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Two concepts—one of the coupled fixed point and the other of the generalized metric space—
play a very active role in recent research on the fixed point theory. The definition of coupled
fixed point was introduced by Bhaskar and Lakshmikantham (2006) while the generalized metric
space was introduced by Mustafa and Sims (2006). In this work, we determine some coupled fixed
point theorems for mixed monotone mapping satisfying nonlinear contraction in the framework of
generalized metric space endowed with partial order. We also prove the uniqueness of the coupled
fixed point for such mappings in this setup.

1. Introduction

Fixed point theory is a very useful tool in solving variety of problems in the control theory,
economic theory, nonlinear analysis and, global analysis. The Banach contraction principle
[1] is the most famous, most simplest, and one of the most versatile elementary results in the
fixed point theory. A huge amount of literature is witnessed on applications, generalizations,
and extensions of this principle carried out by several authors in different directions,
for example, by weakening the hypothesis, using different setups, and considering different
mappings.

Recently, the idea of generalized metric spaces was introduced and studied by Mustafa
and Sims [2] originated from the concept of metric spaces. Some fixed point theorem in this
setup was first determined by Mustafa et al. [3]; particularly, the Banach contraction principle
was established in this work. Since then several fixed point, coupled fixed point, and triple
fixed point theorems in the framework of generalized metric spaces have been investigated
in [4-11].
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In the recent past, many authors obtained important fixed point theorems in partially
ordered metric spaces, that is, metric spaces endowed with a partial ordering (see [12-24]).

The aim of this paper is to determine some coupled fixed point theorems for nonlinear
contractions in the framework of partially ordered generalized metric spaces.

2. Definitions and Preliminary Results

We will assume throughout this paper that the symbol R and N will denote the set of real
and natural numbers, respectively. In this section, we recall some definitions and preliminary
results which we will use throughout the paper. Mustafa and Sims [2] have recently
introduced the concept of generalized metric space as follows.

Let X be a nonempty set and a mapping G : X x X x X — R. Then G is called a
generalized metric (for short, G-metric) on X and (X, G) a generalized metric space or simply
G-metric space if the following conditions are satisfied:

(i) G(x,y,2z) =0if x =y = z,
(ii) G(x,x,y) >0, forall x,y € X and x £y,
(iii) G(x,x,y) < G(x,y,z), forall x,y,z€ X and y # z,
(iv) G(x,y,2) = G(x,z,y) = G(y,z,x) =--- (symmetry in all three variables),
v)

We remark that every G-metric on X defines a metric dg on X by dg(x,y) = G(x,y,y) +
G(y,x,x), forall x,y € X.

G(x,y,2) £G(x,a,a) + G(a,y,z), forall x,y, z,a € X (rectangle inequality).

Example 2.1 (see [2]). Let (X, d) be a metric space. The function G : X x X x X — [0,00)
defined by

G(x,y,z) =max{d(x,y),d(y,z),d(z,x)}, (2.1)
or
G(x,y,z) =d(x,y) +d(y,z) +d(z,x), (2.2)

forall x,y,z € X, is a G-metric on X.

The concepts of convergence and Cauchy sequences and continuous functions in G-
metric space are studied in [2].

Let (X, G) be a G-metric space. Then, a sequence (x,,) is said to be convergent in (X, G)
or simply G-convergent to x € X if for every € > 0 there exists N € N such that G(x,, x,,, x) <€,
foralln,m > N.

Let (X, G) be a G-metric space. Then, (x,) is said to be Cauchy in (X, G) or simply G-
Cauchy if for every e > 0 there exists N € N such that G(x,,, x,,, xx) <€, foralln,m k> N. A
G-metric space (X, G) is said to be complete if every G-Cauchy sequence is G-convergent.

Let (X, G) be a G-metric space and f : X — X a mapping. Then, f is said to G-continu-
ous at a point x € X if and only if it is G-sequentially continuous at x; that is, whenever (x,)
is G-convergent to x, we have (f(x,)) G-convergent to f(x).
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Proposition 2.2 (see [2]). Let (X, G) be a G-metric space and (x,) a sequence in X. Then, for all
x € X, the following statements are equivalent:

(i) (xy) is G-convergent to x,

(ii) G(xp, x4, x) — 0asn — oo,

(iii) G(xp,x,x) — O0asn — oo,
)

(iv) G(xp, X, x) — 0asn,m — oo.

