Fized Point Theory, 21(2020), No. 1, 35-46
DOI: 10.24193/fpt-r0.2020.1.03
http://www.math.ubbcluj.ro/~nodeacj/sfptcj.html

PICARD SEQUENCES IN »--METRIC SPACES

SUZANA ALEKSIC*, ZORAN D. MITROVIC** AND STOJAN RADENOVIC***

*University of Kragujevac, Faculty of Science, Department of Mathematics and Informatics,
Radoja Domanoviéa 12, 34000 Kragujevac, Serbia
E-mail: suzanasimic@kg.ac.rs

**University of Banja Luka, Faculty of Electrical Engineering,
Patre 5, 78000 Banja Luka, Bosnia and Herzegovina
E-mail: zoran.mitrovic@etf.unibl.org

***King Saud University, College of Science, Department of Mathematics,
Riyadh 11451, Saudi Arabia
E-mail: stojan.radenovic@tdtu.edu.vn

Abstract. The purpose of this article is to provide much simpler and shorter proofs of some
important results in the framework of b-metric spaces. Namely, we show that the given contractive
condition implies b-Cauchyness of the corresponding Picard sequence. The obtained results improve
well-known comparable results in the literature.
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1. INTRODUCTION

Banach'’s fixed point theorem is the most celebrated result in Nonlinear analysis. It
shows that in a complete metric space, each contractive mapping has a unique fixed
point. This principle is used as a main tool for the existence of solution of many
non-linear problems. A great number of generalizations of this famous result appear
in the literature. On the one side, the usual contractive condition is replaced by a
weakly contractive condition, while, on the other side, the action space is replaced by
some generalization of standard metric space (b-metric space, partial metric space,
G-metric space, etc.).

A fundamental role in the foundations of the constructions is played by the fixed
point theorems in metric spaces. They have been intensively studied for quite some
time. The Banach fixed point theorem provides a technique for solving variety prob-
lems in mathematical science and engineering.

It is worth notice that S. Banach proved his famous result in 1922 (see [8]). Other
important year for fixed point theory is probably 1926 (see [12], [39]). The classical
Denjoy-Wolff theorem asserts that all orbits of a fixed point of holomorphic mapping
f : D — D on the open unit disc D C C converge to a unique point € JD. Namely,
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this was the beginning of a research as well as an application of fixed point theory in
complex analysis.

Let X be a (nonempty) set and s > 1 be a given real number. A function d :
X x X — [0,00) is called a b-metric on X if it satisfies: d(z,y) = 0 if and only if
=y, d(z,y) = d(y,z) and d(x,2) < s(d(z,y) +d(y,2)), for all z,y,z € X. In
this case, the pair (X, d) is called a b-metric space. Obviously, if s = 1, then b-metric
space is usual metric space. For more notions such as b-convergence, b-completeness,
b-Cauchy sequence in the framework of b-metric spaces, the reader is referred to [1]-[7],
(9)-[11], [13], [3], [16], [18]-[20], [22]-[27], [20]-[31], [34}-[38], [40].

In this section we give a detailed overview of the various contraction conditions
related to b-metric spaces.

For the convenience of the reader we repeat the relevant material from [1], thus
making our exposition self-contained.

We follow the notation used in [1] and denote by S the set of all mappings ~ :
[0,00) — [0, 1) with the property ~ (t,) — 1, as t,, — 0. This set is non-empty since
the function f : [0,00) — [0,1) given by f (z) = ﬁ belongs to S.

The following contractive condition is considered in [1, Definition 1.20].
Definition 1.1. [1] Let (X, <, d) be a partially ordered b-metric space. Two mappings
f,9: X — X are said to satisfy generalized b-order rational contractive condition if
there exists § € S such that

sd(fz,gy) < B(d(z,y))M(z,y) + LN (z,y) (1.1)
for all x,y € X with x <y, where L > 0,

M (x,y) = maX{d(x,y), d(337f:L‘) d(yagy) }7

L+d(fz,gy)

N(:C’y) = mln{d(:ﬂ,y),d(x,fx) ,d(m,gy) ad(ya fx)ad(yagy)}

Here and subsequently, ¥ denotes the class of all nondecreasing mappings 1 :
[0,00) — [0, 00) satistying lim,, o 9™ (t) = 0 whenever ¢ > 0. If ¢ € ¥, then ¢(¢) <t
for ¢ > 0 and ¢ (0) = 0, as is easy to check (for details see [21]).

