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ABSTRACT

In this paper, we introduce the notion of C*-algebra valued quasi metric
space to generalize the notion of C*-algebra valued metric space and
investigate the topological properties besides proving some core fixed
point results. Finally, we employ our one of the main results to examine
the existence and uniqueness of the solution for a system of Fredholm
integral equations.
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1. INTRODUCTION

The classical Banach contraction principle [8] continues to be one of the most
motivating fixed point results, which has inspired several generations of mathe-
maticians working in this domain. This principle is not merely an existence and
uniqueness result but also offers a very effective computational procedure to
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compute the fixed point of the underlying contraction map. Several researchers
attempted to improve this principle by enlarging the class of spaces. To ac-
complish this, the authors introduced various classes of metric spaces namely:
(see [1-7,9-11,14,15].

In 1931, W. A. Wilson [16] introduced the notion of quasi metric space. A
quasi metric d on a non-empty set A is a function d : A x A — R, which
satisfies d(a, b) < d(a,c) + d(c,b) and d(a,b) = d(b,a) = 0 if and only if a = b,
for all a,b € A. A quasi metric satisfies all the conditions of metric with the
possible exception of symmetry (i.e., the distance of a point ‘a’ to a point ‘0’
may not equal to the distance of a point ‘b’ to a point ‘a’).

On the other hand, Ma et al. [12] set up the class of C*-algebra valued
metric spaces (in short C*-avMS) by interchanging R (the range set) with a
unital C*-algebra in 2014, which is a more broad class than the class of metric
spaces, and used the equivalent to make some fixed point results in such spaces.
After one year, Ma et al. [13] again presented the idea of C*-algebra valued b-
metric spaces as a generalization of C*-algebra valued metric space and proved
some fixed point results likewise utilized the of their work for an integral type
operator as an application.

Enlivened by prior perceptions, we expand the class of C*-algebra valued
metric space by presenting the class of C*-algebra valued quasi metric space and
using the equivalent to make a fixed point result. Additionally, we concentrate
on some topological properties of the C*-algebra valued quasi metric space.
Besides, we furnish some examples which show the utility of our main result.

2. PRELIMINARIES

Recall some definitions, examples and useful results which are needed in our
subsequent discussions. Now, we give the following definition of C*-algebra
valued metric space which is introduced by Ma et al. [12] in 2014.

Definition 2.1. Let A be a non-empty set. A mapping d: Ax A — Ais called
a C*-algebra valued metric on A, if it satisfies the following (for all a,b,c € A):
(7) d(a,b) = 04 and d(a,b) = 04 iff a = b;
(i4) d(a,b) = d(b,a);
(#4t) d(a,b) < d(a,c) +d(e,b).
The triplet (A, A, d) is called a C*-algebra valued metric space.

Now, we introduce yet different type of generalized C'*-algebra valued metric
space and quasi metric space, which we refer as C*-algebra valued quasi metric
space.

Definition 2.2. Let A be a non-empty set. A mapping d : A x A — A is
called a C*-algebra valued quasi metric on A, if it satisfies the following (for
all a,b,c € A):

(¢) d(a,b) = 04 and d(a,b) = d(b,a) = 04 iff a = b;

(#) d(a,b) < d(a,c)+ d(c,b).
The triplet (A, A, d) is called a C*-algebra valued quasi metric space.
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Example 2.3. Let A = R and A = M;(C), the class of bounded and linear
operators on a Hilbert space C2. Define d: A x A — A by (for all a,b € A):
a—b 0

d(a,b) = 0 a-—b

Iryo ifa<bd

ifa>b

1 0

where IZX2 = |:0 1

space.

} Then (A, A,d) be a C*-algebra valued quasi metric

It is clear that d(a,b) = 04 < a = b. Now, we consider the following two
cases: Case I: For a > b, we have d(a,b) = (a — b)Iaxa.
If ¢ < b, then d(a,c¢) = (a — ¢)Iax2 and d(c,b) = Izxo.
If b < ¢ < a, then d(a,c) = (a — ¢)Iax2 and d(c,b) = (¢ — b)Iaxa.
If a < ¢, then d(a,c) = Isx2 and d(c,b) = (¢ — b)Iax2. Therefore, we have

d(a,b) < d(a,c) + d(c,b).

Case 2: For a < b, we have d(a,b) = Iaxo.