Proposition 2.3 (see [2]). Let (X, G) be a G-metric space and (x,) a sequence in X. Then, the
following statements are equivalent:

(1) (xy) is G-Cauchy,
(ii) For every € > O there exists N € N such that G(x,, Xy, Xm) < €, for all n,m > N.
Lemma 2.4 (see [2]). If (X, G) is a G-metric space then G(x,y,y) < 2G(y, x,x) forall x,y € X.

Let (X, G) be a G-metric space and F : X x X — X a mapping. Then, a map F is said
to be continuous [10] in (X, G) if for every G-convergent sequences x, — x and y, — ,
(F(xn,yn)) is G-convergent to F(x, y).

Quite recently, Bhaskar and Lakshmikantham [14] defined and studied the concepts
of mixed monotone property and coupled fixed point in partially ordered metric space.

Let (X, <) be a partially ordered set and F : X x X — X a mapping. Then, a map
F is said to have mixed monotone property if F(x,y) is monotone nondecreasing in x and is
monotone nonincreasing in y; that is, for any x, vy € X,

x1,x€X, x1<x implies F(x1,y) < F(x2,y),
2.3)
vy, €X, yi1 <y, implies F(x,y1) > F(x,y2).

An element (x,y) € X x X is said to be a coupled fixed point of the mapping F : X x X —
X if

F(x,y) =x, F(y,x) =y. (2.4)

The following class of functions are considered in [25]. Denote with ® the set of all
functions ¢ : [0,00) — [0, o0) which satisfy that

(i) @ is continuous and nondecreasing,
(ii) () =0if and only if t = 0,
(iii) ¢t +5) < @(t) + ¢(s), for all t, s € [0, o0).

By ¥ we denote the set of all functions ¢ : [0, 0) — (0, o0) which satisfy lim;_,, ¢ (¢) >
0, for all ¥ > 0 and lim;_, ¢+ ¢ (¢) = 0.
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For example, functions ¢1, g2, 3,3 € ®, where () = kt (k > 0), () = t/t +1,

@3(t) = In(t + 1), and 4(t) = min{t, 1}, and the functions ¢, ¢, g3 € ¥, where 1 (t) = kt,
¢(t) =In(2t +1)/2, and

1, ift=0,t=1,

t .
ga(t) = 3 o HO<t<L (2.5)
%, if t>1.

3. Main Results

In this section, we establish some coupled fixed point results by considering a map on gener-
alized metric spaces endowed with a partial order.

Theorem 3.1. Let (X, X) be a partially ordered set, and let G be a G-metric on X such that (X, G) is
a complete G-metric space. Suppose that there exist ¢ € @, ¢ € ¥, and a mapping F : X x X — X
such that

(G (54) 090, FG5.0)) < 39(G00) + Gl 0,) - (S5 E02D )

(3.1)
forall x,y,u,v,s,t € Xwithx >u>sandy < v Lt where either u#s or v#t. Suppose F has a
mixed monotone property and also suppose that either

(a) F is continuous or

(b) X has the following property:

(i) if a nondecreasing sequence (x,) is G-convergent to x, then x, < x, for all n,
(ii) if a nonincreasing sequence (y,) is G-convergent to y, then y, > y, for all n.

If there exist xo,yo € X such that xo < F(xo,Y0) and yo > F(yo, o), then F has a coupled point; that
is, there exist x,y € X such that F(x,y) = x and F(y, x) = y.

