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Abstract

In this paper, we extend the very recent result of Sintunavarat et al. in the paper
‘Coupled fixed point theorems for weak contraction mapping under F-invariant set’
(Abstr. Appl. Anal. 2012:324874, 2012). In particular, we give an example of a nonlinear
contraction mapping for which our result successfully detects a coupled fixed point
in contrast to the result of Sintunavarat et al., which is not applied to show the
existence of a coupled fixed point. As a consequence, the main results in this paper
extend and unify many results in the topic of coupled fixed points including the
results of Sintunavarat et al. Also, some applications of the main results are given.
MSC: 54H25;47H10
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1 Introduction

Let X be an arbitrary nonempty set and f : X — X be a mapping. A fixed point for f is a
point x € X such that fx = x. Many useful mathematical facts can be expressed by asser-
tions that say that certain mappings have fixed points. Fixed point theory, one of the very
active research areas in mathematics as well as quantitative sciences, focuses on maps and
abstract spaces for which one can assure the existence and/or uniqueness of fixed points
when they are put together. For example, fixed point theorems are vital for the existence
and uniqueness of differential equations, matrix equations, and integral equations (see,
e.g., [1, 2]). Moreover, it has applications in many fields such as chemistry, biology, statis-
tics, economics, computer science and engineering (see, e.g., [3—6]). For example, fixed
point results are incredibly useful when it comes to proving the existence of various types
of Nash equilibria (see, e.g., [3]) in economics.

The classical contraction mapping principle of Banach is one of the most powerful the-
orems in fixed point theory because of its simplicity and usefulness. So, it has become a
very popular tool for solving many problems in many branches of mathematical analysis
and also in many other fields. Refer to [7-17] and references mentioned therein for cer-
tain extensions of this principle. In 2004, the Banach contraction principle was extended
to metric spaces endowed with a partial ordering by Ran and Reurings [18]. They also gave
some applications of their results to matrix equations. Afterwards, Nieto and Rodriguez-
Lépez [19] extended the results of Ran and Reurings for nondecreasing mappings and
studied the existence and uniqueness of solutions for a first-order ordinary differential
equation with periodic boundary conditions.
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In 2006, Bhaskar and Lakshmikantham [20] introduced the concept of a mixed mono-
tone property for the first time and gave their classical coupled fixed point theorems for
mappings which satisfy the mixed monotone property. They also produced some applica-
tions in the existence and uniqueness of solutions for the periodic boundary value prob-

lem

u'(t) =f(Lu(®), telo,T],

u(0) = u(T),

(1.1)

where the function f satisfies certain conditions. Afterwards, Harjani et a/. [21] and Luong
and Thuan [22, 23] studied the existence and uniqueness of solutions of nonlinear integral
equations as an application of coupled fixed points. Recently, Caballero et al. [24] have in-
vestigated the existence and uniqueness of positive solutions for the following singular
fractional boundary value problem:

D{u(t) +f(t, u(t)) =0, O<t<l,
(1.2)
u(0) = u(1) =0,

where o € R such that 1 < o < 2. Here D, is the standard Riemann-Liouville differen-
tiation. The function f : (0,1] x [0,00) — [0,00) has the property lim;_.o+ f(¢,-) = oo for
all £ € (0,1] (i.e., f is singular at £ = 0). Very recently, motivated by the work of Caballero
et al. [24], Jleli and Samet [25] discussed the existence and uniqueness of a positive so-
lution for the singular nonlinear fractional differential equation boundary value prob-
lem

Dy u(t) :f(t, u(t), u(t)), 0<t<1, 13
1.3
ua)=u'(b)=0, a,be{0,1},

where @ € R such that 3 < o < 4. Above Dj, is also the Riemann-Liouville frac-
tional derivative. The function f : (0,1] x [0,00) x [0,00) — [0,00) is continuous,
lim;_, ¢+ f(¢,-,-) = oo for all ¢ € (0,1], and nondecreasing with respect to the first com-
ponent, decreasing with respect to its second and third components.

Because of their important roles in the study of the existence and uniqueness of solutions
of the periodic boundary value problems, nonlinear integral equations and the existence
and uniqueness of positive solutions for the singular nonlinear fractional differential equa-
tions with boundary value, discussions on coupled fixed point theorems are of interest to
many scientists. A considerable number of articles have been dedicated to the improve-
ment and generalization of this topic (see [26—33] and references therein).

