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Some Fixed Point Results on M,-Cone Metric Space Over Banach Algebra
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ABSTRACT: In this paper, we introduce the notion of Mp-cone metric space over Banach algebra as a
generalization of both M-cone metric space over Banach algebra and b-metric spaces. In this work, we prove
Kannan’s and Chatterjea’s fixed point theorems in the framework of Mj-cone metric space over Banach algebra.
Illustrative examples are presented to justify our main results.
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1. Introduction

A key and ever-evolving field of nonlinear analysis, fixed point theory has extensive applications in
integral equations, optimization, and differential equations. It is a fundamental method used in applied
sciences to demonstrate the existence and uniqueness of solutions to different mathematical models. Due
to the growing necessity to study increasingly complicated structures over the years, especially in spaces
with generalized or flexible distance ideas, this theory has expanded significantly.

Fréchet [8] presented the classical concept of a metric space, which served as the foundation for a
large portion of contemporary topology and analysis. Over time, a variety of metric space generalizations
have been developed in response to the need to handle more flexible and generalized frameworks. These
include b-metric spaces [2,3], G-metric spaces, 2-metric spaces, and fuzzy metric spaces, all of which are
intended to manage oddities in convergence, continuity, and mapping behaviors in larger contexts.

Specifically, Bakhtin [2] and Czerwik [3] proposed b-metric spaces, which loosened the triangle in-
equality to permit a multiplicative constant. This allowed for a wider range of fixed point solutions
and expanded the class of contraction mappings. By introducing partial metric spaces, Matthews [13]
expanded on this viewpoint and made room for non-zero self-distances, a notion that has proven partic-
ularly helpful in domain theory and computer science.

One important turning point was Huang and Zhang’s invention of cone metric spaces [9], in which a
cone-valued function defined in a Banach space is used in place of the real-valued metric. An extensive
amount of follow-up research (e.g., [5-7]) was sparked by their work, which extended the Banach con-
traction principle to this context and investigated whether cone metric conclusions were in fact different
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from or reducible to results in classical metric space.

To address these issues, Liu and Xu [12] presented cone metric spaces over Banach algebras, substi-
tuting a Banach algebra for the underlying real Banach space, and showed via specific instances that
this structure cannot be reduced to the classical situation. This was a significant advancement since the
algebraic structure added additional nuances to operator theory and topology.

Through the generalization of pre existing frameworks, Shukla et al. [17,18] made a substantial con-
tribution to fixed point theory. They used ideas from Banach algebra-valued spaces, metric, cone metric,
and graphical metric to introduce graphical cone metric spaces over Banach algebras. Wider fixed point
results with applications to systems of initial value difficulties were made possible as a result. They
created a set-valued, relation-theoretic variant of the classical Presié-Ciri¢ fixed point theorem for met-
ric spaces with arbitrary binary relations in a different paper. By addressing differential and difference
inclusion issues under less rigorous assumptions, their method broadened the theoretical and applied
applicability of fixed point results in relational and nonlinear analysis.

As a further extension of partial metric spaces, M-metric spaces were established by Asadi et al.
[1]. Inspired by these advancements, Fernandez et al. [4] presented M-cone metric spaces over Banach
algebras, fusing the cone-valued structure and partial metric nature in an algebraic context. In addition
to supporting generalized Lipschitz mappings, these spaces provide a fresh perspective on the analysis of
nonlinear integral equations.

The unification of the structures of b-metric spaces with M-cone metric spaces over Banach algebras
was still lacking, notwithstanding these developments. In order to overcome this gap between these
frameworks, the current study introduces the innovative idea of Mj-cone metric space over Banach alge-
bra. We prove analogues of Kannan’s and Chatterjea’s fixed point theorems by developing fixed point
results for generalized Lipschitz mappings in this novel context. Crucially, we show from carefully built
examples that the fixed point existence in our framework cannot be deduced from classical or previously
known generalizations. Additionally, as an application, we design an operator on a complete M;-cone
metric space that satisfies the necessary contractive condition, proving the existence and uniqueness of
solutions to a Fredholm-type integral problem.

2. Preliminaries

In this section, we give some definitions which are useful for our main results.

Let A always be a real Banach algebra such that

(so)v = s(ov),

s(e+v) =go+sv and (¢ + p)v = sv + gu,
a(so) = (as)e = s(ao),

soll<lsI el

N

If e¢ = ge =g, for all ¢ € A then e € A is called unit (i.e., a multiplicative identity). If there is an
element ¢ € A such that ¢o = g5 = e, then ¢ € A is said to be invertible. ¢! is the inverse of . For
more details, we refer the readers to [16].

