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We introduce two new classes of implicit relations  and &’ where &' is a proper subset of §, and these classes are more general
than the class of implicit relations defined by Altun and Simsek (2010). We prove the existence of coupled fixed points for the maps
satisfying an implicit relation in . These coupled fixed points need not be unique. In order to establish the uniqueness of coupled
fixed points we use an implicit relation §', where &’ ¢ . Our results extend the fixed point theorems on ordered metric spaces of
Altun and Simsek (2010) to coupled fixed point theorems and generalize the results of Gnana Bhaskar and Lakshimantham (2006).

As an application of our results, we discuss the existence and uniqueness of solution of Fredholm integral equation.

1. Introduction

Existence of fixed point theorems in partially ordered metric
spaces with a contractive condition has been considered by
several authors (see [1-6]). Guo and Lakshmikantham [7]
introduced mixed monotone operators. Gnana Bhaskar and
Lakshmikantham [8] established the existence of coupled
fixed points of mappings satisfying mixed monotone prop-
erty in partially ordered metric spaces. Later, Lakshmikan-
tham and Ciric [9] extended this property to two maps by
introducing mixed g-monotone property and established the
existence of coupled coincidence point and coupled common
fixed points for a pair of commuting maps.

Choudhury and Kundu [10] extended the existence of
coupled coincidence and coupled common fixed points for
a pair of noncommuting maps, particularly for a pair of com-
patible maps.

Definition I (see [7]). Let X be a nonempty set. An element
(x, ¥) in X x X is called a coupled fixed point of the mapping
F:XxX — Xifx = F(x,y)and y = F(y,x). A point
x € X is called a fixed point of F if F(x, x) = x.

Definition 2 (see [7]). Let (X, <) be a partially ordered set and
F: X xX — X beamapping. We say that F satisfies mixed

monotone property if F(x, y) is monotone nondecreasing in x
and monotone nonincreasing in y; that is, for any x, y € X:

X%, €X, x;2x,=F(x,y) 2<F(x,y),

@)

Yoy €X, y1 2y = F(oy) = F(x ).
Theorem 3 (see [8]). Let (X, <X) be a partially ordered set and
suppose that d is a metric on X such that (X, d) is a complete
metric space. Let F : X X X — X be a mapping satisfying

mixed monotone property. Assume that there exists a k € [0, 1)
with
k
d(F(x,y),F(uv)) < 2 [d(x,u) +d(y,v)] @
for each x > u, y <.
Suppose that either F is continuous or the following conditions
hold in X:
(i) if a nondecreasing sequence {x,} < X with x, — x,
then x,, < x for all n and
(ii) if a nonincreasing sequence {y,} < X with y, — y,
then y, > y for all n.

If there exist x,, y, € X such that x, < F(x,,,) and y, >
F(y,,x,) then F has a coupled fixed point.



In 2011, Luong and Thuan [11] proved the following cou-
pled fixed point theorem.

Theorem 4 (see [11]). Let (X, <) be a partially ordered set and
suppose that d is a metric on X such that (X, d) is a complete
metric space. Let F : X x X — X be a mapping satisfying
mixed monotone property on X and there exist x,, y, € X such
that x, < F(xy, y,) and y, = F(y,,x,). Suppose that there
existsay : [0,00) — [0,00) with lim, _, +y(t) > 0 for all
r > 0andlim,_, y+y(t) = 0 such that

d(x,u)+d(y,v)
2

_w<d(x,u)+d(y,v))’

2

d(F(x,y),F () <
(3)

foreach x, y,u,v € X, x > uand y < v. Suppose that either

(a) F is continuous or
(b) X has the following property:

(i) if a nondecreasing sequence {x,} € X with x,, —
x, then x,, < x for all n and

(ii) if a nonincreasing sequence {y,} < X with y, —
y, then y, > y for all n.

Then F has a coupled fixed point.

In Section 2 of this paper, we introduce two new classes of
implicit relations & and &' where &' is a proper subset of &,
and these classes are more general than the class of implicit
relations defined by Altun and Simsek [12]. In Section 3, we
prove the existence of coupled fixed points for the maps
satisfying an implicit relation in &' These coupled fixed points
need not be unique (Example 17). In order to establish the
uniqueness of coupled fixed points we use an implicit relation
§', where &' ¢ &. Our results extend the fixed point theo-
rems on ordered metric spaces of Altun and Simsek [12] to
coupled fixed point theorems and generalize the results of
Gnana Bhaskar and Lakshimantham [8]. In Section 4, as an
application to results of Section 3, we discuss the existence
and uniqueness of solution of Fredholm integral equation.

2. Implicit Relations

In 1999, Popa [13] introduced the idea of the class & of implicit

functions to prove the existence of fixed points as follows.
Let R, denote the set of all nonnegative real numbers. Let

& be the family of real lower semicontinuous functions F :

(R,)° — R satisfying the following conditions:
(F,) : F is nonincreasing in fifth and sixth variables;
(F,) : there exists h € (0, 1) such that for every u,v > 0
with
F,, :F(u,v,v,u,u+v,0) < 0or
FEy : Fu,v,u,v,0,u+v) <0
we have u < hv;

(F;) : F(u,u,0,0,u,u) > 0,Vu > 0.
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Many authors, namely, Altun and Simsek [12], Altun and
Turkoglu [14, 15], Imdad et al. [16], Popa [17], Popa and
Mocanu [18], Sharma and Deshpande [19], and Turkoglu and
Altun [20], continued the study of the existence of fixed
points in this direction. The purpose of using an implicit
relation is that the condition involving implicit relation gener-
alizes many contraction conditions, which in turn generalizes
many existing results. In 2010, Altun and Simsek [12] defined
a new class of implicit relations as follows and established a
fixed point theorem in ordered metric spaces.

Let I be the set of all continuous functions T : (R +)6 —
R satistying the following conditions:

(T1): T(t;,...,ts) isnonincreasing in variables t,, t5, .. ., t;
(T2): there exists a right continuous function f: R, — R,,
f(0) =0, f(t) < tfort > 0, such that for u,v > 0

T (u,v,u,v,0,u+v) <0 or T (uv,0,0,v,v)<0 (4)

implies u < f(v);
(T3): T(u,0,1,0,0,1) > 0 for u > 0.

Theorem 5 (see [12]). Let (X, X) be a partially ordered set and
suppose that d is a metric on X such that (X, d) is a complete
metric space. Let F : X — X be a nondecreasing mapping
such that, for all x, y € X with y < x,

T (d (Fx,Fy),d (x,y).d (x,Fx),

d(y,Fy).d(x,Fy),d(y,Fx)) <0,

(5)

where T € T . Also, suppose that either F is continuous or the
following condition holds: “if a nondecreasing sequence {x,} —
x, then x,, < x for alln”.

If there exists an x, € X with x, < F(x,), then F has a
fixed point.

We now define a more general class of implicit relations
than that of [12] as follows.
Let & be the set of all continuous functions T : (R +)6 —
R satistying the following conditions:
(Ty): T(t,,...,ts) is nonincreasing in variables fs, t;

(T,): there exists a mapping f : R, — R,, f(t) < t for
t > 0, such that for u,v > 0

T (u,v,u,v,0,u+v) <0 or T (u,v,0,0,v,v) <0, (6)
implies u < f(v);
(T): T(u,0,1,0,0,u) > 0 for u > 0.

Here we observe that 7 C §.

Example 6. T(t,,...,ts) = t; — [at, + bt; + ct, + dts + etg],
where a,b,c,d,e >0anda+b+c+d+2e< 1.
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Clearly (T;) holds. Let T'(u, v,u,v,0,u + v) = u — (av +
bu+cv+ew+v)) = 1-b-eu-(a+c+e)y < 0.
Thus u < ((a+c+e)/(1—-b-e))v. Let T(u,v,0,0,v,v)
u—-(av+dv+ev) = u—(a+d+ev < 0. Thus u
(a+d+e)v. Nowdefine f: R, — R, by f(t) = kt, where
k=max{((a+c+e)/(1-b-e)),a+d+e} <1, f(t) <tfor
t > 0.Henceu < f(v). Also, T'(1,0,1,0,0,u) = u—(bu+eu) =
(1-b-e)u>0foru>0.ThereforeT € §.

