3.1)), we have

IN

dP(ASzop, S?xe,)dP(Bz*, Tz*)
1+ dr(ASxay, Bz*) ’
dP(ASxay, Tz*)dP(Bz*, ASx) })r\
1+ dp(ASxay, Bz*) '

dP(S% w20, T2") < [@(max {dp(ASMm Bz"),
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Letting n — oo on both sides in the above inequality and using Az = z and (3.5)), we can obtain

dP(Sz,S8z)dP(z,Tz") dp(Sz,Tz*)dp(z,Sz)})r
1+dr(Sz,2z) = 1+4dP(Szz2)

dP(Sz,Tz") < [go(max {dp(Sz, z),

A
G
< ld(z, Tz")P,
which implies that d(z,T2*) = 1 and so Tz* = z = Bz*. Since the pair (7, B) is weakly compatible, we

obtain
Tz=TBz*=BTz* = Bz

and so Tz = Bz. By (3.1)), we have
dP(Axan, Sxo,)dP(Bz,Tz)
1+ dP(Azay, B2) ’
dP(Azoy,, Tz)dP(Bz, Axay,) })} A
1+ dP(Axay,, B2) '
Taking n — oo on the both sides of the above inequality and using Bz = Tz, we can obtain
dP(z,2)dP(Tz,Tz) dP(z,Tz)dP(Tz,z) })} A
14dr(z,Tz) = 1+dr(z,T2)

dP(San, T2) < [cp ( max {dp(szm Bz)),

dP(z,Tz) < _<p<max {dp(z, Tz),

< }p(max {dp(z,Tz), dp(;M, dP(Tz, z)})]A

- )
< [d(z, Tz)]PA.

This implies that d(z,7z) = 1 and so z = Tz = Bz. On the other hand, since z = Tz € T'(X) C A(X),
there exist z** € X such that z =Tz = Az**. By (3.1, using Tz = Bz = z, we can obtain

dP(52",z) = dP(S=z"",Tz)

dP(Az**,Sz**)dP(Bz,Tz) d(Az**,Tz)dP(Bz, Az**) })} A

< [gp(max{d ( Z Z)? 1 +dp<Az**’Bz) ’ 1 +dp(AZ**7BZ>

_ [gp(dp(sz**,z))r
< [d(Sz*, 2)]PA.
This implies that d(Sz**,z) =1 and so Sz** = z = Az**. Since the pair S, A is compatible, we have
d(Az,Sz) = d(SAz™,ASz"") =d(z,2) =1

and so Az = Sz. Hence z = Sz = Az =Tz = Bz.
Next, we prove that S,T, A and B have a unique common fixed point. Suppose that w € X is another
common fixed point of 5,7, A and B. Then we have

dP(z,w) = dP(Sz,Tw)

dP(Az,Sz)dP(Bw,Tw) dP(Az,Tw)dP(Bz, Az) })} A

< P(Az, B
—[“’(max{d( S B (A Be) ' 1+ d(Az, Bu)

- )]

< [d(z, w)P,

which implies that d(z,w) = 1 and so w = z. Therefore, z is a unique common fixed point of S, T, A and B.
Finally, if the condition (b) holds, then we obtain the same result. This completes the proof. O
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Example 3.2. Let X = [0,2] and (X, d) be a complete multiplicative metric space, where d is defined by
d(z,y) = el*¥l for all 2,5 in X. Let S, T, A and B be four self-mappings of X defined by

7 .
szg, if z€l0,2); Tx:{4’ if =€ 0,1],

5 if e (1,2,

1, if x€]0,1], 1, if z €[0,1],

Ar=1q 2, if z€(1,2), Bz=< 2, if z2€(1,2),
Iif =2, 1, if =2

Note that S is multiplicative continuous in X, but 7', A and B are not multiplicative continuous mappings
in X. Also, we have the following:

(1) Clearly, S(X) C B(X) and T'(X) C A(X).