The following proposition is given in [16].

Proposition 2.1. Suppose that the spectral radius p(¢) of an element ¢ € A is less than 1, i.e.

o) = lim [<"|[* = inf [l"]* <1,
n>1

n—-+4oo
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then e — ¢ is invertible, where e € A is unit. Moreover,

Remark 2.2. From [16] we see that the spectral radius p(s) of ¢ satisfies p(s) <|| < || for all ¢ € A, where
A is a Banach algebra with a unit e.

Remark 2.3. (See [19]). In Proposition 2.1, if the condition 'p(s) < 1’ is replaced by || ¢ ||[< 1, then
the conclusion remains true.

Remark 2.4. (See [19]). If p(¢) < 1 then || <" ||— 0(n = +00).

Now let us recall the concepts of cone over Banach algebra.

A subset P of A is called a cone if

1. P is non-empty closed and {0, e} C P;

2. aP + BP C P for all non-negative real numbers «, 3;

3. P2=PPcCP;

4. Pn(—P) =10},

where 6 denotes the null of the Banach algebra A. For a given cone P C A, we can define a partial
ordering < with respect to P by ¢ < ¢ if and only if o — ¢ € P. ¢ < o will stand for ¢ < p and ¢ # o,

while ¢ <« ¢ will stand for ¢ — ¢ € int P, where int P denotes the interior of P. If int P # ¢, then P is
called a solid cone. The cone P is called normal if there is a number M > 1 such that, for all ¢, 0 € A,

0=<c=xo=>|c|<M|ol.

The least positive number satisfying the above is called the normal constant of P [9].

We will require the following definitions and preliminary results to prove our results.

In 2013, Liu et al. [12] gave the definition of cone metric space over Banach algebra as follows:
Definition 2.5.([12]) Let M be a nonempty set. Suppose the mapping d : M x M — A satisfies

(1) 6=d(s,o) for all ¢, 0 € M and d(s, ¢) = 0 if and only if ¢ = p,
(3) d(s,0) 2 d(s,v) +d(v,p) for all ¢, p,v € M.

Then d is called a cone metric on M, and (M, d) is called a cone metric space over Banach algebra A.

Recently, Fernandez et al. [4] generalized the concepts of M-metric space and cone metric space over
Banach algebra to define M-cone metric space over Banach algebra as follows:

Definition 2.6 ([4]) Let M be a nonempty set. A function m : M x M — A is called a m-cone metric
if the following conditions are satisfied:

(m1) m(s,s) = m(o,0) = m(s, o) if and only if ¢ = g,
(m2) Mg o =X m(s, 0),
(m3) m(s,0) = mo;9),
(ma) (m(s, 0) = mg,) = (mls,v) —mqe) + (M(v, 0) =My ).
where
M, = min {m(g, ), m(p, Q)}

Then the pair (M, m) is called an M-cone metric space over Banach algebra.

The following definitions and Lemmas are needed in a sequel.
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Definition 2.7.([11]) Let P be a solid cone in a Banach space E. A sequence {u,} C P is said to be a
c-sequence if for each ¢ > 0 there exists a natural number N such that u, < ¢ for all n > N.

Lemma 2.8.([19]) Let P be a solid cone in a Banach algebra A. Suppose that k € P be an arbitrary
vector and {u,} is a c-sequence in P. Then {ku,} is a c-sequence.

Lemma 2.9. ([16]). Let A be a Banach algebra with a unit e,k € A, then lim,_, o || k" |7 exists
and the spectral radius p(c) satisfies

~ . ni_ . T
plo) = lim [ K" 7= tf | &* .

n—-+oo

If p(s) <| A |, then (Ae — k) is invertible in 4. Moreover,

-1
(Ae—k)t=3 Nt

=0

where A is a complex constant.

Lemma 2.10.([16]) Let A be a Banach algebra with a unit e,a,b € A. If a commutes with b, then
Ala+b) < Ala) + p(b), Plab) < Fa)a().
Lemma 2.11.([10]) Let A be Banach algebra with a unit e and P be a solid cone in A. Let a,k,l € P

hold I < k and a < la. If p(k) < 1, then a = 6.

Lemma 2.12.([10]) If F is a real Banach space with a solid cone P and {u,} C P be a sequence with
| un ||— 0(n — +00), then {u,} is a c-sequence.