Proof. Let xo,yo € X be such that xo < F(xo, yo) and yo > F(yo, x0). We can choose x1,y1 € X
such that x; = F(x9,10) and y1 = F(yo, xo). Write

Xnt+1 = F(xn/ yn)/ Yni1 = F(ynr xn)r (32)

for all n > 1. Due to the mixed monotone property of F, we can find x, > x1 > xg and y» <
Y1 X yo. By straightforward calculation, we obtain

XL X S XS S X e,
(3.3)
YOZ Y1 Z Y R Y 2
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Using (3.1) and (3.2), we obtain

(P(G(xn+1/ Xn+l, xn))
= (P(G(F(x"/yTI)/F(xnryn>/F(xn—1/]/n—1)))

1 G(xn, Xn, Xn-1) + G(Yn, Yn, Yn-
SE‘P(G(xn/xnrxn—l)+G(yn1yn1yn—l))_(ﬁ< ! 5 (W Yy 1)>,
(3.4)
and similarly
(P(G(yn+11yn+lr]/n))
= 0(G(F(Yn, xn), F(Yn, %), F (Yn-1,%n-1)))
1 G(Yns Y Yn1) + G(Xpn, Xp, X
qu)(G(yn,yn,yn1)+G(xn,xn,xn1))—qf< (y Yn 1)2 ( 1)>
(3.5)
Adding (3.4) and (3.5), we get
P(G(xna1, Xns1, X)) + Q(G(Yns1, Yns1, Yn))
L o(G(xn, xXn, Xn-1) + G(Yn, Yn, Y-
»(G( 1)+ G(Yn, Y, Yn-1)) (36)

G(xn, Xn, Xn-1) + G(Yn, Yn, Yn1
—2(,U< 5 (Yn Yn Y )>

Using the property ¢(t + s) < ¢(t) + ¢(s) for all t, s € [0, 00), we get

(P(G(anrl/ Xn+1, xn) + G(yn+1r yn+1r yn))

G xnzxn/xn— +G nrs nrs n—
sw(G(xn,xn,xn_H+G(yn,yn,yn_1))—2<,v< ( 1)2 (Y Yoy 1)>,

(3.7)
which implies that
@(G(xna1, Xne1, Xn) + G(Yna1, Yne1, Yn)) < Q(G(n, Xn, Xn1) + G (Y, Y, Yn1))- (3.8)
Since ¢ is nondecreasing, we have

G(xn+1/ Xn+l, xn) + G(ynJrl/ Yn+1, yn) < G(xn/ Xn, xnfl) + G(yn/ Yn, ynfl)- (39)
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For all n € N, set
Sp = G(xn+1/ Xn+l, Xn) + G(]/n+1/ Yn+l, yn)l (3-10)
then a sequence (s,) is decreasing. Therefore, there exists some s > 0 such that

lim s, = im [G(xps1, Xns1, Xn) + G(Yns1, Y1, Yn)] = s. (3.11)

n— oo n— oo

Now we have to show that s = 0. On the contrary, suppose that s > 0. Letting n — oo in (3.7)
(equivalently, s, is G-convergent to s) and using the property of ¢ and ¢, we get

R T . _ Sn-1 _ _ . Sn-1
9(s) = lim g(s,) < lim {p(s,1) =29 (T2 ) } = 9(s) -2 lim ¢ (Z21) <g(s),  (312)
which is a contradiction. Thus s = 0; from (3.11), we have

lim s,, = 1im [G(xns1, Xns1, Xn) + G (Y1, Y1, Yn)] = 0. (3.13)

n—oo

Again, we have to show that (x,) and (y,) are Cauchy sequences in the G-metric space (X, G).
On the contrary, suppose that at least one of (x,) or (v,) is not a Cauchy sequence in (X, G).
Then there exists € > 0, for which we can find subsequences (xkj)), (xi(j)) and (y«(j)), (V1))
of the sequences (x,) and (y,), respectively, with k(j) > I(j) > j, for all j € N such that

aj = G(xk(j), xx(i), X16)) + G(Yr(), (), Vi) > €. (3.14)
We may also assume that
G (xk(j)-1, Xk()-1, X1)) + G(Yk(i)-1, V(-1 V1)) < € (3.15)

by choosing k(j) to be the smallest number exceeding I(j), for which (3.14) holds. From (3.14)
and (3.15) and using the rectangle inequality, we obtain

e < aj = G(xx(), xx(j), X)) + G(Yr(), V() Yiei))

< G(xk(j), Xk(j) Xk(j)-1) + G (Xk(j)-1, Xk()-1, X1(j))

