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Abstract

A new, simple and unified approach in the theory of contractive mappings
was recently given by Samet ef al. (Nonlinear Anal. 75, 2012, 2154-2165) by
using the concepts of a-ip-contractive type mappings and a-admissible map-
pings in metric spaces. The purpose of this paper is to present a new class of
contractive pair of mappings called generalized a-1p contractive pair of map-
pings and study various fixed point theorems for such mappings in com-
plete metric spaces. For this, we introduce a new notion of a-admissible w.r.t
¢ mapping which in turn generalizes the concept of g-monotone mapping
recently introduced by Ciri¢ et al. (Fixed Point Theory Appl. 2008(2008),
Article ID 131294, 11 pages). As an application of our main results, we
further establish common fixed point theorems for metric spaces endowed
with a partial order as well as in respect of cyclic contractive mappings.
The presented theorems extend and subsumes various known comparable
results from the current literature. Some illustrative examples are provided
to demonstrate the main results and to show the genuineness of our results.

1 Introduction

Fixed point theory has fascinated many researchers since 1922 with the celebrated
Banach fixed point theorem. There exists a vast literature on the topic and this

*Corresponding author.
Received by the editors in March 2014.
Communicated by F. Bastin.
2010 Mathematics Subject Classification : 54H25, 47H10, 54E50.
Key words and phrases : Common fixed point; Contractive type mapping; Partial order; Cyclic
mappings.

Bull. Belg. Math. Soc. Simon Stevin 22 (2015), 299-318



300 P. Shahi - ]. Kaur - S. S. Bhatia

is a very active field of research at present. Fixed point theorems are very im-
portant tools for proving the existence and uniqueness of the solutions to vari-
ous mathematical models (integral and partial differential equations, variational
inequalities etc). It is well known that the contractive-type conditions are very
indispensable in the study of fixed point theory. The first important result on
fixed points for contractive-type mappings was the well-known Banach-Cacciop-
poli theorem which was published in 1922 in [4] and it also appears in [8]. Later
in 1968, Kannan [13] studied a new type of contractive mapping. Since then, there
have been many results related to mappings satisfying various types of contrac-
tive inequality, we refer to ([6], [7], [18], [19], [25] etc) and references therein.

Recently, Samet et al. [28] introduced a new category of contractive type map-
pings known as a-1 contractive type mapping. The results obtained by Samet et
al. [28] extended and generalized the existing fixed point results in the literature,
in particular the Banach contraction principle. Further, Karapinar and Samet [16]
generalized the a-y-contractive type mappings and obtained various fixed point
theorems for this generalized class of contractive mappings.

The study related to common fixed points of mappings satisfying certain con-
tractive conditions has been at the center of vigorous research activity. In this
paper, some coincidence and common fixed point theorems are obtained for the
generalized a-1p contractive pair of mappings. Our results unify and general-
ize the results derived by Karapinar and Samet [16], Samet et al. [28], Ciri¢ et
al. [11] and various other related results in the literature. Moreover, from our
main results, we will derive various common fixed point results for metric spaces
endowed with a partial order and that for cyclic contractive mappings. The pre-
sented results extend and generalize numerous related results in the literature.

2 Preliminaries

First we introduce some notations and definitions that will be used subsequently.

Definition 2.1. (See [28]). Let ¥ be the family of functions ¢ : [0, 00) — [0, 00) satisfy-
ing the following conditions:
(i) ¢ is nondecreasing.

—+00
(i) Y " (t) < oo forall t > 0, where Y™ is the n'™ iterate of 1.
n=1

These functions are known as (c)-comparison functions in the literature. It can
be easily verified that if i is a (c)-comparison function, then ¢ (¢) < f forany ¢t > 0.
Recently, Samet et al. [28] introduced the following new notions of a-j-contractive
type mappings and x-admissible mappings:

Definition 2.2. Let (X, d) be a metric spaceand T : X — X be a given self mapping. T is
said to be an a-p-contractive mapping if there exists two functions o : X X X — [0, +00)
and P € Y such that

a(x,y)d(Tx, Ty) < y(d(x,y))
forall x,y € X.
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Definition 2.3. Let T : X — Xand o : X x X — [0, +00). T is said to be a-admissible
if
x,ye X a(x,y) >1=a(Tx,Ty) > 1.
The following fixed point theorems are the main results in [28]:

Theorem 2.1. Let (X,d) be a complete metric space and T : X — X be an
a-p-contractive mapping satisfying the following conditions:

(i) T is a-admissible;

(ii) there exists xo € X such that a(xo, Txg) > 1;

(iii) T is continuous.

Then, T has a fixed point, that is, there exists x* € X such that Tx* = x*.

Theorem 2.2. Let (X,d) be a complete metric space and T : X — X be an
a-p-contractive mapping satisfying the following conditions:

(i) T is a-admissible;

(ii) there exists xo € X such that a(xg, Txg) > 1;

(iii) if {xn } is a sequence in X such that a(x,, x,1+1) > 1 forall nand x, — x € X as
n — oo, then a(x,, x) > 1 for all n.

Then, T has a fixed point.

