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Preface

This thesis is focused on the theory of operatorial contractions which arises as an ex-
tent of Perov fixed point theorem. The setting is a cone metric space, both solid and
normal. Main idea was to, inspired by Perov contraction, obtain various fixed point
results for a new class of contractions including positive linear operator with spectral
radius less than one instead, of a contractive constant. Quasi-contraction and Fisher
quasi-contraction could be also redefined in a sense of Perov type mappings and ade-
quate theorems regarding existence of a fixed point are stated. We deal also with a new
approach to Hardy-Rogers theorem in addition to common fixed point problem for pairs
and sequence (family) of mappings. Omitting some requirements, such as linearity, is a
line of study that should be followed in the future research. Theory is illustrated with
important examples that accentuate originality, independence and applicability of col-
lected results. Having in mind analogous results on metric or cone metric space (without
operator as a constant), it is crucial to determine that results presented in this thesis
could not be obtained from those previously published by any renormizaton or scalar-
ization technique and, hence, represent a real improvement and generalization. This is
substantiated with theoretical considerations and several examples demonstrating appli-
cations of our results in the case when well-known analogons are not applicable.

Finding a new approach to well-known and extensively studied problem in the func-
tional analysis was the main motivation. Throughout history, even taking into account
latest research, extensions of Banach theorem went in two directions. Some of the au-
thors altered the set of distances, others just redefined same Banach condition but in
the different surrounding. Only Perov’s result gave a different overview and following
those steps, but on a much wider class of spaces, we define Perov type contractions,
prove some existence and uniqueness results along with numerical estimations that have
impact on convergence, orbit, etc. It should be mentioned that used proof techniques
combine operator theory, linear algebra and nonlinear analysis for the purpose of fixed
point theory.

The dissertation is organized in five different chapters followed by Concluion, Bibiliog-
raphy and Biography of the author. Starting with the introductory chapter [1, we gather
short historical survey, basic concepts and notations needed to follow the storyline of the
manuscript. Section is a brief expose on the development of metric fixed point theory
and famous fixed point theorems that will be studied in the following chapters (see sec-
tions 2.2] and [2.3)). Defining cone metric space is what follows in section [1.2] along with

simple auxiliary results determining the difference between solid and normal cone. We



introduce the results of Perov in section [[.3] and make connections between cone metric
space and generalized metric space in the sense of Perov. The end of this chapter is a
short overview on some spectral properties of a bounded linear operator on Banach space.

Our main results are gathered in Chapter [2] Perov type fixed point theorem, both on
solid and normal cone metric space, is the most important part of Section [2.1] Normal
case is extension of Perov theorem since the operator (matrix in Perov case) is not nec-
essarily positive. Theory is substantiated with several examples. The Perov condition
is altered by adding a nonlinear operator in the sense of Berinde. Sections and
analyze Perov type quasi-contraction and (p, ¢)-quasi-contraction pointing out to the
possible future research. Omitting linearity request was important result in this research
and therefore section [2.6| improves results of and all published results on this type
of mappings. Section [2.5] includes some new results of Perov type on partially ordered
cone metric spaces that are not yet published. Moreover, this chapter contains several
interesting applications. Important addendum to this chapter is Chapter [4 corroborating
value of presented findings.

Common fixed point problem, as a special case of coincidence problem, is broadly
studied due to important and valuable applications. We unify those results in Chapter
Bl In the first part of the chapter, we extend and summarize results for the pair of
mappings. Also, in [3.1 we define interesting properties in order to weaken commuta-
tivity condition. Section suggests different approach in order to find common fixed
point property for the sequence of mappings. Therein, as a special case, we additionally
analyze pair of mappings apart from [3.1]

Of a great relevance is the Chapter [4] Perov theorem could originate from Banach
theorem but just for the existence part since estimations regarding distance of the itera-
tive sequence from fixed point are unrelated. Other part of|4.1}is justifying statements on
normal cone metric space and certifying its value. We choose Du’s scalarization method
to examine relation between solid cone metric and metric space, and, as a consequence,
our results and metric fixed point theorems. The fact that operator appears in a con-
tractive condition plays the crucial role in obtaining preferable outcome-it is not possible
to reduce theorems on solid cone metric space presented in this dissertation to Banach
fixed point theorem and equivalent results.

Obtained results have a wide range of application including differential inclusions,
solving operator, integral and differential equations, well-posedness of multiple problems
and Ulam’s stability of functional equations, among others. Overall, in every chapter you
can find several examples implicating different kind of applications. Therefore, in Chap-
ter [b| we cover only two implementations of Perov type results. Section [5.1]| substantiates
application in solving integral equations with a few examples representing different kind
of integral equations. However, in generalize Ulam’s (or equivalently Ulam-Hyers or
Ulam-Hyers-Rasias ) stability of functional equations is an interesting topic and offers
a lot of possibility for further research. It is interesting that many recently published
Ulam’s stability results using the fixed point techniques are direct corollaries of results



in this thesis.

In the end we summarize presented result, emphasise their contribution and discuss
further research. For further and more detailed information regarding some previous
research or some results left over, see the reference list in chapter [6]

The content of this thesis is based on several published articles on this topic:
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and presented at three international and one national conference along with two guest
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Drazin Inverse of Linear Operator in Banach Space, Filomat, 13 (2017), 505-511.
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amount of family’s support, love and encouragement.
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Chapter 1

Introduction

This chapter unifies all necessary notations, definitions and theorems to make this
manuscript self-contained and to properly complement presented results. It includes
many different areas of mathematics such as linear algebra, operator theory, nonlinear
analysis and, the most significant, fixed point theory. For the convenience of a reader,
we divide it in several sections.

First part gives a retrospective on some meaningful and well-known fixed point the-
orems on a complete metric space. Important section is related to the concept of cone
metric space and w-cone distance and fixed point theorems with both solid and normal
cones. Generalized metric space in the sense of Perov along with a Perov contraction is
defined and discussed in the sequence. Additionally, some matrix properties are men-
tioned. Finally, some basic concepts and notations in operator theory are necessary in
dealing with Perov type contraction and therefore included as a preliminary.

1.1 Metric fixed point theory

For a non-empty set X and a mapping f : X +— X, x is called a fixed point of f if
f(z) = x. Set of all fixed point for the mapping f is denoted with Fixz(f). An arbitrary
mapping on X could have unique, many or none fixed point.

Example 1. (i) f(z) =z, € R has infinitely many fixed points;
(it) f(z) =2+ 1, 2 € N has no fixed points;
(it7) f(x) =3, v € Q, has a unique fixed point.

This choice of examples underlines absence of correlation between continuity and fixed
point. On the other hand, boundedness and linearity also have no effect on existence of
a fixed point.

The easiest way to explain such amount of interest for this topic is analyzing the equation
F(z) = 0 which easily transforms into the fixed point problem. Selected framework will
be metric space.

Definition 1.1.1. Let X be non-empty set and d : X x X — R mapping such that:

6



1.1. Metric fixed point theory 7

(dy) d(z,y) >0 and d(z,y) =0 < = =y,
(d2) d(JT,y) - d(y,:x);
(d3) d(z,y) < d(z,z) +d(z,y).

Assuming that elementary facts about metric spaces are well-known, we would not
go into the details.

In metric fixed point, theory we may say that everything starts and finishes with
famous Banach fixed point theorem, also known as the contraction principle. It was first
stated by famous mathematician Stefan Banach in [I8] published in 1922. The proof
given by Banach was based on defining an iterative sequence (sequence of successive
approximations) and through decades was shortened and improved. The mapping f on
a metric space X is named contraction if there exists some constant ¢ € (0, 1) such that

d(f(z), f(y)) < qd(z,y), z,y € X.

The constant g is known as the contractive constant. Clearly, every contraction is a
non-expansive mapping. For any self-mapping we define a sequence (z,,), x, = f(x,-1),
n € N, for arbitrary zo € X. It is called a sequence of successive approximations or
iterative sequence

Theorem 1.1.2. ([1§]) Let (X, d) be a non-empty complete metric space with a contrac-
tion mapping f : X — X. Then f admits a unique fized point in X and for any xo € X
the iterative sequence (x,) converges to the fized point of f.

Great part of Banach fixed point theorem’s success is based on iterative sequence ad
its convergence which found applications in numerical analysis. It also gives good upper
bound for contractive constant ¢ since if ¢ = 1, fixed point do not necessary exist. (See

Example (1] (47))

Further on, research went in two separate ways-changing the contractive condition or
changing the setting or even combining the both. Modification of the contractive condi-
tion is expressed through Ciri¢ and Fisher quasi-contractions, common and coupled fixed
point problem, etc. Otherwise, metric space is replaced with partial metric, b-metric,
cone metric space, space with w distance and so on. In this section we remain interested
only for results on a complete metric space and suggest to pay attention on two classical
results that extend many different kinds of contractions.

Serbian mathematician Ljubomir Ciric studied new type of mappings such that, for
some ¢q € (0,1) and any x,y € X:

A(f(x), (y)) < qmax {d(w,), d(x, f(x)). d(y. f9). d(a. F()). dly. F(2)) }.

known as quasi-contraction or Ciri¢ quasi-contraction. In [39] in 1974. he gave the proof
of a theorem:



1.2. Cone metric space 8

Theorem 1.1.3. If (X,d) is a complete metric space and f : X — X a quasi-
contraction, then it possesses a unique fived point and the iterative sequence converges
to the fized point of f.

Example that convinces us that the class of quasi-contraction is strict superset of
contractions in presented in [39)].

Fixed point in both Banach and Ciri¢ theorem, and many similar, is a limit of the
iterative sequence. Therefore, f, n € N, has negligible impact on a fixed point. Having
that in mind along with Ciric’s result, it proceeds different condition:

) £1) < quax {d(f7e o), ) Al )
0<r,r”<p and O gs,s’gq}.

for some p,q € N and any x,y € X, determining a (p, ¢)-quasi-contraction. Fisher ([54])
proved that continuous (p, ¢)-quasi-contraction on a complete metric space possesses a
unique fixed point. If p =1 or ¢ = 1, continuity is not necessary. Ciri¢ quasi-contraction
is a special case for p = ¢ = 1.

A multitude of fixed point theorems on metric spaces will be mentioned in the sequent,
even though just those two will be extensively studied.

1.2 Cone metric space

The concept of a cone metric space (vector valued metric space, K-metric space) has
a long history (see [67, 110, 129]) and first fixed point theorems in cone metric spaces
were obtained by Schroder [122] [123] in 1956. Cone metric space may be considered as a
generalization of metric space and it is focus of the research in metric fixed point theory
last few decades (see, e.g., [2, 6, 19, 44, 57, [73] [79, 117, 112] for more details). Most
authors give credit to Huang and Zhang ([67]), but it is not sufficiently mentioned that
serbian mathematician Kurepa published the same idea much before.

Definition 1.2.1. Let E be a real Banach space with a zero vector 0. A subset P of E
is called a cone if:

(1) P 1s closed, nonempty and P # {0};
(17) a,b € R, a,b> 0, and x,y € P imply ax + by € P;
(1) PN (—P)={0}.

Given a cone P C F/, the partial ordering < with respect to P is defined by x <X y if
and only if y — 2z € P. We write x < y to indicate that x < y but  # y, while z < y
denotes y — x € int P where int P is the interior of P.
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The cone P in a real Banach space E is called normal if
inf{llz +y| [ 2,y € Pand |z = [jy|| =1} >0
or, equivalently, if there is a number K > 0 such that for all z,y € P,
0 < x <y implies |z| < K |y|. (1.1)

The least positive number satisfying ([1.1]) is called the normal constant of P. The cone
P is called solid if int P = ().

Definition 1.2.2. Let X be a nonempty set, and let P be a cone on a real ordered
Banach space E. Suppose that the mapping d : X x X — E satisfies:

(dy) 0 = d(x,y), for all x,y € X and d(z,y) = 6 if and only if x = y;
(dy) d(z,y) = d(y,z), for all z,y € X;

(ds) d(z,y) < d(z,z) +d(z,y), for all x,y,z € X.

Then d is called a cone metric on X and (X, d) is a cone metric space.

It is known that the class of cone metric spaces is bigger than the class of metric
spaces.

Example 2. Let E =", P = {(xp)neny € F | 7, > 0, n € N} (X, p) be a metric space

and d : X X X — FE defined by d(z,y) = <%> . Then (X,d) is a cone metric
neN
space.

Example 3. Let X = R,E = R" and P = {(21,...,2,) € R" | 2; > 0,i=1,n}. it is
easy to see that d : X x X — E defined by d(z,y) = (|x —y|, k1|lz — yl|, ..., kn_1|lx — y|)
is a cone metric on X, where k; > 0 for i = 1,n — 1.

Example 4. ([44]) Let E = CW[0,1] with ||z|| = ||z||, + ||z']|, on P = {z € F |
z(t) > 0 on [0,1]}. Consider, for example,
1 —sinnt 1+ sinnt
) = S nd () = e N
n(t) n+ 2 and - ya(t) n+ 2 "
Deducing [|z,|| = [lynl| = 1 and [z, + yal = 75 — 0 as n — oo, we see that it is a

non-normal cone.

Presumably, convergent and Cauchy sequence are naturally defined, Suppose that £
is a Banach space, P is a solid cone in F, whenever it is not normal, and < is the partial
order on F with respect to P.

Definition 1.2.3. The sequence (x,,) C X is convergent in X if there ezists some x € X
such that
(Ve 0)(3no e N)n > nyg = d(z,,2) < c.
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We say that a sequence (x,) € X converges to z € X and denote that with lim z,, =
n—oo

x or x, — x, n — oo. Point x is called a limit of the sequence (z,,).

Definition 1.2.4. The sequence (x,) € X is a Cauchy sequence if
(Ve>0)(Ing e N)n,m > ng = d(x,, x,) < c.

Every convergent sequence is a Cauchy sequence, but reverse do not hold. If any
Cauchy sequence in a cone metric space (X, d) is convergent, then X is a complete cone
metric space.

As proved in [67], if P is a normal cone, even in the case int P = (), then (z,) C X
converges to « € X if and only if d(x,,z) — 0, n — oo. Similarly, (z,) C X is a Cauchy

sequence if and only if d(z,, x,) — 0, n,m — oco. Also, if lim x, =z and lim y, =y,
n—oo n—ro0

then d(x,,y,) — d(x,y), n — oo. Let us emphasise that this equivalences do not hold if
P is a non-normal cone.
The following properties are often used (particulary when dealing with cone metric
spaces in which the cone need not to be normal):
(p1) If u < v and v < w then u < w.
(p2) If 0 < u < ¢ for each ¢ € int P then u = 6.
(p3) If @ = b+ ¢ for each ¢ € int P then a <b.
(ps) If 0 <z <y, and A > 0, then § < Az < \y.
(ps) If 0 <z, <y, for each n € N, and lim z, = z, T}Lr{:oyn =y, then # < x < 9.
(Ps)
(

n—oQ

pe) If 0 < d(zp,z) 2 b, and b, — 6, then z,, — x.

pr) If E is a real Banach space with a cone P and if a < Aa, where a € P and
0 <A< 1, then a = 6.

(ps) If c € int P, 6 < a,, and a,, — 6, then there exists ng such that for all n > ny we
have a,, < c.

From (ps) it follows that the sequence {z,} converges to x € X if d(x,,z) — 6 as
n — oo and {z,} is a Cauchy sequence if d(x,,x,,) — 0 as n,m — co. In the situation
with a non-normal cone we have only one part of Lemmas 1 and 4 from [67]. Also, in
this case the fact that d(z,,y,) — d(z,y) if x, — x and y,, — ¥y is not applicable.
A mapping f : X — X is a continuous mapping on X if for any z € X and a sequence
(r,) € X such that nh_)rgo x, = x, it follows nh_}r{)lo f(zn) = f(z).

For the purpose of Section [2.4] we collect some basic knowledge regarding w-distance
on cone metric space.

Function G : X — P is lower semi-continuous at x € X if for any € > 6, there is
no € N such that

G(z) 2 G(z,) +e, forall n > nog, (1.2)

whenever (z,,) is a sequence in X and z,, — x, n — o0.

Definition 1.2.5 ([42]). Let (X, d) be a cone metric space. Then a functionp : X x X —
P is called a w-cone distance on X if the following conditions are satisfied:

(w1) p(z, 2) 2 plx,y) +p(y, 2), for any x,y,z € X;
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(wa) For any x € X, p(z,-) : X — P is lower semi-continuous;

(ws) For any ¢ in E with 0 < ¢, there is § in E with 0 < 0, such that p(z,z) < ¢
and p(z,y) < ¢ imply d(z,y) < e.

It is important to mention that every cone metric is w-cone distance and there exist
w-cone distances such that underlying cone is not normal.

Lemma 1.2.6. ([42])Let (X,d) be a tvs-cone metric space and let p be a w-cone distance
on X. Let (x,) and (y,) be sequences in X, (ay,) with 6 = o, and (5,) with 6 < 3, be
sequences in E converging to 0, and x,y,z € X. Then:

(i) If p(xn,y) = a, and p(x,, 2) < B, for any n € N, then y = z. In particular, if
p(z,y) =0 and p(x,z) =0, then y = z.

(11) If p(2n, yn) < @ and p(x,, 2) < B, for any n € N, then (y,) converges to z.

(111) If p(xp, ) = v, for any n,m € N with m > n, then (x,,) is a Cauchy sequence.

() If p(y, z,) < ay, for any n € N, then (x,) is a Cauchy sequence.

1.3 Perov theorem

Russian mathematician A. I. Perov ([101]) defined generalized cone metric space by in-
troducing a metric with values in R™. Then, this concept of metric space allowed him to
define a new class of mappings, known as Perov contractions, which satisfy contractive
condition similar to Banach’s, but with a matrix A € R™*" with nonnegative entries
instead of a constant q.

Let X be a nonempty set and n € N.

Definition 1.3.1. ([101]) A mapping d : X x X — R™ is called a vector-valued metric
on X if the following statements are satisfied for all x,y,z € X.

(dy) d(z,y) >0, and d(x,y) =0, < z =y, where 0, = (0,...,0) € R";
(d2) d(ZL‘, y) = d(y7 JZ),’
(ds) d(z,y) < d(z,z) +d(z,y).

Ifz=(x1,.-,2n), ¥y = (Y1,-..,9n) € R, then x <y means that x; < y;, i =1,n.

We denote by M,,,, the set of all n x n matrices, by M, ,(R") the set of all n x n
matrices with nonnegative entries. We write ©,, for the zero n x n matrix and I,, for the
identity n X n matrix and further on we identify row and column vector in R™.

A matrix A € M,,,(R") is said to be convergent to zero if A™ — O,,, as m — .

Theorem 1.3.2. (Perov [101, [102]) Let (X,d) be a complete generalized metric space,
f: X — X and A € M,,,,(RY) a matriz convergent to zero, such that

d(f(x), fy) < A(d(z,y)), =z,y€ X.

Then:
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(1) f has a unique fized point z € X;

(17) the sequence of successive approzimations x, = f(x,_1),n € N, converges to z for
any xg € X;

(i) d(xn,z) < AM(I, — A)"Y(d(xo, 21)), n € N;

() if g + X — X satisfies the condition d(f(x),g(z)) < ¢ for all x € X and some
c € R™, then by considering the sequence y, = g™ (o), n € N, one has

d(yn, 2) < (I, — A7) + A"(1, — A) " (d(x0,21)), n € N.

This result found main application in the area of differential equations ([102, 121]
109]).

Perov generalized metric space is obviously a kind of a normal cone metric space.
Defined partial ordering determines a normal cone P = {x = (x1,...,2,) € R" | z; >
0,7 = 1,n} on R", with the normal constant K = 1. Evidently, A(P) C P if and only
if A € M, ,,(R*). It appears possible to adjust and probably broadly modify Perov’s
idea on a concept of cone metric space. Preferably, we will get some existence results.
Nevertheless, forcing the transfer of contractive condition on cone metric space would
be possible for some operator A instead of a matrix.

1.4 Operator theory

Observe that with B(E) is denoted the set of all bounded linear operators on a Banach
space £ and with £(A) the set of all linear operators on E. As usual, 7(A) is a spectral
radius of an operator A € B(F),

r(A) = lim ||A"||Y/" = inf | A"
n—00 neN

If r(A) < 1, then the series > A" is absolutely convergent, I — A is invertible in B(E)
n=0
and

im — (I - A

Also, r((I — A)™1) < 175(14)'

If A,B € B(E) and AB = BA, then r(AB) < r(A)r(B).
Furthermore, if ||A|| < 1, then I — A is invertible and

1

I-A < ——.
10 =7 < 7=



Chapter 2

Perov type theorems on cone metric
spaces

This chapter gathers main results concerning Perov theorem. First part of extending
Perov’s result included changing the setting-instead of generalized space in the sense of
Perov, we observe cone metric space. However, in that case, distance is a vector in Banach
space, so the contractive matrix A must be omitted and our idea was to implement some
operator on a Banach space instead. Regarding properties of the operator A we must
discuss two different cases, if cone P C FE' is solid or normal. Our initial assumption was
to observe bounded linear operators with spectral radius less than 1. If the cone is solid,
additional request would be that A is a positive (increasing) operator. Normal cone
requires stronger norm inequality K||A|| < 1, where K is a normal constant of observed
cone metric space.

Another direction of extending Perov theorem involves change of the contractive
condition. The focus was on the most general class of contractions such as Ciri¢ and
Fisher quasi-contraction. Correlations between those results mutually were discussed
along with links to analogous results on cone metric spaces with a constant instead of
operator and their (equivalent) metric versions.

In the last section of this chapter, the goal is to get a wider class of contractive
operators that would guarantee existence of a fixed point. The strongest request for
operator A that significantly reduces the list of possible candidates, is linearity and it is
successfully excluded in the main result of the last section.

Important part of this chapter are presented examples and comments that emphasise
(non)existence of some connections between obtained results along with some possible
applications.

2.1 Extensions of Perov theorem

In the setting of a cone metric space (X, d), distance is a vector in a Banach space F, and
therefore contractive constant ¢ from the well-known Banach contraction can be replaced
with some operator A : F — E. Accordingly, for some f : X +— X, the inequality

d(f(z), f(y)) = A(d(z,y)), z,y € X,

13
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defines a new kind of contractions which we will name Perov type contractions. It
remains to determine necessary and sufficient conditions for the operator A that will
guarantee existence of a fixed point of Perov type contraction. Uniqueness of the fixed
point will be also discussed. Taking into account previously stated Perov theorem, we
may suppose that A should be positive operator on cone metric space and A™ should
tend to zero operator when n — oco. For that reason, some auxiliary results are presented
in the sequence.

Lemma 2.1.1. Let (X,d) be a cone metric space. Suppose that z, is a sequence in X
and that b, is a sequence in E. If 0 < d(zp,zm) < b, for m > n and b, — 0,n — oo,
then (z,,) is a Cauchy sequence.

Proof. For every ¢ > 0 there exists ny € N such that b, < ¢,n > ny. It follows that
0 <d(zp, ) < c,m >n > ng, ie., (z,) is a Cauchy sequence. O

Discussing linear operators, it is important to emphasise that the class of positive and
the class of increasing operators coincide. Remark that, without linearity, only inclusion
remains.

Lemma 2.1.2. Let E be Banach space, P C E cone in E and A : E — FE a linear
operator. The following conditions are equivalent:

(i) A is increasing, i.e., x <y implies A(z) 2 A(y).

(i1) A is positive, i.e., A(P) C P.

Proof. If A is monotonically increasing and p € P, then, by definitions, it follows p = 6
and A(p) = A(0) = 6. Thus, A(p) € P, and A(P) C P.

To prove the other implication, let us assume that A(P) C P and z,y € E are such that
r<y. Nowy—x € P,and so A(y — z) € P. Thus A(z) < A(y). O

The results of the following theorem apply to the cone metric spaces in the case
when cone is not necessary normal, and Banach space should not be finite dimensional.
This extends the results of Perov for matrices([I01], 102]), and as a corollary generalizes
Theorem 1 of Zima ([130]).

Theorem 2.1.3. Let (X,d) be a complete solid cone metric space, d : X x X +— F,
f:X— X AecB(E), withr(A) <1 and A(P) C P, such that

d(f(x), f(y)) = Ad(z,y), w,y € X. (2.1)
Then:
(i) f has a unique fized point z € X ;
(i1) For any xo € X the sequence x, = f(x,—1), n € N converges to z and

d(x,,2) 2 A"(I — A)"'(d(xg,71)), n €N;

(7ii) Suppose that g : X — X satisfies the condition d(f(x),g(z)) = ¢ for allz € X and
some ¢ € P. Then if y, = g"(xo),n € N,

d(yn, 2) 2 (I — A)"H(c) + A*(I — A)"Yd(z0, 1)), n € N.
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Proof. (i) For n,m € N, m > n, the inequality

m—1

0 j d($n7$m) j Z 33'(),,171 < ZA 5170,1‘1

=n

along with 7(A) < 1, implies

I3 Ao, e )l < 37 14 (e, 0))]| = 0, 0 — oc.

Thus a, = Y. A (d(xg,21)) — 6, n — oo, and by Lemma [2.1.1] (z,,),en is a Cauchy

sequence. SzinTZ:e X is a complete cone metric space, there exists the limit z € X of
sequence ().

Let us prove that f(z) = z. Set p = d(z, f(z)), and suppose that ¢ > 6 and € > 6.
Hence, there exists ng € N such that

d(z,z,) < c andd(z, z,) < ¢ for all n > ny.

