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C*-ALGEBRA VALUED EXTENDED -METRIC SPACES AND
FIXED POINT RESULTS WITH AN APPLICATION

Mohammad Asim! and Mohammad Imdad?

In this paper, we introduce the notion of C*-algebra valued ex-
tended b-metric spaces and utilize the same to prove an analogue of Banach
Contraction Principle. We adopt an example to exhibit the utility of our
main result. Finally, we apply our result to examine the eristence and
uniqueness of solution for a system of Fredholm integral equations.
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1. Introduction

Fixed point theory continues to be a fascinating subject of research de-
spite having a history of more than hundred years. The attraction of fixed
point theory lies in its application which belongs to numerous domain. The
first fundamental result on fixed point for contractive-type mappings is essen-
tially the well known result namely Banach contraction principle by Banach
[9] in 1922, which turns out to be very effective tool in guaranteeing the exis-
tence and uniqueness of solution of various types of diverse problems arising
in several domains within and beyond mathematics. The classical Banach
contraction principle has been extended and generalized in number of differ-
ent directions (see [8, 22, 3, 111, 10, 4 (5 6] [7, 19]). To enhance the domain
of applicability, I.A. Bakhtin [§] and S. Czerwik [I1] introduced the concept
of b-metric space as a note improvement of metric spaces and proved fixed
point results as an analogue of Banach contraction principle. Indeed, many
researchers are dealing with the fixed point theory for singlevalued and mul-
tivalued mappings in b-metric spaces and by now there exists a considerable
literature in such spaces (see [15], 2], 24] 27, [T, 16l 26]). On the other hand,
Kamran et al. [I7] introduced a new type of generalized b-metric space and
termed it as extended b-metric space. Thereafter, several researchers proved
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some existence and uniqueness results on fixed point in extended b-metric
spaces (see [25] 23| 13], 18]).

In 2014, Ma et al. [20] established the notion of C*-algebra valued metric
spaces (in short C*-avMS) by replacing the range set R with a unital C*-
algebra which is more general class than class of metric spaces and utilize the
same to prove some fixed point results in such spaces. One year later, again
Ma et al. [21I] introduce the notion of C*-algebra valued b-metric spaces as a
generalization of C*-avMS and proved some fixed point results also used their
results as an applications for an integral type operator.

Inspired by foregoing observations, we enlarge the class of C*-avbMS
by introducing the class of C*-avEbMS and utilize the same to prove fixed
point result. We also furnish some examples which demonstrate the utility of
our main result. Moreover, we our main result to examine the existence and
uniqueness of solution for a system of integral type operator.

2. Preliminaries

In this section, we collect notions, definitions and auxiliary results which
are needed in our subsequent discussions.

Throughout the paper, we denote A by an unital (i.e., unity element I)
C*-algebra with linear involution * such that for all p,s € A, (ps)* = ¢*p* and
p** = p. Let A be an unital C*-algebra with unity element I, then we denote
Al = {a € A;ab = ba,a = [ andV b € A}. A positive element p € A is
denoted by 04 < p, if p = p* and o(p) = {\ € R: AI — p is non-invertible } C
[0,00), where 04 is a zero element in A. The partial ordering on A can be
defined as follows: p < ¢ if and only if 04 < ¢ — p. The pair (A, *) is said to be
an unital *-algebra, if it contains the unity element /. A unital x-algebra (A, %)
is called a Banach x-algebra, if it satisfies ||p*|| = ||p|| along with a complete
sub-multiplicative norm. A Banach C*-algebra satisfying ||p*p|| = ||p[?, for all
p € A is called a C*-algebra.

The following definition is introduced by Ma et al. [20]:

Definition 2.1. Let A # (). The mapping d : A x A — A is called a C*-av
metric on A, if it satisfies the following (for all s,o,p € A):
(1) d(s,0) =04 and d(s,0) =04 iff ¢ = 0;
(2) d(s,0) = d(o,5);
(3) d(s,0) < d(s, p) +d(p,0).
The triplet (A, A, d) is called a C*-avMS.
[

[.A. Bakhtin [§] and S. Czerwik [I1] introduced the notion of b-metric
spaces.

Definition 2.2. Let A # 0. The mapping d : X x X — R, is said to be a
b-metric with coefficient b > 1, if o satisfies the following (for all ¢,0,p € A):
(1) d(s,0) =0 if and only if ¢ = o;
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(2) d(s,0) = d(o,<);
(3) d(s,0) < bld(s, p) + d(p, 0)].
Then the pair (A,d) is said to be a b-metric space.

