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On A Family Of Kannan Type Selfmaps Of b-Metric Spaces*

Mohamed Akkouchit

Abstract

Let (X,d;s) be a b-metric space with parameter s > 1. Let T be a selfmap of X satisfying the
following condition:

(T, Ty) < ﬁ{d(m,Tx) +d(y, Ty)}, forallz,y € X, (K(-%)
where 3 > 0 is another parameter. When s = 1 = j3, we recapture the usual condition (K(3)) due to
Kannan. We prove here, in the case s + 8 > 2 with 8 > 0, that the selfmap T is a Picard operator.
The case s + 8 = 2 needs more conditions. Indeed, we provide an example of a continuous selfmap T
of a complete b-metric space X satisfying (K(%)) but without being a Picard operator. So, in this case,
a natural question arises: what are the mildest conditions ensuring the Picard property for 7" 7 The
purpose of this paper is to give answers to this question.

1 Introduction
Concerning the metric spaces, the following fixed point result was proved in 1968 by Kannan [19].

Theorem 1 ([19]) Let (M,d) be a complete metric space and T be a selfmapping of M satisfying

d(Tx, Ty) < Md(z, Tx) + d(y, Ty)}, Yo,y e M, (K(N)

where A € [0,3). Then T is a Picard operator.

Contrary to the case of the Banach contractive condition (see [5]), the condition (K(A)) of Theorem 1
does not force T' to be continuous. In 1975, V. Subrahmanyam (see [30]) has proved that Theorem 1 gives
a characterization of the completeness of metric spaces.

We point out that the value % can not be taken in Theorem 1. Indeed, there exist continuous selfmaps
of compact metric spaces without having fixed points. This case was studied by R. Kannan in [20] and [21].
Next, we recall the following theorem.

Theorem 2 ([20, 21]) Let (M,d) be a compact metric space and let T be a continuous mapping of M into
itself such that

(i) d(Tz,Ty) < %{d(x,Tx) +d(y,Ty)} for allz,y € M.

(ii) For every closed subset F' of M which contains more than one element and is mapped into itself by T
there exists x € F such that
d(xz,Tx) < sup d(y, Ty).
yeF

Then T has a unique fized point w in M. If in addition to the hypothesis (i) and (ii), we have

(i11) d(Tz,u) < d(z,u) if x # u, where u is the unique fized point of T
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752 On a Family of Kannan Type Selfmaps

Then T is a Picard operator.

In Theorem 2, we see that a continuous selfmap 1" of a compact metric space satisfying K (%) is far from
being a Picard operator.

In 2017, J. Goérnicki [18] has made some new contributions to selfmappings of a metric space (M, d)
satisfying the condition:

d(Tx, Ty) < k{d(z,Tx) +d(y,Ty)}, forallz#£ye M, (K -G)

where k € [0, 1].
Also, in [18] one can find a new proof to the following (known) result.

Theorem 3 ([18]) Let (M,d) be a compact metric space and T : M — M be a continuous mapping satis-
fying .
d(Tz, Ty) < i{d(x,Tz) +d(y,Ty)} forallz#ye M. (K -29)

Then T is a Picard operator.

We observe that if T" satisfies the condition (K-S), then T satisfies the condition (K(3)). We notice that
other results refining and completing results of Theorem 2 are established in [33]. For other related works
in metric spaces, the reader is invited to see [22], [16], [8] and others.

Contrary to the case of metric spaces, in a b-metric space (X,d;s), one can conceive many types of
Kannan mappings. In this paper, we are interested by the following family of contractive conditions:

d(Tz,Ty) < ﬁ{d(x,Tx) +d(y,Ty)}, forallz,ye X, (K(siﬁ))

where T is a selfmap of the b-metric space (X, d;s) and 8 > 0 is a parameter. The set of such selfmaps will
be denoted by IC(S_}_B)).

We deal with two cases: (i) the case where s+ 8 > 2 and (ii) the case where s+ 3 = 2 which is a critical
case. Indeed, we prove (through an example) that there exist selfmaps satisfying (K(3)) in a complete
b-metric space but having no fixed point. So a natural question arises: what kind of (mild) condition has to
be added to garantee fixed point 7 The aim of this paper is to study this problem.

This paper is organized as follows: In Section 1, we present and introduction. In Section 2, we provide
a recall of some notations and results needed in the paper and make some definitions. In Section 3, (see
Theorem 4), we prove that if X is complete and if T satisfies the condition K (ﬁ) with s + 8 > 2, then T
is a Picard operator.