Therefore, p = d(z, f(2)) = d(z,2ns1) + d(@nta, f(2)) 2 d(z,2n01) + Ald(z, 20)) =
c+ A(e) for n > ng. Thus, p < ¢+ A(e) for each ¢ > 0, and so p < A(e). Now, for
e=¢/n,n=12,..., we get

ijjA<£) _AE) g
n n

Because ( — 6, n — o0, this shows that p = . Consequently, z = f(z).
If f(y ) =y, for some y € X, then d(z,y) <X A(d(z,y)). Thus, d(z,y) = A™(d(z,y)),
for each n € N. Furthermore, r(A) < 1 implies
1A (d(z, y)| < [A™[l[(d(z, »)I] = 0, n — o0,

so, d(z,y) =0 and z = y.
(ii) By (i), for arbitrary n € N, we have

d(xy, z) 2 A(d(zp-1,2)) = - X A™(d(xg, 2)). (2.2)
On the other hand,

d(zg,z) = d(xg,z,) + d(xy, 2)

XY i) + A0 20) + A", 2)
< ZA (xo, 1)) + A™(d(x1, 2)).
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Since A"(d(z1,2)) — 0, n — oo, we get

oo

d(o,z) <Y A(d(wg, 1)) = (I — A)~ (d(z0, 1)),

1=0

and d(x,,z) < A"(I — A)~Y(d(zg, 11)).
(17i) Let us remark that for any n € N, d(y,, 2) < d(yn, ) + d(x,, 2), and (i7) imply

A(Yn,2) 2 d(yn, ) + A"(1 = A) 7 (d(w0, 71)).

Now
AW, n) =2 d(Yn, f(Yn-1)) + d(f (Y1), Tn)
= e+ A(d(Yn-1,70-1))
<t A, ) + A n2) 00 )
= o+ A(e) + A (d(Yn—2, Tn2))
< ... = nlA"(c)
= U—Af%&
implies (i7). O

Research of the existence of fixed points of set-valued contractions in metric spaces
were initiated by S. B. Nadler [95]. The following theorem is motivated by Nadler’s results
and generalizes the well-known Banach fixed point theorem in several ways. Furthermore,
it is a generalization of the recent result Theorem 3.2 of Borkowski, Bugajewski and Zima
([25]) for a Banach space with a non-normal cone.

Theorem 2.1.4. Let (X,d) be a complete cone metric space, d : X x X — E, and let
T be a set-valued d—Perov contractive mapping (i.e. there exists A € B(E), such that
r(A) < 1, A(P) C P and for any x1,xo € X and y; € Txy there is yo € Txy with
d(y1,y2) = A(d(x1,22))) from X into itself such that for any x € X, Tz is a nonempty
closed subset of X. Then there exists xog € X such that xo € Txq, i.e., xg 1S a fixed point
of T.

Proof. Suppose that uyg € X and u; € Tug. Then there exists us € Twu; such that
d(uy,us) < A(d(ug,u1)). Thus, we have a sequence (u,,) in X such that u,; € Tu, and
d(tp, Unt1) = A(d(Up—1,u,)) for every n € N. For any n € N,

A(tp, Uny1) = A(d(Up_1,u,)) S ... 2 A (d(ug, uq)). (2.3)

Assuming m > n,

d(una um) d(“na un-l—l) + d(un—f—la un+2) +...+ d(um—la um)
(A" + A™ o+ AN (d(uo, wh))

AM(I — A Hd(ug,u1)) — 6, n — oo.

LA TATA
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Thus, (u,) is a Cauchy sequence in X there is some vy € X such that u, — vy as
n — oo. Furthermore, for any € > 6 there exists my € N such that d(u,,vo) < e, m >
mg. Thus, for m > max{n, my},

= d(Un, Up) + (U, Vo)
< A"(1— A) " N(d(ug,u1)) + &, for n > 1.

Hence,
d(up, vo) = AM1 — A N(d(ug, uy)), for n > 1. (2.4)

Let us define w,, € Tvy such that d(u,,w,) = A(d(u,_1,vp)), for n > 1. So, for any

n € N,
d(Up, wy) = Ald(tn_1,v0)) = A™(I — A) " (d(ug, uy)). (2.5)

Now, we have
d(wn, vo) = d(Wn, Un) + d(ty, ve) = 2A™(T — A) " (d(ug, uy)).

Thus, (w,) converges to vy. Since Ty is closed, we have vy € T'vg. O

Example 5. Let X = E, E = C]0,1] with the supremum norm and P = {z € F |
x(t) >0, t €[0,1]}. Let us define cone metric d : X x X — E by

d(f,g)=f+g, for f#g; d(f,f)=0, fgeX

If T: X — X is defined by T(f) = f/2, f € X, then

d(T(f),T(g)) < A(d(f,9)), f,9 € X,

where A : E'+— FE, is a bounded linear operator defined by A(f) = f/2, f € E. Clearly,
|Al] = 1/2, and all the assumptions from Theorem are satisfied. Hence, T" has a
unique fixed point f, f(t) =0, ¢t € [0,1].

Remark 2.1.5. Let us remark that the initial assumption A € M,, ,(R;), in Perov
theorem, is unnecessary. This will be illustrated by the following example.

Example 6. Let

11
o
A: 7 3 0 y
0 0 1
T I 3312+1
X = Il |[|Jz€eRpand f: X — X, f 1 = 1 |. Set |z] =
T3 T3 x3;—2
Iy
max{|z1], |zal, |z3|} for v = | 9 | ,x; € Ri=1,2,3.

€3
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For arbitrary = € X,

1 1 1 1 1
sl = max{ 31 = foah o1~ gl 3l |
< Ll + el Siel + el Spen b = 2z
maxs —||T —|xl, —||T —1Tll, = ||T = —||T]|].
- 2 4 "4 2 "9 4
—1
Thus, |[A|| < 3. Ifz=| 1 |, |lz]| =1, then ||[Az| = 3. Hence, ||A] = 3.
1

Evidently, r(A) < ||A]| = 3/4 and d(f(z), f(y)) = A(d(z,y)), z,y € X. Despite of
A(P) € P, (1,1,1) is a unique fixed point of f in X.

Based on the previous comments, we obtain the next result, where we do not suppose
that A(P) C P.

Theorem 2.1.6. Let (X,d) be a complete cone metric space, d : X x X — E, P a
normal cone with a normal constant K, A € B(E) and K||A|| < 1. If the condition
holds for a mapping f : X — X, then f has a unique fixed point z € X and the sequence
zn = f(xn_1), n € N converges to z for any xy € X.

Proof. Let xy € X be arbitrary, x, = f(x,_1), n € N. Inequality
d(xmxrri—l) = A(d(xn—lvxn))’ n €N,
implies

ld(zn, n) | < K[ A(d(zn—1, 20)) || < K[ Allld(zn-1, 20)|
< K| APld(@n—z, 2ol < ... < KM A]"ld(0, 21)]

If n,m € N,n < m, then

m—1 m—1
ld(zn, zm) | <D N, i) | < D KA d(o, 21)]]-

i=n i=n

Clearly, K||A|| < 1, implies that the series Y K| A||* is convergent. Hence, ||d(z,,z,)]|
i=0
— 0, as n,m — oo. This shows that (z,) is a Cauchy sequence, and there is z € X such
that lim z,, = z. Let us prove that f(z) = z. From d(f(2), 1) = A(d(2,2,)), we get
n—oo

1d(f (2); zna) | < K[ A(d(z, 20)) || < K[| Allfld(z, 20)]]-

Thus, lim x, = f(z), and so f(z) = z.
n—oo

It remains to show that z is a unique fixed point of f.

It fly) =y, y € X, then d(z,y) = d(f(2), [(y)) = A(d(z,y)) it follows [|d(z,y)| <
K| Alllld(z,y)|l.- Now, K| A|| <1 implies z = y. O



2.1. FExtensions of Perov theorem 19

Following the work of Berinde ([22], [23]), we investigate the existence of the fixed
point for the class of Perov type weak contraction.

Theorem 2.1.7. Let (X, d) be a complete cone metric space, d: X x X — E, f: X
X, Ae B(E), withr(A) <1 and A(P) C P, B € L(E) with B(P) C P, such that

d(f(z), f(y)) =2 Ald(z,y)) + B(d(z, f(y))), z,y € X. (2.6)
Then

(i) f + X = X has a fivzed point in X and for any xo € X the sequence x, =
f(zn—1), n € N converges to a fized point of f.

(i1) If additionally,
B € B(F) and r(A+ B) < 1, (2.7)

or
d(f(x), f(y)) 2 Ad(z,y) + B(d(z, f*(z))), z,y € X, for someng € N, (2.8)
then f has a unique fized point.
Proof. (i) For a arbitrary xy € X observe x,, = f(x,_1), n € N. Since
d(n, 2ni1) =X Ald(znr,20)) + B(d(zn, f(2n-1))) = Ald(Tn-1,20))
< A (d(wn-2,Tp-1)) 2o 2 A(d(20, 20)),

then, as in the proof of Theorem [2.1] we conclude that (x,) converges to some z € X.
Set p = d(z, f(z)), and suppose that ¢ > 6 and € > . Hence, there exists np € N
such that d(z,z,) < ¢ and d(z,x,) < ¢ for all n > ny. Now

p=d(z, f(2)) = d(z,2p41) + d(Tns1, f(2))
d(z,zpy1) + Ald(z,2,)) + B(d(z, xp11))

=
=< ¢+ A(e) + B(e), n > ny.

Thus, p < ¢+ A(e) + B(e) for each ¢ > 6, and so p < A(e) + B(e). Now, for ¢ = ¢/n,

n € N we get
A B
ijjA<£) +B(E) :—(E) + (5),n€N.
n n n

n
Because A(e)/n + B(e)/n — 6, n — oo, this shows that p = 6.
(i) If f(y) =y, for some y € X, then

d(z2,9) < A(d(2,9)) + B((d(2,9)) = (A + B)((d(=y).
Thus d(z,y) = (A+ B)"(d(z,y)), for each n € N. Now, r(A + B) < 1 implies
I(A+ By (d(z )]l < I(A+ Bl )]l = 0, n— 0,
and z = y. Observe that implies d(z,y) < A(d(z,y)), and so
d(z,y) < A™(d(z,y)), n € N.
The rest of the proof follows from the proof of Theorem (7). O
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Remark 2.1.8. Let us notice that in the works of [45] and [129] the authors have studied
(2.1) with more general approach where A is a nonlinear operator and A(P) C P. Their
results are given for the case where cone P is a normal cone. For example, the "policeman
lemma” is essential in their results (see p.p. 369 of [45]) while the policeman lemma is
not true in the case when P is a non-normal cone. Furthermore, we do not suppose that
A(P) C P if cone P is normal. If A is a linear operator and obeys then results
in [129] are given under special assumptions on A and on a cone P (such that X is a
sequentially complete (in the Weierstrass sense)) and in our results we do not need such
assumptions. Thus, our results and results from ([45], [129]) are independent from each
other.

The following two theorems generalize Theorem 1 of [14] and, consequently, Theorem
2 of [100].

Theorem 2.1.9. Let (X,d) be a cone metric space, P C E a cone and T : X — X. If
there exists a point z € X such that O(z) is complete, A € B(E) a positive operator with
r(A) <1, and

d(Tx,Ty) < A(d(x,y)), holds for any x,y = T(x) € O(z), (2.9)

then (T"z) converges to some u € O(z) and
d(T"z,u) = A"(I — A)~'(d(z,T%2)), n € N. (2.10)
If holds for any x,y € O(z), then u is a fized point of T'.

Proof. First, we will show that {7z} is a Cauchy sequence.
Since d(T™z, T""z) < A(d(T"'2,T"z)), and A is a positive operator by Lemma
it follows that

d(T"z, T 2) =< A™(d(z,T=z)),

so, for n,m € N, m > n,

m—1 m—1
d(T"2,T"2) 2> d(T'2, T 2) 2 Al(d(2,Tz)),

and, since 7(A) < 1 and Lemma holds, (7"z) is a Cauchy sequence. Because O(z)
is complete, there exists an u € O(z) such that lim 7"z = .

n—o0
Let n € N be arbitrary and m > n. Then,

d(T"z,u) = d(T"z,T"z)+d(T™z,u)

w1 s

=n

PN

A" io: Ald(2,Tz)) +d(T™z,u)

= A'(I - AN d(z,T2)) + d(T™z,u).
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Taking the limit as m — oo of the above inequality yields ([2.10]).
1»

If is true for z,y € O(z), then

d(T" 2, Tu) = A(d(T"z,u)),

and A(d(T"z,u)) — 0,n — oo, thus (pg) implies lim 7"z = Twu. But lim 7"z = u
n—00 n—00

gives us that u is a fixed point of T O

In accordance with Example [6] positivity request could be omitted if P is a normal
cone and we can modify the conditions of Theorem [2.1.9,

Theorem 2.1.10. Let (X,d) be a cone metric space, P C E a normal cone with a
normal constant K and T : X +— X. If there exists a point z € X such that O(z) is
complete and A € B(E) bounded linear operator, K| A|| < 1, such that (2.9) holds, then

(T™z) converges to some u € O(z) and

(K[| A[)"
d(T"z,u)|| < ————
e e T

|d(z,Tz)||, n €N. (2.11)

If (2.9) holds for every x,y € O(z), then u is a fized point of T
Proof. Observe that (2.9)) and the fact that P is a normal cone imply
(T2, T 2)|| < K| A[[ld(T" 2, T2),
and, inductively, ||d(T"z, T""12)|| < (K||A||)"d(z,Tz) for every n € N. If n,m € N and
m > n, we have
m—2
(T2, Tm2)| < K[| Y Ad(T'z,T""2))]|

1=n—1

m—2
K[A] D (T2, T 2)|

<

< KIAI Y (K[AI 7))

< S (KA G, 7))

< ol Tl 212)

Because K||Al| < 1, (T"z) is a Cauchy sequence and lim 7"z = u for some u € O(z).
n—oo
Notice that, for any n € N,

|d(T"z,w)ll < KJA@A(T" 2, T 2)) || + K[l d(T™2,u)|

(&A)"
d(z, T2)|| + K||d(T"z,u)||.
L G T2+ KTz,

IA
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Last inequality is obtained from (2.12)) for any m € N and, because K||d(T™z,u)|| — 0,
m — 00, obviously ([2.10]) is satisfied.
If we include z,y € O(z) in the condition (2.11)), then

d(T"z, Tu) = A(d(T" 'z,u)), n € N.

and d(T"'z,u) — 0, n — oo, so T"z — Tu, n — co. However, the limit of convergent
sequence is unique, thus Tu = u 0

Evidently, Theorems [2.1.3] [2.1.6| and [2.1.7] can be obtained as a consequence of The-
orem 2. 1.9

Corollary 2.1.11. Let (X,d) be a complete cone metric space and T : X — X a
mapping satisfying

d(Tz,Ty) = A(d(Tz,z) + d(Ty,y)), =,y € X, (2.13)

for some positive operator A € B(E) with r(A) < % Then T has a unique fized point
u € X and (T"zx) converges to u for any x € X.

Proof. Since,
d(Tx, T?*r) = A(I — A" (d(Tz,x))

and A(I — A)~! is a positive operator,

—1 -1 r4)
AL = A7) v = A7) = =07

condition ([2.9)) of the Theorem holds. Hence, T has a fixed point u € X. Uniqueness
of the fixed point follows from (2.13)). If v € X and T'(v) = v, then d(u,v) = d(Tu, Tv) <
A(d(Tu,u) + d(Tv,v)) = A(0) = 6. O

<1,

Corollary 2.1.12. Let (X,d) be a complete cone metric space, P a normal cone with
a normal constant K and T : X — X a mapping satisfying for some operator
A € B(E) with K||A|| < 3. Then T has a unique fized point w € X and (T"z) converges
tou for any x € X.

Proof. Obviously

KA
(T2, T?2)|| < — =" lld(@, T)l],
1 — KAl
and K||A|/(1 — K||A||) < 1. Therefore, analogously to the proof of Theorem [2.1.10} it
is easy to show that 7" has a fixed point and (2.13]) implies uniqueness. O]

Corollary 2.1.13. Let (X,d) be a complete cone metric space and T : X — X a
mapping satisfying

d(Tx, Ty) = A(d(z, T™z2) + d(y, T™z)), (2.14)

for some m € N, A € B(E) positive operator, r(A) < 1 and for all z,y,z € X. Then
the iterative sequence (T™x) converges to a unique fized point of T' for any x € X.



2.2.  Perov type quasi-contraction 23

Proof. If any z € X and m € N, set x = T™ 'z and y = T™z in (2.14)
d(T™2, T™2) < A(d(T™ 2, T™2)),

then
d(T"z, T"2) < Ad(T" 2, T"2)), n > m,

so, as in the proof of Corollary [2.1.11] T has a fixed point. Condition (2.14) gives
uniqueness. O

Corollary 2.1.14. Let (X,d) be a complete cone metric space, P C E a normal cone
with a normal constant K and T : X — X a mapping satisfying for some m € N,
A € B(FE) such that K| Al < 1 and for all x,y,z € X. Then the iterative sequence
(T™x) converges to a unique fized point of T for any x € X.

Proof. For any z € X and m € N, setting x = T™ 'z and y = T™z in (2.14)) gives
(T2, T 2)|| < K Ald(T™ 2, T™2),

and, by similar observations as in the proofs of Corollary [2.1.13| and Corollary 2.1.11] T’
has a unique fixed point in X. O

2.2 Perov type quasi-contraction

There are many different approaches to the problem of generalizing well-known Banach
contractive condition, and most of them could be altered to suit Perov contraction. It is
also important to mention that many of them are equivalent or imply each other and that
is why we define Perov type quasi-contraction as one of the widest class of contractive
mappings.

Ili¢ and Rakocevi¢ ([71]) introduced a quasi-contractive mapping on a normal cone
metric spaces, and proved existence and uniqueness of a fixed point. Kadelburg, Rade-
novi¢ and Rakocevi¢ ([81]), without the normality condition, proved related results, but
only in the case when contractive constant ¢ € (0,1/2). Later, Haghi, Rezapour and
Shahzad ([118]) and also Gaji¢ and Rakocevi¢ ([57]) gave proof of the same result with-
out the additional normality assumption and for ¢ € (0,1) by providing two different
proof techniques. For the more related results see ([58], [63], [88]).

Definition 2.2.1. Let (X,d) be a cone metric space. A mapping f : X — X such that
for some bounded linear operator A € B(E), r(A) < 1 and for each x,y € X, there exists

we O(f.a.y) = {da.y). da. £(2)). d(y. £ (). dla, F (). dly, () }.

such that

d(f(x), f(y)) = A(u), (2.15)

is called a quasi-contraction of Perov type.
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Iff:Xw— X,and n €N, set
Owin) = {x, f(@), (@), . /(@) .

and

O(;00) = {z. f(2), f2(x), .. }.
Denote by §(O(x,n)) = max{||d(a,b)| : a,b € O(x,n)},n € Nyz € X and §(O(z, 00)) =
sup 0(0(x, n)).

neN

Theorem 2.2.2. Let (X,d) be a complete solid cone metric space. If a mapping f :
X — X is a quasi-contraction and A(P) C P, then f has a unique fized point and for
any x € X, the iterative sequence (f™(x))nen converges to the fized point of f.

Proof. We will prove the following two inequalities for arbitrary = € X:
(i) d(f*(x), f(z)) = (I = A)T'A(d(f(z),x)) n €N,
(id) d(f™(x), x) = (I = A)~(d(f(x),7)) n€N.

Evidently, (i) is true for n = 1. Suppose that it is true for each m < n.
Since

d(f™ (), f(z)) = A(u),

were
o e {ur.0.dr@), fo).de 1)
o 274, d( ) )
we have to consider the following five different cases.

(1) If u = d(f"(2)
d(f (@), ()

,x), then

A A I
=
=
3
A

1
—~ —
~
|
s
SN—
|
=
Q.
—~
=
=
S—
)

(2) If w=d(f"(x), f(x)), then A
d(f"H(x), f(x)) = Ad(f"(2), f(2)))
= Al —-A)" 1A(d(f(i€)7$))
= [(A-D)+1)(I - A A(d(f(2),2))

= —A{d(f () z)) +
= (1= A)A(d(f (), 2)).
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(3) Clearly, for u = d(f(z), ), the inequality (¢) holds.
(4) Suppose that u = d(z, f"*(x)), then

d(z, [ (2)) < d(x, f(2)) +d(f(2), [ (@)
and, since A(P) C P,
d(f" (@), f(x)) = Ald(z, f(2))) + A(d(f(z), "7 (2))).
Therefore,
d(f"(z), f(2)) = (I — A) " A(d(w, f(2))).
(5) If u = d(f"(z), f*(x)), then
d(f" (@), f(z)) 2 Ad(f"(2), [ (@),

and because f is a quasi-contraction, there exist some 7,j € {0,1,...,n} such that

d(f" (@), f**(2)) 2 A" f(2), f(2))-
Thus,
A"THd(f(x), ()
AL = A) T A(d(f (@), )

n+1

(I — AT Ad(f(2),2)) — Z A(d(f (@), ))

(I = A)A(d(f (2), 2)),

d(f" (@), f(z))

A TA

IA

unless j =n + 1.
If j = n+1, then d(f""(z), f(x)) 2 A™(d(f(x), f*"(x))) implies d(f"*(z), f(z)) = 0.
Indeed, since I — A" is an invertible operator and A"*(P) C P, we have

d(f" (@), f(z)) 2 (I = A™)7H0) =0,

along with d(f"**(z), f(x)) = 6.
Hence, using the method of the mathematical induction we have proved that the
inequality (i) holds for each n € N.

The inequality (ii) proceeds from (i):
d(f"(x),z) = d(f"(2), f(2)) +d(f(x), )
= (I = A)Ad(f(2),2)) + d(f(z), 2)
= (I -A)""d(f(x),z)), n € N.

Let us prove that (f"(x)),en is a Cauchy sequence in X, thus it is convergent. Sup-
pose that n,m € N, m > n. Mapping f is a quasi-contraction of Perov type, so there
exist 7,7 € Nsuch that , 1 <i<n, 1< 5 <m,

d(f"(x), f™(2)) 2 A™Hd(f' (), ().
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By (7), this implies
d(f"(x), f"(z)) 2 2A™(1 — A)7(d(f (@), 2)).

Since, 24™(I — A)~Y(d(f(z),z)) = 6, n — oo, by Lemma 2.1.1 (f"())nen is a Cauchy
sequence in X. Hence, there exists z € X such that lim,, f*(z) = z. Let us prove that z
is a fixed point of f.

Suppose that ¢ > 6 and € > 0. Then there exists ng € N such that

d(a”, f"(2)) < ¢, d(f"(2), ["(2) < e (2.16)
and d(z*, f"(z)) < ¢ for all n,m > ny.

Now, for any n > ng,

d(z”, f(2)) d(z, f*(x)) + d(f"(x), f(2)) (2.17)

c+d(f"(z), f(2)).

Furthermore, because f is a quasi-contraction, we have

=
=

d(f"(z), [(2)) 2 A(u), (2.18)
for some
u € {d(f"_l(ﬂﬂ),Z),d(f”_l(x), fr@)), d(f"Hx), £(2)),
e, ).l ) |
If

we {ar=i o)), ), de ) |
for infinitely many n > n, then (2.16)), and imply
d(z, f(2)) 2 c+ A(e). (2.19)
Because the inequality is true for each ¢ > 6 we get
d(=, f(2)) < A(). (2.20)
If u = d(f"(x), f()), then
d(f"H(x), f(2)) 2 d(f*H(2), 2) +d(z, f(2)),
and A(P) C P imply
Au) = A(d(f"H(2), 2)) + A(d(z, f(2)))-
Now, by (ZI0). and we have
d(z, f(2)) 2 c+ A(e) + Ad(z, f(2))),
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and, since ¢ > 6 is arbitrary,
(I —A)(d(z, f(2))) = Ale). (2.21)
Thus, because (I — A)~! is increasing implies
d(z, f(2)) = (I —A)tA(e). (2.22)
Finally, in the case u = d(z, f(z)), and imply
d(z, f(2)) 2 ¢+ Ald(z, £(2))),

that is
(I —A)(d(z f(2) =2 e (2.23)
Again, because (I — A)~! is increasing, (2.23) implies
d(z, f(2)) 2 (I —A)"(c). (2.24)
Now, by ([2.20), ) and , for ¢ = ¢/n and ¢ = ¢/n, n € N, it follows,
respectively,
A
0 <d(z, f(z)) = A(E) = (€) — 0, n — oo,
n n
I—A)1A
0 <d(z,f(z) = (I — A)_lA(%) = ( ?)1 (€) — 0, n — oo,
and T
0 < d(z, f(z)) < (I — A)‘lA(g) _ U= 71 () 0 oo

Thus, d(z, f(2) =0, i.e., f(z) = z.
If y is a fixed point of f then

d(z,y) = d(f(2), f(y)) = A(d(z,y)),

that is
(I —A)d(z,y) 20 = d(z,y) = (I—-A)0) =0, (2.25)

SO 2z =Y. [

The presented results could be combined with P property presented in ([6]). It is
said that the mapping f has the property P if F'(f) = F(f™) for each n € N (if it has no
periodic points). From the proof of the previous theorem, we obtain as a corollary the
extension of the known results Theorem 3.2 of [81] and Corollary 3.4 of [57].

Corollary 2.2.3. Let (X,d) be a complete soilid cone metric space. Let f: X — X be

a quasi-contraction of Perov type with A(P) C P and || A]| < % Then f has the property
P.



2.2.  Perov type quasi-contraction 28

Proof. Theorem [2.2.2] implies that F(f) # 0. Since, for each n € N, F(f) C F(f )
always valid, only the reverse inclusion has to be proved. So, let z € F(f"), f*z =
Theorem (i) gives

that is
d(z, f(2)) 2 (I = A)7)"A™d(z, f(2))), n € N.
Because || A|| < 1/2, we get
(1 = A7) A™(d(z, f)] < 1T = A7) A", f))I = 0.n — oo,
therefore f(z) = z. Now, clearly, we get d(u, fu) = 0, that is fu = u. O
Observe that the first part of Theorem follows directly from Theorem [2.2.2]

Example 7. Let X = [0,3] U [4,5] and E = CV[0, 1] be with a non-normal cone P as
in Example [4 Let us define cone metric d : X x X — E by

d(z,y) = |z —y| exp, z,y € X.