IA I

Example7. T(t,,...,ts) = t;—@(max{t,, t3, t,, (1/2) (t5+t4)}),
where ¢ : R, — R, is a continuous map with ¢(0) = 0,
o(t) <tfort > 0.

Clearly (T}) holds. Letu > Oand T'(u, v, u, v, 0, u+v) = u—
e(max{v,u, v, (1/2) (u +v)}) = u — (max{u,v}) <0.Ifu>v
then u — ¢(u) < 0, which is a contradiction. Hence u < v and
henceu < @(v). Letu > 0 and T'(u, v, 0,0, v,v) = u—¢(v) < 0;
that is, u < @(v). If u = 0 then clearly u < ¢(v). Thus (T5) is
satisfied with f = ¢@. Also, T'(1,0,1,0,0,u) = u—¢(u) > 0 for
u > 0. Therefore T € §.

Example 8. T(t,,...,ts) =t, — (t, — ¢(t,)), where ¢ : R, —
R, is a continuous map with ¢(t) = 0 if and only if t = 0,
o(t) <tfort > 0.

Clearly (T}) holds. Let T(u,v,u, v,0,u + v) = u — (v —
o)) < 0.Let T(1,v,0,0,v,v) = u — (v — ¢(v)) < 0; that is,
u<v-@). Thusu < f(v) with f: R, — R, by f(t) =
t — @(t). Hence (T),) is satisfied. Also, T'(1,0,1,0,0,u) = u —
(u—@u) =¢w)>0foru>0.HenceT € S.

Example 9. T(t,,...,ts) =t; —kt,, where0 < k < 1.

Clearly (T) holds. Let T(u, v, u,v,0,u + v) = u — kv < 0;
that is, u < kv. Let T(u,v,0,0,v,v) = u — kv < 0; that is,
u < kv. Thus, u < f(v) with f(t) = kt. Hence, T, is satisfied.
Also, T'(u,0,1,0,0,u) =u > 0foru >0.Thus T € §.

Example 10. T(t,,...,ts) =t; —@(t,), wheregp : R, — R, is
a continuous map with ¢(0) = 0, () < t for t > 0.

Clearly (T,) holds. Let T'(u, v, u, v, 0, u+v) = u—¢(v) < 0;
that is, u < @(v). Let T(4,v,0,0,v,v) = u — ¢(v) < 0; that is,
u < @(v). Thusu < f(v) with f = ¢. Hence (T}) is satisfied.
Also, T'(1,0,1,0,0,u) = u—¢(0) = u > 0 for u > 0. Hence
TedS.

Example 11.

Lytsts

T(t;,....t5) =t; —a——————,
(1 6) ! t2+t3+1 (7)

where 0 < o < 1.

T is nonincreasing in t; and ¢4 but not in any of ¢,, t5. Let
u>0,T(u,v,u,v,0,u+v) = u—a(0) = u < 0, a contradiction.
Now let T'(1,v,0,0,v,v) = u — «(0) = u < 0, a contradiction.
If u = 0 then clearly u < av. Thus (T,) is satisfied. Also,
T(u,0,1,0,0,u) =u > 0foru > 0. Thus T € &. But T does
not belong to 7.

In view of Example 11, the class of implicit functions & is
larger than that of I introduced by Altun and Simsek [12]
and we use the implicit relation involving implicit function
of & to prove our main results.

In this paper, we prove a coupled fixed point theorem
(Theorem 16) using an implicit relation in &. In order to
obtain the uniqueness of coupled fixed point we define
another class &' of implicit relations as follows.

Let 8’ be the set of all continuous functions T : (R +)6 —
R satistying the following conditions:

(T}) : T(ty,...,tg) is nonincreasing in variables t5, ts, t;

(T) : there exists a mapping f : R, — R,, f(t) < t for
t > 0, such that, for each u, v > 0,

T (u,v,u,v,0,u+v) <0 or T (u,v,0,0,v,v) <0

(8)

or T (u,v,u+v,0,v,u) <0,

implies u < f(v);

(T3') :T(u,0,1,0,0,u) > 0 foru > 0.

Here we observe that 8’ C .
All functions in Examples 8-10 are in &'. Some more
examples in this direction are as follows.

Example 12. T(t,...,ts) = t; — [at, + bt; + cty + dt5 + et],
where a,b,¢c,d,e >0anda+b+c+d+2e<landb<c.

Clearly (Tl') holds. Let T'(u, v, u, v,0,u + v) = u — (av +
bu+cv+ew+v)) =0 -b-eu-(a+c+e)y <0.Thus
u<((a+c+e)/(1-b-e))v.LetT(u,v,0,0,v,v) = u—(av+
dv+ev)=u—-(a+d+e)v <0.Thusu < (a+d+e)v. Now let
T, v,u+v,0,v,u) =u—[av+bu+v) +dv+eu] <0.This
impliesu < ((a+c+d) /(1 -b-e))v. Nowdefine f: R, —
R, by f(t) = kt,wherek = max{((a+c+e)/(1-b-e¢)),a+
d+e,((a+c+d)/(1-b-e)} <1, f(t) <tfort>0.Hence
u < f(v). Also, T(u,0,u,0,0,u) = u—(bu+eu) = (1-b—e)u >
0 for u > 0. Therefore T € §.

Example 13. T(t,,...,ts) = t; — @(max{t,,t5/2,t,,(1/2) (t5 +
te)}), where ¢ : R, — R, with ¢(0) =0, ¢(t) <tfort > 0.
Clearly (T{) holds. Let u > 0 and T(u, v,u, v, 0,u + v) =
u — g(max{v,u/2,v,(1/2) (u + v)}) = u — p(max{u,v}) < 0.
If u > v, then u — @(u) < 0, which is a contradiction. Hence
u < vand hence u < ¢(v). Letu > 0 and T(u,v,0,0,v,v) =
u— @) < 0;thatis, u < @(v). Let u > 0and T(u,v,u +
v,0,v,u) = u— @(max{v,u, (u+v)/2,0,(1/2) (u+v)}) =u-
@(max{u,v}) < 0. Ifu > v, then u — @(u) < 0, which is a
contradiction. Hence u < v and hence u < ¢(v). If u = 0,
then clearly u < @(v). Thus (T}) is satisfied with f = ¢. Also,
T(u,0,u,0,0,u) = u — @(u) > 0 for u > 0. Therefore, T' € s’

The following examples suggest that §" is a proper subset
of 8.

Example 14. T(t,,...,ts) = t; — (max{t,, t3,t,, (1/2) (t5 +
te)}), where ¢ : R, — R, defined by ¢(t) = ¢/2. In view of
Example 7, T € §.But Tis notin &' forletu, v > 0,v < uand
suppose that T'(u, v, u+v,0,v,u) = u—@(max{v,u+v,0, (u+
v/2}) =u—-eu+v) = u-(u+v)/2 < 0. This implies
u < v. Therefore u = v. Hence, there cannot exist a function
f: R, — R, with f(t) < tfort > 0suchthatu < f(v).
Hence ' ¢ §.



Example 15. Let us consider T as in Example 11. Then T € §.
But T does not belong to §”, since T is not nonincreasing in
t;, so that &' is a proper subset of .

3. Existence of Coupled Fixed Points
Using a New Implicit Relation

Theorem 16. Let (X, <) be a partially ordered set and suppose
that d is a metric on X such that (X,d) is a complete metric
space. Let F : X x X — X be a mapping satisfying mixed
monotone property and suppose that there exists T € & such
that

(A4 )+ ) i)
' ,

d (x,u) +d(y, V), d(x,F(x ) +d(y,F(y,x))

>

2 2
d (u, F (u,v)) +d (v, F (v, u))
3 ,
d(x,F(u,v)) +d(y,F(v,u))
3 ,
d(u)F(x,y))+d(V,F(%x)))<0
> <0,

)

foreach x, y,u,v e X withx >uand y < v.
Suppose that either

(a) F is continuous or
(b) X has the following property:

(i) if a nondecreasing sequence {x,} < X with x,, —
x, then x,, < x for all n and

(ii) if a nonincreasing sequence {y,} < X with y, —
y, then y, > y for all n.