If s+ 8 = 2, then the condition K (ﬁ) coincides with the condition K(3). If T satisfies this condition
then we show by Example 1 that the Picard property is not automatically ensured. However, when in
addition, 1 < s < 2, we prove (see Theorem 5) that if T satisfies the condition K (%)7 then the following

conditions are equivalent:

(A) T is a Picard operator.
(C) T is asymptotically regular on X.

(D) T is a Cauchy operator (see Definition 2).

In the fourth section, we establish the same results for an orbitally continuous selfmap 1" for a complete
b-metric space (X, d; s) with any arbitrary s > 1 (see Theorem 6).
We have introduced the following new condition

(S) For any x € X and for any € > 0, there exists § > 0 such that

d(T'z, T?x) < €+ & implies d(T" 'z, T z) < € for any i,j € NU {0}.
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We point out that the condition (S) is a variant of the condition (D), given by T. Suzuki, in the paper
[32].

In Theorem 7, we prove that if (X,d;s) is a complete b-metric space with parameter s > 1 and if the
selfmap T satisfies the condition (S), then T is a Picard operator. Thus (5) is sufficient condition. We do
not know if it is also necessary.

In the fifth section we suppose that (X, d;s) is a compact b-metric space with parameter s > 1 and that
the selfmap T satisfies the condition K(4). Then we prove (see Theorem 8) that the conditions (A), (C)
and (D) are still equivalent and that are equivalent with the following condition:

(B) For all z,u € X satisfying limy_,oo T™* @ = u, then we have limy_,o. T(T™*z) = u.

We provide Example 2 to support Theorem 8.

2 Definitions and Preliminaries

In all this paper, we let (X,d;s) be a b-metric space with parameter s > 1. Next, we recall the definition
of this concept, see for more informations the references: [4], [12], [13] and the book [23] by W. Kirk and
N. Shahzad.

Definition 1 Let X be a non-empty set and let d : X x X — [0,4+00) be a function. Then d is said to be a
b-metric on the set X, if the following conditions are satisfied:

(i) d(xz,y) >0 and d(z,y) = 0 if and only if x = y;
(i) d(z,y) = d(y, z);
(iii) there exists a real number s > 1 such that: d(x,y) < s[d(z,u) + d(u,y)], for all z,y € X.

The triplet (X, d; s) is said to be a b-metric space with parameter s. The inequality (i) is called the s-triangle
inequality.

Let T : X — X be a selfmapping. We set Fix (T) := {z € X : Ta = z}. (Fix(T') is the fixed point set of
T). For all n € N, we set T := T oT™, TY = Ix (the identity map of X) and T* := T. The orbit of T at
x € X is defined as Or(z) = {z, Tz, T%x, T3z, ... }.

We extend some notions from [29] due to I. A. Rus to the context of b-metric spaces.

Definition 2 Let (X,d;s) be a b-metric space with parameter s > 1 and let T : X — X be a selfmapping.

(a) We say that T is weakly Picard operator (WPO) if the sequence (T™(x))nen converges, for all x € X,
and the limit (which may depend on x) is a fized point of T'.

(b) (b) If the operator T is WPO and Fix (T) = {a} (for some x € X ), then T is said to be a Picard
operator (PO).

(c) We say that T is Cauchy operator (CO) if the sequence (T"(x))nen is Cauchy, for all x € X.
Some concepts used in Definition 2 above are precised below.

Definition 3 Let (X,d;s) be a b-metric space, {x,,} be a sequence in X and x € X. Then, the following
are defined as follows:

(i) The sequence {x,} is said to be a Cauchy sequence, if for any € > 0 there exists N € N such that: for
alln > N and all p € N, we have d(zp, Znip) < €.
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(i) The sequence {x,} is said to be convergent to x, if for any e > 0 there exists N € N such that: for all
n > N, we have d(z,,x) < e. In this case, we write

lim z, =2 or x, = as n — oo.
n—oo

(i) (X,d;s) is said to be a complete b-metric space if every Cauchy sequence in X converges to some
zeX.

(iv) (X,d;s) is said to be (sequentially) compact if from each sequence {x,} of X one can extract a subse-
quence {T,(n) } which is convergent in X.

