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CYCLIC CONTRACTIONS IN -COMPLETE PARTIAL CONE
METRIC SPACES AND FIXED POINT THEOREMS

S.K. MALHOTRA ()] SATISH SHUKLA ) AND J.B. SHARMA ®)

ABSTRACT. In this paper, we introduce the generalized cyclic contractions on 6-
complete partial cone metric spaces and prove a fixed point result in such spaces
without assuming the normality of cone. Our result generalizes some known re-
sults from metric and cone metric spaces in #-complete cone metric spaces. For

illustration examples are provided.

1. INTRODUCTION

There are a number of generalizations of metric space and the well-known Banach
contraction principle. The spaces with vector-valued metric and the spaces in which
the metric takes a value in ordered sets studied by several authors (see [1, 2, 3, 4] and
the references therein). Huang and Zhang introduced the notion of cone metric spaces,
which was similar as K-metric and K-normed spaces (see [4] and references therein).
In addition to the known concepts, Huang and Zhang defined the Cauchy sequences
and convergence of a sequence in cone metric spaces in terms of the interior points of
a closed subset of Banach space, called cone. The results of Huang and Zhang were
generalized by Rezapour and Hamlbarani [5] by omitting the normality of cone.

Matthews [6, 7] introduced the partial metric spaces which have the property of
nonzero-self distances of points. He also proved that the Banach contraction principle
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can be extended into the partial metric spaces. Romaguera [8] generalized the notion
of complete partial metric spaces and introduced the notion of O-complete partial
metric spaces and obtained a characterization of completeness of partial metric spaces.

Ciri¢ [9] introduced the generalized contractions in metric spaces and proved that
such contractions has a unique fixed point in complete metric spaces. Kirk et al.
[10] introduced the notion of cyclic contractions on metric spaces and generalized
the Banach contraction principle for such contractions. Note that the cyclic and
generalized contractions are not necessarily continuous. Recently, Nashine et al. [12]
considered various cyclic contractive conditions on partial metric spaces.

Very recently, Malhotra et al. [13] (see also [14]) generalized the concepts of cone
metric and 0-complete partial metric spaces by introducing the notion of 6-complete
cone metric spaces and prove some fixed point results in such spaces without assuming
the normality of cone. In this paper, we introduce the generalized cyclic contractions
in the setting of f-complete cone metric spaces and prove a fixed point result in
such spaces. Our result generalizes the results of Huang and Zhang [1], Matthews
6, 7], Kirk et al. [10] and some particular cases of the results of Abbas et al [11]
and Nashine et al. [12] in the sense of generalized contractive condition, as well as
we prove the fixed point results in a more general setting of #-complete partial cone
metric spaces. An example is presented which shows that the generalizations of this

paper are proper.

2. PRELIMINARIES
First we recall some definitions and results which will be useful in the sequel.

Definition 2.1. [1] Let E be a real Banach space and P be a subset of E. The set
P is called a cone if:

(i) P is closed, nonempty and P # {6}, here 6 is the zero vector of F;

(ii) a, F€R, ,>0, x,y € P= azx+ By € P;
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(iii) r€e Pand —x € P =z = 0.

Given a cone P C E, we define a partial ordering “ <7 with respect to P by z <y
if and only if y — x € P. We write x < y to indicate that x < y but x # y. While
xr < y if and only if y — x € P°, where P° denotes the interior of P.

Let P be a cone in a real Banach space E. Then P is called normal, if there exists a
constant K > 0 such that for all z,y € F,

0=z =y =z <Klyl.
The least positive number K satisfying the above inequality is called the normal

constant of P.
The following remark will be useful in the sequel.

Remark 1. [15] Let P be a cone in a real Banach space E, and a,b,c € P.

a) If a 2 band b < ¢, then a < c.

b

(c
(d

(
(b) If a < b and b < ¢, then a < c.

If § < u < cfor every c € PY, then u = 6.

~—" N~ N~

If c € P° and a,, — 6, then there exists ng € N such that, for all n > ng we
have a, < c.
(e) If # < a, <X b, for each n and a,, — a, b, — b, then a <b.

(f) If @ = Aa where 0 < A < 1, then a = 0.