If there exist x,, y, € X such that x, < F(xy,,) and y, >
F(y,,x,) then F has a coupled fixed point.

Proof. Suppose that there exists (x,, y,) € X x X such that
xy X F(xy, ¥y) and y, > F(y,, x,). Choose x;, y; € X such
that x; = F(xy,,) and y; = F(y,,x,). Then x;, < x; and
¥y = y;. Now choose x,, y, € X such that x, = F(x,, y,) and
y, = F(y;, x;). Since F has mixed monotone property, we get

x, = F(xg, %5) 2 F(x1, 1) = %5,
(10)

1 =F (¥, x0) = F(y1x1) = e
Continuing this process, we obtain sequences {x,,} and {y,}

in X such that x,,,;, = F(x,, ¥,), Vp1 = F(y,»x,) forn =
0,1,2,...and

Xog XX Xy X000,

Yoz nzyzee. (1)

Let x,,,; = F(x,, ,) = F'(xq, y,) = F(Fnil(xo’ )’o)>Fn71()V0>
x)) and y,,; = F(y,nx,) = F'(yo, %) = F(Fn_l()’o>x0)>
F" (x> ¥,)) for eachn = 0,1,2,....
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If x, = x,,; and y, = y,,, for some n, then (x,, y,) is
a coupled fixed point of F. So, without loss of generality, we
assume that x,, # x,,,, or ¥, # y,,, for all n.

Now using (9), we have

T<d(F(xn+1’yn+1)’F(xn’yn))+d(F(yn+l’xn+l)’F(yn’xn))
2

>

d (xn+1’xn) + d (yn+1>yn)
2

>

d(xn+l’F(xn+l’yn+l))+d(yn+1’F(yn+l’xn+l))
2

d (% F (X y0) + A (5o F (3 %))
2

d(xnﬂ’F(xn’yn))+d(yn+l’F(yn’xn))
2

d(xn’F(Xn+l’yn+1))+d(yn’F(yn+l’xn+l))> <0
P = U

>

>

>

T < d (xn+2’ xn+1) + d (yn+2’ yn+l)
2 >

d (xn+l’xn) +d (yn+1’yn)
2

>

d ('xn+l"xn+2) + d (yn+l’ yn+2)
2

>

d (xn’xnﬂ) + d (yn’ynﬂ)
2

>

d (xnﬂ’xnﬂ) + d (ynJrl’ yn+l)
2

d('xn’xn+2) + d(yn’ yn+2)> <0
5 < 0.

>

(12)

Since T is nonincreasing in 6th variable, using triangle
inequality, we get

>

T ( d (xn+2’ xn+1) +d (yn+2’ yn+1)
2

d (Xn+1’ xn) +d (yn+1’ yn)
2 bl

d (xn+1’ xn+2) +d (yn+1’ yn+2)
2 b

d (xn’ xn+1) +d (yn’ yn+1) 0
2 bl

>

(d ('xn’ xn+1) +d ('xn+1’ xn+2)

+d (yn’ yn+1) +d (yn+1’ yn+2))

x (2)7" ) <0.

(13)
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From (T,), there exists f: R, — R,, f(t) < tfort > 0 such
that

d (xn+1’ xn+2) +d (yn+1’ yn+2)

T
n+l 2
J (14)
Sf( ( Xn+1> X );’ (yn-f—l’yn)):f(&n).
Then §,, # 0 for all n. Hence, from (14), we have
8,1 < f(68,) <6, Vn (15)

Therefore {6, } is strictly decreasing sequence of positive reals.
Hence there exists 6 > 0 such that

d(xn+1’xn+2) +d(yn+1’y”+2) = 6 (16)

n—>oo 2

lim §,,

n— 00

We show that § = 0. Suppose that § > 0. On lettingn — co
in (13), we get

T(6,9,6,6,0,28) <0. 17)

Then from (T,), we have § <
6=0.

f(6), a contradiction. Hence

d (xn+1’ xn+2) + d (ynJrl’ yn+2)
2

That is, lim =0. (18)
n—oo

Now we show that {x,} and {y,} are Cauchy sequences in X.
Suppose that at least one of {x,} or {y,} is not Cauchy. Then
there exist € > 0 and sequences of positive integers {m(k)}
and {n(k)} with m(k) = n(k) > k such that

1 = d (X Xiy) + A (Vi Yuiiy) = € (19)

Now choose m(k) the least positive integer such that (19)
holds. Then

d (X1 Xniiy) + & (V)10 Yuiiy) < €. (20)
Now
esrn.=d (xm(k)’ xn(k)) +d (ym(k)’ )’n(k))
< d (X0 Xom(
+d (Y Y1) + 4 Vi1 Vi)

< d (.xm(k),

k)—l) +d (xm(k)—l’ xn(k))
(21)

xm(k)—l) +d (J’m(k)> ym(k)—l) e

On taking limit supremum as k — 00, we get

€ <limsupr, = h;n supd (xm(k)’ n(k)) +d (J’m(k) Vn k)) <€

k— o0
(22)
Hence
hin sup 1 = h;fn supd (xm(k)’ n(k)) +d (J’m(k) (k) ) =
— 00
(23)

5
Similarly, we can show that
likrr_l)ior;frk = hknl i()fg)fd (X Xng) + A Vi Yniiy) = €
(24)

Hence
kh_)ngo 1 = klinclx) A (X Xngy) + & (Vs Yuy) = € (25)
Now

e<r.=d (xm(k)’ xn(k)) +d (ym(k)’ }’n(k))
< d (X0,

+d (xn(k)+1’ xn(k)) +d (ym(k)’ ym(k)+1)

m(k)+1) +d (xm(k)+1’ xn(k)+1)
(26)

+d (ym(k)ﬂ’ )’n(k)+1) +d (yn(k)+1> yn(k)) .

Since m(k) > n(k), we have x,, ;) > X,y and Yy < Vi) for
each k. Hence, from (9), we get

T( (d(F (xm(k)’ ym(k)) F (xn(k)’yn(k)))

+d(F (ym(k)’ xm(k)) » F (yn(k)’ xn(k))))

x (27

d (xm(k)’ xn(k)) +d (ym(k)’ yn(k))
2 bl

A (X F (%> Vi) + & Dy F Doy Xmiry))

>

2
d (xn(k)’ F (xn(k)’ )’n(k))) +d (yn(k)’ ()/n(k)’ k)))
2 bl
d (xm(k)’ F (xn(k)’ )’n(k))) +d (}’m(k)> ()’n (k)% k)))
2 b
d (xn(k)’ F (xm(k)’ )’m(k))) +d (yn(k)’ (ym(k)> k)))
2
<0,
T ( d (xm(k)+1’ xn(k)+1) +d (ym(k)+1’ ,‘Vn(k)+1)
2 b

d (xm(k)’ xn(k)) +d (ym(k)’ yn(k))
2 bl

d (xm(k)’ xm(k)+1) +d (ym(k)’ )’m(k)+1)
2 bl

d (xn(k k)+1) +d (yn(k) yn(k)+1)

2




d (xm(k)’ xn(k)+l) +d ()’m(k)> J’n(k)+1)
2 bl

d (xn(k)’ xm(k)+1) +d (yn(k)’ )’m(k)+1) ) <0
3 <0.

