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Abstract 6

Abstact

The objective of this work is to introduce a new space " R-metric space ", on which few
fixed point theorems have been extended, also, we applied our results on linear matrix equa-
tions, non-linear matrix equations, and fractional integral equations in order to find the

unique solution.

Key words :
Fixed point, Metric spaces, R-metric spaces, Matrices equations, Fractional integral equa-

tions.
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Résumé

L’objectif de ce travail consiste a I'introduction d’un nouveau espace " I’espace R-métrique"
sur lequel quelques théoremes de point fixe ont été développés. De plus, nous appliquons nos
résultats pour obtenir la solution unique des equations matricielles linéaires, des equations

matricielles non-linéaires et des équations fractionnaires intégrales .

Mots clés :
Point fixe, Espace métrique, Espace R-métrique, Equations matricielles, Equations intégrales

fractionnaires .
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Introduction

We all know what the line (/\) " defined by the equation y = x " represent, or the points
that remain stationary, by an application or a transformation. All these concepts are oriented
towards the fixed point theory which is a very important branch of mathematics, and is one
of the most powerful tools of modern mathematics. It is a combination of analysis, topology
and geometry. In the last decades, fixed point theory has been revealed as a very powerful
and important tool in the study of non-linear phenomena. we can see it through a lot of
phenomena as a reproducible invariant temperature like boiling point or freezing point, a

triple point of a substance such as the liquid used to calibrate a thermometer.

For this reason we have found numerous research about the existence of fixed point. as-
serts that under certain conditions, a mapping S of a space X into itself admits one or more
fixed points. There are plenty of results in fixed point theory.

L. Brouwer (1881-1966) is the father of this theory which states that if a continuous
function f satisfies certain properties, then there is a fixed point. But the most widely theo-
rem used is Banach 1922, which is the product of previous works in particularly those of
E. Picard. Around 1922, Banach recognized the fundamental role of metric completeness,
a property shared by all spaces commonly used in analysis. For many years, activity in
fixed-point theory was limited to Banach’s mirror extensions of contraction principle and
its multiple applications. Much of the acquired theory attributes to new results of Brow-
der’s pioneering work in the mid-sixties, as well as the development of non-linear functional
analysis as an active and vital branch of mathematics, central to this evolution were Brow-
der’s theorems. The quality as well as the amount of research in fixed point theory in metric
space increased greatly in the 1970’s. Descriptions of important developments in this period
prove the existence of fixed point theorems using more generalized contractive applications

than previous contractive applications.
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In this work, we present three theorem of fixed point in R-metric spaces, By these
selected contractive properties, we applied to solve a linear matrix equation, a non-linear
matrix equation and fractional integral equation .

This thesis is organized as follows:

Chapter 1 contains the essential notions regarding fixed point, metric spaces, R-metric
spaces, and matrices. As well as some needed theorems and lemmas in the following sections.
Chapter 2 is devoted to develop three important theorems about fixed point:

fixed point theorem in partially ordered sets, Banach’s and Brouwer’s theorems in R-metric
spaces.

Finally, in the last chapter we apply the previous fixed point theorems to solve different

problems such as linear and non-linear matrix equations, and fractional integral equations.



Chapter 1

Preliminaries

In this chapter we explore the most important notions regarding fixed point, R-metric

spaces and matrices. As well as some needed theorems and lemmas in our results.
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1.1 Fixed point and metric spaces

fixed point a fixed point of a function is an element of the function’s domain that is
mapped to itself by the function. As an illustration, ¢ is a fixed point of the function f if
f(¢) = ¢. This means f™(c) = ¢, an important terminating consideration when recursively
computing f.

A set of fixed points is sometimes called a fixed set.

For example, if f is defined on the real numbers by
f(x) =2* — 3z + 4,
then 2 is a fixed point of f, because f(2) = 2.

Definition 1.1. A metric space is an ordered pair (M,d) where M is a set and d is a metric
on M, i.e. a funcitond: M x M — R

such that for any x,y,z € M , the following holds:

1.d(z,y)=0<=z=y

2. d(z,y) = d(y,z)

3. d(z,z) < d(z,y) +d(y, 2)

Example 1.1.1. The real numbers with the distance function d(x,y) = |y — z| given by the
absolute difference , and more generally,Euclidean n—space with the Euclidean distance are
complete metric spaces. The rational numbers with the same distance function also form a

metric space, but not a complete one.
Banach’s fixed point theorem

Theorem 1.1. (Banach 1922). Let (X,d) be a complete metric space (or a Banach space if
X has a norm) and f : X — X a contraction. Then f admits a unique fized point in X, (i.e)
Jlu € X such that fu = w. In addition, this point can be obtained as limit of any sequence

generated by the iteration
Tni1 = fxn,n € X with xo arbitrary element of X

Proof.
let {x,, }nen be the sequence generated by the above iteration. then the contraction condition

of f gives
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d(xq, x2) = d(fxo, fr1) < 0d(x, 71)
d(l’g, IL‘3) = d(fl’l, fIQ) S 92d($0,l’1)

thus, for any n we get

d(fxna fxn+1> < 9nd<x07 xl)

moreover, repeated applications of the triangular inequality give for arbitrary integers n,p €