(3.16)
+ G(Yk(), Yr(), Yr()-1) + G(Yk()-1 Vi1, Yic))
< G(xk(j), Xk(j), Xk(j)-1) + G(Yk(i), Yk(), Yk(j)-1) + €
Letting j — oo in the above inequality and using (3.13), we get
Jim aj = lim [G (i, Xy, Xi) + G (Y, Yrays Yip)] = €. (3.17)
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Again, by using rectangle inequality, we obtain
a;j = G(xk(j), Xk(), Xu(j)) + G(Yk(i), Yr(i) Yiei))
< G(Xk(j), Xk(j)r Xk()+1) + G(Xk(j)+1, Xk(j)+1, Xi(j)+1) + G(Xi(j)e1, Xi(j)+1, Xi(j) )
+ G(Yk(), Yrti) Y1) + G(YkG)+1 Yriy+1 Vi) + G iy i) - (3.18)
= 51(j) + G (ki) Xk(j) Xk(jy+1) + G(Xk(i)+1, Xk(j)+1, Xi(j)+1)

+ G k() Y Vi) + G (k)1 Yriyis Vi)
By using Lemma 2.4, the above inequality becomes

a;j < sigy + 2G (xXk(iy+1, X(j+1, Xk(i)) + 2G (Yk(iye1, YrGy+1, Vi)

+ G (xk()+1, Xk(i)+1, X1y +1) + G (Yk(i)+1, Yi(iye1, Yig+1); .
this implies that
aj < siy + 25k(j) + G (X1, Xk, Xi)+1) + G (Wi, Yi(+1, Yig)- (3.20)
Operating ¢ on both sides of the above inequality,
p(a;) < p(siG) +2kG) + G(Xk(j)e1, Xi(y+1, XiGi)+1) + G(Yk()+1, Yr()+1, Yi+1))
= 9 (s1() + 25k()) + @(G(xk(i)+1, Xk(jy+1, X1(jy41) ) + PG (Yk(iy+1, Yi()+1, Yigye1))- .

Now we find the expressions ¢(G(xk(j)+1, Xk(j)+1, X1(j)+1)) and @(G(Yk(jy+1, Yk(j)+1, Yi(j)+1)) in
terms of ¢ and ¢ by using (3.1) and (3.2); that is,

P (G (xx(y+1, X(y+1, XiGy+1) ) = 9(G(F (xk(iy, Yri) F (xxiy, yriiy ) F (xay, i) )

1
< 5(GCxriiy, Xk, i) + G (Y Ve, Vi)

(3.22)
(S Xk, X)) + G (k) Vi), Vi)
(P 2 4
O(G(Yr(y+1, Yr+1, Yi+1)) = ©(G(F (Y, Xk F (W) Xxi))» F(Wigiy, xjy)))
1
< 59(G Yty vrG) i) + G (X Xk, X)) (3.23)

y < G (yxi), i), Yiai)) + G (ki Xk(i) %)) )
. .
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Adding (3.22) and (3.23), we get
&
(G (xkiy1, xkiy+1, %)) + (G (YrG)+1, Yrip+, Vi) < p(ag) = 24’(%)- (3.24)
From (3.21) and (3.24), we obtain
&
¢(a;) < @(si) +2sk()) + () - 2<P<§]>- (3.25)
Taking limit as j — oo on both sides of the above inequality, we get
. aj , aj
p(e) <(0) +p(e) - 2711mq;<? =¢(e) -2 hmeqr 5 )< p(e), (3.26)
— 00 aj—

which is a contradiction, and hence (x,) and (y,) are Cauchy sequences in the G-metric space
(X, G). Since (X, G) is complete G-metric space, hence (x,) and (y,) are G-convergent. Then,
there exist x, y € X such that (x,) and (y,) are G-convergent to x and y, respectively. Suppose
that condition (a) holds. Letting # — oo in (3.2), we get x = F(x,y) and y = F(y, x). Lastly,
suppose that assumption (b) holds. Since a sequence (x,) is nondecreasing and G-convergent
to x and also (y,) is nonincreasing sequence and G-convergent to y, by assumption (b), we
have x,, < x and y,, > y for all n. Using the rectangle inequality, write

G(x,x,F(x,y)) < G(x, X, xp41) + G(xXns1, X1, F(x, 1))

(3.27)
= G(x, %, x51) + G(F (X, Yn), F(xn, yn), F(x,1)).
Applying the function ¢ on both sides of the above equation and using (3.1), we have
0(G(x, %, F(x,¥))) < 9(G(x, %, %041)) + 9(G(F (Xu, yn), F (%, yn), F(%,)))
< (G(x,x,x ))+1 (G(xn, 2, x) + G( )
- ‘P 7 A An+l Z(P nsAmns ynr yn/y (328)

<G(xn,xn,x) +G(Yn, Yu, y) >
— (I" 2 .

