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Abstract

In this paper, we prove some results on the existence of fixed points for multivalued maps with respect to general distance.
Our results improve and generalize a number of known fixed point results including the fixed point results. (©2017 All rights
reserved.
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1. Introduction and preliminaries

The well-known Banach contraction principle, which asserts that each single-valued contraction self-
map on a complete metric space has a unique fixed point, plays a central role in nonlinear analysis and
has many generalizations in a number of different directions. Susuki [16] proved a simple but new type
of generalization of the Banach contraction principle for single-valued maps on metric spaces. Recently,
using the concept of a mean on the Banach space (*°, Hasegawa et al. [3] proved a useful result on
the existence of unique fixed point for single-valued self-maps on metric spaces. Using the concept of
the Hausdorff metric, Nadler [13] introduced a notion of multivalued contraction map and proved a
multivalued version of the Banach contraction principle, which states that each closed bounded valued
contraction map on a complete metric space has a fixed point. Since then various fixed point results
concerning multivalued contractions have appeared. In [6], Kikawa and Susuki proved a beautiful fixed
point result which generalizes the above mentioned result of Suzuki and Nadler’s fixed point result. Also
see, [1, 7, 15] and references therein. In fact, without using the Hausdorff metric, the existence part can
be proved under much less stringent conditions. Among others Husain and Latif [4], Feng and Liu [2]
have generalized Nadler’s fixed point result without using the Hausdorff metric. Fixed point theory of
multivalued maps has lots of applications in convex optimization, see [11, 12, 14, 21].

Introducing a notion of w-distance on a metric space, Kada et al. [5] improved several classical results
in metric fixed point theory. While, Suzuki and Takahashi [17] have introduced notions of single-valued
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and multivalued weakly contractive maps with respect to w-distance and proved fixed point results for
such maps. Recent fixed point results concerning w-distance can be found in [8, 9, 10, 18, 19]. Recently,
using the mean and w-distance, Takahashi et al. [20] proved fixed point result for single-valued maps,
which contains the fixed point result of Hasegawa et al. [3] as a special case.

In this paper, we prove some results on the existence of fixed points for multivalued maps with respect
to w-distance. Our results improve and generalize a number of known fixed point results including the
fixed point results of [3, 6, 13, 20].

Let us recall some useful notions and facts.

Let (X, d) be a metric space. We use 2X to denote a collection of nonempty subsets of X and Cl(X) a
collection of all nonempty closed subsets of X. An element x € X is called a fixed point of a multivalued
map T: X — 2% if x € T(x). We denote Fix(T) ={x € X: x € T(x)}.

A sequence {xn,} in X is called an orbit of T at xg € X if x, € T(xn,_1) for alln > 1.

A map f: X = R is called lower semicontinuous if for any sequence {xn} C X with x, — x € X implies
that f(x) < linrgior;ff(xn).

A multivalued map T : X — 2X is said to be contractive [4] if there exists r € [0,1) such that for any
x,y € X and u € Tx there is v € Ty with d (u,v) < rd(x,y). In [4], it has been proved that each closed
valued contractive map has fixed point, which is an improved version of the Nadler’s result [13].

Kada et al. [5] introduced the w-distance on a metric space as follows:

Let (X,d) be a metric space. A function p : X x X — [0,00) is said to be a w-distance on X if the
following are satisfied for all x,y,z € X:

(i) p(x,z) <plx,y)+ply,z) forall x,y,z € X;
(ii) forany x € X, p(x,.) : X — [0, 00) is lower semicontinuous;
(iii) for any e > 0, there exists > 0 such that p(z,x) < § and p(z,y) < & imply d (x,y) < e.