Samet et al. [28] added the following condition to the hypotheses of Theorem
2.1 and Theorem 2.2 to assure the uniqueness of the fixed point:
(C): For all x,y € X, there exists z € X such that a(x,z) > 1and a(y,z) > 1.

Recently, Karapinar and Samet [16] introduced the following concept of
generalized a-i-contractive type mappings:

Definition 2.4. Let (X, d) be a metric space and T : X — X be a given mapping. We
say that T is a generalized w-\p-contractive type mapping if there exists two functions
a: X x X — [0,00) and p € ¥ such that for all x,y € X, we have

a(x,y)d(Tx, Ty) < p(M(x,y)),

d(x, Tx)+d(y, Ty) d(x,Ty)+d(y, Tx)
2 ’ 2 }

Further, Karapinar and Samet [16] established fixed point theorems for this
new class of contractive mappings. Also, they obtained fixed point theorems on
metric spaces endowed with a partial order and fixed point theorems for cyclic
contractive mappings.

where M(x,y) = max {d(x,y),

Definition 2.5. [3] Let X be a non-empty set, N is a natural number such that N > 2
and Ty, Ty, ..., Ty : X — X are given self-mappings on X. If w = Thx = Tox = ... =
Tnx for some x € X, then x is called a coincidence point of T, Ty, ..., Ty—1 and Ty, and
w is called a point of coincidence of T1, Ty, ..., Ty—1 and Ty. If w = x, then x is called a
common fixed point of Ty, Ty, ..., Tn—1 and Ty.

Let f,¢ : X — X be two mappings. We denote by C(g, f) the set of coincidence
points of ¢ and f; that is,

Cg f)={zeX:gz= fz}
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3 Main results

We start the main section by introducing the new concepts of x-admissible w.r.t g
mapping and generalized a-1 contractive pair of mappings.

Definition 3.1. Let f,g : X — Xand a : X x X — [0,00). We say that f is a-
admissible w.r.t g if for all x,y € X, we have

a(gx,gy) =2 1= a(fx, fy) = 1.

Remark 3.1. Clearly, every a-admissible mapping is a-admissible w.r.t ¢ mapping when
g=1

The following example shows that a mapping which is a-admissible w.r.t g
may not be a-admissible.

Example 3.2. Let X = [1, ). Define the mapping a : X x X — [0, 00) by
2 ifx>y
a(x,y) =< 1

—  otherwise
3

Also, define the mappings f,g : X — X by f(x) = % and g(x) = e~ forall x € X.
Suppose that a(x,y) > 1. This implies from the definition of « that x > y which further
implies that % < 5 Thus, a(fx, fy) # 1, that is, f is not a-admissible.

Now, we prove that f is a-admissible w.r.t g. Let us suppose that «(gx, gy) > 1. So,

a(gx, gy) 21#gx>gy$e_x>e_y$§>§$¢x(fx,fy) > 1

Therefore, f is a-admissible w.r.t g.
In what follows, we present examples of x-admissible w.r.t ¢ mappings.

Example 3.3. Let X be the set of all non-negative real numbers. Let us define the map-
pinga : X x X — [0, +0c0) by

_J1ifxzy,
"‘(x’y)_{o if x<uy.

and define the mappings f,¢ : X — X by f(x) = e* and g(x) = x* forall x € X.
Thus, the mapping f is a-admissible w.r.t g.

Example 3.4. Let X = [1,00). Let us define the mapping a : X x X — [0, +00) by

if x,ye€[0,1],
otherwise.

W

o) = {

N[—=

and define the mappings f,g : X — X by f(x) = In (1 + g) and ¢(x) = +/x for all
x € X. Thus, the mapping f is a-admissible w.r.t g.
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Next, we present the new notion of generalized a- contractive pair of map-
pings as follows:

Definition 3.5. Let (X, d) be a metric space and f,g : X — X be given mappings. We
say that the pair (f,g) is a generalized x-y contractive pair of mappings if there exists
two functions a : X x X — [0, +00) and i € ¥ such that for all x,y € X, we have

a(gx,gy)d(fx, fy) < p(M(gx,8y)), (1)
where M(gx, gy) = max { d(gx, gy), 28 SY) ;L d(gy, fy) (8, fy) sz d(gy, fx) }

Our first result is the following coincidence point theorem.

Theorem 3.1. Let (X,d) be a complete metric space and f,g : X — X be such that
f(X) C g(X). Assume that the pair (f,g) is a generalized a-1p contractive pair of map-
pings and the following conditions hold:
(i) f is a-admissible w.r.t. g;
(ii) there exists xo € X such that a(gxo, fxo) > 1;
(iii) If {gxn} is a sequence in X such that w(gx,,gxy,+1) > 1 for all n and
gxn — 8z € g(X) as n — oo, then there exists a subsequence {gx, )} of {gxn}
such that a(gx, ), 8z) > 1 for all k.

Also suppose g(X) is closed. Then, f and g have a coincidence point.