Letting n — oo, we get G(x,x, F(x,y)) = 0. Hence x = F(x,y). Similarly we obtain y =
F(y, x). Thus, we conclude that F has a coupled fixed point. O

Corollary 3.2. Let (X, X) be a partially ordered set, and let G be a G-metric on X such that (X,G) isa
complete G-metric space. Suppose that F : XxX — X is a mapping having mixed monotone property.
Assume that there exists ¢ € W such that for all x,y,u,v,s,t € X,

G(F(x,y), F(w,v), F(s,1)) <

G(x,u,s) +G(y,v,t) <G(x,u,s) +G(y,v,t)>
2 R4 2 '
(3.29)
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with x > u > s and y < v < t where either u# s or v#t. Suppose that either

(a) F is continuous or

(b) X has the following property:

(i) if a nondecreasing sequence (x,) is G-convergent to x, then x, < x, for all n,
(ii) if a nonincreasing sequence (y,) is G-convergent to y, then y, >y, for all n.

If there exist xo, yo € X such that xy < F(xo,Y0) and yo > F(yo, x0), then there exist x,y € X such
that F(x,y) = x and F(y, x) = y; that is, F has a coupled point in X.

Proof. Taking ¢(t) = t in Theorem 3.1 and proceeding the same lines as in this theorem, we
get the desired result. O

Corollary 3.3. Let (X, <) be a partially ordered set, and let G be a G-metric on X such that (X, G) is
a complete G-metric space. Suppose F : X x X — X is a mapping having mixed monotone property
and assume that there exists k € [0,1) such that

G(F(x,y),F(u,v),F(s,t)) < g[G(x, u,5) +G(y,0,1)], (3.30)

forall x,y,u,v,s,t € Xwithx > u> sand y < v Lt where either u# s or v #t. Suppose that either

(a) F is continuous or

(b) X has the following property:

(i) if a nondecreasing sequence (x,) is G-convergent to x, then x, < x, for all n,
(ii) if a nonincreasing sequence (y,) is G-convergent to y, then y, > y, for all n.

If there exist xo, yo € X such that xq < F(xo,y0) and yo > F(yo, xo), then F has a coupled point in
X.

Proof. Taking ¢(t) = t and ¢s(t) = ((1 — k)/2)t in Theorem 3.1 and proceeding the same lines
as in this theorem, we get the desired result. O

Remark 3.4. To assure the uniqueness of a coupled fixed point, we shall consider the following
condition. If (Y, <) is a partially ordered set, we endowed the product Y x Y with

(x,y) < (wo) iff x<u,y > o, (3.31)

forall (x,y), (u,v) €Y xY.

Theorem 3.5. In addition to the hypothesis of Theorem 3.1, suppose that for all (x,vy), (s,t) € X x X,
there exists (u,v) € X x X such that (F(u,v), F(v,u)) is comparable with (F(x,y), F(y,x)) and
(F(s,t),F(t,s)). Then, F has a unique coupled fixed point.

Proof. 1t follows from Theorem 3.1 that the set of coupled fixed points is nonempty. Suppose
(x,y) and (s, t) are coupled fixed points of the mappings F : X x X — X thatis, x = F(x,y),
y = F(y,x), and s = F(s,t), t = F(t,s). By assumption there exists (1,v) in X x X such
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that (F(u,v), F(v,u)) is comparable to (F(x,y), F(y,x)) and (F(s,t), F(t,s)). Put u = uy and

v = vg and choose u1,v; € X such that uy = F(u1,v1) and v; = F(v1,u1). Thus, we can define
two sequences (u,) and (v,) as

Up1 = F(uy, o), Upi1 = F(oy, uy). (3.32)