N*
d(fxm fxn—i-p) < d(fxm fxn—f—l) + d(fxn—i—lv f$n+2) + o+ d(fmn-i-p—la fxn+p)

with all the previous inequalities, this one gives us

n

d(Tp, Tpip) < en(ll__:p)d(xo,xl) < Lod(zg, x1) — 0 ,if n = 00

Obviously the strict inequality and the convergence to 0 follow from the fact that 6 € (0, 1).
Therefore {z,},en is a Cauchy sequence, and as X is complete, it converges to a limit w.
Clearly, u is a fixed point of f since it is continuous. To prove the uniqueness, let us suppose

that we have two different fixed points u, v such
0 < d(u,v) =d(fu, fv) < 0d(u,v)

which implies (1—0)d(u,v) <0
with 6 € (0,1). Or this is obscure. O

Brouwer’s fixed-point theorem

Theorem 1.2. (Brouwer 1910). Given that set K C R™ is compact and convex, and that
function f: K — K is continuous, then there exists some ¢ € K such that f(c) = ¢; that is

¢ 1s a fized point.

Nieto and al. in [4] presented a new extension of Banach contractive mapping to partially

ordered sets.

Theorem 1.3. Let (X, <) be a partially ordered set and suppose that there exists a metric
d in X such that (X,d) is a complete metric space Let f : X — X be a continuous and

non-decreasing mapping such that there ezists k € [0,1) with

d(f(z), f(y)) < kd(z,y), Vz>y.

If there exists xo € X with xo < f(xo) , then f has a fived point.
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1.2 R-Metric space with its topology

Definition 1.2. Suppose (X, d) is a metric space and R is a relation on X. Then the triple
(X, d, R) orin brief X is called R-metric space.

Example 1.2.1. Let X = [0, 00) equipped with Euclidean metric. Define zRy if zy < (xVy)
where x V y = x or . Then (X, d, R) is an R-metric space.

We note that for a given specified metric space (X,d) and any relation R on X we can

consider an R-metric space (X,d, R) .

Definition 1.3. A sequence {x,} is an R-metric space X is called an R-sequence if T, R, vy

for each n, k € N.

Definition 1.4. An R-sequence {x,} is said to converge to x € X if for every e > 0 there
is an integer N such that d(z,,z) < € if n > N.

. . R
In this case, we write x, — .

Example 1.2.2. Suppose X = [1,2] with Euclidean metric be given . let R :=> and

1
x, = 1+ — for each n € N . Clearly {z,} is an R-sequence and z, %, 1. Note that
n

T, = 2 — — is note an R-sequence.
n

Example 1.2.3. Let X = R. Consider P(R) with metric d(A, B) = inf{|la — b|, a €
A and be B}, let R:=C. Define A, =[1+ 2,4 — 1] clearly {4,} is an R-sequence and
A, 5 (1,4) .

Remark 1.2.1. Every subsequence of an R-sequence in an R-sequence too.

In th followings it is supposed that X is an R-metric space.

Definition 1.5. Let E C X.x € X is called an R-limit point of E if there exists an R-

sequence {x,} in E such that x, # x for alln € N and x, LN
Definition 1.6. The set of all R—limit points of E in denoted by E'*.
Definition 1.7. E C X is called R-closed, if E'® C E.

Definition 1.8. F C X is called R-open, if E¢ is R-closed.

Theorem 1.4. £ C X is R-open if and only if for any © € E and any R-sequence {x,}
which x, N x, there exists N € N such that x,, € E for alln > N.
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Proof. Let © € E. Suppose there exists an R-sequence {z,} which z, £ 2 but for every
N such that z, ¢ E. Hence, we obtain an
z, and x,, ¢ E. Therefore x € E°“ This

N € N, there exists a natural number n >
R-subsequence {z,,} of {z,}, which z,, LN
contradicts x € E.

Conversely, if x € (E°)'%, then x ¢ E. Hence (E°)" C E°, so E is R-closed. Thus F

is R-open. O]
Definition 1.9. Let E C X. The R-closure of E is the set EY—FEUER

Theorem 1.5. If E C X, then
(a)E" is R-closed.
(b) E = E" if and only if E is R-closed.

Proof. (a) If z € (ER)C, then x is neither a point of £ nor an R-limit point of E. Let
{x,} be an R- sequence converging to x, then there exists N € N such that x,, € (ER)C for
n > N. Thus (E")C is R-open so that E" is R-closed.

(b) If £ = E" (a) implies that F is R-close. If E is R-closed, then E'* C E [by Definitions
1.7 and 1.9], hence E" = F. O

Example 1.2.4. Suppose X = R equipped with standard topology.
Let R :=<, let E = (0, 1], then E" = (0,1]. Hence E is R-closed but it is not closed.

Theorem 1.6. The set {G C X|G is R-open } is a topology on X which is called an
R-topology and is denoted by g

Proof. Trivially ¢ and X are R-open. Let {U,};c; be a family of R-open sets.