Notice that we observe that every converging sequence in a b-metric space has a unique limit; and every
converging sequence in a b-metric space is a Cauchy sequence. In general, The converse is not true.

We extend to b-metric spaces the definition of orbitally continuous maps wich was introduced by Ciri¢ in
[9] for metric spaces.

Definition 4 Let (X,d;s) be a b-metric space. A selfmapping T of X is said to be T-orbitally continuous
on X, if for all z,u € X and every strictly increasing sequence (ny)yen of positive integers such that
limg 0o T™ x = u, then we have limg_,o, T(T™ x) = Tu.

In connection with the definition above, we have the following lemma.

Lemma 1 Let (X,d;s) be a b-metric space with parameter s > 1 and let T be a selfmapping of X. If T is
a weakly Picard operator on X, then T is orbitally continuous on X.

Proof. Let z,u € X and let (ng)gen be a strictly increasing sequence (ng)ren of positive integers such that
limg 0o T™ 2 = u. Since T is supposed to be a weakly Picard operator, there exists a fixed point (say)
z € X such that z = lim,,_, ;oo T"x. Since (T™*z)}, is a subsequence of (T"x),, we have z = limy_, 4 oo T™* 2.
By the uniqueness of the limit, we have u = z. Moreover, the sequence (T(T™ x)), = (T™ 1), is also a
subsequence of (T"x),,, and we have

lim T(T™"z)=2z=Tz="Tu.
k— 400

Thus we have proved that T is orbitally continuous on X. This ends the proof. m

In 1966, the concept of asymptotically regular mappings in metric spaces was introduced by Browder
and Petryshyn (see [7]). Next we extend this concept to the b-metric spaces.

Definition 5 Let (X, d;s) be a b-metric space with parameter s > 1 and let T be a selfmapping of X. Then,
T is said to be asymptotically regular at a point x in X, if lim, o d(T"2z, T"Tx) = 0. T is said to be
asymptotically reqular on X if it is asymptotically reqular at any point x in X.

We end this section by recalling the following important lemma.

Lemma 2 Let (X,d;s) be a b-metric space with parameter s > 1. Let (zp)nen be a sequence of elements
from X having the property that there exists v € [0,1) such that

d(xpi1,2n) < vd(Tp, Tp-1), Yn € N.
Then the sequence (Tn)nen is Cauchy.

Lemma 2 was established in 2017 by R. Miculescu and A. Mihail in their paper [24]. In the same year,
it was also proved and by T. Suzuki in his paper [31] by a different method.

In [14], T. M. Dogenovi¢, M. V. Pavlovi¢ and S. N. Radenovi¢ made a nice discussion concerning Lemma
2 and showed that various known fixed point results in b-metric spaces can be shortened by using this lemma.
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3 Results in Complete H-Metric Spaces Without Continuity

3.1 Study of the Case Where s+ [ > 2

Next, we state our first main result in a complete b-metric space for the case where s + 8 > 2 with g > 0.

Theorem 4 Let (X,d;s) be a complete b-metric space with parameter s > 1. Let 8 > 0 be such that
s+p8>2. LetT: X — X be a mapping satisfying

d(Tz, Ty) < {d(z,Tz) +d(y, Ty)}, forallz,y € X. (K(515))

s+p

Then T is a Picard operator.

Proof. Let zp € X be arbitrary but fixed and consider the iterated sequence (z,) where z,, = T"x( for
each n € N. We set 7, = d(xy,, 2p41) for each n € NU{0}. Then we have

Tn = d(T"zg, T" )
= d(T(T" ‘o), T(T"x0)
1
s+ 6

< {d(Tn71$0,Tn$o) + d(Tn$0,Tn+1l‘o)}

1
s+ 5(7'n—1 + Tn)-
Then

< 1
.
n > s+ ﬂ 1
We have s + 5 —1 > 2 — 1 = 1, therefore, we have 0 < ¢ < 1. By Lemma 2, (x,,) is a Cauchy sequence. By
the completeness of X, the sequence (x,,) converges to some (unique) point (say) z = z,, in X, which may
depend on zy.
Let us show that this point z is a fixed point of T'. Indeed, we have

Tn—1 ' =(qTn-1-

d(z,Tz) < sd(z,T" M ag) + sd(T" M ag, Tz)

< sd(z, T" o) + ﬁ{d(T"mo,T"Hmo) +d(z,T2)).
Then
%d(z,Tz) < (sd(z,T"‘on) + S _i ﬁd(T”xO,T"Hmo)) — 0 asn — oo.