Lemma 2.13.([10]) If E is a real Banach space with a solid cone P

(1) Ifa,byce Fand a Xb< ¢, then a < c.
(2) Ifae P anda < cfor each ¢ > 6, then a = 0.

Lemma 2.14.([10]) Let A be a Banach algebra with a unit e and k € A. If A is a complex constant and
p(k) <| A |, then

~ _ 1

e P
| A | =p(k)

3. Mj-cone metric space over Banach algebra
We begin with giving some notations that we shall need to state our results. In this section, we
introduce the notion of Mj-cone metric space over Banach algebra.
Notation 3.1.

(1) mp,, = min {mb(c, ), mp(0, g)}
(2) My, , = max {mb(g, ), mp(0, g)}

Definition 3.2. An Mj-cone metric space over Banach algebra on a nonempty set M is a function
my : M? — A that satisfies the following conditions, for all 5, 0,v € M we have

myl) my(s, <) = my(s, 0) = my(o, o) if and only if ¢ = p,

(mo(s.0) = s, ,) = [ (mos,v) =mo, ) + (mo(v,0) =, )| = my(v, ).
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for all ¢, p,v € M. The number s > 1 is called the coefficient of the Mj-cone metric space over Banach
algebra (M, my).

Now, we give an example of an Mpy-cone metric space over Banach algebra which is not an M-cone
metric space over Banach algebra.

Example 3.3. Let A = Ck[0,1] with norm defined by || s [|[=]| s [lc + || ¢ [loc under point-wise
multiplication, A is a real unit Banach algebra with unit e = 1. Consider a cone P ={s € A:¢ >0} in
A. Moreover, P is a non-normal cone (see[19]). Let M = [0, +0o0). Define my, : M? — A by

mp(s, 0)(t) = [(max{g, Q})p+ |c—o0|P |e', where p> 1.
Note that (M, m;) is an Mj-cone metric space over Banach algebra with coefficient s = 2P, but as the

triangle inequality is not satisfied, it is not a M-cone metric space over Banach algebra.

Example 3.4. Let A = Ck[0,1] with norm defined by || ¢ [|=]| ¢ [loo + || ¢ [leo- Under point-wise
multiplication, A is a real unit Banach algebra with unit e = 1. Consider a cone P = {s € A:¢ >0} in
A. Moreover, P is a non-normal cone (see[19]). Let M = [0, +o0). Define my, : M? — A by

my(s,v)(t) = ((maz{s,v})” + a)e’, where p > 1.

Note that (M, my) is an Mp-cone metric space over Banach algebra with coefficient s = 2P, but as the
triangle inequality is not satisfied, it is not a M-cone metric space over Banach algebra.

Definition 3.5. Let (M, my) be a M,-cone metric space over Banach algebra. Then:

(a) A sequence {¢,} in M converges to a point ¢ € M whenever for every ¢ > 6 there is a natural
number N such that mp(g,, ) < My, . +c, for all n > N. It is denoted by

lim (mb(gn,g) — mb%;) =0.

n—-+oo

(b) A sequence {s,} in M is said to be my-Cauchy sequence, if for every ¢ > 6 IN such that, for all
n,m > N, we have

M (Sny Sm) K My, -+ C.
(¢) An Mp-cone metric space over Banach algebra is said to be complete if every my-Cauchy sequence
{sn} converges to a point M such that

dm (mb(<n, ) — mbgn,g) =60  and

lim (Mb(gn,cm) — mb%;m) =40.

n—-+o0o

Lemma 3.6. Let {¢,} be a sequence is an my-cone metric space over Banach algebra (M, m;), such
that 3 r € [0,1) such that

M (Sn+15Sn) 27 Mp(Snssn—1) for all n e N. (2.3)

Then

(A) 1im7l—>+00 mb(gvu gn—l) = 97
(B)  limy 1o mp(Sny$n) = 0,
(C) limppsqoomp, . =0.
First, we introduce the notion of generalized Lipschitz mapping on Mjy-cone metric space over Banach
algebra.
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Definition 3.7. Let (M, my) be a Mp-cone metric space over Banach algebra A and let P be a cone in
A. A mapping T : M — M is said to be a generalized Lipschitz mapping if there exist a vector k € P
with p(k) < 1 such that

mp(Ts, To) = kmp(s, ) for all ¢, 0 € M.