(2) If {z,} C (1,2), then we have

5
lim Sz, = lim Az, =t= -
n—00 n—o00 4

and so .
lim d(SAx,, ASy,z)=d|(-,- ] =1,
i d(S Az, ASpx) (4 4)
which means that the pair (S, A) is compatible. By the definition of the mappings 7', B, for any z € (1,2),

we have Tx = Bx = % and so
5 5 5
N2 _p2
4) 4 (4
Thus T'Bx = BTz, which implies that the pair T, B is weakly compatible.

(3) Now, we prove that the mappings S, T, A and B satisfy the condition (3.1) of Theorem with

A= % and p = 1. For this, we consider the following cases:

Case 1. If 2,y € [0, 1], then we have

TBx =T( ) = BTx.

N

57
d(Sz,Ty) —d<4,4> =e

and, since ¢p(t) <t for all ¢ > 0, we have

df(Az, Sx)dP(By,Ty) dP(Az,Ty)dP(By, Az)1\1*
p
[“’(max{d Az, BY). = (An. By) ' 1+ d°(As, By) }ﬂ

e (1. 2).8 (316 (1 7). 0. e (1)
1 3 3

= max{e%,eée,eiei} <e.

Thus we have

[N

d(Sz,Ty) =e

ds (Az, Sx)d5 (By,Ty) di (Az,Ty)ds (By, Ax) }

< max {d% (Az, By), 2 , 2
1+ ds3(Az, By) 1+ ds(Az, By)
Case 2. If x € [0,1] and y € (1, 2], then we obtain

5 5) =1< max{d%(A%By)a

d5 (Az, Sx)ds (By, Ty) d5 (Az, Ty)ds (By, Ax) }

d(Sz, Ty :d< ) )
( ) 44 1+ d3(Az, By) 1+ d (Az, By)
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Case 3. If z € (1,2) and y € [0, 1], then we obtain

d(Sa, Ty)—d<5 7) e

N

4’4

and

» dp(Ax,Sx)dp(By,Ty) dP(Az, Ty)dP(By, Az)y\1*
{go(max{d (Az, By), })}

1+ dr(Az, By) 1+ d»(Az, By)
2 2 2 2
< max {ad (3, 1), LEDDGD LG DTG D)
447 14ds(3h) T 1+d3(3 Y

:max<63 ee) < e.

Hence we have

dP(Ax,Sx)dP(By,Ty) dP(Ax,Ty)d?(By, Ax) })} A

1
pu— 2 p
d(Sz,Ty) =e2 < |:(p<max{d (Az, By), 1+ d»(Az, By) ) 1+ dr(Az, By)

Case 4. If x =2 and y € [0, 1], then we have

d(S, Ty)—d(i Z) et

N|=

Hence we have

dP(Ax,Sx)dP(By,Ty) dP(Az,Ty)d’(By, Az) })} A

1
pumny 2 p
d(Sl"Ty) ez < [gp(max{d (Al‘, By), 1 +dp(A$,By) ) 1 —i—dP(A:J:,By)

Case 5. If z,y € (1,2], then we have

55 dP(Ax,Sx)dP(By,Ty) dP(Ax,Ty)d?’(By,Az)\1*
= _—, = < p .
d(Sz,Ty) d<4’4> 1< [¢(max {d Az BY) = (Ae. By) 1+ de(Az, By) }ﬂ

Then, as in all the above cases, the mappings S, T', A and B satisfy the condition (3.1)) of Theorem So,
all the conditions of Theorem are satisfied. Moreover, % is the unique common fixed point for all of the
mappings S, T, A and B.

Theorem 3.3. Let (X, d) be a complete multiplicative metric space. Let S, T, A, B : X — X be single-valued
mappings such that S(X) C B(X), TX C AX and there exists A € (0,1) such that

dP(Az, S™z)dP(By,Ty) dP(Ax,Ty)dP(By, Ax) })} A

DS T) < P(Ax, B
(8™, T) < | max { (A, By). 1+d(Az,By) ' 1+ dr(Az, By)

(3.6)

forallz,y € X, p>1 and m,q € Z*, where ¢ : [0,00) — [0,00) is a monotone increasing function such
that p(0) =0 and ¢(t) <t for all t > 0.