If f: X +— X is defined by

(o0, i xzelo3)
ﬂ@_{S, if 2e€4,5]
then for each z € [4,5] we have d(z, f(x)) < 2-exp, d(f(z), f*(z)) = 3 - exp. Thus,
d(f(z), f*(x)) > d(z, f(x)), and f does not obey the condition (2.1)). Let us show that
f obeys the condition ([2.15]).

It is enough to consider only the case x € [0,3] and y € [4,5]. Now d(f(z), f(y)) =
3exp and d(y, f(x)) > 4 - exp. Hence,

A (@), F0) = -4 -exp < S max{e — f)]. Iy — f(o)]} -exp.

Thus, a mapping f : X — X satisfies the condition (2.15)), where A : F — FE| is a
bounded linear operator defined with A(f) = (3/4)f, f € E. Clearly, ||A| = 3/4, and
all the assumptions from Theorem are satisfied. Hence, f has a unique fixed point
r=0¢€X.

Based on the Example [6] we obtain the analogue result where we do not suppose
A(P) C P.

Lemma 2.2.4. Let (X,d) be a cone metric space, P a normal cone with a normal
constant K, f : X — X a quasi-contraction and K||A|| < 1. Then, for every z € X,

(i) for alln € N there exists i € {1,...,n} such that

0(0(x,n)) = [ld(z, f'(x))ll;
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(13) For arbitrary n,ng € N,

< K o
= T KAl

5(O(z,n)) (O(x,ng)) :

(1it) For anyn € N,

K

0(0(x,x0) < ——0
(O < T gy

(O(z,n)).

Proof. The next notations will be used to simplify the proof:
do := 0(O(z,ng)), 0, := 6(O(x,n)) and 6 = §(O(z, 00)).

(1) Choose arbitrary x € X, n € Nand 1 <1i < j <n. Since f is a quasi-contraction,
there exists

(S {d(fi‘l(w),fj‘l(x))7d(fi‘1(ﬂf), f1(@)), d(f (), (@),

d(f'(z), £ (2)), d(f~ (@), fj(fv))} C O(z,n),

such that

d(f'(z), f(z)) = A(u).
Now,
d(f* (@), f (@) < Kl A][Jull < K[JA]|6, < b,

Hence, d,, = ||d(z, fi(z))]| for some i € {1,...,n}.

(ZZ) Ifn S no, then W > ]_, and

K
< )
S KmA]

d(O(z,n)) (O(x,nyp)), (2.26)

for every x € X.
Thus, we may assume that n > ny.
There exists 7,5 € N, 1 <i < ngand 1 < j < n such that

do = ||d(x, f'(2))|| and &, = ||d(x, f(2))].-
If 7 < nyg, then 9,, = §p and holds. Otherwise,
d(w, f(x)) 2 d(w, f*(x)) + d(f* (@), f (2)).

Clearly,
A (), f(x)) < A (uifg,j) |
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where
o2, & {0 a0, o),
d(fr (@), (@), d(f™ @), @), d(F (@), fj(x))}.
Evidently,
On < Koo+ K| Allluty |
and
W <A (ug{j),
where
U € O(f"“@),j —ng + 2) C O(z,n).

Moreover,

00 < Kbo+ K2 A ul |-

no »j

Continuing in the same manner, after ng — 2 more steps, we get

(no—1) (no)
uno?j =A (uno?j> )

for
u") € O(z,n)

10,7

and
dn < Koo + K™||A]|™6,,.

As a conclusion, the inequality (2.2]) holds for every n,ny € N.
(7i7) By taking into account the definition of 9, (ii¢) follows directly from (7). O

This auxiliary result contains estimation of 6(O(z, c0)).

Corollary 2.2.5. Under the assumptions of Lemma |2.2.

5(0(x, 00)) <

< m”d(%f(ﬂf))!\, reX.

Theorem 2.2.6. Let (X,d) be a complete cone metric space and P a normal cone with
a normal constant K. If a mapping f : X — X is a quasi contraction and K| Al < 1,
then f has a unique fixed point y € X and for any v € X, the iterative sequence (f™(x))
converges to the fized point of f.
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Proof. For arbitrary x € X let us define z,, = f™"(z),n € N. Furthermore, there exists

ulh i € {d(f“(zz:), Fr(@), d(f" @), 1 (@), d(f (@), f (@), d(f" (@), f"(x))},
such that
d(f"(x), f(z)) < A(ul) ),
implicating
ld(f"(z), 7 @) < KA ulh )]
There exists
ulth o € { d(f"2(x), (@), d(f" (@), f7(2)), d(f*(2), f* (),
d(f"2 (@), [ (@), d(f™ (@), o (@), dO (@), £ (),
A (), £ (@), d (), f"<x>>}.

such that
ld(f™(x), f (@) < K2 APt ).

After n — 2 more steps, we get uﬁf}wl € O(x,00) such that
d(f™ (), F @) < KA [ul) DI < K™ JA|"6(0(x, 00)).

Choose arbitrary n,m € N,m > n,

1dCf™ (), [ (@) < Z_: K'|A[I'6(0(z, 00)) < 8(O(z, 00)) Z(KIIAII)’}

s0 (f™(x))nen is a Cauchy sequence in X. Since X is a complete cone metric space, there
exists y € X such that lim,, f™(z) = y. It remains to comment if y is a fixed point of f.

For some n € N, there exists

sn € {d(f™ (), ), d(f" (), y), d(f* (), [(@)), d(f (), [™(2)), d(f(y), v) },
such that

d(y, f(y)) = dly, f" () +d(f" (), f(y)) 2 d(y, 77 (2)) + Alsa). (2:27)

Consider subsequences (s, ;), i = 1,5 of the sequence (s,), such that all the elements of
the sequence {s,.}, i = 1, 5 are of the form, d(f"(x), ), d(f"*(x), ), d(f"(z), [**'(x))

d(f"(x), f(y)) or d(f(y), y) respectively.
It is clear that lim s,; = 0, i = 1,2,3, and hm Sni = d(y, f(y)), i = 4,5. Thus

n—oo n—

lim, A(s,;) = 0, ¢ = 1,2,3, and lim A(s,;) = ( (y, f(y))), ¢ = 4,5. Implementing
n—oo

7 f(y) =
To prove the uniqueness of fixed point, let us suppose that there exist z € X such that
f(z) = z. Then, d(z,y) = d(f(2), f(y)) = A(d(2,y)), and so [|d(z, y)|| < K| A[l[|d(z,9)],
ie,y=z
O]
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2.3 Fisher quasi-contraction of Perov type

The question that rises looking at the theorems presented in previous sections is do only
x and f(z) have influence on existence of a fixed point. Obvious answer follows from the
sequence of approximations that converges to a fixed point in any initial point =z € X.
Having that in mind, it is important to somehow include more values from the orbit of
f in the contractive condition. Combining that idea with the theorems in the Section
, we introduce the concept of (p, ¢)-quasi-contraction of Perov type.

Similar contractive condition, but including maximum, was defined by Fisher in
[54] along with some fixed point thorems. That is why is also known as Fisher quasi-
contraction. In this section, we extend Fisher’s results on cone metric spaces, but on the
top of that, we incorporate operators in the sense of Perov type contraction.

Definition 2.3.1. Let (X,d) be a cone metric space. A mapping f : X — X such that
for some A € B(FE), r(A) < 1 and for some fized positive integers p and q and every
x,y € X, there exists

u e Fi(z,y) = {d(f(r)(fv),f(S)(y))yd(f(T)(x),f’”/(x))ad(fs(y),fs/(y)) |
0<rr<p andOSs,s’gq}.
such that d(fP(x), fi(y)) = A(u), is called (p,q)-quasi—contraction (Fisher’s quasi—

contraction, F quasi-contraction) of Perov type.

This theorem extends the results of Perov for matrices, and also, as a corollary,
generalize Theorem 1 of Zima ([I30]) along with Theorem

Theorem 2.3.2. Let (X, d) be a complete cone metric space and P a solid cone. Suppose
that the mapping f : X — X is a (p, ¢)—quasi-contraction of Perov type, A(P) C P and
f continuous. Then f has a unique fixed point in X and for any v € X, the iterative
sequence (f™(x)) converges to the fized point.

Proof. Without loss of generality, assume that p > ¢. If x+ € X be arbitrary and
w(T) = g<icp A(f'(2), fP(x)), We prove that

d(f"(z), fP(2)) = (I = A~ A(w(z)), n = p. (2.28)

Obviously, (2.28) is true for n = p. Suppose that it holds for m < ny — 1, and observe
m=mny>p+ 1.
Because f is (p, q)- quasi-contraction, there exist some 4, j € N, that

d(f™ (), fP(x)) = A(d(f'(z), ). (2.29)
(1) If 7,5 < p, then

d(f"(x), f*(x))

LA TA
=
=
=
&

/‘\;h
3
8
~
~
+
=
—
i
N
~
<
&
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Remark that we have used that ¢ # j in this inference, but if i = j, (2.28)) is fulfilled.

(2) If p <i < ng, j < p then (2.28) and (2.29) imply

d(f"(2), fr(x)) = A(d(f'(2), fFz)) + A(d(f"(z), f (2)))
= A(l - A) Aw()) + Aw(@))

(I = A) " Alw(x)).

(3) For p < i < ng, p<j < ng, we have

d(f"x, fP(x)) < AMd(f*(x), F*(2))),

where 7g < p or jo < pand 1 < k.
Assume that at least iy < p.

d(f" (@), f'(x)) = ANd(f* (), fPx)) + AR(d(f7 (2), ()
AMw(x)) + AN = AT Aw(x))

(I = A) Aw(2)),

since jp < j < ng, so the inequality (2.28) holds in this case.

LA TA A

(4) In the case i = ng, j < p, the triangle inequality, A(P) C P and (2.29) imply

d(f™(z), f/(z)) = A(d(f™(x), f7(x))) + Ad(f*(z), fz))
= A(d(f™(z), fPx)) + Alw(z)).

Taking into account (3), (2.28) easily follows.
(5) Finally, consider ¢ = ny and p < j < ny.

If j = no, it follows d(f™ (), f?(x)) = A(#) and d(f™ (), f(x)) = 0.
Otherwise,

d(f™ (@), f'(z)) 2 A(d(f (), [ (2))) (2.30)

and there exist ig < jo < ng, 79 < p and some ky > 1 such that

d(f (@), [ (x)) = AR (d(f* (), [ (2))).

If jo < p, then (2.28)) follows by the last inequality and (2.30)). Notice that if p < jy < ny,
then

AR (d(f (), f(2)))

AR (d(fo (), f7(2))) + AT (d(fP, f(2)))

AT (w(@)) + AT (I — A) T A(w ()

Atko([ — Ay NI — A+ A)(w(x))

(I — A) " Aw(z)). (2.31)

d(f"(x), f*(x))

A I T TR A
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But if j(] = Ny, then

d(f" (@), fP(x)) = ATR(A(f (), fr2)) + ATR(d(fP(2), f7°(2))). (2.32)
Then, for some k; > 1 and iy < ji; < ng, i; < p, d(fP(x), fro(z)) < AR (d(f(z), f7(2))),

so by ([2.32) we get
d(f™(x), f7(x)) 2 AR (), fPx)) + AR (), [ (). (2.33)
Again, if j; < ng, as in (2.31]), we have (2.28)). Otherwise,

A (), @) = AT ), ) + AR (), 7))
FAS (1 (1), 0 ())).

Hence, for arbitrary n € N,

d(f"(x), fP(x)) = A”'“’( (f*(z), frz))
+ ZA”’“O“”’“ (f* (@), fPz)) + AR (d(f 2 (), f70 ()

A

$ AT 4 (0)) AN A ), 0 (0)
(I = A7 AT (W () + AR (A7 (), f(2)))
(I = A7 Aw(a)) + AT (A(f (), fro(2))).
However, AlThotnki(q( fi(z), fro(x))) — 0, n — oo. For each ¢ > 0 there exists n, € N
such that Attkotnki(d(fi(z), fro(x))) < ¢ for n > n,, so
d(f™(z), f(z)) 2 (I = A) 7 Aw(@)) +c, >0,

and d(f"(z), fP(x)) = (I — A)7 A(w(z)).
Therfore, (2.28) is true for any n € N. The inequality

d(f'z, f/(x)) = d(frx f”( )) +d(f7(x), f (z))
(I = A) " Alw(2)) + w(@)
(I = A) " (w(@)).

proceeds from(2.28)). Mapping f is a (p,¢)-quasi-contraction, thus for n > m > p,
m=kp+r,0<r<p k>1,

d(f"(x), f"(x)) 2 Ad(f'(2), [(x))) = AT = A) 7 (w(z)),

where 0 <7< j<nandz<p.

Remark that A*(I — A)~Y(w(z)) — 0, k — oo (m — o), (f"(x)) is a Cauchy sequence

in X and z = lim f"(z) € X is a fixed point of f since f is a continuous it follows that
n—oo

A TA

1A

f(2) = z. The uniqueness of z follows from the definition of a (p, ¢)-quasi-contraction.
O
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In the particular case of Theorem when ¢ = 1 (or p = 1), the continuity of f is
unnecessary (see [54]).

Theorem 2.3.3. Let (X,d) be a complete cone metric space and P a solid cone. If the
mapping f: X — X is a (p, 1)-quasi-contraction of Perov type, A(P) C P, then f has a
unique fized point in X and for any x € X, the iterative sequence (f™(x)) converges to

the fixed point of f.

Proof. As in the proof of Theorem [2.3.2) the sequence (f"(x)) is a Cauchy sequence for
any x € X and has the limit z in X. For n > p,

d(z, f(2)) =2 d(z f"(2)) +d(f"(z), f(2))
d(z, ["(x)) + d(f"f" P (x), f(2))
d(z, ["(x)) + Alun),

(PN

where u,, belongs to the set

{d(f’“f"_p(l’)y F)d(ffr P (), 2), dfT P ), 7 f (@), d(z, f(2) 0 S ' < p}-

But
d(f"f" 7P (x), f(z)) < d(f"f"7P(2), 2) + d(z, f(2)).
Since lim f™(x) = z, for each ¢ > 0 choose ng such that d(f"z, z), d(f"(z), [™(x)) < ¢,

n—oo

n,m > ng. If n > ng+ p, then
d(z, f(2)) =2 c+ A(d(z f(2))) + A(c) for any ¢ > 0.
Uniqueness of the fixed point z obviously follows. O

When p = ¢ = 1, (1, 1)-quasi-contraction is Ciri¢ quasi-contraction and Theorem
is a consequence of Theorem [2.3.2]

Omitting positivity of operator A, we may state a new result in the case of normal
cone metric space.

Theorem 2.3.4. Let (X, d) be a complete cone metric space with a normal cone P and a
normal constant K. Let the mapping f : X — X be a continuous (p, q)-quasi-contraction
of Perov type, K||A|| <1 Then f has a unique fized point in X and for any x € X, the
iterative sequence (f™(x)) converges to the fixed point of f.

Proof. Assume that p > ¢ and for some x € X define

n(x) = Z 1d(f*(x), f ()],
then

(@), )] < @) > (2.34)

- KA
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Obviously, the inequality (2.34]) is true for n = p. Suppose that (2.34) holds for any
n <ng—1, ng > p. If n =ng, then

d(f(x), f7(z)) = A(d(f'(2), f(2))), (2.35)
where i,5 € {0,...,no}. Few different cases will be discussed.
(1) If 0 < 4,5 < p, then
K| A

(@), )] < K Aln() < =)

(2) If p < i < ngand j < p (analogously i < p, p < j < ng), then the induction
hypothesis and the triangle inequality imply

K2 Al
1= K|[A]
KA
1= K|[A]

[d(f™ (), @) < n(x) + K| Alln(z)

n(z).

(3) Consider p < i,j < ng. There exist iy, jo < ng, ip < p such that
ld(f' (), (@) < (KA (o (), f2 ()]
for some k£ > 1. The inequality ([2.34)) is satisfied if iy = jo. If jo < p, then

nQ D k+1 KHA”
ld(f™ (@), fP@)] < (KA n(z) < mn(%)-

Otherwise,

Ja(Fo @), Pl < AN (0@, D]+ 1 @), £@))
(KIAD (1) + 1 g )
KA]

— (@)
1 - KAl

IN

because K| Al < 1.
(4) Assume that i = ngy. Inequality

ld(f™ (@), fr@)]l < KNA[d(f (@), @) + KAl @), £ @),

leads to (2.34) when j < p.
Otherwise, if p < j < ng, there exist some ig < jo < ng, ig < p and kg > 1 for which

ld(f" (@), (@)l < (KA d(f (), f@)]-

Evidently, for jo < p, (2.34) is fulfilled. Similarly as previously shown in the proof of
Theorem [2.3.2} (2.34)) holds if jo < ng by the induction hypothesis.
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If jo = ng, then again as in the proof of Theorem [2.3.3] there are some i; < j; < ny,

i1 < pand ki > 1 that satisty [|d(f?(z), f™(2))]| < (K[ A" ld(f" (z), f*(z))]|. Then

ld(f™ (@), f2 ()| < (B AT d(f (@), f2(@)]| + E AT (7 (), 7 (2)]]-

Again, if j; < ng, (2.34) easily follows. If j; = ng, then after m — 1 more steps, we get
ld(f™ @), fPN < (KNAD"*ld(fo (@), f7(2))]

i=m—1

+ ) (KA (7 (), f2(2))]]

=1

(KA (P (), £ ()]

Therefore the inequality (2.34]) is satisfied in this case. Hence, (1)-(5) imply that the
inequality (2.34]) holds for any n > p.
Letn>m>2p,m=(k+1)p+r, ke N0 <r <p. Toestimate d(f"(x), f™(x)),
observe p <, < jnm < n and k > 1 for which
ld(f" (), f™ (@) < (KA dCf (), foro ()]
Then

i), sl < 2R

by (2.34). So, (f™(z)) is a Cauchy sequence, thus lim f"(z) = z for some z € X. Since
n—oo

f is a continuous, f(z) = z. Obviously, z is a unique fixed point of f in X because
K|A] < 1. [

As in the solid case, if p =1 or ¢ = 1, the continuity condition may be excluded.

Theorem 2.3.5. Let (X,d) be a complete cone metric space and P be a normal cone
with a normal constant K. Suppose that the mapping f : X — X is a (p,1)—quasi-
contraction of Perov type with K ||A|| < 1. Then f has a unique fized point in X and for
any x € X, the iterative sequence (f™(x)) converges to the fixed point.

Proof. Let x be an arbitrary point in X. Then, as in the proof of Theorem [2.3.4] the
sequence (f"(z)) is a Cauchy sequence in the complete cone metric space X and so has
a limit z in X. For n > p, we now have d(f"z, f(z)) < A(u,), where u,, belongs to the
set

{d(f’”f”_”(x), F)), AP (@), 2), AP @), S (), d(z, f(2) 10 < v < p}-

But, recall that lim d(f"(x),z) =6 and lim d(f"(x), f™(x)) = 0. Since
n,m—00

(e, £(2)) = lim d(f"(2), £(2) = Ald(z, /(=)

and P is a normal cone, therefore f(z) = z. Uniqueness goes analogously as in the
previous proof. m
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Regarding the case p = ¢ = 1, Theorem [2.2.6] is a consequence of this theorem on
normal cone metric spaces. It also includes Ciri¢ quasi-contraction result on metric space
due to the fact that metric space can be observed as normal cone metric space with a
normal constant K = 1.

In order to express the significance of presented theorems, we add an interesting example.

Example 8. Let £ = Cg([0,1], ||[|«) and P = {f € E : f(t) > 0}. (X, p) a metric space
and d : X x X — E defined by d(z,y) = p(z,y)p, where ¢ : [0,1] — RT is continuous.
Then (X,d) is a normal cone metric space and the normal constant of P is equal to
K=1.

To apply our results let us consider the solution of the equation (I — @)z = b, where
be Eisgiven, I,Q € B(E) and ||Q? —aQ| < 1—a,0 < a < 1 (see Theorem 3 of [126]).
Let us take X = E, p(x,y) = ||z — y||, and define T : X — X by T'(x) = b+ Q(x). Now,
it is easy to see that T is continuous. If x,,xy € X and x, — x, that is d(x,,xq) — 0,
then

1d(T (), T(x0))|| = [|[d(Q(2n), Qo)) | < |QI[l|d(2n, zo)]| =0
Let us remark that T(T(x)) = b+ Q(b) + Q*(x) , so T*(z) — T?*(y) = Q*(x — y). Thus
T*z) - T(y) = Qz—y)

= (@ —aQ)(x —y) + (aQ)(z —y)
= (@ —aQ)(z —y) + (aT(z —y).

Hence,

I17%(z) = T*(W)I| < I(Q* — @)z — yll + [l T(z — y)ll,
and
I7%(2) = T* ()]l < ((Q* — aQ)|| + @) max{||z — y]|, |T'(= — y)|I}-
It follows

IT%(2) = T*()lle < (IMQ* — aQ) | + o) max{]|z — yllo, | T(z — y)lle}-

Finally we have

d(T*(x), T*(y)) < A(u),

where v € {d(x,y),d(Tz,Ty)} and A € B(E) is defined by A(v) = (|[(Q* — aQ)|| + a)v,
vekl.

Because 0 < g = [|(Q* — aQ)]| + @ < 1 we can apply Theorem to conclude that
there is a unique z € E such that T'(z) = z, i.e., (I — Q)z = b. Moreover, for any x € X,
the iterative sequence (T"x) converges to the fixed point z

2.4 Fixed point theorems for w-cone distance

The notion of w-distance was introduced in 1996 by Kada, Suzuki and Takahashi ([80])
with indications that it is more general concept than metric. They gave examples of
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w-distance and improved Caristi’s fixed point theorem ([29]), Eklands variationals prin-
ciple ([50]) and the nonconvex minimization theorem according to Takahashi ([127]).
In [42], twenty years later, Ciri¢, Lakzian and Rakocevié generalized w-distance concept
to the tvs-cone metric space where the underlying cone is in topological vector space
instead of Banach space as in [67]. Therefore, they improved many results including [6],
[66], [104] and [I12] and established some unsolved problems.

We extend and improve Theorem 2 of [80] and Theorem 1 of [125], and give an
estimation for a w—cone distance p(z,, z) of an approximate value x,, and a fixed point
z.

Theorem 2.4.1. Let (X,d) be a complete cone metric space with w-cone distance p
on X. Suppose that for some increasing operator A € B(E), r(A) < 1, a mapping
T : X — X satisfies the following condition:

p(Tz, T?z) = A(p(x,Tx)), for allz € X. (2.36)

Assume that either of the following holds:
(i) If y # Ty, there exists ¢ € int(P), ¢ # 0, such that

c L p(x,y) + plx, Tx), for alz € X;

(11) T is continuous.
Then, there exists z € X, such that z =Tz and

p(T"x,z) = A" (I — A (p(x, Tx)), for neN, (2.37)

where z = lim T"x.
n—oo

Moreover, if y =Ty for some y € X, then p(y,y) = 6.

Proof. Let x € X be arbitrary and define a sequence (z,,) by z¢ = z, x, = T"z, for any
n € N. Then from (2.36|) we have, for any n € N,

p(Tn, 1) = p(Tap_1,Tx,)
= Alp(zp-1,20)) 2 -+ 2 A"p(x, Tx)), (2.38)

since A is an increasing operator. Thus, if m > n, then from (w;) and (2.38)),

m—1
P(Tn, ) = Z (T, Tig1)

A

3 Aple. 7))

PN

> Apla, 7o)

= /I"(I — A (p(z, Tx)). (2.39)
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However A"(I — A) " Y(p(x,Tx)) = 0, n — oo, so (z,,) is a Cauchy sequence in X by
Lemma and, because X is a complete, (x,) converges to some z € X.

We will prove that z is a fixed point of T by estimating p(z,, z). Since x, — z, as
n — 0o, from the lower semi-continuity of w distance, we have that for any € > 6, there
is ng € N such that for any m > ng

P(Tn, 2) 2 p(Tn, ) + €.

Therefore, for an arbitrary n € N, if we choose m > max{n,ny}, then, from ([2.39), it
follows that the inequality

P(2n, z) 2 AT — A) " (p(z, Tx)) + €

holds for any € > 6, i.e., holds for any n € N.
Let us assume that () is satisfied and that Tz # z. Then, there exists ¢ > 0, ¢ # 0,
such that
c L p(x,2) +p(x,Tx), foral zelX. (2.40)

Obviously, A*(I — A)~Y(p(z,Tz)) — 6 and A"(p(z,Tx)) — 0 as n — oo, so, from the
definition of convergence and (ps), there exists n; € N such that

AM(I — A p(x, Tr)) < g and A"(p(z,Tr)) < g,

for any n > n;. The last observation contradicts to (2.40) since, for any n > n; inequal-
ities

¢ < plwn,2) +p(Tn, Tni1)

<A1 = AN ple, Ta)) + A"(pla, Tx)
2c

< 3
imply that —¢/3 > 0, i.e., ¢ = 6. But, we have already assumed that ¢ # 6, hence
Tz = z in this case.

Otherwise, if T is a continuous, then, since x,+1 = Tx, — Tz, n — oo, by (i) of
Lemma, we may conclude that Tz = z.

It remains to prove that if Ty = y, then p(y,y) = 0. Obviously,

p(y,y) = p(Ty, T?y) < A(p(y. Ty)).

The operator (I — A)~! = Y A" is an increasing linear operator and the last inequality
n=0

gives us p(y,y) <X (I —A)7'(0) =0, ie,ply,y)=0. O O

Example 9. Let X = FE, where F and P are defined as in Example [d] Let us define
cone metric d : X x X +— FE for any f,g € X by

d(f.9) = {éurg’ ?iz
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IfT:X — X is defined by T(f) = f/2, f € X, then
d(Tf,T°f) 2 A(d(f,Tf), feX,

where A : E'+— F, is a bounded linear operator defined by A(f) = f/2, f € E.

Clearly, r(A) = ||A|| = 1/2 and T is a continuous, thus all the assumptions from
Theorem [2.4.1] are satisfied. Hence, T has a fixed point f = 0 € X and it is evidently
an unique fixed point of 7.