(27)

Since T is nonincreasing in 5th and 6th variable, using tri-
angle inequality, we get

>

T ( d (xm(k)+1’ xn(k)+1) +d (ym(k)+1’ )’n(k)+1)
2

d (xm(k)’ xn(k)) +d ()’m(k)s )’n(k))
2 b

d (xm(k)’ xm(k)+l) +d (J’m(k)> J’m(k)+1)
2 b

d (xn(k)> xn(k)ﬂ) +d (yn(k)’ )’n(k)+1)
2 b

(d (Xm Xmiie1) + & (K15 Xngioe1)

+d (Vmtiop Yimtiye1) + & gy r1> V1))
x (@7,
(d (X Xniiye1) + A (K1 X 1)

+d (yn(k)’ yn(k)+1) +d (yn(k)+1’ ,Vm(k)+1))

x(2)7 ) <0.
(28)
On letting k — 00, we get
7 tim d (xm(k)+1s xn(k)+1) +d (ym(k)+17yn(k)+1)
k— oo 2 ’
(29)

£0,058) <o
270

From (T,), we get

khm d (xm(k)+1’ xn(k)+1) ; d (ym(k)+1’ yn(k)+1) <f ( € ) '
— 00

Now on letting k — 00, in (26), we get
€< kh_)ngo [ (% Xmy+1) + 8 Kongiyr1 Xngiy 1)

+d (xn(k)+1’ xn(k)) +d (ym(k)’ )’m(k)+1) 31
+d (}’m(k)w )’n(k)+1) +d (yn(k)+1’ )’n(k))]

= klijgo [ (%15 Xngrye1) + & (Vi1 Yugoy+1)] -
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Hence

€ < lim d (xm(k)+1’xn(k)+1) +d ()’m(k)+1>)’n(k)+1)
2 k— oo 2

(32)
<f (g) , acontradiction.

Therefore {x,} and {y,} are Cauchy sequences in X. Since X
is complete there exists x, y € X with lim,, ,  x, = x and

limn—> OOyﬂ = y'
Suppose that F is continuous. Then

X = nILI%Oxn+1 = nlLITéOF (xn’ yn) =F (x’ y) >
(33)
y = lim y, ., = lim F(y,x,) =F(y,x).
Therefore (x, y) is a coupled fixed point of F.
Now suppose that conditions (b) hold. Hence, we have
x, < xforallnand y < y, for all n.
Now from (9), we have

T ( d(E(xy), F (n yn) +d(F (%), F (o X))

2

d(x,x,)+d(y,y,) d(x,F(x,y))+d(yF(y x)),

>

2 2

d (% F (0 yn)) + A (s F (Yo X))
2

d (% F (0 ) + A (5, F (3 %))
2 >

d(xn,F(x))’))+d()’n’F(y’x))> <0
. <0.

>

(34)

On lettingn — 00, we get

T(d(F(x,y),X);d(F(y,x),y)

’0’

d(oF (o) +d(nF(nx) (35)
' ,0,0,

d(x,F(x,y))+d(y’F(y’x))) <0.

2

If d(F(x, y),x) + d(F(y,x), y) = 0, then (x, y) is a coupled
fixed point of F.

If d(F(x, y),x) + d(F(y,x),y) > 0, then (35) yields a
contradiction to (T3). Hence F(x, y) = x and F(y,x) = y.
Therefore (x, y) is a coupled fixed point of F. O

Theorem 16 does not guarantee the uniqueness of coupled
fixed point of F. The following example supports this asser-
tion.

Example 17. Let X = {2,4,6, 8} with the usual metric. We
define a partial order < on X as follows:

<= {(2> 2),(4,4),(6,6),(8,8),(2, 8)} . (36)
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We define T :
(ty +t5+ 1)), ttpeens
(Example 11).

Let

(R,)® — Rby T(t,....ts) = t; — alt,tsts/
te > 0Oand o = 15/16. Then T € &

A=1{22),28),42),44),(438),
(6,2),(6,8),(8,2),(8,8)}

(37)
B = {(2’ 4) > (8) 4) > (8> 6)} >
C={(2,6),(4,6),(6,4),(6,6)}.
We define F: X x X — X by
4, if (x,y) € A
F(x,y)=18, if (x,y)€B (38)
2, if (x,y) eC.

Clearly F satisfies the mixed monotone property. We choose
(x0> ¥o) = (2,4). Then F(x,,y,) = 8 and F(y,, x,) = 4 so
that x, < F(x,, y,) and y, > F(y,, X,). The elements (x, y),
(u,v) in X x X such that x > uand y < v are the following:
(2,2), (2,2); (2,2), (2,8); (2,4), (2,4); (2,6), (2,6); (2,8),
(2,8); (4,2), (4,2); (4,2), (4,8); (4,4), (4,4); (4,6), (4,6);
(4,8), (4,8); (6,2), (6,2); (6,2), (6,8); (6,4), (6,4); (6,6),
(67 6)> (6’ 8)7 (6) 8), (8> 2): (2> 2)) (8’ 2)7 (2) 8), (8> 2): (87 2))
(8,2), (8,8); (8,4), (2,4); (8,4), (8,4); (8,6), (2,6); (8,6),
(8,6); (8,8), (2,8); (8,8), (8,8). We now verify inequality (9)
for the above pairs.

Case i. (x, y), (u,v) € X x X such that (x, y), (u,v), (¥, x),
(v, u) are either in A or Bor C or (x, y) = (u,v).

In this case (d(F(x, y), F(u,v)) + d(F(y,x),F(v,u)))/2=10
so that inequality (9) holds trivially.

Caseii. (x, y) = (6,2), (u,v) =
(2,6).
In this case

d(F(x,y),F(w,v)) +d(F(y.x),F (r,u))
2

1516 15
165 16

d (u, F (u, v)) +d (W, F (v,u)) )

(6,8) or (x, y) = (6,8), (u,v) =

=3=

X

d(x,F (u,v)) + d(y,F(v,u))
> (39)

d (x, u)+d (y,v)

(
d
(d(u F (%, y))+d(v, (y»X)))
(T

2

d(xF (%) +d(1F (%) 1)_1

Hence inequality (9) holds. Therefore all the hypotheses of
Theorem 16 hold and (8,4) and (4,4) are two coupled fixed
points of F.

In the following theorem, we prove the uniqueness of
coupled fixed points by using an implicit relation in &§".

We define a partial order <; on X x X by (x, y) %, (4, v) if
X2u,yzmw.

Theorem 18. In addition to the hypotheses of Theorem 16 with
T € S’ suppose that the following condition holds:

for any (x,y) and (u,v) in X x X
there exists (z,t) € X x X that is comparable with

(x,y) and (u,v).
(40)

Then F has a unique coupled fixed point.

Proof. With the hypotheses of Theorem 16, F has a coupled
fixed point (x, y), that is, x = F(x,y) and y = F(y,x).
Suppose that if possible there exists (1, v) € X x X such that
u = F(u,v) and v = F(v, u). We show that x = uand y = v.

Case i. (x, y) and (u, v) are comparable.

Without loss of generality, we assume that (u, v)
Thatis, x > uand y < v.

Suppose that either x # u or y # v. Then

< (%, ).

T(d(F(x,y),F(u,v)) +d(F(y,x),F(v,u))
5 ,

d(x,u)+d(y,v)
—
d(xF(xy) +d (. F(5.0)
d(u, F (u,v)) +2d (v, F (v,u))’
d (x, F (u,v)) i d(y,F (v,u))

5 ,

d(u,F(x,y))+d(V’F(y’x))) <0,

2

(41)

> > Uy Uy

2 2
d(x,u)+d(y,v) d(u,x)+d(v,y)) <o

T(d(x,u)+d(y,v) d(x,u)+d(y,v) 0.0

>

2 2

Then, from (Tz'), there exists f: R, — R,, f(t) <tfort>0
such that

d(x,u)+d(y,v)<f<d(xyu)+d(y"’)> (42)

2 2

a contradiction. Hence x = uand y = v.



Case ii. There exists (z,t) € X x X which is comparable with

(x, ) and (u,v).

