Applied Mathematics Letters 23 (2010) 310-316

Contents lists available at ScienceDirect

Mathematics
Letters

Applied Mathematics Letters

journal homepage: www.elsevier.com/locate/aml

Fixed point and common fixed point theorems on ordered cone
metric spaces

Ishak Altun®*, Bosko Damjanovi¢P, Dragan Djori¢¢

2 Department of Mathematics, Faculty of Science and Arts, Kirikkale University, 71450 Yahsihan, Kirikkale, Turkey
b Department of Mathematics, Faculty of Agriculture, Nemanjina 6, 11 000 Belgrade, Serbia
¢ Department of Mathematics, Faculty of Organizational Science, Jove Ilica 154, Belgrade, Serbia

ARTICLE INFO ABSTRACT

Article history: In the present work, some fixed point and common fixed point theorems for self-maps on
Received 15 June 2009 ordered cone metric spaces, where the cone is not necessarily normal, are proved.
Received in revised form 8 September 2009 © 2009 Elsevier Ltd. All rights reserved.
Accepted 14 September 2009

Keywords:

Fixed point

Cone metric space
Ordered set

1. Introduction

Huang and Zhang [1] have introduced the concept of cone metric space, replacing the set of real numbers by an ordered
Banach space. They have proved some fixed point theorems of contractive type mappings on cone metric spaces. Later, many
authors generalized their fixed point theorems. The purpose of this work is to carry some of these theorems to ordered cone
metric spaces.

We recall some definitions of cone metric spaces and some of their properties [1]. Let E be a real Banach space and P be
a subset of E. By 8 we denote the zero element of E and by Int P the interior of P. The subset P is called a cone if and only if:

(i) Pis closed, nonempty and P # {6},
(ii) a,be R,a,b>0,x,y e P— ax+ by € P,
(iii) xe Pand —x e P —= x = 6.

A cone P is called solid if it contains interior points, that is, if Int P # .

Given a cone P C E, we define a partial ordering < with respect to P by x < y if and only if y — x € P. We shall write
x < yifx <yandx # y, while x < y will stand fory — x € Int P.

The cone P in a real Banach space E is called normal if there is a number K > 0 such that forallx,y € E,

6 <x =<y implies [[x|[ <K|lyll. (1.1)

The least positive number K satisfying (1.1) is called the normal constant of P. It is clear that K > 1.
In the following we always suppose that E is a Banach space, P is a cone in E with Int P # (J and < is a partial ordering
with respect to P.

* Corresponding author.
E-mail addresses: ialtun@kku.edu.tr, ishakaltun@yahoo.com (I. Altun), dambo@agrif.bg.ac.rs (B. Damjanovi¢), djoricd@fon.bg.ac.rs (D. Djori¢).

0893-9659/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.am1.2009.09.016


http://www.elsevier.com/locate/aml
http://www.elsevier.com/locate/aml
mailto:ialtun@kku.edu.tr
mailto:ishakaltun@yahoo.com
mailto:dambo@agrif.bg.ac.rs
mailto:djoricd@fon.bg.ac.rs
http://dx.doi.org/10.1016/j.aml.2009.09.016

I Altun et al. / Applied Mathematics Letters 23 (2010) 310-316 311

Definition 1 ([1]). Let X be a nonempty set. Suppose the mapping d : X x X — E satisfies:
(dq) 6 <d(x,y) forallx,y € X withx # y and d(x, y) = 0 ifand only if x = y,
(dy) d(x,y) =d(y,x) forallx,y € X,
(d3) d(x,y) < d(x,z) +d(z,y) forallx,y,z € X.
Then d is called a cone metric on X and (X, d) is called a cone metric space.

It is obvious that the cone metric spaces generalize metric spaces.

Example 2 ([1]).LetE = R?>,P = {(x,y) € E | x,y > 0},X = Randd : X x X — E be such that d(x,y) = (|x — y]|,
o |x — y|), where o > 0 is a constant. Then (X, d) is a cone metric space.

Definition 3 ([1]). Let (X, d) be a cone metric space. Let {x,} be a sequence in X and x € X. If for every c € E with6 < ¢
there is an N such that for all n > N, d(x,, x) < c, then {x,} is said to be convergent and {x,} converges to x and x is the
limit of {x,}. We denote this by lim,_, . X, = x or x, — xasn — oo. If for every ¢ € E with 8 « c there is an N such that
foralln,m > N, d(x,, xn) < c, then {x,} is called a Cauchy sequence in X. (X, d) is a complete cone metric space if every
Cauchy sequence is convergent.