Corollary 2.4.2. Let (X,d) be a complete cone metric space with w—cone distance p
on X and A € B(E) an increasing operator with spectral radius less than 1/2. Suppose
that the mapping T : X — X satisfies either (i) or (ii) of Theorem and

p(Tx, T?z) < A(p(z, T?z)), forallz € X.
Then, there exists z € X, such that z =Tz and if y = Ty, then p(y,y) = 0.
Proof. If x € X is arbitrary, then
p(Tz, T%z) = A(p(z, T?z)) = A(p(z, Tx) + p(Tz, T?x)).

Hence,
p(Tz, T?z) = AT — A) " Yp(z, Tx)).

Observe that

r(A(l =AY < r(A)r ((I - A)_l)
< r(4) <1
- 1-r(4) ’

and the condition ([2.36) is satisfied. All the conclusions of this corollary follows directly
from Theorem 2.4.1] [ [

If7T:X — X and F(T) is a set of all fixed points of T, then T has a property P if
F(T) = F(T™) for each n € N. The following theorem extends and improves Theorem 2
of [6] and Theorem 12 of [42] for cone metric space.

Theorem 2.4.3. Let (X,d) be a complete cone metric space with w-cone distance p
on X. Suppose T : X — X satisfies the condition for an increasing operator
A€ B(E). Ifr(A) <1, then T has property P.

Proof. Obviously, F(T) C F(T™), n € N, so it remains to show that Tz = z for any
z € F(T™) and arbitrary n > 1.
Remark that

p(TZZ, Ti-i-lz) — p(Tkn—HZ, Tkn—i—i-‘rlz) j Ak’n-i—z(p(z’ TZ)), ]{Z,Z c N,

allows us to determine that, because A**(p(z,T%)) — 0, as k — oo, when 7(A) < 1,
p(T'z, T"2) =0, i € N, and, furthermore, Tz =T"z = 2. O O
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Instead of observing contractive conditions on X, we observe only T-orbit O(z, c0)
of an arbitrary element z € X where O(z,00) = {T"z | n € Ny}.
Function G : X — P is a T-orbitally lower semi-continuous at x if for any € > 6, there
is ng € N such that holds whenever (z,) C O(x; ) and x,, — x, n — oo.

The following theorems implies some results of [66], [104], [67] and [112].

Theorem 2.4.4. Let (X,d) be a complete cone metric space with w-cone distance p on
X and A € B(E) an increasing operator with spectral radius less than 1. Suppose that
T : X — X and there exists an x € X such that

p(Ty,sz) =< Ap(y,Ty)), forally € O(x,0).
Then,

(i) im T"z = z exists and
n—o0

p(T"x,2) = A"(I — A ' (p(z, Tx)), neEN;

(i1) p(z,Tz) = 0 if and only if G(x) = p(x, Tx) is T-orbitally lower semi-continuous
at z.

Proof. (i) First observation easily follows from the proof of Theorem m

(17) If p(z,Tz) = 0 then G is obviously T-orbitally lower semi-continuous at z. Oth-
erwise, choose € > 0 arbitrary. There exists n; € N such that

A" (pla, Ta)) < -
for any n > ny, and ny € N such that
G(z) R G(T"z) + g, n > ns.
Then, for n > max{ny,ns},

p(2,Tz) = p(T"x, T ') +

DO ™

< A"(p(z,Tx)) + g <L €.

The last inequality holds for any € > 60, and by (p2), p(z,Tz) = 6. ] ]

Theorem 2.4.5. Let (X, d) be a complete cone metric space with w-cone distance p on
X and A € B(E) an increasing operator with spectral radius less than 1. Suppose that
T : X — X is a p-contractive mapping of Perov type, i.e.,

p(Tx, Ty) = A(p(z,y)), forallz,yeX.

Then, T has a unique fized point z € X, and p(z,z) = 0.
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Proof. From the proof of Theorem [2.4.1 we get that T"x — z as n — oo, Tz = z and

p(z,2) =0.
If Ty =y, then

ply,2) = p(Ty, Tz) 2 A(p(y, 2)) = ply,2) = (I —A)"'(0) =9,
thus p(y, z) = 6 and p(z,z) = 0 imply, by (i) of Lemma|[l.2.6] that y = =. ] ]

Remark 2.4.6. De Pascale and De Pascale [103] used K-normed space to prove that
Lou’s fixed point theorem [93] in a space of continuous functions is equivalent to the Ba-
nach contraction principle with contractive constant replaced by bounded linear operator
with spectral radius < 1. Observe that in [103] cone is normal, but we have investigated
the case when cone is not normal [33]. It is interesting to to investigate possibility of
extending Lou’s theorem in the case when cone is not normal.

We state the similar results when cone metric space (X, d) is normal by replacing the
condition r(A) < 1 and excluding the condition that the operator A is increasing, i.e.,
not demanding the condition A(P) C P.

Theorem 2.4.7. Let (X, d) be a complete normal cone metric space with normal constant
K and w-cone distance p on X. Suppose that for some operator A € B(E), K| A| < 1,
a mapping T : X — X satisfies the following condition:

p(Tz, T?z) = A(p(x,Tx)), foralzecX.

Assume that either of the following holds:
(1) If y # Ty, there exists ¢ > 0, such that

¢ <|lp(z,y)ll + llp(z, Tz)ll,  for all x € X;

(ii) T is continuous.
Then, there exists z € X, such that z = Tz and if y = Ty for some y € X, then
p(y,y) =90.

Proof. Let x € X be an arbitrary and let us define a sequence (z,,), o = z, x,, = T"x,
for any n € N. Then,

1p(@n, 2np) || < KA[l[[p(2n—, 20)l] < - - - < (K[JAI)"|[p(z, Tx)]]. (2.41)

Thus, if m > n, then from (w;) and ({2.38)),

oo )l < KAVt )]
< S I o, 7))

(KA
?HA“HP(%TI)H‘ (2.42)
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However,

(KAL)
——||p(x, Tz)|| = 0, n — oo,

so (x,) is a Cauchy sequence in X and, because X is complete, (x,) converges to some
ze X.

From the lower semi-continuity of w distance, we have that for any ¢ > 6, there is
ng € N such that for any m > ng

p(xn, 2) 2 p(xy, m) + €.

Moreover, for arbitrary n € N, if we choose m > n, then from (2.42) it follows that the
inequality

(A"
Ip(2n, 2)|| < Ip(z, Tx)|| + Klle]
1 - KAl
holds for any € > 6, so, for e :=¢/n, n € N,
(K AD"
Ip(n, 2)[| < Ip(z, T)].
1 - KAl
Let us assume that () is satisfied and that Tz # z. Then, there exists ¢ > 0 such that
c < |p(x, 2)|| + ||p(x, Tz)||, forall zeX. (2.43)
Then,
(EJlAlD"
¢< IpCe, T)[| + (KA [p(z, T)|
1 - K|A]

for any n € N and that is impossible since holds.

Otherwise, if T' is continuous, then, since =,y = Tx, — Tz, n — oo, it follows
Tz =z.

It remains to prove that if Ty = y, then p(y,y) = 0. Obviously,

lp(y, )|l = lp(T™y, T ' y) | < (K[| AID™lp(y, Ty)ll, n €N,
implies [|p(y, y)|| = 0. O O

Corollary 2.4.8. Let (X, d) be a complete normal cone metric space with normal con-
stant K, w-cone distance p on X and A € B(E) an operator, K||A| < 1/2. Suppose
that the mapping T : X — X satisfies either (i) or (it) of Theorem and

p(Tx, T?z) < A(p(x, T?z)), forallz € X.
Then, there exists z € X, such that z = Tz and if y = Ty, then p(y,y) = 6.
Proof. 1f x € X is arbitrary, then
Ip(Tz, T?2)|| < K[| All|p(x, T2)|| + K[| A|||[p(T, T22)].

Hence,

KA
1= K||A]
and, since K||Al|/(1 — K||A]|) < 1 it directly follows by Theorem [2.4.7] O O

(T, T?2)|| < Ip(e, T).



2.5. Perov type theorems on partially ordered cone metric space 45

Theorem 2.4.9. Let (X, d) be a complete normal cone metric space with normal constant
K and w-cone distance p on X. Suppose T : X — X satisfies the condition (2.36)) for
an operator A € B(E). If K||A|| < 1, then T has property P.

Proof. As in the proof of previously stated theorem, it follows that, for any z € F(T™)
and 7 € N,
Ip(T2, T 2) || < (K[| AN lp(2, T2)|| = 0,k — oo,

thus Tz =T"z = 2. ] ]

The proofs of the following theorems follows similarly as in the case when cone metric
space is not normal.

Theorem 2.4.10. Let (X,d) be a complete normal cone metric space with normal con-
stant K, w-cone distance p on X, A € B(E) an operator such that K||A|| < 1. Suppose
T: X — X and there exists an x € X such that

p(Ty, T%y) =< Alp(y, Ty)), for ally € O(x,0).

Then,
(7) lim T"x = z exists and
n—oo
(KJAlD"
lp(T"2, )| < lp(z, Tx)l| - for n€N;
1 - K|[A]

(71) p(z,Tz) =0 if and only if G(x) = p(x,Tx) is T-orbitally lower semi-continuous
at z.

Theorem 2.4.11. Let (X,d) be a complete normal cone metric space with normal con-
stant K and w-cone distance p on X and A € B(E) an with such that K| Al < 1.
Suppose that T : X — X is a p-contractive mapping of Perov type, i.e.,

p(Tx,Ty) 2 A(p(z,y)), foralzyecX.

Then, T has a unique fized point z € X, and p(z,z) = 0.

2.5 Perov type theorems on partially ordered cone
metric space

A. C. Ran and M. C. Reurings in [I14] gave a fixed point theorem regarding contrac-
tions on partially ordered metric spaces but with contractive condition holding for only
comparable element additionally assuming that a mapping is monotone. There were
many extensions of this result concerning different type of spaces with partial order and
extended contractive condition. There were many papers on the topic of fixed point in
partially ordered cone metric spaces, but most of them in the case when underlying cone
is normal. We investigate existence of a fixed point of a Perov type contraction but in
partially ordered cone metric spaces.
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Theorem 2.5.1. ([117]) Let (X, <) be a partially ordered set such that every pair z,y €
X has a lower bound and an upper bound. Furthermore, let d be a metric on X such
that (X,d) is a complete metric space. If f : X +— X is a continuous and monotone
mapping such that

(i) (30<c<1)d(f(x),fly) <cd(z,y), forall x =y,

(ii) (3xg € X) o =X f(mg) or o = f(20),

then f has a unique fived point z. Moreover, for every x € X, lim f"(z) = z.
n—o0

Since there were defined two structures, ordering and metric, on a set X, their com-
patibility should be discussed, as mentioned in [I07]. Nevertheless compatibility easily
follows from the condition (i), in the following, when dealing with partially ordered met-
ric and partially ordered cone metric spaces, assume that defined metric, or cone metric,
and ordering are compatible.

In [I07) was stated the following result concerning existence of at least one fixed
point, regardless uniqueness, by excluding condition of existence of a lower and an upper
bound of any pair of points.

Theorem 2.5.2. ([107]) Let (X, =) be a partially ordered set, let d be a metric on X
such that (X,d) is a complete metric space and the metric and ordered structure are
compatible. Let f: X — X is a continuous and monotone mapping such that

(1) (30<ec<)d(f(z), fly)) < cd(z,y), foralz =y,

(11) (Fxg € X)xo =< f(x0) or 19 = f(20),

then f has a fized point z € X and for each x € X with x <Xz (or x = x), the sequence
(f™(x)) of successive approximations of f starting from x converges to z.

Instead of cone metric space, we will investigate uniqueness and existence of a fixed
point for Perov type contractions on partially ordered cone metric space assuming that
contractive condition holds only for comparable points.

For a partially ordered cone metric space (X, d, <) we say that ordering and cone metric
are compatible if for any sequences (x,), (y,) € X convergent in X such that x,, < y,,
n € N, it follows lim z, < h_}m Yn-

n—oo n oo
Points x,y € X are called comparable if x < y or y < x and set of all comparable points
of X will be denoted with z<.

Definition 2.5.3. Let (X, d, <) be a partially ordered cone metric space. A mapping
f: X — X is continuous if

V(zn) CX)zp, 2 X, n—>00 = f(z,) = f(z), n — occ.

Let O(z, f) = {f™(z) | n € No} be the orbit of point x for a mapping f.
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Definition 2.5.4. Let (X,d, <X) be a partially ordered cone metric space. A mapping
f X — X s orbitally continuous if

(Vo e X)(V(2n) CO(x, f))on =y € X, n =00 = f(x,) = f(y), n = oo,
or, equivalently,
Ve X)) syeX,i—ooo = f"Oz) = f(y), i — oo,

Definition 2.5.5. Let (X,d, <) be a partially ordered cone metric space. A mapping
f:X— X s

(i) monotonically nondecreasing (order preserving) if t <y = f(x) <X f(y), x,y €
X;
(11) monotonically nonincreasing (order reversing) if v <y = f(z) = f(y), z,y € X.

A mapping f is monotone if it is monotonically nondecreasing or nonincreasing map on
X.

Theorem 2.5.6. Let (X, d, =) be a partially ordered complete cone metric space with a
solid cone P. If for a monotone and continuous mapping f : X — X there exists xg € X
such that

xo X f(xo) or o = f(x0), (2.44)
and an positive operator A € B(E), r(A) < 1, satisfying
d(f(x), f(y)) < Ald(z,y)), for all z =y, (2.45)

then f has a fixed point z. Moreover, for every x € X such that x = xq or x = xg, the
sequence of successive approximations { f™(x)} converges to z.

Proof. Choose xy as defined in and observe a sequence of successive approxi-
mations x, = f(x,_1), n € N. Let us assume that f is monotonically nondecreasing
mapping. The rest of the proof would go analogously in the other case. Remark that,
thanks to the symmetry of the condition , it is applicable on any two comparable
points z,y € X.

If 2o = f(x) or g = f(xo), then, by using monotonicity of the mapping f and principle
of mathematical induction, we derive z,, < x,,1 or, respectively, z, = x,.1, for any
n € N. Since A is an positive operator,

d(xp, Tpe1) < Ald(xy_1, 1)) < ... < A™(d(x0, 21)),

along with triangle inequality, implies

m—1
d(xn7$m> S Zd(xiaxi—&—l)

IN

> A (Ao, 1)

IA

ZAi (d(xo,21)) -
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oo oo
As previously discussed, > A" converges, thus lim Y A’ (d(zg,z1)) = 0 and (z,) is a
i=1 n—00 i—p
Cauchy sequence, so convergent in X. If z = lim x,,, because f is continuous, then z is
n—oo

a fixed point of f, not necessarily unique.
If z € X is comparable with ¢, then since f is monotone, f"(x) and x,, are comparable,

n € N, so by ,
d(f"(x),2,) < A(f" ", w0) <0< A (d(,30))
Moreover,
d(f™(x),z) <d(f"(x),z,) + d(zp, z) < A" (d(z, x0)) + d(24, 2).
For any ¢ > 0 there exists ng € N chosen that the inequalities
d(xy, 2) < g and A" (d(z,xg)) < g,

hold for any n > ny.
Hence,
d(f*(2),2) < ¢, n = no

and arbitrariness of ¢ € int(P), lead to the conclusion lim f"(z) = z. O
n—oo

We can state the similar result in the sense of Ran and Reurings, by including the
hypothesis that each pair of points has an upper and a lower bound and obtain unique-
ness.

Theorem 2.5.7. Let (X, d, <) be a partially ordered complete cone metric space such
that for any x,y € X the set {x,y} has a lower and an upper bound. If for a monotone
and continuous mapping f : X — X and hold for some xq € X and some
positive operator A € B(E) with r(A) < 1, then f has a unique fized point z. Moreover,
for every x € X, the sequence of successive approximations {f"(x)} converges to z.

Proof. From the proof of Theorem[2.5.6| an fixed point z of f is obtained and lim f"(z) =

n—o0

z for any x = x¢ or x < xy.
For arbitrary x € X denote with x; a lower and with a z, an upper bound of a set
{z,x0}. Then,

[ (@) 2 f"(2) 2 (@) or fM(z) = f*(x) = f*(2u), n €N
However,

d(f"(x),z) < d(f"(@), f"(@) + d(f"(x1), 2)
< An(d(ZL‘,J]l)—i-d(fn(l‘l),Z)

As n — oo, we obtain lim d(f"(z),z) =0, thus lim f"(z) = z. Assume that f(y) =y,
n—00 n—00

for some y in X. Due to the previously made observations the sequence { f™(y)} converges
to z and since it is a constant sequence, y = z. O



2.5. Perov type theorems on partially ordered cone metric space 49

Remark 2.5.8. By observing the proof of Theorem it is evident that there is no
need to request existence of both lower and upper bound. It is sufficient to ask that for
any z,y € X there exists z(z,y) € X comparable with x and y. Since than, for y = z
and z(z,z9) = z, nlg& f™"(z) =z, f*(2) and f"(x) are comparable for any n € N and
d(f"(x), 2) (f (z), ["(2)) +d(f"(2), 2)
A" (d(z, 2) +d(f" (1), 2),

IAINA

lead to the same conclusion lim f"(z) = z.
n—oo

Remark 2.5.9. Theorem [2.5.1] ([L14]) is a direct consequence of the Theorem and
Theorem [2.5.2] ([107]) follows from the Theorem by observing a metric space as a
specially kind of cone metric space with a cone P = (0,00) and an operator A € B(R)
defined with A(x) = cz, x € R. Remark that A is a positive operator since ¢ > 0 and
that r(A) = ¢ < 1, so all additional conditions of Theorems [2.5.6| and [2.5.7| are fulfilled.

By taking into the account the proofs of the Theorem [2.5.6| and Theorem it
is easy to conclude that continuity of function f could be replaced with the orbital
continuity.

Theorem 2.5.10. Let (X, d, <) be a partially ordered complete cone metric space with a
solid cone P. If for a monotone and orbitally continuous continuous mapping f : X — X
such that (2.44) and (2.48) hold for some v € X and some positive operator A € B(E)
with r(A) < 1, then f has a fized point z. Moreover, for every x € X such that x = xg
or x X xg, the sequence of successive approximations (f™(z)) converges to z.

Theorem 2.5.11. Let (X,d, <) be a partially ordered complete cone metric space with
a solid cone such that for any x,y € X exists some z(x,y) € X comparable with both x
and y. If for a monotone and orbitally continuous mapping f : X — X such that
and hold for some xo € X and some positive operator A € B(E) with r(A) < 1,
then f has a unique fixed point z. Moreover, for every x € X, the sequence of successive
approzimations (f™(x)) converges to z.

Another way of weakening the conditions of previous theorems would be to, instead
of monotonicity of a mapping f, require that for any to comparable points z,y € X,
f(z) and f(y) are also comparable.

Theorem 2.5.12. Let (X,d, <) be a partially ordered complete cone metric space with
a solid cone P. If for a orbitally continuous continuous mapping f : X — X such that

(r<yory<z) = (flz) < [fly) or fly) < f(x)), (2.46)

and hold for some xq € X and some positive operator A € B(FE) with
r(A) < 1, then f has a fized point z. Moreover, for every x € X such that x = xq or
x X xg, the sequence of successive approzimations (f™(x)) converges to z.
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Theorem 2.5.13. Let (X, d, <) be a partially ordered complete cone metric space such
that for any x,y € X the set {x,y} exists some z(x,y) € X comparable with both x and
y. If for orbitally continuous mapping f : X — X such that 1S satisfied,
and hold for some xo € X and some positive operator A € B(E) with r(A) < 1,
then f has a unique fixed point z. Moreover, for every x € X, the sequence of successive
approzimations (f™(x)) converges to z.

Theorem [2.5.12] generalizes Theorem 4.7 of [I07] and it do not require existence of
a lower and an upper bound for any pair of points since comparability requirement in
Theorem [2.5.12]is equivalent with existence one of the bounds, lower or upper.

In correlation with some results of J.J. Nieto and R. Rodriguez-Lopez ([96, 07]), we
will prove that, instead of continuity or spherical continuity condition, we can observe
the sequence oriented condition:

(Ch) If (x,) € X is a convergent sequence with comparable consecutive terms in respect

with < and lim z,, = x, then there exists a subsequence {z,, } C (z,) whose every term
n—oo

is comparable with the limit z.

Theorem 2.5.14. Let (X,d, <) be a partially ordered complete cone metric space with
a solid cone P with (Cy) property, a mapping f : X — X such that is satisfied,

and hold for some xy € X and some positive operator A € B(E) with
r(A) < 1, then [ has a fived point z. Moreover, for every x € X such that © > zq or

x =X g, the sequence of successive approzimations (f™(x)) converges to z.

Proof. Define an iterative sequence (z,,) of f for xy € X which satisfies (2.45)) providing
that z,, and x,, are comparable because of (2.46). By applying (2.45) for any n € N,

following inequalities are obtained:
d(Tn, Tny1) < A"(d(20, 71)),

and, for any n,m € N with m > n,

(T, Tm)

IN

m—1
Z d(;, le'+1)

Z AZ (d(l‘o, 111))

IN

< ZA"' (d(x0, 1)) .

Since lim Y. A’ (d(xg,x1)) = 0, (x,) is a Cauchy and convergent sequence in X. If
n— i=n

z = lim x,, it remains to prove that f(z) = z by estimating d(z, f(z)).
n—oo

Due to (C}), the sequence (x,,) generates the subsequence (z,, ) whose every term is
comparable with z. For some ¢ > 0, let ky € N satisfies

d(z,z,) < ¢, n > ng,,
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and for such k,

Az f(2) € dz2ae) + d(en, /(2)
Az, Tays1) + A(d(@ny 2))

c+ A(c).

According to previously made discussion, d(z, f(z)) =0, i.e., f(z) = 2.
Proof that iterative sequence of any point comparable with xq converges to z follows the
lines of the proof of Theorem [2.5.6| O

Theorem [2.5.14| generalizes Theorems 4, 5 and 7 of [96] by choosing A(x) = gz, © € R,
for some ¢ € (0, 1), by adding the comparability request which guarantees a uniqueness
of a fixed point.

The condition (C}) could be replaced with:
(Cs) If a nondecreasing sequence (x,) C X converges to x € X, then z,, < z for any
n € N.
or with
(C3) If a nonincreasing sequence (z,) € X converges to x € X, then z, > z for any
n € N.
by adjusting some other requirements.

IA A A

Theorem 2.5.15. Let (X,d, <) be a partially ordered complete cone metric space with
a solid cone P with (Cs) property and f : X — X a nondecreasing mapping such that
holds for some positive operator A € B(E) with r(A) < 1. If g < f(xo) for some
xg € X, then f has a fized point z € X and for every x € X such that x = xg or x = x,
the sequence of successive approximations {f"(x)} converges to z.

Proof. According to monotonicity of f, x, < x,1 for z, = f*(x0), , n € N and as in

previous proofs, (z,) is a Cauchy and, thus convergent sequence with a limit z in X.
Condition (C5) allows us to make following estimation by applying (2.45))

d(z, f(2)) <d(z,xp41) + A(d(xp, 2)), n €N

and to conclude f(z) = z. Rest of the proof regarding iterative sequence’s convergence
is analogous to the proof of Theorem [2.5.6| [

Including (C3) instead of (C2) leads to the following result.

Theorem 2.5.16. Let (X,d, <) be a partially ordered complete cone metric space with
a solid cone P with (C3) property and f : X — X a nondecreasing mapping such that
holds for some positive operator A € B(E) with r(A) < 1. If xo = f(xo) for some
x9 € X, then f has a fized point z € X and for every x € X such that x > x¢ or x = xg,
the sequence of successive approzimations {f™(x)} converges to z.

Proof. The proof is similar to the proof of Theorem [2.5.15| but includes a nonincreasing
sequence of successive approximations (x,) for x,, = f"(xy), n € N. [

Theorem extends Theorem 2.2 and Theorem Theorem 2.4 of [97]. In
those results sequence of successive approximations is not discussed. As previously men-
tioned uniqueness can be obtained by including comparability condition for each pair of
points in X.
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2.6 Nonlinear operatorial contractions

Operator A satisfying is required to be bounded, linear and with spectral radius
less than 1, thus A™ converges to zero, as n — 0o, to obtain existence and uniqueness
of a fixed point of mapping f. In the following results we will weaken this requirements
primarily omitting the linearity condition.

Theorem 2.6.1. Let (X,d) be complete cone metric space with a solid cone P and
f X — X a continuous mapping. If there exists an increasing operator A : E +— E
such that lim A™(e) =0, e € E, and, for any z,y € X,

n—oo

d(f(x), f(y)) = Ald(z,y)), (2.47)

then a mapping f has a unique fixed point in X.

Proof. Define, for arbitrary zy € X, an iterative sequence z,, = f(x,_1), n € N. Then,
0 j d(xnrfn-‘rl) j An(d(,foyl’l)), n e Na

so lim d(x,,z,41) = 0.

n—oo
For arbitrary ¢ > 6 choose ng € N such that A"(c) < g, n > ng, and n; € N that
d(xp, Tny1) < ﬁ for n > ning. Observe a sequence y, = f*(x), k € N. Then

d(yknyk-‘rl) j Akno (d(l’o, xno))v k € N7
and again lim d(yx, yr1) = 0. Hence, there exists ko € N such that d(yk, yes1) < 3
n—oo
holds also for any index greater than kg and choose such k > n;.
Denote with S a closed ball K[y, {] = {z € X | d(yx,z) < §}. It follows that f™(S5) € S
since, for any =z € S,

d(ye, [™(x)) = d(Yks Yr1) + A(Yrgr, [ (7))
< g+ Ay )
C
< 7

Moreover, y,, € S for any n > k.
If m > kng, let m = qng + r for some ¢ > k and 0 < r < ng, then the inequalities

d(yka$m) j d(ykayq)+d<yqaxm)

m—1
d(Yr,Yq) + Z d(z;, xi41)

i=qno

A

| A
| o
+
\'M
Z| -
()

A
|
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lead to 3
d(xp, Tm) 2 d(Tn, yr) + d(Yr, Tm) < ZC < ¢, n,m > kng,

with a conclusion that (x,) is a Cauchy sequence in X and therefore convergent in

X. Denote with z € X the limit of the sequence (z,) and notice that z, along with

fmmo(2) for any m € N is in S. Since the mapping f is continuous, z = lim f"(x) =
n—oo

F(lim (o)) = £(2).
If f(u) = u, then
d(z,u) = d(f"(2), ["(u)) 2 A"(z,u),

along with lim A™(z,u) = 6 gives us u = z. Uniqueness also implies that (f™(x))
n—oo

converges to z for any « € X since first part of the proof induces that (f"(x)) converges
to the point with fixed point property. O

Remark 2.6.2. Comparing this theorem with Theorem [2.2.2] notice that A is not

assumed to be linear. Continuity condition of f is implicitly requested in Perov theorem

and Theorem [2.2.2L If 7(A) < 1, then lim ||A™||*™ = 0, moreover lim [|A™(e)||'/" = 0,
n—oo n—oQ

for any e € E. Hence, this result generalizes theorem and, as a consequence, Perov

theorem.