Assume the following conditions are satisfied:

(a) the pairs (S, A) and (T, B) are commutative mappings;

(b) one of S, T, A and B is continuous.

Then S, T, A and B have a unique common fixed point in X.
Proof. From S(X) C B(X) and T(X) C A(X) we have

S™(X)c S™HX)c---c S*X) c S(X) C B(X)
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and
TYX)c T (X)C - CcT*(X) C T(X) C A(X).

Since the pairs (S5, A) and (7', B) are commutative mappings, we have

SMA=SPTISA = SMTTAS = ST (SA)S = STMTPAST = = AS™
and

T'B=T9'TB=T9"'BT =T"*TB)T =T *BT* = ... = BTY,

that is, S™A = AS™ and T9B = BT1. It follows from Remark that the pairs (SP, A) and (79, B) are
compatible and also weakly compatible. Therefore, by Theorem we can obtain that S™, T9, A and B
have a unique common fixed point z € X.

In addition, we prove that S, T, A and B have a unique common fixed point. From , we have

dP(Sz,z) =d(S™(Sz), Tz)

- P m P q P a5\ dP A
< cp(max{dp(ASz,Bz), dP(ASz,S™Sz)dP(Bz,T%) dP(ASz,Tz)d (Bz,ASz)})}

1+ dr(ASz, Bz) 7 1+ dr(ASz, Bz)
r dP(Sz,Sz)dP(z,z) dP(Sz, z)dP(z,Sz) A
— P
_cp(max{d (52,2), 1+dr(Sz,2) = 1+4dr(Sz,2) ﬂ

IA

- A
o (@(52,2))
< [d(Sz, 2)]P.

This implies that d(Sz,z) =1 and so Sz = z. On the other hand, we have

d(z,Tz) =d(S™(2),T(Tz))

< :cp<maX{dp(Az,BTz), dP(Az,S™2)dP(BTz,Tz) dP(Az,T‘I(Tz))dP(BszAz)}> ])\

1+ dP(Az, BTz) ’ 1+ dP(Az, BTz)
dP(z,2)dP(Tz,z) dP(z,Tz)dP(z,Tz) )]A
1+dP(2,Tz) = 1+dP(2,T2)

- :np<max{dp(z,z),

IN

- A
o (@(,72)) |
< [d(z,Tz)]P .

This implies that d(z,Tz) = 1, i.e., Tz = z. Therefore, we obtain Sz = Tz = Az = Bz = z and so z is a
common fixed point of S, T, A and B.

Finally, we prove that S, T, A and B have a unique common fixed point z. Suppose that w € X is also
a common fixed point of S, T, A and B. Then we have

d(z,w) = d(5™(2), T*(w))
v dP(Az,S™z)dP(Bw,T%w) dP(Az,TY(w))dP(Bw, Az) A
= [(p(max (d (42, Bz), 1+ dr(Az, Bz) ’ 1+ drP(Az, Bz) )) }
dP(z,2)dP(Tz,Tz) dP(z,Tz)dP(Tz, z)> ]A
1+dP(2,Tz) ~ 1+dr(2,Tz)

= ga(max <dp(z,Tz),
< [e@mp]
< [d(z, T2)]PA.

This implies that d(z,w) =1 and so w = z. Therefore, z is a unique common fixed point of S, T, A and B.
This completes the proof. O
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Now, if we take ¢(t) =t and p = 1 in Theorem then we have the following result.