Since 8 > 0, this implies that z = T'z, i.e., z is a fixed point of T
Next, we prove the uniqueness of z. We argue by contradiction, let z* be another (different) fixed point
of T, then
1

s+p

d(z,2") =d(T2,Tz") < {d(z,Tz) +d(z*,Tz")}.
Then
d(z,2%) <0,

which leads to a contradiction. Hence, our assumption was wrong. Therefore, z must be the unique fixed
point T'.

Let yp € X be arbitrary but fixed and consider the iterated sequence (y,,) where y,, = T"y for each n € N.
We denote o, = d(yn, Yn+1) for each n € NU{0}. By assumption we know that lim,, e 7, = 0 = lim,, oo 0.
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Then for all integer n € N, we have

d(zwov Zyo) < Sd(Z»Lov xn) +s d(x’fh yn) +s d(yn, Zyg)
= 5d(2u9,Tn) + 52d(Yn, 29 ) + d(T" w0, T"yo)
= $d(%gy,Tn)+ S d(yn, Zyo) + s2d(T(T” 1 0),T(T"*1yo)
2
S — mn n— mn
< 8d(2gg, Tn) + 8 d(yn,zyo) 7S+5{d(T" Yoo, T"xo) + d(T" Yyo, T o)}

2

= [sd(zas0) + Sy, 20) + o

(Th-1 +0'n—1)] — 0 as n — oo.
Then
d(2z4, 2yy) = 0.

This says that the fixed point does not depend on the initial value zy for any arbitrary point, so for every
x € X, the iterated sequence (T™z) converges to the unique fixed point of T', i.e., T is a Picard operator.
This ends the proof. m

3.2 Study of the Case Where s+ 5 = 2.

This subsection deals with the case where s + 8 = 2 with § = 2 — s > 0 in a complete b-metric space
(X,d;s)(with 1 < s < 2). So in this case, we are concerned with selfmaps T of X satisfying the following
contractive condition:

d(Tz,Ty) < %{d(w,Tm) +d(y, Ty)}, forall z,y € X. (K(3))

Before giving our second main result, we provide an example of a continuous selfmap 7 satisfying (K (1)) in
a complete b-metric space (with parameter s > 2) but 7" has no fixed point. This will explain why we need
to take B =2 — s > 0.

Example 1 Let us choose X =N and we defined: X x X — R by

1+ =02 ifaty
d(z,y) _{ 0, ‘ ifr=uy.

Then it is eaasy to see that d is a b-metric on X with parameter s = 2. Observe that every Cauchy sequence
in X is eventually constant and hence (X,d;2) is a complete b-metric space.
We define a function T : X — X by setting

Tz = 3z,

forall x € X. It is easy to verify that T is continuous and a fized point free map.
Now, we show that T satisfies the condition (K(3)). Indeed, for all z,y € X with x # y, we have

1 1

d(Tz,Ty) = 1+ (——=—)?
(T2 Ty) = 1+(5 - 3)
— 1+L+L l<1+i+i
N 922 9y2  9xy — 92 = 9y?’
whereas,
1 1 1 1 1 1
—{d(x,Tx) + d(y, T = 14— )41+ (=—- )
5 {d(w, T) + d(y, Ty)} pUH (G —g P 1 (-5
1 1
= 14+ =+ +—+—
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Therefore, we deduce that
1

for all x,y in X. Thus, T is a continuous selfmap of the complete b-metric space X but T is fixed point free.
Therefore, T is not a Picard operator.

The example above shows that for a selfmap T satisfying (K(3)) in a complete b-metric space (X, d; s)
some supplementary conditions are required to ensure the Picard property for T'. In fact, we investigate the
mildest supplementary conditions upon a selfmap T € K( %) to be a Picard operator in a complete b-metric
space.

According to the example above, one needs also to suppose that s € [1,2). Next we provide our second

main result.

Theorem 5 Let (X,d;s) be a complete b-metric space with parameter such that 1 < s < 2. LetT : X — X
be a mapping satisfying

1
d(Tz, Ty) < i{d(x,Tx) +d(y,Ty)}, forallz,ye X. (K(3))
Then the following assertions are equivalent:

(1) T is a Picard operator.
(2) T is a Cauchy operator.

(8) T is asymptotically reqular on X.

Proof. The implications (1) = (2) = (3) are clear.