Definition 1.2. [1] Let (X, <, d) be a partially ordered b-metric space. Suppose that
f,9: X — X are two weakly increasing mappings and there exists zo € X such that
fro =2 gfxg. Assume that there exists ) € ¥ such that

sd(fx,gy) < P(M(z,y)) (1.2)
holds, for all z,y € X with x <y, where
d(z, f)d(y, gy) }

M(z,y) = max{d(z’y)’ 1+d(fx,gy)

Then f and g are said to satisfy generalized b-order v-rational contractive condition.

Throughout the paper, ® stands for the set of all functions ¢ : [0,00) — [0, 00)
with the following properties: ¢ is right continuous, nondecreasing, and ¢ (t) < ¢ for
every t > 0.

To facilitate access to the main results, we repeat Theorem 2.2 and Corollary 2.4
from [5] without proofs.
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Theorem 1.1. [5] Let (X, X) be a partially ordered set and there exists a b-metric
d on X such that (X,d) is a b-complete b-metric space. Suppose that s > 1 and
f X — X is an increasing mapping with respect to = such that there exists an
element xg € X with xo = f (x9). Assume that there exists 1» € U with the property
that

1+ sd(z,y)
1+ 3d(z, fz)
holds for all comparable elements x,y € X, where L > 0,

d(z, fx)d(y, fy) }
L+d(fz, fy)

sd(fzx, fy) <Y (M (z,y)) + LN (z,y)

M (z,y) = max{d(a:,y),

and
N (z,y) = min{d (z, fz),d(z, fy),d(y, fz),d(y, fy)}.
If [ is continuous, then f has a fized point.

Corollary 1.1. [5] Let (X, <) be a partially ordered set and there exists a b-metric d
on X such that (X,d) is a b-complete b-metric space. Suppose that f : X — X is an
increasing mapping with respect to < for which there exists an element xo € X with
xo = f(x0). Assume that there exists f € S such that
1+ sd(z,y)
1+ id(z, fz)

holds for all comparable elements x,y € X, where L > 0,

M (z,y) = max {d(x,y) Az, f2) d(%fy)}

L+d(fz, fy)
and
N (z,y) = min{d (z, fz),d(z, fy),d(y, fz),d(y, fy)}.
If f is continuous, or, for any nondecreasing sequence {x,} in X such that x, — u €
X one has x,, 2 u for alln € N, then f has a fized point.

Definition 1.3. Let (X, d, s) be a b-metric space. A mapping f: X — X is said to
satisfy b-Hardy-Rogers contractive condition if the inequality

d(fz, fy) < ard(z,y) + azd (z, fx) + asd (y, fy) + as [d (z, fy) + d (y, f2)]
holds, for all z,y € X, where a1, as, az, a4 are nonnegative numbers with the property

sa1+sa2+a3+(52+5)a4<1.

The next definition is a generalization being analogous with that from [15].
Definition 1.4. Let (X, d, s) be a b-metric space. A mapping f: X — X is said to
satisfy b-Hicks-Rhoades contractive condition if the inequality

d(f. f2) < pd (z, fz),
holds, for some p € (0,1), and = € Oyy = {y, fy, f?y,..., f"y,...}, where y € X.
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Essential to the proofs of fixed point theorems for the previous contractive condi-
tions are the following two lemmas.
Lemma 1.1. [19] Let (X, d) be a b-metric space with s > 1, and {x,} a sequence in
X such that limy, oo d (Tpn, Tny1) = 0. If {zn} is not a b-Cauchy sequence, then there
exist € > 0 and two sequences of positive integers {n (k)} and {m (k)} such that the
following four sequences

{d (Zmky> Tne) b {d (T Trey+1) b {d (@) 1> Tue)) b {d (@) +1> Tne)+1) }
exist and satisfy

e <liminfd (mm(k),mn(k)) <limsupd (xm(k), xn(k)) < es,
k—o0 k—o0

< limi <li < es?
< th_l>l£fd (Z(ky Tn(ky+1) < hiﬂ_fipd (Zm(k)s Tn(ry41) < €57,

< limi <1 <es?
< thggfd (T (k)+15 Tn(r)) < Umsupd (T (k)15 Tar)) < €57,

k—o0

M »|M

€ . .
— < liminf d (a:m(k)+1,xn(k)+1) < limsupd (zm(k)_H, xn(k)_H) <esd.
S k—o0 k—o0

Lemma 1.2. Let (X,d) be a b-metric space with s > 1, and suppose that {x,} and
{yn} are b-convergent with the limits x and y, respectively. Then we have