Put U = U Uj, let x be an R-limit point of U® = U;, hence there exists an R-sequence
jeg jeJ
{z,} in U\{z} such that z, = z. Therefore for each j € J,z is an R-limit point of Us.

Since Uy is R-closed = € U}, so that x € U, hence U is R-open.
Let Uy,...,U, be R-open sets. Put W = ﬂ U;

j=1
n

and let = be an R-limit point of W¢ = | U5, hence there exists an R-sequence {z,} in
j=1

We\{z} such that z,, 2 .. It is easy to show that there exists 1 < j < n and a subsequence

{wn,} of {w,} in US\{z} which z,, B, 2. Since U is R-closed x € Uy, thus x € W¢ It
follows that W is R-open. O
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Corollary 1.7. Let X = R equipped with standard topology. Let R :=<, then:

(a) The open intervals (a, b)(a = —o0 or b = +00) form a basis for the standard topology
on R,

(b) The intervals (a, b)(a = —o0 or b= +400) and (a, b/ form a basis for topology Tr.

Theorem 1.8. Let 74 be a metric topology on X, then 17, C Tg.

Proof. Let G € 74. Let x be an R-limit point of G There exists an R-sequence {z,} in
G°\{z} such that z, & .. Since each R-sequence is a sequence hence z is a limit point of

G¢.GY is closed, thus x € G¢ Therefore G € 7. O
Lemma 1.9. Let R:= X x X, then T = 74.

Proof. By Theorem 1.8, 7; C 7z. Let G is an R-open set and z is a limit point of G¢
There exists a sequence {z,} in G°\{z} such that z, 2 z.. Clearly {z,} is an R-sequence,

hence z,, B . Tt follows that # € G¢ Thus TR C 7. O

Remark 1.2.2. Suppose (X,d) be a metric space and R := X x X, then R-metric space
(X, d, R) is equivalent to metric space (X, d) .

Definition 1.10. Let R be a relation R*. E C R* is called R-convex if \x + (1 — Ny € E,
whenever x € B,y € E,zRy, and 0 < A < 1.

Lemma 1.10. Let E is a convex set, then E is R-convex.

Proof. Let x € F,y € E, xRy, and 0 < A < 1. By the definition of convex set
M+ (1-Ny€eE. O

The converse is not true.

Example 1.2.5. Let £ = (0,1] U(2,4]. Define xRy if z,y € (0,1] or x,y € (2,4]. Clearly

FE is R-convex but it is not convex.

Definition 1.11. K C X is called R-compact if every R-sequence {x,} in K has a conver-

gent subsequence in K.

Example 1.2.6. Suppose the Euclidean metric space X = R be given. Let K = (0,1) and
let R:=>. Then K is R-compact.

Lemma 1.11. . Suppose K C X is compact, then K is R-compact.



Preliminaries 17

Proof. Let {x,} be an R-sequence in K. It is clear that {z,} is a sequence too.So, there

exists a convergent subsequence {z,, } of {z,} in K. The theorem follows. O
The converse is not true.

Example 1.2.7. Suppose the Euclidean metric space X = R be given. Let £ = [0,1), and
let R defined on X by

r<y<g
TRy <= < or
x=0 z'fy>é

Since K is not closed so it is not compact. Let {z,} be an R-sequence in K. Then:
i) For all n € N,z,, = 0, hence {z,} converges to 0.
ii) {z,} is increasing and bounded above to 3 therefore it is convergent.

It follows that K is R-compact.

Example 1.2.8. Suppose X = R equipped with the Euclidean metric. Let K = (0,1]. Let
R :=<, and let {z,} be an R-sequence in K. It is clear that {x,} is increasing and bounded

above, hence it is convergent. Therefore K is R-compact but it is not compact.
Theorem 1.12. R-compact subsets of R-metric spaces are R-closed.

Proof. Let K be an R-compact subset of X. Let z € K'® Then there exists an R-sequence
{z,} in K such that z, LN By Definition 1.11, {z,,} has a convergent subsequence

{z,,} in K | hence z,, < z., so that z € K. The theorem follows. O
Theorem 1.13. An R-closed subset of an R-compact set , is R-compact.

Proof.

Suppose FF C K C X. F'is R-closed ( relative to X ), and K is R-compact. Let {z,} be
an R-sequence in F', hence {z,} is an R-sequence in K too. Since K in R-compact.there
exists a subsequence {z,, } of {z,} such that x,, Ly % Since F is R-closed # € F. The

theorem follows. O
Corollary 1.14. Let F' be R-closed and K be R-compact. Then F'N K is R-compact.

Proof.
By Theorems 1.6 and 1.12 F' N K s R-closed; since F N K C K ,Theorem 1.13 shows
that F' N K is R-compact. O
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Definition 1.12. A set K C X is called strong R-compact, if each R-sequence {z,} in K,

. . R R
that has a subsequence {x,} which converges to x* € K i.e x,, — x* , then Ty —> T

Example 1.2.9. Suppose X = R with standard topology be given, let R :=<and let K =
(0, 10]. Suppose {z,} is an R-sequence, then each subsequence {z,, } of {z,} in increasing
bounded above, so there exists 2* € k, such that z,, By 2% and Ty iy £, 2*. Therefore K

is a strong R-compact set

Definition 1.13. An R-sequence {x,} in X is said to be an R-Cauchy sequence, if for very
€ > 0 there exists an integer N such that d(x,,x,,) < € if n > N if m > N. It is clear that

x,Rx,, or z,,Rx,.