If ¢ < a, then d(a,c) = (a — ¢)Iax2 and d(c,b) = Ioxa.
If a < ¢ < b, then d(a,c) = Irx2 and d(c,b) = Irxa.
If b < ¢, then d(a,c¢) = Isx2 and d(c,b) = (¢ — b)Izx2. Therefore, we have

d(a,b) < d(a,c) + d(c,b).

By the above calculations, we can say that (4,.A4,d) is a C*-algebra valued
quasi metric space.

Example 2.4. Let A =R and A = M5(C). Define d: A x A — A by (for all
a,b e A):

F—a 0
dab) = 0  k(b—a)

« a—b 0 if a>0b
0 k(a—0)

where k,a > 0. Then (A, A, d) is a C*-algebra valued quasi metric space.

Example 2.5. Let A =[1,00) and A = M5(C). Define d: A x A — A by (for
all a,b € A):

if a<b

if a<b
0 Inb—1Ina

Ina—1Inb 0
0 Ina—1Inb

rnb—ina 0 ]
d(a,b) =

if a>0b

W=

where ‘In’ is natural logarithmic function. Then (A, A, d) is a C*-algebra valued
quasi metric space.
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Now, we give some definitions of convergent, left-Cauchy, right-Cauchy and
completeness of the quasi metric space as follows.

Definition 2.6. Let (A, A, d) be a C*-algebra valued quasi metric space and
{an} a sequence in A. We say that

(i) The sequence {a,} is called convergent to a € A, written lim a, = a, if
n— oo

lim d(an,a) = lim d(a,a,) =04.

n— oo n—oo

(73) The sequence {a,,} is called left-Cauchy if for each € > 04 there exists a
positive integer N such that

d(ap,am) <€ for all n>m > N.

(791) The sequence {a,} is called right-Cauchy if for each € = 04 there exists
a positive integer N such that

d(an,am) <€ for all m >n> N.

(iv) The sequence {a,} is called Cauchy if for each € > 04 there exists a
positive integer N such that
d(ap,am) <€ for all m,n > N, d.e., lim d(an,am)=04.

n,m—oo

(v) The triplet (A, A,d) is left-complete if every left-Cauchy sequence in
(A, A, d) is convergent.
(vi) The triplet (A, A, d) is right-complete if every right-Cauchy sequence in
(A, A, d) is convergent.
(vii) The triplet (A, A, d) is complete if every Cauchy sequence in (A, A4, d) is
convergent.

Remark 2.7.

(1) Every C*-algebra valued metric space is C*-algebra valued quasi metric
space but the converse is not true in general.

(2) In a C*-algebra valued quasi metric space a sequence {a, } is Cauchy
iff it is left-Cauchy and right-Cauchy.

Definition 2.8. Let (A, A, d) C*-algebra valued quasi metric space. The con-
jugate (or dual) C*-algebra valued quasi metric space is denoted by d° and
define by as follows:

d(a,b) = d(b,a), for all a,b € A.

A C*-algebra valued quasi metric space is a C*-algebra valued metric space iff
it coincides with its conjugate d¢, for all a,b € A.

Let w. be a C*-algebra positive valued function on A. The quadruplet
(A, A, d,w,.) is called a C*-algebra valued weighted quasi metric space, if for
all a,b € A

d(a,b) + we(a) = d(b,a) + w(b).
Then (A, A, d, w,.) is said to be C*-algebra valued generalized weighted quasi
metric space.
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Proposition 2.9. Let (A, A,d) C*-algebra valued quasi metric space.

associated C*-algebra valued metric d° is define by:

d*(a,b) = %[d(a, b) + d(b, a)).

The

The associated C*-algebra valued metric space d® is the smallest C*-algebra
valued metric space majorising d.

Proof. To verify condition (), for each a,b € A, we have d(a,b) = 0. Also

d’(a,b) =

te e 0

04

2

Lidta, b) + d(b, a)] = 04

d(a,b) +d(b,a) =04
d(a,b) =d(b,a) =04
a=b.

Now, for condition (i7), for each a,b € A, we have

%[d(a, b) + d(b, a)]

d’(a,b)

3l
d’(b,a).

! d(b,a) + d(a,b)]

Finally, we show that condition (éi7), for each a,b,c € A, we have

d*(a,b)

2
1

Liaa, b) + d(b, a)]

= Zld(a,c) + d(c,b) + d(b,c) + d(c,a)]

2

= Sld(a,0) +d(e,a)] + L [d(b,c) + d(c,b)

2

= d%(a,b) + d°(b,a).
Thus, (4, A, d®) is C*-algebra valued metric space.