Proof. In view of condition (ii), let xyg € X be such that a(gxg, fxo) > 1. Since
f(X) C g(X), we can choose a point x; € X such that fxy = gx;. Continuing this
process having chosen x1, x, ..., X, we choose x,,4; in X such that

fxpn =8x,41,n=0,1,2,.. (2)

Since f is a-admissible w.r.t g, we have

a(gxo, fxo) = a(gx0,8x1) = 1= a(fxo, fx1) = a(gx1, gx2) > 1

Using mathematical induction, we get
a(gxn, xn+1) > 1,¥Yn=0,1,2,.. 3)

If fx,+1 = fx, for some n, then by (2),

fxps1 = 8xp41,n=0,1,2,...

that is, f and ¢ have a coincidence point at x = x,11, and so we have finished

the proof. For this, we suppose that d(fx,, fx,11) > 0 for all n. Applying the
inequality (1) and using (3), we obtain

A Frn fruss) < al(gon g5n)d(Fn, frunn)
< Pp(M(gxn, gxn+1)) 4)
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On the other hand, we have

d(exy,, fx,) +d(ex,11, fx
M(gxn,gxn+1) _ max{d(gxn,gxn+1), (g n f 71) z(g n+1 f ﬂ+1),

d(gxn, fxny1) +d(8xXni1, fxn) }
2

< max{d(fxn,—1,fxn), d(fXn, fXn+1)}

Owing to monotonicity of the function ¢ and using the inequalities (2) and (4),
we have foralln > 1

d(fxn, fxns1) < (max{d(fxy—1, fxn), d(fxn, fXns1)} ©)

If for some n > 1, we have d(fx,_1, fxn) < d(fxn, fx,41), from (5), we obtain
that

d(fxn, fxps1) < 9(d(fxn, fxni1)) < d(fxn, fxni1),

a contradiction. Thus, for all n > 1, we have

max {d(fxn—1, fxn), d(fxn, fXni1)} = d(fxn-1, f2n) Q)
Notice that in view of (5) and (6), we get for all n > 1 that
d(fxn, fni1) < $(d(fxn-1,fxn)). )
Continuing this process inductively, we obtain
d(fxn, fxns1) < ¢"(d(fxo, fx1)), Vn=>1 ®)

From (8) and using the triangular inequality, for all k > 1, we have

A(Fxn, frain) S A(fxn, ) + o+ A it fXnsr)
n+k—1

< Y 9P(d(fx, fxo))
p=n

IN

3 @ d(fr, fo)) ©)
p=n

Letting p — o0 in (9), we obtain that { fx, } is a Cauchy sequence in (X, d). Since
by (2) we have {fx,} = {gxy+1} € g(X) and g(X) is closed, there exists z € X
such that

lim gx, = gz. (10)

n—o00

Now, we show that z is a coincidence point of f and g. On contrary, assume that
d(fz,8z) > 0. Since by condition (iii) and (10), we have a(gx, ), gz) > 1 forall k,
then by the use of triangle inequality and (1) we obtain

d(gz, fz) d(8z, fxuky) +A(f k), f2)

d(8z, fXn(k)) + a(8Xn k), 82)A(fX (k). f2)
d(8z, fxn(k)) + (M8 k), 82) (11)

(VAN VAR VAN
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On the other hand, we have

X d(gz, fz
M(gxn<k>,gz>=max{d<gxn<k>,gz> Aty o)) + A5/,

d(gxn(k)/fz) + d(ngfxn(k)) }
2

Owing to above equality, we get from (11),

d(gz fz) < d(gz, fxuu) + P(M(g¥(k), 82)

A(8x (k) fXnky) +4d(82z, fz)
s e gy 0 ) 1)
d(gx, 0, fz) +d(gz, fx
(8%n(k), fZ) ! 8z, f n(k))}) 12)
Letting k — oo in the above inequality yields d(gz, fz) < ¢ ( (fz, gz)) <
d(f227,gz), which is a contradiction. Hence, our supposition is wrong and
d(fz,gz) = 0, thatis, fz = gz. This shows that f and g have a coincidence

point. |

The next theorem shows that under additional hypotheses we can deduce the
existence and uniqueness of a common fixed point.

Theorem 3.2. In addition to the hypotheses of Theorem 3.1, suppose that for all
u,v € C(g,f), there exists w € X such that a(gu,gw) > 1 and a(gv,gw) > 1
and f, g commute at their coincidence points. Then f and g have a unique common fixed
point.

Proof. We need to consider three steps:
Step 1. We claim that if u,v € C(g, f), then gu = gv. By hypotheses, there exists
w € X such that

a(gu, gw) > 1,a(gv,gw) > 1 (13)

Due to the fact that f(X) C g(X), let us define the sequence {wy,} in X by
SWp+1 = fwy for allm > 0 and wy = w. Since f is a-admissible w.r.t g, we
have from (12) that

a(gu, gwn) > 1,a(gv, gwn) > 1 (14)
for all n > 0. Applying inequality (1) and using (13), we obtain
d(fu, fwn)

a(gu, gwn)d(fu, fwn)
LP(M(gu/gwn)) (15)

d(gu, §Wn 1)

IN A I
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On the other hand, we have

M(gu,gw,) = max {d(gu,gwn), d(gu, fu) —|—2d(gwn,fwn), (16)
d(gu, fwn) + d(gwn, fu) }
2
< max {d(gu,gwn),d(gu, §Wn+1)} (17)