Instead of requesting that lim A™(e) = 6, for any e € F, it is enough to assume that
n—oo
for all e € P.

Theorem 2.6.3. Let (X,d) be complete cone metric space with a solid cone P and
f X — X a continuous mapping. If there exists an increasing operator A : E +— E
such that im A™(e) =0, e € P, and (2.47) holds for any x,y € X, then a mapping f

n—oo
has a unique fixed point in X.

It is also possible to let A [p: P — P be an increasing operator instead of A : E' +— E.

In the case that A € B(F), it is equivalent for A to be increasing or positive. Bound-
edness do not have impact on this conclusion, only linearity. If A is a non linear op-
erator, but increasing and satisfies (2.47)), then for x = y, § < A(f) and for = € P,
0 < A(0) X A(x) € P, so A is a positive operator. On the other hand, positivity of A
do not imply that A is increasing.

Example 10. Let £ be a Banach space with a solid cone P and ¢ € int(P). Define an
operator A : E — E with

5 z=20
Am_{ 0 zeE\{0)

Operator A is positive and A™(z) =0, x € E, for any n > 2, but it is not increasing.

Comparing requirements r(A) < 1 and lim A™(e) = 0, e € E, for a bounded linear
n—oo

operator A, it is obvious that 7(A) < 1 implies other condition, but reverse do not hold.
Therefore, the condition lim A™(e) =6, e € E, (or e € P) of Theorem [2.6.3|is less strict
_>

that corresponding condition of Theorem [2.2.2]
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Example 11. Let ¢y be the set containing all sequences of real numbers convergent to
zero equipped with supremum norm ||| and define A : E — E with

A(x) = A(xy, 29,23, .., Ty .. .) = (0,23, T4, .. ., Tpi1,--.), == (z,) € co.

Operator A is linear on Banach space (¢, ||||) and also bounded since || Az||w < || -
By choosing e3 = (0,0,1,0,...,0,...) € ¢, it follows ||A|| = 1.
For any m € N,

A™(x) = A™ (21, 22,3, .. .) = (0, Tpny2y Tz, - --), T = (x,) € Co,

therefore, observing e,,.o € ¢y with all zeros except one on (m+2)-nd place (i.e.,
(ém+2)n = Onm+i2, n € N), we obtain ||A™|| = 1. Spectral radius of A is not less
than 1, since r(A) = lim [|A™|= = 1.
m—r0o0
However, for any = € ¢y, lim A™(z) = 6 where 6 is a zero sequence. For arbitrary
m—0oQ
T € ¢g and € > 0, there exists ng € N such that
€
n>mny = \:Un\<§,

implying || A" (2)||ec = iuIiQ |z,| < € for any m > ng—2. Thus, Wllgréo A" (x) = 6 despite

of spectral radius.



Chapter 3

Common fixed point problems

Common fixed point problem refers to finding z € X such that it is a coincidence point
for two self-mappings and, at the same time, fixed point of both of them. Meaning, for
some f,g: X — X, we look for such z € X that f(z) = g(x) = x and we say that z
is a common fixed point of mappings f and ¢g. Evidently, common fixed point even do
not have to exist at all and, if it does exist, it is not necessarily unique as shown in the
example.

Example 12. Let f(z) = z, g(z) = 2+ 1, € R, then common fixed point do not exist,
but there is also no coincidence point for those two mappings.

If f(z) =g(x) =2+ 1, z € R, then all real numbers are coincidence points, but still
there is no common fixed point.

If f(z) =z, g(x) = §, v € R, then 2=0 is a unique fixed point for f and g.

Every real number is a common fixed point for f(x) = g(z) =z, z € R.

Observe that, in a similar way, we may define this kind of examples on a cone metric
space.

We have emphasised coincidence point problem since it is broadly researched topic
in the fixed point theory.

Mean value of coupled fixed point problem is in wide area of application, especially
in finding a solution of a system of two equations. This concept can be extended on a
sequence or family of mappings. Therefore, this chapter is divided in three sections. Two
sections summarize existence and uniqueness of a common fixed point for the pair or the
sequence of mappings, respectively. In the third part of this chapter classical result of
Hardy and Rogers ([64]) is transformed from the angle of common fixed point problem.

3.1 Fixed point for the pair of mappings

Instead of starting with Banach/Perov contraction, we will, relying on Section , begin
from the much comprehensive condition.

Definition 3.1.1. Let (X,d) be a cone metric space, and let g, f : X — X. Then, g is
called a f- quasi-contraction of Perov type if for some operator A € B(E), r(A) < 1 and

%)



3.1.  Fized point for the pair of mappings 56

for every x,y € X, there exists

we C(fsayy) = {d(f @), F). d(f (@), 9(2)). d(f (@), 9()), d(F (1), 90). d(F (). 9(a) }

such that

d(g(z), 9(y)) = A(uw). (3.1)
Remark that if f = idx is the identity map on X, and g satisfies (3.1)), than ¢ is called
quasi-contraction of Perov type. If f.g: X — X, g(X) C f(X) and o € X arbitrary,

then let 1 € X be such that g(zo) = f(x1). Having defined z,, € X, let x,,1 € X be
such that g(z,) = f(zns1) = yn, n € N

Theorem 3.1.2. Let (X,d) be a complete cone metric space with a solid cone P. Let
g, f X = X, f commutes with g, g(X) C f(X), f or g is continuous and g is a
f-quasi-contraction of Perov type, A(P) C P. Then f and g have a unique common
fized point z in X and for any xy € X, the iterative sequence (Yn)nen converges to some
y € X. In the case when [ is continuous, then z = g(y) = f(y), if g is continuous, then

z=1y.
Proof. Let xg € X be arbitrary. We will prove two inequalities:
(Z> d(yn7y1) = ([ - A)_1A<d(3/172/0))7 ne N?

Evidently, (1) is true for n = 1. Suppose that it is fulfilled for each m < n.
Since d(yn—i-h yl) j A(U), where

u € {d(Yn, ¥0), A(Yn, 11), d(Yo, ¥1), A(Yo: Ynt1), A(Yns Ynt1) }

we will discuss several different cases.

(1) If w = d(yn, o), then

I

d(ym yO))

d(Ynt1, 1) (
A(d(ymyl)) + A(d(y1,90))
(-

LA TATA

A A) T A(d(yr, o)) + Ald(yr, mo))
AT — A)~Hd(y1, y0)) + AT — A — A) " (d(y1, %0))
= (I-A" A(d(yl,yo)).

(2) Presume u = d(yy, y1), then

A(d(yn, 1))

A(I = A) " A(d(ys, yo))

(I = (I = AT = A7 Ad(y1, %))
(L - A)flA(d(yl,yo))-

d(yn+1: yl)

A TATA TA
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(3) Clearly, for v = d(y1, yo), the inequality (1) is satisfied.
(4) Due to
d(y(); yn-i-l) = d(yOa yl) + d(yh yn+1)7

and the fact that A is positive operator, it follows

d(Yn+1,y1) = Ald(yo, 1)) + A(d(Y1; Ynt1)),

that points to
d(ynJrl; yl) j (I - A)ilA(d(yOJ yl))u

if u = d(yo, Yn+1)-
(5) If d(yns1,v1) = A(d(Yn,yYns1)) and g is a f-quasi-contraction, we see that, for some

7; 6 {07 1’ st 7n}7 j E {17 ct )n —"_ 1}7 d(yn7yn+l) j An_l—i—z(d(yl?y]))? * .

The case where j = n+ 1, implies d(y,+1,y1) = 6. Indeed, since I — A" is an invertible
operator and A"*(P) C P, we see d(yni1,y1) = 0.

Otherwise, from the initial assumption,

A (d(yr, 7))
AT — A) P A(d(y1, m0))

(I —A)~"Ad(y1, yo))-

Thus, the inequality (7) holds for n € N and inequality (i¢) is obtained directly from (7):

d(ynﬂ, yl)

LA TATA

A(Yn, 1) + d(y1, Yo)
(I —A)" A(d(y1,y0)) + d(y1,Yo)
(I —A)~"(d(y1, %)), n € N.

d(yn7 yO) j
=

We will demonstrate that (y,).en is a Cauchy sequence in X, thus it is convergent.
Suppose that n,m € N, m > n.
Mapping ¢ is a f-quasi-contraction, so there exist i, e N, 1 <1< n, 1 <75 <m,

A(Yns Ym) = A" Hd(yi, 7)),

which brings us to
A(Yn, Ym) = 24™(1 = A)~H(d(y1, y0))-
Since, 2A™(I — A)~'(d(y1,y0)) — 0, n — oo, by Lemma [2.1.1} (y,)nen is a Cauchy
sequence and there exists y € X, lim y, = v.
n— o0

First of all, we may infer that if f and g have a common fixed point, then it is unique.
If f(z) = g(z) =z and f(y) = g(y) =y, then

d(z,y) = d(g(z),g(y)) 2 A(u), u € {0,d(z,y)}. (3.2)

Either way, it follows x = y.

Further on, let us observe two different cases, if f is continuous, or if ¢ is continuous.
Suppose that f is continuous. We need to corroborate that g(y) = f(y) is a common
fixed point of f and g.



3.1.  Fized point for the pair of mappings 58

The continuity of f leads to lim f(y,) = f(y). Additionally, f and g commute, indicat-
n—oo

ing g(yn) = f(Yn+1) and lim g(yn) = f(y).
For ¢ > 60 and € > 6 choose ny € n such that for each m,n > ng following inequalities
hold:

d(f(yn), f(y)) < ¢, d(f(yn), f(y)) <& and d(f(yn), f(ym)) < e. (3.3)
For any n > ng + 1, observe the triangle inequality
d(g(y), f () 2 d(g(y), [ (Yn+1)) + d(f (yns1), £ () (3.4)

Recall that g is a f-quasi-contraction of Perov type, so

d(g(y); f(Ynt1)) = d(g(y), 9(yn)) = A(u)

for some

we{d(f(y), fyn),d(f W), fFWns1)): d(f(Yn)s f(yns1)), d(f(v), 9(v)), d(f(yn),g(y)z?};s)

Form subsequences (y,;) C (y,) in a way that d(g(y), f(Yni)) = A(un,;) where wu,; is
respectively chosen.
If any of subsequences (y,;), ¢ = 1,3 is infinite, then and . 3.5) along with

d(g(y), f(y)) = Ale) +

point to
d(g(y), f(y)) 2 A(e), e > 0. (3.6)

In case (y,4) is infinite, then

d(g(y), f(y)) 2 A(d(g(y), f(y))) +¢, >0,

we perceive
d(g(y), f(y)) = Ald(g(y), f(y)))- (3.7)

Eventually, the case where (y,5) is the only infinite subsequence implies

d(g(y), f(v)) A(d(f(yn), 9(y))) + d(f (Ynt1), f(y))
A(d(f(yn), f(y))) + Ad(f(y), 9(v))) + ¢
A(d(f(y),9(y))) + Ale) + ¢, c,e > 0.

AT TA

Further,

d(g(y), f(y) = Ald(g(y), f(y))) + Ale), e > 0. (3.8)
Each of the inequalities (3.6)), (3.7) and lead us to the conclusion

d(g(y), f(v) =0 < g(y) = f(v). (3.9)

By choosing e = £,n € N, we get
d(g(y), f(y)) 2 Ad(g(y), f(y))) = d(g(y), f(y)) 20
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and consequently (3.9)).
Note that (3.9) and fg = gf imply

9*() =9(fw) = flg(y) = f*(y). (3.10)

Thus, it is sufficient to show g(g(y)) = g(y). Select

u € {d(f(g()), f(y),d(f(9(y)), 9(y)),d(f(9(y)), 9(9(¥))), d(f(v), 9(v)),d(f(y),9(9(y)))}

that satisfies d(g(g(y)),9(y)) = A(u). F ) and (3.10), we may conclude that u €
{6,d(g9(g9(v)),9(y))} and ¢g(g9(y)) = g(y ) ThlS equahty combined with (3.10)) determines

this part of the proof.

Alternatively, consider that ¢ is continuous. Then it will be demonstrated that y is a

unique common fixed point of f and g.

Similarly as in first case, lim f(y,) = lim g(y,) = g(y). For arbitrary ¢ > 6 and ¢ > 0
n—oo n—oo

choose ny € n such that for every m,n > ng following inequalities hold:

C
g, d(Yn,y) < 5, d(WYn, ym) < € and d(g(yn), 9(ym)) < . (3.11)

d(9(y), 9(yn)) < = 5

2
Applying the triangle inequality for n > ny we get
d(9(y),y) = d(9(y), 9(yn)) + A(9(Yn) Yn) + d(Yn, y) = ¢+ d(g(Yn): Yn)- (3.12)

According to (3.1]) choose w,, such that d(g(yn), yn) = A(uy,).
If u, € {d(9(¥n-1),9(Yn)), d(Yn—1, yn)} for infinitely many n € N, then (3.11)) and (3.12)

imply

d(g(y),y) 2 c+ A(e), c,e >,

consequently

d(g(y),y) 2 Ale), e > 6. (3.13)
Otherwise, choose n > ngy such that (3.11)) is fulfilled and m € N, d(g(¥n+m), Ynim) =
A(tp4m) where

Uptm € {d(g(ynﬂnfl)a ynerfl) ) d(g(yrﬁmfl)a yn+m) ) d(g(yn+m)> ynerfl)}-

Hence,
d(g(Yn+m), Yntm) = AR (Um),

for vy, € {d(9(yn)s Yn+i), A(G(Yn+s), yn)} for some 0 < k,i,j < m.
Relaying on

d(g(yn)7yn+l) j d(g(yn)7yn)+d(yn7yn+z)
=< d(9(yn),yn) + ¢,
and
AGYnti) Yn) = A9 Ynti), 9Wn)) + d(9(Yn)s Yn)
= e+ d(g(Wn), yn),
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it proceeds

A(G(Yntm ) Ynsm) = AT () + A" (d(g(yn), yn))- (3.14)
In addition,
d(g(y),y) = d(9(¥), 9(Wn+m)) + A(G(Yntm)s Yntm) + A(Ynsm, ) (3.15)
< e+ A™E(e) + AE(d(g(yn), yn))-
leads to
d(g(y),y) ¢, c> 0. (3.16)
Conjointly, (3.15) and (3.16)), for e = £ and c = £, n = 1,2,..., indicate

Hence, g(y) = y.
Notice that lim f(y,) = lim ¢(y,) =y and for ¢ > 0, £ > 0 there exists n; € N,
n—o0 n—oo

n,m >ny == d(g(yn),y) < ¢, d(g(yn),y) < € and d(g9(yn), 9(ym)) < €.

Due to the condition ¢(X) C f(X), (3z € X) y =g(y) = f(2).
It remains to estimate distance between ¢(z) and y. Choose n > ny, then

d(g9(2),y) d(9(2), 9(yn)) + d(9(yn), y) (3.17)
(un) +c

LA TA
s

for

un, € {d(Y, 9(Yn-1)), d(y, 9(2)), d(y, 9(Yn)), d(g(Yn-1), 9(2)), A(g(Yn-1), 9(yn))}-

If u, € {d(y, 9(Yn-1)), Ay, 9(yn)), d(g(Yn-1), 9(y»))} for infinitely many n > n; then

d(g(2),y) = Ale). (3.18)

In the case that u, = d(g(z),y) for infinitely many n > ny,

for any ¢>60
——

d(g9(z),y) = Ale) +¢,

d(g(2),y) = (I —A)(c), c>0. (3.19)

Otherwise, observe n > n; such that d(g(z2), 9(¥n+m)) = A(9(2), 9(Yntm—1)) for every
m € N. Accordingly,

d(g9(2),y) d(9(2), 9(Yn+m)) + d(G(Yn+m), y)

A™(d(g(2), 9(yn))) + ¢

If m — oo, then d(g(z),y) < c¢. Again, on a similar way as in the proof g(y) = y, from
the last observation, (3.18]) and (3.19)) we conclude that g(z) and y coincide which brings

us to f(y) = f(9(z)) = 9(f(2)) = 9(y) =y O

LA TA
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Theorem m for f(z) = x, x € X implies Theorem . Obviously, the result of Ciri¢
([39]) follows from this corollary. Also as direct consequences of Theorem we get
generalizations of Jungck’s ([77]) and Das and Naik’s ([43]) results on non-normal cone
metric spaces and generalizations of Ili¢ and Rakocevié’s results ([70]).

Corollary 3.1.3. Let (X,d) be a complete cone metric space with a solid cone P. Let f
be a continuous self-mapping on X and g be any self-mapping on X that commutes with
f- If [ and g satisfy g(X) C f(X) and there exists a positive operator A € B(E) with
r(A) < 1 such that for any z,y € X

d(g(z),9(y)) = Ad(f(z), f(v)))- (3.20)

Then f and g have a unique common fixed point.

Proof. 1If f and g satisfy (3.20), then (3.1]) is evidently satisfied for u = d(f(z), f(y)).
From Theorem [3.1.2 result of Corollary directly follows. O]

Corollary 3.1.4. Let (X,d) be a complete cone metric space with a solid cone P. Let f
be a continuous self-mapping on X and g be any self-mapping on X that commutes with
f- If f and g satisfy g(X) C f(X) and there exists a positive operator A € B(E) with
r(A) < 1 such that for any z,y € X

d(g(x), 9(y)) = A(Ma(z,y)), (3.21)

for some

Ma(w,y) € {d(F@), (), d(F(2), g(x)), d(f (@), 9(1)) d(F (1), 9()). d(f (1), 9(2)) }.

Then f and g have a unique common fixed point.

Theorem 3.1.5. Let (X, d) be a complete cone metric space with a solid cone P, f : X —
X, f? continuous, g : f(X) — X such that g(f(X)) C f2(X) and f(g(z)) = g(f(x)),
x € f(X). Assume that there exists a positive operator A € B(E) with r(A) < 1, such
that is satisfied for every x,y € f(X), then f and g have a unique common fized

point in f(X).

Proof. As in the proof of Theorem define sequence (y,, )nen for arbitrary zo € f(X)
such that f(z,41) = 9(zn) = Yn, n € N. Perceive that f(y,) = 9(yn—1) = 2, determines
yet another sequence (2,)nen-

Because

d(zp, 2m) = A(u)

where

u € {d(zn—la Zm—l)a d(zn—l’ Zn)’ d(Zn—h Zm), d<zm—17 Zn)7 d<Zm—17 Zm)}

Similarly as in the proof of Theorem [3.1.2] it follows that (z,) is a Cauchy sequence.
There exists z € X, lim z, =z € X.

n—oo

We will prove that f?(z) = g(f(2)) = u and that u is a unique common fixed point of f
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and g in X.
Since f2(zn41) = g(f(24)), then d(g(f(za)), 9(f(2))) = A(un) where

un € {d(g(f(za-1)), f2(2)),d(g(f (20-1)), 9(f (2))): d(g(f (20-1)), 9 (f(2)),
d(f*(2), 9(f(z))), d(f*(2), 9(f(2))}-

The inequality

d(f*(2),9(f(2))) = d(f*(2), *(zar1) + d(g(f(2a)), 9(f(2)))
= d(f(2), £ (1)) + Alun),
along with nhj& [ (zn) = T}LIEO (f(2)) = f2(2), after similar discussion as in previous

theorems, gives us f2(z) = g(f(2)).

Remark that f3(z) = f(g9(f(2))) = g(f?(z)) allows us to prove only f3(z) = f?(2).
But recall that g is a f-quasi-contraction, so d(f3(2), f2(2)) = d(g(f?*(2)),9(f(2))) =
A(u), where u € {d(f3(z2), f*(2)),0}.

Anyway, f2(z) is a fixed point of f. As in the proof of Theorem , we have that
if u is a common fixed point of f and g then, since u € f(X), d(z,u) < A(d(z,u)), thus
u=z. [l

Let x € X be arbitrary, (y,)nen as defined above. If we denote Oy f(x,n) =

{Yo,- -, ynts Ogp(x,00) = {yo,- - Yn....}, 0 = max{||d(vi,y;)|| | i,j € No} and 0, =
max{||d(yi,y;)|| | 0 < 4,7 <n}, n €N, then we can state the following result.

Lemma 3.1.6. Let (X,d) be a cone metric space, P a normal cone with a normal
constant K, g : X — X a f-quasi-contraction and K| A|| < 1. Then, for every z € X,

(i) for each n € N there exists i € {1,...,n} such that
On = [ld(yo, yi)ll;
(13) For arbitrary n,ng € N,

K
On < = Ong}
= T KA

(1ii) For eachn € N,

K
0< ——————90,.
1= Kn[[Af»

Proof. (i) For 1 <i <j <n, d(y;,y;) =< A(ul(lj)) where

Uglj) € {dWi—1,Y5-1), dWi—1,Yi), AYi-1,95), dWj—1,Yi) A(Ys-1,Y5) }

so, ld(yi, yj)ll < K| A|lul)| < K||A|6,. Since K|A|| < 1, 8, = ||d(yo.y:)]| for some
ie{l,...,n}.
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(73) If n < ng, then the inequality

K
0p < g (3.22)
L= Km4]

evidently holds cause W > 1. Thus, we may assume n > ny.
There exists i, € N, 1 <i < ngand 1 < j < n such that

do = l|d(yo, y:)|| and 6, = [|d(yo, y;) |-
If j < ng, then 6, = & . Otherwise, d(vo,v;) < d(Yo, Yno) + A(Yny, ¥;)-
Clearly, d(yn,,y;) = A( Uy, j), where

uleo),j € {d(yno—la yj—l)a d(yno—lv yno)a d(yno—la yj)v d(ynm yj—1)> d<yj—17 yj)}

Moreover, the inequality
0 < Kop + K| Al|||u

o

(2)
no,] j A< no,j)v

£Lo,J = O(yno 2,J — Mo + 2) < Og,f(x>n)

jointly with

where

implies

5, < K0y + K2 A2 [u?

Continuing in the same way, after no — 2 more steps, we get

no,J

5:3(,)]1 <A( no]) 7(1036091‘(55 n)
and
O < Kdg + K™||A|"™0,.
Hence, the inequality holds for every n,ng € N.
(7i1) Considering the definition of 0, (iii) follows directly from (7). O
Based on made estimations, we can state new result regarding diameter of an orbit.

Corollary 3.1.7. Under the assumptions of Lemma we have

K
1— K||A]
Theorem 3.1.8. Let (X, d) be a complete cone metric space and P a normal cone with
a normal constant K. If g, f : X — X, f commutes with g, g(X) C f(X), f or g is
continuous and satisfy (3.1) with K|| Al < 1, then f and g have a unique common fixed
point in X.
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Proof. If the fixed point exists it is unique thanks to (3.2) and K||A| < 1.
As in the proof of Lemma |3.1.6( (2), d(Yn, Yn+1) = A(un{nﬂ)

USLH S {d(yn—b yn)> d<yn—1a yn)a d(yn—la yn-i—l)a d(yn7 yn)7 d(yna yn—i—l)}a

1
and [[d(yn, yns1)[| < KAl -
Further on, there exists

U£L2,ZL+1 € {dWn—2,Yn1) AYn—2,Yn), A(Wn—1,Yn-1), d(Yn—1, Yn),

d(ynf% yn+1), d(yna yn+1)> d(ynfla yn+1)}

such that [[d(yn, yos)|| < K2 AP ll, winit € Ogg(@,n+1) € Oy p(x,00). Ap-

n,n-+
plying the same procedure n — 2 more times, we get

(s Y| < K™ A6l 0] < K™ A",

Therefore,
m—1 m—1
d(yrwym) j Z d(yiay’i+l) j Z A(ug,lz)—l-l)7 m > n,
implies
m—1 m—1
1 A
ldCym yon) | < D~ KNAIui )l < -0 < D (KA.

Since § < oo and K||A|| < 1, (Yn)nen is a Cauchy sequence in a complete cone metric
space X, thus (Jy € X) lim y, = v.
n—oo

If ¢ is continuous, then lim d(g(y,),9(y)) = lim d(f(yn),9(y)) = 0, lim d(g(y,),yn) =
n—o00 n—00 n—oo

d(g(y),y) and d(g(yn), yn) = A(un,) forsomei € {1,...,5} where u,; is d(g(Yn-1); Yn—1):

A(g(Yn—1),Yn)s d(Yn-1,9(Yn)), A(9(Yn-1), 9(Yn)); d(yn-1,yn), i = 1,5, respectively.
Obviously lim u,; = d(g(y),y), i = 1,3 and lim u,; = 6 if i = 4,5, however g(y) = y.
n—o0

n—o0

Recall that g(X) C f(X) and consider z € X such that y = ¢g(y) = f(2). Then
d(g(z)ayn> = A(u) where

u € {d(9(y), yn-1), d(9(y), 9(2)), d(g(¥), yn), d(Yn-1,9(2)), d(Yn-1,yn)}- (3.23)
Furthermore, from d(g(z),y) = nll_}IIolo d(g(2),yn), (3.23) and

lim d(g(y), yn—1) = lim d(g(y), yn) = d(g(y),y) =0

n—oo

Tim d(y,1.9(2)) = dly.g(=)):
Tim d(yn—1,9n) =0,
it follows g(z) = y. On the other hand, f(y) = f(g(2)) = g(f(2)) = 9(y) = y. Hence, in

this case, y is a common fixed point of f and g.
Similarly, we get that g(y) = f(y) is a common fixed point of mappings f and g
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if f is continuous. Then lim ¢(y,) = lim f(y,) = f(y) and lim d(g(y), f(y)) =
lim d(g(y),9(yn)). Again, because ¢ is a f-quasi-contraction, we can make a conclu-
n—oo

sion that g(y) = f(y).