On the other hand, Huang and Zhang [34] reintroduced the notion of cone metric spaces
and established fixed point theorems for mappings in such spaces. In 2011, Cho et al. [35]
introduced a new concept of a c-distance, a cone version of a w-distance of Kada et al. [36],
in cone metric spaces and proved some fixed point theorems in partially ordered cone
metric spaces using the notion of a c-distance. Afterwards, Sintunavarat et al. [37] (see
also [38]) established fixed point theorems for some type of generalization of contraction
mappings by using this concept.
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Recently, Cho et al. [39] established new coupled fixed point theorems under contrac-
tion mappings by using the concept of the mixed monotone property and c-distance in
partially ordered cone metric spaces as follows.

Theorem 1.1 ([39]) Let (X, E) be a partially ordered set and suppose that (X, d) is a com-
plete cone metric space. Let q be a c-distance on X and F : X x X — X be a continuous
function having the mixed monotone property such that

(a(xx) +a(ry))

q(F(x,y),F(x,y)) =

N X

for some k € [0,1) and all x,y,x",y € X with

(x C x) A (y | y) or (x .| x) A (y C y)
If there exist xo,yo € X such that

%o & F(xo,y0) and  F(yo,%0) E yo,

then F has a coupled fixed point (u,v). Moreover, we have q(v,v) = 0 and q(u,u) = 0.

Theorem 1.2 ([39]) In addition to the hypotheses of Theorem 1.1, suppose that any two
elements x and y in X are comparable. Then the coupled fixed point has the form (u, u),
where u € X.

Theorem 1.3 ([39]) Let (X,C) be a partially ordered set and suppose that (X, d) is a com-
plete cone metric space. Let q be a c-distance on X and F : X x X — X be a function having
the mixed monotone property such that

(a(xx) +a(yy))

q(Fx,y),F(x,y)) =

AN

for some k € (0,1) and all x,y,x",y € X with

(*Cx)A(yZy) or (xZx)A(EY).

Also, suppose that X has the following properties:
(@) if (x4) is a non-decreasing sequence in X with x, — x, then x, E x for all n € N;
(b) if (xy,) is a non-increasing sequence in X with x,, — x, then x C x,, for all n € N.
Assume there exist xy,yo € X such that

%o E F(x0,y0) and F(yo,%0) E yo.

If yo C %o, then F has a coupled fixed point.

Very recently, Sintunavarat et al. [40] have weakened the condition of the mixed mono-
tone property in results of Cho et al. [39] by using the concept of an F-invariant set (see
the notion of an F-invariant set in Section 2).
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Theorem 1.4 ([40]) Let (X, d) be a complete cone metric space. Let q be a c-distance on X,
M be a nonempty subset of X* and F : X x X — X be a continuous function such that

a(F@x ), F(x,y)) < 5 (a(xx) +q(ny)) (1.4)

N X

for some k € [0,1) and all x,y,x",y € X with
(x,y,x*,y#) eM or (x*,y*,x,y) eM.

If M is F-invariant and there exist xy,yo € X such that
(F(%0,%0), F(y0,%0), %0, ¥0) € M,

then F has a coupled fixed point (u,v). Moreover, if (u,v,u,v) € M, then q(v,v) = 6 and
q(u,u) =0.

Theorem 1.5 ([40]) In addition to the hypotheses of Theorem 1.4, suppose that for any two

elements x and y in X, we have
Oxxy)eM or (x9,9%)€M.

Then the coupled fixed point has the form (u, u), where u € X.

Theorem 1.6 ([40]) Let (X, d) be a complete cone metric space. Let q be a c-distance on
X, M be a subset of X* and F : X x X — X be a function such that

a(Fx,9),F(x,y)) = —(q(xx") +q(ny)) (1.5)

AN

for some k € [0,1) and all x,y,x",y" € X with
(g%, y) €M or (x,y,xy) €M

Also, suppose that
(i) there exist xo,yo € X such that (F(xo,y0), F(¥0,%0), %0, y0) € M,
(i) two sequences {x,}, {yn} With (%41, Yni1, % Yn) € M for all n € N and {x,} — x,
{yu} = v, then (x,9,yu, %) € M and (y,, %, y,%) € M for all n € N.
If M is an F-invariant set, then F has a coupled fixed point.