1
—d(z,y) <liminfd (v, y,) < limsupd (Tn, yn) < s%d (z,y) .
S n—oo n—00

In particular, if x = y, then we have lim,_ o0 d (n,yn) = 0. Moreover, for each
z € X, we have

1
;d(m,z) <liminfd (xy,,2) <limsupd(z,,z) < sd(z,z).

n—00 n—00

Instead of using previous lemmas, in this paper, we will show that much more
subtle and convenient is the next, recent result.
Lemma 1.3. [26, Lemma 2.2], [38, Lemma 6] Let {x,,} be a sequence in a b-metric
space (X,d,s) such that

d (J?n, xn—i—l) S /J,d (xn—la mn)

for some p € [0,1), and each n € N. Then {z,} is a b-Cauchy sequence in (X,d,s).

The next lemma can be compared with the previous.
Lemma 1.4. [27, Lemma 1.12] Let (X, d) be a b-metric space and {x,} a sequence

in X such that all x,, n > 0, are different. Suppose that there exist real nonnegative
numbers X € [0,1) and c1, co such that the inequality

d (T, n) < A (Tim—1,Tn-1) + 1A + c2 A"
holds, for all m,n € N. Then {z,} is a b-Cauchy sequence.

We will now show that the proofs of the most fixed point theorems in the context
of b-metric spaces become simpler and shorter if they are based on Lemma 1.3.
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2. MAIN RESULTS

Let (X, d) be a metric space and f a self-mapping on X satisfying some contractive
condition. It is of interest to know whether the corresponding Picard sequence for
f with initial point xy € X is a Cauchy sequence with respect to the contractive
condition.

In order to obtain the existence of fixed points of some mapping f, in quite a few
proofs, the basic idea is to consider the Picard sequence of f given by

{$n+1}neNu{o} = {fxn}neNU{O} = {f”x()}nGNU{O}

where Oz = zo.

It is clear that {I"}neNU{O} is not a Cauchy sequence, if d(x,,z,11) - 0, as
n — oo.

Most of all, the proof falls naturally into the next parts. It is firstly shown that
the sequence {z,},cn (0} satisfies Jungck’s contractive condition, i.e. for all n € N
(or n > k for fixed k € N) and A € [0, 1), holds the inequality

d(-rnaxn—i-l) S Ad (xn—laxn) ) (21)

which implies

d(xn, Tnt1) < A (z9,21) (2.2)
for all n € N (or n > k for fixed k € N) and A € [0,1). From this, it may be concluded
that {z},cnuqoy is @ Cauchy sequence. Indeed, let n,m € N and n > m. From (2.2),
we have

d(xmv‘rn) S d (xma merl) + d(‘rm+1vmm+2) + -+ d(mnflvxn)
S ()\m _|_/\m+1 P +/\n—2 +/\n—1) d(xo,l‘l)

= ﬁd(:co,xl) < md(:co,xl) -0, m— oo.
Since n > m, we obtain d (z,, z,,) — 0, as n, m — oo.

If {zn}, enugoy does not satisfy the condition (2.1), then it is enough to assume

that the corresponding Picard sequence of f is not a Cauchy sequence and according
to the following lemma, a contradiction is obtained.
Lemma 2.1. [2] Let (X,d) be a metric space and {x,,} be a sequence in X such that
d(zp,Tnt1) = 0, asn — co. If {xy} is not a Cauchy sequence in X, then there exist
e > 0 and two sequences {ny} and {my} of positive integers such that ng > my >k
and the sequences

{d (mmmxnk)} ) {d (mmk,7xnk+1)} ) {d (mmk*h xnk)} )

{d(zmk_17xnk+1)}7{d(‘rmk+17xnk+1)}
tend to e, as k — +oo.

The previous lemma is important and widely used for assaying that the Picard
sequence of f under some contractive condition is a Cauchy sequence. There are a
large number of illustrations. We present just two of them.
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Example 2.1. Let (X, d) be a metric space and f : X — X a mapping on X with
the property

d(fz, fy) < Amax{d(z,y),d(z, fz),d(y, fy),d(z, fy),d(fz,y)},

for all z,y € X and A € [0, 3).

