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Fixed Points of Mappings on Extended Cone b-Metric Space Over Real
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Abstract. In this article, we introduce a new geometrical structure which is the hybrid of cone metric space
over Banach algebra and extended b-metric space. We prove analogues of Banach, Kannan and Reich type
fixed point theorems in our introduced space. We also furnish with various concrete examples to establish
the validity of our results. The obtained results generalize many well-known results in literature, especially

the main results due to Vujakovic et al., Hussain et al., Huang, Radenovic, Xu become special cases of our
results.

1. Introduction

In 2007, Huang and Zhang [2] initiated the concept of cone metric space over a Banach space as the
generalization of metric spaces. They used ordered Banach space E instead of R as the range set of metric
p, ie.they used p : X X X — E. They also discussed Banach type contraction and proved some fixed point
results. After that, many researcher concentrated to investigate such spaces and proved a number of fixed
point theorems. According to imperfect statistics, by using cone metric spaces, more than six hundred
articles have been published [3]. But recently some scholars obtained the equivalent results of usual metric
space (X,d*) and that of cone metric space (X, p). They defined the real valued metric function d* as the
non-linear scalarization function & [4, 5]. However, this circumstances changed when Liu and Xu [6] in
2013 introduced cone metric space by using a real Banach algebra instead of Banach space and defined
generalized Lipschitz mapping. They presented an example which furnish that results of fixed point in
metric spaces are not equivalent to that of results in cone metric spaces over Banach algebras. Later on
in 2016, Huang and Radenovic [7] extended the idea of cone metric space over Banach algebras to cone
b-metric spaces over Banach algebras. They proved Banach and Kannan type theorems for such spaces.

In 1993, Czerwik [8] introduced the notion of a b-metric space by replacing the triangular property of a
metric space with p(p,t) < blp(p,q) + p(q,t)], where b > 1. Later on, in 2017 Kamran et al. [9] further
extended the concept of b-metric space by introducing extended b-metric spaces. They introduce a function
0 : XXX — [1, 00) instead of b in triangular inequality condition. They established a Banach like contraction
and proved some fixed point results in such spaces. This shows that the class of such type of spaces is much
more larger than the class of b-metric spaces and the class of metric spaces. In this context by using the
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generalized triangle inequality, several authors have published a number of papers in different direction
(see e.g [10-14]). In 1971, Reich [15] introduced a new type of contraction which we call Reich contraction.
It generalizes the two eminent contractions (i.e. Banach contraction and Kannan contraction). On the other
hand, Samet et al. in 2012 initiated the idea of a-admissible mapping in metric spaces. Recently in 2015 and
2017, Malhotra et al. [16, 17] used the idea of a-admissibility in cone metric spaces by using Banach algebras
and proved Banach and Kannan type theorems. Later on in 2017, Hussain et al. [18] used the concept of
a-admissible mapping in cone b-metric spaces over Banach algebras and proved the Banach type results
for such spaces.

In this article, we presented the definition of an extended cone b-metric space over Banach algebra and then
proved some fixed point results in such spaces. We also furnish with an example to show the validity of
our obtained results. The last section of this paper consists of some important consequences of our results
and application in the existence of solution of integral equations. Throughout the paper, we used only real
Banach algebras with identity e.

2. Preliminaries

Let A be a real Banach algebra with zero element 8. A cone K in A is a nonempty closed subset of A

such that KAp(-K) =9, K+ K K, K-K €K and uK € K for all u > 0. If the interior of K denoted
by intX is nonempty, then the cone K is called a solid cone . If we define a relation < on A by ¢ < @ iff
@ — ¢ € K, then < is a partial order on A. We write ¢ < c® iff ® — ¢ € K and ¢ # ®@. Define another partial
order < on Aby ¢ < @ iff ® — ¢ € intX. A cone K in A is said to be a normal cone if for all ¢, @ € A with
9 < ¢ < @, there exists a real number M > 0 such that ||¢|| £ M||®@||. The normal constant of K is the least
positive constant M for which the above inequality holds.
Consider a unital Banach algebra A with identity element e. An element ¢ in A is said to be invertible if
there exists @ in A such that c@ = @¢ = e. A complex number u € C is said to be spectral value of @ € A if
@ — pe is non-invertible in A. The set of all spectral values of @ € A denoted by o(®) is called the spectrum
of ®. The number r,(®) (or #(@)) defined by r;(®) = supflul : p € (@)} is called the spectral radius of
® €A

Lemma 2.1. ([1]) Let A be a Banach algebra with identity e. Then the spectral radius r(®) of @ € A satisfies:
r(@) = lim [|@"]|'". 1)
n—00

Furthermore, if r(®) < |yl for some @ € A, then (ue — @) is invertible,

(e8]

PR @ _ -1 1
(ue — @) _g‘#”l and  r[(ue — @) ]S|M|—1’((D)'

Lemma 2.2. [1] Let ‘A be a Banach algebra and @1, @, € A. If @1 and @, commute, then
r@1 + @) <r(@1) +r(@2)  r(@1@2) < r(@1)r(@2).

Definition 2.3. ([19]) Let A be a Banach algebra with solid cone K. A c-sequence is a sequence {@;} in K such that
for every c € Awith ¢ > 9, there exists K € N such that @®; < c for all i > K.