Corollary 3.4. Let (X,d) be a complete multiplicative metric space. Let S, T, A, B : X — X be single-valued
mappings such that S(X) C B(X), T(X) C A(X) and there exists X € (0, 3) such that, for all z,y € X,

dM Az, Sz)d(By,Ty) d*(Ax,Ty)d(By, Ax) }
1+ d Az,By) 1+ d* Az, By) '

Suppose that one of the following conditions is satisfied:

(a) either A or S is continuous, the pair (S, A) is compatible and the pair (T, B) is weakly compatible;

(b) either B or T is continuous, the pair (T, B) is compatible and the pair (S, A) is weakly compatible.

d(Sz,Ty) < max {d)‘(A:c, By), (3.7)

Then S, T, A and B have a unique common fized point in X .

Now, if we take ¢(t) =t and p = 1 in Theorem then we have the following result.
Corollary 3.5. Let (X,d) be a complete multiplicative metric space. Let S, T, A, B : X — X be single-valued
mappings such that S(X) C B(X), T(X) C A(X) and there exists X € (0,%) such that

(3.8)

d*(Az, S™x)dN(By, T%) d*(Az,T?)d*(By, Ax) }

m q < A
d(S™x, Ty) < max{d (Az, By), 1+ d(Az, By) ’ 1+ d*(Ax, By)

for all z,y € X and m,q € Z*. Assume that the following conditions are satisfied:
(a) the pairs (S, A) and (T, B) are commutative mappings;
(b) one of S, T, A and B is continuous.

Then S, T, A and B have a unique common fixed point in X .
Now, we give an example to illustrate Corollary

Example 3.6. Let X = [0,2] and (X, d) be a multiplicative metric space defined by d(z, ) = e/*~¥l for all
z,y in X. Let S, T, A and B be four self mappings defined by

) 3 if 2 €0,1],
Sz =, if z€]0,2], Tx—{ 27 if e (1,9
1, if x €[0,1], i, if 2 €[0,1],
Az = é if € (1,2), Bz=< & ifxze(1,2),
o, if z =2, 1, if z=

2
Clearly, we can get S(X) C B(X) and T(X) C A(X). Note that T, A and B are not multiplicative
continuous mappings and S is multiplicative continuous in X. By the definition of the mappings .S and A,
we have

d(SAz, ASx) =d (Z, Z) =1<d(Sz, Az),

which implies that the pair S, A is weak commuting. Therefore, the pair (S, A) must be compatible.
Clearly, only for x € (1,2), Tx = Bx = % and TBx = T(%) = % = B(%) = BTz and so TBx = BTx.
Thus the pair (7, B) is also weakly compatible.
Now, we prove that the mappings S, T, A and B satisfy the Condition of Corollary with A= %
Let

_ d(Az, Sx)d(By, Ty) d(Az,Ty)d(By, Az)\*
Mfz,y) = (max {d(Aa:, By), 14+ d(Az,By) ~ 1+ d(Ax,By) }) ’
Now, we have the following 4 cases:

Case 1. If 2,y € [0, 1], then we have

7 3
d(Sz,Ty)=d (6’ 2> =e

(][4
win
win

Il
QU
Wi

d

i

<e

o3

(Ax, By) < M(x,y).
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Case 2. If x € [0,1] and y € (1, 2], then we have

7T

d(Sz, Ty) = d (6, 6) — 1< M(z,y).

Case 3. If x € (1,2] and y € [0, 1], then we have

d(Sz,Ty) =d <Z, g) —ei<1< M(z,y).

Case 4. If z,y € (1, 2], then we have

d(Sz,Ty) =d <27 Z) =1< M(z,y).

Then, in all the above cases, the mappings S, T, A and B satisfy the Condition (3.7) of Corollary with
A= % So, all the conditions of Corollary are satisfied. Moreover, % is the unique common fixed point
for the mappings S, T, A and B.

4. Common fixed points for mappings with the (CLR)-property

In this section, we prove some common fixed point theorems for weakly compatible mappings satisfying
the (CLR) property without completeness of multiplicative metric space.

