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Abstract

In this paper we present some fixed point results for contractive map-
pings in complete cone metric spaces. Under special conditions, our
results are generalizations of the results of Huang Long-Guang and
Zhang Xian (Cone metric spaces and fized point theorems of contrac-
tive mappings, J. Math. Anal. Appl. 332, 1468-1476, 2007), and Sh.
Rezapour and R. Hamlbarani (Some notes on the paper ”Cone met-
ric spaces and fized point theorems of contractive mappings”, J. Math.
Anal. Appl. 345, 719-724, 2008).
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1. Introduction

It is well known that the classic contraction mapping principle of Banach is a fun-
damental result in fixed point theory. Several authors have obtained various extensions
and generalizations of Banach’s theorem by considering contractive mappings on many
different metric spaces. For example, [2, 4, 5, 6, 7, 8, 9, 11], and others. Recently, Guang
and Xian [3] introduced the notion of cone metric spaces and proved some fixed point
theorems in cone metric spaces for mappings satisfying various contractive conditions. In
[10], Rezapour and Hamlbarani generalized some results of [3] by omitting the assumption
of normality in the results.

The main purpose of this paper is to present some fixed point results for contractive
mappings in complete cone metric spaces.
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2. Preliminaries

Throughout this paper, we denote by N the set of positive integers and by R the set
of real numbers.

2.1. Definition. Let F be a real Banach space and P a subset of E. Then P is called
a cone if and only if:
(i) P is closed, nonempty and satisfies P # {0},
(ii) a,b € R, a,b> 0, z,y € P implies ax + by € P,
(iii) x € P and —z € P implies z = 0.
Given a cone P C F, we define a partial ordering < with respect to P by z < y if and

only if y —xz € P. We shall write x <y ifz <yandz#y,andz <y ify—z € int P,
where int P is the interior of P.

The cone P is called normal if there is a number K > 0 such that for all z,y € F,
0 <z <y implies ||z| < K]|y||.
The least positive number satisfying the above is then called the normal constant of P.

2.2. Lemma. ([12]) Let E be a real Banach space with a cone P. Then:

(1) Ifr <y and 0 < a < b, then ax < by,
(i) Ifz<yandu<wv, thenxz+u<y+wv,
(i) If xn < yn for each n € N, and limp—oc Tn = , liMp—oo Yyn =y, then < y.

2.3. Lemma. If P is a cone, x € P,a € R, 0 < a <1, and x < ax, then x = 0.

Proof. If z < ax, then ax —x = (o — 1)z € P. Since x € P and 0 < a < 1, we have,
from Definition 2.1. (ii), (1 — @)z € P. It follows from Definition 2.1. (iii) that z = 0. O

In the following definition, we suppose that E is a real Banach space, P a cone in F
with int P # () and that < is the partial ordering with respect to P.

2.4. Definition. Let X be a non-empty set. Suppose the mapping d : X x X — FE
satisfies:

(d1) 0 < d(z,y) for all z,y € X and d(z,y) =0 if and only if z =y,

(d2) d(z,y) =d(y,z) for all z,y € X,

(d3) d(z,y) < d(z,z)+d(z,y) for all z,y,z € X.
Then d is called a cone metric on X, and (X,d) is called a cone metric space. This
definition is more general than that of a metric space.

2.5. Example. Let £ = R?, P = {(z,9) € E: z,y > 0} C R?, X = R? and suppose
that d : X x X — F is defined by

d(z,y) = d((x1,22), (y1,y2)) = (|21 — 1|+ |22 — 32|, amax{|z1 — y1], |22 — y2[}),

where o > 0 is a constant. Then (X, d) is a cone metric space.

3. Definitions and lemmas
In this section we shall give some definitions and lemmas.

3.1. Definition. [3] Let (X, d) be a cone metric space. A sequence {z,} in X is said to
be:
(a) A convergent sequence if for every ¢ € E with 0 < ¢, there is N € N such
that for all n > N, d(zn,x) < c for some fixed z in X. We denote this by
limy— oo Tn = x Or T, — T, N — OO.
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(b) A Cauchy sequence if for every ¢ € E with 0 < ¢, there is N € N such that for
all n,m > N, d(zn,zm) < c.
A cone metric space (X, d) is said to be complete if every Cauchy sequence is convergent
in X.
The following lemma was recently proved without assuming normality in [1].

3.2. Lemma. Let (X,d) be a cone metric space. If {xn} is a convergent sequence in X,
then the limit of {xn} is unique. O

The proof of the following lemma is straightforward, and is omitted.