Let us prove that (3) = (1). To this end, let zo € X be arbitrary but fixed and consider the iterated
sequence (z,) where x,, = T"xq for each n € N. As before, we set 7,, = d(2y, xn41) for each n € N U {0}.
By assumption, we know that lim,,_,, 7, = 0.

Now, we show that the sequence (z,, = T"(x¢)) is a Cauchy sequence. To this end, we observe that for
all integers n,m € N, we have

d(Tpn, Tm) = d(T"x0, T™x0)
d(T(T" o), T(T™ ap)

IN

1
i{d(Tnill'o, Tn.’Eo) + d(Tmilxo, Tml'o)}

5(7_7171 + Tmfl)'

Then
lim d(xn,zm) =0.

n, m— o0

This says that (z,) is a Cauchy sequence. Since (X, d;s) is complete, this sequence converges to some
(unique) point (say) z = 2, in X, which may depend on zg. Let us show that this point z is a fixed point
of T. Indeed, we have

d(z,Tz) < sd(z,T" 1 ag) + sd(T"xg, T2)
< sd(z, T ag) + g{d(T”xo,T”“mo) +d(z,T2)}.

Then
(1-— g)d(z,Tz) < (sd(z,T"+1xo) + ;d(Tnl“o,TnHﬂ?o)) — 0 asn — oo.

Since 2 > s, this implies that z = T'z, i.e., z is a fixed point of T
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Next, we prove the uniqueness of z. We argue by contradiction, let z* be another (different) fixed point
of T, then

d(z,2%) = d(T2,T2*) < %{d(z,Tz) +d(z*, "))

Then
d(z,2*) <0,

which leads to a contradiction. Hence, our assumption was wrong. Therefore, z must be the unique fixed
point T

Let yo € X be arbitrary but fixed and consider the iterated sequence (y,,) where y,, = T"y, for each n € N.
We denote o, = d(yn, Yn+1) for each n € NU{0}. By assumption we know that lim,,_,cc 7, = 0 = lim,, o0 04,.
Then for all integer n € N, we have

d(zwov Zyo) < Sd(zxm xn) + SQd(l‘n, yn) + Szd(ynv Zyo)
= $d(zz,%n) + SQd(yn, Zyo) + d(T"z0, T"yo)
= sd(zgg,%n) + sgd(yn, Zyo) + s2d(T(T”*1x0), T(T”flyo)
2

S — n n— mn

< sd(zzg, ®n) + s2d(yn, Zyo) + E{d(T" Yoo, T o) + d(T" Yyo, T o)}
2
= [sd(zxo,zn) + 5%d(yn, Zyo) + %(Tn_l + an_l)} — 0asn— oo.
Then
d(2z4, 2y) = 0.

This says that the fixed point does not depend on the initial value zy for any arbitrary point, so for every
xz € X, the iterated sequence (T™x) converges to the unique fixed point of T', i.e., T is a Picard operator.
This ends the proof. =

4 Results in Complete 0-Metric Spaces for Orbitally Continuous
Maps

It is worthy to notice that the in all the results of Section three, we did not required continuity for the
selmappings. The aim of this section is to establish a general case for continuous selfmappings of complete
b-metric spaces. Our result in this direction reads as follows.

Theorem 6 Let (X,d;s) be a complete b-metric space with parameter sd > 1. Let T : X — X be a mapping
such that

d(Tz, Ty) < %{d(w,Tx) +d(y,Ty)}, forallz,ye X. (K(%))
We suppose that T is orbitally continuous. Then the following assertions are equivalent:
(1) T is a Picard operator.
(2) T is a Cauchy operator.

(8) T is asymptotically reqular on X.

Proof. The implications (1) = (2) = (3) are evident.

We need to prove the implication (3) = (1). To this end, let zg € X be arbitrary but fixed and consider
the iterated sequence (z,) where x,, = T"xq for each n € N. As before, we set 7, = d(xy,z,+1) for each
n € NU{0}. By assumption, we know that lim, . 7, = 0.
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Now, we show that the sequence (z,, = T"(xq)) is a Cauchy sequence. To this end, we observe that for
all integers n, m € N, we have

d($n, xm) = d(Tnl"o, TmfrO)
d(T(T" o), T(T™ )

1
i{d(T”_lwo, Tn.lio) + d(Tm_lxo, meo)}

IN

i(Tn—l + Tm—l)-
Then
lim d(zp,2m) =0.
n, m— oo

This says that (x,) is a Cauchy sequence. Since (X,d;s) is complete, this sequence converges to some
(unique) point (say) z = z,, in X, which may depend on zg. Let us show that this point z is a fixed point
of T. Indeed, since T is orbitally continuous on X, we deduce that the sequence (x,+1 = T'(z,)), converges
to Tz. But (z,41)n converges also to z. By uniqueness of the limit, we conclude that Tz = z. Thus z is a
fixed point of T.