Without loss of generality, we assume that (x, y) <, (z,1)
and (u,v) %, (z, 1), thatis,z z x,t < yandz > u, t < v.
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d(xF(xy))+d (3 F(5x))
5 ,

d(F"(z,t),x) +d (F" (t,2), y)

We denote F**!(x,y) = F(F"(x, y), F"(y,x)) for each 2

x,y € X.
Since F has mixed monotone property, we have

F(x,y) < F(zt), F(u,v) < F(z,t),
F(y,x) = F(t,2), F(v,u) > F(t,z).
Now suppose that

F'(x,y) < F'(z,1), F"(u,v) < F" (z,1),
F'(y,x) = F'(t,2), F'(v,u) = F" (t,2)

for some n.
F™ (x,) = F(F" (x,5), F" (y,x))
< F(F'(z,1),F" (t,2)) = F""' (1),
™ (u,v) = F(F" (u,v), F" (v,u))
< F(F'(z,1),F" (t,2)) = F""" (2,1),
F™ (y,x) = E(F" (%), F" (x, 7))
> F(F'(t,2),F" (z,1)) = F"*' (t,2),
™ (vyu) = F(F" (v,u) , F" (u,v))
> F(F'(t,2),F" (z,1)) = F""' (t,2).
Hence by mathematical induction,

F'(x,y) < F'(z,1), F'(u,v) < F"(z,1),
F'(y,x) = F'(t,2), F"(v,u) = F"(t,2)
for eachn=0,1,2,....
We now show that

Jim F"(z,t) = x, Jim F'(t,2) = y.
Using (9), we get
T((d(F(F" (1), F" (t,2)),F (x, y))
+d(F(F" (t,z),F" (z,1)),F (y,x)))

x(2)7",

d(F"(z,t),x) +d (F" (t,2), y)
: ,

(d (F" (z.1), F (F" (z.1)) . F" (£, 2))
+d (F"(t,2),F (F" (t,2), F" (z,1))))

x(2)7",

(d (x.F(F" (z,1)), F" (t,2))
+d (3, F (F" (,2), F" (z,1))))
(43) x(2)™") <o.
(47)
This implies
, < d(F"" (z,t),x) +d (F"" (t,2), y)

>

2

d(F™ (t,2),x) +d (F"" (z.1), )
2
d(F"(z,0), F"" (z,0)) +d (F" (t,2), F"" (t,2)) .
> 0,
d(F"(z,t),x) +d(F"(t.z), y)
> ,

n+1 n+1
d(x,F (z,t)) ;Ld(y,F (t,z)) > <o

>

(44)

(48)

Since T is nonincreasing in 3rd variable, using triangle
inequality, we get

’ ( d(F™ (z,1),x) +d (F" (t,2), y)

>

2

d (F"+1 (t,2), x) +d (F"+1 (z,1), y)
2

(d(F"(z,t),x) +d (x, F" (z.1))

(45)

>

+d (F'(t,2),y) +d (3, F" (t,2))) (49)
(46) L
x(2) .0,

d(F'(z,t),x)+d (F"(t,2),y)
> ,

n+1 n+l
d(x,F" (z,0)) +d (5. F (nz)))SO

2
Therefore, from (Tz'), there exists f: R, — R,, f(t) <t for
t > 0 such that
d(F"™ (z,1),x) +d (F*" (.2), y)
2

Sf(d(F”(z,t),x);d(F"(f:Z),)’)>.

(50)
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If d(F"(z,t), x) + d(F"(t, z), y) = 0 for some n then

F™ (z,t) = F(F" (z,t),F" (t,2)) = F(x, y) = x,
(51)
F"'(t,z) = F(F" (t,2),F" (z,t)) = F (y,x) = y.

Hence, F"**(z,t) = x and F*""*(t,z) = y fork = 0,1,2,...,
that is, lim,, _, ., F"(z,t) = x and lim F'(t,z) = y, so that
(46) holds.

Suppose that d(F"(z,t), x) + d(F"(t,z), y) > 0 for all n;
then, from (49), we get

n— 00

d(F" (z,1),x) +d (F*! (t.2),y)
2

Sf(d(F”(z,t),x);d(F”(t,z),y))

(52)

LA (z0),x) +d(F" (2), )

, Vn.
2

Therefore {(d(F"(z,t), x) + d(F"(t, z), y)) /2} is a decreasing
sequence of nonnegative real numbers. Thus, there exists § >
0 such that lim,, _, o, (d(F"(z,t),x) + d(F"(t,z), y)) /2 = 0.
If § > 0, then, on lettingn — 00 in (49), we get T'(6, S,
26,0,6,9) < 0.
Then, from (Tz'), we have § < f(6), a contradiction.
Hence § = 0.

d(F"(z,1),x) +d (F" (t,2),y) _

That is,
2

0.

lim
n— 00

9

That is, lim F" (z,t) = x, lim F" (t,z) = y.
n— 00 n—o oo (53)

Since (u, v) is also a coupled fixed point of F, we have
nleroloF” (z,t) = u, nlLIrolan (t,z) = v (54)
Hence, by the uniqueness of limit, we have x = uwand y =
V. ]

Remark 19. Tn Example 17, T does not belong to S’ (Exam-
ple 15) and condition (40) does not hold and T has two
coupled fixed points.

Theorem 20. In addition to the hypotheses of Theorem 16 with
T € 8’ suppose that x, and y, are comparable. Further, assume
that (40) holds. Then F has a unique coupled fixed point (x, y)
and x = y.

Proof. From the proof of Theorem 16, we have that F has a
coupled fixed point say (x, ). That is, x = F(x,y) and y =
F(y,x). Suppose that x;, < y,. We show that

X, 2V, n, (55)
using principle of mathematical induction on #n, where x,, =
F(x, 1, y,.1) and y, = F(y,_1,x,1),n = 0,1,2,... are the
sequences defined in the proof of Theorem 16. Suppose that
(55) is true for some n > 0. Then, by mixed monotone
property of F,

Xy = F (xn’ yn) <F (yn’ xn) = Vnt1- (56)
Thus (55) is true for each n = 1,2,3,.... Now, from (9), we
have

T ( d(F(F" (x y), F" (5, %)), F(F" (3, %), F" (x, y))) + d (F (F" (3, %), F" (x, y)) , F (F" (x, y) , F" (3 X))

d(F"(x.y), F" (y,x)) +d (F" (5, %), F" (x, )
5 ,

2

>

d(F" (x,y),F(F"(x,9),F" (y,x))) +d (F" (y,x), F (F" (y,x), F" (x, y)))’

2

(57)

d(F" (3, %), F(F" (1, %), F" (%, y))) + d (F" (%, y) . F (F" (%, y) . F" (3, ¥)))

2

d(F" (x,y),F(F"(y,x),F" (x,y))) +d (F" (y,x), F (F" (x, ), F" (, x)))’

2

2

d(F" (y,x),F(F"(x,9),F" (y,x))) +d (F" (x, y), F (F" (y,x), F" (x, y)))) <o,
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This implies

>

T < d(F™ (x ), F™ (3, %)) ; d(F™ (y,x), F™ (x, 7))

d(F" (%), F" (y, %)) + d (F" (1, %), F" (x, )
> ,
d(F" (x,p), F™ (x,y)) + d(F" (3, %), F*"" (3, %))
2

d(F" (5,x),F™ (5,%)) +d (F" (x,), F*"" (x,y))
2

d(F" (%), F*"" (y,x)) +d (F" (y,x), F""" (x, ))
5 ,

d(F" (%), F™ (x,y)) +d (F" (x, ), F*"" (3, %)) )
2

>

<o0.
(58)

On lettingn — 00, we get

T(d(xy),d(xy),0,0,d(x y),d(xy)) <0, (59

a contradiction to (T3'), ifd(x, y) > 0. Hence, d(x, y) = 0; that
is, x = y. O

Remark 21. Theorem 16 is an extension of Theorem 5 to
coupled fixed points with an implicit relation of S.

Corollary 22. Let (X, <) be a partially ordered set and suppose
that d is a metric on X such that (X,d) is a complete metric
space. Let F : X x X — X be a mapping satisfying mixed
monotone property and suppose that there exists a continuous
mapy : R, — R, y(t) <tfort >0, y(t) =0ifand only if
t = 0 such that

d(F(x,y),F (w,v)+d(F(y,x),F(v,u))

2
(60)
d(x,u)+d(y,v) (d(x,u)er()’»V))
< : —y 5 ,

foreach x, y,u,v e X withx >uand y <.
Suppose that either (a) or (b) of Theorem 16 holds.

If there exist x,, y, € X such that x, < F(x,,y,) and y, >
F(yy, x,) then F has a coupled fixed point.