Inspired by the results of Sintunavarat et al. [40], we prove some coupled fixed point
theorems in cone metric spaces by using the concept of an F-invariant set and give some
example which is not applied to the existence of a coupled fixed point by the results of Sin-
tunavarat ef al. [40], but can be applied to our results. Moreover, we show that our results
can be applied to the result in partially ordered cone metric spaces. We also consider an

application to illustrate our result is useful (see Section 4).
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2 Preliminaries
Throughout this paper (X, C) denotes a partially ordered set. By x C y, we mean x C y but
x #y. A mapping f : X — X is said to be non-decreasing (non-increasing) if for all x,y € X,

x C y implies f(x) C f(y) (f(y) C f(x) respectively).

Definition 2.1 ([20]) Let (X,C) be a partially ordered set. A mapping F: X x X — X
is said to have the mixed monotone property if F is monotone non-decreasing in its first

argument and is monotone non-increasing in its second argument; that is, for any x, y € X,
x,%€X, xCxy = F(x,9) E F(x2,9) (2.1)
and
Yy €X, yEy = Flxy) 3 Fx ). (2.2)

Definition 2.2 ([20]) Let X be a nonempty set. An element (x,7) € X x X is called a cou-
pled fixed point of mapping F: X x X — X if

x=F(xy) and y=F(y,x).

Next, we give some terminology of cone metric spaces and the concept of a c-distance
in cone metric spaces due to Cho et al. [35] which is a generalization of a w-distance of
Kada et al. [36].

Let (E, || - || g) be a real Banach space, 6 be a zero element in E and P be a proper nonempty
subset of E. Then P is called a cone if the following conditions are satisfied:

(1) Pisclosed and P #{0};

(2) a,beR*, x,y € Pimplies ax + by € P;

(3) x € PN (—P) implies x = 6.

We shall always assume that the cone P has a nonempty interior (such cones are called
solid). For the cone P, define the partial ordering < with respect to P by x < y if and only if
y—x € P. We write x < y to indicate that x < y butx # y, while x <« y stand for y —x € int(P),
where int(P) is an interior of P.

It can be easily shown that A int(P) C int(P) for all positive scalars A.

The cone P is called normal if there is a number K > 0 such that for all x,y € E,

0<x<y = |xle=KllylEe

The least positive number satisfying the above is called the normal constant of P. It is clear
that K > 1.
In what follows, we always suppose that E is a real Banach space with the cone P.

Definition 2.3 ([34]) Let X be a nonempty set. Suppose that the mappingd: X x X — E
satisfies the following conditions:

(1) 0 <xd(x,y) for all x,y € X and d(x,y) = 6 if and only if x = y;

(2) dx,y) =d(y,x) forallx,y € X;

(3) d(x,y) <d(x,z) +d(z,y) forall x,7,z € X.
Then d is called a cone metric on X and (X, d) is called a cone metric space.
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Definition 2.4 ([34]) Let (X, d) be a cone metric space. Let {x,} be a sequence in X and
xeX.

(1) If for any c € X with 6 <« ¢, there exists N € N such that d(x,,x) < c forall » > N,
then {x,} is said to be convergent to a point x € X and x is the limit of {x,}. We
denote this by lim,,_, o %, = % Or &, — % as 1 — 00.

(2) If for any ¢ € E with 6 < ¢, there exists N € N such that d(x,, x,,) < c for all
n,m> N, then {x,} is called a Cauchy sequence in X.

(3) The space (X, d) is called a complete cone metric space if every Cauchy sequence is

convergent.

Definition 2.5 ([35]) Let (X, d) be a cone metric space. Then a function g: X x X — E is
called a c-distance on X if the following are satisfied:
(ql) 6 <q(x,y) forallx,y € X;
(q2) qx,y) = q(x,2) + q(z,y) for all x,y,z € X;
(g3) for any x € X, if there exists u = u, € P such that g(x,y,) < u for each n € N, then
q(x,y) < u whenever {y,} is a sequence in X converging to a point y € X;
(q4) for any c € E with 0 < ¢, there exists e € E with 6 < e such that g(z,x) < e and
q(z,y) < ¢ imply d(x,y) < c.
Remark 2.6 The c-distance g is a w-distance on X if we take (X,d) is a metric space,
E=R"*, P=[0,00) and (q3) is replaced by the following condition:
For any x € X, g(x,-) : X — R" is lower semi-continuous.

Therefore, every w-distance is a c-distance. But the converse is not true in a general case.
Therefore, the c-distance is a generalization of the w-distance.

Example 2.7 Let (X, d) be a cone metric space and P be a normal cone. Define a mapping
q:X x X — Ebyq(x,y) =d(x,y) for all x,y € X. Then q is a c-distance.