Equation ¢*(y) = f*(y) = 9(f(y)) = f(g(y)) shows that it is sufficient to prove

9(9(y)) = g(y). Evidently, d(g(g(v)),9(y)) = A(u), for some

u € {d(f(9(y)), ,
d(f(y),9(v)),d(f(y),g(g(y)))}-

Even though g(y) = f(y) and f(g(y)) = g(9(y)), so u € {0,d(g(g9(y)),9(y))} and
9(9(y)) = 9(y). A

Fixed point problem may be observed as a special case of common fixed point problem
when one of the mappings is identity map on X. Regarding that, if ¢ is identity mapping
on X, and f has all the properties requested by Theorem [3.1.2] then it is obvious
that this assumptions are equivalent to the statement of Theorem [2.2.2] Particulary,
Theorem [2.2.2] is corollary of this common fixed point result. Furthermore, all obtained
assessments hold. Having that in mind, some inequalities about iterative sequence and
diameter of an orbit of Perov type quasi-contraction f are gathered.

Corollary 3.1.9. Let (X,d) be a cone metric space, P a normal cone with a normal
constant K, f : X — X a quasi-contraction and K||A|| < 1. Then, for every x € X,
n,m € N, m > n, the following inequalities hold:

(@) [1d(yns ynsa) | < (KNAJ)"0n 1 < (K[ AJ)";

- (K[A[)"
(22) ldCyn, ym) || < Tgg a0

where g(x) = f(x1) and g(x,) = f(xpa1) = Yn, for each n € N.

As we made some comment before, Ciri¢ quasi-contraction is a special type of Perov
type quasi-contraction on normal cone metric space (metric space), so we can make sim-
ilar assessment for this kind of mapping regarding its fixed point, orbit and the iterative
sequence.

Analogously, as for Theorem [3.1.2], we can formulate proposition that combines state-
ments similar to Corollaries|3.1.3]and |3.1.4|but in the setting of normal cone metric space.

Corollary 3.1.10. Let (X,d) be a complete cone metric space and P be a normal cone.
Let f,g: X — X, g commutes with f, f continuous and g(X) C f(X). If there exists
A€ B(E), K||A| <1 such that condition is satisfied for all x,y € X or is
satisfied for all x,y € X, then g and f have a unique common fized point in X.

Theorem 3.1.11. Let (X,d) be a complete cone metric space and P be a normal cone.
Let f: X — X, f?is continuous, g : f(X) — X be such that g(f(X)) C f3(X) and

flg(z)) = g(f(x)), z € f(X). If is satisfied for every x € f(X), A € B(FE),
K||A| < 1, then f and g have a unique common fized point in f(X).
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Proof. As in the proof of Theorem [3.1.5 define a sequence (z,)nen for arbitrary zo €
f(X). If fand g have a common fixed point then it is evidently unique. Due to Corollary

3.1.9] § < oo (Lemma |3.1.6) and

|d(2n, 2m)|| < (K1A[D™

9,
1= K|[A]

(zn) is a Cauchy sequence in (X, d) and lim z, = z for some z € X.
n—o0

We will prove that f?(z) = g(f(z)) = u and that u is a unique common fixed point of f
and g in X.
Since /(20 1) = g(f(2)), then d(g(f(20)), g(f(2))) < A(un) where

un € {d(f*(z), F2(2)),d(f* (), 9 (f (20))), A(*(2n), 9(f (2)),
d(f*(2), 9(f(2a))). d(f*(2), 9(f(2)))}- (3.24)

Consider
d(f*(2),9(f(2))) = d(f*(2), f*(2n-1)) + d(g(f (), 9(f(2)))
along with (3.24) and note that lim d(f2(2), f2(zn)) = 0.

If u, = d(f*(z), g(f(2))) for infinitely many n € N, then clearly f%(z) = g(f(2)).

I u, € {d(f*(z0), f2(2)), d(f*(2n)), 9(f (20))), d(f*(2), 9(f (20)))} for infinitely many n €
N, then, since lim u, = 6 we have d(f?(z),g(f(2))) =0, i.e., f2(2) = g(f(2)).

n—oo
Ultimately, if u,, = d(f?(2,), g(f(2)) for infinitely many n € N, then as n — oo we get

d(f*(2),9(f(2))) 2 A(d(f*(2), 9(f(2))),

thus f2(z) = g(f(z)). If we denote that point with u it is enough to prove that g(u) = u
because f(u) = f(g(f(2))) = g(f*(2)) = g(u). Finally,

d(g(u),u) = d(g(f*(2)), 9(f(2))) = AW(f(2), F*(2))) = Ald(g(u),w)),

and g(u) = u. Analogously to the proof of the Theorem and Theorem (3.1.5)), u is
a unique common fixed point of f and g. O

Since the previous theorems contain as necessary condition commutativity of the
mappings, some extensions of these results were inspired by the goal of replacing the
commutativity with some weaker conditions. That way were introduced weak commu-
tativity, R-commutativity, weak compatibility and other. We will include some results
using the weak compatibility condition.

Compatible mappings, but in the case of metric space, were introduced by Jungck [77].
Those concepts were extended on a cone metric spaces in [82], [I128] and [19].

Definition 3.1.12. A pair of self-mappings on a cone metric space (X,d) is said to be

compatible if for arbitrary sequence (x,,) in X such that lim f(z,) = lim g(z,) =t € X,
n—oo n—oo

and for arbitrary ¢ > 6 there exists ng € N such that d(f(g(x,)), g(f(x,))) < ¢ wherever

n > ng. It is said to be weakly compatible if f(x) = g(x) implies f(g(x)) = g(f(x)).
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Lemma 3.1.13. ([82]) If the pair of a self-mappings (f,g) on a cone metric space (X, d)
15 compatible, then it is also weakly compatible.

In the Example 2.4. of [82] it has been shown that weak compatibility doesn’t imply
the compatibility neither in normal, nor in non-normal cone metric spaces.
Definition of the property (E.A.) is used to replace strict conditions of commutativity in
addition with weak compatibility and it has been introduced by Aamri and Moutawakil
[1] in 2002. It has been modified also by Kadelburg at al. in [82] for the setting of cone
metric space.

Definition 3.1.14. A pair of self-mappings on a cone metric space (X,d) has a (E.A.)
property if there exists a sequence (x,) € X such that lim f(x,) = lim g(z,) =t € X.
n—o0 n—oo

Obviously, every non-compatible pair of mappings has the property (E.A). Proceeding
example shows that the class of the pairs of self-mappings that have property (E.A.)
contains some compatible pair of mappings.

Example 13. Let X = [0, 1] with a usual metric, d(x,y) = |[z—y|, z,y € X. If f(x) = z,
r € X and

then only for all sequences (x,,) C (0,1}, z,, — 0, n — oo (or with finitely many x, = 0),
lim f(za) = lim g(z,)(= 0). But f(g(z)) = 0 and g(f(z,)) = 0, 50 (f,g) is a pair of
n—oo

n—oo
compatible mappings.

Theorem 3.1.15. Let (X,d) be a cone metric space with a solid cone P, f : X — X
and g : X — X be two weakly compatible mappings such that

(1) (f,q) satisfy property (E.A.);

(ii) g is a f-quasi-contraction;

If f(X) is a closed subspace of X or g(X) is closed and g(X) C f(X), then f and g

have a unique common fized point.

Proof. Observe a sequence (Z,)nen such that lim f(z,) = lim g(z,) = . Assume that
n—oo n—oo

f(X) is a closed subspace of X. The proof goes similarly in the other case.
Then x = f(a) for some a € X. Let us estimate d(g(a), f(a)).
Choose arbitrary ¢, e € int(P) and ny € N such that

d(g(aa). f(@) < &, d(g(an), f(a) < 5, d(f(wa), f(@) €5 for n=m.  (325)
Then the inequality

d(g(a), f(a)) = d(g(a), g(zn)) +&, n > ng (3.26)
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follows by triangle inequality and (3.25)). Remark that, further on, we consider n > ny.
Since g is a f-quasi-contraction, then d(g(a), g(x,)) < A(u,) where

un € {d(f(a), f(xn)), d(g(a), f(a)), d(g(zn), f(2n)), d(g(a), f(xn)), d(f(a), g(xn))é-m

Equations (3.25)), (3.26) and (3.27,) along with some triangle inequalities, now imply

that one of the following inequalities is satisfied:

(1) d(g(a), f(a)) = 3A(c) +e

(2) d(g(a), f(a)) = Ald(g(a), f(a))) + &;

(3) d(g(a), f(a)) 2 Ale) + 5

(4) d(g(a), f(a)) = A(d(g(a), f(a))) + 3A(c) + &
(5) d(g(a), f(a)) 2 3A(c) +e.

However, each of these inequalities holds for any ¢ > 6. If we additionally observe
c:= 7, n €N, it proceeds

d(g(a), f(a)) 20 or d(g(a), fa)) = Ad(g(a), f(a))).

Second inequality is equivalent to the first because (I — A)~! is a positive linear operator
and a is a coincidence point of f and g.

It remains to prove g(g(a)) = g(a) since then, by weakly compatibility of f and g,
9(f(a)) = g(g(a)) = f(g9(a)) = f(f(a)).

Note that d(g(a),g(g(a))) =< A(u) for some u € {d(g(a), g(g(a))),0}. Hence, g(g(a)) =
g(a) and, by previous observations, f(g(a)) = g(a) i.e. f(a) = g(a) is a common fixed
point of f and g.

Uniqueness obviously follows since g is a f-quasi-contraction.

In the case that g(X) is a closed subspace of X and g(X) C f(X), we have nh—>nc}o flz,) =

lim g(x,) = f(b) = g(a) for some a,b € X, thus the proof is analogous. O
n—oo

Same proof technique can be used to justify the next two theorems, therefore we
present them without any proof.

Theorem 3.1.16. Let (X, d) be a cone metric space with a solid cone P, f,g: X — X
weakly compatible mappings that satisfy property (E.A.). If there exists positive operator
A € B(E) with r(A) < 1 such that for each v,y € X

d(g(z),g(y)) = A(u)

If f(X) is a closed or g(X) C f(X) is a closed subspace of X, then f and g have a
unique common fized point.
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Theorem 3.1.17. Let (X,d) be a cone metric space with a solid cone P, f,g: X — X
weakly compatible mappings that satisfy property (E.A.). If there exists positive operator
A € B(E) with r(A) < 1 such that for each v,y € X

d(g(z), g(y)) = A(u)

where

If f(X) is a closed or g(X) C f(X) is a closed subspace of X, then f and g have a

unique common fixed point.

Note that these three conditions are not related in the setting of cone metric space
since they do not have to be even comparable.

3.2 Sequence of mappings

Along with common fixed point problem for a pair of mappings, we discuss on existence
of a common fixed point for a sequence of mappings. Goal of this section is to determine
conditions for existence and uniqueness of the common fixed point for some sequence of
mappings. All presented results can be transferred to the family of mappings on cone
metric space, and consequently, on metric space.

Two kind of contractive conditions are analyzed depending of the fact is there some
mean mapping that relates to all other members of a sequence or not. We also pay
attention on some kind of delay contractive conditions including a convergent series of
constants.

Theorem 3.2.1. Let (X,d) be a complete solid cone metric space and (T,,)nen, @ Se-
quence of self-mappings on X such that

d(Tox, Ty) = A(uy,), foralx,ye X, neN,

where

(d(e, Ty) + d(To, y>>} |

N | —

wn €Dy, = {d@,y),d(x,Tox),d(y,Tn )

for an increasing operator A € B(E). If r(A) < 1, then there exists a unique z € X such
that T,z = z, n € Ny and a sequence (x,)n,en converges to z for arbitrary xy € X where

Ton—1 = LoTan—2 and Loy = Tn[EQn_l, n € N. (328)

Moreover, z is a unique fixed point of T,,, n € Ny.
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Proof. For an arbitrary zp € X observe sequence (z,,) defined as in (3.28) and denote
D,, »,, with D,, ,,. Then for some u,, € Doy 201,

d((L’Qn_H, 55271) = A(“”)?

where Doy, 2,1 = {d($2n, Ton—1), (T2, Tony1), %d($2n—1,$2n+1)}-
Simﬂarly, for Up+1 € D2n,2n+1a

d(zant1, Tonta) = A(upt1),

where D, 2n+1 — {d Ton, 952n+1) d($2n+17 952n+2), Qd($2n>$2n+2)} .
Hence,

d(zp, Tni1) = Au)
for u € {d(xn,l,xn),d(xn,xnﬂ) d(xn 1, Tpi1 } n € N.

We will consider few different cases.

(1) I d(2, Tpy1) = A(d(Tp, Tnir)), then d(z,, 2pi1) 2 (I—A)7H0) =0, ie. d(Tn, Tpy1)
= 0. Remark that positivity of (I — A)~' must be used to obtain this inequality.

(2> Assuming d(Ina In-i—l) = %A<d(l‘n—hxn+l))) then,

d(xp, Tpi1) < (I — é) B g (d(xp_1,22)) - (3.29)
Further on, 1
r ((I—é) g) < 1_1%7“(;) — 2i(:1()14) <1,
and (I — %)71 % is an increasing operator.

(3) Ultimately, if u = d(z,,—1, ), then d(zp,, x,11) < A(d(xh—1, 2,)).
If A, € {A, (I-42) ' A} then, from previous argumentation (1)-(3), it proceeds

d(xp, Tna1) X Ap(d(xy_1,2,)), n €N,

and A, is an increasing operator with spectral radius less than 1. Continuing in the
same manner, after n — 1 more steps, the inequaity

d(xp, Tpa1) =< (HA) (o, 1)) (3.30)

is obtained. Denote with B an increasing operator % (I — é)71 and select n, m € N such

2
that m > n. Due to (3.30)), it follows

m—1 m—1

d(xp, Tpy) = Z d(xi, Tip1) =2 Z A'B7(d(x0, 11))

i=n
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where 0 < j; <7 and j; < j;41, ¢ € N.
If the sequence j, is bounded, then Y A"B/" evidently converges and

n=1
m—1
Z A'BIi(d(zg,21)) — 0, n,m — oo.

Consequently, (z,) is a Cauchy sequence.

Otherwise, if j, — 0o, n — 0o, then Y. B» converges since
n=1

(-3)) = (30-2))
e (50-5))
o (@(0-2))

1 A\ 11 1
“B):TG(I‘E) )Sil—wé):?—r(m“’

o o0
Moreover, Y B¥ converges and (Z Bk) — B is an increasing operator for any j € Ny,
k=0 k=0

thus

(T, 2m) 2D B> Al(d(xo, 21)).

i=n

Thanks to > A" — ©, as n — oo, and Lemma [2.1.1} (z,,) is a Cauchy sequence in a
complete cone metric space X.

In either way, there exists lim x, = 2z for some z € X.
n—oo

For any € > 6, choose ng € N such that for alln,m > ng, d(z,, z) < 5 and d(z,, 2m) <
5. If n > ng, estimate d(z, Tpz):

(2, Tpz) =< d(z, an) + d(@am, Toz) < % + Au),
where

(d(z, ay) + d(T2n-1, Toz))} :

N | —

u € {d(za xQn—l)u d(Zu TOZ)u d(x2n—17 xQn)u
For u € {(z,xon_1), d(x2n_1, T2p)}, it follows

d(z,Ty?) < g ny <§> . (3.31)
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If d(z,Toz) = § + A(d(z,Tpz)), then
<(—A)"' (S
d(z,Tpz) < (I — A) (2) . (3.32)
Otherwise,
(o, Tpz) < A (f) + A w1, To2))
T —_ 4 2 n—1_1
€ A
< - -
<A <2> + 5 (d(z20, Toz))
gives d(zan, Tpz) < (I — é)_l A () and
ATy <S4 (124 1A<f) (3.33)
Z,1g2) D 5 9 5 . .

Anyway, as € := £, for n € N, in (3.31)), (3.32) and (3.33)), respectively, we get Tz = z.
Analogously, T,z = z for any n € N. It remains to prove that z is uniquely determined.
Assume that T,,y = y for all n € Ny, then

d(z,y) = d(Toz, Thy) < A(u)

for u € {d(z,y),0}.
This shows that z is a unique common fixed point of the sequence (T5,).

If T,,,y = y for some ng € Ny, then

1
(Th.9) = (T Top) = Alw), where w € {0,y T, (0, T .

so d(Toy,y) = A(d(y,Toy)) gives Toy = y. Nevertheless, if Toy = y for some y € X,
then, for any n € N

1
d(y, T,y) = d(Toy, Thy) =< A(u) where u € {0, d(y, Tny), §d(y,Tn )} :

Therefore, T,y = y for all n € Ny, thus z is unique fixed point for any 7,,, n € No.  [J
Let us recall that the following results was proved by Ciri¢ in [38].
Theorem 3.2.2. Let (T,, | n € Ny) be a sequence of mappings on a complete metric space

(X,d). If for some q € (0,1)

d(Tox, T,x) < gmax {d(a:,y), d(x, Tox),d(y, Toy), = (d(x, Ty) + d(y,Tom))}

1
2
holds for each n € Ny and all x,y € X, then there exists a unique point uw € X such that
T,u =u for each n=0,1,2,...and for arbitrary o € X a sequence

xo, 1 = Towo, o = Thx1, 3 = Toxa, ..., Ton—1 = ToTon—2,T2n = TnTon_1,. ..

converges to u.
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It is possible to state several results for common fixed point of sequence of mappings
on normal cone metric space under slightly modified conditions. First difference is that
K? figures instead of just K and positivity is excluded.

Theorem 3.2.3. Let (X,d) be a complete cone metric space, P a normal cone with a
normal constant K and (T,,)nen, @ sequence of self-mappings on X such that

d(Tox, Ty) = A(u), for all z,y € X, n € N,
where
1
2

weD,, - {d<x, ), d(e, Toz), dly, Toy), - (d(e, Toy) + d(Tye, y>>} |

for some operator A € B(E). If K?||A|| < 1, then there exists a unique z € X such that
T,z =z, n € Ny and a sequence (x,)nen defined in converges to z for any ro € X.

Proof. Let o € X be arbitrary and (x,) defined as in (3.28]). By considering different
cases as in the proof of Theorem [3.2.1] we get

(@, 2ol < blld(@nr, )]

where b € {K | Al zf(;@’ﬁﬂ‘”}. Without loss of generality, let us assume that b =

max {K IIA]l, Qf(;ll;ﬁﬂ‘” } Continuing in the same manner, it follows

(2, 2ni2) | < 0" (|d (o, 21)]]

Choose n,m € N such that m > n. Since

m—1

ld(ns @m)| < D b ld(o, 21)ll,

i=n

2—KZ2||A

and both of the series Z (K||A])" and Z ( KA )n converge, (z,) is a Cauchy se-

quence and lim z,, = 2 for some z € X.
n—oo

Moreover,

d(Toz, z) 2 d(Toz, Top) + d(xon, 2) = A(uy,) + d(xep, 2)

where

1
Up € {d(z, xanl)a CZ(Z, ToZ), d(l'anla x2n)7 5 (d(z7 $2n) + d(l’anl? TOZ>)} .

Choose € > ¢ arbitrary and no € N such that |d(z,z,)|, ||d(zn, zm)| < 5% for any
n,m > ng. Let n > ny.
If Uy € {d(Z,l’gn,l),d(xznfl,l'gn)}, then

|d(Toz, 2)|| < K||A||— +i< g, (3.34)

2
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since ||A]| < 1. If w, = d(z,Tpz), then

ld(z. Toz)|| < 5 (3.35)

£
(1 - K[Al)
In the last case, u, = % (d(z, xopn) + d(xon—1,Tp2)), it follows

KA
1d(Toz, z20) | = =5 (ld(z, 220)ll + [|d(z20-1, To2)1)

< Alle | E2]A]
= 4 2

([[d(z2n—1, 220)[| + [|d(22n, To2)]|) ,

and

(1 + K[| All

d(T, = 2@ K2
ld(Toz, z2,)|| < 2(2—K2HAH)8

Consequently, 2+ K)|IA]
+

2— KA

Positive constant ¢ was arbitrary, so the inequalities (3.34)), (3.35) and (3.36]) prove
that Tyz = 2. After similar estimations as in Theorem [3.2.1] T,z = z for any n € N.

Uniqueness also follows analogously. [

ld(z Toz)] < 5 (3.36)

Theorem and Theorem are obvious generalizations of Theorem 1 of [34] if
Ax = qx, x € E and, additionally, Theorem [2.2.6]

It is a reasonable choice to transfer this result of a sequence of mappings on a more
particular case, pair of mappings. Therefore, it is a new kind of common fixed point
problem.

Corollary 3.2.4. Let (X,d) be a complete solid cone metric space and S,T : X — X
mappings such that for some increasing operator A € B(E)

d(Tx,Sy) = A(u), forall x,y € X,

where

€ Dy = {dlo.), dlo, o) dly, 5u). 5 (e, 59) + (T}

If r(A) < 1, then both T and S have a unique fized point and it is a common fized point
forT and S.

Corollary 3.2.5. Let (X,d) be a complete cone metric space, P a normal cone with a
normal constant K and T, S : X — X mappings such that for some operator A € B(E)

d(Tz,Sy) = A(u), forallx,y € X,
where

€ Dy = {dlo.), dlo, o) dly, 50). (e, 5y) + (T}

If K2||Al| < 1, then both T and S have a unique fived point and it is a common fized
point for T and S.
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Observe that, in both corollaries, a sequence (x,,), where x9, 1 = Txs, o and 3, =
Sxo,_1,n € N, converges to a uniquely determined fixed point z for an arbitrary o € X.

Corollary 3.2.6. Let (X, d) be a complete solid cone metric space and (T,,)nen, @ Se-
quence of self-mappings on X. If there exists some Ty : X — X such that for each i € N
there exist k,, m, € N such that

d(Ty"z, T;"y) = Au),
for all z,y € X, where
1
uwe D, = {d(x,y), d(z, Ti ), d(y, T"™y), 5 (d(z, T)y) + d(y,Té“"x))} :
where A € B(E) is an increasing operator and r(A) < 1, then each T,,, n € Ny, has a

unique fized point in X and it is a common fixed point for all T,, n € Ny.

Proof. 1f we apply Corollary for mappings Té’“" and 7" where T,, is an arbitrary,
we get that Té“"zn = 2z, for unique z, € X, n € N. But,

Ter (Tozn) = To(Tim2,) = Tozm,

so Tyz, = z,. For any j € N, z, is also a fixed point of mapping T(fj, thus 2z 1= 2, = z;.
Obviously, T,z = z and it is satisfied for any n € Ny and z is a unique point with that
property. O

Corollary 3.2.7. Let (X,d) be a complete cone metric space, P a normal cone with a
normal constant K and (T),)nen, @ sequence of self-mappings on X . If there exists some
Ty : X — X such that for each n € N there exist k,, m, € N such that

d(Ty"w, T y) = Alu) for,y € X,

where

weD, - {d(x,m, A, Tia), d(y, T ), & (d(e, Toy) + d(y,To’m)} |

N | —

operator A € B(E) and K?||A|| < 1, then each T,, has a unique fized point in X and it
is a common fixed point for all T,,, n € Ny.

As we commented before, the same results could be easily obtained for a family of self-
mappings and the proof is analogous. When dealing with a sequence of self-mappings,
many researches followed the course of determining existence of a ”limit” fixed point, in
other words, z € X such that lim 7,z = z. This do not presume that z is fixed point

for any of mappings. This resgl?soo find application in numerical analysis and justifying
convergence of defined iterative methods. On the top of that, existence of this kind of
point could direct us on possible fixed point, and looking from application angle, to some
solution of equation (functional, integral, differential).
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Theorem 3.2.8. Let (X, d) be a complete solid cone metric space and (T),)nen, @ S€-
quence of self-mappings on X such that

d(Thx, Thv1y) 2 Aluy) + ay,

for all x;y € X and n € N, where

(d(x, Tysy) + d(Ty, y>>} |

1
Up € Da:,y - {d(I, y)7 d(vanZE)v d(y7Tn+1y)a 5

a, > 0 and array > a, is convergent. If A € B(FE) is an increasing operator and
n=1

r(A) < 1, then there exists a unique z € X such that lim T,z = z. Furthermore, the

n—ro0
sequence (Ty)nen, where x, = Thx,_1, n € N, converges to z for any xo € X.

Proof. Let xqg € X be an arbitrary point and z,, = T,,x,_, for n € N.
d(l‘n, xn—l—l) j A<un) + ay

for )
Up € Dn,n+1 = {d($n17 xn)a d(l’n, xn+1)7 §d(xn717 ‘TnJrl)} .

Setting u,, = %d(:vn,l, Tni1), We get

(i, n 1) < (1 _ g) B é(d(%l,xn)) + (I _ é)_l (an).

Assuming that B, € {4, (I — %)_1 4}, obviously r(B,) < 1 and B, is an increasing
operator, then

A2y, Tpy1) = Bo(d(n_1, 7)) + (I — g) B (@),

because (I — g)_l (an) = ay.