Lemma 2.4. ([7]) Let o, p € K be any two arbitrary vectors and {u,}, {q.} be two c-sequences in a solid cone K of a
Banach algebra A. Then {au, + pgn} is a c-sequence.

Lemma 2.5. ([20]) Let K be a cone in a Banach algebra ‘A (not necessary a normal cone). Then the following
assertions hold:

(u1) If for each c with c > S and 9 < @ < ¢, implies that @ = 3.

(u2) If @ € K is such that r(@) < 1, then ||@/|| = 04as j — oo.



W. Ullah et al. / Filomat 36:3 (2022), 853-868 855

(u3) Let ¢ € intK and @; — S in A as j — oo. Then there exists M € N such that forall j > M, ®; < c.

(14) If © < ok, where @,k € K and r(k) < 1, then @ = 9.

Definition 2.6. [7] For a nonempty set X and a constant b > 1. A mapping dy : X X X — A is called a cone b-metric
over a Banach algebra A if the following axioms hold:

Bi: Vn,é€X, dy(n &) =Sanddy(n &) =iffn=¢;
By: ¥V &eX, dyn &) =dy(&n);
Bs: V1,&CeX, dy(n,C) 2 bldy(n, &) +du(&, O
The pair (X, dp) is called a cone b-metric space over a Banach algebra A (in short CbMS over A).

Remark 2.7. Ifb = 1, then we say that d is a cone metric over a Banach algebra A. So we can say that cone b-metric
is the generalization of a cone metric.

Example 2.8. Consider the Banach algebra A = C([0, 1]) with unit element e(t) = 1 and supremum norm where
multiplication is defined point wise. Let X = Rand K = {f e A: f(h) 2 0,;Vh € [0,1]}. Defined, : XX X — A by

dp(n, &) @) = In—&l'e® Vn,EecX&a>1.
Then dy, is a CbMS over A with b = 2°71 but it is not a cone metric on X.

Definition 2.9. ([7]) Let {@k} be a sequence in X where (X, dp) is a CbMS over A. Then {@y} is said to be:

(i) a convergent sequence which converges to @ € X if for every c € intK (i.e.d < c), there exists a natural number
N such that dy(o, ®) < c for all k > N;

(i1) a Cauchy sequence if for every ¢ € intK (i.e.d < c), there exists a natural number N such that dy(®r, @) < ¢
forallk, i > N.

If every Cauchy sequence in X is convergent in X, then the space (X, d}) is called a complete CbMS over A.

Remark 2.10. [8, 21] 1. If {®,} converges to @ in X, then {dy(®k, @)} and {dy(®k, ®k+i)} are c-sequences for any
ieN.
2. If llokll = 0 as k — oo, then for any c > 9, there exists N € IN such that for all n > N we have @ < c.

Definition 2.11. [9] Let X be a non empty set and s : X X X — [1,00). A function ds : X X X — [0, 00) is called an
extended b-metric if for all n, C, & € X it satisfies:

) di(n,O)=0iffn=0
(i) ds(n, C) = ds(C, m);
(iit) ds(n, £) < s(n, E)lds(n, Q) + ds(C, E)]-
An extended b-metric space is the pair (X,d;) with ds an extended b-metric on X.

Remark 2.12. If V¥, & € X,5(n, &) = b for some b > 1, then the Definition 2.11 coincides with the definition of a
b-metric space.

Theorem 2.13. [9] Let (X, d;) be a complete extended b-metric space with ds continuous. Let F be a self-map on X
which satisfy

ds(Fn,F&) < xds(n, &) foralln, & € X, @)

where x € [0,1) be such that for each ty € X, lim; .o 5(tj41, 1) < % here t; = Fit,, j=1,2,---. Then F has precisely
one fixed point g. Moreover for each y € X, the iterative sequence Fly converges to .
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Now we want to recall the definition of generalized a-admissible, a-regular and generalized Reich type
mapping in the setting of cone b-metric spaces over Banach algebras.

Definition 2.14. [21] Let (X, d}) be a CbMS over A with K an underlying solid cone. Let o : X X X — [0, 00) and
F be a self~map on X. Then:

(i) F is said to be a generalized a-admissible mapping if for n, & € X, a(n, &) = b implies that a(Fn, F&) > b;

(i1) (X, dp) is said to be a-reqular if any sequence {@r} € X with a(®k, ®r+1) = b for all k € IN and @ — @ implies
that a(@y, @) = b.

Definition 2.15. [21] Let A be a Banach algebra with underlying solid cone K, (X,dy) a CbMS over A with
coefficient b, and e : XX X — [0, 00) be a mapping. Then the map F on X is called a generalized Reich type contraction
if there exists @1, @2, @3 € K such that ¥V 1, & € Xwith a(n, &) > b:

(1) 2br(@1) + (b + Dr(@2 + @3) < 2;
(i) d(Fn, F&) < @1d(n, &) + @2d(n, Fn) + @3d(&, FE).