3.3. Lemma. Let (X,d) be a cone metric space, {xn} a sequence in X. If {xn} converges
to z and {xn,} is any subsequence of {xn}, then {xn,} converges to x. O

3.4. Lemma. Let (X,d) be a cone metric space and {xn} a sequence in X. If there
exists a sequence {an} in R with a, > 0 for alln € N and Y a, < oo, which satisfies
d(Znt+1,2n) < anM for all n € N and for some M € E with M > 0, then {zn} is a
Cauchy sequence in (X, d).
Proof. Let n > m. Then
d(xny xm) S d(xny xnfl) + d(xnfly xn72) + -+ d(xm+17 xm)
<(an-14an2+- - +am)M

n—1
=M Z ag.

k=m

Take ¢ € E with 0 < ¢. Choose € > 0 such that ¢ + N:(0) C P, where
Ne(0)={y e E: |yl <e}.

Since Y77 | an < 00, we can choose a sufficiently large natural number N such that
n—1 n—1
> a1 = |7 Y a
k=m k=m

for all n > m > N. Therefore, we have M Y7} a), € N.(0) and —M 7=} ax € N.(0),
for all n > m > N. Hence ¢ — M Y7~} ax € ¢+ N.(0) and so ¢ — M 3?_} aj, € int P,
for all n > m > N. Thus, M 37"} a < ¢, for all n > m > N. Then from inequality
(1), we have d(zn,zm) < ¢, for all n > m > N. Therefore, {z,} is a Cauchy sequence

in (X, d). O

(1)

<eg,

4. Fixed points on complete cone metric spaces

The following theorems were proved in [3].

4.1. Theorem. Let (X,d) be a complete cone metric space with normal cone P and
normal constant K. Suppose the mapping T : X — X satisfies the contractive condition

(2) d(Tz, Ty) < k(d(Tz,x) + d(Ty,y)),

for all x,y € X, where k € |0, %) is a constant. Then, T' has a unique fized point in X.
For each x € X, the iterative sequence {T"x} converges to the fixed point. O

4.2. Theorem. Let (X,d) be a complete cone metric space with normal cone P and
normal constant K. Suppose the mapping T : X — X satisfies the contractive condition

(3) d(Tz, Ty) < k(d(Tz,y) + d(z, Ty)),

for all x,y € X, where k € [0, %) is a constant. Then, T has a unique fized point in X.
For each x € X, the iterative sequence {T"xz} converges to the fized point. O
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Note that there are cones which are not normal, see [10]. In [10], Rezapour and
Hamlbarani proved Theorem 4.1 and Theorem 4.2 without the normality condition.

Now suppose that E is a Banach space and P a cone in E. For a,b,c € E we will
denote the proposition (a < b)V (a < ¢) by a < b\/ c. Moreover, for r € R, a < r(b\/¢)
will denote (a < 7b) V (a < re).

This notation is convenient because we do not have to repeat the left-hand element,
but it must be stressed that b/ ¢ has no meaning outside these expressions. In particular
the only case where there exists an element d of E for which a < b\/ ¢ is equivalent to
a < d for all a is when b and ¢ are comparable and d = bV ¢ = max{b, c}.

We now note that if d(T'z,z) and d(T'y,y) are comparable, then

d(Tz,z) +d(Ty,y) < 2[d(Tz,x) Vd(Ty,y)].

Similarly, if d(T'z,y) and d(Ty,x) are comparable, then
d(Tz,y) +d(Ty,z) < 2[d(Tz,y) VvV d(Ty,z)].

In this case, if inequalities (2) and (3) hold, then we obtain, respectively, the inequalities
d(Tz,Ty) < k[d(Tz,z) Vd(Ty,y)]

and
d(Tz, Ty) < k[d(Tz,y) Vd(Ty,z)]

where k € [0,1). These inequalities can hold for some k € [0,1) even if (2) or (3),

respectively, do not hold for some k € [0, %) (see Examples 5.1, 5.2 below). Moreover,

replacing V by \/ in the above inequalities gives us two more general conditions that are
well defined even when d(T'z,x), d(Ty,y) (resp. d(Tx,y), d(T'y,x)) are not comparable.
It is these conditions that form the basis of the following theorems.