Using the above inequality, (14) and owing to the monotone property of ¥, we
get that

d(gu,gwp1) < Y(max{d(gu,gwn),d(gu,§wn11)}) (18)

for all n. Without restriction to the generality, we can suppose that d(gu, gw,) > 0
for all n. If max{d(gu, gw,),d(gu, gw,+1)} = d(gu, gw,+1), we have from (16)
that

d(gu, gwny1) < P(d(gu, gwny1)) < d(gu, §Wn+1) (19)

which is a contradiction. Thus, we have max{d(gu, gw,),d(gu, gw,+1)} =
d(gu, gwy), and d(gu, gw,+1) < ¥(d(gu, gwy)) for all n. This implies that

d(gu, gwy) < 9"(d(gu,gwo)), Vn >1 (20)

Letting n — oo in the above inequality, we infer that

lim d(gu, gw,) =0 (21)
Similarly, we can prove that
lim d(go, gwy,) =0 (22)

It follows from (19) and (20) that gu = gv.
Step 2. Existence of a common fixed point: Let u € C(g, f), thatis, gu = fu.
Owing to the commutativity of f and g at their coincidence points, we get

g2u =gfu = fgu (23)

Let us denote gu = z, then from (21), gz = fz. Thus, z is a coincidence point of f
and g. Now, from Step 1, we have gu = ¢z = z = fz. Then, z is a common fixed
point of f and g.

Step 3. Uniqueness: Assume that z* is another common fixed point of f and g.
Then z* € C(g, f). By step 1, we have z* = gz* = gz = z. This completes the
proof. n

In what follows, we furnish an illustrative example wherein one demonstrates
Theorem 3.2 on the existence and uniqueness of a common fixed point.
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Example 3.6. Consider X = [0, +00) equipped with the usual metric d(x,y) = |x — y|
forall x,y € X. Define the mappings f : X — Xand g: X — X by

f(x){Zx;§ if x>2,

- i 0<x<2.
3 if0<x<

and
x
g(x) = 5 Vx e X.
Now, we define the mapping « : X x X — [0, +o0) by
1 if (x,y) €[0,1],
oc(x,y):{ f (x,y) €[0,1]

0 otherwise.

Clearly, the pair (f, g) is a generalized a-1p contractive pair of mappings with P(t) = %t
forall t > 0. In fact, for all x,y € X, we have

R L
4
= £d(gx.8y)
4

< £ Mlgx, gy) = p(M(gx, gy))

Moreover, there exists xg € X such that a(gxo, fxo) > 1. In fact, for xg = 1, we have

11
-,z =1
*(25)
Now, it remains to show that f is a-admissible w.r.t g. In so doing, let x,y € X such

that a(gx, gy) > 1. This implies that gx, gy € [0, 1] and by the definition of g, we have
x,y € [0,2]. Therefore, by the definition of f and «, we have

f(x) =3 €10,1], fy) = % € [0,1) and a(fx, fy) = 1.

Thus, f is a-admissible w.r.t . Clearly, f(X) C g(X) and g(X) is closed.

Finally, let {gx,} be a sequence in X such that a(gx,, §x,+1) > 1 for all n and gx, —
gz € g(X) asn — Hoo. Since a(gxn,§xn+1) > 1 for all n, by the definition of w,
we have gx, € [0,1] for all n and gz € [0,1]. Then, a(gx,,gz) > 1. Now, all the
hypotheses of Theorem 3.1 are satisfied. Consequently, f and g have a coincidence point.
Here, 0 is a coincidence point of f and g. Also, clearly all the hypotheses of Theorem 3.2
are satisfied. In this example, 0 is the unique common fixed point of f and g.

Remark 3.2. By taking ¢ = 1,(the identity mapping) in Theorems 3.1 and 3.2, we obtain
the main results of [16].
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4 Consequences

In this section, we will show that many existing results in the literature can be
obtained easily from our Theorem 3.2.

4.1 Standard Fixed Point Theorems

By taking a(x,y) = 1 for all x,iy € X in Theorem 3.2, we obtain immediately the
following fixed point theorem.

Corollary 4.1. Let (X, d) be a complete metric space and f,g : X — X be such that
f(X) C g(X). Suppose that there exists a function p € ¥ such that

d(fx, fy) < p(M(gx,8y)), (24)

for all x,y € X. Also, suppose g(X) is closed. Then, f and g have a coincidence point.
Further, if f, ¢ commute at their coincidence points, then f and g have a common fixed
point.

By taking ¢ = I in Corollary 4.1, we obtain immediately the following fixed
point theorem.

Corollary 4.2. Let (X, d) be a complete metric space and f : X — X. Suppose that there
exists a function ¢ € Y such that

d(fx, fy) < p(M(x,y)), (25)
forall x,y € X. Then f has a unique fixed point.

The following fixed point theorems can be easily obtained from Corollaries
4.1 and 4.2.

Corollary 4.3. Let (X,d) be a complete metric space and f,g : X — X be such that
f(X) C g(X). Suppose that there exists a function p € ¥ such that

d(fx, fy) < ¢(d(gx,8y)), (26)

for all x,y € X. Also, suppose g(X) is closed. Then, f and g have a coincidence point.
Further, if f, ¢ commute at their coincidence points, then f and g have a common fixed
point.