Continuing in the same manner, after n — 1 more steps, we get

d SE‘n,SEnH o <HB> %7371 )

+ (I — g) <(1_£ BZ») (a1) + ...+ Bp(an_1) —i—an) :

Being so, the inequality

m—1 AN
Honan) <5 (A%) (A, )

D> (A"—(I ‘2‘)) (),
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where 0 < j; < 4, j; < Jiv1, ki € {Ji,Ji — 1} depending of B;, i = n,m — 1, and

w = Y a,. As in the proof of Theorem [3.2.1it follows that (x,) is a Cauchy sequence,

n=1

and lim x, = z for some z € X.
n— o0
Let us assume that for arbitrary yo € X, v, = T,,yn_1, n € N, such that lim y, = w and
n—oo
estimate d(z,, y,+1) based on
d(z,w) 2 d(z,z,) + d(xp, Ynt1) + d(Yns1,w), n € N (3.37)

For arbitrary € > 0, choose ng € N with the property
€ € € €
d(xnaxm) < 57 d($n,2) < 55 d(yn,ym) < 5 and d(yn,'lU) < 5’

for any m > n > ng. Fix n > ng. Then, d(z,, yni1) <X A(v,) + a,, where

DO | ™

1
Up € {d(mn—h yn)? ) 5 (d(xn—h yn—l—l) + d(xm yn))} .

Consider that v, = d(x,_1,yn) = d(xn_1,7,) + d(Tp, Yns1) + d(Yni1, yn) implies

d(xn7 yn-‘rl) j A({—j) + A(d(xn7 yn-‘rl)) + Qn,

along with
(@, Yoi1) = (I = AT A(e) + (1 = A) " an).

With the assumption v, = 3 (d(Tp-1, Yns1) + d(Tn, yn)), we get

3
d(xrmynJrl) j A (5) + A(d(xna yn+1)) + A,

and
An, Y1) = (1= A)A(S) + (1= 4) 7 (an).

With respect to previous discussion and (3.37]), without depending on the choice of v,
it follows

d(z,w) e+ (I —A)TA@) + (I — A) (ay),

because a, < (I —A)™(a,) and (I — A)7'A(5),A(5) = (I — A)A(e).
However, since a,, — 6 as n — oo, by taking ¢ — 6, equality of z and w is obtained.

It remains to prove that lim T,z = z.
n—oo

The inequality

d(z,T,2) < (I —A)™"! (g + an)

is attained in accordance with

d(Z,Tn+1Z) j d(Z,._'L'n) + d(xann-i-lz) j % + Wn,
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for

w, € {A (g) + ap, A(d(2, Thi12)) + ap,

(1-3) 4 (3)+ (1-3) @}

Consequently, by (p,), lim T,z = z.
n— o0
Remark that if lim T,u = u, then exists my € N,

n—oo
(2, Toz), d(Toz, Ton2), d(u, Tott), d(Tytt, Tyntt) < % (3.38)
while n, m > myq. Select m > mg, and perceive
d(z,u) 2 d(z,Tpnz) + ATz, Tnau) + d(Tqu,u) < e+ d(Thz, Tiu).
In addition,

A( ( )) A, Sm = d(Z, u)
ATz, Tyru) = A( ) + A, Sm € {d(z, Trn2), d(u, Trpi1u) }
A)THAE) +an), sm=1(d(z, Tru) + d(u, T,2))

and (13.38)) allow us to determine, based on arbitrariness of € and lim a,, = 6, u must be
n—oo

equal to z, a unique point in X with the property lim 7,z = z. O
n—oo

Theorem 3.2.9. Let (X,d) be a complete cone metric space, P a normal cone with a
normal constant K and (T,)nen a sequence of self-mappings on X such that

d(Thx, Thi1y) = A(u) + ay, forallz,y € X, n €N,

where

1
€ Dy = { o). e Tur) dly, Tova). § (e, Tora) + T )

o0

and array Y ||an|| is convergent. If A € B(E) and K?||A|| < 1, then there exists a
n=1

unique z € X such that lim T,z = z.

n—oo

Proof. Proofs goes similarly as in Theorem [3.2.3] and Theorem [3.2.8]
First, estimate ||d(x,,, Z,41)|| according to

d(xna xn—i—l) j A(un) + ap,

for u, € {d(xn,l,xn),d(xn,xnﬂ) 2d(xn 1 Ynt1 } Denote ||d(x,_1,z,)|| with §,. One
of the inequalities
K”AH(SH + ||a’n||’ - (xn 1757577,)

[lan]]

ld(zn, zpi)|| < ¢ 1= KJIAT?

2— K2||A||

( n7xn+1)
(K[| Allo, + 2[|anll) , nZ%d(ﬂﬁn—bynﬂ)
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holds for any n € N. For b = max {K||A||, %}, we get

n—1
1 4
ld(@n, 1) || < 0"||d(0, 1) + THAH ;b‘HamH-

Consequently, z,, — z, n — oo, for some z € X.

If lim y, = w for some w € X, then for arbitrary € > 0, as in the previous proof but
n—oo

with ;% estimations instead of 5, we get

€+ @JFKHGHL Uy € {d(Tn—1,2n), d(Yns Ynt1) }
LAl Klan|| _
ld(z,w)|| < § €+ Tk + TxTAT Un = d(Tn-1,Yn)

K|A
€+ (lfll(HﬂlH) (% + KHanH) y Un = %d(xn—la yn+1)

Hence, z is a uniquely determined as a limit and analogously as in the proof of Theorem
3.2.8, lim T,z = z. [

n—00

Example 14. Let X be C[0, 1], set of real continuous functions on a closed interval [0, 1]
and P C X a cone defined with

r€P & x(t) >0 forall t €0,1].

Then, d(z,y) = |x —y|, z,y € X, is a cone metric on X. If f € X is chosen arbitrary,
then for 0 < L < 2, the sequence of mappings T}, : X +— X, n € N, is defined as follows:
t

(Tx) (t) = %f(t) + /Lx(\/g)ds, te€[0,1],n € N.

0

Evidently,
AT, To) (1) = | (Tais) (6) — (Toy) ()
< (5= o7 o1+ [ Lty - 5 s
= O] + (Ad(e,) (1),
where

t

(Az) (1) = / La(v/3)ds, t € [0, 1],

is a bounded operator in B(X).
However, since cone P is defined as above, it follows

]+ Al ),

Zima proved in [I30] that the spectral radius of operator A is é, thus less than 1 and,

d(T'fH—lm’ Tny) ——<

o
evidently, A is an increasing operator. If a, = —|f], then 7 a, converges in X.
n=1

Hence, we may apply Theorem on a sequence of mappings (7,,) and conclude that
there exists g € X such that lim 7T,,g = ¢g. Notice that g will be zero function.
n—oo
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3.3 Hardy-Rogers Theorem

In [64] (see also [119]), authors consider a mapping f : X +— X on a complete metric
space X such that for each z,y € X

d(f(2), f(y)) < ad(z,y) + axd(z, f(2)) + asd(y, [(y)) + asd(z, f(y)) + asd(y, f(x)),

o 5

where a; > 0,7 = 1,5. It was proved that if, additionally, > a; < 1, then f has a unique
i=1

fixed point in X and iti is known as Hardy-Rogers theorem.

Note that Hardy-Rogers theorem on metric space is a corollary of Ciri¢ quasi—
5

contraction with ¢ = >  a; < 1. But on a cone metric space we can not make this
i=1

correlation since these two vectors do not have to be comparable. Therefore, we focus

on a result of [79] where is given a generalization of this theorem on a complete cone

metric space but for a pair of self-mappings with some restraints. Assuming property

(E.A.) and weak-compatibility, Kadelburg and al. in [82] improved this result and gave

the proof of the following theorem

Theorem 3.3.1. Let (X,d) be a cone metric space and let (f,g) be a weakly compatible
pair of self-mappings on X satisfying condition (E.A). Suppose that there exist nonneg-
5

ative scalars a;, i = 1,5 such that Y a; < 1 and that for each z,y € X,
i=1

d(g(z),9(y)) < ad(f(z), f(y) + axd(f(z),g(x)) + asd(f(y),9(y))  (3.39)
+as(d(f (), g(y)) + asd(f(y), g(x)).

If g(X) C f(X) and at least one of f(X) and g(X) is a complete subspace of X, then f
and g have a unique common fixed point.

Obviously, these conditions are less strict than in [79], Theorem 2.8. We will prove
the generalization of this result considering bounded linear operators A;, i = 1,5, instead
of scalars.

Theorem 3.3.2. Let (X, d) be a cone metric space with a solid cone P, and let (f,g) be
a weakly compatible pair of self-mappings on X satisfying condition (E.A). Suppose that
there exist positive bounded linear operators A; € B(E), i = 1,5, such that the inequality

d(g(z),g9(y)) = Aud(f(z), f(y))) + A (d(f (), g(x))) + As(d(f(y), 9(y)))
+ As(d(f(2),9(y))) + As(d(f(y), 9(x))) (3.40)

holds for all x,y € X. If f(X) is a closed subspace of X or g(X) C f(X) and g(X) is
a closed subspace of X, (A1 + Ay + As) < 1 and one of the conditions

(Z) T‘(Ag + A4) < 1,‘
(i) r(As + As5) < 1;
(ZZZ) T(AQ + Ag + A4 -+ A5) < 2,
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is satisfied, then f and g have a unique common fixed point.

Proof. Since f and g have the (E.A.) property, there exists a sequence (2, ),ey € X such
that lim f(x,) = lim g(z,) = f(a) for some a € X. The last conclusion follows from
n—oo n—oo

the assumptions of closedness of f(X) or equivalently g(X) C f(X).
Considering the distance between f(a) and g(a),

d(f(a), g(a)) = d(f(a),g(zn)) + d(g(zn), g(a)). (3.41)
For arbitrary ¢ > 0 and € > 6, choose ny € N such that

d(g(wn). /() < e d(g(an). f(a)) < 5 and d([f(w), f(@) € 7. n >, (342

Let us estimate d(g(x,), g(a)), n > ng under the assumption (7).

)
dlg(aa).9(@) = A(d(f (). () + Aa(d(f (). 9(2a))) + As(d(F(a), g(a)))
+ A (@0), 9(a))) + As(d(F(a), g(an))

< (A 24+ A+ A (2) + (As + Ad (dlg(a). F(@).

By (3.41)) and ({3.42)), now follows
€
d(g(a), f(a)) = e+ (A1 + 242 + As + A5)(7) + (A3 + Ad) (d(g(a), f()).
This inequality holds for any ¢ > # leading to

d(g(a), f(a)) 2 (As + A4)(d(g(a), f(a))).

But (i) implies that I — A3 — A, is an invertible operator, and (I — Az — Ay)~! is a
positive operator, and taking that into account g(a) and f(a) coincide.
Obviously, if (3.40]) is satisfied, then

d(9(y),9(x)) = Au(d(f(2), [(y))) + A(d(f (), 9(y))) + As(d([ (2), g()))
+A4(d(f (), 9(x))) + As(d(f (), 9(y))) (3.43)

and if we assume that (i7) holds, same as in the first case, g(a) = f(a).

Combining (3.40) and (3.41]), we conclude that

Aoa) o)) = Ad(F(), @) + TR (@), o) + (), 9(0)))
Ay + As

+ 5 (d(f(x),9(y)) +d(f(y),9(x)))

holds for each x,y € X. If r(As+ A+ Ay+ As) < 2, then again, after some consideration,

we get g(a) = f(a).
Furthermore, f and g are weakly compatible, so g(g(a)) = g(f(a)) = f(g(a)) = f(f(a)).
On the other hand,

d(g(a),g(g(a))) = Ai(d(f(a), f(g(a)))) + A2(d(f(a),g(a))) + As(d(f(g(a)), g(g(a))))
+A4(d(f(a), g(g(a)))) + As(d(f(g(a)), g9(a)))
= (AL + Ay + As)(d(g(a), g(g(a)))).
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Analogously, (I — A; — Ay — As) is an invertible operator, with a positive inverse, hence
g(g(a)) = g(a). Therefore, g(a) is a common fixed point for the pair of mappings (f, g).
If b is a common fixed point of f and g, then

d(g(a),b) = d(g(g(a)),g(b)) = (A1 + Ay + A5)(d(g(a),b)),

and additionally b = g(a). Further, g(a) is the unique common fixed point of f and
g 0

Evidently, this theorem generalizes Theorem and the results in [82] by taking
A; = a;I,i=1,5, but instead of < we have < and one of the nonnegative scalars a, and
az can be chosen voluntarily if a1 + a4 + a5 < 1 and ag < 1 —ay or as < 1 — as. Also,
instead of completeness condition, it is enough to assume that f(X) or g(X) is a closed
subspace of X.



Chapter 4

Comparison between metric fixed
point and Perov type results

When publishing some scientific results, the most important question is the proof of
novelty. In the time of mass publishing and overpowering quantity over quality, it is
significant to pay attention to this kind of problem and to substantiate originality of
results presented in previous chapters.

Some links between cone metric and metrics spaces are made in both solid and normal
case. The question is could results on cone metric space be derived from well-known
metric fixed point theorems via any of those methods such as scalarization, renormization
and so on.

We will show that existence of a fixed point in Perov theorem follows from Banach
fixed point theorem but even though, estimations presented in Perov theorem do not
and they are most valuable for applications. When discussing cone metric space, we will
show that, thanks to operatorial characteristics of A, this do not hold and our Perov type
results are independent from similar metric or cone metric (comstant type) theorems.

Since attempts of obtaining cone metric from metric are different in the solid and
normal case, this chapter will be divided in two sections while the first section will also
deal with Perov theorem on generalized metric space.

4.1 Perov theorem and normal cone metric space

First part of this section is dedicated to Perov theorem on generalized metric space and
how it is related to Banach fixed point theorem. Further on, we focus on Perov type
theorems on a normal cone metric space having in mind behavior of operatorial constant
A through all made renormizations. Many efforts are made in the attempt of reduction
any cone metric space to a metric space. There were several papers ([15, 52, [73]) studying
relations between cone metric spaces in general, and especially normal cone metric spaces,
on one, and metric spaces on the other side. Recent results in cone metric fixed point
theory established some relation between b-metric spaces and normal cone metric spaces.

Definition 4.1.1. Let X be a nonempty set and s > 1 be a given real number. A
mapping d : X x X — [0,4+00) is said to be a b-metric if for all x,y,z € X the following

33
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conditions are satisfied:

(b1) d(z,y) =0 if and only if x = y;
(b2) d(z,y) = d(y,x);

(bs) d(z,z) < s[d(z,y) + d(y, z)].

In this case, the pair (X,d) is called a b-metric space (with constant s).

Definitions of Cauchy and convergent sequence in a b-metric space, as well as com-
pleteness, go analogously as in a metric space.

Let (X, d) be a cone metric space, P a normal cone with a normal constant K. Define
a function D : X x X — R,

D(z,y) = d(z,y)l, z,yeX (4.1)
Theorem 4.1.2. A function D defined in s a b-metric on X with a constant K.

Proof. Let x,y,z € X be arbitrary points. From the definition of norm and (d;) it easily
follows that (b;) holds. D is also a symmetric function since it directly follows from the
symmetry of the norm. From the fact that d is a metric on X, (d3) and since (X, d) is a
normal cone metric space, we have

D(x,y) = [ld(z,y)|| < K ([[d(z, 2)|| + [|d(z, y)I]) = K (D(z, 2) + D(2,y)) -
Thus, (X, D) is a b-metric space. ]

If the normal constant K is equal to 1, then (X, D) is a metric space.
Let us recall, if (X,d) is a complete normal cone metric space, (z,) is Cauchy se-

quence in (X,d) if and only if lim ||d(z,,2,)| = 0 and lim x, = =z if and only if
,M—00 n—00

lim ||d(z,, )| = 0. Therefore, we may state the following corollary.

n—o0

Theorem 4.1.3. (X, d) is a complete cone metric space, P a normal cone with a normal
constant K and D an b-metric defined as in if and only if (X, D) is a complete
b-metric space.

Proof. Choose an arbitrary D-Cauchy sequence (z,,) C (X, D). From the definition of
metric D, we may conclude that

lim D(z,,2y) = lim |d(2,,z,)| =0,
n,Mm—00 ,m—r00

thus lim d(z,,z,) =0, ie., (x,) is a d-Cauchy sequence. There exists some x € X
n,m—00

such that lim x,, = z in the sense of cone metric d. Observe that, since P is a normal
cone, e
limz, =2 < limd(z,,z)=60 < lim D(x,,z)=0.

n—o0 n—o0 n—o0

Therefore, (z,,) converges to x with respect to b-metric D and, since (x,,) was an arbitrary
Cauchy sequence in (X, D), (X, D) is a complete b-metric space. ]
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Since the previous comments are derived on several equivalences, we may conclude
that the statement of the theorem could include if and only if, i.e., (X,d) is complete
metric space if and only if (X, D) is complete.

We will give another proof of the generalization of Perov fixed point theorem in the
setting of normal cone metric space, only for the existence part.

Theorem 4.1.4. Let (X,d) be a complete cone metric space, P a normal cone with a
normal constant K and f : X — X a self-mapping. If there exists an operator A € B(FE)
such that K||A|| < 1, for all z,y € X,

d(f(x), f(y)) 2 Ald(z,y)), (4.2)
then f has a unique fized point in X.

Proof. From the condition (4.2)) and the fact that P is a normal cone, it proceeds

D(f(x), f(y)) = lld(f(x), f)]| < K[| A(d(z,9))|| < K[|A|D(x,y), =,y € X,

and f is a contraction on a b-metric space and the existence of an unique fixed point
follows by the generalization of Banach fixed point theorem in b-metric space presented
in [3§]. O

Observe that we can obtain the same result from Banach fixed point theorem (on
complete metric spaces) by renorming, as presented in [59].

Theorem 4.1.5. Let (X, d) be a cone metric space, P C E a normal cone with a normal
constant K where (E, ||||) is a Banach space. Then:

(i) A function || - |1 : E— R defined with
lzlly = mf{[ju]l [ 2 2 u} +inf{|v] [ v 22}, © € E,
is a norm on E.
(it) Norms || - || and || - |1 are equivalent norms on X.

(iti) If we observe P as a cone in Banach space (E,||-||1), then (X, d) is a normal cone
metric space with a normal constant equal to 1.

Proof. (i) Obviously, ||z|; > 0 and
|z]1 =0 & (Ve >0) (Fv <z = u) ||ul| + ]| <e.

Observing only ¢ = % and conjoint u,,v,, n € N, it follows lim w, = lim v, = 0 since
n—0o0 n—oo

policemen lemma holds in normal cone metric spaces, x = 6. Trivially, ||0|; = 0.
If ¢ € R\ {0} is arbitrary, then
lgzlh = inf{fjull | gz < u} + it {o] | v < gz}
= inf{|lqu|l | # 2 uj + inf{flgo]| | v <z}
= lalll-



4.1.  Perov theorem and normal cone metric space 86

If g =0, then ||0z||; = ||#]; =0 =0]||x]|;.
For some z,y € X, select u, < 2 X v, and u, <y <X vy, then

Iz +ylly < flue = uyll + fve vy | < fluell + {luyll + oz ]| + [lvy ],

and by taking an infimum for all such v and v, it points to the triangle inequality
for || - ||1. (¢4) It is easy to see that ||z||; < 2|lz||. Assuming that there exist no m
such that ml|z|| < ||z||; for all z, we can define a sequence (x,) of vectors with a
norm 1 such that Z|z,| > |z.|1, n € N. Notice some u, < z, < v, such that
H@pll > |lunl| + [|va]l. As a consequence, since we are discussing normal cone metric,
lim ||u,|| = lim ||v,|| = lim ||z,| = 0 gives us that (z,) tends to 6, as n — oo, which
n—oo n—oo n—oo
contradicts our assumption regarding norm.

(7i1) Let x,y € E be such that § < x <y. Therefore, {u |y <u} C{u|x <u} and
llz]l1 < |ly|li- The normal constant is never less than 1, so K = 1. O

The equivalence of the norms allows us to determine the relation between ||A| and
1Al

Remark 4.1.6. Based on the previously made observations regarding renorminization
of a normal cone with a normal constant K and Theorem [2.1.6, we may conclude that
existence of the unique fixed point Perov type contractions (including extended and
more general contractive conditions) on normal cone metric spaces could be derived
from analogous results on metric spaces.

Focusing on just first two statements of Perov theorem, we may state the following
result:

Theorem 4.1.7. Perov theorem (i) is a consequence of a Banach fixed point theorem.

Proof. Notice that generalized metric space introduced by Perov is a type of normal cone
metric space.

If P={x=(v1,29,...,0,) € R" | 1 > 0,4 = 1,n}, then P evidently determines
a cone in a Banach space R™ with supremum norm, ||z|| = max |z;|, and z < y if and

only if x; <y, i = 1,n. Since § < x <y, for § = (0,0,...,0), x = (z1,22,...,7,) and
i=1n i=1n

and P is a normal cone with a normal constant K = 1.

By taking into the account results of Theorem [4.1.4] it follows that for any generalized
metric space (X,d) in the sense of Perov, the appropriate b-metric space (X, D) is a
metric space.

Assume that the requirements of Perov theorem are fulfilled for some A € M,, ,,(R™)
such that A" — ©,,, as n — co. Since a matrix A converges to the zero matrix, then
|A™|| = 0, n — oo. Choose ng € N such that ||A"|| < 1 for any n > ny. For such n,

d(f"(z), f'y) 2 A"(d(z,y)), =,y €R™,

and
D(f"(@), f"y) < |A*|D(x,y), @,y € R™. (4.3)
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If we apply Banach contraction principle for f™ and ¢ = ||A"|| < 1, f™ has a unique
fixed point z in X. Since f"(f(2)) = f(2), it must be f(z) = z. If fu = u for some
u € X, then f"u=wu, sou=z.

Hence, Perov theorem is a direct consequence of Banach contraction principle.

It is easy to observe that the iterative sequence (x,) is a Cauchy sequence, thus
convergent, and since (f™(x))ren converges to z by Banach fixed point theorem, (i)
holds. O

Remark 4.1.8. On the other hand, if n = 1, then generalized metric space is a metric
space and a positive matrix A = [¢] tends to zero if and only if ¢ < 1. Thus, Banach
contraction principle is a Perov fixed point theorem for n = 1. However, remarks re-
garding distance presented in (7i7) and (iv) (easily observed if we take g = f) could not
be derived directly from Banach contraction principle since the inequality do not

imply ().

Example 15. Define a mapping f : R? — R? with f(z) = (% + 2, 2), © = (21, 22) €
R2. Let

d(f(l’),f(y)) = A(d(l‘,y)), T,y e R2.

Since |A|| = 1, D(f(x), f(y)) < D(x,y) and if x = (0,0), y = (0, 1), it follows that f is
not a contraction in (R?, D), but it is a Perov contraction and based on Perov theorem
it possesses a unique fixed point (0, 0).

s
I
[ —
Ol
N =

then lim A"™ = ©, and

n—o0

From the proof of Theorem [4.1.7|and the previous example, we may notice correlation
between Perov theorem and well-known consequence of Banach theorem.

Corollary 4.1.9. Let (X,d) be a complete metric space, f : X — X a mapping. If

d(f*(x), ") < qd(z,y), x,y€X,
for some n € N and q € [0,1), then f has a unique fixed point in X.

The following example shows that Perov type theorems including requirement r(A) <
1 could not be derived directly from Banach theorem. For additional comments see

Section B.11

Example 16. Let ¢y be the set containing all sequences of real numbers convergent to
zero equipped with supremum norm ||| and define A : E — E with

x Tp
) = (0,23, —=,.. ., 2“,...),

= (z,) € co.
5 r=(x,) € ¢

A(x) = A(x1, 29,23, ..., Ty, - .

Operator A is linear on Banach space (¢, ||||) and also bounded since || Az||s < ||| co-
By choosing e3 = (0,0,1,0,...,0,...) € ¢, it follows ||A|| = 1 by taking into account
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previous inequality.
For any m € N,

Tmi2 T
A™(x) = A™(xq, 29, T3, ...) = (0, 2m—ﬁ, 2—m+3, ), x=(x,) € ¢,

therefore, observing e,, 12 € ¢o with all zeros except one on (m+2)-nd place (i.e., (€mi2)n
= Opm+2, n € N), we obtain ||A™|| = 57—. Spectral radius of A is 3, A is a positive
operator, so all the conditions of Theorem [2.1] are satisfied since

d(A(z), A(y)) 2 A(d(z,y)), .t € co,

where < is usual partial ordering on cg, i.e. x, < y,, n € N, determining a normal cone
and d : ¢y X ¢o — ¢o defined by d(z,y)(n) = |z(n) — y(n)|, n € N is a cone metric.
On the other hand, since normal constant and ||A|| are equal to 1, norm inequality
implies

D(A(z), Aly)) < D(z,y),
thus Banach theorem is not applicable (let x = 6§ and y = e3).

We may also assume that K = 1 due to the renormization and the invariance of
spectral radius in renormized space. It is important to notice that r(A) < 1 implies
|A™|| < 1 starting from some n € N, so instead of Banach theorem, we should consider

Consequence [£.1.9
If the inequality (2.1]) holds, then, since A is an increasing operator,

d(f" (@), ["(y)) = A"(d(z,y)),

thus,
D(f"(z), ["(y)) < [|A"[[(d(z,y)),

and existence and uniqueness of a fixed point for a mapping f follows directly from
Corollary

In Example [15] f3 is a contraction in induced metric space, and in Example [16] f2.

As presented in [33], the requirement that A contains only positive entries, as stated
in Perov theorem, could be removed thanks to the normality of the defined cone in gen-
eralized metric space. This could be explained also by the fact that, from the definition
of matrix norm, only absolute value of matrix entries has impact on the norm value. So
Perov type theorems are applicable, regardless of the positivity of matrix elements, if all
entries are between —1 and 1. Perov fixed point theorem found application in solving
various systems of differential equations. But, in some cases like [121], it is possible to
replace it with the Corollary [1.1.9] The following example shows possible application
of Theorem [2.6.1] in solving integral equations and obtained results improve previous
results regarding existence and uniqueness of this type of equations.