Since (u, v) is comparable to (x,y), we can assume that (x,y) > (u,v) = (uo, vp). Then it is
easy to show that (u,,v,) and (x, y) are comparable; that is, (x,y) > (u,,v,), for all n. Thus,
from (3.1), we have

¢(G(uus1, x,x)) = ¢(G(F (4w, vn), F(x,¥), F(x,Y)))

1 G(uy, x,x) + G(v,, vy,
< Etp(G(un,x,x) +G(vn,y,y)) —qr< 7 @y y)>,
(3.33)
9(G(v, ¥, vun)) = p(G(F (v, x), F(y,x), F(vu, un)))
1 G(y,y,vn) + G(x, x, uy)
< E(p(G(y,y,vn) +G(x,x,up)) - qr< ( )2 .
(3.34)
Using the property of ¢ and adding (3.33) and (3.34), we get
0(G(uus1, x,x) + G(vus1, ¥, y)) < 9(G(un, x,x) + G(v0, Y, y))
<G(un,x,x) +G(vn, y,y) > (3.35)
- 2([)' 7
2
which implies that
0(G(uya1, x,x) + G(vui1, ¥, y)) < @(G(un, x,x) + G(v4, y,v)). (3.36)
Therefore,
Guys1, x,x) + G(vus1, Y, y) < G(un, x,x) + G(vn, v, Y). (3.37)

We see that the sequence (G(u,, x, x) + G(v,, y,y)) is decreasing; there exists some ¢ > 0 such
that

lim [G(un, x, %) + G(vn, v, y)] = ¢ (3.38)
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Now we have to show that { = 0. On the contrary, suppose that ¢ > 0. Letting n — oo in
(3.35), we get

. G(uy, x,x) + G(vy, y,
9(&) < p(&) — 29 lim < oy )> <p@), (3.39)
which is not possible. Hence ¢ = 0. Therefore, (3.38) becomes
nlijrgo [G(un, x,x) + G(vn,y,y)] =0, (3.40)
which implies
lim G(uy, x,x) =0 = lim G(v,, y,y). (3.41)

Similarly, we can show that lim,, . G(uy, s,s) = 0 = lim,, . .G(vy, t,t). We conclude that x = s
and y = t. Thus, F has a unique coupled fixed point. O

Theorem 3.6. In addition to the hypothesis of Theorem 3.1, suppose that xy and yo are comparable.
Then, F has a unique fixed point.

Proof. Proceeding the same lines as in the proof of Theorem 3.1, we know that a mapping
F : X xX — X has a coupled fixed point (x,y). Now we need to show that x = y. Since
xo and yy are comparable, we can assume that xg > yo. It is easy to show that x, > y, for
all n > 0, where x,.1 = F(xp,y,) and vy = F(yn, x,). Suppose that G(x, x,y) > 0, for all
x,y € X with x #y. Using the rectangle inequality, write

G(x,x,y) <G(x,x, xp41) + G(Xn41, Xns1, Yns1) + G(Yns1, Yni1, Y) 542

= G(x, %, %p41) + G(F (%, Yn), F(Xn, Yn), F(Yn, 1)) + G(Yns1, Yns1, ¥ )-
Operating ¢ on both sides of the above inequality, we get

@(G(x,x,y)) < o(G(x, %, %ns1) + G(Yns1, Yns1,Y)) + @(G(F (X, Yn), F(Xn, Yn), F (yn,xg )4)3-)

From (3.1), we have

(P(G(x/ x’y)) < (P(G(x/xrxn+l) + G(yn+11yn+1/y))

1 G(xn, Xn, Yn) + G(Yn, Yn, Xn)
o 3G, 90) Gl 5) -0 . .

(3.44)
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Similarly, we obtain

‘P(G(y'yfx)> < (P(G(y/yryrHl) + G(xn+1rxn+1/x))

G ’ V2 G 7 7
3G ) Gl ) - St o)),
(3.45)
Adding (3.44) and (3.45) and using the property of ¢, we get
¢(G(x,x,y) +G(y,y,x))
<o(G(x,x, xn1) + G(Ynet, Yne1, ) + @(G(Y, Y Yne1) + G(Xnst, X1, X)) (3.46)

G(xn, X0, Yn) + G(Yn, Yn, Xn)
Gt 30) Gl 32) =20 ! .