Example 3.8. Consider a Banach algebra A and cone P be as in Example 3.3 and let M = RT. Define
a mapping My, : M? — A by

mo(s, 0)(t) = [ (max{s, 0})*+ [ — o | |¢!

for all ¢, 0 € M. Then (M, m;) be a My-cone metric space over Banach algebra A. Define a self-map T
byT(zH%lforallgGM. Since0<¢<land 0<p <1, S‘_i%lgiand <5 2 Then

mb(TC;TQ)(t):[ max{g+1 Qi1})2+
1
4
1

(
({5 81)" 551
= 21mu(s, 0)(1).

S 0

s+1 o+1

IA

maX{<,@} +|<9|2]6t

W

for all ¢, 0 € M. Hence T is a generalized Lipschitz mapping on M, where k = i.

4. Fixed Point Theorems

In this section, as an application, we prove fixed point results for generalized Lipschitz mappings with
an Example which demonstrates the strength and applicability of our main results.

Theorem 4.1. Let (M, m;) be a complete My-cone metric space over Banach algebra A with the

coefficient s > 1 and P be a solid cone in A. Let k € P be generalized Lipschitz constant with p(k) < 1.
Suppose T : M — M satisfying the following condition:
my(T's,To) = k[my(s, T<) + my(0,T0)], (4.1)

for all ¢, 0 € M. Then T has a unique fixed point u such that mp(u,u) = 6.
Proof: Let ¢9 € M be arbitrary. Consider the sequence {s,} defined by ¢, = T"¢ and m;,, =
M (Sny Snt1). Note that if there exist a natural n such that ms, = 6, then ¢, is a fixed point of 7.

So, we may assume that m;, > 6, for n > 0. By (4.1) we obtain

mp, = (§n7 §n+1) = mb(T§n,1, T§n)

PN

k[m Sn—1,T'p— 1)+mb(§n,T§n)]

k[me(Sn-1, ) + mp(Sn, Snt1)]
= k[mb + mp,, ]

for any n > 0, my, < kmy,_, + kmy, , which implies (e — k)myp, = kmyp, _,. Since (s + 1)p(k) < 1 leads
to p(k) < 1, by Lemma 2.9, (e — k) is invertible. So,

my, =< k(e — k:)*lmbn_1
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Put h = k(e — k)~!. Hence
my,, j hmb%l j e j h"mbo.

By Lemma 2.10 and Lemma 2.14, we have

Ah) = p(k(e —F)7")
< (k) Al(e — k)™")
Py 1

< YL
STk 5

Thus, (e — sh) is invertible, so || sh™ ||— 0(n — +00). Thus, lim,_, o mp, = 6. By (4.1) for all natural
numbers n,m we have
M (Sns Sm) = mp(T"s0, T™<0)
= my(Tsn—1,TSm—1)
= k[mp(sn—1, Tsn—1) + my(sm—1, Tm—1)]
= k[my(sn—1, %) + mMb(Sm—1,5m)]
= k[mbnfl + mbmfl]

As limy, 400 mp, = 6. From Lemma 2.12, it follows that, for any ¢ € A with 0 < ¢, there exists np € N
such that, for any m > n > ng we have my (<, $m) < ¢ and my(Sp, Sm) — 0 as n,m — +00

Mp(Sny Sm) — Mp < ¢ for all n,m > ng.

Sn,Sm

Now, for all natural numbers n, m we have

=my(Tsn—1,Tn-1)

=< k[my(n-1,Tsn-1) + mp(sn-1,Tsn—1)]
= k[mp(Sn—1,n) + mMp(Sn—1,n)]

= 2kmp(Sn—1,%n)

=2kmy,_, — 0 as n — oo.

my

Sn.Sm

So, My, . —my, . < cforall n,m > ng. Thus, {g,} is an my-Cauchy sequence in M. For some
u €M,
lim  mp(Sn,u) —me, , = 0.
n—-+oo "

Now, we show that w is a fixed point of T"in M. For any natural number n we have,
lim mp(sn,u) —my, , =0
n—-+o0o "

= lim m u) —m
n=s+oo b(§n+17 ) bcn+1,u

= ngrfoo mb(Tgnv u) — Mbre, w

= mb(Tuv U) = Mbry s
which implies that my(T'u,u) — mp, ., = 0, hence my(Tu,u) = my, ., therefore Tu = u. Thus, u is a
fixed point of T'. Now, we show that w is a fixed point, then my(u,u) = 6, assume that u is a fixed point
of T, hence
my (u, u) = mp(Tu, Tu)

= k[me(u, Tu) + my(u, Tu)]

= 2kmy(u, T'u)

= 2kmyp(u,u).
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That is,
(e — 2k)mp(u,u) < 6

The multiplication by
+oo

(e—2k)™" = (2k)" >0,

i=0
yields that my(u,u) < 6. Thus, my(u,u) = 0. To prove uniqueness, assume that T has two fixed points
say u,v € M, hence,

my(u,v) = my(Tu, Tv)
= k[mb(u, Tu) + myp(v, Tv)}
= k[mb(u, u) + mp(v, v)}
-0,

which implies that my(u,v) = 6, and hence u = v as required.