Lemma4 ([1]). Let (X, d) be a cone metric space, P be a normal cone and {x,} be a sequence in X. Then:

(i) {xn} converges to x if and only if d(x,, x) — 6 (n — 00),
(ii) {xn} is a Cauchy sequence if and only if d(x,, x,) — 6 (n, m — 00).

Let (X, d) be a cone metric space, f : X — X and xy € X. Then the function f is continuous at X if for any sequence
Xn — Xo we have fx, — fxq [2].
The following theorem has been proved by Huang and Zhang.

Theorem 5 ([1]). Let (X, d) be a complete cone metric space, P be a normal cone with normal constant K. Suppose the mapping
f : X — X satisfies the contractive condition

d(fx, fy) < kd(x,y) forallx,y € X,
where k € [0, 1) is a constant. Then f has a unique fixed point in X.

Also, Huang and Zhang [ 1] gave an example showing that Theorem 5 is a generalization of the Banach fixed point principle.

Rezapour and Hamlbarani [3] proved that there are no normal cones with a normal constant K < 1 and that for each
h > 1 there are cones with normal constant K > h. Also, omitting the assumption of normality they obtain generalizations
of some results of [1].

The following example shows that there are non-normal cones.

Example 6 ([3]). LetE = C,%([O, 1]) with the norm ||f || = ||f||o + ||f/||OO and consider the cone P = {f € E : f > 0}. For

eachK > 1,putf(x) = xand g(x) = x*. Then0 < g < f, |If|| = 2 and ||g|| = 2K + 1.Since K ||f|| < ||g||, K is not the
normal constant of P. Therefore, P is a non-normal cone.

Since the definition of the concept of cone metric space, the fixed point theory on these spaces has been developing (see
[4-18]).

On the other hand, the existence of fixed points in partially ordered sets has been considered recently in [19]. The usual
contraction of the Banach fixed point principle is weakened but at the expense that the operator is monotone. Ran and
Reurings [19] proved the following theorem for in ordered metric spaces.

Theorem 7 ([20,19]). Let (X, C) be a partially ordered set and suppose that there exists a metric d in X such that the metric
space (X, d) is complete. Let f : X — X be a continuous and nondecreasing mapping w.r.t. C. Suppose that the following two
assertions hold:

(i) there exists k € (0, 1) such that d(fx, fy) < kd(x,y) foreachx,y € X withy C x;
(ii) there exists xo € X such that xy C fxo.

Then f has a fixed point x* € X.

Some generalizations and variants of the result of [19] are given in [21-27]. For example, in [20], the following theorem
has been proved, by removing the continuity of f in Theorem 7.

Theorem 8 ([20]). Let (X, C) be a partially ordered set and suppose that there exists a metric d in X such that the metric space
(X, d) is complete. Let f : X — X be a nondecreasing mapping w.r.t. C. Suppose that the following three assertions hold:

(i) there exists k € (0, 1) such that d(fx, fy) < kd(x,y) foreachx,y € X withy C x;
(ii) there exists xo € X such that xy T fxo;
(iii) if an increasing sequence {x,} converges to x in X, then x, C x for all n.

Then f has a fixed point x* € X.
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In Theorem 7 [19] it is proved that if
every pair of elements has a lower bound and an upper bound, (1.2)

then for every x € X, lim,_, o, f"x = y, where y is the fixed point of f such that y = lim,_, o, f"Xo and hence f has a unique
fixed point. If condition (1.2) fails, it is possible to find examples of functions f with more than one fixed point. In [20] some
examples are presented to illustrate this fact.

The following example shows the differences between the fixed point theorems working on metric and ordered metric
spaces.

Example 9. Let X = R and consider a relation on X as follows:
xCy<= {(x=y)or(x,y € [1,4]withx <y)}.

It is easy to see that C is a partial order on X. Let d be usual metric on X. Now define a self-map of X as follows: fx = 2x if

x<1,fx = % if1 <x <4andfx = 2x — 5if x > 4. Now, it is easy to see that all conditions of Theorem 7 are satisfied

and so f has a fixed point on X. Also note that the contractive condition of the Banach fixed point principle is not satisfied.

In [6], Altun and Durmaz have proved the following theorem using the ideas of Theorems 5 and 7.