Note that, in general for x,y € X, p(x,y) # p(y,x) and not either of the implications p(x,y) = 0 <
x =y necessarily hold. Clearly, the metric d is a w-distance on X. Let (Y, |.||) be a normed space. Then
the functions p1,p2: Y x Y — [0, 00) defined by p1(x,y) = |ly|| and pa(x,y) = ||x|| + ||y for all x,y € Y are
w-distances [5]. Many other examples and properties of the w-distance can be found in [5, 18]. We denote
by W(X) the set of all w-distances on X. A w-distance p on X is called symmetric if p (x,y) =p (y,x) for
all x,y € X. We denote by W) (X) the set of all symmetric w-distances on X.

The following lemma concerning w-distance is fundamental.

Lemma 1.1 ([5]). Let X be a metric space with metric d and let p be a w-distance on X. Let {xn} and {yn} be
sequences in X. Let {otn} and {B+} be sequences in [0, co) converging to 0, and let x,y,z € X. Then, the following
hold:

(@) ifp(xn,y) < oxn and p(xn,z) < Pn forany n € N, then y = z; in particular, if p(x,y) = 0and p(x,z) =0,
theny = z;

(b) if p(xn,Yn) < &n and p(xn,z) < Bn for any n € IN, then {yn} converges to z;

(©) if p(xn,xm) < an for any n, m € IN with m > n, then {x,,} is a Cauchy sequence;

(d) if p(y,xn) < an for any n € N, then {xy} is a Cauchy sequence.

Let (X, d) be a metric space. A multivalued mapping T : X — 2% is said to be p-contractive [17] if there
exist p € W(X) and r € [0,1) such that for any x,y € X and u € Tx there is v € Ty with

p(u,v) <rmpxy).

In particular, a single-valued mapping f : X — X is said to be p-contractive if there exist p € W(X) and
r € [0,1) such that p (f (x),f(y)) < rp(x,y) for all x,y € X. Using w-distance, Suzuki and Takahashi [17]
proved that each p-contractive multivalued map T : X — C1(X) has a fixed point, which is an improved



A. M. Alkhammash, A. A. N. Abdou, A. Latif, ]. Nonlinear Sci. Appl., 10 (2017), 2359-2365 2361

version of the corresponding results in [4, 13]. Further, they deduced that each single-valued p-contractive
self-map on X has a unique fixed point, which is an improved version of the Banach contraction principle.

Now, we recall the notion of the mean.

Let (> be the Banach space of bounded sequence with supremum norm and let (£>°)* be the dual
space of {*°. We denote by p(x) the value of u at x = {xn} € {*°. The value of pu(x) is also denoted by
tn (xn ). A linear functional 1 on {* is called a mean if pu(e) = |u/| =1, wheree = (1,1,1,...). A mean pis
called a Banach limit on £ if pu, (xn) = pn(xny1) for all {xn} € £*°. If n is a Banach limit on {*°, then for
X = {Xn} e,

liminfxn < pn (Xn) < limsup xy,.
n—oo n—oo

In particular, if x = {xn} € {*°, and x, — a € R, then we have i (x) = p(xn) = a. For the proof of the
existence of a Banach limit and its other elementary properties, see [19].

2. Fixed point results

We consider a decreasing function 3 : [0,1) — (%, 1] defined by B(A) = 1%\
First we prove the following useful lemma for multivalued maps with respect to w-distance.

Lemma 2.1. Let (X, d) be a metric space, p € W(X) and Let T : X — CU(X). Assume that there exists v € [0,1)
such that for any x,y € X and w € Tx, there exists v € Ty such that

B(rip(x, Tx) < plx,y) implies p(u,v) <Tplx,y).
Then there exists an orbit of T in X which is a Cauchy sequence.
Proof. Let zg be an arbitrary but fixed element of X and z; € Tzy. Then, clearly we have
B(r)p(zo, Tzo) < B(r)p(20,21) < plz0,21).
Thus, by hypothesis, there is z, € Tz; such that
p(z1,22) < vp(z0,21).
Continuing this process, we get a sequence {z,,} in X such that for each n € IN, z,, € Tz,_ satisfying
P(zn,Zn+1) < TP(zn—1,2n).