Theorem 4.2: Let (M, m;) be a complete Mj-cone metric space over Banach algebra A with the
coefficient s > 1 and P be a solid cone in A. Let k € P be generalized Lipschitz constant with p(k) < 1.
Suppose T : M — M satisfying the following condition:

my(Ts, To) =X k[mb(g,Tg) + mp (T, g)], for all ¢,p0 € M. (4.2)

Then T has a unique fixed point u such that my(u, u) = 6.

Proof: Let ¢9 € M be arbitrary. Consider the sequence {¢,} defined by ¢, = T"¢ and m;,, =
mp(Sn, Sn+1)- Note that if 3 a natural number n such that mp, = 6, then g, is a fixed point of T
So, we may assume that mp, > 6, for n > 0. By (4.2) we obtain

my, = Mp(Sns Snt1) = Mp(Tsn—1,Tsn)
= k[my(Sn—1,Tsn) + mp(sn, Tsn-1)]
= k[mp(Sn—1,Sn+1) + M6 (S, 5n)]

= k[smp(Sn1,50) — s, .+ 5M0p(Sns Snr1)

—1>

— s8my —+ my, + my

— My,
SnsSn41 Sn—1:Sn+1

SnsSn SnsSn ] :

By (ms2), we have

my,, = k[smb(§7z—17 gn) - Smb(gn—la gn) + Smb(gnv §n+1)

— smy, + my, — (S, Sn) + M (Sns )]

SnsSn41 Sn—1:Sn41

= sk[my(sn—1,5n) + Mb(Sn> Sn+1) — My

Spn—1-Sn

- mbinw’wrl + mb<n711<n+1} (43)
Put An = man—lﬁnJrl B mb‘n—leL B mb‘"v‘?Hrl :
Hence we will have six cases:
Case 1: Let my(Gn-1,5n-1) = mp(Sn,Sn) = mp(Snt1, Snr1), then my = my(GusSa)s mu, =

My (Sn—1,Sn—1) and my_ = mp(Sp—1,Sn—1)-

n—1:Sn+1

Thus,

An = mb(gnflu gnfl) - mb(gnflvgnfl) - mb((na§n)~
An == *mb(gnagn)-
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At first by (4.2), for all n € N, we have

mb(g'ru Cn) = mb(Tgnfl» Tgnfl)
= k[ms(Sn—1,50) + mMp(Sn—1,n)]
= kab(gnflagn)
Therefore, A,, < —2kmy(Sp—1,n)-

Case 2: Let mp(Snt1,5n+1) = Mo(Sn,on) = Mp(Sn—1,5n—1), We have my

— — SnsSn41

my, = mp(Sny Sn) and Mb oy = My (Spt1,Sn+1). Thus,
Ay = mp(Sng 15 Snr1) — M (Sny Sn) — M (Sna15 Snt1)
An = _mb(g'rugn)

By (4.4)

Ap < =2kmp(Sn—1,%n)-

Case 3: Let mp(Sn—1,%n-1) = Mp(Snt1,Sn+1) = Mp(Sn,Sn), and my

Mp(Sn—1,Sn—1) and my_ = mp(Sp—1,%n—1)- Hence we have,

n—1:Sn+1

An = mb(gnflagnfl) - mb(§n717§n71) - mb(§n+1u §n+1)
An — mb(§n+17§n+1)

By (4.2), we have
An

_mb<T§n7 T§n)
—k [mi (S Snt1) + M (S, St

=
= —2kmp(Sn, Snt1)-

Case 4: Let mp(Sn,$n) = Mp(Snt155n+1) = Mp(Sn—1,Sn—1) and so, my =

SnsSn41
mb(<n,§n) and my = mb(§n+1;§n+1)- So, we get

Sn—1:Sn+1

A, = mb(gn—i-la gn—i—l) - mb(gna gn) - mb(gna gn)
= mp(Snt1sSnt1)
= 2kmy(Sns Sny1)-