Lemma 1.15.
(a)  Every convergent R-sequence in X is an R-Cauchy sequence.
(b)  Suppose K be an R-compact set and {x,} be a R-Cauchy sequence in K. Then {x,}

converges to v € K

Definition 1.14. X is said to be r-complete if every R-Cauchy sequence in X converges to

a point in X.
Corollary 1.16. Every R-compact space in R-complete, but the converse in not true.

Example 1.2.10. Suppose X = R with standard topology be given and let R :=<. It is
easy to show that X is R-complete but it is not R-compact. Since the R-sequence {n} has

no convergent subsequence.

Definition 1.15. Let f : X — X be a mapping. f is said to be R-continuous at x € X if
for every R-sequence {x,} in X with , — ., we have f(x,) —= f(z) . Also, f is said to

be R-continuous on X if f is R-continuous in each x € X.

Lemma 1.17. Every continuous mapping f : X — X, is R-continuous.

Proof.
Since each R-sequence is a sequence.

The converse is not true. OJ

Example 1.2.11. Suppose X = [0, 1] equipped with standard topology and let f: X — X
be a Dirichlet mapping, i.e,
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1 if zeQn[o0,1]
f(z) = ,
0 if 2€Q°N]0,1]

Let R be an equality relation on X, then f is discontinuous at each point of X but f is

R-continuous on X.

Example 1.2.12. Suppose the Euclidean metric space X = R be given. Define xRy if
z,y € (n+2, n+3) for some n € Z or x = 0. Define f: X — X by f(z) =[2]. Let z € X
and {z,} be an arbitrary R-sequence in X such that converges to x, then the following cases
are satisfied:

Case 1: If x,, = 0 for all n, then x =0, and f(z,) =0= f(x) .

Case 2: If z,, # 0 for some n, then there exists m € Z such that € [m + %, m —+ %], and

Flan) =m = f(x).

Therefore f is R-continuous on X, but it is not continuous on X.

Definition 1.16. A mapping f : X — X is said to be an R-contraction with Lipschutz
constant 0 < X\ < 1 if for all x,y € X such that xRy, we have

d(f(z), f(y)) < Ad(z,y) .

It is easy to show that every contraction is an R-contraction but the converse is not true.

See the next example.

Example 1.2.13. Let X = [0,0.99), and X equipped with Euclidean metric. Let zRy if
xy € {x,y} for all z,y € X. Let f: X — X be a mapping defined by

Fla) = 22 @:fxEQﬂX
0 ifre@nX

Suppose x = 0.9,y = § and 0 < A < 1, then

#0) — )] = 081 £ X009 — 2|

Hence f is not a contraction. Now, let xRy, therefore x = 0 or y = 0. Suppose x = 0,

thus
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v ifyeQ@QnX
0 ifyeQnX

Hence by choosing A = 0.99 it follows that

[f(z) = f(y)] =

|f(z) = f()] <y < A0—y| =Ny

So that f is R-contraction.

Definition 1.17. Let f : X — X be a mapping f is called R-preserving if xRy, then
f(@)Rf(y) for all z,y € X.

Example 1.2.14. Suppose X = R with standard topology be given and let R :=>.
Let f: X — X be a mapping defined by f(z) = 3. Let 1y > xo, then f(x)) = 23 > 23 =
f(x2) . Hence f is R-preserving.

1.3 Recall about matrices

Hermitian matrix

A Hermitian matrix (or self-adjoint matrix) is a complex square matrix that is equal to
its own conjugate transpose, that is, the element in the ¢-th row and j-th column is equal
to the complex conjugate of the element in the j-th row and ¢-th column, for all indices ¢

and j:

A Hermitian < a;; = a@;;.
or in matrix form:

A Hermitian < A = AT

Hermitian matrices can be understood as the complex extension of real symmetric matrices.
If the conjugate transpose of a matrix A is denoted by A, then the Hermitian property can

be written concisely as:

A Hermitian < A = A7
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Example 1.3.1. In this section, the conjugate transpose of matrix A is denoted as A¥, the
transpose of matrix A is denoted as A7 and conjugate of matrix A is denoted as A .

See the following example:

0 a—1ib c—1id
a-+1b 1 m —in
c+id m-+in 2

The diagonal elements must be real, as they must be their own complex conjugate.

Positive definite matrix

In the following definitions, z” is the transpose of , x* is the conjugate transpose of
and 0 denotes the n-dimensional zero-vector.
An n x n symmetric real matrix A is said to be positive-definite if 27 Az > 0 for all non-zero

2 in R™. Formally,
A positive definite < 27 Az > 0 Vo € R"™\{0}

An n x n symmetric real matrix A is said to be positive semi-definite or non-negative-

definite if 27 Ax > 0 for all non-zero x in R” . Formally,

A positive semi-definite < 27 Az > 0 Vr € R?