Corollary 4.4. (Berinde [5]). Let (X,d) be a complete metric space and f : X — X.
Suppose that there exists a function € Y such that

d(fx, fy) < $(d(xy)), (27)
forall x,y € X. Then f has a unique fixed point.

Corollary 4.5. (Ciri¢ [10]). Let (X,d) be a complete metric space and T : X — X bea
given mapping. Suppose that there exists a constant A € (0, 1) such that

d(fx, fy) < Amax {d(x,y), d(x, fx) ‘Zi‘d(yrfy), d(x, fy) —;d(y,fx) }

forall x,y € X. Then T has a unique fixed point.
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Corollary 4.6. (Hardy and Rogers [12]) Let (X,d) be a complete metric space and
T : X — X be a given mapping. Suppose that there exists constants A,B,C > 0
with (A + 2B +2C) € (0,1) such that

d(fx, fy) < Ad(x,y) + Bld(x, fx) +d(y, fy)] + Cld(x, fy) +d(y, fx)],
forall x,y € X. Then T has a unique fixed point.

Corollary 4.7. (Banach Contraction Principle [4]) Let (X, d) be a complete metric space
and T : X — X be a given mapping. Suppose that there exists a constant A € (0,1)
such that

d(fx, fy) < Ad(x,y)

forall x,y € X. Then T has a unique fixed point.

Corollary 4.8. (Kannan [13]) Let (X, d) be a complete metric space and T : X — X be
a given mapping. Suppose that there exists a constant A € (0,1/2) such that

d(fx, fy) < Md(x, fx) +d(y, fy)],

forall x,y € X. Then T has a unique fixed point.

Corollary 4.9. (Chatterjee [9]) Let (X, d) be a complete metric space and T : X — X be
a given mapping. Suppose that there exists a constant A € (0,1/2) such that

d(fx, fy) < Ald(x, fy) +d(y, fx)],

forall x,y € X. Then T has a unique fixed point.

4.2 Fixed Point Theorems on Metric Spaces Endowed with a Partial Order

Recently, there have been enormous developments in the study of fixed point
problems of contractive mappings in metric spaces endowed with a partial order.
The first result in this direction was given by Turinici [29], where he extended
the Banach contraction principle in partially ordered sets. Some applications
of Turinici’s theorem to matrix equations were presented by Ran and Reurings
[23]. Later, many useful results have been obtained regarding the existence of a
tixed point for contraction type mappings in partially ordered metric spaces by
Bhaskar and Lakshmikantham [6], Nieto and Lopez [19, 20], Agarwal et al. [2],
Lakshmikantham and Ciri¢ [18] and Samet [26] etc. In this section, we will derive
various fixed point results on a metric space endowed with a partial order. For
this, we require the following concepts:

Definition 4.1. [16] Let (X, <) be a partially ordered set and T : X — X be a given
mapping. We say that T is nondecreasing with respect to < if

x,ye X,x 2y=Tx <X Ty.

Definition 4.2. [16] Let (X, <) be a partially ordered set. A sequence {x,} C X is said
to be nondecreasing with respect to < if x, = xy,41 for all n.
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Definition 4.3. [16] Let (X, <) be a partially ordered set and d be a metric on X. We
say that (X, =,d) is reqular if for every nondecreasing sequence {x,} C X such that

Xy — x € X asn — oo, there exists a subsequence { X, } of {xn} such that x, 4y < x
for all k.

Definition 4.4. [11] Suppose (X, =) is a partially ordered set and F,g : X — X are
mappings of X into itself. One says F is g-non-decreasing if for x,y € X,

g(x) 2 gly) implies F(x) = F(y). (28)

Definition 4.5. Let (X, <) be a partially ordered set and d be a metric on X. We say that
(X, =,d) is g-reqular where g : X — X if for every nondecreasing sequence {gx,} C X
such that gx, — gz € X as n — oo, there exists a subsequence {gx, )} of {gxn} such
that gx,, ) = gz for all k.

We have the following result.

Corollary 4.10. Let (X, =) be a partially ordered set and d be a metric on X such that
(X, d) is complete. Assume that f,g : X — X be such that f(X) C g(X) and f bea
g-non-decreasing mapping w.r.t <. Suppose that there exists a function p € Y such that

d(fx, fy) < p(M(gx,8y)), (29)

forall x,y € X with gx = gy. Suppose also that the following conditions hold:

(i) there exists xg € X s.t gxo =< fxo;

(ii) (X, =,d) is g-regular.

Also suppose g(X) is closed. Then, f and g have a coincidence point. Moreover, if
for every pair (x,y) € C(g,f) x C(g, f) there exists z € X such that gx = gz and
gy = gz, and if f and g commute at their coincidence points, then we obtain uniqueness
of the common fixed point.