Proof. By defining T' : (RJr)6 — Rin (9) as T(t,...,ts) =
t, = (t, —w(ty)), t, by, ..., tg = 0, we obtain (60). Hence the
conclusion follows from Theorem 16. O]

Corollary 23. Let (X, <) be a partially ordered set and suppose
that d is a metric on X such that (X,d) is a complete metric
space. Let F : X x X — X be a mapping satisfying mixed
monotone property and suppose that there exists a continuous

Journal of Operators

mapy : R, — R, y(t) <tfort >0, y(t)=0ifand only if
t = 0 such that

d(x,u)+d(y,v)
2

d(x, d(y,
_W< (x,1) + (yv)>,

d(F(x,y),F(u,v)) <
(61)

2

foreach x, y,u,v € X withx > uand y < v.
Suppose that either (a) or (b) of Theorem 16 holds.

If there exist x,, y, € X such that x, < F(x,,,) and y, >
F(y,,x,) then F has a coupled fixed point.

Proof. From (61), we obtain

d(y,v) +d(x,u)
2

_w(d(y,v)+d(x,u)).

2

d(F (v,u),F(yx)) <
(62)

Adding (61) and (62), we obtain inequality (60). Hence the
conclusion follows from Corollary 22. O

Remark 24. Corollary 23 is another version of Theorem 4
with different y.

Corollary 25. Let (X, <) be a partially ordered set and suppose
that d is a metric on X such that (X,d) is a complete metric
space. Let F : X x X — X be a mapping satisfying mixed
monotone property and suppose that there exists a continuous
map ¢ : R, — R,, ¢(t) <t fort >0, ¢(0) =0 such that

d(F(x,y),F (u,v)) +d(F(y,x),F (v,u))
2

<d(x,u)+d(y,v))

2

(63)
<o
foreach x, y,u,v e X withx >uand y < v.

Suppose that either (a) or (b) of Theorem 16 holds.

If there exist x, y, € X such that x, < F(xy, y,) and y, =
F(yy, x,) then F has a coupled fixed point.

Proof. By defining T': (R+)6 — Rin(9)asT(ty,...,ts) =1t;—
o(ty), t),t,, ..., tg = 0, we obtain (63). Hence the conclusion
follows from Theorem 16. O

Corollary 26. Let (X, <) be a partially ordered set and suppose
that d is a metric on X such that (X,d) is a complete metric
space. Let F : X x X — X be a mapping satisfying mixed
monotone property and suppose that there exists a continuous
map ¢ : R, — R, ¢(t) <t fort >0, ¢(0) = 0 such that

d(x,u)+d(y, v)) (64)

d(F(x,y),F(%V))Sq’( 2

foreach x, y,u,v e X withx >uand y < v.
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Suppose that either (a) or (b) of Theorem 16 holds.

If there exist x,, y, € X such that x, < F(xy,,) and y, >
F(y,,x,) then F has a coupled fixed point.

Proof. From (64), we obtain

d(y,v) +d(x,u)
2

_v/<d(y,v)+d(x,u)).

2

d(F (v,u),F(y,x)) <
(65)

Adding (64) and (65), we obtain inequality (63). Hence the
conclusion follows from Corollary 25. O

Remark 27 In addition to the hypotheses of Corollary 26,
if F satisfies (40), then F has a unique coupled fixed point.
Further, if x, and y, are comparable, then F has a unique
coupled fixed point (x, y) and x = y. The same is true in
respect of Corollaries 22, 23, and 25.

Remark 28. In view of Examples 11, 13, and 14, we obtain new
coupled fixed point results for mappings satisfying (7), the
implicit relations in Examples 13 and 14, respectively, by using
Theorem 16.

Remark 29. We obtain Theorem 3 as a corollary to Theo-
rem 16 by choosing T'(t,,t,,...,ts) =t; —kt,, 0 <k < L.

Example 30. Let X = R, with the usual metric and usual
ordering. We define T: R, — R, by

T(ty,....ts) =t — [aty + bty + cty +dts +etg],

(66)
wherea:g, b:c:d:e:i.
3 18
Now we define F: X x X — X by
X y, ifx>y
F(x,y)= 2 (67)
0, otherwise.

Then F satisfies mixed monotone property. There exists a
point (x, y,) = (0,1) € X x X such that x, < F(x,, y,) and
Yo = F(yy, ). We now verify inequality (9) for x, y,u,v € X
with x > u and y < v in the following cases.

Casei.x > yandu > v.
In this case, F(x,y) = (x — ¥)/2, F(u,v) = (u - v)/2,
F(y,x) =0and F(v,u) = 0.

1
Hence
d(F(x,y),F(wv))+d(F(y,x),F(v,u))
2
1 [G-w+(v-y)
2] 2
- (68)
L2 (x—u)+(y-v)
3 2
2 [d(x,u)+d(y,v)
3 f]

Caseii.x > yand u < v.

In this case, F(x, y) = (x — ¥)/2, F(u,v) = 0, F(y,x) =0
and F(v,u) = (v —u)/2.

The verification is similar as in Case i.
Caseiii. x < yandu > v.

This case does not arise, for we have x > uand y < v,and
hence x > u > v > y > x, which does not hold.

Caseiv. x < yand u < v.

In this case, F(x, y) = 0, F(u,v) =0, F(y,x) = (y — x)/2
and F(v,u) = (v —u)/2.

The verification is similar as in Case i.

From all the above cases, we get

d(F(x,y),F(wv))+d(F(y,x),F(v,u))

2
2[dx,u)+d(y,v)
<3 2
dx,u)+d(y,v)  d(x,F(x,y))+d(y,F(y.x))
<a 5 +b 5
d (u, F (u,v)) +d (v, F (v, u))
+c 5
+dd(x,F(u,v))-;d(y,F(v,u))
L AW F (%)) +d(nF(y.x))
5 .

(69)

Thus, F satisfies inequality (9). Hence all the hypotheses
of Theorem 16 hold and (0,0) is the unique coupled fixed
point of F.

Here we observe that (2) fails to hold, for, at x = 1, u =
v = y = 0, we have d(F(x, y), F(u,v)) = 1/2 and (d(x,u) +
d(y,v))/2 = 1/2. Hence, Theorem 3 is not applicable.

Example 31. Let X = [0, 1] with the usual metric and usual
ordering. Suppose that ¢ : R, — R, be defined by

Zt, ifo<t<l1
()= ; (70)
Z\/?, ift>1.
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We now define T : R, — R, by

t, 1
T (t,... ts) =t —¢<max{t2,33,t4,5(t5 +t6)}>.

(71)
Define F: X x X — X by
2 2
X" -y .
Flxy)={ 2 » Tx=” 72)
0, otherwise.

Then F satisfies mixed monotone property. There exists a
point (x4, y,) = (0,1) € X x X such that x, < F(x,, y,) and
¥o = F(yy, xy). We now verify inequality (9) for x, y,u,v € X
with x > ©and y < v in the following cases.

Casei.x > yandu > v.
In this case,

oy -
F(x,y)= R F(u,v)—T, 73)
F(y,x) =0, F(v,u)=0.
Hence
d(F(x,y),Fwv)) +d(F(y.x),F (»u))
2
1] (- 57) - (=)
"2 2
B '(xz—u2)+(v2—y2)]
2 (74)
1 [EtwE-w+(vty)(v-y)
2 2
<1—2(x—u)+2(v—y)
2 2

. 3d(xu) +d(y,v)
4 2
Caseii. x > yand u < v.
In this case, F(x, y) = (x2 - yz) /2, F(u,v) =0,F(y,x) =
0and F(v,u) = (v2 - uz) /2.
The verification is similar as in Case i.
Case iii. x < yand u > v.

This case does not arise, for we have x > uand y < v,and
hence x > u > v > y > x, which does not hold.

Caseiv.x < yandu < v.
In this case,

F(x,y) =0, F(u,v) =0,

P
2

F(v,u) =
(75)

The verification is similar as in Case i.
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From all the above cases, we get

d(F(x,y),F(u,v))+d(F(y,x),F (v,u))
2

< 3d(x,u)+d(y,v)
4 2

>

( {d(x,u)+d(y,v)
< ¢ max —

1d(xF(xy)) +d(3,F(5,%))

2 2
d(u,F (u,v)) +d (v, F (v,u))
5 ,
1[d(xFwv)+d(y,F(v,u))
2 2
L4 (xy) +d(v,F(y,x))]}>
> .