Theorem 10 ([6]). Let (X, ) be a partially ordered set and suppose that there exists a cone metric d in X such that the cone metric
space (X, d) is complete and let P be a normal cone with normal constant K. Let f : X — X be a continuous and nondecreasing
mapping w.r.t. C. Suppose that the following two assertions hold:

(i) there exists k € (0, 1) such that d(fx, fy) < kd(x,y) foreachx,y € X withy C x;
(ii) there exists xo € X such that xo T fxo.

Then f has a fixed point x* € X.
The following example was given in [6]; we can apply Theorem 10 to this example, but we cannot apply Theorems 5 and

7 because the contractive condition of Theorem 5 is not satisfied and that the conditions of Theorem 7 are not satisfied if d
is the usual metric in R?.

Example 11 ([6]). Let E = R?, the Euclidean plane, and P = {(x,y) € R? : x,y > 0}, a normal cone in E. Let
X ={(x,0) € R? : x > 0} U {(0, x) € R? : x > 0} and consider a relation on X as follows: for (x, y), (z, w) € X,

*x,y) > (z,w) <= {xEzandy C w},
where C is a partial order on R as follows: forx,y € R,
xCy<<={x=y)or(x,y € [0, 1]]withx < y)}.

We can show that > is a partial order on X. Let d : X x X — E be defined by (as in [1]) d((x,0), (y,0)) =
(31x=yl, Ix—y),d((0,%),(0,y) = (x—yl,3x—y]) and d((x,0), (0,) = d((0,y), (x,0)) = (3x +y,x + 3y).
Then (X, d) is a complete cone metric space.

Letamappingf : X — X be defined with f (x, 0) = (0, x), (0, x) = (2x— 2, 0)ifx > 1andf(0, x) = (%, 0)ifo<x<1.
It is easy to see that f is continuous and nondecreasing w.r.t. ©>. Also f satisfies the condition (i) of Theorem 10 with k = %.
Again, since (0, 0) > f(0, 0), then the condition (ii) of the theorem is satisfied. Therefore, we can apply Theorem 10 to this
example. Note that the contractive condition of Theorem 5 is not satisfied and that the conditions of Theorem 7 are not
satisfied if d is the usual metric in R?.

The aim of the work is to give some generalized versions of Theorem 10 in ordered cone metric spaces, where a cone P
is not necessarily normal.

2. Main results

Theorem 12. Let (X, C) be a partially ordered set and suppose that there exists a cone metric d in X such that the cone metric
space (X, d) is complete. Let f : X — X be a continuous and nondecreasing mapping w.r.t. C. Suppose that the following two
assertions hold:

(i) thereexist o, B,y > Owitha + 28 4+ 2y < 1such that
d(fx, fy) < ad(x,y) + Bld(x, fx) + d(y, )] + v dx, fy) + d(, fx)]

forallx,y € X withy C x,
(ii) there exists xo € X such that xo T fXo.

Then f has a fixed point x* € X.

Proof. If fxg = xo, then the proof s finished. Suppose that fxg £ xo.Since xo T fxo and f is nondecreasing w.r.t. C, we obtain
by induction that

X0 Cfo Cf% C - Cff% Cf™'x C -
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Now, we have

d(f™ %o, f"%0) < ad(f"xo, f"'X0) + BLA(f X0, f"'x0) + d(f™ X0, f"%0)] + yd(F™ 'x0, f™*'x0)

ad(f"xo, f""x0) + BIA("x0, "™ x0) + d(f" X0, f"X0)] + y[d(F" X0, f"X0) + d(f"x0, f™'x0)]

IATA

and so

a+B+y
1-p—vy
for all n > 1. Repeating this relation we get

d(frH_]XO?fnxO) = < > d(fnx()!fn_lxo)s

d(f"™ "o, fx0) = K"d(fxo, Xo), (2.1)
where k = ‘;‘f;%; < 1.Let m > n; then from (2.1), we have

d(f™xo, f"x0) =< d(f"xo, f™ "x0) + - - + d(f" X0, f"x0)
< (K" -+ KMYd(fro, Xo0)

d(fxo, Xo).