4.3. Theorem. Let T be a mapping on the complete cone metric space X into itself that
satisfies the inequality

) d(Tw,Ty) < k[d(Tz,2)\/ d(Tyy)].

for all x,y € X, where 0 < k < 1. Then T has a unique fized point in X. For each
z € X, the iterative sequence {T"x} converges to the fized point.

Proof. Let z be an arbitrary point X. If 7" = T"x for some n, then T has a fixed
point. Assume 7"z # T"x for each n. Using inequality (4), we have

ATz, Tmz) < k|d(T" 2, T x) \/ d(T"z, T" 'z)|.
If d(T™ e, T™x) < kd(T™a, T™x), then from Lemma 2.3 we have d(T" 'z, T"z) = 0,
since k < 1, which contradicts our hypothesis. Therefore we have
d(T" e, T"z) < kd(T"z, T" 'z).
In general
d(T" e, T™2) < k"d(Tx, )

for all n € N. Since } 7 | k" < oo, it follows from Lemma 3.4 that {T"z} is a Cauchy
sequence in the complete cone metric space (X, d) and so has a limit z in X.

Now let ¢ € E with 0 < ¢. Choose a natural number N such that d(T"z, z) < c¢(1—k)
and d(T"z, T" *z) < c for all n > N. From condition (d3) we have

(5) d(Tz,2) <d(Tz,T"z) + d(T"z, z)
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for all n > N, and from condition (4),
d(Tz, T z) < k[d(Tm) \/ d(T"2, T a)).

Now we have to consider, for each n > N, the following two cases:

Case 1. If d(Tz,T"x) < kd(T'z, z), then from (5), we have

d(Tz,z) < ﬁd(T"a@z) <ec.

Case 2. If d(Tz,T"x) < kd(T"z, T" 'z), then from (5), we have
d(Tz2) < d(T"x, 2) + kd(T"z, T" 'z) € (1 — k) +ck = c.

It now follows from Cases 1 and 2 that d(T'z,2) < c. For fixed 0 < ¢, we have 0 < £
for all m € N. Thus d(T'z,z) < =, for all m € N. So, = —d(T'z,z) € P, for all m € N.

Since £ — 0, as m — oo, and P is closed, it follows that —d(T'z,z) € P. Also we have

d(Tz,z) € P. Hence d(Tz,z) =0 and so Tz = z.
Now suppose that T has a second fixed point z’. Then from inequality (4) we have
d(z,2) = d(T=,T7) < k [d(Tz7 2\ d(T, z’)],

which is equivalent to d(z, 2’) < k[d(Tz,2)Vd(T2',2")] = 0 since d(Tz,z) = 0 = d(TZ, 2')
are comparable. It follows that z = 2’. So z is the unique fixed point of T'. g

4.4. Theorem. Let T be a mapping on the complete cone metric space X into itself that
satisfies the inequality

(6) d(Te, Ty) < k|d(Te,y)\/ d(Ty,a)|.

for all x;y € X, where 0 < k < 1. Then T has a unique fized point in X. For each
x € X, the iterative sequence {T"x} converges to the fized point.

Proof. Let x be an arbitrary point X. Then using inequality (6) for d(T" "z, T"z) and
noting that d(T™z,T"z) = 0 is comparable with d(7" 'z, T""*z) we have

d(T" e, T"z) < k[d(T™" M2, T" 'z) v d(T"x, T"z)] = kd(T" 'z, T" ).
Again using (6) we have

d(T" e, Trz) < k? [d(T"H:c, " ?2) \/ d(T" 'z, T”:c)] ,
and then

AT e, Tz) < K° [d(T"H:c, " 32) \/ d(T"z, T”fzx)] .
Continuing this process we have

(7) AT e, T2) < k" \/ {d(T"“*S@ Tz): s=0,1,2,... ,m}

|

and a < \/{a; :1=1,2,...,n} if and only if a < a; for some i.

where

n n even,

n—1) n odd,

SN

Similarly, this process applies to the terms d(T™"' ™%z, T°z) for s > 0, so from in-
equality (7) we have

(8) AT 2, T"e) < k™ \/ {de(T”H*Sx,x) (5=0,1,2,...,n— 1}.
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Using (8) and the inequality
(9) d(T" e, x) <d(T" e, T ) + d(T"z, x)

we will now show by induction that

n+1 <
(10)  d(T H—l_de:cm)

forn=1,2,....
It is trivial from (8) and (9) that inequality (10) holds for n = 1.