In 2015, again Ma et al. [2I] introduced the notion of C*-av b-metric
space as follows:

Definition 2.3. Let A # () and s € A such that s = I. The mapping d :
A x A — A is called a C*-av b-metric on A, if it satisfies the following (for
all g,o,p€ A):

(1) d(s,0) =04 and d(s,0) =04 iff s = 0;

(2) ds.0) = d(o5);

(3) d(s,0) < s[d(s, p) + d(p,0)].

The triplet (A, A, d) is called a C*-avbMS.

In 2017, T. Kamran et al. [I7] introduced the following definition of
extended b-metric spaces.

Definition 2.4. Let A # 0 and £ : X x X — [1,00). The mapping d :
X x X — Ry is said to be an extended b-metric, if o satisfies the following
(for all ¢,o,p € A):

(1) d(s,0) =0 if and only if s = o;

(2) d(s,0) = d(0,<);

(3) d(s,0) <&(s,0)d(s, p) + d(p, 0)].

Then the pair (A,d) is said to be an extended b-metric space.

Remark 2.1. Clearly, if s = I then a C*-avbMS reduced to a C*-avMS.

3. Results

In this section, we introduce yet another type of generalized C*-avMS,
which we refer as C*-avEbMS. We also establish a fixed point theorem besides
deducing natural corollaries. Now, we define C*-algebra valued extended b-
metric space (in short C*-avEbMS) as follows:

Definition 3.1. Let A # () and & : Ax A — A’. The mappingde : Ax A — A
is called a C*-av extended b-metric on A, if it satisfies the following (for all
S,o,p€ A):

(1) de(s,0) = 04 and de(s,0) =04 iff s =0

(2) d§(§, U) = dE(U’ g);

(3) de(s,0) < &(s, 0)|de(s, p) + de(p, o).

The triplet (A, A, d¢) is called a C*-avEbMS.

Remark 3.1. Observe that, if £(s,0) = s = I, then (A, A, d¢) reduces to a
C*-avbMS (see [21]).
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Metric space —— b-metric space —— Extended b-metric space

| | |

C*-avMS —— ("*-avbMS ———— C*-avEbMS

Example 3.1. Let A = R and A = M(C), the class of bounded and linear
operators on a Hilbert space C*. Define a mapping € : A x A — A by (for all

S, 0 € x):
¢ — ot 0 :
if c#0
£(s, o) = [ 0 [ f<#
Lo if c=0o
where Iyyo is a square identity matrix in A and k > 0 is a constant.

Define d¢ : A x A — A by (for alls,0 € A):
_|ls=al 0
O L

Then (A, A,d¢) be a C*-avEbMS.
Proof. By routine calculation one can verify, conditions (i) — (i) of Definition

. Now, we give the following inequality (for all o, 5 € A):

oy 0 ] _ftsrt 0 Jfares 0
0 (atpp|=[ O (a+p| 0O aPHp)
Above inequality is trivial for « = § = 0. For |a| > 1 or |3] > 1, we obtain
[(oz + B)? 0 }
{(wﬁ)p 0 } _ 0 (a+p)p [a“rﬁp 0 }
0 kla + B)P| aP + 3P 0 0 aP + P
0 aP + (gP
[(a + p)P 0 }
L0 vy [auﬁp 0 1
- a+p 0 0 of + P
0 a+p
(a4 p)rt 0 of + [P 0
- 0 (o + p)rt 0 o + 3P|
Finally, we set « = ¢ — p, f = p — o and obtain
{k—pW 0 } P€—mp1 0 ] Pc—dp 0 ]
0 s — pP~ 0 fc—pP

0 fe—p

s —plP 0
+[ 0 s —pl"] )
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Therefore,
de(c,0) < &(<,0)(de(<. p) + de(p, 7).
Hence, (A, A, d;) is a C*-avEbMS. O

Remark 3.2. Observe that sup{&(s,0); 5,0 € x} = oo. Thus, d¢ is not a
C*-avbMS.

Let (A, A,d¢) be a C*-avEbMS. Then open ball of center ¢ € A and
radius Oy < € € A is defined by:
By (s,6) ={0 € A:de(s,0) < e}
Similarly, the closed ball with center ¢ € A and radius € > 0 is defined by:
By [s,e] = {o € A:de(s,0) < €}
The family of open balls (for all ¢ € A and € > 0)
Uy, = {Ba.(s,€) :c € Aje = 04},

forms a basis of some topology 7; on A.

Lemma 3.1. Let (A,74) be a topological space and f : A — A. If f is
continuous then every sequence {s,} C A such that g, — < implies fs, — fs.
The converse holds if A is metrizable.