To prove uniqueness of this fixed point. We argue by contradiction, let z* be another (different) fixed
point of T', then

d(z,2%) = d(T2,T2") < %{d(z,Tz) +d(z*, "))

Then
d(z,z%) <0,

which leads to a contradiction. Hence, our assumption was wrong. Therefore, z must be the unique fixed
point T. Let yp € X be arbitrary but fixed and consider the iterated sequence (y,) where y,, = T™yo for
each n € N. We denote o, = d(yn, yn+1) for each n € NU {0}. By assumption we know that lim,, o 7, =
0 = lim,, .o 0. Then for all integer n € N, we have

(22, 2yy) < 8d(2ag, Tn) + $2d(2n, yn) + 52d(Yn, Zyo)

< sd(

= sd(2ag, ) + 52d(Yn, 2gy) + d(T" w0, T"yo)

= 5d(209, Tn) + 52 d(Yn, 24) + S A(T(T" o), T(T" o)
2

(

$d(2zg, Tn) + st(yn, Zy,) + %{d(T"‘lxo,T"azU) + d(T"_lyo,T"yO)}

IN

2
— [sd(zxo,xn) + SQd(y'ru Zyo) + %(Tn,l + an,l)} — 0 asn— oo.

Then
d(zwo’ Zyo) =0.

This says that the fixed point does not depend on the initial value zy for any arbitrary point, so for every
x € X, the iterated sequence (T™z) converges to the unique fixed point of T, i.e., T is a Picard operator.
This ends the proof. m

We end this section by proving a result using a new condition.

Theorem 7 Let (X,d;s) be a complete b-metric space with parameter s > 1 and T : X — X a selfmap
satisfying the following conditions:

(K(3)): d(Tz,Ty) < H{d(z,Tz) + d(y,Ty)} for all z,y € X,
(S) For any x € X and for any € > 0, there exists § > 0 such that

d(T'z, T?x) < e+ & implies d(T" 2, T7 x) < € for any i,7 € NU{0}.
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e Then T is a Picard operator.

Proof. We start by observing that the property (S) implies that T is orbitally continuous on X. Thus
according to Theorem 6, it is sufficient to show that T is asymptotically regular on X.

So, let zp € X be arbitrary but fixed and consider the iterated sequence (z,) where x,, = T"x( for each
n € N. As before, we denote 7, = d(zp,xn+1) for each n € NU {0}. We know, by using the condition
(K(3)), that the sequence (7,,) is nonincreasing. Since (7,,) is bounded below, it converges to a nonnegative
number (say) 7. We show that 7 = 0. To get a contradiction, we suppose that 7 > 0. Then there exists an
integer ng such that d(z,, pt1) = 7o < 7+ for all integer n > ny.

Let n be any integer satisfying n > ns. By the the condition (E), we infer that d(Tx,,, T2p11) = Tn1 < T.
This implies that 0 < 7 < 7,41 < 7, which is absurd. Thus we have showed that lim,, .., 7, = 0. This ends
the proof. m

We point out that Theorem 7 is the analog of Theorem 2.7 of [17]. We point out that the condition (S) is
a variant of the condition named (D) in the paper [32] of T. Suzuki. It seems that our condition is stronger
than the condition (D) introduced in [32] and considered in Theorem 2.7 of the paper [17].

One can say that the first papers dealing with fixed point theory in b-metric spaces are the articles; [4],
[6], [12] and [13]. Nowadays, the theory of fixed point in b-metric spaces is well developed. For other aspects
of this theory, we invite the reader to consult the papers: [1], [2], [26], [28], [24], [25], [3], [27], [11] and others.

5 Results in Compact b-Metric Spaces

Now, we state a result in the case where the b-metric space (Xd;s) is compact. In this result, we do not
need T' to be orbitally continuous.