Now assume that

j
d TJ+1 H

holds for j =1,2,...,n — 1. Taking s = 0 in (8) we may suppose first that
d(T" e, Trz) < K"d(T" 'z, z).

d(Tz,x)

Then from inequality (9), we get
AT e, z) < k"d(T" Mz, 2) + d(T"z, x)

and so

1
d(T™ <
( z,x) < T

Tl
<11 T UTz,2)
=1

d(T"z,x)

by our assumption.
Now taking s =m, 1 <m < n —1 in (8) we suppose that
d(T" e, Trz) < K"td(T T e, @),
Then from inequality (9) we have that
AT e, ) < KT a(T e, 2) + d(T" e, )

n—m

n—1
1 1
<& 1 -d(Tz,2) + [[ — d(T'=,2),
1—k %

i=1

by our assumption. Thus, we get
T
n+1 n+m n
< —_— —
d(T" " z,z) < |_| T (k +1—-k")d(Tz,x)

n

1
< —d(T
Z_ll_k (Tz,x),

since k™™™ < k™. Thus, in either case we obtain inequality (10). It therefore follows by
induction that inequality (10) holds for n =1,2,....

Put

oo

1
=

i=1

Then we have » < oo and also

1—ki<r
1=1
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since

1"—"[ 1 _ r=im(y)
i=1

11—kt

and

— 1
;ln(l_ki)<oo.

Using inequalities (8) and (10) we have
d(T" e, T™2) < k"rd(Tz, x)

for all n =1,2,..., since k < 1. Since > .72 | k™ < oo, It follows from Lemma 3.4 that
{T"z} is a Cauchy sequence in the complete cone metric space (X, d) and so has a limit
zin X.

Now let ¢ € E with 0 < ¢. Choose a natural number N such that d(T"z, z) < @
for all n > N. From condition (d3) we have

(11) d(Tz,z) <d(Tz,T"z) + d(T"z, z)
for all n > N, and from condition (6),

d(Tz,T"z) <k [d(Tz, T ') \/ d(T"z, z)] .
Now we have to consider, for each n > N, the following two cases:
Case 1. If

d(Tz,T"x) < kd(Tz,T" 'z),
then from (11), we have

d(Tz,z) < d(T"z,z) + kd(Tz,T" ')

<d(T"x,2) + k[d(Tz,2) + d(z,T" 'z))

and so
d(Tz,2) < ;d(T”:c 2) + Ld(z T ')
T 1-k ’ 1—k 7
< (T, 2) + d(z T )
PN
g tg=c
Case 2. If

d(Tz,T"z) < kd(T"x, 2),
then from (11), we have
d(Tz,2) < d(T"z, 2) + kd(T"z, 2) < g n g —ec

It now follows from cases 1 and 2 that d(T'z,z) < c. For fixed 0 < ¢, we have 0 < =
for all m € N. Thus d(Tz,2) < %, for all m € N. So £ —d(Tz,2) € P, for all m € N.
Since £ — 0, as m — oo, and P is closed, it follows that —d(T'z,z) € P. Also we have

d(Tz,z) € P. Hence d(T'z,z) =0 and so Tz = z.

Now suppose that T has a second fixed point z’. Then from inequality (6) we have

d(z,2) =d(Tz,T2) <k [d(Tz, 2") \/ (T, z)],
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which is equivalent to d(z,2') < k[d(z,2")\ d(2',2)]. However, d(z,2') = d(z',2) are
comparable so

d(z,2') < kld(z,2') vd(Z, 2)] = kd(z, ).

It follows from Lemma 2.3 that d(z,z’) = 0, since k < 1, so that the fixed point is
unique. (]

5. Some examples

The following examples show that if the elements of the sets {d(Tz,z) | ¢ € X}
and {d(Tz,y) | z,y € X} are comparable then Theorem 4.3 and Theorem 4.4 are more
general than Theorem 4.1 and Theorem 4.2, respectively.

5.1. Example. Let £ = R? P = {(z,y) € E: x,y > 0} C R?, X = [0,1] and the
mapping d : X X X — E defined by d(z,y) = (|z —y|, |x —y|). Then (X, d) is a complete
cone metric space.

Define T': X — X by Tz = z/3. Then we have
arety = 15 -/5 1))
2r 2x
dTw,z) = <‘3 5_33’)*(3’3)’
y y 2y 2y
Ay = (|5 -0 [5-4]) = (5-3)-
(Ty,y) = 3 Y 373

Since z,y € R, either d(T'z,z) —d(Ty,y) € P or d(Ty,y) —d(Tx,z) € P. Hence d(Tz, x)
and d(Ty,y) are comparable and we have

d(Tz,z) Vd(Ty,y) = (%x %I) v (Q?y %l)

I

and
A(Te,2) +d(Ty,y) = (5@ +1) S@+)).