Case 5: Let mb(gnagn) = mb(gn—lagn—l) = mb(§n+1;§n+1) and S0, My
= mp(Sn—1,Sn-1)-

Sn Sn+41 =
M (S, o) and my_

Thus, we get

An :mb(gn 15Sn— 1) mb(gnagn) *mb(§n7§n)
= mp(Sn—1,Sn-1)
= mp(Sp+1,Sn+1)

)

= 2kmb(§n7 Sn+1

by (4.5)]

Case 6: Let my(sn+1;Snt1) = mp(Sn—1,5n-1) = mp(Sn,n) and my = mp(Snt1, Snt1)

Mp(Sp—1,Sn—1) and my, = mp(Sp—1,Sn—1)-

Thus,

Sm—1:Sn+1

An - mb(gnfla §n71> - mb(gnfh §n71) - mb(§n+1; §n+1)
= _mb(§n+la§n+1)
j kab(gna §n+1)~

mb(gn—l-

Sl mb(gn-‘rl; §n+1)7

mb(gna gn)am

b

mb(§n7 gn)a my

mp

9

(4.4)

1, Sn+1 ) )
mbgn— 1:Sn =
(4.5)

Sn—1:5n

Sn—1:Sn

Sn—1:Sn
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Now if A, < —my(Sn,s,) and by (4.4) we have A,, < —2kmy(S,—1,5n), and hence

M (S Snt1) = sk (M (Sn—1,%0) + M6 (S, Snt1) — 2kmp(Su—1,n)]
(6 - Sk)mb(gna §n+1) = ksmb(gn—h §n) - 25k2mb(§n—17 §n)
(e — sk)mp(sn, Sny1) =X ske — 2k)my(Gn, Sn—1)-

Since sp|k(s — 2sk + e)] < 1 leads to p(sk) < 1, by Lemma 2.9, (e — sk) is invertible. So,

My (Sny Snp1) = sk(e —2k) (e — k) mp(sn, Sno1)-

Put h = sk(e — 2k)(e — sk)~!. Hence
M (Sny Snt1) = hmp(Sny Sp—1) = oo 2 R"mp (S0, 61)-

By Lemma 2.10 and 2.14, we have

p(h) = p[sk(e — 2k)(e — sk)™"]

Ak k)] 1
1 — p(sk) <3

Thus, (e — sh) is invertible, so || sh™ ||— 0(n — +o00). Thus, mu(Sn,Sn+1) — 6 as n — +oo. If
An < mp(Snt1,Snt1), by (4.4), we have A,, < 2kmp(Spn,Sn+1), and have

M (S, Snt1) = 8k (M (Sn—1,0) + M6 (S, Snt1) + 2km (Sns S|
[e — (sk + 25k2)}mb(§n, Snt1) =< Skmp(Sn—1,%n)-

Since p[s?k + sk +2sk?] < 1 leads to p(sk+2sk?) < 1, by Lemma 2.9, [e — (sk + 2sk?)] is invertible. So,
My (Sns Snt1) = skle — (sk + 2sk?)] b (Sn_1, 5n)-
Put A = skle — (sk + 2$k2)]71. Hence

Mp(Sny Snt1) = AMp(Sn—1,Sn) =< ... X A mp(S0,61)-

By Lemma 2.10 and Lemma 2.14, we have
P(N) = p(skle — (sk +2sk%)] 1)
< p(sk)ple — (sk + 2sk*)] 7t
plsk) 1

1 p(sk 1+ 2sk2) s

IN

Thus, (e — s)\) is invertible, so || sA\™ ||= 0(n — 4o0). Thus, mp(sn,snt1) — 0 as n — 4oo. If
An < —mp(Sn+1,Snt1), by (4.4), we have A,, < —2kmy(p, Snr1), and have

M (S s Snt1) = 8k (M (sn—1,50) + M (S, Snt1) — 2kmp (Sns S|
[e — (sk — ZSkZ)}mb(Cn, Snt1) = skmp(Sp—1,5n)-

Since p[s%k + sk — 2sk?| < 1 leads to p(sk — 2sk?) < 1, by Lemma 2.9, e — (sk — 2sk?)] is invertible.
So,