Obviously, if A = 0, then every Picard sequence is a Cauchy sequence. Assume
that A € (O, %) Let 2¢p € X be an arbitrary. Define {xn}neNu{o} by Tpi1 = fn.
We obtain tree cases:

1° d(l’n,.’L‘n+1> < )\d(.’l,'n,ﬂfn,l);
2° d(Tpn, Tnt1) < Ad(Tp, Tpy1) < d(Xp, Tpy1), which is impossible;
3° d(zn, Tnt1) < Ad(Tp-1,Tnt1) < AMd(Tn-1,%n) + d(Tn, Tnt1)), i€
(

A
d «/E’I’Hxn«‘rl) S ﬁd(xnfl,l‘n).

Since X € (0, %), then (2.1) holds, and, consequently, {z,} is a Cauchy sequence.

Example 2.2. Let (X, d) be a metric space and f : X — X a mapping satisfying
d(fx, fy) < d(z,y) — ¢ (d(z,y)) (2.3)

for all z,y € X, where ¢ : [0,00) — [0,00) is a function with some continuity
properties and ¢ (t) = 0 if and only if ¢ = 0.
Suppose that z,, # z,41 for all n € N. We have

d (Inv xn—i—l) =d (fxn—la fxn) <d (xn—lv xn) — @ (d (xn—la 'Tn))
<d(xp—1,n).

Consequently, there exists d* such that 0 < d* < lim, o0 d (T, Tpy1) -
Assume that d* > 0. From the inequality

d (mny xn—&-l) <d (xn—la xn) - ¢ (d (-Tn—la xn)) )
letting n tend to co, we obtain d* = 0, a contradiction.

If {znt1toenogoy = fTntnenopoy = {20} enugoy 18 not a Cauchy sequence,
then substituting « = x,,, and y = x,, into (2.3), we have

d(xmk-i-la-rnk-i-l) < d(xmk)mnk) —p(d (xmk7xnk)) .

Letting kK — oo and by the continuity of ¢, we obtain € = 0, which contradicts € > 0.

Remark 2.1. The elegance of the previous proof could be seen as an example of the
power of Lemma 2.1. Using this lemma, it should be pretty easy to obtain that every
Picard sequence is a Cauchy. The proofs are now shorter than they were before.

Now, we will focus our attention to b-metric spaces and show that some contractive
conditions imply that each Picard sequence of initial point ¢ € X is actually b-Cauchy
sequence in the given b-metric space (X, d, s). Our basic idea is to apply Lemma 1.3.
We present our first result.

Theorem 2.1. The contractive condition (1.1) implies that the corresponding Picard
sequence {Tn},cnyqoy 15 @ b-Cauchy sequence.
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Proof. We can follow line by line the proof of Theorem 2.2 in [1]. Hence, we have
Xy =X Tpyq for all n € NU{0}. Further, it follows that

1
d (l‘n, xn-{-l) < ?d (xn—la an)

for all n € N. From [26, Lemma 2.2], it may be concluded that {z,}, cyygoy is a
b-Cauchy sequence.

Remark 2.2. We see at once that the condition (1.2) imposes a new better condition
for the proof of Theorem 2.2 from [1]. Indeed, (1.1) implies the inequality

1
d(fz,gy) < ;M(%y) + LN (2,y),

where I, = %, s > 1. For s = 1 we obtain the result in the standard metric space
but with a new proof.

The proof of the next lemma is straightforward and will be omitted.
Lemma 2.2. Let (X,d,s) be a b-metric space and f a self-mapping on X. The
following conditions are equivalent.

(A) d(fz, fy) < ard (z,y) + azd (z, fz) + asd (y, fy) +as [d (2, fy) + d (y, fz)] for all
z,y € X and ay,as,as,aq > 0 with the property ay + as + asz + 2sa4 < 1.

(B) d(fz, fy) < bid (z,y) + bad (z, fz) + bsd (y, [y) + bad (z, fy) + bsd (y, fx) for all
x,y € X and by, b, b3, bs, bs > 0 with the property by + by + bs + (ba + bs) s < 1.

Lemma 2.3. Let (X,d,s) be a b-metric space and f a self-mapping on X satisfying
the property (A). Then:

a) for arbitrary xo € X, the corresponding Picard sequence

{xn+1}n€NU{O} = {fxn}neNu{o}

1s a b-Cauchy sequence;
b) for all x € X and some k € (0,1) holds the inequality

d(fz, f?z) < kd(z, fx). (2.4)

Proof. a) Assume that x,, # z,_; for all n € N. Substituting x = x,,, y = 2,,—1 and
T = Tp_1, Y = Tp, respectively into (A), we obtain

d(Tpt1,2n) < (a1 4 as + ags) d (Xp, Tp—1) + (a2 + a48) d (Tpy1, T0) (2.5)
and

d(xn,Tpy1) < (a1 + a2 + a4s) d (zp, Tp—1) + (a3 + ag8) d (Tpt1, Tn) - (2.6)
Summing (2.5) and (2.6), we have

2a1 + as + asz + 2a48
2 —as —az — 2a48

d(mn+laxn) < d(xnaxn—l) .