O

Definition 2.10. Let (A, A,d) be a C*-algebra valued quasi metric space,

a€A, N,M C Aand 04 < € € A. Denoted by:

e The diameter of set NV
diam(N) = sup{d(a,b) : a,b € N}.

e The left-open ball of radius € centered at a

e The right-open ball of radius € centered at a

centered at a

© AGT, UPV, 2022

BE(a)={bec A:d(a,b) < ¢}

BEa)={bec A:d(b,a) < €}.

e The associated C*-algebra valued quasi metric space open ball of radius €

B.={be A:d°(a,b) < €}.
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The left-distance from a to N

distq(a, N) = inf{d(a,b) : b € N}.
The right-distance from a to N

disty(N,a) = inf{d(b,a) : b € N}.
The left-e-neighbourhood of N

NF =inf{a € A: disty(N,a) < €}.
The right-e-neighbourhood of N

NE =inf{a € A: disty(a,N) < €}.
e The associated metric e-neighbourhood of N

NE =inf{a € A: dist(N,a) < €}.
The distance between N and M

d(N, M) = inf{d(a,b) : a € N,b € M}.

Proposition 2.11. Let (A, A,d) be a C*-algebra valued quasi metric space.
Then the collection of all open left-balls BE(a) (right-balls BE(a)) on A,

UL ={BE(a):ac Aje =04}
forms a left-basis (right-basis) on A.

Proof. Take a,b € A and €1,e; = 04 such that B (a) N BL(b) # @. Now,

choose ¢ € BE (a) N BE (b) and set e3 = min{e; — d(a, ¢), e — d(b,c)}. Observe

that BL (c) C BL (a) N BE (b). Therefore, U4 forms a left-basis on A.
Similarly, the collection of all open right-balls BL(a),

UT ={Bl(a):a€ Aje =04}
forms a right-basis on A. O

Every C*-algebra valued quasi metric space d naturally induces a Ty topol-
ogy '7:{(, where a set N is open if for each a € N there exists € = 04 such
that BL(a) C N. Similarly, the topology 74 can be define by using the
right-balls (that is, BF(a)) as its base and hence a C*-algebra valued quasi
metric space (A, A4, d) can be naturally associated with a bi-topological space
(A, A, TX, TE). Moreover, if the map d satisfies d(a,b) =0 < a = b instead
of condition (7) in Definition (2.2) then d induces a T} topology.

Proposition 2.12. Let (A, A,d) be a C*-algebra valued quasi metric space and
associated (A, A,d*) a C*-algebra valued metric space. Then
(1) A sequence {a,} is convergent to a in (A, A,d) if and only if {an} is
convergent to a in (A, A, d%).
(2) A sequence {an} is Cauchy in (A, A,d) if and only if {a,} is Cauchy
in (A, A, d?).
(8) The C*-algebra valued quasi metric space (A, A,d) is complete if and
only if C*-algebra valued metric space (A, A,d*) is complete.
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Proof. (1) Suppose that {a,} is convergent to a in (A4, A, d), that is,

lim d(an,a) = lim d(a,a,) =04.
n—oo n—oo

Which is equivalent to
. s TR . _
nh_{%od (an,a) = 2[n11_>ngO d(an,a) + nh—{%o d(a,a,)] =04.
Hence, the sequence {a,} is convergent to a in (A, A4, d*).
(2) Suppose that {a,} is Cauchy in (A4, A4, d), that is,

nlinéo d(an, ) = nlggo d(am,an) = 04.

Which is equivalent to
nhﬁngo d’ (any am) = i[nhﬁngo d(ana am) =+ nhﬁngo d(arm an)] =04.
Therefore, the sequence {a,} is Cauchy in (A, A, d*).
(3) It is a direct consequence of (1) and (2). O

Proposition 2.13. Let (A, A,d4) and (B, A,dp) be two C*-algebra valued
quasi metric spaces. Then