Remark 2.16. We noted in [21] that Vujakovic et al. used the idea of a-admissible mapping o : X X X — A by
alp,q) =b = a(Fp,Fq) = b for b > 1. But this is possible only when we take the Banach algebra with identity
element 1 € R. Otherwise a(x, y) = b does not make sense, because a(x, y) € Aand b € R.

3. Main results

In the following, we introduce a new type of metric space over a real Banach algebra which we call
an extended cone b-metric space over a Banach algebra. By using such spaces we prove some fixed point
theorems for generalized Reich type contraction and generalized Lipschitz mapping.

Definition 3.1. Let A be a real Banach algebra with cone K, X be a non empty set and s : ¥ X X — [1,00) be a
mapping. An extended cone b-metric on X over A is a function ds : X X X — A such that:

(E1)ds(n, &) = Sand ds(n, &) =S iffn=<Eforalln, E € X;

(E2) ds(n, &) = ds(&, ) for all 1, & € X;

(Es) ds(n, ©) = s(n, Olds(n, &) + ds(&, Q)] for all 1, &, C € X.
The pair(X, d;) is then called an extended CbMS over A.

Remark 3.2. It is clear that the class of extended cone b-metric space over a Banach algebra A is larger than the
classes of b-metric spaces and metric spaces over Banach algebras.

The definition of Cauchy sequences, convergent sequences and completeness for extended cone b-metric space over a
Banach algebra are similar to that of cone b-metric spaces over Banach algebras defined in the Definition 2.9.

In general d; is not necessarily a continuous function but in this paper, ds will always mean a continuous function
di : XxX > A

Example 3.3. Let s : X X X — [1, 00) be defined as s(p,q) = 1+ p + q for X = {1,2,3}. Consider the real Banach
algebra A = R? with solid cone K = {(a,b) € R* : a, b > 0}. If we defineds : X x X — A by:

di(1,2) = dy(2,1) = (80, 80);

ds(1,3) = dy(3,1) = (1000, 1000);
d4(3,2) = dy(2,3) = (600, 600);
ds(1,1) = dy(2,2) = dy(3,3) = (0,0) = 9.
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Clearly the first and second conditions of an extended CbMS over A are satisfied. For the third condition we have:
s(1,2)[ds(1,3) + ds(3,2)] — ds(1,2) = 4[(1000, 1000) + (600, 600)] — (80, 80) = (6320, 6320) € K;
s(1,3)[ds(1,2) +ds2,3)] — ds(1, 3) = 5[(80, 80) + (600, 600)] — (1000, 1000) = (2400, 2400) € K;

5(2,3)[ds(2, 1) + ds1,3)] — ds(2,3) = 6[(80, 80) + (1000, 1000)] — (600, 600) = (5880, 5880) € K.

Hence forall n,&,C € X,
ds(n,€) < s(n, Elds(n, ©) +ds(C, E)].

Thus (X,ds) is an extended CbMS over A = R?.

Remark 3.4. Let (X,d;) be an extended CbMS over A withs : ¥ X X — [1,00). If A = Rand K = [0, o), then
(X, ds) is an extended b-metric space.

We now define generalized a-admissible mapping and a-regular space in term of extended cone b-metric
spaces over Banach algebras.

Definition 3.5. Consider (X,ds) an extended CbMS over A with K an underlying solid cone in A. Let F be a
self-map on X and a : X X X — [0, 00). Then:

(i) F is said to be a generalized a-admissible mapping if for n,& € X,a(n, &) = s(n, &) implies that a(Fn,FE) >
s(Fn,F&);

(i1) (X, d,) is said to be a-regular if any sequence (@} € X with a(®k, Or+1) = S(@k, Dk+1) for all k € N and o — @
implies that a(@k, @) > s(®k, @).

We are now in a position to define a generalized Reich type contraction by using the extended cone
b-metric spaces over Banach algebras.

Definition 3.6. Let (X, d;) be an extended CbMS over A with K an underlying solid cone and o : X X X — [0, o0)
be a mapping. Then a self-map F on X is called a generalized Reich type contraction if there exists three vectors
@1, @2, @3 in K such that for all n, & € X with a(n, &) = s(n, &):

(1) 2s(n, E)r(@1) + (s(n, &) + Dr(@2 + @3) < 2 and for each ug € X with uj = Fluy,
1
I

lim s(ujy1,u;) < — where k = (2e — @) '(2o1 + @) for ® = @3 + @3;
kji—oo ”‘K

(i1) ds(Fn, F&) < @1ds(n, &) + @2ds(n, F1)) + @3ds(E, FE).
The main result of our paper is given as follows:

Theorem 3.7. Let (X,d;) be a complete extended CbMS over A with @ : X X X — [0, 00) be a mapping and K
an underlying solid cone. Suppose that the self-map F on X is a generalized Reich type contraction with vectors
v1,02,03 € K such that:

1. F is a generalized a-admissible;
2. there exists an element ug € X such that a(ugy, Fug) > s(ug, Fuy);

3. (X, d;) is reqular or F is continuous.