Proof. Define the mapping a : X x X — [0, ) by

1 itx<yorx>y
a(x,y) = { 0 otherwise (30)

Clearly, the pair (f, g) is a generalized a-1 contractive pair of mappings, that is,

a(gx,gy)d(fx, fy) < p(M(gx,gy)),

for all x,y € X. Notice that in view of condition (i), we have a(gxo, fxg) > 1.
Moreover, for all x,y € X, from the g-monotone property of f, we have

a(gx,gy) > 1=gx = gyorgx = gy = fx = fyor fx = fy = a(fx, fy) > 1.(31)

which amounts to say that f is a-admissible w.r.t g. Now, let {gx, } be a sequence
in X such that a(gx,, gx,+1) > 1 for all n and gx, — gz € X as n — oo. From the
g-regularity hypothesis, there exists a subsequence {gx,,x)} of {gx,} such that
8Xn (k) = 8z for all k. So, by the definition of a, we obtain that a(gx, ), 8z) > 1.
Now, all the hypotheses of Theorem 3.1 are satisfied. Hence, we deduce that f
and g have a coincidence point z, that is, fz = gz.
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Now, we need to show the existence and uniqueness of common fixed point. For
this, let x, ¥ € X. By hypotheses, there exists z € X such that gx < gzand gy < gz,
which implies from the definition of « that a(gx, gz) > 1 and a(gy, gz) > 1. Thus,
we deduce the existence and uniqueness of the common fixed point by Theorem
3.2 |

The following results are immediate consequences of Corollary 4.10.

Corollary 4.11. Let (X, =) be a partially ordered set and d be a metric on X such that
(X, d) is complete. Assume that f,g : X — X and f be a g-non-decreasing mapping
w.r.t <. Suppose that there exists a function € ¥ such that

d(fx, fy) < ¥(d(gx,gy)), (32)

forall x,y € X with gx = gy. Suppose also that the following conditions hold:

(i) there exists xog € X s.t gxg =< fxo;

(ii) (X, <, d) is g-reqular.

Also suppose g(X) is closed. Then, f and g have a coincidence point. Moreover, if
for every pair (x,y) € C(g,f) x C(g, f) there exists z € X such that gx = gz and
gy = gz, and if f and g commute at their coincidence points, then we obtain uniqueness
of the common fixed point.

Corollary 4.12. Let (X, =) be a partially ordered set and d be a metric on X such that
(X, d) is complete. Assume that f,g : X — X and f be a g-non-decreasing mapping
w.r.t <. Suppose that there exists a constant A € (0,1) such that

d(fx, fy) < Amax {d(gx, ), d(gx, fx) sz d(gy,fy)l d(gx, fy) ;L d(gy, fx) } 33)

forall x,y € X with gx = gy. Suppose also that the following conditions hold:

(i) there exists xg € X s.t gxg =< fxo;

(ii) (X, =, d) is g-reqular.

Also suppose g(X) is closed. Then, f and g have a coincidence point. Moreover, if
for every pair (x,y) € C(g,f) x C(g, f) there exists z € X such that gx = gz and
gy = gz, and if f and g commute at their coincidence points, then we obtain uniqueness
of the common fixed point.

Corollary 4.13. Let (X, =) be a partially ordered set and d be a metric on X such that
(X, d) is complete. Assume that f,g : X — X and f be a g-non-decreasing mapping
w.r.t <. Suppose that there exists constants A,B,C > 0 with (A +2B+2C) € (0,1)
such that

d(fx, fy) < Ad(gx,gy) + Bld(gx, fx) +d(gy, fy)] + Cld(gx, fy) +d(gy, fx)],(34)

forall x,y € X with gx = gy. Suppose also that the following conditions hold:

(i) there exists xo € X s.t gxg =< fxo;

(ii) (X, =, d) is g-reqular.

Also suppose g(X) is closed. Then, f and g have a coincidence point. Moreover, if
for every pair (x,y) € C(g,f) x C(g, f) there exists z € X such that gx < gz and
gy = gz, and if f and g commute at their coincidence points, then we obtain uniqueness
of the common fixed point.
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Corollary 4.14. Let (X, <) be a partially ordered set and d be a metric on X such that
(X,d) is complete. Assume that f,g : X — X and f be a g-non-decreasing mapping
w.r.t <. Suppose that there exists a constant A € (0,1) such that

d(fx, fy) < Ad(gx,gy)), (35)

forall x,y € X with gx < gy. Suppose also that the following conditions hold:

(i) there exists xy € X s.t gxog =< fxo;

(ii) (X, =, d) is g-reqular.

Also suppose g(X) is closed. Then, f and g have a coincidence point. Moreover, if
for every pair (x,y) € C(g,f) x C(g, f) there exists z € X such that gx = gz and
gy = gz, and if f and g commute at their coincidence points, then we obtain uniqueness
of the common fixed point.

Corollary 4.15. Let (X, =) be a partially ordered set and d be a metric on X such that
(X,d) is complete. Assume that f,g : X — X and f be a g-non-decreasing mapping
w.r.t <. Suppose that there exists constants A, B,C > 0 with (A +2B+2C) € (0,1)
such that

d(fx, fy) < Ald(gx, fx) +4d(gy, fy)l, (36)

forall x,y € X with gx = gy. Suppose also that the following conditions hold:

(i) there exists xy € X s.t gxog =< fxo;

(ii) (X, =, d) is g-reqular.