(1) d(a,b) = da(a1,az2) + dp(b1,b2), for all a = (a1,b1), b = (az,b2) €
A x B is a C*-algebra valued quasi metric on A X B.
(2) lim (an,b,) = (a,b) in (A x B, A,d) if and only if lim a, = a in
n— 00 n—0oo
(A, A,ds) and lim b, = b in (B, A,dg). Particularly, the topology
n—oo
induced by d coincides the product topology on A X B.
(3) {(an,bn)} is a Cauchy sequence in (A x B, A,d) if and only if {a,}
is a Cauchy sequence in (A, A,da) and {b,} is a Cauchy sequence in
(B, A,dp).
(4) (A x B, A,d) is complete if and only if (A, A,da) and (B, A,dg) are
complete.
Proof. (1) Assume that a = (a1,b1), b = (az,b2), ¢ = (¢1,¢2) € A x B.
Then, we have d(a,b) = 04 if and only if da(a1,b1) + dp(ag,b2) = 04, that is,
dA(al, bl) = dB(CLQ, bz) = OA, which implies that ay; = bl and a9 = bg, that iS,
a = b. Now, to show the triangular inequality, we have
d(a, b) = dA(a1, ag) + dB(bl, bg)
< da(ar,c1) +dalcr,a2) +dp(bi, c2) + dp(cz, ba)
da(ai,c1) + dp(br, c2) +da(er, az) + dp(cz, b2)
= d(a,c)+d(c,b).
Therefore, (A x B, A,d) is a C*-algebra valued quasi metric space.
(2) Let lim (ay,b,) = (a,b) in (A x B, A,d) if and only if
n—oo

nhﬁnolo d((avu bn)7 (a’a b)) - nILH;o [dA(ana a) + dB(bna b)} =04
and

lim d((a,b), (an,by)) = lim [da(a,an) + dp(b,bn)] =04

n—roo n—roo
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which is equivalent to

lim da(an,a) = lim dp(b,,b) = lim da(a,a,) = lim dp(b,b,) = 04.

n—oo n—0o0 n— 00 n—oo

Therefore, lim a, =ain (A, A,da) and lim b, =bin (B, A,dp). Therefore,
n—oo n—oo

(3) Suppose the sequence {(an,b,)} is a Cauchy in (4 x B, A, d) if and only
if

lim al((ambn)7 (am7bm)) = lim [dA(an,am) + dB(bn,bm)] =0y

n,m—oo n,m—oo

which is equivalent to

lim da(an,am)= lim dg(by,by)=04.

n,m—00 n,Mm—00
Therefore, {a,} is a Cauchy sequence in (4,.4,d4) and {b,} is a Cauchy se-

quence in (B, A, dp).
(4) Tt is a direct consequence of (2) and (3). O

3. FIXED POINT RESULTS

Now, we present our main result as follows:

Theorem 3.1. Let (A4, .A,d) be complete C*-algebra valued quasi metric space
and f: X — X a mapping satisfies the following (for A € A with ||| <1):

(3.1) d(fa, fb) < X*d(a,b)\, VY a,be A.

Then f has a unique fixed point.

Proof. Firstly, select ag € A and extract an iterative sequence {a,} as:
an = fap_1 = ffag, ¥V neN.

Now, we want to show that lim d(an+1,a,) = 04. By choosing a = a1
n,m—00

and b = a, in 3.1, we wet

d(ant1,an) = d(fan, fan—1) = Nd(an, an_1)A
< (A)2%d(an_1,an_2)\?
< ...
< (A)d(ay,ap) A"

Similarly, we can have

d(an,ant1) < (N)"d(ag, a1)A".
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Now, we assert that {a,} is Cauchy sequence. For any n,m € N such that
n+ 1> m, we have

d(an+17am) < d(an-‘rl;an) +d(an7an—l) + - +d(am+1aam)
(/\*)"d(al, ao))\” + -4 ()\*)md(al, ao)/\m

n

R

(\)id(aq, ag) N

I
™

I
3

(\*)'(d(a1, a0)) % (d(as, ag)) 2 A!

I

I
3

|

((d(ar,00)*X7) " (d(ar, a0) EX7)

]
3

‘(d(ah%))%)\i :

|

I
3

e

o

(aa,a0)) 2N | 1

]
3

2 .
N

R
M:

| (@(ar, ao))?

3

ld(az,a0)| D INI* 1

R
L=l
Thus, {a,} is left-Cauchy sequence, that is

lim d(an,am,) =04 YVn>m>N.
m— 00

N

e

[[d(ax, ao)|l I — 0y (asm — 00).

Similarly, we can show that {a, } is right-Cauchy sequence, that is (for m > n)

lim d(am,a,) =0y Vm >n> N.

n— oo

Therefore, {a,} is Cauchy sequence. Since, (A,A,d) is complete C*-algebra

valued quasi metric space, then there exists a point a in A such that lim a, =
n—oo

a, that is, lim d(a,,a) = lim d(a,a,) = 04. Then, we get
n—oo n—oo

d(fav a) < d(fa‘7 a’n+1) + d(an+17 CL)

< d(fa, fan) + d(ans1,a)
< Ad(a,an) N+ d(aps1,a)
< IA2(ld(a, an)|lI + d(any1, ).