Chapter 2

Fixed point theorems in

R-metric spaces

In this section we state three important theorems about fixed point:
fixed point theorem in partially ordered sets, Banach’s and Brouwer’s theorems in R-metric

spaces
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2.1 Fixed point theorem in partially ordered sets

In this section we proved the following fixed point theorem, which, to the best of our knowl-

edge, is new.

Theorem 2.1. Let T' be a partially ordered set such that every pair z,y € T has a lower
bound and an upper bound. Furthermore, let d be a metric on T such that (T,d) is a
complete metric space. If F is a continuous, monotone (i.e., either order-preserving or

order-reversing) map from T into T such that

D <e<l:dF(z), Fly) <cd(z, y),Vr >y, (2.1)
dxg € T : xog < F(xg) or xg > F(xo) , (2.2)

then F has a unique fixed point T. Moreover, for every x € T,

Proof.

Let zyp € T' be such that zo < F(xg) or o > F(xy) . The monotonicity of F implies that
either F"(xg) < F™(zg) or F"(xg) > F"(xg) for n = 0,1,2,... So from (2.1) it follows
that

dA(F" M (z0), F™(20)) < cd(F™(x0), F" H(z0)) -

Hence, induction gives
d(F"(z0), F™(20)) < "d(F(z0), x0) -

At this point we follow the proof of Banach’s fixed point theorem. So now we will prove that

{F™(x0)}52, is a Cauchy sequence. Let n < m. Then
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_.m—m—1

= "= d(F (), o) -

1—
So {F™(x0)}52, is indeed a Cauchy sequence. Since T' is complete, it follows that

Mg 7" (w0) =2

for some T € T'. Because F is continuous, 7 is a fixed point of F.

It remains for us to show that T is the unique fixed point of F. We will do this by
showing that 7}1_)1{)10 F*(x) =7 for every € T. Thus, for x < xy and = > z; it is obvious,
because in both cases F™(z) < F"(xg) or F™(x) > F"(xo) . Hence, with (2.1) we see that
d(F™(x), F™(xg)) < c*d(z, xo) . Note that the right-hand side tends to 0 if n — co. So

lim F*(z) = lim F"(x) = T.

n—oo n—0o0

Finally, let x € T be arbitrary and let z;, resp. x5, be an upper bound, resp. a lower bound,

of x and xy. Then
x> x> 19 and T > xo > To. (2.3)

From (2.3) it follows that

Fr(xy) > F'(x) > F™(x2) or F*(xy) < F'(x) < F™(x2) (2.4)
and
lim F"(z1) = lim F*(22) = 7. (2.5)

By combining (2.4) and(2.5) we get Lim F"(xz) = =. This proves the theorem.
O]

Recall that Banach’s fixed point theorem states that F has a unique fixed point if 7 maps

a complete metric space S into itself and satisfies
D<e<l @ dF(x), Fly)) <cd(z, y) , Vz, y e S.

Observe that this condition is slightly stronger than condition (2.1) of Theorem 2.1.

2.2 Banach’s and Brouwer’s theorems in R-metric spaces

In this section, it is proved two main theorems. The first one is the real extension of one of
the most important theorem in mathematics which is named Banach contraction principle

theorem 1.1, and the second one is the version of Brouwer fixed point theorem.
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Theorem 2.2. Let X be an R-complete metric space( not necessarily complete metric space)
and 0 < A< 1. Let f : X — X be R-continuous, R- contraction with Lipschutz constant
A and R- preserving. Suppose there exists xqg € X such that xoRy for all y € f(X) . Then
f has a unique fixed point x*. Also, f is a Picard operator, that is, nh_}ngo f"(x) = 2" for all

e X.

Proof.

Let 71 = f(xg), 22 = f(x1) = f2(x0),.. 20 = f(xn_1) = f"(x0),..., for all n € N.
let n,m € N, and n < m, put k = m —n. We have xoRf*(zo) since f is R-preserving
(2, = f(x0))R(f"*(20) = 2,n) . Hence {x,} is an R-sequence. On the other hand, f is

R-contraction, thus we have

d(Tn, Tpia) = d(f(2n1), f(2n)) <

A(Tp1, ©,) <0 < AN(71, 20)

forallm € N. If m,n € N, and n < m, then

d(l’n, xm) S d(l’n, anrl) +-+ d<xm717 xm)

< )\nd(l'g, ZL’I) —+ 4 /\mild(t’)’}o, (L‘l)

< %d(wl, xg) -
Hence d(z,, ,) — 0 as m,n — oo. Therefore {z,} is an R-Cauchy sequence. Since X is
R-complete, there exists z* € X such that x, R4 2* On the other hand, f is R-continuous
so f(xn) =% f(x*) , therefore f(z*) = f(lim z,) = lim f(z,) = lim @41 = 2" Thus z* is
a fixed point of f.