My (SnsSut1) = ske — (sk — 25k%)] " mp (a1, 6n)-

Put A = sk[e — (sk — 2sk?)] ~'. Hence

M (Sns Snt1) = AMB(Sn—1,5n) = oo 2 A" My (S0, 1)-
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By Lemma 2.10 and Lemma 2.14, we have

P(N) = p(skle — (sk —2sk%)] ")
< Blsk)ple — (sh — 25K2)] !
< plsk) L

1—p(sk —2sk?) s

Thus, (e — sA) is invertible, so || sA™ ||— 0(n — +o0). Thus, my(Sn,Snt1) — 6 as n — 4oo. By
completeness of M, we get ¢, — ¢ for some ¢ € M. So, my(sp,s) —mp,, . — 0 as n — +oo and
My(Sn,s) —myp,, . — 0 as n — +o0o. By Lemma 2.8, m; — 0 as n — 400, so we have my(g,,s) — 6
as n — +00. By Remark 3.3, we have

sn S

mp(s,¢) =6 =mp_ o

Now, we prove my(s,7s) = 6. By (mp4) and (4.2), we get

my(s,Ts) = s[mp(s, ) — ma, .+ mp(sn, T6)
- mbSn,T§j| - mbSn-,Sn + mb;,Ts
= smyp(sn, TS)

= Smb(Tgn—la Tg)
= ks[my(sa_1,T<) + mp(Tp—1,5)]
= ks[my(n—1,T<) + ms(cn,<)]

j k82 I:mb(gn—lv T§) — My n + mb(gn’ Tg)

‘n—1,¢c

m,Tg] — ksmy, + 145771;)%711g

=< kszmb(g, Ts)
(e — ks®)my(s, Ts) = 6.

—my

SnsSn

The multiplication by
—+oo

(e—ks®) ™' = (ks®)' >0,

=0
yields that my(s,T<) = 0. Thus, my(s,Ts) = 6. By (4.2), we have

0 = my(Ts,Ts) = k[my(s,Ts) +my(Ts,s)]
= 2kmy (s, T%)
=6.

So, we have my(Ts, Ts) = mp(s,Ts) = mp(s,s). By (mpl), we get Ts = ¢. Now, let ¢,0 € M and ¢ # o
are two fixed points of T, so we have

my(s, 0) = mp(Ts, To) = k[my(s,To) + ms(o,T5)]
= k[mu(s, 0) + mu(s, 0)]
= 2kmy (s, 0)
(e — 2k)mp(s, 0) 2 0.

The multiplication by
+oo

(e—2k)~" =) (2k)" >0,

=0
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yields that my (s, ) < 6. Thus, my(s, 0) = 6. Thus ¢ = p and T has a unique fixed point.

Corollary 4.3 Let (M, my) be a complete Mp-cone metric space over Banach algebra A with the coef-
ficient s > 1 and P be a solid cone in A. Let k € P be generalized Lipschitz constant with p(k) < <.
Suppose T : M — M satisfying the following condition:

my(Ts, To) = kmyp(s,0), forall ¢,0€ M. (4.2)

Then T has a unique fixed point u such that mp(u,u) = 6.
In this work, given below are few examples that support our main results.

Example 4.4 Let A = CL[0,1] with norm defined by || ¢ |=] < |lee + || s |loo. Under point-wise
multiplication, A is a real unit Banach algebra with unit e = 1. Consider a cone P = {¢c € A4 : ¢ > 0}
in A. Moreover, P is a non-normal cone (see[19]). Let M = [0,+00). Define m;, : M? — A by

2
mp(s, 0)(t) = (%) e! for all ¢, 0 € M. Then (M,m;) is complete Mj-cone metric space over Banach

algebra. Define T: M — M by
{ 0, 0<g¢<3

S
e s23

We will show that the condition (4.1) is satisfied with k = %. Suppose that ¢, 0 € M. Then there are 4
possible cases:

Case 1: If ¢, 0 € [0, 3), the claim is obvious.
Case 2: If ¢, p € [3,+00), we get
my(Ts, To)(t) =

=

Since

Case 3: Assume that ¢, 0 € [3,+00) x [0,3) U0, 3) x [3, +0c) without loss of generality, we may assume
that ¢ € [0,3) and ¢ € [3,4+00). Then we obtain

my(Ts, To)(t) =

PN

I A
| —
TN



SoME F1XED POINT RESULTS ON M;,-CONE METRIC SPACE OVER BANACH ALGEBRA 13

(& + (58] e

mals, T<) + my(0, To)| (1)

—

Case 4: If ¢ € [3,400) and ¢ € [0,3), then we have

1

(T o) = (1) ¢

1/7¢V\2,
< (2
*4(4)6
:L(£)2et

16 \2

1(§+1L+<)2t
= —(—) ¢
16 2

= % {mb(g, T<) + ms(o, T@)} (t).