(76)

Hence F satisfies inequality (9). Hence all the hypotheses
of Theorem 16 hold and (0,0) is the unique coupled fixed
point of F. Here we observe that F satisfies the hypotheses
of Theorem 18 and Theorem 20 too.

Remark 32. There is another viewpoint of coupled fixed
points; that is, they can be viewed as fixed points of an oper-
ator on product spaces like what follows.

Let F: XxX — X have acoupled fixed point (x, y), that
is, F(x, y) = x and F(y,x) = y. We construct an operator
S: XxX — XxXas

$(xy) = (F(xy),F(yx)). (77)

Then (x, y) isa coupled fixed point of F ifand only if (x, y) isa
fixed point of S. But this viewpoint may not be helpful always,
a case being the present one. It is not immediately possible to
find the characterization of the operator S from the implicit
inequality satisfied by F. This justifies the study of coupled
fixed points as it is traditionally done without an appeal to
the product space.

4. An Application

In this section, we establish the existence of solution for an
integral equation as an application to the above results in
Section 3.

Consider the integral equation

b
x(t) = J (K, (£,9) + K, (£,9)) (f (5, x(s)) + g (s, x(s))) ds

a

+h(t), tel=[ab].

(78)
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Assumption A. Suppose that K, K, € C(IxL,R), f,g € C(Ix
R,R) and h € C(I, R) satisfy the following assumptions:

(i) Ky(t,s) 20, K,(t,s) < 0forallt,s € [a,b];

(ii) there exist A, y > 0 and a nondecreasing mapping 0 :
R, — R, suchthat,forallx,y eI, x>y,

0<ftx)-f(ty)<A0(x-y),
—ub (x-y)<gt,x)—g(ty)<o.

(79)

(iil) there exists ¢ : R, — R,, ¢(t) <t for t > 0 such that
0(t) = (t/2) for all t > 0;

(iv) max{d, uhsup,; |- (K, (t,5) = Ky(t,5))ds < 1/2.

As an example for the existence of mappings satistying
(iii), we can consider the following.

For O(x) = x%/2(x + 2), there exists @, 9(x) = 2/(x+1)
such that 0 (x) = ¢ (x/2), ¢(x) < x for x > 0.

Definition 33. An element («, ) € C(I,R) x C(I, R) is called

a coupled lower and upper solution of the integral equation
(78), if a(t) < f3(t) for each t € I and

b
a(t) < J K, ts)(f(s,a(s)+g(s,f(s))ds

b
+ J. K, () (f (s, B(s) + g(s,a(s))ds

+h(t),
(80)

b
Bt) > J K, (65 (f (s, B(s) +g(s,a(s))ds

b

+ J K, (t,s)(f (s, (s) + g (s, f(s))ds

+h(t),
foreacht € I = [a,b].
Theorem 34. Consider the integral equation (78) with
K,K, €e CUxLR), f,g € CUxR,R)and h € C(I,R) and
suppose that Assumption A holds. If the integral equation (78)
has a coupled lower and upper solution, then it has a unique
solution in C(I, R).
Proof. Let X = C(I, R). Define an ordering on X as follows:

xLye=xt)<y(t), Vtelab], x,yc C(I,R).

(81)

With this relation, X is a partially ordered set. Define a metric
don X by

d(x,y):su?|x(t)—y(t)|, x,y € C(ILR). (82)

Then (X, d) is a complete metric space.
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Suppose that {1, } is a nondecreasing sequence in X which
converges to u in X. Then we have
u ) <u,(t)<---<u, )<+, Vtel (83)

Therefore {u,(t)} is a nondecreasing sequence of real numbers
and converges to u(t). Hence u,(t) < u(t) forallt € I and
n=1,2,3,...s0thatu, <wuforalln.

Similarly, it is easy to see that if {v,} is a nonincreasing
sequence in X that converges to v € X then v < v, for all n.

Define F: X x X — X by

b
F(x, ) (t) = j K, (65) (f (5:x(8)) + g (5. y () ds

b
[ K@ () +gxe)ds

+h(t), Vtel.

(84)

Now we show that F satisfies mixed monotone property.
Let x;,x, € X, y € X with x; < x,. That s, x,(t) < x,(t)
for all ¢ € I. Then we have

F(x1,y) (1) = F, (x5, ¥) (1)

b
= J K (£9)(f(sx,(8))+g(s,y(s))ds

a

b
+ J K, t,8)(f(sy(s)+g(sx,(5))ds

b
- J' K, (t,8) (f(s,x,(5) + g (s, ¥(s5)))ds
‘ (85)

b
+ J K, (t,8)(f(s,y(s)+g(s,x,(5))ds
b
- [ K69 (F (53, 9) - f (5.5 ) ds

b
+ J K, (t,5) (g (s,x1 () — g (s, x, (s))) ds

< 0, by Assumption A.

Hence F(x;, y)(t) < F(x,, y)(t) for all ¢ € I. That is, F(x;, y) <

F(x5, ).
Now let y; > y,. Thatis, y,(t) > y,(t) for all t € I. Then
we have

F(xp) (1) = F, (%) (1)

b
= J K, (69 (f(s,x(5)+ g (s, 3 (5))ds

a

b
+ J K, t,s) (f (s, 9, (8) + g(s,x(s))ds

b
- J K, ts)(f(s,x(s)+ g (s y,(s))ds
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b
+ [ K9 (f (522 ) + g sx (o) ds
b
- [ K @9 (950 ) =g (60, ) ds

b
+ j Ky (6,9) (f (531 (9) = £ (5,75 (5))) ds

< 0, by Assumption A.
(86)

Hence F(x, y,)(t) < F(x, y,)(t) forallt € I.Thatis, F(x, y;) <
F(x, y,). Thus F satisfies mixed monotone property.

Now, we show that inequality (60) is satisfied. Let x > u
and y < v; that is, x(t) > u(t) and y(t) < v(t). Then, we have

d(F(x,y),F(uv))

= sup |F (x, ) (t) = F (u,v) (t)]

b
- sup <j K, (65) (f (5, () + 9 5,y ))) ds
b
+ J K, (t,5) (f (57 (5)) + g (5,x(5))) dS)
b
- (J K, (t3s)(f(s,u(s) +g(s,v(s)))ds

b
+ J K, (6,5 (f (s,v(5) + g (s,u(s))) ds)

Lb K, (t,s)

= sup
tel

x [(f (5% () = f (s,u(s)
+(g (5 7(5)) =g (s,v ()] ds

x[(f (5,7(9) = f(s;v(5))
+(g(5x(9) - g (s u(s)] ds

Lb K, (t,s)

= sup
tel

x [(f (s,x(s) = f (s,u(s))
~(gsv©) = g(sy(©))]ds

b
—J K, (t,s)
x[(f(sv()) = f(s ()

—(g(s,x(s) =g (s,u(s)]ds

Journal of Operators

< sup
tel

Lb K, (t,s)

X [AB (x (s) —u(s))

+ub (v(s) - y(s))] ds

b
- J K, (t,s) [AO (v(s) — y (5))

+ub (x(s) —u(s))] ds

< max {2, u}

b
X sup j (K (t,9) = K; (t,5))

tel
x (0 ((x(s) —u(s)) +0(v(s) - y(5)))

< max {A, u}

b
X <sup J (K, (t,s) - K, (t, s)))

tel Ja

x(0(d (x,u)) +6(d(y,v)))

10 () +6(d (7.7))

N8} \

<O0(d(x,u)+d(y,v))

d(
( Cow) +d(p,v > by Assumption A (iii) .

(87)

Therefore, for x > uand y < v, we have

d(F(x,y),F(u,V))S(P<d(x’u)+d(y’v))' (88)

Let (a, B) be lower and upper solution of the integral
equation (78); then we have «(t) < 5(¢) and «(t) < F(e, B)(¢)
and S(t) > F(fB,«)(t) for allt € I. Hence, @ < 3, & < F(a, f3)
and 8 = F(, «).

Thus F satisfies all the hypotheses of Corollary 22 and
hence F has a coupled fixed point.

