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Abstract. In the present paper, considering a recent technique which is used by Jleli and Samet
[10] for fixed points of single-valued maps, we introduce a new concept of multivalued #-contractions
on metric spaces and prove that some of such mappings are multivalued weakly Picard operators on
complete metric space. Finally, we give a nontrivial example to show that the class of multivalued
f-contractions is more general than multivalued contractions in the sense of Nadler [14] on complete
metric spaces.
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1. INTRODUCTION AND PRELIMINARIES

Let (X,d) be a metric space. We denote by P(X) the collection of all nonempty
subsets of X, by CB(X) the collection of all nonempty closed and bounded subsets
of X and by K(X) the collection of all nonempty compact subsets of X. It is well
known that H : CB(X) x CB(X) — R defined by

H(A, B) = max {sup D(z, B), sup D(y, A)}
z€A yeB

is a metric on CB(X), where D(x, B) = inf {d(x,y) : y € B}, which is called Pompeiu-
Hausdorff metric induced by d. We can find detailed information about the Pompeiu-
Hausdorff metric in [1, 3, 5, 9]. An element © € X is said to be a fixed point of a
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multivalued mapping T : X — P(X) if z € Tz. Let T : X — CB(X) be a mapping,
then T is called multivalued contraction if there exists L € [0,1) such that

H(Tz,Ty) < Ld(z,y)

for all z,y € X.

In 1969, Nadler [14] proved a fundamental fixed point theorem for multivalued
mappings: Every multivalued contraction on complete metric spaces has a fixed point.

Inspired by his result, since then various fixed point results concerning multival-
ued contractions has been further developed in different directions by many authors
(see,[6, 7, 8, 11, 12]).

In 2003, Rus et al [19] introduced the concept of multivalued weakly Picard (MWP)
operator on a metric space: T : X — P(X) is a MWP operator if there exists a
sequence {x,} in X such that x,,11 € Tx, for any initial point xg, converges to a
fixed point of T. Then Petrusel extensively studied on MWP opeartors in [16]. It
is easy to see that every Nadler [14], Reich [17], Rus [18], Petrusel [15], Mizoguchi-
Takahashi [13], Berinde and Berinde [4] type multivalued contractions on complete
metric spaces are MWP operators.

On the other hand, a new type of contractive maps has been introduced by Jleli
and Samet [10]. Throughout this study, we called it as §-contraction.

Let © be the set of all functions 6 : (0,00) — (1,00) satisfying the following
conditions:

(©1) 6 is nondecreasing,

(©5) for each sequence {t,} C (0,00), lim 6(t,) =1 if and only if lim ¢, =0T,

n—oQ n—o0

(O3) there exist r € (0,1) and I € (0, 00] such that lirél+ % =1l
t—

Definition 1.1. ([10]) Let (X, d) be a metric space and T : X — X be a mapping.
Given 6 € ©, we say that T is f-contraction if there exists k& € (0,1) such that

0(d(Tz, Ty)) < [0(d(x,y))]* (1.1)
for all z,y € X with d(Tz,Ty) > 0.

If we consider the different type of mapping 6 in Definition 1.1., we obtain some of
variety of contractions. For example, let 6 : (0,00) — (1,00) be given by 6(¢) = eVt

It is clear that 6 € ©. Then (1.1) turns to
AT, Ty) < Kd(z,y) (1.2)

for all z,y € X,Tx # Ty. It is clear that for z,y € X such that Tx = Ty the
inequality d(Tx,Ty) < k*d(x,y) also holds. Therefore T is an ordinary contraction.
Similarly, let 6 : (0,00) — (1,00) be given by 6(t) = eV’ Tt is clear that § € ©.
Then (1.1) turns to

AT, TY) acre;ry)-diww) < 12 (13)
d(z,y)
for all z,y € X, Tx # Ty.
In addition, we have concluded that every #-contraction T is a contractive mapping,
ie.,

d(Tx, Ty) < d(z,y)
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for all z,y € X, Tx # Ty. Thus, every f-contraction is a continuous mapping. On the

other side, Example in [10] shows that the mapping T is not ordinary contraction, but

it is a @-contraction with 0(t) = eVt Thus the following theorem, which was given

as a corollary by Jleli and Samet is a proper generalization of Banach Contraction
Principle.

Theorem 1.2. (Corollary 2.1 of [10]) Let (X,d) be a complete metric space and
T:X — X be a0-contraction. Then T has a unique fixed point in X.

We can find some generalizations of Theorem 1.2. for single valued mappings in
[2]. The aim of this paper is to introduce the concept of multivalued #-contraction, by
combining the ideas of Jleli, Samet’s and Nadler’s, and give some fixed point results
for mappings of this type on complete metric spaces.