On taking limit as n — oo, we get fa = a. Hence, a is fixed point of f.
Now, to show that the fixed point is unique, we assume that there are two
fixed points, say a1,as € A such that fa; = a; and fas = as. Then by using
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3.1, we have

ld(ar,az)l| = [[d(fax, faz)]|
[A*d(a1, az) Al
[A*[ll[d(a1, a2)[[[[ Al
A% [[(ar, az)|

deals a contradiction. Hence, a; = as, that is, a; is a unique fixed point of f.
This completes the proof. O

VANVAN

Example 3.2. In the Example 2.4, we define a self-mapping f : A — A by:
fa= % Vae A
Notice that, d(fa, fb) < A*d(a,b)A, (for each a,b € A) satisfies and

VAR Ve o1
A= 5 Aand ||M|=—=—=< 1
[Oégeannn C= <
Hence, all the assumptions of Theorem 3.1 are fulfilled and f unique fixed
point, namely a = 04.

Before presenting the next theorem we recall the following lemma which is
needed is the sequel.
Lemma 3.3. Let A be a unital C*-algebra with a unit I. We have
(1) If a € Ay with ||a|| < 1, then I —a is invertible and ||a(I —a)~'|| < 1;
(2) if a,b € Ay with ab = ba, then ab € A;
(8) we denote A = {a € A: ab=ba, Vb € A}. Leta € A, ifbc e
A withb = ¢ =04 and I —a € AI_‘_ is an invertible operator, then
(I—a)"'b= (I —a)le

Theorem 3.4. Let (A, .A,d) be complete C*-algebra valued quasi metric space
and f: X — X a continuous mapping satisfies that the following (for A € A
with ||\ < %)
(3.2) d(fa, fb) < Nd(fa,b) + d(a, fb)], ¥ a.be€ A.
Then f has a unique fized point.
Proof. Firstly, select ag € A and extract an iterative sequence {a,} as:
ap = fan_1 = f"ag, ¥V neN.
Now, we want to show that lim d(an+1,a,) = 04. By choosing a = a1

n,m—00
and b = a, in 3.2, we wet

d(an+17an) = d(famfanfl)

Ald(fan, an—1) + d(an, fan—1)]
[

[

Il
>

d(an—i-ly an—l) + d(ana an)]
A d(an+l> an) + d<an7 anfl)]
Ad(apy1,an) + Ad(an, an—1).

N
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Thus,
(I = Nd(ant1,an) < Md(an,an—1).
Since, A € A with ||Al| < %, then we have (I—\)"! € Aand also A(I—X)"! € A
with [[A(1 — X\)7!|| < 1 (by Lemma 3.3). Then, by assuming u = (I — \)~1,
we obtain
d(any1,an) S NI = XN) " Hd(an, an_1) = ud(an, an_1).
Similarly, we can have

d(an, ang1) < ud(an-1,an).

Now, we show that the sequence {a,} is Cauchy. Suppose n+1 > m, Vn,m €
N, so we have

d(an+17 am) 4 d(an-‘rl; an) + d(ana an—l) +--- 4+ d(am+17 am)

< (W + wrl o u™)d(a1, ao)
= " whud (d(ar, a0))? (d(ar, a0))’
= 3" (d(ar, a0)) FuFut (d(ar, ag)) PN
S e
= 3 (ub(dar,a0)?) (ubd(ar,a0)?)
n ; 112
= Z ‘U/§ (d(alaa/o))§
n ; 1 2
< Z ‘uf (d(ai,a0))z| || 1
n 112 N2
< Z H(d(ahao))E H“E 1
< ld(ar, a0) Y HU’ I
[l ™
—\< ||d(a1aa0)|| 17 H'LL”I_)OA <asm_>oo>.

Thus, {a,} is left-Cauchy sequence, that is

7”17111300 d(an,am) = 04.