Example 2.8 LetE = CHIQ[O,I] with [|x]|g = [|%]lco + |4 |lcc and P = {x € E : x(t) > 0 on [0,1]}
(this cone is not normal). Let X = [0, 00) and define a mapping d : X x X — E by

d(x,y) = lx—yle

for all ,y € X, where ¢ : [0,1] — R such that ¢(¢) = €. Then (X, d) is a cone metric space.
Define a mapping g: X x X — E by

q(x,y) = (x + )¢
for all x,y € X. Then g is a c-distance.

Example 2.9 Let (X, d) be a cone metric space and P be a normal cone. Define a mapping
q:X x X — Eby

61(%)’) = d(u’y)

for all x,y € X, where u is a fixed point in X. Then ¢ is a c-distance.
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Example 2.10 Let E=R and P = {x € E: x > 0}. Let X = [0,00) and define a mapping
d:X x X — Eby

d(x,y) = lx -yl

for all x,y € X. Then (X, d) is a cone metric space. Define a mapping g: X x X — E by

qxy) =y
for all ¥,y € X. Then g is a c-distance.

Remark 2.11 From Examples 2.9 and 2.10, we have the following important results for a
c-distance q:

+ q(x,9) = q(y,x) does not necessarily hold.

« q(x,y) = 0 is not necessarily equivalent to x = y for all x,y € X.

The following lemma is crucial in proving main results.

Lemma 2.12 ([35]) Let (X, d) be a cone metric space and q be a c-distance on X. Let {x,}
and {y,} be sequences in X and x,y,z € X. Suppose that {u,} is a sequence in P converging
to 0. Then the following hold.:

(1) If q(xn,y) < uy and q(x,,2) < u,, theny = z.

(2) If g%, yu) <ty and q(xy,z) < uy, then {y,} converges to a point z € X.

(3) If q(xey, xm) X uy, for each m > n, then {x,} is a Cauchy sequence in X.

(4) Ifq(y,x,) <X uy, then {x,} is a Cauchy sequence in X.

Next, we give the concept of an F-invariant set in a cone version due to Sintunavarat et
al. [40].

Definition 2.13 ([40]) Let (X,d) be a cone metric space and F: X x X — X be a given
mapping. Let M be a nonempty subset of X*. We say that M is an F-invariant subset of
X* if and only if for all x,y,z, w € X, we have

(F) x9,z,w) e M < (W,z2,y,x) € M;
(F2) (xy,z,w) € M = (F(x,y), F(y,x), F(z,w), F(w,z)) € M.

We obtain that the set M = X* is trivially F-invariant.
Next example plays a key role in the proof of our main results in a partially ordered set.

Example 2.14 ([40]) Let (X,d) be a cone metric space endowed with a partial order C.
Let F: X x X — X be a mapping satisfying the mixed monotone property; that is, for all
x,y € X, we have

x,% €X, M Ex = Flo,y) EF(x,y)

and

Y1, )2 EX! N E_y2 = F(x!yl) QF(xLyZ)'
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Define the subset M C X* by
M= {(a,b,c,d) :cCa,bC d}.
Then, M is F-invariant of X*.

3 Mainresults

First, we show the weakness of Theorem 1.4 with the following example.

Example 3.1 LetE = C§[0,1] with [|x]lg = [|%]lcc + ¥/ loo and P = {x € E, x(t) > 0, € [0,1]}.
Let X = [0,00) (with usual order E), and let d : X x X — E be defined by d(x,y)(¢) = |x —
y|2. Then (X, d) is a complete cone metric space. Let, further, g : X x X — E be defined by
q(x,y)(t) = y2°. It is easy to check that g is a c-distance. Consider the mapping F: X x X —
X by

[$21198)

(x+y) ifx>y,
F(x,y) =
0 ifx<y.

Let M = X* and so M is an F-invariant subset of X. Now, we show that there is no k € [0,1)
for which (1.4) holds. To prove this, suppose the contrary; that is, there is k € [0,1) such
that

N X

q(F@ ), F(x,y)) = - (a(xx) +q(»y))
for all x,9,x",y" € X with
(xyx,y)eM or (x,y,%y)eM.
Takex=0,y=1,% =1andy =0. Then
a(FO.1,F1,0)() < 5 (400,1) + 401,0)) (0.
This implies
2!,

F(1,0)2 = 22f <

ol w
|

Hence, k > g is a contradiction. Therefore, there is no k for which (1.4) holds.

Moreover, for y; = % and y; = %, we have for x =1, we get y; = % C % =y, but

9
E — =F(x,52).

F(x,y1)=—-C 10

(SN

So, the mapping F does not satisfy the mixed monotone property. Therefore, main theo-
rems of Cho et al. [39] cannot be used to reach this conclusion.