Note that for each n € IN, we have
p(an Zn+1) < Tnp(ZOr Zl)-

Now, for all n,m € N, m > n we get

P(Zn, Zm) < P(Zn, Zn+1) + p(zn+1/ Zn+2) +...F p(mel/ Zm)
<1p(zo,z) L7412 4 ™
m

1—r

N

p(zo,z1).

n

Take o = 7= [p(z0,21)], then clearly o, — 0. Thus, by Lemma 1.1, {z } is a Cauchy sequence in X. O

Now, using Lemma 2.1 we prove some fixed point results for multivalued maps which improve the
fixed point result of Kikawa and Suzuki [6, Theorem 2] for w-distance.

Theorem 2.2. Let (X, d) be a complete metric space. Assume that all the hypotheses of Lemma 2.1 hold. Further
assume that for any orbit {un} of T in X with limit u, we have

B(r)p(in, Tun) < plun,u). (2.1)
Then the map T has a fixed point.



A. M. Alkhammash, A. A. N. Abdou, A. Latif, ]. Nonlinear Sci. Appl., 10 (2017), 2359-2365 2362

Proof. 1t follows from Lemma 2.1 that there exists an orbit {z,} of T at zg € X which is a Cauchy se-
quence. Due to the completeness of X, there exists some z € X such that z, — z. Now, using the lower
semicontinuity of p(zn,.) and the proof of Lemma 2.1, we have

P(zn,z) < liminflp(zn,zm)] < %[p(Zo, z1)].

m—o0

Since z,, € Tzn_1 and z € X, using the hypothesis and the definition of T, there exists wy, € Tz such that

P(zn, wn) < 1p(2n_1,2).

Then

TTL

Pzn, wn) < 7 Pluo, u1)

and thus, by Lemma 1.1, we have w,, — z. Since Tz is closed, we get z € Tz. O

Now, we prove a fixed point result, where the condition (2.1) of Theorem 2.2 is dispensable with
somewhat natural condition.

Theorem 2.3. Assume that all the hypotheses of Theorem 2.2 except the inequality (2.1) hold. Further assume that
inf{p(x,u) +p(x,Tx) : x € X} >0,
for every w € X with w ¢ Tu. Then, the map T has a fixed point.

Proof. Due to Lemma 2.1 there exists an orbit sequence {z,,} of T at zg € X which is a Cauchy sequence
and for each n € IN we have

p(zn/ Z’Tl+1) < Tnp (ZO/ Z1 )/

where 0 < r < 1. Further, due to the completeness of X, and the lower semicontinuity of p(zn,.), we have
zn — z € X and

TTL
plzn,z) < 11—+ (2o, z1).
Assume that z ¢ Tz. Then, using the hypothesis, we have

0 <inf{p(u,z) +p(u, Tu) :u e X}

< inf{p(zn,z) +p(zn, Tzn) 2 n € IN}
n
<inf {1T_Tp(zo,zl) +1™p(z0,21) i € IN}

{:12::]9(20/21)} infir*:m € N} =0,

N

which is impossible and hence z is a fixed point of T. O

Now, using notions of mean and w-distance we prove a general result on the existence of fixed points
for multivalued maps, which improve and generalize a number of known results.

Theorem 2.4. Let (X, d) be a metric space, p € Wo(X), T: X — 2%, {xn} be a sequence such that {p (xn,z)} is
bounded for some z € X, and T : X — 2% be a multivalued mapping. Suppose there exist v € [0,1) and a mean p
on £ such that for any y € X there is v € Ty with

UnP (xn, V) < TURP (Xn,Y) . (2.2)

Then there exists w € X such that u € Tuand p (u,u) = 0.
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Proof. First we note that for any y € X, the sequence {p (xn,y)} is bounded. Indeed, by the hypothesis,
the sequence {p (xn, z)} is bounded for some z € X, so for any y € X and n € IN we have