2. MAIN RESULTS

Definition 2.1. Let (X, d) be a complete metric space and T': X — CB(X). Given
0 € ©, we say that T is multivalued #-contraction if there exists k € (0,1) such that

0(H(Tx, Ty)) < [0(d(x,y))]" (2.1)
for all z,y € X with H(Txz,Ty) > 0.
We can easily obtain that every multivalued contraction is also multivalued 6-
contraction with 6(t) = eV?.
Our main result is as follows:

Theorem 2.2. Let (X,d) be a complete metric space and T : X — K(X) be a
multivalued 0-contraction. Then T is a MWP operator.

Proof. Let xy € X be an arbitrary point in X. Since Tz is nonempty for all x € X,
we can choose ©1 € Txg. If z1 € Ty, then x; is a fixed point of T. Let x1 ¢ Tx;.
Then, since Tz is closed, D(x1,Tx1) > 0. On the other hand, from D(z1,Tx1) <
H(Txo,Tx1) and (01),

9(D($1, Tl‘l)) S G(H(T.’L‘(J, T.L“l))
From (2.1), we can write that
0(D(x1,Ta1)) < O(H(Txo, Ty)) < [0(d(z1,20))]" . (2.2)
Since Tz, is compact, there exists xo € T'x1 such that
d(x1,x9) = D(x1,Tx1).
Then, from (2.2)
G(d(xl, 1‘2)) S Q(H(T.To, T.Il)) S [H(d(ml, iEo))}k

If we continue recursively, we obtain a sequence {x,} in X such that x,, 11 € Tz, and
if x,, ¢ Tz, for all n € N, then

0(d(zn, Tnt1)) < [G(d(mn,xn,l))]k (2.3)
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for all n € N. Otherwise, obviously T has a fixed point. Denote a,, = d(z,,, zp+1), for
n € N. Then a,, > 0 for all n € N and, using (2.3), we have

2

6(an) < [0(an-1)]" < [Ban-2)]" < - < [6(a0)]"".

Thus, we obtain

1< 6(ay) < [6(ao))" (2.4)
for all n € N. Letting n — oo in (2.4), we obtain
nILrI;O O(an) = 1. (2.5)

From (©2), lim, . a, = 07 and so from (O3) there exist r € (0,1) and [ € (0, 0]
such that
lim LCLn) —1
n— 00 (an)r

=1

Suppose that | < oo. In this case, let B = % > (. From the definition of the limit,
there exists ng € N such that, for all n > ny,
O(a,) —1
(an)"

l‘<B.

This implies that, for all n > ng,

Oa,) —1 o
7(an)r >l—-B=B.

Then, for all n > ng,
n(an)" < An[f(an) 1],

where A = 1/B.
Suppose now that [ = co. Let B > 0 be an arbitrary positive number. From the
definition of the limit, there exists ng € N such that, for all n > ny,
M > B.
(an)"
This implies that, for all n > ng,
n(a,)" < Anlf(a,) — 1],

where A =1/B.
Thus, in all cases, there exist A > 0 and ng € N such that, for all n > ny,

n(a,)” < Anlf(a,) —1].

Using (2.4), we obtain, for all n > ng,

n

n(a,)" < An [[G(ao)]k —-1/.
Letting n — oo in the above inequality, we obtain

nhﬂn;o n(a,)" = 0.
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Thus, there exits n; € N such that n(a,)” < 1 for all n > ny. So, we have, for all
n>ng

Qn

< (2.6)

In order to show that {z,} is a Cauchy sequence, consider m,n € N such that m >
n > nq. Using the triangular inequality for the metric and from (2.6), we have

d(xvu xm) < d(ZEn, xn+1) + d($n+17 xn+2) + -+ d(ﬁcm—la mm)
m—1 o) o] 1
— e — . < . < —_
an+an+l+ +am—1 Zaz_zaz_zil/r
i=n i=n i=n

o0
By the convergence of the series #7 passing to limit n — oo, we get d(xp, Trm) —
i=1
0. This yields that {z,} is a Cauchy sequence in (X,d). Since (X,d) is a complete
metric space, the sequence {z,,} converges to some point z € X, that is, lim, 0 &, =
z. On the other hand, from (©1) and (2.1), it is easy to conclude that

H(Tz,Ty) < d(z,y)
for all z,y € X with Tz # Ty. Therefore, for all z,y € X
H(Tx, Ty) < d(z,y) (2.7)

is satisfied. Then
D(xp41,Tz) < H(Tz,,Tz) < d(zy, 2)

Passing to limit n — oo, we obtain D(z,7%z) = 0. Thus, we get z € Tz = T=.
Considering the proof technique, we can say that T is a MWP operator.

Remark 2.3. The following question arises: can we take CB(X) instead of K(X)
in Theorem 2.2. under the same conditions? Unfortunately, the answer is negative
as shown in the following example.