Then there exists a point g in X which is fixed under the map F.
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Proof. Let ug be a point in X such that a(ug, Fug) > s(ug, Fuo). For ug € X, if we define u; = Fug, up = Fuy =
F(FM()) = TZMOI crr, Upyl = Fun = Fn+1u0’ then

a(uo, ur) = s(uo, ur).
But F is generalized a-admissible, so
a(Fug, Fur) = a(ur, uz) = s(uq, up),
and so by induction we get
a(ty, Uns1) = S(tn, Un+1)-
By using Definition 3.6, we have
ds(n, 1) = ds(Fitn-1, Fitn)
< 01ds(Up-1, Uy) + V2ds(Uy-1, Fiy_1) + v3ds(uy, Fuy), ie.
(e = v3)ds(ttn, Un1) < (01 + V2)ds(Un-1, Un)- (©)

Similarly

ds(Uns1, Uy) = ds(Fuy, Fu,—1)

< Z71ds(unr ”n—l) + Ust(un/Fun) + deS(un—ll F”n—l)l ie.

(e — v2)ds(tps1, un) < (01 + V3)ds (U1, Un). (4)

Adding (3) and (4), we obtain
(26 — vy = v3)ds(Un, Un+1) < (201 + V2 + V3)ds(Un-1, Un)-

If we take v = v, + v3, then we obtain

(2e — v)ds (U1, ) = (201 + V)5 (-1, Un). 5)

Note that

2r(v) < (s(un, tns1) + Dr(v) < 2r(v1) + ((ttn, Uns1) + Dr(v) < 2.
Hence r(v) <1 <2 = r(v) < 2. Thus by using Lemma 2.1, we presume that 2¢ — v is invertible and
2e—0) ' = Lo 5 (e~ < o
Hence (5) becomes

ds(unr un+1) =< de(un—lr un)/ (6)
where x = (2¢ — v)7!(201 + v). The inequality (6) then implies that for all n € N

ds(un/ un+1) =< de(un—lz un)

< szs(un,l, Uy)

< «"ds(uo, u1). (7)
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Now if we take m > n, then by using (7) and Definition 3.1, (iii) we have

ds(tn, ) < (U, Unr1)ds(tn, 1) + S(Un, Unt1)8(Unt1, Uni2)ds(Unr1, Uns2) + -+ +
8(un, Un+1)S(Un+1, Un+2) - - - S(Um—1, Unm)(ds(Um—1, Um))
=< $ (i, )" (140, 11) + S (1, n)S (U1, U)K (100, 17) + -+ +
(U, U )S (1, U )S(Uns2, Uy )-rS (U2, U )5 (U1, Uy ) K™ L5 (110, 147)
< ds(u, ul)[s(ul, Un)S(Uo, Upy) . . S(Uy—1, Uy )S(Uhyy, Uy )K"+

s(u1, Um)s(u2, Un) - . . S(Un, Unm)s(Unt1, Mm)Kn+l +--t

{s(u, un)s(uz, t) . .. S(thn, Un)S(Uns1, Un) « . . S(Um—2, Un)S(Um-1, um)}Kmil]

n n+1 m-1
1 -1
= d,(uo, ul)[K” H s(uj, ty) + K" H S(Uj, ty) + -+ K" s(uj, um)].
j=1 j=1 j=1

Leta, = k" H7:1 s(uj, uy) and S = Y77 ay.
Since by Definition 3.6, [|x|| limy, y—c0 S(t4n+1, m) < 1, so the series S converges absolutely. Because by using
ratio test we have

Il ls(tn+1, Um)
[l

. a
i el

< lim =kl Wm s(uy1,uy) < 1.
n—ooo ||ayl| n—oo 1,m—00

But A is a Banach algebra and the series S is absolutely convergent, so it converges in A. Thus S,,—1 — S, =
[K” H?:l S(j, Up) + -+ + k™71 HT:_ll s(uj, um)] — dasn,m— oo and so is ds(utg, t1)(Sp-1 — Su). By Lemma 2.5,
for every c > 9, there exists a natural number 7y such that for all n > ny, ds(u,, 1) < c. Thus by Definition
2.9 {u,} is a Cauchy sequence in X. But X is complete so there exists p € X such that u, — pasn — co. We
show that g is fixed under the map F.

Suppose that F is continuous. It follows that u,+1 = Fu, — Fp as n — oco. But limit of a sequence is unique,
so we must have Fp = p. Hence g is fixed under the map F in this case.

However, if (X, d;) is a-regular, then by Definition 3.5 we have

a(uy, 0) = s(un, 0), for all n € IN.

dy(o,Fo) < 5(0,Fo)|ds(o, Fitn) + ds(Fuy, Fo)|
< 5(0,F)d(0, Fuy) + 5(0,F0)| 015 1, 0) + vad (14, Fit) + 0350, Fo) |
< s(o,Fo)ds(o, Fuun) + s(0, Fo)vrds(un, 0) + (0, Fo)vads(o, Fo)
+ 5(0, F)S(ttn, 11)02d(1t, 0) + de(0, tns1)]

= s(0,Fo)(e + s(un, Unt1)v2)ds(0, tns1) + s(0, Fo)v3ds(0, Fo)
+5(0, Fo)(v1 + (i, Un+1)02)ds(1tn, 0),

which further implies that

(e = s(o, Fo)vs)ds(o, Fo) < s(o,Fo)(e + s(un, tns1)v2)ds(ns1, 0) + 50, Fo) (01 + S(tt, tns1)02)ds(1tn, 0) (®)