P (xn,y) < p(xn,2) +p (z,y) <supp (x5,2) +p (z,y) < 0.
jeEN

Using a mean p on {*°, we define a function
g(y) =pnp (xn,y), yeX

Then, clearly g is a real-valued continuous function on X. Let zy be an arbitrary but fixed element of X,
then by definition there exists z; € Tz such that

HnP (Xn,21) < TUnP (Xn, 20) -
Continuing this process, we get a sequence z;,, € Tzy,—1 such that
HnP (Xn, zm) < TP (Xn, 2o) - (2.3)
Now, for m,n € IN, we have
P (zZm, Zm+1) <P (Zm, Xn) + P (Xn, Zm+1) -

Applying p,, we have

P (Zm, Zm+1) < UnP (Zm, Xn) + HUnP (Xn, Zm1)
= UnP (Xn,Zm) + UnP (Xn, Zm+1)
< Unp (Xn/ ZO) + Terlan (an ZO)

Tm
™ (14+71)g(z0).

Thus, for any k, m € IN with m > k, we have

P (zi, zm) < P (21, 2k41) +P (Zk41, Zkg2) + -+ P (Z2m—1,2Zm)
< (1+7)g(zo) + T (1 +71) glzo) +- - +7™ (1 +7) glzo) + - -
™ (1+71)glzo) [T+T+12+ 04 1™

<7 (1+7) g(20) Lir} :

Since r € [0,1), we have 1% (1 +1) g(zo) [ﬁ] — 0 as 1 — oo. Thus by Lemma 1.1 (c), {zm} is a Cauchy

sequence in X. Since X is complete, then, there exists some q € X such that {zi,} converges to q. Now,
since p is lower-semicontinuous, for any n € IN, we have

P (xn, q) <liminfp (xn, zm),
m—o00

and thus, we have
9(q) = pnp (xn, q) < pn iminfp (xn, zm).

Also note that for any k, m,n, m > k

1
P (%, 2m) <P (%, 21) + P (2K, 2m) <P (xn, 21) + 75 (14 7) g (20) 7
Thus, we get

. 1
in Hmsup p (xn, zm) < pnp (xn,zi) + 7 (1+71) g (z0) T

m—00 1—
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Now, passing the limit as k — oo, we have

1
tn limsupp (xn, zm) < iminfunp (xn, zx) + lim ™™ (1471) g (z0)—— < liminfunp (xn, zi) -
k—o0 k—o00 T k—o0

m—o00 1 _
We get
g(q) < pn iminfp (xn, zm) < pnlimsupp (xn, zm)
m—o0 m—oo
< liminf punp (xn, zm)
m—00

= liminfg (zy)
m—00

<limsup g (zm).
m—00

Further, note that for each m € IN and z,, € Tz;,_1, we have
g(zm) = unp (Xn, zm) < TP (Xn, Zm—1) < -+ <UD (X0, 20) =779 (20),
and letting m — oo, we get

limsup g (zm) <0,

m—o00

and thus, using (2.2) and (2.3), we get g (q) < 0. Hence

g(q) = unp (xn, q) =0.

Now, we show that q € Tq and p(q, q) = 0. Since q € X, so there exists w € Tq such that

HnP (Xn, W) < TP (Xn, q) =19(q).
Also, for each n € N,
pw,q) <pw,xn) +p(xn,q).
Thus,
P (w, q) < Unp (W, xn) + UnP (Xn, q) = UnPpP (Xn, W) + UnP (Xn, q) <(1 +T)9(q) =0,

that is, p (w, q) = 0. Now, it is enough to show that ¢ = w. Note that

P (w,w) <unp (W, xn) + HnP (xn, W) <TURP (Xn, q) +7p (Xn,q) =0
and thus, p(w,w) =0. By Lemma 1.1 we get q =w € Tq and p(q, q) = 0. O

Remark 2.5. Theorems 2.2 and 2.3 are improved versions of [6, Theorem 2] for w-distance. Theorem 2.4
improves and generalizes a number of existence results including the corresponding results of [3, 20].
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