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Fixed points of o — ¢ multivalued contractive
mappings in cone metric spaces

AMIT KUMAR LAHA AND MANTU SAHA

ABSTRACT. Some results on fixed points of & — v multivalued mappings
of different contractive nature over a cone metric space with a normal
constant equal to 1 have been established.

1. Introduction

Starting from the fundamental results of fixed point theory, namely
the Banach contraction principle, many results on fixed points of mappings
with their applications in different branches of mathematics are available in
the current literature. The fixed point of multifunctions is a generalization
of the fixed point of single valued mappings. In some works of non convex
analysis, especially in ordered normed vector spaces, one defined an order by
using a cone in a vector space (see [16]). In the recent past years Huang and
Zhang [6] initiated a new notion of cone metric that generalizes the concept
of the usual metric, by replacing its values (real numbers) with ordered el-
ements in a Banach space. Subsequently many results in this direction can
also be found in [1]—[3], [4], [5], [7], [8], [9] - [11], [15].

Samet et al. [19] introduced a new idea of an a — 9 contractive mapping
and obtained some fixed point theorems in a complete metric space. Then
Karapinar [12] and Karapinar et al. [13], [14] succeeded in showing many
results on fixed points of (a —1))-contractive mappings over complete metric
spaces. In 2009 Rezapour and Haghi [17] proved some results on fixed points
of multifunctions over cone metric spaces with a normal constant equal to
1. In this paper we prove some fixed point theorems for a class of o — ¥
multivalued mappings of different contractive characters over a cone metric
space having normal constant equal to 1. Some suitable examples are given
in support of our theorems.
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2. Preliminaries

Let E be a real Banach space. A non-empty subset P of E is said to be
a cone whenever

(i) P is closed and P # {0},
(ii) ax + by € P for all z,y € P and for all real numbers a,b > 0 ,

(iii) PN (=P) = {0}.

For a given cone P C FE, one can define the partial ordering < with respect
to P by x < y if and only if y — x € P. In addition, a < b stands for a < b
but a # b, while a < b stands for b — a € int P, where int P denotes the
interior of P.

A cone P is said to be a normal cone if there exists a real number k£ > 0
such that for all z,y € F,

0<z<y= |zl <klyl.

The least positive number k satisfying the above condition is called the
normal constant of P. Clearly k > 1.

In the following we always suppose that E is a real Banach space and P
is a cone in FE with normal constant £k = 1, int P # ¢ and < is the partial
ordering with respect to P.

Definition 2.1 (see [6]). Let X be a non-empty set. Suppose that the
mapping d : X x X — FE satisfies

(i) 0 < d(z,y) for all z,y € X and d(x,y) = 0 if and only if z =y,
(ii) d(z,y) =d(y,z), z,y€X,
(iii) d(z,y) < d(z,2) +d(z,y), z,9,z€X.

Then one says that d is a cone metric on X and (X, d) is a cone metric space.

Example 2.2 (see [6] or [17]). Let E = R? P = {(z,y) € E : 2,y > 0},
X =Rand d: X x X — E defined by d(z,y) = (Jz — y|, o]z — y|), where
a > 0 is a constant. Then (X,d) is a cone metric space and the normal
constant of P is k = 1.

Definition 2.3 (see [6]). Let (X, d) be a cone metric space, z € X and
let {x,,} be a sequence in X. Then

(A) {zn} converges to x € X ( li_>m xn, = x) whenever for every ¢ € F
n—oo

with 0 < ¢ there is a natural number N such that d(z,,z) < ¢ for
all n > N;
(B) {zn} is a Cauchy sequence whenever for every ¢ € E with 0 < ¢ there
is a natural number N such that d(x,,x,,) < c for all n,m > N;
(C) (X,d) is a complete cone metric space if every Cauchy sequence in
X is convergent in X.
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Definition 2.4 (see [17]). Let (X, d) be a cone metric space and B C X.

(1) An element b € B is called an interior point of B whenever there is
0 < p such that N(b,p) C B, where

N(b,p) ={y € X : d(y,b) < p}-
(2) A subset A C X is called open if each element of A is an interior
point of A.

The family B = {N(z,e) : x € X,0 < e} is a sub-basis for a topology 7,
called cone topology on X. The topology 7. is Hausdorff and first countable
(see [17]).

We mainly deal with normal cones having normal constant equal to 1.
But for each integer k > 1, there are cones with normal constant k. Also
there are non-normal cones (see [18]). Before introducing our main results
we first state some known lemmas and give some more definitions.