Theorem 8 Let (X,d;s) be a compact b-metric space with a parameter s > 1. Let T : X — X be a mapping
such that

1
d(Tz,Ty) < 5{d(w,T2) +d(y. Ty)}, for allz,y € X. (K(3))
Then the following assertions are equivalent:
(A) T is a Picard operator.

(B) Forallz,u € X and every strictly increasing sequence (ny)ren of positive integers such that limy_, oo T™ x =
u, then we have limg_,oo T(T™ 2) = u.

(C) T is asymptotically reqular on X.
(D) T is a Cauchy operator.

Proof. (A) = (B) Since T is a Picard operator, there exists a unique fixed point z € X such that
z = lim, 4o T™x for all x € X. Let u € X and let (T x), be a subsequence of (IT"x), such that
u = limy_ 1o T™ 2. Then we infer that u = z. Moreover, the sequence (T(T" 1)), = (T tlz), is a
subsequence of (T"x)y, therefore we have

lim T(T"x)=z=u.
k—-+oo

Thus we have proved that (B) holds true.

(B) = (C) Let xp € X be arbitrary but fixed and consider the iterated sequence (z,,) where x,, = T"xq
for each n € N. We set 7,, = d(2, zn+1) for each n € NU {0}. Then we have

Tn = d(T"xo, TnJrlLE())
= d(T(T" ‘a0), T(T"x0)
1
< §{d(Tn71$0,TnZE0) +d(Tn1‘0,Tn+1{E0)}

1
§(Tn_1 +7n).
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Then
Tn < Tp—1-

This shows that (7,,) is a non-increasing sequence of nonegative real numbers, so it must be a convergent
sequence. Let us denote 7 :=lim,,_, 4o 7. We must show that 7 = 0.

Since X is compact, the sequence (z,,) has a convergent subsequence, say (x,, ) which converges to some
z € X. By to the condition (B), we infer that limg_, y o T(T™*x) = z. Accorging to the s-triangle inequality,
we have

ATy, Trpt1) < 8A(Tpy,, 2) + 8d(2, Ty 41)-

Then

lim d(zp,,zn,+1) =0.
k—oo

Hence, the subsequence (7, ) converges to zero. Since the whole sequence (7,,) converges to 7, we must
have 7 = 0. So we have proved that T is asymptotically regular on X.

(C) = (D) Let 29 € X be arbitrary but fixed and consider the iterated sequence (z,) where x,, = T"xq
for each n € N. As before, we denote 7,, = d(xy, Tn+1) for each n € NU {0}. By the assumption (C), we
know that lim,, ., 7, = 0.

Now, we show that the sequence (z,, = T"(xq)) is a Cauchy sequence. To this end, we observe that for
all integers n, m € N, we have

d(xp, m) = d(T"x0, T x0)
d(T(T" o), T(T™ ')

1
i{d(Tn_l.'L‘o,TnfL'()) + d(Tm_liL'(),T"L{Eo)}

IA I

1
5(7—7171 + 7-17”L71)~

Then

lim d(z,,zm,)=0.
n, M—00

This says that (x,) is a Cauchy sequence. hence, we have proved that (C) implies (D).

(D) = (A) Suppose that T is a Cauchy operator and let zy € X be arbitrary but fixed and consider
the iterated sequence (z,) where z, = T"x( for each n € N. By assumption, this sequence is a Cauchy
sequence. Since X is compact, the sequence (x,,) has a convergent subsequence, say (z,, ) which converges
to some z € X. This implies that the whole sequence (x,,) converges to the point z = z,,, which may depend
on xg. Also, we have

d(z,Tz) < d(z,T" " ag) +d(T" ey, T2)
1
< d(szn+1x0) + §{d(TnanTn+1$0) +d(Z7TZ)}
Then ) .
§d(z,Tz) <d(z, T ay) + id(T”xo,T”on) — 0 as n — oo.

This implies that z = T'z, i.e., z is a fixed point of T
Next, we prove the uniqueness of z. We argue by contradiction, let z* be another (different) fixed point
of T, then

d(z,2) = d(T=,T=") < %{d(z,Tz) b d(=*, 7).