The following theorem is the extension of Theorem 1.4
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Theorem 3.2 Let (X, d) be a complete cone metric space. Let q be a c-distance on X, M be
a nonempty subset of X* and F : X x X — X be a continuous function such that

%

q(F(x,9),F(x,y)) +q(F,x), E(y, %)) < k(q(xx) +q(»y)) (3.1)
for some k € [0,1) and all x,y,x",y" € X with

(wy.x,y)eM or (x,y,%y)€M.
If M is F-invariant and there exist xo,yo € X such that

(F(x0,0), F(yo, %0), %0, Y0) € M,

then F has a coupled fixed point (u,v). Moreover, if (u,v,u,v) € M, then q(u,u) = 0 and
qv,v)=0.

Proof Since F(X x X) C X, we can construct two sequences {x,} and {y,} in X such that
%, =F(x,-1,9,-1) and y,=F(y,1,%x,1) forallmeN. (3.2)

Since (F(x0,%0), F(¥0,%0), %0, Y0) = (%1, %1,%0,Y0) € M and M is an F-invariant set, we get
(F(x1,01), F(y1,%1), F (%0, ¥0), F (90, %0)) = (%2, y2, %1, 1) € M.

Again, using the fact that M is an F-invariant set, we have
(F(x2,52), F(y2,%2), F(x1, 71), F(y1, %1)) = (3,3, %2,¥2) € M.

By repeating the argument similar to the above, we get
(F(Xn-tsYn1)s FOn-1,%n-1)s Xn1, Y1) = s> Vs X1, Y1) € M

for all #n € N. From (3.1), we have

q(xmxnﬂ) + q(ymy;ﬁl) f q(F(xn—lyyn—l)xF(xn;yn)) + q(F(yn—hxn—l); F()/n,xn))

< k(q(u-1,%0) + GWn-1,n))- (3.3)
We repeat the above process for n-times, we get
4% %ne1) + GO/ Ynr1) < K" (q(x0,%1) + g0, 1)) (3.4)
From (3.4), we can conclude that

q(xmxnﬂ) = kn (q(xO: xl) + q(yO’yl)) (35)
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and

40> Yni1) = K" (q(%0,%1) + (yo, 1)) (3.6)

Let m,n € N with m > n. Since

m-1

A xm) <Y g0, %i1),

i=n

m-1

A0 ym) 2> 40 yi1)

i=n
and 0 < k <1, we have

n

1-k

q(xn:xm) = (Q(xo»xl) +4()/0r}’1))

and

n

4> Ym) < (a(xo0,x1) + q(yo, 1))

T 1-k

Using Lemma 2.12(3), we have {x,} and {y,} are Cauchy sequences in (X, d). By complete-
ness of X, we get x,, — u and y, — v as n — 0o for some u,v € X.
Since F is continuous, taking n — oo in (3.2), we get

lim x,,; = lim F(x,,y,) = F( lim x,, lim y,,) =F(u,v)
n—o0 n— 00 n—00 n—00
and
lim y,,; = lim F(y,,x,) = F( lim y,, lim x,,) =F(v,u).
n—oQ0 n—oQ n— 00 n—oQ
By the uniqueness of the limits, we get u = F(u,v) and v = F(v, u). Therefore, (u,v) is a

coupled fixed point of F.
Finally, we assume that (&, v, u,v) € M. By (3.1), we have

q(u,u) + q(v,v) = q(F(u,v), F(u,v)) + q(F (v, u), F(v,u)) < k(q(u, u) + g(v,v)).

Since 0 < k < 1, we conclude that g(u, u) + g(v,v) = 0 and hence g(u, u) = 6 and g(v,v) = 6.
This completes the proof. O

Remark 3.3 We obtain that the mapping F in Example 3.1 has a coupled fixed point.
Indeed, for all x,y,x",y" € X with

(xyx,y)eM or (x,y,x%y)eM
we have

(a(xx) +a(»y))-

q(Fee,9), F(x',y")) +a(Fr2), F(y,x)) <

[S2 RS}

Page 10 of 19
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Also, we note that there exists points 0,1 € X such that (F(0,1), F(1,0),0,1) € M. Thus, by
Theorem 3.2, we have F has a coupled fixed point that is a point (0, 0).

Theorem 3.4 In addition to the hypotheses of Theorem 3.2, suppose that for any two ele-
ments x and y in X, we have

,x,x,9) €M or (x,59,x)€M.