Lemma 2.5 (see [17]). Let (X,d) be a cone metric space, P be a normal
cone with normal constant 1, and let A be a compact set in (X,7.). Then
for every x € X, there exists ag € A such that ||d(x, ao)|| = ing ld(z,a)].

ac

Lemma 2.6 (see [17]). Let (X,d) be a cone metric space, P be a normal
cone with normal constant 1, and let A, B be two compact sets in (X, 7).
Then sup d'(z, A) < oo, where, d'(x, A) = inf ||d(z,a)]|.

T€EB acA

Definition 2.7 (see [17]). Let (X,d) be a cone metric space, P be a
normal cone with normal constant 1, let H.(X) be the set of all compact
subsets of (X, 7.), and A € H.(X). Define

ha:H(X)—[0,00) by ha(B) = supd'(x, B)
z€A
and

i+ Ho(X) x He(X) — [0,00) by dp(A, B) = max{ha(B), hg(A)}.

Remark 2.8 (see [17]). Let (X,d) be a cone metric space with normal
constant equal to 1. Define p : X x X — [0, 00) by p(x,y) = ||d(z,y)||. Then
(X, p) is a metric space.

Remark 2.9 (see [17]). For each A, B € H.(X) and z,y € X, we have the
following relations:
(a) d'(z, A) < ||ld(z,y)|| + d'(y, A),
(b) d'(xz,A) < d(x,B)+ hp(A),
(¢) d'(z,A) < |ld(z,y)|| +d'(y, B) + hp(A).
Definition 2.10 (see [19]). Let T: X —+ X beamapand a: X x X — R

be a function. Then T is said to be a-admissible if a(x,y) > 1 implies
a(Tx,Ty) > 1, for all x,y € X. An a-admissible map T is is said to be
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triangular a-admissible if a(z,y) > 1 and a(y, z) > 1 imply a(z,z) > 1 for
all z,y,z € X.

Lemma 2.11 (see [13]). Let T' : X — X be a triangular a-admissible
map. Assume that there exists x1 € X such that a(x1,Tz1) > 1. Define a
sequence {xn} € X by xpy1 = Txy. Then we have oxy,zy) > 1 for all
m,n € N with n < m.

Definition 2.12 (see [12]). Let ¥ be the class of all functions ¢ : [0, c0) —
[0, 00) satisfying the following conditions:
(i) ¢ is non-decreasing,
(ii) ¢ is sub-additive, i.e., (s +t) < (s) + ¢ (t) for all s, ¢ € [0, 00),
(iii) ¢ is continuous,
(iv) 9(t) = 0 if and only if ¢t = 0.

3. Main results

Definition 3.1. Let T : X — H.(X) be amap and o : Ho(X) X H(X) —
R be a function. Then T is said to be Hausdorff a-admissible if a(A, B) > 1
implies (T A, TB) > 1, for all A, B € H.(X).

Definition 3.2. A Hausdorff a-admissible map T is said to be a triangular
a-orbital contraction if a(A, B) > 1 and «(B,C) > 1 imply a(A,C) > 1,
for all A, B,C € H.(X)

Lemma 3.3. Let T : X — H.(X) be a triangular a-orbital contraction.
Assume that
a(ry,Tx1) > 1 for some x1 € X. (3.1)
Define a sequence {x,} by p41 € Txy. Then we have oy, ) > 1 for all
m,n € N with n < m.

Proof. The proof is straightforward. ([l

Definition 3.4. Let (X,d) be a cone metric space, let o : H.(X) %
He(X) — R be a function and let ¢p € U. A map T : X — H.(X) is called
an (o —v)-Banach type contraction if there is a constant ¢, 0 < ¢ < 1, such
that

O‘(xa ?JW(dH(T%Ty)) < C¢(d/(xa y))a z,y € X. (3'2)

Theorem 3.5. Let (X,d) be a complete cone metric space with normal
constant equal to 1, let a : He(X) X He(X) — R be a function and let ¢ € V.
Assume that T : X — H.(X) is an (o —1) )-Banach type triangular a-orbital
contraction such that (3.1) holds. Then T has a fixed point.