Theorem 4.1. Let (X, d) be a multiplicative metric space. Let S, T, A, B : X — X be single-valued mappings
such that S(X) C B(X), T(X) C A(X) and there ezists A € (0,3) such that

dP(Az, Sz)dP(By,Ty) dP(Az,Ty)dP(By, Ax) }>]/\

/4 < /3
& (S, Ty) < {cp(max {d (Az, By), 1+dr(Az,By) 1+ dr(Ax, By)

(4.1)
for all x,y € X and p > 1, where ¢ : [0,00) — [0,00) is a monotone increasing function such that (0) =0
and p(t) <t for allt > 0. Assume the following conditions are satisfied:

(a) the pairs (S, A) and (T, B) are weakly compatible;

(b) the pairs (B,T) and (T, B) have the common limit with respect to the value of the mapping A (or
B).
Then S,T,A and B have a unique common fized point in X.

Proof. Since two pairs (S, A) and (7, B) have the common limit with respect to the value of A, there exists
two sequence {x,} and {y,} in X such that

lim Az, = lim Sz, = lim By, = lim Ty, = Az
n—oo n—oo n—o0 n—oo

for some z € X.
Now, we show that Sz = Az. By (4.1), we have

dF(Az, Sz)dP (Byn, Tyn) dP(Az, Tyn)dF (Byn, Az) })} A

P < P
(55T [ {8 ), DA S E T) AT )

Taking n — oo in the above inequality, we obtain

dP(Az,Sz)dP(Az, Az) dP(Az, Az)dP(Az, Az) })} A
14dr(Az,Az) 7 1+dr(Az, Az)

dP(Sz,Az) < [gp(max {dp(Az,Az),
< [d(Sz,Az)]p’\,

which implies that Sz = Az. Since S(X) C B(X), there exists v € X such that Sz = Bz.
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Next, we show Tv = Bv. By (4.1)), we have

dP(Az,Sz)dP(Bv,Tv) dP(Az,Tv)dP(Bv, Az) })] A

D o P
d(Bv,Tw—d(Sz,Tv)S[so(max{d A BY) = Az, By) 1+ do(4z, Bo)

< [d(Bv, Tv)]P*

and so Bv = Tv. Therefore, we have
Sz=Az= Bv="Tv.

Since the pairs A, S and B, T are weakly compatible, Sz = Az, Tv = Bv and
SAz=ASz=AAz =585z, TBv=BTv=TTv= BBv. (4.2)
Now, we show that Sz is a common fixed point of S, T, A and B. By (4.1, we obtain

dP(5%z,8%) = d(S*z,Tv)

dP(ASz,S8%2)dP(Bv, Tv) dP(ASz, Tv)dP(Bv, Az) })} A

< D
> [@(max{d (ASZ,BU)a 1+dp(ASZ,BU) ’ 1—|—dp(ASZ,B’U)

< [d(S%z, S2)]P.

This implies that S22z = Sz. Therefore, SSz = ASz = Sz. By (4.1)), we obtain

dP(Tw, T*v) = d(Sz,T?v)

dP(Az, Sz)dP(BTv, T?v) dP(Az,T?v)d?(BTv, Az) A
< /3
- [cp(max {d (42, BTv), 14+ dr(Az,BTv) 14 drP(ASz,BTv) })]
< [d(Tv, TP

This implies that Tv = TTwv. Therefore, TBv = BTv = TTw, that is, Bv is a common fixed point of B and

T. Since Sv = Twv, we have
SSz=ASz=TS5z=BSz

and so Sz is a common fixed point of S, T, A and B. We can obtain the uniqueness of common fixed point
2z, similarly, in Theorem This completes the proof. O

If we take p =1 and ¢(t) = ¢ in Theorem we have the following result.

Corollary 4.2. Let (X,d) be a multiplicative metric space. Let S,T,A,B : X — X be single-valued
mappings such that S(X) C B(X), T(X) C A(X) and there exists A € (0, 3) such that

d(Az, Sz)d(By,Ty) d(Az,Ty)d(By, Ax) H A

Ty) < Ax, B
d(Sz,Ty) < [max{d( z, By), 1+d(Az,By) ' 1+d(Ax, By)

for all x,y € X. Assume the following conditions are satisfied:

(a) the pairs (S, A) and (T, B) are weakly compatible;

(b) the pairs (B,T) and (T, B) have the common limit with respect to the value of the mapping A (or
B).