W. Ullah et al. / Filomat 36:3 (2022), 853-868 860

Similarly,

di(o,Fo) = s(o,Fo)|ds(o, Fut,) + dy(Fu, Fo)]
= s(o,Fo)ds(o, Fun) + s(o, Fo)ds(Fo, Fuy)
< 5(0,F)d(0, Fiux) + 5(0,F0)|01c(0, 1) + 02ds(0, F ) + 036ls(ttn, Fity) |
= s(0,Fo)ds(o, Fun) + s(0, Fo)vrds(o, un) + s(0, Fo)v2ds(0, F o)
+ 5(0,F0)5(1tn, 103 (14, 0) + ds(0, 1)
= 5(0,Fo)(e + 5(un, tn+1)03)ds(0, Un+1) + 5(0, F 0)v2dds(0, F 0)
+5(0, Fo)(v1 + s(un, tn+1)03)ds(n, 0),

which further implies that
(e —s(o,Fo)va)ds(0,Fo) = s(o,Fo)e + s(utn, tn1)v3)ds(ttns1, 0) + s(0, Fo) (01 + s(un, Un11)03)ds (14, 0) )
Therefore, by combining (8) and (9), we get

(2e — s(o, Fo)va — s(o,Fo)vs)ds(o, Fo) < s(o,Fo)(2e + (o, Fo)vz + s(o, F0)vs3)ds (141, 0)
+ 5(0,F0)(2u1 + s(g, Fo)va + s(o, Fo)vs)ds(uy, 0), i.e.

(2e = s(0,Fo)v)ds(o, Fo) < s(o,Fo)(2e + (0, Fo)v)ds(ttni1, 0)
+ (0, Fo)(2v1 + s(g, Fo)o)ds(un, 0) (10)
We also note that
r(s(o,Fo)v) = s(o,Fo)r(v) < 2s(o, Fo)r(v1) + (s(o, Fo) + Dr(v) < 2
Thus by Lemma 2.1, 2e — s(g, Fp)v is invertible and so (10) implies that

di(0,Fo) = (2 - s(g,Fo)) " [s(g, Fo)(2e + s(o, Fo)o)ds(ttus, 0)
+s(0,Fo)(201 + (0, F)0)ds(tt, 0)] (11)

By using Remark 2.10 the sequences {ds(u+1,0)} and {ds(u,, 0)} are c-sequences. Hence by Lemma 2.4,
the sequence {T1ds(un+1, 0) + Tads(itn, 0)} is a c-sequence (where 11 = (2¢ — s(g,Fp)v) *s(o, Fo)(2e + s(o, Fo)v)
and 7, = (2¢ —s(o, Fo)v)"'s(g, F0)(2v1 + s(g, F)v)). Therefore, for any c € int(K), there exists 19 € N such that

ds(@: FQ) < Tlds(un+1r Q) + TZdS(un/ Q) <c.

Which further implies by using Lemma 2.5 that d;(0,Fp) = 9. Therefore, Fp = ¢ and this complete the
proof. [

Example 3.8. Let A = CJ}Q[O, 1 and |Ifll = Ifllo + Il lloo- If we define point wise multiplication of functions on A,
then A becomes a real Banach algebra with identity e(t) = 1. If we take K = {f € A : f(t) =0, t € [0,1]}, then K
is a non-normal cone (see [3]). Let X = [0, 00) and s : X X X — [1, 00) be defined as

2 elsewhere.

+g+2 ifp,ge [0,1];
S(x,y)z{r? q+2 ifp.q€ [0,1]

Defined; : X x X — Aby
ds(p, q)(t) = (p — 9)°¢".

Then d; is an extended CbMS over ‘A. Also note that X is complete with respect to d;. Define two maps a : X X X —
[0,00) and F : X — X by:
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s(p,q) ifp,q€ [0,1];

alx y) = 0 elsewhere.

NG .
_]=r ifrel01]
F(p) {p—l o> 1

Note that for every p € [0,1], Fp € [0,1]. By choosing vi(t) = % + 3t, 02(t) = & + 15t and v3(t) = 3 + 5t we
obtain that r(vy) = %, r(v) = r(vy + v3) = %. Simple calculations show that 2(2 + 2)r(v1) + 2+ 2 + Dr(v) = % <2
and so F is a generalized Reich type contraction as;

25(x, Y)r(v1) + (5(r, y) + Dr(0) < 22 +2r(01) + 2+ 2+ Dr(v) = % <2

Also for each ug € X, the limit limy, 0 $(tn+1, thn) = 2 and |[x|| = [|(2e — v)7}(2v1 + 0)|| < (%)(%) =2<1=
m Similarly by easily calculation one can show that

ds(Fp,Fq) < v1ds(p, q) + v2ds(p, Fp) + v3ds(q, Fq).

Next we show that there is a point ug in X such that a(uo, Fug) > s(ug, Fup). Indeed, for ug = 1, we have

a(l,F1) = a(1, g) >s(1, g) =s(1,F1).

Next we show that F is a generalized a-admissible mapping. In fact, if p,q € X are such that a(p,q) > s(p, ), then by
definition of a, the points p, q is in [0, 1]. Therefore, Fp,Fq € [0,1] and so

a(fFp,Fq) = s(Fp,Fq).