IA

1—k
Therefore, we get

n

d(f"xo, f"x0) =< d(fxo, Xo). (2.2)

1—k

Now we show that {f"xo};2, is a Cauchy sequence in (X, d). Let & <« c be arbitrary. Since ¢ € IntP, there is a
neighborhood of 6:

Ns@) ={y €E:|lyll <8}, 8>0,

such that ¢ + Ng(6) C Int P. Choose a natural number N; such that ‘ ‘—%d(fxo, xo)’ ’ < 6.Then —f—jkd(fxo, Xo) € Ns(0) for

alln > N;.Hencec — l"%kd(fxo, Xo) € ¢ + Ns(6) € Int P. Thus we have
K"
1—k

Therefore, from (2.2) we get

d(fxg, Xo) < ¢ forall n > Nj.

n

d(me07 fnxo) =

1 kd(fxo,xo) «c forallm>n> N,

and hence
d(f™xg, f"x9) < ¢ forallm > n > Nj.

Hence we conclude that {f"xo}:2 ; is a Cauchy sequence in (X, d). Since (X, d) is a complete cone metric space, there exists
x* € X such that f"xy — x* asn — oo. Finally, continuity of f and f (f"xo) = f™'xy — x* imply that fx* = x*. Thus we
proved that x* is a fixed pointof f. O

If we use the condition (iii) instead of the continuity of f in Theorem 12 we have the following result.
Theorem 13. Let (X, C) be a partially ordered set and suppose that there exists a cone metric d in X such that the cone metric
space (X, d) is complete. Let f : X — X be a nondecreasing mapping w.r.t. C. Suppose that the following three assertions hold:
(i) thereexist @, B,y > Owitha + 28 4+ 2y < 1 such that

d(fx, fy) < ad(x,y) + Bld(x, fx) + d(y. )] + y[d(x. fy) + d(y. f0)],

forallx,y € X withy C x,
(ii) there exists xo € X such that xy T fxo,
(iii) if an increasing sequence {x,} converges to x in X, then x, C x for all n.

Then f has a fixed point x* € X.

Proof. If we take x,, = f"xo in the proof of Theorem 12, then we havexp T x;{ T x; C -+ - C X, & X1 C - - -, that s, {x,} is
an increasing sequence. Also this sequence converges to x*. Now the condition (iii) implies x, T x* for all n. Therefore, we
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can use the condition (i) and so we have
d(fxn, fx*) < ad(xn, X*) + Bld(xn, fin) + d(x*, X)] + y[d(xn, X) + d(x", fxn)].
Taking n — o0, we have d(x*, fx*) < (8 + y)d(x*, fx*). Then by the condition (i) we have d(x*, fx*) < (1/2) d(x*, fx*)
and hence (1/2) d(x*, fx*) < 6. Therefore, —d(x*, fx*) € P and so, as also d(x*, fx*) € P, we have d(x*, fx*) = 6. Hence
X*=fx*. 0O
Now we give two common fixed point theorems on ordered cone metric spaces. We need the following definition.

Definition 14. Let (X, C) be a partially ordered set. Two mappings f, g : X — X are said to be weakly increasing if fx C gfx
and gx C fgx hold for all x € X.

Note that the two weakly increasing mappings need not be nondecreasing.

Example 15. Let X = [0, c0), endowed with usual ordering. Let f, g : X — X be defined by fx = xif 0 <x < 1, fx = 0if
1<x<o00,gx=./xif0 <x <landgx =0if 1 < x < oo; then it is obvious that fx < gfx and gx < fgx for all x € X. Thus
f and g are weakly increasing mappings. Note that both f and g are not nondecreasing.

Example 16. Let X = [1, 00) x [1, c0) be endowed with the usual ordering, thatis, (x,¥) C (z, w) <& x < zandy < w.
Letf,g : X — X be defined by f (x, y) = (2x,3y) and g(x,y) = (x*,y°); thenf(x,y) = (2, 3y) C gf (x,y) = g(2x,3y) =
(4x*,9y%*) and g (x,y) = (x*, y%) C fe(x,y) = f(x*, y*) = (2x%, 3y?). Thus f and g are weakly increasing mappings.

Example 17. Let X = R?, endowed with lexicographical ordering, that is, (x, y) < (z, w) < (x < z) or (if x = z, then
y < w). Letf,g : X = X be defined by f(x, y) = (max{x, y}, min{x, y}) and g(x, y) = (max{x, y}, %); then f and g are
weakly increasing mappings. Note that (1, 4) < (2, 3) butf(1,4) = (4, 1) 5 (3, 2) = f(2, 3); then f is not nondecreasing.
Similarly g is not nondecreasing.

Let us remark that in Theorem 18 we do not assume explicitly the condition “there exists an x, € X with xy C f(xg)” of

Theorem 12.
Now we prove the following common fixed point theorem.