Definition 2.2. [1] Let X be a nonempty set and P be a cone in a real Banach space
E. Suppose the mapping d : X x X — FE satisfies,
(CM1) 0 < d(z,y) for all z,y € X and d(z,y) = 0 if and only if z = y;
(CM2) d(x,y) = d(y,x) for all z,y € X;
(CM3) d(z,y) 2 d(z,2) +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. If P is

normal, then (X, d) is said to be a normal cone metric space.
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Definition 2.3. [1] Let (X, d) be a cone metric space and {z,} be a sequence in X,
r e X.
(a) If for every ¢ € E with § < ¢ there is a positive integer ng such that, d(z,,r) < ¢
for all n > ng, then the sequence {z,} converges properly to z. We denote this by
x, — x (properly) as n — oo or nhjg() x, = x (properly).
(b) If for every ¢ € E with § < ¢ there is a positive integer ny such that for all
n,m > ng, d(x,, t,) < ¢, then the sequence {x,} is called a proper Cauchy sequence
in X.

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

X is properly convergent in X.

In further discussion, we always suppose that F is a real Banach space, P is a solid

cone in F, i.e., P* # () and “ <7 is the partial ordering with respect to P.

Definition 2.4. [13] Let X be a nonempty set and P be a cone in real Banach space

E. Suppose, a mapping p : X x X — F satisfies, for any z,y,z € X,

(PCM1) 6 = p(z,z) = p(z,y),

(PCM2) z =y if and only if p(x, ) = p(z,y) = p(y,y),
(PCM3) p(z,y) = p(y, ),

(PCM4) p(z,y) = p(x, z) + p(z,y) — p(z, 2).

Then p is called a partial cone metric and the pair (X, p) is called a partial cone

metric space.

If P is normal, then (X, p) is called normal partial cone metric space. From the
definition it is clear that if p(z,y) = 0, then x = y. But in general, converse may not
be true. Also every cone metric space is partial cone metric space with zero () self

distance, but there are partial cone metric spaces which are not cone metric space.
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Example 2.1. [13] Let E=R?*, P ={(x,y) : 2,y > 0}, X =R" andp: Xx X — E
is defined by p(z,y) = max{z,y}(1,a) for all z,y € X, where o > 1 is a constant.
Then (X, p) is a normal partial cone metric space, but it is not a cone metric space.

Indeed if x =y > 0, then we have p(x,y) = z(1, ) # 6.

Example 2.2. [13] Let X = [0,1], E = C&[0, 1] with norm || f|| = | fllco+ | [|oes P =
{f:f@t) >0 forallt € [0,1]}. Definep: X x X — E by p(x,y) = mazx{x,y}p(t),
where o(t) = €' € E. Then (X,p) is a non-normal partial cone metric space, but it

is not a cone metric space. Indeed if x =y > 0, then we have p(x,y) = xp(t) # 0.

Let (X, p) be a partial cone metric space, P a solid cone. For ¢ € P’z € X let
By(z,c) ={y € X : p(x,y) < c+p(z,z)} and § = {B,(z,¢) : x € X,c € P'}. Then
7, ={U C X : for all x € U there exists B € f and x € B C U} U, is a topology
on X. Therefore, every partial cone metric space is a topological space with topology

Tp-

Definition 2.5. [13] Let (X, p) be a partial cone metric space and {x,} be a sequence
in X. If for every ¢ € P there is a positive integer ng such that, p(z,,r) < c+p(z, )
for all n > ng, then {xz,} is said to be convergent and converges to x, and x is the

limit of {z,} and we denote this by z,, — x asn — oo or lim z, = x.

There should be no confusion between the convergence in (X,p) and in (X,d).
When we say that sequence is convergent in X, it means it is convergent in (X, p). If

sequence is convergent in (X, d), then we say that “sequence is properly convergent”.

Lemma 2.1. [13] Let (X, p) be a partial cone metric space and defined : X x X — E
by d(z,y) = 2p(z,y) —p(z,z) —p(y,y), for all z,y € X. Then (X,d) is a cone metric

space.

We call d the induced cone metric on (X, p). Unless we specify otherwise, whenever

we consider a cone metric on X, it will be the induced cone metric.
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Definition 2.6. [13] Let E be a real Banach space and P be a solid cone. A sequence
{a,} in E is called a c-sequence in E if for every ¢ € P° there exists ng € N such

that, a,, < ¢ for all n > ny.

Definition 2.7. [13] Let (X, p) be a partial cone metric space, {x,} a sequence in X.
Then {xz,} is said to be a §-Cauchy sequence in (X, p) if {p(z,,z,,)} is a c-sequence
in E, ie., if for every ¢ € P° there exists ny € N such that, p(x,,z,,) < c for all
n,m > ng. (X,p) is said to be #-complete if every #-Cauchy sequence {z,} in (X, p)

converges with respect to the topology 7, to x € X such that, p(z,z) = 6.