Clearly, the inequality (4) is satisfied for + < k < 1. However, the inequality (2) is not
satisfied for 0 < k < %

5.2. Example. Let £ = R*, P = {(z,y) € E: z,y > 0} C R?, X = [0,1] and the
mapping d : X x X — E defined by d(z,y) = (|x — y|,|x — y|). Define T': X — X by

ey S0
s ifg<o<l
Then we have,

d(Tz,Ty) = (0,0), d(Tz,y) = (y,y) and d(Ty,z) = (z,z) for 0 < z,y < % and
d(Tz, Ty) = (0,0), d(Tz,y) = (£,y) and d(Ty,z) = (2,z) for 3§ <z, y < 1.

Thus, d(Tz,y) and d(Ty,x) are comparable and also inequality (6) is satisfied for
0§$C7y§%0r%<ac, y < 1.

Let0<x<landl<y<1. Then,

s =a(0.2) = (4.3),

d(Tz,y) = d(0,y) = (y,y),

it =a(0) = (|2
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It d(Te,y) = (yy) < (|2 -

I

%—:c‘) = d(Ty,z), then ‘% —x’ —y > 0 and

lo) %— 1:’ >y > % Since 0 < z < %7 we have %— :c‘ < %7 a contradiction. But
d(Tz,y) > d(Ty,z). Thus, we have
A(Te,Ty) = (3, 3) < k(y.) = kd(Ta,y) = Kld(T2,y) v d(Ty.))

forallogmgéand%<y§1where$§k<1.

Similarly, it is easy to see that the inequality (6) is satisfied for all % <z <1 and
Oﬁygéwhere$§k<1.

Thus, d(Tz,y) and d(T'y,z) are comparable and also inequality (6) is satisfied, for all
z,y € [0,1].

Now let x = %y = %. Then the inequality (3) is not satisfied for 0 < k < % In fact,
if the inequality (3) holds for z = %, y= % where 0 < k < %, then we have

and

and so k > % This is a contradiction because of 0 < k < %

Acknowledgement The authors would like to express their appreciation to Lawrence
M. Brown for suggestions that have helped improve the presentation of this paper.

References

[1] Di Bari, C. and Vetro P. ¢- pairs and common fized points in cone metric spaces, Rend.
Circ. Mat. Palermo 57, 279-285, 2008.
[2] Grabiec, M. Fized points in fuzzy metric spaces, Fuzzy Sets and Systems 27, 385-389, 1988.
[3] Huang Long-Guang and Zhang Xian. Cone metric spaces and fized point theorems of con-
tractive mappings, J. Math. Anal. Appl. 332, 1468-1476, 2007.
[4] Hicks, T.L. and Rhoades, B. E. Fized point theory in symmetric spaces with applications to
probabilistic spaces, Nonlinear Anal. 36, 331-344, 1999.
(5] Iseki, K. Fized point theorems in 2-metric spaces, Math. Sem. Notes, Kobe Univ. 3, 133-136,
1975.
[6] Jachymski, J., Matkowski, J. and Swiatkowski, T. Nonlinear contractions on semimetric
spaces, J. Appl. Anal. 1, 125-134, 1995.
[7] Kada, O., Suzuki, T. and Takahashi, W. Nonconvezx minimization theorems and fized point
theorems in complete metric spaces, Math. Japon. 44, 381-391, 1996.
[8] Nadler, S. B. Multivalued contraction mappings, Pacific J. Math. 30, 475-488, 1969.
[9] Reilly, I. L., Subrahmanyam, P. V. and Vamanamurthy, M. K. Cauchy sequences in quasi-
pseudo-metric spaces, Monatsh. Math. 93, 127-140, 1982.
[10] Rezapour, Sh. and Hamlbarani, R. Some notes on the paper ”Cone metric spaces and fized
point theorems of contractive mappings”, J. Math. Anal. Appl. 345, 719-724, 2008.
[11] Sehgal, V.M. and Bharucha-Reid, A.T. Fized points of contraction mappings on probabilis-
tic metric spaces, Math. Systems Theory 6, 97-102, 1972.
[12] Zeidler, E. Nonlinear Functional Analysis and its Applications, Volume I, Fized Point
Theorems (Springer-Verlag, 1993).