Then S,T,A and B have a unique common fixed point in X.
Now, we give an example to illustrate Corollary

Example 4.3. Let X = [0, 64) be a usual metric space. Define a mapping d : X xX — R by d(x,d) = elz=vl
for all x,y € X. Then (X,d) is a complete multiplicative metric space. Define the mappings S, T, A, B :

X — X by

1 1
S:U:6—4:U, szﬁx, Ar =1z, Bx=2x.
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Then we have have the following:
(1) T(X) = [0,2) C [0,64) = A(X);

(2) Clearly, the pairs (S, A) and (

d (

, B) have the common limit of the value of the mapping B;
(3) Clearly, the pairs (5, A) an B

T
T, B) are weakly compatible mappings. For all z,y € X,

)

le—gg2l 20— 359 plz—g5ulpl2y—2| | 2

1,1 Loy €F T8l Tl el T3Vl 3

d(Sxz,Ty) = elsi? Yl < [max{e‘x 2l H
1 + elz—2yl 1 + elz—2yl

Therefore, all the conditions of Corollary |4.2| are satisfied and, further, S(0) = 7(0) = A(0) = B(0) = 0 and
so 0 is a unique common fixed point of the maps S, T, A and B.

Note that (X, d), in Example is not complete. Therefore, Theorem cannot be applied.
As a consequence of Theorem by putting A = B = I, we obtain the following result.

Corollary 4.4. Let (X,d) be a multiplicative metric space. Let S,T,A,B : X — X be single-valued
mappings such that S(X) C B(X), T(X) C A(X) and there exists A € (0, 3) such that

P (@, S0, Ly) P TP Ar)

&P (Sx, Ty) < {w(max{dp(x’y)’ L+ dr(e,y) 7 1+ dP(,y)

for all z,y € X and p > 1, where ¢ : [0,00) — [0,00) is a monotone increasing function such that (0) =0
and p(t) <t for all t > 0. Assume the following conditions are satisfied:

(a) the pairs (S, A) and (T, B) are weakly compatible;

(b) the pairs (B,T) and (T, B) have the common limit with respect to the value of the mapping A (or
B).
Then S, T, A and B have a unique common fixed point in X .

If we take ¢(t) =t in Theorem 4.1, we have the following result.

Corollary 4.5. Let (X,d) be a multiplicative metric space. Let S,T,A,B : X — X be single-valued
mappings such that S(X) C B(X), T(X) C A(X) and there exists A € (0, %) such that

P P P P A
dP(Sz,Ty) < [max{dp(Ax,By% dP(Az, Sx)dP(By, Ty) dP(Az, Ty)dP(By, Az) H

1+dr(Az,By) 1+ dpP(Az, By)
for all z,y € X and p > 1. Assume the following conditions are satisfied:

(a) the pairs (S, A) and (T, B) are weakly compatible;

(b) the pairs (B,T) and (T, B) have the common limit with respect to the value of the mapping A (or
B).
Then S, T, A and B have a unique common fixed point in X .

If we take p=1, A= B and S = T in Corollary we have the following result.

Corollary 4.6. Let (X,d) be a multiplicative metric space. Let T, A : X — X be single-valued mappings
such that T(X) C A(X) and there exists A € (0,3) such that

ATz Ty) < [max {d(Ax,Ay), d(Az, Tx)d(Ay, Ty) d(Az,Ty)d(Ay, Az) H)\

1+d(Az, Ay) ~  1+d(Ax, Ay)
for all xz,y € X. Assume the following conditions are satisfied:

(a) the pair (T, A) is weakly compatible;

(b) the pair (T, A) has the common limit with respect to the value of the mapping A (or B).
Then T and A have a unique common fized point in X .

Remark 4.7. In all results in this section, we don’t need the completeness of a multiplicative metric space.
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