Also, with the partial ordering < on X x X defined by

(x,y) 2 (wv) = x(t) <u(l),
(89)

y()=v(t), Vtel,

we have (max{x, u}, min{y,v}) € X x X comparable with
(x, y) and (u, v) for each (x, ), (u,v) € X x X.

Thus F also satisfies condition (40). Hence F has a unique
coupled fixed point (x, y) (say).



Journal of Operators

Since « and f are comparable, by Theorem 18, it follows
that x = y. Hence

x (t)

=F(x,x) (1)

b
= J K, (£,9) (f (s,x(s)) + g (s,x(s)))ds

a

b
+ J K, t,s)(f(s,x(s) + g(s,x(s))ds+h(t)

b
= J (K, (t,8) + Ky (£,9)) (f (5, x(5)) + g (s, x(s))) ds

+h(t).
(90)

Hence x(t) is the unique solution of the integral equation (78).
O

The following is an example as an illustration of Theo-
rem 34.

Example 35. Let I = [0, 1]. Let us now consider the integral
equation

1! x :

+(at+b), tel,

where a = 145/288+(log5) /2—(log2) /16 and b = 65/384 -
Tan™' (1/2).

We transform this equation into Fredholm integral equa-
tion of the form (78). That is,

b
0= [ (K (69K, (0.9)

a

X (f(s,x(s) +g(s,x(s))ds 92)

+h(t), tel=]Jab],

where K, (t,s), K,(t,s) : IXI — R,K,(t,s) = (1/6) (t+s) and
K,(t,s) =—(1/3) (t +s) forallt,s € [0,1], f,g: Ix X — X,
f(t,x) = (t/8)x and g(t, x) = t/4(1 + x?),t €I, x € Xand
h:I — R, h(t) = at + b. Here K,(t,s) > 0 and K,(t,s) <0
for all t,s € [0,1]. It is easy to see that sup,; Iol (Ky(t,s) =
K,(t,s))ds = 3/4.

Write X = C(I). We define 0,9 : R, — R, by 0(t) =t/4
and @(t) = t/2. We choose A = 1/2 and y = 34/3/8 so that

0< f(t,x)=f(ty) <A (x-y),
—uf(x-y)<gt.x)-g(ty) <0,

(93)

hold. Also, max{A, u}sup,; jf(Kl(t, s)—K,(t,s))ds = 3/3/8-
3/4 =9+/3/32 < 1/2.
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Hence the conditions (i) to (iv) of Assumption A hold.
Then («, B) with a(t) = t/2 and (t) = t is a coupled lower
and upper solution of the integral equation (78) and x(t) =
t/2 is the unique solution.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

Professor B. S. Choudhury suggested some remarks which are
hereby acknowledged.

References

(1] J. Harjani and K. Sadarangani, “Generalized contractions in
partially ordered metric spaces and applications to ordinary
differential equations,” Nonlinear Analysis: Theory, Methods &
Applications, vol. 72, no. 3-4, pp. 1188-1197, 2010.

[2] J.Harjaniand K. Sadarangani, “Fixed point theorems for weakly
contractive mappings in partially ordered sets,” Nonlinear Anal-
ysis: Theory, Methods & Applications, vol. 71, no. 7-8, pp. 3403-
3410, 20009.

[3] H. K. Nashine and B. Samet, “Fixed point results for mappings
satisfying (y, ¢@)-weakly contractive condition in partially
ordered metric spaces,” Nonlinear Analysis, vol. 74, pp. 2201-
2209, 2011.

[4] J. J. Nieto and R. Rodriguez-Lopez, “Contractive mapping
theorems in partially ordered sets and applications to ordinary
differential equations,” Order, vol. 22, no. 3, pp. 223-239, 2005.

[5] J.J. Nieto and R. Rodriguez-Lopez, “Existence and uniqueness
of fixed point in partially ordered sets and applications to
ordinary differential equations,” Acta Mathematica Sinica, vol.
23, no. 12, pp. 2205-2212, 2007.

[6] A. C.Ran and M. C. Reurings, “A fixed point theorem in par-
tially ordered sets and some applications to matrix equations,”
Proceedings of the American Mathematical Society, vol. 132, no.
5, pp. 1435-1443, 2004.

[7] D. J. Guo and V. Lakshmikantham, “Coupled fixed points
of nonlinear operators with applications,” Nonlinear Analysis:
Theory, Methods & Applications, vol. 11, no. 5, pp. 623-632, 1987.

[8] T. Gnana Bhaskar and V. Lakshmikantham, “Fixed point the-

orems in partially ordered metric spaces and applications,”

Nonlinear Analysis: Theory, Methods & Applications, vol. 65, no.

7, pp. 1379-1393, 2006.

V. Lakshmikantham and L. B. Ciric, “Coupled fixed point

theorems for nonlinear contractions in partially ordered metric

spaces,” Nonlinear Analysis: Theory, Methods & Applications, vol.

70, no. 12, pp. 4341-4349, 20009.

[10] B. S. Choudhury and A. Kundu, “A coupled coincidence
point result in partially ordered metric spaces for compatible
mappings,” Nonlinear Analysis. Theory, Methods & Applications,
vol. 73, no. 8, pp- 2524-2531, 2010.

[11] N. V. Luongand N. X. Thuan, “Coupled fixed points in partially
ordered metric spaces and application,” Nonlinear Analysis.
Theory, Methods & Applications, vol. 74, no. 3, pp. 983-992, 2011.

[12] 1. Altun and H. Simsek, “Some fixed point theorems on
ordered metric spaces and application,” Fixed Point Theory and
Applications, vol. 2010, Article ID 621469, 2010.

[9



16

(13]

(14]

(16]

(17]

(18]

(19]

(20]

V. Popa, “Some fixed point theorems for compatible mappings
satisfying an implicit relation,” Demonstratio Mathematica, vol.
32, no. 1, pp. 157-163, 1999.

I. Altun and D. Turkoglu, “Some fixed point theorems for
weakly compatible multivalued mappings satisfying an implicit
relation,” Taiwanese Journal of Mathematics, vol. 22, no. 1, pp.
13-21, 2008.

I. Altun and D. Turkoglu, “Some fixed point theorems for
weakly compatible mappings satisfying an implicit relation,”
Taiwanese Journal of Mathematics, vol. 13, no. 4, pp. 1291-1304,
2009.

M. Imdad, S. Kumar, and M. S. Khan, “Remarks on some fixed
point theorems satisfying implicit relations,” Radovi Matemat-
icki, vol. 11, no. 1, pp. 135-143, 2002.

V. Popa, “A general coincidence theorem for compatible multi-
valued mappings satisfying an implicit relation,” Demonstratio
Mathematica, vol. 33, no. 1, pp. 159-164, 2000.

V. Popa and M. Mocanu, “Altering distance and common
fixed points under implicit relations,” Hacettepe Journal of
Mathematics and Statistics, vol. 38, no. 3, pp. 329-337, 2009.
S.Sharma and B. Deshpande, “On compatible mappings satisfy-
ing an implicit relation in common fixed point consideration,”
Tamkang Journal of Mathematics, vol. 33, no. 3, pp. 245-252,
2002.

D. Turkoglu and I. Altun, “A common fixed point theorem for
weakly compatible mappings in symmetric spaces satisfying an
implicit relation,” Sociedad Matematica Mexicana Boletin, vol.
13, no. 1, pp. 195-205, 2007.

Journal of Operators



Advances in Advances in Journal of Journal of
Operations Research lied Mathematics ability and Statistics

il
PR
S Rt
£ 2 §

\ ‘

The Scientific
\{\(orld Journal

International Journal of
Differential Equations

Hindawi

Submit your manuscripts at
http://www.hindawi.com

International Journal of

Combinatorics

Advances in

Mathematical Physics

%

Journal of : Mathematical Problems Abstract and Discrete Dynamics in
Mathematics in Engineering Applied Analysis Nature and Society

Journal of

Complex Analysis

International
Journal of
Mathematics and
Mathematical
Sciences

Journal of
'

al of Journal of

Function Spaces Stochastic Analysis Optimization

Journal of International Jo