Also suppose g(X) is closed. Then, f and g have a coincidence point. Moreover, if
for every pair (x,y) € C(g,f) x C(g, f) there exists z € X such that gx = gz and
gy = gz, and if f and g commute at their coincidence points, then we obtain uniqueness
of the common fixed point.

Corollary 4.16. Let (X, =) be a partially ordered set and d be a metric on X such that
(X, d) is complete. Assume that f,g : X — X and f be a g-non-decreasing mapping
w.r.t <. Suppose that there exists constants A,B,C > 0 with (A +2B+2C) € (0,1)
such that

d(fx, fy) < Ald(gx, fy) +d(gy, fx)], (37)

forall x,y € X with gx = gy. Suppose also that the following conditions hold:

(i) there exists xy € X s.t gxog =< fxo;

(ii) (X, =, d) is g-reqular.

Also suppose g(X) is closed. Then, f and g have a coincidence point. Moreover, if
for every pair (x,y) € C(g,f) x C(g, f) there exists z € X such that gx = gz and
gy = gz, and if f and g commute at their coincidence points, then we obtain uniqueness
of the common fixed point.

4.3 Fixed Point Theorems for Cyclic Contractive Mappings

As a generalization of the Banach contraction mapping principle, Kirk et al. [17]

in 2003 introduced cyclic representations and cyclic contractions. A mapping
T: AUB — AUB is called cyclic if T(A) € B and T(B) C A, where A,B



Coincidence and Common Fixed Point Results 313

are nonempty subsets of a metric space (X,d). Moreover, T is called a cyclic
contraction if there exists k € (0,1) such that d(Tx, Ty) < kd(x,y) forallx € A
and y € B. Notice that although a contraction is continuous, cyclic contractions
need not be. This is one of the important gains of this theorem. In the last decade,
several authors have used the cyclic representations and cyclic contractions to
obtain various fixed point results. see for example ([1, 14, 15, 21, 22, 24]).

Corollary 4.17. Let (X,d) be a complete metric space, A1 and Ay are two nonempty
closed subsets of X and f,g : Y — Y be two mappings, where Y = Ay U Aj. Suppose
that the following conditions hold:

(i) (A1) and g(Ay) are closed;

(ii) f(A1) C g(A2) and f(A2) C g(Ar);
(iii) g is one-to-one;
(iv) there exists a function € Y such that

d(fx, fy) < p(M(gx,8y)), V(x,y) € A1 X As. (38)

Then, f and g have a coincidence point z € Ay N Ap. Further, if f, g commute at
their coincidence points, then f and g have a unique common fixed point that belongs to
A1 N A,

Proof. Due to the fact that g is one-to-one, condition (iv) is equivalent to

d(fx, fy) < p(M(gx, gy)), V(gx,gy) € g(A1) x g(Az). (39)

Now, since A1 and A are closed subsets of the complete metric space (X, d), then
(Y,d) is complete.
Define the mapping a : Y x Y — [0, %) by

a(x,y) = { Lif (o) € (3(4) x g(42) U ((42) x3(40) -y

Notice that in view of definition of « and condition (iv), we can write

a(gx, gy)d(fx, fy) < p(M(gx,gy)) (41)

for all gx € g(A1) and gy € g(Az). Thus, the pair (f,g) is a generalized
a-p-contractive pair of mappings.

By using condition (ii), we can show that f(Y) C g(Y). Moreover, ¢(Y) is closed.
Next, we proceed to show that f is a-admissible w.r.t g. Let (gx,gy) € Y X Y such
that w(gx, gy) > 1; that s,

(8%, 8y) € (8(A1) x §(A2)) U (8(A2) x g(A1)) (42)
Since g is one-to-one, this implies that
(x,y) S (A1 X Az) U (Az X Al) (43)
So, from condition (ii), we infer that

(fx, fy) € (g(A2) x g(A1)) U (g(A1) x g(A2)) (44)
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thatis, a(fx, fy) > 1. This implies that f is a-admissible w.r.t g.
Now, let {¢x,} be a sequence in X such that a(gx,, ¢x,+1) > 1 for all n and
exy, — gz € g(X) as n — oo. From the definition of &, we infer that

(8xn, §Xn11) € (§A1 X §A2) U (gA2 X gA1) (45)

Since (A1 x gA2) U (§A2 x gA1) is a closed set with respect to the Euclidean
metric, we get that

(82,82) € (§A1 x gA2) U (§A2 X gA1), (46)

thereby implying that gz € g(A1) N g(Az). Therefore, we obtain immediately
from the definition of « that a(gx,, gz) > 1 for all n.

Now, let a be an arbitrary point in A;. We need to show that «(ga, fa) > 1.
Indeed, from condition (ii), we have fa € g(Aj). Since ga € g(A;1), we get
(ga, fa) € g(A1) x ¢(Az), which implies that a(ga, fa) > 1.

Now, all the hypotheses of Theorem 3.1 are satisfied. Hence, we deduce that
f and g have a coincidence point z € Ay U Ay, thatis, fz = gz. If z € Aj,
from (ii), fz € g(Az). On the other hand, fz = gz € g(A;). Then, we have
gz € g(A1) N g(Az), which implies from the one-to-one property of g that
z € A1 N Ay. Similarly, if z € Ay, we obtain that z € A; N Aj.