Theorem 18. Let (X, C) be a partially ordered set and suppose that there exists a cone metric d in X such that the cone metric
space (X, d) is complete. Let f, g : X — X be two weakly increasing mappings w.r.t. C. Suppose that the following two assertions
hold:

(i) thereexist o, B,y > Owitha + 28 4+ 2y < 1such that

d(fx, gy) < ad(x,y) + Bld(x, fx) + d(y. gy)] + y[d(x, gy) + d(y. )], (2.3)

for all comparative x,y € X,
(ii) f or g is continuous.

Then f and g have a common fixed point x* € X.
Proof. Let xq be an arbitrary point of X and define a sequence {x,} in X as follows: x3,11 = fX2; and X142 = gX25,41 for all
n > 0. Note that, since f and g are weakly increasing, we have x; = fxg C gfxg = gx1 = X, and X, = gx; C fgx; = fx, = x3
and continuing this process we have x; C x, C - -- C X, C x,41 C ---. That is, the sequence {x,} is nondecreasing. Now,
since x,, and x,,41 are comparative, we can use the inequality (2.3), and then we have

d(Xan41, Xont2) = d(fXon, Xont1)
= (a+ B+ y)d(Xan, Xong1) + (B + v)d(Xany1, Xony2)

a+p+y

Ty, < 1. Similarly, it can be shown that d(x2p+3, Xont2) <

which implies that d(xan11, X2n+2) < kd(Xan, Xan41), wherek =
kd(X2n42, X2n+1). Therefore,

d(Xnt1, Xng2) X kd(Xp, Xpg1) < kzd(Xn—l,Xn) <o K™ d(x0, x1)
foralln > 1.Let m > n; then we have

d(Xm, Xp) < d(Xg, Xnp1) +dXpp1, Xng2) + - -+ dXm—1, Xim)

n

< d(xp, X1).
2T% (%0, X1)
Therefore, we get
n
d(Xm, Xn) < d(xo, X1).
1—k

Hence, like in the proof of Theorem 12, one can prove that {x,} is a Cauchy sequence. By the completeness of X, there is
x* € X such that x, — x*(n — 00).
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Suppose that f is continuous. Then it is clear that x* is a fixed point of f. We must show that x* is also a fixed point of g.
Since x* C x* we can use the inequality (2.3) for x = y = x*; then we have

d(fx", gx*) < ad(x*, x*) + Bld(x", x*) + d(x*, gx")] + y[d(x", gx*) + d(x*, fx*)]
and so
d(x*, gx") < (B + y)d(x", gx"). (2.4)

The condition (2.4) means that (8 + y)d(x*, gx*) — d(x*, gx*) € P, thatis, — (1 — (8 + y)) d(x*, gx*) € P. Hence, as
(1—=(B+y)~! > 0, wehave

—(1=B+y) (1= (B+y)dK, &) = —d(x*, gx") € P.

Since also d(x*, gx*) € P, then d(x*, gx*) € P N (—P) = 6. Thus d(x*, gx*) = 6 and hence gx* = x*. Similarly, if g is
continuous, again we have fx* = x*. Therefore, we have proved thatf and g have a common fixed point. O

The following theorem is a variant of Theorem 18.

Theorem 19. Let (X, C) be a partially ordered set and suppose that there exists a cone metric d in X such that the cone metric
space (X, d) is complete. Let f, g : X — X be two weakly increasing mappings w.r.t. C. Suppose that the following two assertions
hold:

(i) thereexist o, B,y > Owitha + 28 + 2y < 1such that

d(fx, gy) < ad(x,y) + Bld(x, fx) + d(y, gy)] + y[d(x, gy) + d(y, fx)]

for all comparativex,y € X,
(ii) if an increasing sequence {x,} converges to x in X, then x,, C x for all n.

Then f and g have a common fixed point x* € X.

Remark 20. We note that in our theorems we do not assume that a cone P is normal. Therefore, Theorems 18 and 19 are
ordered versions and generalizations of the following recent result of Abbas and Rhoades.

Theorem 21 (Abbas and Rhoades [5], Theorem 2.1). Let (X, d) be a complete cone metric space, and P a normal cone with normal
constant K. Suppose that the mappings f and g are two self-maps of X satisfying

d(fx, gy) < ad(x,y) + Bld(x, fx) + d(y. g)] + y[d(x, gy) + d(y. )]

forallx,y € X, wherea, B,y > 0and o + 28 + 2y < 1. Then f and g have a unique common fixed point in X; moreover, any
fixed point of f is a fixed point of g, and conversely.
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