Then the coupled fixed point has the form (u,u), where u € X.

Proof As in the proof of Theorem 3.2, there exists a coupled fixed point (u,v) € X x X.

Hence,
u=F(u,v) and v=F(,u).
Moreover, q(u, u) =0 and g(v,v) =0 if (u, v, u,v) € M.
From the additional hypothesis, we have (i, v,v,u) € M or (v,u,u,v) € M. By (3.1), we
get

q(u,v) + qv,u) = q(F(u, v), F(v, u)) + q(F(v, u), F(u, v)) < k(q(u, v)+q(v, u)).

Since 0 <k <1, we get q(u,v) + q(v,u) = 6. Therefore, g(u,v) =0 and q(v,u) = 6.
Let u,, = 0 and x,, = u. Then

q(xn, u) < uy,
and
qxn, V) < Uy,

From Lemma 2.12(1), we have u = v. Therefore, the coupled fixed point of F has the form
(4, u). This completes the proof. d

Theorem 3.5 Let (X, d) be a complete cone metric space. Let q be a c-distance on X, M be
a subset of X* and F : X x X — X be a function such that

a(Fxy), F(x,y)) +a(F0,2), F(y ) < k(q(x.x) +a(yy)) (3.7)
for some k € [0,1) and all x,y,x",y" € X with
(xyx,y)eM or (x,y,%y)eM.
Also, suppose that
(i) there exist xo,y0 € X such that (F(xo, o), F(¥o, %0), X0, ¥0) € M,

(ii) two sequences {x,}, {¥yn} With (X41, Yne1, % Yu) € M for all n € N and {x,} — x,
{yu} — v, then (x,9,%4,y,) € M for all n € N.
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If M is an F-invariant set, then F has a coupled fixed point. Moreover, if (u,v,u,v) € M,
then q(u,u) =60 and q(v,v) = 6.

Proof As in the proof of Theorem 3.2, we can construct two Cauchy sequences {x,} and
{y,.} in X such that

(xmym xn—l:yn—l) eM

for all n € N. Moreover, we have that {x,} converges to a point # € X and {y,} converges

tovelX,
k"
q(xn’xm) = -k (q(xoyxl) + q()’o,yl))
and
n
40w ym) = 77 (q(x0,%1) + q(yo, 1))

for each m > n > 1. By (q3), we have

k}'l

qemu) < T (q(x0,%1) + q(y0, 1)) (3.8)
and
le
q0mV) = T (q(xo0,x1) + q(yo, 1)) (3.9)
and so
2k"
qon ) + 4l v) < T (q(x0,%1) + q(yo, 1)) (3.10)

By the assumption (ii), we have (&, v,x,,y,) € M. From (3.7) and (3.10), we have

q(xn E(,v)) + g4, Fv, 1)) = q(F X1, Y1), F(@,v)) + q(F Y1, %01), F(v, 1))

< k(q(tn1, 1) + g(yu-1,v))
n-1

2k
k1%

(q(x0,%1) + q(y0, 7))

n

K
= 1 —<k (qx0,%1) + q(y0, 1))

Therefore, we have

n

k
q(%n, F(u,v)) < 12_ p (q(x0,%1) + q(yo, y1)) (3.11)
and
2k"
q(yn F(v,u)) < (q(x0,%1) + q(yo, 7)) (312)

1-k
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From (3.10), we get

/}’l
q(xn, u) < 12_< X (q(x0,%1) + q(y0, 1)) (3.13)
and
2k"
gy, v) 2 - k(q(xo,xl) +q(0,1))- (3.14)

Since (3.11), (3.12), (3.13) and (3.14) hold, by using Lemma 2.12(1), we get u = F(u,v) and
v = F(v,u). Therefore, (u,v) is a coupled fixed point of F. The proof of g(u,u) = 6 and
q(v,v) = 0 is the same as the proof in Theorem 3.2. This completes the proof. O

The following theorem can be proved in the same way as Theorem 3.4.

Theorem 3.6 [n addition to the hypotheses of Theorem 3.5, suppose that for any two ele-
ments x and y in X, we have

,x,x,9) €M or (x,y,%x)€M.
Then the coupled fixed point has the form (u, u), where u € X.

Remark 3.7 Since the relations (1.4) and (1.5) imply (3.1), we can apply Theorems 3.2, 3.4
and 3.5 to the main result of Sintunavarat et al. [40].