Notice that if x is a coincidence point of f and g, then x € A; N A,. Finally, let
x,y € C(g, f), thatis, x,y € A1 N Ay, gx = fx and gy = fy. Now, from above
observation, we have w = x € A; N Ay, which implies that gw € g(A1 N Ay) =
(A1) Ng(Az) due to the fact that g is one-to-one. Then, we get that a(gx, gw) > 1
and «(gy, gw) > 1. Then our claim holds.

Now, all the hypotheses of Theorem 3.2 are satisfied. So, we deduce that
z = A1 N Ajp is the unique common fixed point of f and g. This completes the
proof. n

The following results are immediate consequences of Corollary 4.17.

Corollary 4.18. Let (X, d) be a complete metric space, Ay and Ay are two nonempty
closed subsets of X and f,g : Y — Y be two mappings, where Y = A1 U Ay. Suppose
that the following conditions hold:

(i) (A1) and g(Ay) are closed;

(it) f(A1) € g(Az) and f(Az) € g(A1);

(iii) g is one-to-one;

(iv) there exists a function P € Y such that

d(fx, fy) < ¥(d(gx,gy)), V(x,y) € A1 X As.

Then, f and g have a coincidence point z € Ay N Ap. Further, if f, ¢ commute at
their coincidence points, then f and g have a unique common fixed point that belongs to
A1 N A,

Corollary 4.19. Let (X,d) be a complete metric space, Ay and Ay are two nonempty
closed subsets of X and f,g : Y — Y be two mappings, where Y = Ay U Aj. Suppose
that the following conditions hold:
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(i) (A1) and g(Ay) are closed;

(ii) f(A1) © g(Az) and f(Az) C g(A1);
(iii) g is one-to-one;
(iv) there exists a constant A € (0,1) such that

d(fx, fy) < A max {d(gx, o), H8x. /%) ;L A(8y. fy) d(gx, fy) ;L d(gy, fx) }

V(x,y) € Ap X Aj.

Then, f and g have a coincidence point z € Ay N Ap. Further, if f, g commute at
their coincidence points, then f and g have a unique common fixed point that belongs to
A1 N A,

Corollary 4.20. Let (X,d) be a complete metric space, A1 and Ay are two nonempty
closed subsets of X and f,g : Y — Y be two mappings, where Y = Ay U Aj. Suppose
that the following conditions hold:

(i) (A1) and g(Ay) are closed;

(i) f(A1) € g(Az) and f(A2) € g(A1);

(iii) g is one-to-one;

(iv) there exists a constant A € (0,1) such that

d(fx, fy) < Ad(gx,gy) + Bld(gx, fx) +d(gy, fy)] + Cld(gx, fy) +d(gy, fx)],
V(x,y) € A1 X Ap.

Then, f and g have a coincidence point z € Ay N Ap. Further, if f, g commute at
their coincidence points, then f and g have a unique common fixed point that belongs to
A1 N Aj.

Corollary 4.21. Let (X,d) be a complete metric space, A1 and Ay are two nonempty
closed subsets of X and f,g : Y — Y two mappings, where Y = Ay U Ajy. Suppose that
the following conditions hold:

(i) g(A1) and g(Ap) are closed;

(i) f(A1) € g(Az) and f(A2) € g(A1);

(iii) g is one-to-one;

(iv) there exists a constant A € (0,1) such that

d(fx, fy) < Ad(gx,8y)), V(x,y) € A1 x As.

Then, f and g have a coincidence point z € A1 N Ay. Further, if f, g commute at
their coincidence points, then f and g have a unique common fixed point that belongs to
A1 N Aj.

Corollary 4.22. Let (X,d) be a complete metric space, A1 and Ay are two nonempty
closed subsets of X and f,g : Y — Y be two mappings, where Y = Ay U Ay. Suppose
that the following conditions hold:

(i) g(A1) and g(Ayp) are closed;

(i) f(A1) € g(A2) and f(Az2) € g(A1);

(iii) g is one-to-one;

(iv) there exists a constant A € (0, 1) such that

d(fx, fy) < Ald(gx, fx) +d(gy, fy)], V(x,y) € A1 x A
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Then, f and g have a coincidence point z € Ay N Ap. Further, if f, g commute at
their coincidence points, then f and g have a unique common fixed point that belongs to
A1 N A,

Corollary 4.23. Let (X,d) be a complete metric space, Ay and Ay are two nonempty
closed subsets of X and f,g : Y — Y be two mappings, where Y = A1 U Ay. Suppose
that the following conditions hold:

(i) g(A1) and g(Az) are closed;

(it) f(A1) € g(Az) and f(Az) € g(A1);

(iii) g is one-to-one;

(iv) there exists a constant A € (0, 1) such that

d(fx, fy) < Ald(gx, fy) +d(gy, fx)], V(x,y) € Ay x A,.

Then, f and g have a coincidence point z € Ay N Ap. Further, if f, ¢ commute at
their coincidence points, then f and g have a unique common fixed point that belongs to
A1 N Aj.
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