Proof. For some x1 € X we have a(x1,T2z1) > 1. Then we can define a
sequence {x,} C X by x,41 € Tz, for all n € N. If z,,, = @p,41 for some
no € N, then z,, is a fixed point. So the proof is done in this case.
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Let z,, # xp41 for allm € N. Then by Lemma 3.3 we get that a(zy,, Tp41) >
1 for all n € N. As 21 € X, again by Lemma 2.6, there exists x5 € Tz such
that d'(z1,Tz1) = ||d(z1,22)||. In this way, if z,, € Tx,_1, then there exists
Zp+1 € Txy such that d'(z,, Txy) = ||d(2n, Tnt1)]||. Now, since

w(Hd(:Umxn—&-l)H) ¢(d/(xn;T$n))

< w(hT:cn_1(Txn)) < (dy(Trp-1,Trn))
< a(xnflaxn)w(dH(T'rn*bTxn))? (3'3)

by (3.2) and ¢ < 1 we have

d(lld(@n, 2ni1)l)) < e((d(@n-1,20))) = c(lld(zn-1,2n)])
< Y(lld(zn—1, zn)l))-

As 1) is non-decreasing we get,

ld(zn, Znp 1) | <lld(@n-1, 20)]l

Thus {||d(xn, zn+1)]|} is decreasing sequence of real numbers which is also
bounded below. Hence the sequence is convergent to a number r > 0. We
claim that » = 0. Otherwise, if » > 0, then in view of the continuity of
we have that ¢(||d(zy, xnt1)|]) = ¥(r), as n — oco. So from (3.3) we see
that ¥ (r) < cp(r), i.e., ¢ > 1, a contradiction. Therefore, » = 0. Hence the
sequence {||d(xy, Tn+1)]|} converges to 0. But

G(ld@n zar)) < ebld@ar,za)]))
< < (@, a2)]): (3.4)

Hence

P(lld(zn, zm))

IN

n—1
@D(Z ld(zi, zit1)l])

n—1
< Z¢(\\d(xi7$i+1)u)

< (24 LYY, 22)||)
Cmfl
< T vlld(en z)l), (3:5)

which shows that
lim (|| d(n, m)|]) = 0.

m,n—00

Consequently,

lim ||d(zp,zm)| = 0.

m,n—00



40 AMIT KUMAR LAHA AND MANTU SAHA

So {x,} is a Cauchy sequence in X. As X is complete, li_)m xn, =6 € X. As
oy, Tm) > 1 for n < m, we see that a(zy,&) > 1 for all n. Since
d/(gv Tg) S d,(é.a TZL'n) + hTUUn (T&) S d/(f, T:En) + dH(TCL’n, Tg)a
SO
Y(d' (& Tzn)) + (du(Ton, TE))
U(d (&, Ton)) + oz, Y (dn (Ton, TE)),  (3.6)

which, because of (3.2), gives

P(d'(€,T€)) < Y(d(€,Twn)) + c(¥(d' (wn,€)))-

If n — oo, then ¥(d'(£,T€)) = 0 implying that d'(£, 7€) = 0. Hence £ € T¢
showing that £ is a fixed point of 7. O

P(d'(€,T¢))

<
<

Definition 3.6. Let (X,d) be a cone metric space, let o : Ho(X) x
Ho(X) — R be a function and let ¢ € W. A map T : X — H(X) is called
an (o — v¢)-Kannan type contraction if there is a constant ¢, 0 < ¢ < 1/2,
such that

a(z,y)(de(Tz, Ty)) < ep(d' (T, x) +d'(y, Ty)), z,yeX.  (3.7)

Theorem 3.7. Let (X,d) be a complete cone metric space with normal
constant equal to 1. Let o : He(X) X He(X) — R be a function, ¢ € U
and let T : X — H(X) be an (o — )-Kannan type triangular ca-orbital
contraction. If (3.1) holds, then T has a fized point.

Proof. For x1 € X we have a(z1,Tx1) > 1. Then we can define a sequence
{zpn} € X by xpy1 € Ty, for all n € N. If z,, = zp 41 for some ng € N,
then x,, is a fixed point and the proof is done. As in the proof of Theorem
3.5, for x,, # xny1 (n € N) we determine a sequence {z,} such that (3.3)
holds. Then by (3.7) we have

Y(l|d(zn, Tpy1)l]) < Cw(d/(Txnflaxnfl)+d/(T$n7xn))
c((lld(@n—1, zn)|]) + Y([d(@ns1, 20)])),

IN

which shows that
Y(ld(xn, Trnr1)]]) <

o

= pldan s, z)l) = pelda ), (39)

where p = 1= < 1. So
Y(lld(@n, zns1)l) < P(ld(zn—1,zn)l),

and by a similar argument as in Theorem 3.5, using only (3.4) and (3.5) with
p instead of ¢, we see that the sequence {z,} converges to an element £ € X
and a(z,,§) > 1 for all n.
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To prove that £ is a fixed point of T, we observe that (3.6) together with
(3.7) gives that