To prove the uniqueness, let y* € X be a fixed point of f, then zoRf(y*) = y*. Hence
(x, = f"(x))Ry* for all n € N. Therefore, by triangle inequality, we have

da”, y") = d(f" (%), ["(y")) < d(f*(2"), [ (o)) + d(f" (o), ["(y7))

< AMd(x*, x0) + A"d(x,y*) — 0,

as n — oo. Thus it follows that z* = y*
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Finally, let = be an arbitrary element of X. We have zqRf(z) , hence f™(xo)Rf" ! (z)
for all n € N. Therefore

d(@”, [*(x)) = d(f"(@"), ["(z)) < d(f"H (=), [ (@) + d(f" (o), ["7H(S(2)))

< A ld(z*, xo) + A d(x, f(2)) — 0,
as n — oo. Hence lim,,_,o, f"(z) = x*

We now show that our theorem is an extension of Banach contraction principle. O

Corollary 2.3. (Banach contraction principle) Let (X,d) be a complete metric space
and f : X — X be a mapping such that for some X € (0,1) ,

d(f(z), f(y)) < Ad(x,y)

forall x,y € X. Then f has a unique fized point in X.

Proof. Suppose that R := X x X. Fix zy € X. Clearly, xoRy for all y € f(X) . Since
X is complete, it is R-complete. It is clear that f is R-preserving, R-contraction and R-
continuous. Using Theorem 2.2, f has a unique fixed point in X.

]

The following example, shows that our theorem is a real extension of Banach contraction

principle.

Example 2.2.1. Let X =[O, 1) and let the metric on X be the Euclidean metric. Define
xRy if vy € {x,y}, that is, z =0o0r y = 0. Let f : X — X be a mapping defined by

2
fa ifxgl
=] 3 rss
0 ifz>3

Let {z,} be an R-sequence in X. It is obvious that there exists N € N such that x, = 0
for all n > N,n € N. Hence z, 25 0. Therefore X is R-complete but not complete. f is

R-continuous but not continuous. Suppose xRy, thus x =0 or y = 0. Let x = 0, then

B 5 ify<s
F@) = fwl=4 iyt

Hence by choosing A = 0.99 it follows that

2
F(@) = f@) < 5 < A0 —y] = .
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So f is R-contraction. Let zRy, then z = 0 or y = 0, hence f(z) = 0 or f(y) = 0, so
f(@)Rf(y) , that is, f is R-preserving. Let y € f(X) , then ORy. Therefore using Theorem
2.2, f has a unique fixed point in X. However, by Banach contraction principle , we can not
find any fixed point of f in X.

As, we know in Brouwer theorem a continuous mapping f : £ — E from a convex and
compact, set F(C R") into E has a fixed point without mentioning how to find the fixed

point.

In our theorem, we omit the convexity and substitute the compactness with strong R-

compactness to show how the fixed point can be constructed.

Theorem 2.4. Suppose X =]R" equipped with standard topology and let E C X be a strong
R- compact set. Let f : E — E is R- continuous and R- preserving. Suppose xo € E be
given such that zoRy for ally € f(E) . Then f has a fized point.

Proof.

Let 1 = f(x0),22 = f(x1) = f(f(x0)) = f*(x0),...,2n = f"(x0),..., for all n € N.
Let n,m € N where n < m, put k = m — n.aoRf*(x¢) , hence f(zo)Rf"*(xy) =
f™(xo),1.e, , Rx,,, therefore, the sequence {x,} is an R-sequence. Since E is R-compact,
there exists a convergent subsequence {z,, } such that x,, — z* Thus f(z,, ) — f(z*)

therefore f(z*) = limg oo f(2n,) = Mg oo Tpy1 = T° ]

Example 2.2.2. Suppose X =|R with standard topology be given. Let R :=< and E =
(0,1]. Let f : E — E be a mapping defined by f(z) = Z*. Let g = 3, then 2y = f(zq) =
3 w9 = f(w1) =L, a3 = fx2) = 10,24 = f(x3) = 3, ... . Hence we obtain an R—sequence
{z.} such that z,, - 1 = 2* Thus f(z*) = f(1) = =1=2z"

Example 2.2.3. Suppose X = R with standard topology be given. Let R :=< and let
E =(-1,2] U(3,4]. Let f : F — E be a mapping defined by f(z) = x%l. Put zy = 0, then
z1 = f(zo) = f(0) = f,22 = fa1) = f(3) = &2 = f(22) = f(F) = B, 20 = flas) =

f(%)=1%5,.... It is casy to show that z, A, 5 = «* Hence the fixed point is 3



Chapter 3

Applications

In this chapter we apply the previous fixed point theorems to solve different problems

such as linear and non-linear matrix equations, and fractional integral equations.
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3.1 Application to linear matrix equations
We shall apply the fixed point theorem to linear matrix equations of the type
X —Aj XA —-— AL XA, =0Q (3.1)
and
X+ A XA+ + A XA, =0, (3.2)

where () is a positive definite matrix and Ay, ..., A,, are arbitrary n X n matrices. We
are particularly interested in (unique) positive definite solutions. The results we shall derive
below were obtained there by two methods which are totally different from the method we
will use in this paper. The first method is based on the fact that (3.1) is equivalent to the
matrix equation Gx = ¢, where G = i AT ® A and where ¢ is a vector constructed from
the elements of (). The second methoc{:iilvolves results from the theory of operators mapping
a positive cone into itself.