Then
d(z,2*) <0,
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which leads to a contradiction. Hence, our assumption was wrong. Therefore, z must be the unique fixed
point T

Let yp € X be arbitrary but fixed and consider the iterated sequence (y,,) where y,, = T"y for each n € N.
We denote o, = d(yn, yn+1) for each n € NU{0}. By assumption we know that lim, e 7, = 0 = lim,, oo 0.
Then for all integer n € N, we have

d(znayn) = d(Tn$07Tny0)
d(T(T"a0), T(T" o)

1 _ n 7 — n
(T o, T ) + (T yo, T"yo) }
1

5(7'”_1 + Un—l)-

IAN

Then
A(23y, 2y) = lim d(xy, ym) = 0.

This says that the fixed point does not depend on the initial value xq for any arbitrary point, so for every
x € X, the iterated sequence (T™z) converges to the unique fixed point of T', i.e., T is a Picard operator.
This ends the proof. m

To support our Theorem 8, we provide the following example.

Example 2 Let X = [0,2] endowed with the b-metric d given by d(x,y) := (z — y)?. Then X is a compact
b-metric space with parameter s = 2. We consider the selfmap T : X — X given by T'(z) = % for all
xz € X. Forall z,y in X, we have

T
AT, Ty) = (7= %)2
= é(xZ +y® —2axy) < é(ﬂf +v%);

whereas,

(e, o) 4 d(y, Ty)} =

no
[\

a:+1:
6 6’

Y

because 2 < (/6 — 1)2. Therefore, we deduce that

1
d(Tz,Ty) < §{d(:v7Tx) +d(y, Ty)}, Va,ye X.

Thus, T satisfies the condition (K(%)) on the compact b-metric space X. The selfmap T is asymptotically
reqular on X. Indeed, for each xoy € X, we have T"(xg) = (%)” which converges to zero in X. Hence, the

condition (C) of Theorem 8 is satisfied, therefore T is a Picard operator with Fix (T') = {0}.

6 Concluding Remarks

Let (X, d; s) be a b-metric space with parameter s > 1. Let T be a selfmap of X. We consider the following
contractive conditions:

(Ed): d(Tz,Ty) < d(z,y), forall z,y € X with x # y.
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(K-S): d(Tz,Ty) < 3{d(z,Tx) +d(y, Ty)}, forall z,y € X with z # y.
(K(3)): d(Tz,Ty) < 3{d(z,Tz) + d(y, Ty)}, forall z,y € X.
1

K(==): d(Tz,Ty) < ﬁ{d(m,Tz) +d(y,Ty)}, forall z,y € X, where 8 > 0.

s+p

It is well known that each one of all first three conditions is not strong enough to ensure fixed points
for T. The purpose of this paper is to investigate the necessary and sufficient conditions for selfmaps T
satisfying the condition K (ﬁ), with 8 > 0 under which T becomes a Picard operator. The main results of
this paper are described as follows.

In Theorem 4, we have proved that if X is complete and if T" satisfies the condition K (ﬁ) with s+8 > 2,
then T is a Picard operator.

If s + 3 = 2, then the condition K(ﬁ) coincides with the condition K (). Let T satisfy this condition
then we show by Example 1 that, in the case where s > 2, the Picard property is not automatically ensured
even for continuous selfmaps. However, when 1 < s < 2, we have proved in Theorem 5 that if T satisfies the

condition K (%), then the following conditions are equivalent:
(A) T is a Picard operator.
(C) T is asymptotically regular on X.
(D) T is a Cauchy operator (see Definition 2).

In Theorem 6, we have established the same results for any orbitally continuous selfmap 7" of a complete
b-metric space (X, d; s) with any arbitrary s > 1.
We have introduced the following new condition

(S) For any x € X and for any € > 0, there exists 6 > 0 such that

d(T'z, T7z) < € + 6 implies d(T* 2, TV 'z) < ¢ for any i,7 € NU {0}.

In Theorem 7, we have shown that if (X, d;s) is a complete b-metric space with parameter s > 1 and if
the selfmap T satisfies the condition (S), then T is a Picard operator. Thus (59) is sufficient condition. We
do not know if it is also necessary.

Suppose that (X, d;s) is a compact b-metric space with parameter s > 1 and that the selfmap T satisfies
the condition K'(3). Then in Theorem 8, we have established that the conditions (A), (C) and (D) are still
equivalent and that are equivalent with the following condition:

(B) Forall z,u € X and every strictly increasing sequence (ng)gen of positive integers such that limg_, . T™ 2 =
u, then we have limg_, oo T(T"*z) = u.

We have furnished Example 2 to support Theorem 8.
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his (or her) pertinent and helpful comments and suggestions.
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