Definition 3.2. A sequence {s,} in (A, A, d¢) is called convergent (with respect
to A), if for given € = Oy, there exists N € N such that d¢(s,,s) < €, for all
n > N. We denote it by

lim de(sn, <) = Oa-

Definition 3.3. A sequence {s,} in (A, A, d¢) is called Cauchy sequence (with
respect to A), if for given € = 04, there exists N € N such that dg(<,, Sm) < €,
for all n,m > N. We denote it by

Jim de(Sns Sm) = 04.

Definition 3.4. The triplet (A, A,de) is called complete C*-avEbMS if every
Cauchy in A is convergent to a point ¢ in A.

Observe that, in general a b-metric is not a continuous functional and so

is a C*-avEbMS.

Example 3.2. [14] Let X = NU oo and a mapping d : X x X — R, defined
by:

00 ifsc=o0

[t = 2| if 5,0 are even or ¢o = o0

d pum—
(<,0) 5 if ¢,0 are odd or ¢ # o

5  otherwise.

Then (X,d) is a b-metric space with s = 3 but it is not continuous.
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Lemma 3.2. Let (A, A,d¢) be a C*-avEbMS. If d¢ is continuous then every
convergent sequence has a unique limit.

Our main result runs as follows:

Theorem 3.1. Let (A, A, dg) be complete C*-avEbMS and f : X — X satisfies
that the following:

de(fs, fo) < c*de(s,0)c, Vg,0 € A. (1)

where, ¢ € A with ||c|| <1 and lim &(s,,sm)llc|| < I. Then f has a unique
n,m—00
fized point ¢ € A.

Proof. Choose ¢y € A and construct an iterative sequence {g,} by:

§1:f§0, §2:f§1 :f2§o, §3:f§2:f3§0,---,§n:f§n—1:fn§07---

Let, we denote A = d¢(<p,<1). Now, we assert that lm  de(6,, Spr1) = 04.

n,1M—»00
On setting ¢ = ¢, and 0 = ¢, in equation (1], we get

dﬁ(gnagn-i-l) = dg(an_l,fgn) = C*dﬁ(gn—lvgn)c
< () ?de(Sn2, Sno1)€?
<
< ()" de(so, )"
< (¢")"Ac.
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Now, we assert that {¢,} is Cauchy sequence. For any n,m € N such that
n < m, we have

di(gna gm) <
< ¢

(s Sm) [de (Gny 1) + de(Snst, Sm)]
(Sns Sm)de (Sns Snt1) + E(Sns $m)E(Snt1, Sm) e (Snt1, Snt) + oo+
(S Sm )& (Snt15Sm) - - - E(Sm— 2>§m)5(§m717gm)dé(gmflvgm)

(S 5m) ()" AC™ + E(Gny Sm)E(Snr1s S ()AL 4
(Sn: )€ (St ) - £ - 2, S )& (Sm—1, Sm) (<) T AC™

(Sny Sm) (" )"A SAZ " + E(Sny Sm )€ (Snrt, gm)(c*)"HA%A%c’”l + ..+
(Sns Sim)

( )

(Sns Sim)

(Sns Sim)

(Sns Sim)

i

N

m

I\
782%

I

N

m

I
Iy

E(Snr1sSm) - - - E(Sm—2, )& (Smo1, ) ()" AT AT

Lom) (AT (AR 4 (6, 6m)E(Snr1, sm) (AR (AT 4+
E(Snt1m) -+ E(Sm2s 5 )E (ot S ) (AZE L) (AZ ML)

Sny Sm ’A20n|2"‘£(§n=gm)§(§n+17§m)|A%CnH|2+ -+

€(§n+1,§m)--'€(gm 27§m)§(§m 1vgm)|A20m 1)|2

Iy
o
N
3

)

= £

o

Iy
o
N

)y m

|
Mmoo oIn

» Sm
-1

= ]AZC”“EHf §n+]7§m

0 7=0

3

i

Z Az H£(§n+j>§m)
j=0

— 7
< HA”HCWH 2 Hf Sntjs Sm) < (| Al Z |‘Cn+i‘|2H€(§n+j>§m)7
=0 =0

=

3

O

Observe that, the above 1nequahty is dominated by

m—1 i m—1 7
Dol T nssm) < D 1P TT & om).
i=0 =0 i=0 =0

Now, by using the ratio test, we have

I P T )
Jim ——— P Tim (s o) < 1
i—00 ||CZ|| H] 0 é’(gj’ gm) i—00

Next, we say that (for all m > 1)

Su=> NP ][ &(som) and 5= "[II* [ [ (s m)
i=0 Jj=0 i=0 j=0
Consequently, we have

de(Gn, np) < 1AM [[Sm—1 — Sal-

On making limit n — oo, we obtain that {¢,} is a Cauchy sequence in A.
Since, A is complete then there exists a € A such that

lim de(6n, <) = Oa-
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Now, we will show that a is a fixed point of f. For any n € N, we have

de(fs,s) = &(fs,9)de(fs, Gnr1) + de(Sntr, )]
= &(fs,9)de(fs, fon) + de(Sns1,)]
< E(fs,9)[c"de(s, 6n)c + de(Sns1,9)]
— 04 as n — oo.