We shall use the following notation: M(n) denotes the set of all n x n matrices, H(n) C
M(n) the set of all n x n Hermitian matrices and P(n) C H(n) is the set of all n x n positive
definite matrices. Instead of X € P(n) we will also write X > 0. Furthermore, X > 0 means
that X is positive semi-definite. As a different notation

for X =Y >0X —-Y >0) wewilluse X >Y(X >Y). If XY € H(n) such that
X <Y, then [X, Y] will be the set of all Z € H(n) satisfying X < Z <Y.

We denote by ||.|| the spectral norm, i.e., ||A]| = /AT (A*A) where AT (A*A) is the largest
eigenvalue of A*A. The n x n identity matrix will be written as I,,.

Define maps G and K on H(n) by
G(X)=Q+ > AXA;, K(X)=Q - AjXA;
j=1 j=1
Note that the fixed points of G are the solutions of (3.1), while the fixed points of I are the
solutions of (3.2).

Most of the conditions of Theorem 2.1 are satisfied for G and K. Indeed, G and K both
are monotone and continuous. The set H(n) is partially ordered and for every X,Y € H(n)

there is a greatest lower bound and a least upper bound. Condition (2.2) is satisfied for
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zo = 0, since G(0) = K£(0) = @ > 0. So we only have to derive a condition on G and K such
that (2.1) is fulfilled. For this we also have to specify which metric we shall use on H(n)
. It turns out that it is convenient here to use the metric induced by the trace norm ||.||;.
Recall that this norm is given by ||Alj; = tr(A). In fact, we shall use a slight modification
of this norm. For ) € P(n) we define ||A]1 o = |Q2 AQz||;. This again defines a norm,
and H(n) equipped with the metric induced by || - ||1,¢ is a complete metric space for any
positive definite Q.
The following lemma is useful for our application.

Lemma 3.1. Let A > 0 and B > 0 be n x n matrices. Then 0 < tr(AB) < ||A]|-tr(B) .

Proof.

It is well known that the eigenvalues of the product of two positive semi-definite matrices

are non-negative. In particular, tr(AB) > 0. Furthermore, since A < [|A||1,,, we have
0 <tr(([|All = A)B) = tr(|A| B — AB) = ||Al|tr(B) — tr(AB)

which completes the proof.

Theorem 3.1. Let Q € P(n) and let K(Q) > 0 for some Q € P(n) . Then

G and K have a unique fized point in H(n) .

Proof.

We will only consider G. The proof for K is the same. Let X, Y € H(n) such that X <Y
Then G(X) < G(Y) . Therefore,

IG(Y) = G(X) o = tr(Q2(G(Y) — G(X))Q

S

)
= tr(X0, QALY — X)A;Q7) = X tr(Q3 A5(Y — X)A;Q7)

=2 tT(AjQA;f(Y - X)) = > tT<AjQA;Q7%Q%(Y B X)Q%Q*%)
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1 ~

= > tr(Q 2 AQAQ Q3 (Y — X)Q7)
= tr(S7L Q2 4,QA;Q72Q3 (Y — X)Q2)
= tr((Z0, Q2 A;QAQ3)(Q3 (Y — X)Q2))
< IS Q72 A,QAQ73 |- IV — X, 5
The inequality follows from Lemma 3.1 Because of the assumption that 0 < i AJQA; < Q,

j=1
condition (2.1) of Theorem 2.1 is satisfied with

e= 104 4,04Q
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3.2 Application to non-linear matrix equations

In this section we study the following class of non-linear matrix equations:
X=Q+ Z ASF(X)A;. (3.3)
j=1

Here, again () is positive definite and the A; are arbitrary n x n matrices, and F is a
continuous map, mapping P(n) into P(n) . We shall also assume that F is either order-
m
preserving or order-reversing. The map X — Q & » AJF(X)A; is denoted by G.
j=1
we consider the equation

X=Q+% ASF(X) 4, (3.4)
j=1

with F being order-preserving. In that case G is well defined on P(n) and order- preserv-
ing as well. Since G(X) > @ for all X € P(n) , it is easily seen that the sequence {G7(Q)}3%,
is an increasing sequence. In particular, G(Q) > Q. So condition (2.2) in Theorem 2.1 is
satisfied.

Our first result discusses existence of a solution.
Proposition 3.1 Assume that there exists an Xy such that G(Xo) < Xo. Then G maps
the set [Q, Xo] into itself, the limit X_ = ]lggo G/ (Q) ewists and is the smallest solution to
(3.4). Moreover, the sequence {G7(Xo)}52, decreases to a solution X, which is the largest

solution in the set [Q, Xo.

Proof.

Since G(X) < Xp, we have Q < G(Xy) < Xo. Now if Q < X < X, we easily see that
Q <3G(Q) <G(X) <G(Xo) < Xo.

Applying G repeatedly, we see that the sequence {G7(Q) 320 1s an increasing sequence,
bounded above by G'(Xj) for any value of I. Also, the sequence {G7(X)}32, is a decreasing
sequence bounded below. Thus, both sequences con- verge.