Letting n — oo in the above inequality, we get

(G(x,x,y) + G(y,¥,%)) <9(0) +9(0) + ¢(G(x,x,v) + G(y,y,x))

<G(-an Xn, yn) + G(yn,yn,xn) > (347)
2 7

~2fimy

which implies that
9(G(x,x,y) +G(y,y,x)) <9(G(x,x,y) +G(y,y,x)), (3.48)

which is not possible, and hence G(x, x, ) = 0. Thus x = y, whence the result. O

Theorem 3.7. Let (X, X) be a partially ordered set, and let G be a G-metric on X such that (X, G)
is a complete G-metric space. Let F : X x X — X be a mapping such that F has a mixed monotone
property and F(x,y) < F(y, x) whenever x < y. Suppose that there exist ¢ € ® and ¢ € W such that
forall x,y,u,v,s,t € X, (3.1) holds withx > u>s, y <v <tand x <y where either u#s or v #t.
Assume that either

(a) F is continuous or

(b) X has the following property:

(i) if a nondecreasing sequence (x,) is G-convergent to x, then x, < x, for all n,
(ii) if a nonincreasing sequence (y,) is G-convergent to y, then y, > y, for all n.

If there exist xo, 1o € X such that xo < yo, xo < F(xo, yo) and yo > F(yo, x0), then F has a coupled
point; that is, there exist x,y € X such that F(x,y) = x and F(y, x) = y.
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Proof. Let x9,yo € X be such that xg < F(xy, yo) and yo > F(yo, x0). We can choose x1,y1 € X
such that x; = F(x,y0) > xo and y1 = F(yo,x0) < yo. Since xo < yo, we have F(xo, yg) =<
F(yo,x0). Accordingly,
xo < x1 = F(x0,40) < F(y0,%0) = y1 < Wo. (3.49)
Continuing this process, we can construct two sequences (x,) and (y,) in X such that
Xn 2 F (%, Yn) = Xni1 2 Yne1 = F(Yn, Xn) < Y, (3.50)
for all n > 0. Therefore,
XXX 2X 22Xy S X1 S Y SYn S22 2y 2 Yo (3.51)
The rest of the proof can be done on the same lines as in Theorem 3.1. O

4. Example and the Concluding Remark

In the following, we construct an example of a G-metric space involving the idea of coupled
fixed point to see the applicability of our results.
Let X = NU {0}. Define a mapping G from X to R by

(x+y+2z, ifx,y,z are all distinct and different from zero,

X+ z, if x = y #z and all are different from zero,
G(x,y, 2) = | y+z+1, ?f x =0, y#z and y, z are different from zero, 1)
y+2, ifx=0,y=2z#0,
z+1, ifx=0=y, z#0,
L0, ifx=y==z

Then (X, G) is a complete G-metric space [10]. Let us consider a partial order < on X be such
that x < y holds if x > y, 3 divides (x—y), and 3 <1 and 0 < 1 hold, for all x, y € X. Consider
amapping F : X x X — X defined by

1, ifx<
SRR (42)
0, otherwise.

F(xy) = {

Suppose that s < u < x < y < v <t holds. Therefore, we have F(x,y) =1 = F(u,v) = F(s,t).
It follows that G(F(x,y), F(u,v), F(s,t)) = 0.

Now, applying the function ¢ to this equality and then using the hypothesis of this
function, we see that (3.1) is satisfied since the left-hand side of (3.1) becomes 0. For xy = 81
and yo = 0, Theorem 3.7 is applicable. In this case, the coupled fixed point is not unique.
Hence (0,0) and (1,0) are two coupled fixed points of F.

We remark that inequality (3.1) is not satisfied whens =u=x=y =3,v =0,andt =1,
and hence Theorem 3.1 does not work for this example. We know that a G-metric naturally
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induces a metric dg given by dg(x,y) = G(x,y,y) + G(x,x,y) [2], but inequality (3.1) does
not reduce to any metric inequality with the metric d¢ due to the condition that either u#s
or v #t. Hence our theorems are more general, different from the classical results, and do not
reduce to fixed point problems in the corresponding metric space (X, dg).
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