Lemma 2.2. [13] If (X,p) be a partial cone metric space, {x,} a sequence in X. If

{z,} is 0-Cauchy sequence, then it is a proper Cauchy sequence.

Lemma 2.3. [13] If the induced cone metric space (X, d) is complete, then the partial

cone metric space (X, p) is 0-complete.
Remark 2. Every closed subset of a §-complete partial cone metric space is 8-complete.

Lemma 2.4. [13] If (X,p) is a partial cone metric space, {x,} is a sequence in
X and x, — x € X (properly), then {x,} is convergent and x is a limit of {x,}.

Furthermore, if p(x,z) = 0, then {x,} is 6-Cauchy sequence.

Definition 2.8. [10] Let X be a nonempty set, m € N and let 7: X — X be a

m

mapping. Then X = U A; is a cyclic representation of X with respect to T if:
i=1

(a) A;,i=1,2,...,m are nonempty subsets of X;

(b) T(A1) € Ay, T(As) C Az, ,T(Ap1) € A, T(Ar) C As
Next, we define the generalized cyclic contractions in a partial cone metric space.

Definition 2.9. Let (X, p) be a partial cone metric space, T: X — X a mapping

and let X = U A; be a cyclic representation of X with respect to T. Then T is called
i=1
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a generalized cyclic contraction if there exists k € [0, 1) such that
(2.1) p(Tx, Ty) R kM(z,y) forall ze€ A;ye A,

where A,,; = A; for alli € {1,2,...,m} and

(2.2) M (z,y) € {p(az o) (e, T2), ply, Ty), 2 T9) + 2 T2) } '

2

Now, we can state our main results.

3. MAIN RESULTS

First, we prove the following lemma which will be used in the sequel.

Lemma 3.1. Let (X,p) be a partial cone metric space, A;;i = 1,2,... ., m,m € N

be nonempty subsets of X and'Y = U A;. Suppose that T:Y — Y be a generalized
i=1
cyclic contraction. If T has a fixed point u € Y, then it is unique with p(u,u) = 0

and u € ﬂAi.

=1

Proof. If u € Y be a fixed point of T', then T"u = u for all n € N. Since Y = U A; is

=1

m

a cyclic representation of Y with respect to T, by definition we have u € ﬂ A;. Now,
i=1

from (2.1) we have

(3.1) p(u,u) = p(Tu, Tu) 2 kM (u,u),
where
R O N e )

Therefore, from (3.1) we have p(u,u) < kp(u,u), and by (f) of Remark 1 we obtain

p(u,u) = 0. Thus, if u € Y is a fixed point of T, then p(u,u) = 0. Now suppose that
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v € Y be another fixed point of T, then we have v € ﬂAi and p(v,v) = 6. Since
i=1

u,v € ﬂ A; it follows from (2.1) that

(3.2) p(u,v) = p(Tu, Tv) < kM (u,v),

where

= {p(u,v), 0} .

M(u,v) € {p(u, v), p(u, Tu), p(v, Tv), p(u, Tv) + p(v, Tu) }

If M(u,v) =6, then v = v and uniqueness follows. If M(u,v) = p(u,v), then from
(3.2) we have p(u,v) < kp(u,v) and again by (f) of Remark 1 we obtain p(u,v) = 6,

that is, u = v. Thus the fixed point of 7" is unique. [l

Theorem 3.1. Let (X, p) be a 0-complete partial cone metric space, A;,i = 1,2,...,m,
m € N be nonempty closed subsets of X and Y = U A;. Suppose that T:Y — 'Y be
a generalized cycrlgc contraction. Then T has a unii:qlue fixed point u € Y. Moreover,
plu,u) =0, u € ﬂ A; and each Picard sequence {x,} = {T"xo},x9 €Y converges to

i=1
u n the topology 7,.

Proof. Let oy € Y, then g € A; for at least one i € {1,2,...,m}. Let the sequence
{z,} be the Picard sequence with initial value xq, that is, x, = T"xzo. If v = x5
for any k£ € N, then x; is a fixed point of T" and th?ﬂ result follows by Lemma 3.1.
Assume that z,, # x,_1 for all n € N. Since ¥ = UAi is a cyclic representation
of Y with respect to T" we have z; = Txg € Aiyq, x;:; Txy € Ajya,- -+ . Therefore,
Tp € Ajry for n > 0, where A,,; = A; for all i € N. Now for all n € N we obtain

from (2.1) that

(3.3) p(Tn, 1) = p(Txp_1, Tx,) X EM(Tp_1,Tp),
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where

'Tnf 7T:Cn + l’n,TZL’n,
Mlnota) € {p@n—l’xn>,p<xn_1,Txn_o,p(xn,m),p< 1, T) £ 1>}

2

p(xnfly xn+1) + p(xna xn) }
5 .