Finally we show that (X, d;) is a-reqular. If we assume a sequence {p,} in X such that a(p,, pu+1) = S(Pn, Pn+1) for
alln € Nand p, - q € X (asn — o), then {p,} € [0,1]. But [0,1] is closed, so g € [0,1]. This implies that
a(pu,q) = s(pn, q) for all n € IN. Hence all the conditions of Theorem 3.7 are satisfied, so there is a point ¢ = 0 (say)
which is fixed under the map F.

Theorem 3.9. Let K be a solid cone in a Banach algebra A. Let (X,d;) be a complete extended CbMS over A with
a: XXX — [0,00) amapping. Suppose that the self-map F on X is a generalized Reich type contraction with vectors
v1, U2, v3 in K such that vy commutes with v, + v3 and:

1. F is a generalized a-admissible;

2. there exists ug € X such that a(ug, Fug) > s(ug, Fug);

3. F is continuous or (X, ds) is regular;

4. for any two fixed points @, C of F, there exists z in X such that a(®,z) > s(®, z) and a(C, z) > s(C, z).
Then there exists a unique point ¢ in X which is fixed under the map F.

Proof. Using Theorem 3.7 and the first three given condition we can say that there exists a point ¢ € X which
is fixed under the map F. We show that this point is unique and for this let C € Fix(F) such that ¢ # C. Then
by using condition 4, there exists z € X with

a(p,z) 2s(o,z) and «a(C,z) = s(C,z) (12)
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Since F is a generalized a-admissible mapping and g, C € Fix(F) so by (12) we get
a(o,Fiz) > s(0,F'z) and a(C,F'z) > s((,F'z), forallieN. (13)

By using Definition 3.6 and (13) we obtain

dy(0,F'z) = dy(Fo, F(F'z))
< 01dy(0,F'2) + v2ds(0,Fo) + v3ds(F 72, F'z)
< 01dy(0,F12) + 03s(F 2, Fi2)[dy(F ™'z, 0) + d(0,F'2)]

which further implies that

(e — s(F 1z, F'2)v3)dy(0, F'z) < (v1 + s(F™ 'z, Fiz))v3)ds(0, F'2). (14)
Similarly,

ds(F'z, 0) = ds(F(F~'2), Fo)

= Z)1dS(Fi_1Z/ 0+ vzds(Fi_lz), FiZ)) + v3ds(o, Fo)
< 01ds(F'z, 0) + v25(F 'z, F'z)[ds(F 'z, 0) + ds(0, F'z)]

which further implies that
(e — s(F'2, Fiz)o)dy(F'z, 0) < (v1 + s(F 'z, Fiz))v2)d, (F 2, 0). (15)
Adding (14) and (15) we have
(2e — s(F~ 'z, Fiz)v, — s(F 'z, F'z)v3)ds(0, F'z) < 2u1 + s(F' 'z, Fiz)v, + s(F~'z, F'z)vs)ds(0, F'2)

(2e — s(F"'z, Fz)v)ds(0, F'z) < (201 + s(F'z, F'z)v)ds(0, F '2).

Note that 2r(s(F"™'z, F'2)0) < (s(un, tns1) + Dr(s(F ™2, F12)0) < 2r(v1) + (s(ttn, ttns1) + Dr(s(F~'z, Fiz)v) < 2.
Which implies that r(s(F"~'z, Fz)v) <1< 2. Thusby Lemma 2.1, we can say that 2e— s(F-1z, Fiz)vis invertible
and (2 — s(F 'z, Fizyo) ™ = Ty, (320,

n=|
r((2e — s(F~'z,Fiz)v)™) < Thus we have

1
2—r(s(F-1z,Fiz)v)
dy(0,F'z) < 2e — s(F 71z, Fiz)v) 120y + s(F' 'z, F'z)v)ds(0, F'2) , i.e.

dy(0,F'z) < tdy(0, F~'z) (16)
where T = (2¢ — s(F~'z, Fiz)v) ' (201 + s(F"~'z, F'z)v). Therefore, we have

ds(0,F'z) < tdy(0, F~'z)
< 12dy(0, F%2)

< 1'dy(p,z) forallieN.
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Since v; commutes with v, + v3 = v, so

— (s(F'z,Fiz)o)"

(e — s(F~'z, Fiz)o) ' (201 + s(F"™'z, Fiz)v) = (Z )@o1 +5(F='z, Fiz)o)

— 2n+1
(s(F"~'z, Fiz)o)" i N (8(F71z, Fiz)o)"
Z‘ 2n+1 ) + S FZ Z F Z)?) ZO 2n+1 )

= 2v1 + s(F7 'z, Fiz)v)(2e — s(F~'z, Fiz)v) ™.