W(d'(&,TE)) < P(d(&Tn)) + c((d(Txn, x,) + d'(TE,E)))
and so

Y6 TO) S T b(d (6, Tan)) + T b(d (Tan,an). (39)

Thus, as n — oo, we get ¥(d'(§,T¢)) = 0 which implies d'(£, T€) = 0. Hence
EeTE, ie., £ is a fixed point of T'. O

Definition 3.8. Let (X,d) be a cone metric space, let o : Ho(X) X
He(X) — R be a function and let ¢p € U. A map T : X — H.(X) is called
an («a —1)-Chatterjea type contraction if there is a constant ¢, 0 < ¢ < 1/2,
such that

a(z, )(dy(Tx, Ty)) < ep(d (Tz,y) +d (Ty,x)), z,y€X. (3.10)

Theorem 3.9. Let (X,d) be a complete cone metric space with normal
constant equal to 1. Let o : He(X) X He(X) — R be a function, ¥ € ¥
and let T : X — H(X) be an (a — ¢)-Chatterjea type triangular a-orbital
contraction. If (3.1) is satisfied, then T' has a fized point.

Proof. In the same way as in the proof of Theorem 3.7, in the case x,, #
Zn+1 (n € N) we determine a sequence {z,} such that (3.3) holds. Then by
(3.10) we get that

Y(lld(zn, Tns)l) p(d (Tan—1,2n) + d'(Ton, Tn-1))
(@ ([ld(@nt1, zn-1)l))
c(@(lld(@nir, zn)|| + lld(zn, zn1)l))
c((l|d(@n+1, 20)|) + Y d(@n, zn-1)|)))-
Thus (3.8) holds and the sequence {x,} converges to an element £ € X
satisfying a(z,,&) > 1 for all n.

To find a fixed point of T', we observe that (3.6) together with (3.10) gives
that

IN AN CIAN TN

W(d(§,TE) < P(d'(§,Tn)) + c(p(d (Tzn,§) + d' (T, xn))).

Therefore,

14+c¢ c
Y(d'(&,TE)) < Elﬁ(d/({ar—r?ﬂn)) + iw(d’(%&)),
which, similarly to (3.9), shows that ¢ is a fixed point of T'. O

Example 3.10. Let X = [0,1], E=R? and P = {(z,y) € E : 2,y > 0}
Define d : X x X — E by d(z,y) = (3|]z — y|. 3]z — y|), 2,y € X. Then
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(X,d) is a complete cone metric space with normal constant of P equal to
1. Define T': X — H.(X) by

T(e) = {{0} if « € [0, 3];

0.4~ 37 itred)

define ¢ : [0,00) — [0,00) by ¥(t) =t for all t € [0,00) and let a : H (X) X
He(X) — R be defined by a(A4, B) =1 for all A, B € H.(X). Clearly all the
conditions of Theorem 3.5 are satisfied by assuming ¢ = %. Then T has a
fixed point 0.

Example 3.11. Let X = [0,1], E=R? and P = {(z,y) € E : 2,y > 0}.
Define d : X x X — E by d(z,y) = (|z — y|,3/z — y|), 2,y € X. Then
(X,d) is a complete cone metric space with normal constant of P equal to
1. Define T': X — H.(X) by

T(a) = {{0} if z € [0, 3];

0,3(z—3$)? ifze (3,1

define v : [0,00) — [0,00) by ¢(t) =t for all ¢t € [0,00) and let o : H.(X) x
He(X) — R be defined by a(A, B) =1 for all A, B € H.(X). Clearly all the
conditions of Theorem 3.7 are satisfied by assuming ¢ = 0.49. Then T has a
fixed point 0.

Example 3.12. Let X = {a1,a2,as, ...} be a countable set, ' = (2, |I.112)
and P = {{zn}n>1 € ?: 2, > 0 for all n > 1}. Let 2; = {%}nzl for all
i > 1 and note that x; € 12(i > 1). Define the map d: X x X — P by
3 -]

n

d(a;, aj) = |vi — 25| ={ Fn>1-

Then we can easily see that (X, d) is a complete cone metric space with the
normal constant of P is equal to 1. We define the multifunction

T:X — He(X)

by Ta; = {a1} and Ta; = {a1, az,...,a;—1} for all i > 1. Again we define v :
[0,00) — [0,00) by ¢(t) =t forallt € [0,00) and let v : Ho(X) X He(X) = R
be defined by a(A, B) =1 for all A,B € H.(X). Then we see that T is a
triangular a—a(limissible map satisfying all the conditions of Theorem 3.9 by

assuming ¢ = 5 with a fixed point T'a; = a3.
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