Therefore, ¢ is a fixed point of f. For the uniqueness part, suppose that
¢,0 € A such that fa = a and fo = . Then by employing [3.1] we have

de(s,0) = de(fs, fo) X c*de(s, 0)c,

so that
lde(s, o)l = llde(fs, fo)l
< letde(s, 0)c|
< [lellllde(s, o) Hlell
= |lcl?lde(s, o)
< lde(s, o)l

deals a contradiction. Hence, ¢ = o, that is, f has a unique fixed point. This
completes the proof. O

Now, we furnish the following example which illustrates Theorem [3.1]
Example 3.3. In Example (3.1, we define a map f: A — A by:
fe= %, for all ¢ € A.
Observe that, de(fs, fo) < c*de(s,0)c, (for all s,0 € A) satisfies with

V5
€A and |p| = — =

VAR
p=17
0

Thus, all the hypothesis of Theorem are satisfied and ¢ = 0 is unique fized
point of f.

Now, we obtain following corollaries:

Corollary 3.1. Theorem 2.1 of Z. Ma et al. [20] is immediate from Theorem
(71

Proof. By taking £(¢,0) = 1, for all ¢,0 € A, we obtain required result, O

Corollary 3.2. Theorem 2.1 of Z. Ma et al. [21] is immediate from Theorem
(51

Proof. By taking £(¢,0) = s (constant), for all ¢,0 € A, we get required. [
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4. Application

As an application of Theorem [3.1] we find the existence and uniqueness
results for a type of following integral equation:

() = / Gy, v, s())dv + (), v € E, (2)

where E' is a measurable set, G: E X E x R — R and h € L>*(FE).
Let A= L>(E), H=L*(E) and L(H) = A. Define d¢ : Ax A — A by
(for all h,k,I € A, p>1and ||p]| =k < 1):

df(h, ]{3) = 7T|h_k|p
where 7, : H — H is the multiplicative operator defined by:

mu(t) = w)

Now, define a mapping £ : A x A — A by (for all ¢,0 € x):

Iy it c=0

where [5» is an square identity matrix in A and k > 0 is a constant.
Note that, (A, A, d¢) is a complete C*-avEbMS.

Now, we state and prove our result as follows:

Theorem 4.1. Suppose that (for all¢,0 € A)
(1) there exist a continuous function ¢ : E X E — R and k € (0,1) such that

| G, v, (V) = G, v,0(v) | k| () (s(v) — o(v)) |,
for all p,v e FE.

(2) Suppe fy | (n,v) | dv < 1.
Then the integral equation has a unique solution in A.

Proof. Define f : A — A by:

fs(p) = [EG(M, v,c(w))dv + h(p), ¥ p,v € E.
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Set p = kI, then p € A. For any u € H and p > 1, we have

lde(fs, fo)ll = ”ilnlfl(?chffamru,U)
- s f \ [ Gl s(0) = Gl o) ]U(M)U(u)du
< s [ | [ 16000.50) = Gln ot ] o
< [|f b )s(0) = o) (0P
< W s / [ / \wm,u)rdv] ju(s) Pduls — o2,
< ’“f};g/w p, v)|dv Suugl/ |u(p)|*dplls — oll?,
< Ks—olr.
— el Idels. o)

Since, ||¢|| < 1, so it is verified that the mapping f meats all the requirements
of Theorem [3.1] Hence, f has a unique fixed point, means that the Fredholm
integral Equation has a unique solution. O

5. Conclusions

As the C*-avMS as well as C*-avbMS are relatively new addition to the
existing literature, therefore, we endeavor to further enrich this notion by in-
troducing the idea of C*-avEbMS wherein we replace the constant s > 1 by a
function £(¢, ). Our main result (i.e., Theorem is an analogue of Banach
contraction principle in C*-avEbMS. An example is also adopted to highlight
the realized improvements in our newly proved result. Finally, we apply The-
orem to examine the existence and uniqueness of solution for a system of
Fredholm integral equation.
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