Which shows that (2¢ — s(F"'z, Fiz)v) ™! commutes with (201 + s(F""'z, Fiz)v). Hence by applying Lemma 2.1
and Lemma 2.2 we obtain that;
1(7) = 1(2e — s(F 'z, F'z)0) 1201 + s(F'" 'z, F'z)v))
< 1((2e = s(F™'z, F'2)0)™Y) - (201 + s(F'z, F'z)v))
1
2 — r(s(Fi-1z,Fiz)v)
1

< —_—
S(un/ un+1)

@r(v) + r(s(F 'z, Fiz)v))
<1

By Lemma 2.5 it follows that I<]] = 0 as i — oo and so
IKds(e, DIl < Illlds(e, 2l = 0 (i — oo).
By Remark 2.10 we conclude that for any ¢ € A with c > 9, there exists a natural number M such that
dy(o,Fiz) < T'dy(0,z) <c Vi=M.

Thus by Lemma 2.5 F’z — g asi — oo. Similarly we obtain that F’z — C as i — co. Now by uniqueness of
limit, we conclude that ¢ = C.
|

Theorem 3.10. Let (X, d;) be a complete extended CbMS over A with K an associated cone in A. Let F be a self-map
on X such that forallp,q € X;

ds(Fp,Fq) < xds(p,q) (17)

where xk € K be such that r(i) < 1 and for each ug € X, limy, 00 S(Un41, Um) < Then there exists a unique

1
. o —_
point o € X which is fixed under the map F. Furthermore for each uy € X, the iterative sequence u, = F(u,-1) = F'uy
converges to o.

Proof. 1f we take v1 = x, v, = v3 = 9 and a(p, q) = s(p, 9), then all the conditions of Theorem 3.7 are satisfied,
i.e. F satisfies the condition of Definition 3.6, F is generalized a-admissible, (¥, d;) is regular and for every
ug € X a(uo, Fug) > s(up, Fug). Hence there exists g in X which is fixed under the map F. Now it remains only
to show that this fixed point is unique. For this, let there is C in X such that FC = C. Then we have;

ds(0,C) = ds(Fo, FC) < xds(o, C)

But r(x) < 1, so by Lemma 2.1, e — « is invertible. Thus by Lemma 2.5 ds(g, C) = 9
U

Theorem 3.11. Let (X,d;) be a complete extended COMS over A and K be the associated cone in A. Let F be a
self-map on X satisfies the generalized Lipschitz condition, i.e. for allp,q € X;

ds(Fp,Fq) < x[ds(Fp,p) + ds(Fq,9)] (18)

where k € K be such that r(x) < and for each uy € X, limy, o S(Uys1, Um) < — with T = (e — k) "'k

v
s(p,q) +1

Then there exists a unique point o € X which is fixed under the map F.
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Proof. 1f we take v1 = 9, v, = v3 = x and a(p, q) = s(p, q), then all the condition of Theorem 3.7 are satisfied.
Hence there exists ¢ in X which is fixed under the map F. Finally we show that g is a unique point which is
fixed under the map F. For this if C is another fixed point of F, then

ds(o, Q) = ds(Fo,FC) < x[ds(o,Fo) +ds(C,FC) = 3.
Therefore, p=C. O

Following is the result of generalized Lipschitz mappings on CbMS over Banach algebras [7] which can
be directly proved by using our results, Theorem 3.10 and Theorem 3.11 when we define s(, &) = b for
some b > 1.

Theorem 3.12. [7] Let (X, d) be a complete CbMS over ‘A with coefficient b > 1 and K be the associated solid cone
(not necessary normal) in A. Suppose that F is a self-map on X such that for all p, g € X one of the following
conditions hold:

(i) d(Fp,Fq) < xd(p, q) where k € K be such that r(x) < %

(ii) d(Fp, Fq) < x(d(Fp,p) + d(Fq, q)) where k € K be such that (k) < %

Then there exists a unique point ¢ € X which is fixed under the mapF.

Corollary 3.13. Let K be the associated cone in a Banach algebra A and (X, ds) be a complete cone metric space over
A. Let F be a self-map on X such that for all p,q € X;

ds(Fp,Fq) < xds(p,q) (19)

where k € K be such that ¥(x) < 1. Then for every uy € X, the iterative sequence u,, = F(u,—1) = F"uo converges to a
unique fixed point of F.

Proof. Take b = 1 in Theorem 3.12, we get the required result. [J

Remark 3.14. 1. If we take s(x, y) = b for some b > 1 in Theorem 3.10 and in Theorem 3.11, we get the main results
of [7] for cone b-metric spaces over Banach algebras.

2. By using Remark 3.4, we obtain Theorem 2.13 as a corollary of our Theorem 3.10.

3. If we take s(x,y) = b for some b > 1 in Theorem 3.7 and in Theorem 3.9, we get the main results of [21] for cone
b-metric spaces over Banach algebra.

4. Consequences

In this section, we have listed some important consequences of our results which generalizes the results
of Hussain ef al. [18], Xu and Radenovic [20], Malhotra et al. [16], Malhotra et al. [17] and the results of Liu
and Xu [6].

Definition 4.1. Let X be a non-empty set and a : X X X — [0, 00) be a function. A mapping F : X — X is said to be
an a-admissible mapping if a(n, &) > 1 = a(Fn,F&) > 1.