Next, we apply Theorems 3.2, 3.4, 3.5 and 3.6 to the results in a partially ordered cone

metric spaces.

Corollary 3.8 Let (X,C) be a partially ordered set and suppose that (X, d) is a complete
cone metric space. Let q be a c-distance on X and F : X x X — X be a continuous function
having the mixed monotone property such that

q(F(.9),F(x',y)) +a(FO0), F(y,x)) < k(q(x27) +q(0y)) (3.15)
for some k € [0,1) and all x,y,%",y € X with

@EX)A(2y) or (x3x)A(EY).
If there exist xo,y0 € X such that

x0 T F(xo,50) and F(¥0,%0) C yo,

then F has a coupled fixed point (u,v). Moreover, we have q(v,v) = 0 and q(u,u) = 6.

Proof Let M = {(a,b,c,d) : cC a,b = d} C X*. We obtain that M is an F-invariant set. By
(3.15), we have

%

qa(Fx.9), F(x',y)) + a(F,), F(y,x)) < k(q(xx) + q(35"))
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for some k € [0,1) and all x,,%7,y" € X with (x,9,%7,y") € M or (x',y,%,5) € M. Now, all
the hypotheses of Theorem 3.2 hold. Thus, F has a coupled fixed point. O

Corollary 3.9 In addition to the hypotheses of Corollary 3.8, suppose that for any two
elements x and y in X, we have x and y are comparable. Then the coupled fixed point has
the form (u,u), where u € X.

Proof This result is obtained by Theorem 3.4. O

Corollary 3.10 Let (X, E) be a partially ordered set and suppose that (X, d) is a complete
cone metric space. Let q be a c-distance on X and F : X x X — X be a function having the
mixed monotone property such that

9(F@ ) F(x,y)) +a(FO:0, F(y,2)) = k(a(®2) +q(»y)) (3.16)

for some k € [0,1) and all x,y,x",y" € X with

(*Cx)A(y2y) or (xZx)A(EY).

Also, suppose that X has the following properties:
(@) if {x,} is a non-decreasing sequence in X with x,, — x, then x, C x for all n € N;
(b) if {yn} is a non-increasing sequence in X with y, — y, then y C y, for all n € N.
If there exist xo,yo € X such that

xo & F(x0,%0) and F(y,%0) T yo,
then F has a coupled fixed point (u,v). Moreover, we have q(v,v) = 0 and q(u,u) = 6.

Proof Let M = {(a,b,c,d) : cC a,b C d} C X*. We obtain that M is an F-invariant set. By
(3.16), we have

a(F(y),F(x,y)) +a(Fomx), F(y,x)) < k(g(x.x') +a(r.7))

for some k € [0,1) and all x,y,%",y" € X with (x,y,%",9") € M or (x",y",%,y) € M. From as-
sumptions (a) and (b), we get two sequences {x,}, {y,}, with {x,} being a non-decreasing
sequence in X with x, — x and {y,} being a non-increasing sequence in X with y, — y,

X Ex &

Cx,C-Cx

and

YoInd---Jyn2--- 2y

for all n € N. Therefore, we get the condition (ii) in Theorem 3.5 holds. Now, all the hy-
potheses of Theorem 3.5 hold. Thus, F has a coupled fixed point. 0

Corollary 3.11 In addition to the hypotheses of Corollary 3.10, suppose that for any two
elements x and y in X, we have x and y are comparable. Then the coupled fixed point has
the form (u,u), where u € X.
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4 Applications
In this section, we apply our theorem to the existence theorem for a solution of the fol-

lowing integral equations:

T
() = /O Flbx()y(6) ds, te0,T);
(4.1)

T
30 = /0 Flby(s)x©)ds, tel0,T],

where T>0and f:[0,7] x Rx R — R.
In what follows, we always let C([0, T'], R) denote the class of R-valued continuous func-

tions on the interval [0, T'], where T is a real number such that 7" > 0.

Definition 4.1 An element «, 8 € C([0, T],R) x C([0, T'],R) is called a coupled lower and
upper solution of the integral equation (4.1) if «(¢) < B(¢) and

T
at) < /0 (& als), B(s)) ds

and

T
pO = [ f(6p0ha0)ds
0
forall £ € [0, T].
Now, we consider the following assumptions:
(@) f:10,T] x R x R — R is continuous;

(b) forall £ € [0, 7] and for all x,,x",y" € R for which " <x and y <y’, we have

x—x*+y*—y>

0 <fltxy) —f(6x,y) < ;w( 5

where ¢ : [0,00) — [0, 00) is continuous non-decreasing and satisfies: there exists
0 < k <1 such that

o(r) <kr VYr>0.
Next, we give the existence theorem for a solution of the integral equations (4.1).
Theorem 4.2 Suppose that assumptions (a) and (b) hold. Then the existence of a coupled
lower and upper solution for (4.1) provides the existence of a solution (u4,v) € C([0, T],R) x

C([0, T, R) for the integral equations (4.1).