Example 2.4. Let X = [0,2] and

0 , T=1y
d(z,y) =
l+lz—yl , z#y
Then it is clear that (X, d) is complete metric space, which is also bounded. Since 74

is discrete topology, all subsets of X are closed. Therefore all subsets of X are closed
and bounded. Define a mapping T': X — CB(X),

Q , € X\Q
Tx = ,
X\Q , reQ

where Q is the set of all rational numbers in X . Therefore T has no fixed points.
Now, define 6 : (0,00) — (1,00) by
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then we can see that § € ©. Now we show that
1
0(H(Tz,Ty)) < [0(d(x,y))]?
for all z,y € X with H(Tz,Ty) > 0. Note that H(Tz,Ty) > 0 < {z,y} N Q is
singleton. Therefore, we have
H(Tz,Ty) >0 = HTz,Ty)=1landd(z,y)=1+|z—y|>1

=~ O(H(Tz,Ty)) = e and [0(d(z,y))]? = V9 = 3

= G(H(Tz,Ty)) < [0(d(x,y))]? .

Therefore, T is a multivalued 6-contraction, but is not a MWP operator.

However, we can take CB(X) instead of K(X), by adding the following weak
condition on 6:

(B4) 6(inf A) = inf §(A) for all A C (0,00) with inf A > 0.

Note that, if § satisfies (©1), then it satisfies (©y) if and only if it is right continuous.
Let

E={0]60:(0,00) = (1,00) satisfies (©1)-(04)}.

Theorem 2.5. Let (X,d) be a complete metric space and T : X — CB(X) be a
multivalued 0-contraction with @ € Z=. Then T is a MWP operator.
Proof. Let xg € X. Since Tz is nonempty for all x € X, we can choose x1 € Txg. If
x1 € Txy, then x4 is a fixed point of T . Let x1 ¢ Tax;. Then, since Ty is closed,
D(z1,Tx1) > 0. On the other hand, from D(zq1,Tz1) < H(Txo,Tx1) and (01)

0(D(x1,Tx1)) < (H(Txo,Tx1)).
From (2.1), we can write that
0(D(z1,Tx1)) < O(H(Txo, T1)) < [0(d(z0,21))]" . (2.8)
From (©4) we can write (note that d(z1,Tz1) > 0)
oD@, Ta) = inf Odla1,v),

and so from (2.8) we have

k+1

inf 0(d(x1,y)) < [0(d(wo, 21)))" < [0(d(wo,21))] * - (2.9)
Then, from (2.9) there exists xo € Tz such that

B(d(x1,22)) < [B(d(wo,1))] =
If x5 € Txy we are finished. Otherwise, by the same way we can find x3 € T'zs such
that -
0(d(x2,23)) < [0(d(z1,32))] =
We continue recursively, then we obtain a sequence {z,} in X such that z,; € Tz,
and .
0(d(zn, 2nt1)) < [0(d(2n, 2n-1))] =
for all n € N. The rest of the proof can be completed as in the proof of Theorem 2.2.
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Now we give an example showing that 7' is multivalued -contraction but is not a

multivalued contraction.
Example 2.6. Consider the complete metric space (X,d), where X = {0,1,2,---}
and d: X x X — [0,4+00) is given by

0 , T=1Y

d(z,y) =

r+y , TFY

Let T : X — X be defined by

{0,1} , +€{0,1,2}
Tx =
{0,z -1} , >3
Let £ > 3 and y = 0, then we obtain
H(Tz,T -1
lim 7( z,Ty) im Z

Z—00 d(z,y) ey

Thus, T is not multivalued contraction. Therefore, we can not guarantee that T is a
MWP operator by Nadler fixed point theorem.

Now we claim that, T is multivalued #-contraction with 0(¢) = eVie and k= e 2.
To see (2.1), we have to show that

H(T"E, Ty) eH(Tx,Ty)—d(a;y) < 6_1
d(z,y)

for all z,y € X with H(Tz,Ty) > 0.
First, observe that

H(Tz,Ty) >0< (x #y and {z,y} N{0,1,2} is empty or singleton).

Now, without loss of generality we may assume x > y in the following cases. Case 1.
If {z,y} N{0,1, 2} is singleton, then H(Tz,Ty) = x—1 and d(z,y) € {z,z+1,x+2}.
Thus, we have

H(Tﬂ]‘,Ty) eH(T:v,Ty)—d(m,y) < T — 18_1 < 6_1.
d(x,y) @
Case 2. If {z,y} N {0,1,2} is empty, then H(Tz,Ty) = x — 1 and d(z,y) = = + y.
Thus, we have

H(TJ],Ty) eH(Tz,Ty)—d(w,y) _ L= ]‘e—l—y < 6_1.
d(z,y) Tty

This shows that all conditions of Theorem 2.2 (or Theorem 2.5) are satisfied and so
T is a MWP operator.
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