Example 17. Let z € C[0,1] and K € C ([0, 1] x [0,1] x R), where C([0,1]) is the set
of all continuous functions f : [0,1] — R. Consider an integral equation

x(t) = /0 K(t,s,x(s))ds, t € [0,1]. (4.4)
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Define on C|0, 1] supremum norm, ||z|| = sup |z(t)|, and a mapping d : C|0,1] x
0<t<1

C[0,1] — C[0,1] with
d(z,y) = |v —y|, v,y € C[0,1],

where |z — y|(t) = |(z — y)(t)] = |=(t) —y(t)|, t € [0,1]. It is easy to check that
(C[0,1],d) is a cone metric space while ordering on C10, 1] is induced by a solid cone
={z € C0,1] | z(t) > 0,t € [0,1]} € C[0,1]. Assume that there exists some

nonnegative function « : [0,1] x [0, 1] — R such that

/oztsds<1 t €0,1],
0

and
|K (L, s,2(s)) — K(t, s, y(s)] < at, s)A(|lz —y[)(t), =,y € C[0,1], ¢ € [0,1],

for some positive and increasing operator A : C[0, 1] — C[0, 1] such that lim A"(x) =0,

n—oo

z € C[0,1]. (0 is a zero function with a domain [0, 1])
Then a mapping f : C[0,1] — C]0, 1] defined with a f(z) fKt s,xz(s))ds, x €

C0,1], t € [0,1], has a unique fixed point in C|0,1]. Therefore, 1ntegral equation (4.4))
has a unique solution.

This assertion would follow as a direct consequence of Theorem [2.6.1] since, for any
t€10,1],

AF (), F)(t) = | / (K (1, 5,2(s)) — K (t,5.(s))) ds]

1
< A(lx —y[)(t /a
0

< Allz —yD(@),

indicating d(F(x), F(y)) =< A(d(z,y)).

By adding this inequality to the previous assumptions, all conditions of Theorem
2.6.1] are fulfilled. A mapping F' has a unique fixed point in C[0, 1] and every iterative
sequence converges to the fixed point which also represents a unique solution of integral

equation ({4.4)).
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Emphasise that this requirements are less strict than usual ones assuming that
K (t,5,2) — K(t, 5,)| < |z — yl, for some ¢ € [0,1),

which is obtained for «(t,s) = 1, t, s € [0,1] and A(z) = gz, = € C]0, 1].

4.2 Du’s scalarization method

Solid cone metric space can not be renormized as presented in Section since there is
no link between partial ordering and defined norm. In other words, x =< y do not lead
to any general relation among ||z|| and ||y||. The problem of equivalence of solid cone
metric spaces and metric spaces is extensively researched topic, but just few of those
presented significant result ([12, 15, ?,47]).

Implementation of those scalarizations led to devaluation of many published results
on cone metric spaces since it is shown that they are equivalent to appropriate metric
theorems. That is why this section is important in emphasising novelty of results pre-
sented in this dissertation and its independence from, if existing, some similar metric
(cone metric) theorems.

Among different approaches, we will focus on Du’s scalarization method.

Du ([46]) studied the equivalence of vectorial versions of fixed point theorems in
generalized cone metric spaces and scalar versions of fixed point theorems in (general)
metric spaces (in usual sense). He has shown that the Banach contraction principles in
general metric spaces and in TVS-cone metric spaces are equivalent. His theorems also
extend some results in Huang and Zhang ([67]), Rezapour and Hamlbarani ([117]) and
others.

We state Theorem 2.1 of [46] regarding metrizability of solid cone metric space.

Theorem 4.2.1. Let (X,d) be a solid cone metric space, e € int P and &, is defined by
E(u) =inf{g € R | u € ge — P},
for each w € E. Then d¢ = & od is a metric on X .

Let f: X +— X be such that Banach contractive condition holds for some ¢ € (0, 1).
Then, applying Lemma 1.1 of [46], we have

de(f(x), f(y)) < qde(x,y), holds for any x,y € X. (4.5)

Hence, generalizations of Banach contraction principle directly follows as a consequence
of Banach theorem on metric space. However, if f satisfies , restricted with an
additional conditions for A, we cannot conclude that there exists some ¢ € (0, 1) such
that is satisfied, and Theorem could not be derived from Banach theorem.
Despite that, Banach fixed point theorem on cone metric space is equivalent to classical
result of Banach. Analogously, Ciri¢’s quasi-contraction of Perov type is not equivalent
of its metric version and, along with Fisher quasi-contraction, improves and extends
results of [39], [119].
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In a similar manner we may discuss Theorem [2.1.10] as a local version of Banach
theorem.

Let T : X — X be such that there exists a point z € X for which W is complete,
and a ¢ € (0,1) such that

d(Tz,Ty) < qd(xz,y) holds for any x,y=T(z) € O(2). (4.6)
Then, applying Lemma 1.1 of [46], we have
de(Tx, Ty) < qde(x,y), holds for any =z,y =T(x) € O(z). (4.7)

Hence, Theorem 1 of [14] directly follows from Park’s result by Theorem 2 of [100].
However, if T satisfies , restricted with a linear bounded mapping, we cannot con-
clude that there exists some ¢ € (0, 1) such that is satisfied, and so Theorem
cannot be derived from Park’s result. Therefore Theorem indeed improves the
corresponding result of [100].

Deducing related conclusions for other Perov type results of this thesis, we see that
they could not originate from some metric reductions. For some more recent results
see [76], [92], [9T]. Another approach to this problem is pointing out to some examples
like Example [16] which show that Theorem [2.1.3] can be applied even in the case when
Banach theorem (equivalently on cone metric space) can not. In order to illustrate that
difference between ours and some well-known metric and cone metric results, we present
several examples in the Chapter [f



Chapter 5

Applications

Expressing importance of some research study is, preferably, connected with a wide range
of possible applications. Throughout whole manuscript appear different examples having
two main purposes. One is evidently defining area of application, but the second one
concerns independence from similar conclusions in that area of expertise. In order to
achieve that goal, separately from other chapters, we collect some examples that should
speak in favor deductions made in Section [4.2]

Famous Serbian mathematician, Kurepa said that every mathematical problem could
be reduced on some fixed point problem. This is just one way to express influence this
branch of mathematics. It appears that one of the reasons why is hidden in huge class of
applications. The accent is on solving equations, including differential, integral, operator
and so on, along with systems and some delay problems.

Regarding theorems and corollaries throughout this manuscript, it appears that they
can be applied even in the case when regular fixed point theorems with contractive
constant could not. Valuable part of those statements are estimations regarding distance
between fixed point, sequence of iterative approximation or diameter of an orbit, etc.

First section contain several integral equations which apply different Perov type the-
orems even though can not be solved as usual. Well-posedness and Ulam’s stability of
some functional equations are the topic of the last section concerning use of Perov type
contraction in some recently published papers. Wide range of application is amplified
with several examples throughout various chapters such as Examples R[11][T4] [I6] and

5.1 Integral equations

Etimations obtained by Perov theorem and generalized metric are better than by using
usual metric spaces and some well-known theorems. In [TI08] coupled fixed point problem
on Banach space was analyzed and, implementation of various metric and vector-valued
metric in the sense of Perov, lead to the conclusion that results obtained by Perov
theorem are better and unify other results. The comparison is made for Schauder,
Krasnoselskii, Leray-Schauder and Perov theorem. We will discuss results obtained by
Banach fixed point theorem and compare them in the case of metric space.

Example 18. If (X, d) is a complete metric space and T; : X x X — X, i = 1,2, solution
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of a system

Ti(z,y) = =
Ty(z,y) = v, (5.1)

is a fixed point of a mapping 7' : X x X +— X x X defined with
T(l’,y) = (Tl(xvy)7T2($ay))v T,y € X.

To apply Banach theorem, T" should be a contraction on X x X. Let D be a metric on
X x X induced by d, then

D(T(x,y),T(u,v)) < qD((x,y), (u,v)), (x,9), (u,v) € X x X,

for some ¢ € (0,1).
If D((x,y), (u,v)) = d(z,y) + d(u,v), (x,y), (u,v) € X x X, then

d(T1(z,y), Ti(u,v)) + d(To(z,y), To(u,v)) < q(d(z,y) + d(u,v)), (5.2)
for any (z,y), (u,v) € X x X, because of

d(T;(z,y), Ti(u,v)) < =(d(z,y) + d(u,v)), i = 1,2, (5.3)

N |

holds for any (z,y), (u,v) € X x X.
On the other hand, if Perov theorem would be applied, T} and T, should be such that

d(Ti(x,y), Ti(u, v)) < aid(z, u) + bid(y,v), (z,y), (u,v) € X x X,i=1,2,
for some nonnegative a;,b; > 0, 7 = 1,2, and a matrix
I ! by
a-lo ]

convergent to zero. This means that r(A) < 1 or, equivalently,

a1+ by + v/ —2a1by + dashy + ar® + by® < 2.

Considering (5.3), max{as,as}, max{by, by} should be less than %, or in view of (5.2),
max{a, as} + max{by,bo} < 1. Anyway, this result is more strict than r(A4) < 1.

: (1]

then r(A) = %, but neither of the inequalities (5.2) and (5.3) is satisfied.

Nl PN [N
O BXO | =

Observe that this problem could characterize as common fixed point problem. Let
f(@,y) = (Ti(z,y),y) and g(z,y) = (z, Tz(z,y)), v,y € X.
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Example 19. Let (X, d;), i = 1, m be some complete metric spaces and define a gen-

m
eralized metric d on their Cartesian product X = [[ X; with
i=1

dy (51317 91)

da (22, y2)
d(z,y) = : ,

A (T, Yim)

for x = (z1,...,2m),y = (Y1,-..,ym) € X. As previously discussed, (X,d) is, as
generalized metric space, also a normal cone metric space with a normal constant K = 1.
Let (Y, 7) be a Hausdorff topological space and f = (f1,f2) : X XY — X XY an
operator.Theorem 2.1 of [121] states that if f is continuous, (Y,7) has a fixed point

property (i.e., every continuous mapping ¢ : Y — Y has a fixed point) and there exists
a matrix S € R™*™ convergent to zero matrix such that

d(fl(uvy)a fl(vay)) < S(d(uvv))v u,v € Xay € Y> (54)

then f has a fixed point. Uniqueness is not guaranteed because of contractive condition
based on the first coordinate.
Instead of using Perov theorem, as presented in [I12I], observe that, since S™ — O,

n — oo, then there exists some n € N such that ||S™|| = ¢ < 1, where assumed norm is
the supremum norm. For such n, (5.4]) holds and

d(f(w,y), fi'(v,y)) < 5" (d(uw,v)),  w,veX,yey,
SO

where do, : X x X — R is a maximum metric defined with

d(u,v) = mlaixdi(ui,vi), u,v € X.
Hence, Consequence m guarantees unique fixed point z of a mapping f'(,y) : X — X
for any ¥y € Y. As in the proof of Theorem [4.1.7] z is also unique fixed point of
fiby) : X — X for a fixed y € Y. The rest of the proof would follow analogously as in
[21].
As stated in this paper, Y could be any compact convex subset of a Banach space. This
results is applied in solving systems of functional-differential equations such as:

() = /0K(t,s,x(s),y(s))ds—i—g(t), te0,1],

y(t) = / H(t, 5,(5),y(s), y(y(s)ds, ¢ € [0,1],

where z € X andy € Y, K € C([0,1] x [0,1] x R™ x [0,1],R™), g € C(]0,1],R™) and
H e C(]0,1] x [0,1] x R™ x [0, 1] x [0, 1], R),
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Under assumptions that codomain of H is contained in [0, 1], that H is a first coordi-
nate Lipschitzian mapping with a constant L and K is a Perov generalized contraction,

this system has at least one solution in X xY for X = C([0,1],R™) = [[ X;, X; = C[0, 1],
i=1

i =1,m and Y set of all Lipschitzian mappings on C(]0, 1], [0, 1]) with a constant L. Ob-
serve that we could not use Banach theorem instead of Perov to obtain this conclusion
due to the contractive condition for K.

Similar class of integral equations has already appeared in Example but as a
common fixed point problem for the sequence of mappings. Here it is stated in order
to show one more significant application of Perov type fixed point theorem although
Banach theorem forces some other conclusions.

Example 20. Let £ be C]0, 1] with supremum norm and usually defined cone P C E,
X = FE and metric d(z,y) = |z —y|, x,y € X, a cone metric on X. In the first part we
deal with solving integral equation

/tx(\/f)dt (), 1€ [0.1]

. Define, f,A: X — X with

F@)(®) = A@)®) = [ (Dt € .1

Operator A is increasing, bounded and linear with the spectral radius % and

Af(). fw) = | / y(V)) da

< / ]x Vi)|dx

= y))

Theorem guarantees existence and uniqueness of fixed point. Despite of that, if D
is a metric arising from norm, z(t) = 2, y(t) =0, ¢t € [0, 1], then

D(f(x), f(y)) = 2 = D(x,y),
meaning that f is not a contraction.

This integral equation can be redefined by choosing some g € X in a way that
t
o)+ [ ot =0t € .1,
0
or depending on some constant L € (0,2)
L2
ot) +/ 2oyt = a(t), t € 0,1].
0

Definition of A implicates that r(A) = 2.
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5.2 Ulam’s stability

Polish mathematician Stanislaw Ulam, posed in 1940 a question concerning the stability
of group homomorphisms. However, that question was the beginning of this stability
problem for functional equations that is in the focus of research last decades. One year
later, D. H. Hyers ([68]) made the first significant breakthrough. He gave a partially af-
firmative answer to the question of Ulam for additive mappings on Banach space. Since
then, a large number of papers have been published in connection with various general-
izations of Ulams problem and Hyerss theorem. Almost forty years after, in 1978., T. M.
Rassias ([115]) made first bigger progress. He succeeded in extending Hyerss theorem
for mappings between Banach spaces by considering an unbounded Cauchy difference
subject to a continuity condition upon the mapping. He was the first to prove the sta-
bility of the linear mapping and to initiate research in this field. The influence of all
three mathematicians was immeasurable, and that is why proposed stability problem is
known as Ulam-Hyers-Rassias stability, sometimes in different arrangement, or Ulam’s
stability.

Ulam observed d-homomorphism between two groups G; and G, assuming that Go
is equipped with metric d, and a mapping f : G; — G5 such that, for all z,y € Gy,

d(f(zy), f(z)f(y)) < é.

The question was which assumptions should be forced on f if the last inequality proceeds
existence of some homomorphism close to f.

However, stability question applies on functional and differential equations (including
more variables and differential equations with a delay). In order to discuss application
of Perov type result, we will skip preliminaries regarding metric space, and pass along
to the cone metric and accordingly introduced generalization of Ulam’s stability.

Definition 5.2.1. ([120]) Let (X,d) and (Y, p) be two cone metric spaces, f,g: X —Y
mappings. The coincidence equation f(x) = g(x) is Ulam’s stable if there exists a linear
increasing operator v : E +— E such that for any € > 60 and each x fulfilling the
inequality p(f(z), g(x)) =X €, exists some solution z of the coincidence equation such that

d(z, z) 2 (e).

Regarding this property, original and important is ¢ (x) = Az, for some positive \.
Particular case of the coincidence equation is fixed point problem for X = Y choosing
gx) =z, € X.

Definition 5.2.2. Let (X, d) be a solid cone metric space, f: X — X and : P — P a
nondecreasing function such that 1 (0) = 6. The equation f(x) = x is Ulam’s stable with
respect to ¥ if, for any € > 0, and y such that d(f(y),y) =< € there exists some solution
z of this equation such that

d(z,y) 2 ¥(e).
Theorem 5.2.3. If (X,d) is a solid cone metric space and a mapping f : X — X

satisfies condition for some increasing operator A € B(FE) with spectral radius less
than 1, than the equation f(x) = x is Ulam’s stable.
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Proof. Due to Theorem [2.1.3] f has a unique fixed point z € X. Accordingly,
d(z,z) < d(z, f(z))+d(f(z), [(2))

< d(z, f(z)) + Ald(z, 2))

< (I=A)7e).
Taking 1) = (I — A)™!, since it is nondecreasing linear function, the equation is Ulam’s
stable. O

Theorem 5.2.4. If (X,d) is a solid cone metric space and a continuous mapping f :
X — X satisfies condition for some increasing operator A : P — P such that
lim A™(e) =6, for any e € P, than the equation f(x) = x is Ulam’s stable.

n—oo

Proof. In order to estimate d(z, z), where z is a unique fixed point guaranteed by The-
orem [2.6.1] choose arbitrary ¢ and n € N such that A™(d(z,z)) < (I — A)~!(e).

Having in mind ({2.1]),

d(z,z) < d(z, f"(x)) +d(f"(z), ["(2))
< (I =AM = A)~(d(, f(x)) + A (d(, 2))
< 21— A)e).
Certainly, this implies Ulam’s stability. O

Concerning recent results in this area ([17],[28]), there are obvious tendencies to
incorporate fixed points results and, in that way, obtain Ulam’s stability of functional,
operator, differential or integral equations of higher order or with several variables. Many
of those results are obtainable from Perov type theorems included in this thesis and

without any extensive proof or complicated proof approach despite of what presented in
[21].

Theorem 5.2.5. Let S be a nonempty set, let (X,d) be a complete metric space, k € N,
fi:S—=S, Li:S—R., i=1Fk and A :R,% — R.° given by
k

(AD) (1) = Y Lit)s(fi(r), teS. (5.5)

i=1
If operator T : X° +— X*° satisfying the inequality
A(T (w), T(0) (1) < AMA(u,v))(t), u,ve X5 tes,
and functions g € X° and ¢ € R® such that
A(T(g),9)(t) <elt), teRT,
and

i/\”(a(t))a(t) < oo, teS,

then for every t € S the limit lim (T™(g))(t) = f(t) exists and the function f € X*
n—oo
defined in this way, is a unique fixed point of T with

Alg, f)(t) <o(t), tes
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Proof. Observe that A : (XS)2 — 7”35; defined with
Alu,v)(t) = d(u(t),v(t), wove X5 te s,

is just an example of a cone metric and operator A has properties of operator A of
Theorem so this result can be obtained as a direct consequence of Theorem
O

Hence, we see that this result points out to Ulam’s stability of wide class of functional
equations and therefore, could be applied in biology, economy, etc, par example in SIS
infection model of constant population or model of economic monopoly with constant
output.

Another approach could be looking at Ulam’s stability of differential equations with de-
lay like in [99], and in a similar way, we may apply presented results in this and previous
sections to assure Ulam’s stability.

Preferably, we would add well-posedness problem to the content of this section. Well-
posed problem is introduced by J. Hadamard and it unites three important requests:
existence of a solution, uniqueness and that solutions’s behavior is continuously depen-
dent on initial data, that, in his opinion, every mathematical model should have. Not
well-posed problems are known as ill-posed.

Definition 5.2.6. Let (X,d) be a cone metric space and f : X — X a mapping. The
fized point problem f(x) = x is well-posed if Fiz(f) = {z} C X and if lim d(x,, f(x,)) =
n—oo
0, (z,) € X, then lim z, = z.
n—oo
Similarly to what follows, we can obtained well-posedness for most of Perov type

results on solid cone metric space presented in Sections To justify this assertion,
we prove that fixed point problem studied in Theorem [2.1.3]

Theorem 5.2.7. Fixed point problem for Perov type contraction on a complete solid
cone metric space is well-posed.

Proof. Take (x,) C X such that lim d(z,, f(z,)) = 0, ¢ > 6 and ny € N determined
n—oo
that d(z,, f(x,)) = € when n > ng. Furthermore,

d(wn,z) < d(zg, f(zs)) +d(f(20), 2)
< e+ A(d(zp, 2))
= (I-A)7'(e).
Choice of € along with properties of solid cone, justifies conclusion lim x, = z. O

n—o0



Chapter 6

Conclusion

The purpose of this chapter is to give a short overview on presented results, their sig-
nificance, novelty and applications because that determines overall contribution of this
dissertation. Since all correlations are already explained, we will not go into the details.
As previously mentioned, main results are collected in Chapter 2| In the first part we
extend and improve results of Banach ([18]), Perov ([101} 102]), Berinde ([22] 23]) among
others. We failed to emphasise that Banach theorem and obvious corollaries on a cone
metric spaces are consequence of Perov type theorems extending ([1I, [6, [14], 48|, 49, [67]).
Most important difference is including operator in a contractive condition and giving
sufficient conditions in order to obtain fixed point. Perov type quasi-contraction is an
extension of Ciri¢ quasi-contraction and in this section we unify and improve many re-
sults from [40, OT), 92, O3] 104]. The main theorem of [57] is a corollary of Theorem
2.2.2l In a same manner, we see that several theorems presented in [38| 54l [56] were
the motivation for the progress made in the third section 2.3] Looking at this problem
on partially ordered cone metric space, there is an obvious link to [T1], [06] 97, 114] and
results presented therein.

Third chapter directs our research to common fixed point problem and rounds up a great
amount of different results concerning common fixed point problem. Various approaches
and techniques led to obtaining many results presented in [2] [3], 5] [T0] T3], 16}, 2], 64] [78],
79, 82, 85, 128§].

Last two chapters, [dland 5] show the progress made in this dissertation. Despite many ex-
amples, most of them regarding integral equations, we should pay attention to Ulam’s sta-
bility sectionfrom a different research angle that one presented in articles [17, 27, 28].

The future research could split in two directions, obtaining new theoretical results
and discussing their impact on already published results, and looking for new areas of
applications in mathematics, but also in other sciences. Some questions regarding cone
metric and metric spaces still stay open, so it would be interesting to see the influence
of these findings.
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«FIXED POINT THEOREMS OF PEROV TYPE»
Koja je onbpamena Ha  IIpuponHo-MaTeMaTHukoM dakynrery Yausepsutera y Humy:
® pe3yiTaT COICTBEHOT UCTPAXHUBAYKOT Paja;

® Jia OBy [MCepTalN]y, HH y IEJMHH, HUTH y I€JI0BHMA, HUCAaM [PHjaBJbHBA0/JIa Ha IPYTHM
GaxynTeTuMa, HUTH YHUBEP3UTETUMA;
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Opnamhyjem VYHupepsutercky OuGmmoreky ,Hukona Tecma® ma y Jlurdranau
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«FIXED POINT THEOREMS OF PEROV TYPE»
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6. AyTopcTBO — AenuTH oz uetuM ycinosuma (CC BY-SA)?
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TUNOBW JIMLIEHUN KPEATUBHE 3AJEAHULIE*
1. AytopcTBo (CC BY)

fo3BosbaBaTe yMHOXaBawe, AMCTpUbyUMjy 1 jaBHO caonwTaBare Aena, U npepaje,
ako ce Haeseae uMme ayTopa, Ha HauuH oapeheH oA ayTopa wnau gaBaoua JIMUEHUE, Yak U Y
komepuujanHe cepxe. OBo je Hajcnob6oaHuja o4 CBUX NULIEHLM.

2. AyTtopcTBO — HekoMepuujanHo (CC BY-NC)

llo3BosbaBaTe yMHOXaBake, AUCTPUbYLUMjy W jaBHO caonwTaBarbe Aena, u npepage,
ako ce HaBeae MMe ayTopa, Ha HauuH oapeheH oA ayTopa wnu Aasaoua nuueHue. Osa
JiMueHua He 103BO/baBa KoMepuujanHy ynoTtpeby gena.

3. AyTopcTBO — HekoMepuujanHo — 6e3 npepaaa (CC BY-NC-ND)

flozBo/baBaTe yMHOXaBawe, AUCTPUGYLMjy M jaBHO caonwTaBarwe Jena, 6e3
npomeHa, npeobnukoBarba unu ynotpebe fena y CBOM Aeny, ako ce HaBeAe UMe ayTopa, Ha
HauuH oapeheH oa ayTtopa wnuM paBaoua nuueHue. OBa /SMUEHUA He [A03BO/baBa
koMepuujanHy ynoTpeby paena. YoAHOCY Ha CBe OCTane JMUEHLEe, OBOM JIMLUEHLIOM ce
orpaHunyasa Hajsehu o6uM npasa kopuwhera gena.

4. AyTOpCTBO — HEKOMEPpUUjaZIHO — AeNUTU Noa UCTUM YC/IOBMMA (CC BY-NC-
SA)

Ho3Bo/baBaTe yMHOXaBawe, AMCTpubyumnjy 1 jaBHO caonwTaBake Aena, u npepaje,
aKo ce HaBeje MMe ayTopa, Ha HauuH oapeheH oA ayTopa Wau AaBaoua SULEHLE, U aKo ce
npepaaa auctpubyupa noa MCTOM WM CAMYHOM NinueHuoM. OBa SMUEHUa He A03BO/baBa
KOMepuujanHy ynotpeby aena u npepasa

5. AytopcTBo - 6e3 npepaaa (CC BY-ND)

[lo3Bo/baBaTe yMHOXaBarbe, AUCTPUEYUM]Y W jaBHO caonwTaBarbe nena, 6es
npoMeHa, npeobninkosarba unn ynotpebe aena y CBOM Aeny, ako ce HaBeae UMe ayTopa, Ha
HauuH oapeheH oA ayTopa unu agasBaoua nuueHue. OBa NuUeHUa A403BO/baBa KoMepuujanHy
ynoTtpeby aena.

6. AyTOpCTBO — AenUTH Nnoa UCTUM ycnioBuMa (CC BY-SA)

flo3Bo/baBaTe yMHOXaBare, AUCTPUBYLUMjy U jaBHO caonwTaBarbe Aena, u npepage,
ako ce HaBeAe uMe ayTopa, Ha HayuH oapeheH oa ayTopa Mnu aaBaoua SMLEHLE, U ako ce
npepaga AucTpubyupa noA WMCTOM WAM CAWYHOM NuUeHUuoM. OBa JNMUEHUA A03BO/baBa
KomepumjanHy ynotpeby agena u npepaaa. CnuyHa je codpTBEPCKUM NULEHLAMA, OLHOCHO
NMueHuaMa oTBOpeHOor Koaa.

* Buwe o nuueHuama KpeaTusHe 3ajegHuue Ha agpecu:

http://creativecommons.org.rs/?page id=74CC. Osaj Tekct HUIE cactaBHu geo

u3jasa aytopal!
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