Since

)
(67 + () e

[mb(g, 7<) + mp(o, TQ)] ().

(s+of =x2F
1
)
1
)

Therefore, all the condition in Theorem (4.1) are satisfied so T has a unique fixed point. In this case
¢ = @ is the unique fixed point of T.

Example 4.5 Consider a Banach algebra A and cone P be as in Example 4.4 and let M = RT. Define
a mapping my, : M? — A by my(s, 0)(t) = (HTQ)Qet, for all ¢, 0 € M. Then (M, my) is a Mj-cone metric
space over Banach algebra A. Define T': M — M by

2 s < 1
T§:{§7 1f0_§<2

1, ife>

[N

We will show that the condition (4.2) is satisfied with k& = % Suppose that ¢,0 € M. Then there are
three possible cases:

Case 1: If ¢,0 € [0, %), then we have

my(Ts, To)(t)

Il
N — | =
—
Vs
[\)
+
IS
()
SN—

IA

—
—
Vs
\V)
~—
V)
—~
S
M)
~
\V)
[E—
o)
-

o

PN
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Case 2: If ¢,p € [%, +00), then we have

my(Ts, To)(t) =

NN
N
=

I A

, o;"‘

+
‘»—A

+
|,

+
‘»—A

m&

:mb(c, To) + my (0, T<)} (t).

Wl =Wl
w
o
[\
w
o

Case 3: Let ¢,0 € [0,3) x [3,+00) U[4,400) x [0, 3) without loss of generality, we may assume that

¢ €[0,1) and g € [§,+00). Then we get,

my(Ts, To)(t) =

e
Ve
N}
vo| 4
=
N
(e
-

—

DN
—
Va)
[\
—
[\v]
+
| =
[\
—_
9]
-

i)
=
¥

A
Y
_|_

Wl Wl

Then T satisfies the condition (4.2) of Theorem 4.2 for all ¢,0 € M with k = % and so there exist a
unique fixed point of 7. In this case ¢ = 6 is a unique fixed point of 7.

5. Application to the Existence of a Solution of Integral Equation

In this section, we will provide an application of the theorem proved in the previous section.

Consider C([0,1],R), the class of continuous functions on [0,1]. Let A = C[0, 1] be equipped with the
norm || ¢ ||=|/ ¢ llao + || ¢ |loe- Take the usual multiplication, then A is a Banach algebra with the unit
e = 1. Let my be the Mj-cone metric given as

my(s, 0)(t) = sup <<;Q> e, (5.1)

forall ¢, p € C([O, 1], R). Note that (C([O, 1], R) , mb) is a f-complete Mj-cone metric space over Banach
algebra (C[O7 1], IR).
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Theorem 5.1. Assume that for all ¢, 0 € C([0,1],R)

[ (1, 5,5(0)) + K (15, 0(0) | < 5 Is(0) + (1) (52)

for all ¢,s € [0,1]. Then the integral equation

T
o(t) = /0 K(t,5,5(t))ds (5.3)

where ¢ € [0,1], admits a unique solution in C’([O, 1], ]R).
Proof. Define T': M — M by
1
Ts(t) :/ K(t,s,5(t))ds (5.4)
0

for all ¢,s € [0,1].

We have

Ts(t) + To(t) |
2

/1 (K(t, s, g(t)) + K(t, s, g(t)) > ds

2
2
ds) et

my(Ts, To)(t) = ‘

2

et

K(t,5,5(t)) + K(t, 5, 0(t))
2

PN

Thus, condition (4.1) is satisfied. Therefore, all conditions of Theorem 4.1 are satisfied. Hence T has a
unique fixed point, which means that the Fredholm integral equation (5.3) has a unique solution. This
completes the proof.

Open Problems : Prove analogue of Reich contraction, Ciri¢ contraction and Hardy-Rogers contraction
in Mj-cone metric space over Banach algebra.

Conclusion

Fixed point theory plays an essential role in various fields of sciences and engineering. In the present
article, we introduce the concept of Mp-cone metric space over Banach algebra and investigate fixed
points for using generalized Lipschitz maps. An application of the theorem proved as main result is given
in Section 5. At last some open problems are given for the readers.
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