Now let X be any solution to the equation (3.4). Then @ < X = G(X) , and by
repeatedly applying G we see that X_ < X. If X € [Q, Xy, i.e, if X < X, we see, again
by applying G repeatedly, that X < X . m
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To get uniqueness of the solution, we can follow the same line of argument as in the proof
of Theorem to derive the following result. For the sake of completeness we shall provide the

proof in this case.

Theorem 3.2. Let Q) € P(n) . Assume there is a positive number M for which
ZAjA; < M - I, and such that for X <Y we have
j=1
1
[tr(F(Y) = FX))| < 7 ltr(Y = X))

Then equation (3.4) has a unique solution in P(n) .

Proof.
Let X,Y € H(n) such that X < Y. Then G(X) < G(Y) . Therefore,
1G(Y) = G(X)|s = tr(G(Y) = G(X)) = tr(ZL, A5 (F(Y) — F(X))4;)
= Y tr(A5(F(Y) = F(X))Aj) = it tr(A;A5(F(Y) = F(X)))
= tr(XiL LA (F(Y) = F(X))) = tr((ZjL, AADN(F(Y) = F(X)))
< 125 A ASNIF(Y) = FXh-
As before, the inequality follows from Lemma 3.1 Because of the assumptions in the theorem

we see that condition (2.1) of Theorem 2.1 is satisfied. So we can apply that theorem to get
the desired result. O
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3.3 Application to fractional integral equation

Our aim here is to apply Theorem 2.2 to prove the existence and uniqueness of solution

for the following fractional integral equation of the type

#(t) = figh Jy ()t = w)*a(w)du + f(t) teT=[0, T] 55
ft) =1 tel

where I'(a) = [j e "w* 'dw, 0 < a < 1 and a,b, f : [0, T] —]R are continuous functions.

Theorem 3.3. Under the above conditions, for all T > 0 the fractional integral equation

(3.5) has a unique solution.

Proof.

Let X ={ue C(I, |R) : u(t) > 0,Vt € I}. We define the following relation R in X:
rRy <= z(t)y(t) > (x(t) V y(t)), Vt € 1.

Define

]l = maxe™"|z(t)],x € X, for 7> ([la]- b= (3.6)

It is easy to show that (X, d) is an R-metric space. Suppose xo(t) =1 for all ¢t € I, then
zoRx for all x € Xlet {z,} C X be a Cauchy R-sequence. It is easy to show that {z,}
is converging to an element x uniformly in C'(/,R) . Fix t € I, the definition of R implies
Tn(t)Tpak(t) > (20(t) V 2pqk(t)) for each n,k € N. Since z,(t) > 0 for all n € N, there
exists an R-subsequence {z,,} of {z, such that x, (¢) > 1 for all « € N. Clearly {z,,} also
converges to x, therefore > 1, hence x € X.

Define F': X — X by

Fx(t) = lil((fx)) /Otb(u)(t —w)* t(u)du + f(t) .

Clearly the fixed points of F' are the solutions of the fractional integral equation (3.5).

It is enough to prove the following three steps:
Step(1)
F'is R-preserving.

Proof
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Let xRy and t € I, Fwz(t) = 25 [t p(u)(t — u)* " z(u)du + f(t) > 1 which implies that

I(a)
F,(t)F,(t) > F,(t) . Thus FzRFy.
Step(2)
Proof

F' is R-contraction.

Let zRy and t € I,

e\ Fa(t) = Fy(®)] < e 80 e b(u)(t — u)*fe(u) — y(u)ldu
< D [ ()t — u) e e ) — y(u)|du

< 8O g — yll, fob(u)(t — w)>edu

We have a(t) < ||al|
< wllallllblllle =yl @ fo ro (= w)* e e du.
Put w =r(t —u) , then 0 < w < rt, we get

e Fa(t) = Fyt) < wslalllollle —yll& 5w e dw
< (lallliolz=) iz = yll.-
Since t is an arbitrary element of I, by (3.6) it follows that 0 < X = (||a||||b]|-%) < 1, hence
|Fz — Fyll, < Mz =yl
e Step (3)
F'is R-continuous.

Proof

Let {z,,} be an R-sequence converging to x € X. Using the first part of the proof x(t) > 1
for all ¢t € I, hence x,(t)x(t) > z,(t) for all n € N and all ¢ € I, therefore z,, Rz. By step
(2), we have

e "N Fx,(t) — Fz(t)| < Mz, — 2|,

Thus
[Fay — Fa|, < Mz, — 2|,

Therefore Fz,, LNy
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Now applying theorem 2.2 it follows that the fractional integral equation (3.5) has a
unique solution.

]



Conclusion

Fixed-point theory is one of the important fields in mathematics that contribute to the

solution of many problems, especially non-linear.

In this work we attempted to present the theory of fixed points in R-metric spaces ,with
selected contractive properties and applied in to solve some linear matrix equations, non-
linear matrix equations, and fractional integral equations. Several works have been carried
out previously in this field, the differentiation between these works can be found: either in

the properties of the applications, or in the conditions of contraction, or in the spaces used.

Fixed point theory remains in need of further development and search for more important

and diverse fields of application in mathematics and other sciences.
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