Proof LetE = R2 and P C E be the cone defined by

P={(xy) eR’lx>0,y>0}.
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We endow X with the cone metric d : X x X — E defined by

d(x,y) = ( sup ’x(t)—y(t) , sup ’x(t) —y(t) ), Yu,v e X.

te(0,T] te(0,T]

It is clear that (X, d) is a complete cone metric space. Let g(x,y) = d(x,y) for all x,y € X.
Then, q is a c-distance.
Define the self-mapping F : C([0, T],R) x C([0, T],R) — C([0, T],R) by

T
F(x,y)(t) = /0 f(t,x(s),y(s)) ds, xyE€ C([O, T],R), tel[0,T].

Let M = {(x,5,%,y") € X*: 5" (t) <x(¢) and y(t) < y'(¢) for all ¢ € [0, T}.

Next, we prove that M is an F-invariant subset of X*. It obvious that M satisfies (F}).
Now, we show that (F,) holds. Let (x,y,x,y) € M and then x"(t) < x(¢) and y(¢) <y (¢) for
all £ € [0, T]. By (b), for all £ € [0, T], we have

0 <f(t:x(0),5(8) —f (t:% (£),5' (1)) (4.2)
and

0 <f(t,y (6),x (1) - f (£, (), x(2)). (4.3)
From (4.2), we get

f(6x @),y @) <f(6:x(2),5())

and so

T o T
/ f(tx(s),y (s)ds < / S (&%(s), ¥(s)) dis.
0 0

This implies that

F(x',y)(8) < Fx ). (4.4)

Similarly, from (4.3), we get

Fl®)(t) < F(y,2)(®). (4.5)

From (4.4) and (4.5), we get (F(x,%), F(y,x), F(x',y),F(y', %)) € M, and thus M satisfies
(F>). Therefore, M is an F-invariant subset of X*.

Now, let (x,7,x,y") € M and so x'(£) < x(t) and y(¢) < y'(¢) for all £ € [0, T]. Using (b),
for all £ € [0, T'], we have

|E(,)(8) = F(x', ) (2)|

T
- /0 [ (6:x(5),79) —f (62 (5),5'(5)) ] ds
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1 (T (x(s)—x'(s)+y(s) - y(s)
S G )
<1 / T(p(SUPZG[OT] lx(z) - x(Z)Igsupze[oT] ly(2) - y(Z)I) 5
) (sur)ze[o 11 1%(2) — % (2)] + sup,c (o1 Iy(Z)—y*(Z)|>
2

- k[ SUp,c0,77 1¥(2) — % (2)| + sup (o 17 19(2) — ¥ (2)] ]
—_— 2 )

which implies that

sup |F(x,y)(t) - F(x*,y*)(t)|

tel0,T]
<[ Hpector )~ 6+ o)~ @) | (4.6)
Similarly, we can get
3 |FO,0(6) ~F(y#)0)
S k[ sup,. (o 71 1%(2) — ()| ; SUPefo,7) [9(2) =¥ (2)] ] (4.7)

Adding up (4.6) and (4.7), we get

s[tépT]|F(x,y)(t)— (*,9)®)| + sup. |F(,2)(t) = F(y', %) (2)|

<k[ sup |x(z) - x(z)‘+ sup ‘y z) — y(z)‘]
z€[0,T]

Thus,

a(F(y),F(x,y)) +a(Fonx),F(y,x)) < k[a(xx') +a(r.5)]

for all (x,y,%’,y") € M. This implies that the condition (3.7) of Theorem 3.5 is satisfied.
Now, let («, B) be a coupled lower and upper solution of the integral equations (4.1), then
we have a(t) < F(o, B)(¢) and B(t) < F(B,a)(t) forall t € [0, T], thatis, @ < F(«, 8) and 8 >
F(B,a). Therefore, (F(«, B), F(B8,x),a, B) € M, and then the condition (i) in Theorem 3.5 is
satisfied. Moreover, it is easy to see that the condition (ii) in Theorem 3.5 is also satisfied.

Finally, applying our Theorem 3.5, we get the desired result. O
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