Since a1 + as + az + 2say < 1, the inequality
201 + as + ag + 2a48

<1
2— a9 — a3z — 2a4s
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implies 2 — 8 — v — 2us > 0. According to [26, Lemma 2.2], the condition (A4) gives
that {2, },,eny 0y 18 @ b-Cauchy sequence.

b) To deduce (2.4) from (A), replace = and y by  and fx and then by fz and z,
respectively. We have

d (fx, f2x) < (a1 +az +aqgs)d(z, fx) + (a3 + ass)d (fm, f2ac) ,
and
d (fo,fx) < (a1 + a3+ as8)d(z, fr) + (az + ass) d (fx,me) .

From the above inequalities, we conclude that d (fz, fzx) < kd(z, fr) forall z € X
where

a1 + ags + 7’125“3

1—ays — ’”Jgag '

Since k < 1 if and only if a1 + a2 + a3 + 2sa4 < 1, the condition (2.4) is checked.

k:

Remark 2.3. Note that Lemma 2.3 b) gives more. Namely, in this case, f has the
property (P), i.e., F (f) = F (f™). For more details see [17].

For the convenience of the reader we now repeat the relevant material from [28],
thus making our exposition self-contained.
Let (X,d) be a metric space.

CB(X)={A| A is a nonempty, closed and bounded subset of X}

D(a,B) =inf{d(a,b) |be BC X}, a€ X

H(A,B) =max{sup{D (a,B) |a € A},sup{D (b,A) | b€ B}}, A,B € CB(X).
It is easy to see that H is a metric on CB (X), called the Hausdorfl-Pompeu metric
by d.

A set valued mapping T : X — CB(X) is said to be multi-valued contraction
mapping if there exists a fixed real number A, 0 < A < 1, such that

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

for all x,y € X. A point = € X is called a fixed point of T if x € Tz.

For further information about the multi-valued mappings in b-metric spaces, we
refer the interested readers to the following papers: [4], [6], [18].

In the sequel we restrict our attention to [4, Theorem 2.1]. We will now show how
to dispense with the assumption of Geraghty contraction.
Theorem 2.2. Let (X, d) be a b-metric space and S, T : X — CB(X) two multivalued
mappings. If there exist 8 € S and v € U such that the pair (S,T) satisfies the
following inequality

W(s°H(Sz, Ty)) < (M (x,9))(M(z,y)), (2.7)
for all x,y € X where

M(z,y) = maX{d(:c,y),D(x, Sz), D(y, Ty), D(z,Ty) + D(y, Sx) }7

2s

then the corresponding Picard sequence with the initial point xo is a b-Cauchy se-
quence.
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Proof. Tt is clear that (2.7) implies
1

for all z,y € X. Following the lines of the proof in [4, Theorem 2.1], we construct a
sequence {z"}NU{O} in X such that x9;41 € Sxa;, Toi42 € Ta911, 1 € NU{0}. We
obtain

1
d (T2i41, T2iq2) < de (w24, T2541) (2.9)

and according to Lemma 1.3, we conclude that {z,}y, {0y is a b-Cauchy sequence.

Remark 2.4. From (2.7) we have

1 1
0< D(Il,Tl‘l) < H(S$07T.’L‘1) < ;M (Io,l‘l) = ?d(xo,xl),

since M (zg,21) = d (2o, x1) . Also, there exists xo € T'zy such that
1
0<d(z1,22) < H(Sx0,T21) < Ed(xo,xl).
From [4, Theorem 2.1}, we obtain that the sequence {@n}, ey 0y Satisfies

d(xn7$n+1) S ,U/d («/L'nfla an) )

where p = g% and n € N.

It is clear that (2.7) implies (2.8). This can be a considerable improvement of [4]
since we exclude the Geraghty condition and obtain much shorter proof.

Remark 2.5. Note that the proof of Theorem 2.1 in [4] is not correct. Namely, on
page 11, line 4%, D (z*,Tz*) is not necessarily equal with lim,, o D (z,,, Tz*) .
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