= {p(xn—laxn)ap(xnvxn-f—l)a

We consider the following cases:

(a) If M(x,_1,2,) = p(Tn, Tpy1), then from (3.3) we have p(z,, Tpi1) = kp(Tn, Tni1)
and k € [0,1) by (f) of Remark 1 we have p(x,,x,+1) = 6, that is, x,, = T,41.

This contradiction shows that M (z,_1,2,) # p(Tn, Tni1)-
p(xn—laxn—i-l) +p(xn7xn) 1

(b) If M (21, x,) = 5 , that is, M (z,_1,x,) =< §[p(a:n,1,xn)—|—

k
p(Zn, Tns1)] so we obtain from (3.3) that p(z,, Tpi1) < B [p(Tn1, 20)+P(Tn, Trs1)],

that is, p(zp, Tpi1) = %p(xn_l,xn) = kp(x,_1,,).

(¢) If M(zp-1,2,) = p(xn_1,x,), then again from (3.3) we obtain p(x,,x,11) =<
kp(x,_1,z,).

Thus, from inequality (3.3) we have only one possibility that p(z,, x,11) = kp(x,_1,x,)

for all n € N and by repetition of this process we obtain
(3.4) (T, Tpa1) S k"p(xg, 1) forall neN.

If m,n € N with m > n, then it follows from (3.4) that

P( @, ) = (T, Tog1) + D(Tng1, Tog2) + -+ D(Tim—1, T)
_[p(xn+17 anrl) + - +p(xm717 xm71>]

= k"p(zo, 1) + anp(xm )+ + km_lp(l‘o, 1)
kn

<
- 1-k

p(ZE(), 171)'

Since k € [0,1) we have £-p(zg, z1) — 6 and by (a) and (d) of Remark 1, for every

¢ € E with § < ¢ there exists ng € N such that p(z,,z,) < c for all n > ny.
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Therefore, {p(zn,xm)} is a c-sequence, that is {z,} is a #-Cauchy sequence in Y.
Since Y is closed and X is f-complete, there exists u € Y such that {x,} converges
with respect to 7, to the point u € Y such that p(u,u) = € and so the sequence
{p(zn,u)} is a c-sequence. We shall show that u is the fixed point of 7.

Note that the sequence {x, } has an infinite number of terms in A;, 7 € {1,2,...,m}.
Hence we can construct a subsequence of {z,} in each A;, i € {1,2,...,m} which

converges to u. Since {p(zn,u)} is a c-sequence and each A; is closed we obtain
m
i=1

As, u € m A; using (3.3) we obtain

=1
p(U, Tu) = p(U, I'rz—l—l) + p(xn-l—h TU) - p($n+1, ‘r’rH-l)
= p(u,xnt1) + p(Tzn, Tu)

(35) j p(uaxn—i-l) +kM($nau)7

where

M(zn,u) € {p(atn, w), p(xn, Tzy), p(u, Tu), p(xn, Tu) + p(u, Txy) }

2

p(xna TU) + p(“a xn+1) }
) 2 M

= {p(a:n,u),p(wn,wnﬂ),p(uaTU)

Now we consider the following cases:

(a’) If M(z,,u) = p(x,,u), then from (3.5) we have p(u, Tu) < p(u, Xpi1) +kp(zp, u)
and {p(z,,u)} is a c-sequence therefore, for every ¢ € F with 0 < ¢, there exists
ny € N such that p(z,,u) < ¢/2k,p(u, x,41) < ¢/2 for all n > ny. So, by (a)
and (c) of Remark 1 we have p(u,Tu) = 0, that is, Tu = u.

(b)) If M(x,,u) = p(xn, xyi1), then since {p(z,, )} is a c-sequence, by a similar

process as in the case (a’) we obtain T'u = u.
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(¢") If M(z,,u) = p(u, Tu), then from (3.5) we have p(u, Tu) < p(u, Tp1)+kp(u, Tu),
that is, p(u, Tu) = ﬁp(u,xnﬂ). Again, {p(z,,u)} is a c-sequence therefore,
for every ¢ € E with 6 < ¢, there exists ny € N such that p(z,.1,u) < (1 —k)c
for all n > ns. So, by (a) and (c) of Remark 1 we have p(u,Tu) = 0, that is,

Tu = u.