Similarly, we can have {a,} is right-Cauchy sequence, that is (for m > n)

lim  d(am,an) = 04.
n,Mm—00

Therefore, the sequence {a,,} is Cauchy. Since, (4, A, d) is complete C*-algebra

valued quasi metric space, then there exists a point a in A such that lim a, =
n—oo
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a, that is, lim d(a,,a) = lim d(a,a,) = 04. Now, by using the continuity of

n—oo n—oo
f, we have

d(fa,a) < d(fa,ant1) +d(ants,a)
< d(fa, fan) + d(any1,a)
On taking limit as n — oo, we get fa = a. Hence, a is fixed point of f.
Now, to show that the fixed point is unique, we assume that there are two
fixed points, say aj,as € A such that fa; = a; and fas = as. Then by
employing 3.4, we have

(a1, az)|| ld(fax, faz)||

[Ald(fay, az) + d(ay, fas)]|

[IAlld(ay, az) + d(ay, az)]|

[Alllld(ar, az)[| + lld(as, a2)|]

2[|Allli (a1, az)]|

a contradiction (since 2||A|| < 1). Hence, a1 = ag, that is, a; is a unique fixed
point of f. This completes the proof. ([

ANRVAN VAR

Now, we obtain following corollaries:

Remark 3.5. By taking d(a,b) = d(b,a), for all a,b € A in Theorem 3.1, we
obtain Theorem 2.1 of Z. Ma et al. [12].

[12
Remark 3.6. By taking d(a,b) = d(b,a), for all a,b € A in Theorem 3.4, we
obtain Theorem 2.3 of Z. Ma et al. [12].

4. APPLICATION

To find the existence and uniqueness results of a contractive mapping on
complete C*-algebra valued metric space for the integral type equation is car-
ried out by Z. Ma et al. [12] in 2014 whose lines are as under:

Example 4.1 ( [12]). Consider the integral equation

(4.1) al€) = /A G(€,w, a(w))dw + h(E), ¥ €,w € A,

where A is a Lebesgue measurable set.
Suppose that

(1) his an essentially bounded measurable function defined on A and G :
A% xR — R,

(2) there exists a continuous function 7 : A x A — R and A € (0,1) such
that

| G(&,w,a(w)) — G(&w, b(w)) [< A [ (& w) | (| alw) —bw) [),
for all £, w e A and a,b € R.
(3) supgen [a | n(&w) [ dw < 1.
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Then the integral equation has a unique solution in A, where A stands for the
space of essentially bounded measurable functions defined on A.

Now, we will utilize Theorem 3.1 to find the solution of following integral
equation:

(4.2) a(€) = /A G w,a(w))dw+ h(E), V &w € A,

where, A is a Lebesgue measurable set with m(A) < oo, G: AX A xR =R
and h € A. Define d: A x A — A by (for all a,b € A),:

d(a,b) = § Tla=vi+ ifa#b
’ 04 if a=0.

where L(H) = A, H stand for the set of square integrable functions defined on
A, and 7, : H — H is the multiplicative operator defined by:

7a(0) = a.f, forall 8 € H.

Now, we present our following theorem:

Theorem 4.2. Assume that (for all a,b € A)

(1) 3 a continuous function n: A x A = R and X € (0,1) such that

| G(§ w, a(w)) = G(§,w,b(w)) [ A n(§,w) | (| alw) =bw) | + | a(w) [),

for all £,w € A.
(2) supgen [a | n(&w) | dw < 1.

Then the integral equation (4.2) has a unique solution in A.

Proof. Define f : A — A by:

fa(é) = /A L&, w, a(w))dw + h(E), ¥ &0 € A.
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Set k = A, then k € A and ||k|| = A < 1. For any point u in H, we have

ld(fa, fO)]|

Sup (7| fa— fo|+| fal (1), 1)

lull=1
- o /. H . 66w aw) - 66 ) |t

- s, /A ( /A G(f,w,aw))) w(€)u()de

su w,a(w)) — w bl dw | ()12
= |u|I_)1/A UA‘G(S’ sa(w)) = G w, b(w))|d ]I (©)[Pdg
su w, alw U 2

w o [ | [ 66w 0| luorde

st w)(a(w) — b(w)+ | alw ol (e
= |u|I_)1/A UAW(&’ J(a(w) = b(w)+ | aw) )|d ]I (©)[?de

st w alw) — o(w alw ol lu 2
< s [ N6 | ale) ~b) |+ ] ) Dl (o)
= Alilllgl/A {/Aln(évw)ldw} () d€]|a — bl

su w)|dw su W) 2de|la — bl o
: AEEE/A'"@’ e sup. IRCGIRSIE
< Aa =Yl

|kl |d(a, b)]]-

Since, ||k|| < 1, so one can easily seen that the mapping f satisfies all the
assumptions of Theorem 3.1. Hence, (4.2) has a unique solution, means that f
has a unique fixed point. |
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