(@) T M(zy,u) = P T TP Do)

2

, then we have

p(xnau) +p(ua TU) +p<u7xn+1) _p(u7 U)
2

P ) + p(u Tu) + plon 7y)

2

M(z,,u) =<

Since {p(x,, u)} is a c-sequence therefore, for every ¢ € F with < ¢, there exists

(2—k)c (2—k)c
— ————— for all .
22T k) op foralln >,

Again, with similar arguments we obtain T'u = w.

ns € N such that p(z,41,u) < , P, u) <
Thus, in each case we obtain that Tu = u, i.e., u is a fixed point of T. The remaining

part of the proof follows from the Lemma 3.1. O

Remark 3. The above theorem generalizes the corresponding fixed point theorems for
cyclic contractions in metric and partial spaces. For example, the Corollary 2.5 of
Abbas et al. [11] and Theorem 4.1 of Nashine et al. [12], for j = 1 are particular
cases ( when the partial cone metric spaces is replaced by the partial metric space)
of the above theorem. Therefore, the result of Ciri¢ [9] is also deduced by the above

theorem.

The following corollary is a generalization and extension of result of Kirk et al.

[10] in partial cone metric spaces.

Corollary 3.1. Let (X, p) be a 0-complete partial cone metric space, A;,i =1,2,...,m,

m € N be nonempty closed subsets of X and Y = U A;. Suppose that T:Y — Y s
i=1
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a cyclic contraction, that is, there exists k € [0,1) such that
p(TmaTy) = kp(%?J) fOT all z € Amy € Ai-‘rla

where Apyi = A; for alli € {1,2,...,m}. Then T has a unique fived point u € Y.

Moreover, p(u,u) =6, u € ﬂAi and each Picard sequence {x,} = {T"x¢}, 29 € Y
i=1

converges to u in the topology 7,.

Example 3.1. Let E = R?, the Euclidian plane and P = {(z,y) € R*: z,y > 0} a

cone in E. Let X = AU B, where A = {(x,0): z € [0,1]},B = {(0,z): € [0,1]}.

Define a mapping p: X x X — E by
pla,0) = p(0.0) = (1) max{ie, ). i a = (2,000 = (.0)
plat) = plh.0) = (1.3 ) max{e, ). i a = (0.0),0 = (0.9

p(a,b) = p(b,a) = (%x +y,x+ gy) ,ifa=(0,z),b=(y,0).

Then, (X,p) is a partial cone metric space. Now the induced cone metric d is given
by
4 ‘
o) = d(v.0) = (1) o = ol i a = (2,000 = (3.0)
2
do,) = d0.0) = (1.3 ) lo =l 0 = 0.2).6 = (0.9

d(a,b) =d(b,a) = (%x—i—y,x—i— gy) ,ifa=(0,2),b=(y,0).

Then, since (X,d) is a complete cone metric space, (X,p) is 6-complete. Define

T: X — X by
3(2,0), 0,1/2];
30,2), if wel0,1/4]; 3(2,0), f = €[0,1/2);
T(z,0) = TO,2) =1 (2,0, if e (1/21);
0,2), if ze€(1/4,1], |
(070)7 Zf r=1.

Let Y = AU Ay, Ay = {(0,2): = € [0,1/2]}, Ay = {(z,0): = € [0,1/4]}. Then,
T(Ay) C Ay, T(As) C Ay. Then, Y = Ay U Ay is a cyclic representation of Y with
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respect to T and T is a cyclic contraction with k = 3/4. Note that, all the conditions
of Corollary 3.1 are satisfied and (0,0) € Ay N Ay is the unique fized point of T. Now
it is easy to see that T is not a Hardy-Rogers type contraction on X (see for details
[13]). Indeed, for a = (x,0),b = (0,x) with 1/2 < x < 1, there exist no nonnegative

constants a;,i = 1,2,3,4,5 such that a1 + as + az + a4 + a5 < 1 and
p(Ta, Tb) = aip(a,b) + agp(a, Ta) + azp(b, T) + asp(a, Tb) + asp(b, T'a).

Therefore, the result of Malhotra et al. [13] are not applicable. Also, one can see that

the ordinary metric versions of Theorem 3.1 are not applicable here.
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