Definition 4.2. Let (X,d;) be a complete extended CbMS over A and K be the underlying solid cone in A. A
self-map F on X is said to be generalized a-Lipschitz contraction if for all n,& € X with a(n, &) > 1 satisfies the
following:

ds(Fn,F&) < xds(n, &),

1
1 .
D and for each @y € X, limy, o0 S(@p+1, Om) < m

where k € K is such that r(x) <
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The following theorem becomes special case of Theorem 3.7 if we define a : X X ¥ — [0, 0) by a(n, &) =
s(n,&) = 1foralln, & € X and take x = @1, @2 = @3 = J.

Theorem 4.3. Let (X,d;) be a complete extended CbMS over A and K be the associated solid cone. Let F: X — X
satisfies the generalized a-Lipschitz contraction with Lipschitz constant x such that:

1. F is a-admissible;
2. there exists g € X such that a(@g, Faog) = 1;

3. F is continuous or if a sequence {@,} € X with a(@,, @n+1) = 1 for all n € N and @, — @ implies that for every
neN, a(®,, @) > 1.

Then there is a point g in X which is fixed under the map F.
For uniqueness of this point, we use the following extra condition:
Yo, C € Fix(F), there exists n € X such that a(g,n) > 1 and a(C, 1) > 1. (20)
Theorem 4.4. If we add the condition (20) in the assumption of Theorem 4.3, then the fixed point is unique.
Proof. The assertion follows simply by using Theorem 4.3 and Theorem 3.9. [

Remark 4.5. 1. If we take s(1, &) = b for some b > 1, then we obtain the main results due to Hussain et al. [18,
Theorems 3.1 and 3.2].

2. Results due to in Malhotra et al. [16, Theorems 3.1, 3.2 and 3.5] become special cases of Theorems 4.3 and 4.4 for
sn,8) =1, @1 =1land @, = @3 = 9.

3. Results due to Malhotra et al. [17, Theorems 3.1, 3.2 and 3.3] become special cases of Theorems 4.3 and 4.4 for
s(n,&) =1, @1 =9 and @ = @3.

If the given extended CbMS over A is a partially ordered, then we can use the following theorem.

Theorem 4.6. Lets: X X X — [1, ) be a map for a partially ordered set (X,®). Let (X,d;) be a complete extended
CbMS over ‘A with underlying solid cone K. Assume a self-map F on X which is non-decreasing with respect to >
and satisfies the following conditions:

(1) there exists vectors @1, @2, @3 € K such that 2s(n, E)r(@1)+(5(n, &)+ Dr(@2+@3) < 2,ds(Fn, FE) < @1ds(n, &)+
@2ds(1, F1) + @3ds(E, FE) for all n, & € X with n > & and for each uy € X with u, = F"uy,
m s(uye1, Xm) < 1 where k¥ = 2 — ®) 120, + o) for ® = @ + @3;

1,1—00 ”K”

(2) A @g € X such that @y > Fog;

(3) F is continuous or if {@,} is a non-decreasing sequence in X with respect to > such that @, — @ € Xas (n — ),
then @, > @ for all n € N.

Then there exists a point g in X which is fixed under the map F.

Proof. Define a function o : X X X — [0, o) by

s, &) ifne &
a(n, &) = {0 elsewhere.

By condition (1), The mapping F is a generalized Reich type contraction. Since F is non-decreasing mapping,
so F is a generalized a-admissible mapping. Definition of a and condition (2) implies that there exists @ € X
such that a(@o, F@g) = s(@o, Fdp). By condition (3) we can see that either F is continuous or (¥, d;) is regular.
It follows that all the necessary conditions of Theorem 3.7 are satisfied, so we conclude that there exists a
point in X which is fixed under the map F. O
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Corollary 4.7. Let (X,®) be a partially ordered set and s : X X X — [1,00). Let (X,d;) be a complete extended
CbMS over A with underlying solid cone K. Let F be a self~-map on X which is non-decreasing with respect to > and
the following assumptions hold:

(1) there exists vectors k € K such that r(x) < ﬁ, ds(Fn, F&) < xds(n, &) for all n, & € X with n> & and for each
ug € X with u,, = Fuy,

. 1
Lm s(upe1, Xpm) < —;
1,m— 00 ||1<||

(2) there exists @g € X such that @y > Fay;

(3) F is continuous or if {@,} is a non-decreasing sequence in X with respect to > such that @, — @ € Xas (n — ),
then @, > @ for all n € IN.

Then there exists a unique point g in X which is fixed under the map F.

Proof. The assertion follows directly if we take @; = x and @, = @3 = 9 in Theorem 4.6.
|

Remark 4.8. 1. Theorem 4.6 reduces the main result due to Vujakovic [21, Theorem 3.6] for s(p,q) = band b > 1.
2. Corollary 4.7 reduces to the main results due to Hussain et al. [18, Theorems 4.2 and 4.3 ] for s(p,q) = band b > 1.
3. Corollary 4.7 reduces to the results due to Nieto and Rodreguez-Lopez [22, Theorems 2.1 and 2.2] for s(p,q) = 1
and A =R,

5. Applications

Following is given a lemma which is proved for cone b-metric spaces in [23] and the proof for extended
cone b-metric spaces over Banach algebras are same.

Lemma 5.1. Let \V be a Lebesgue measurable function defined on [0, 1] with k > 1. Then we have

1 k 1
f W(s)ds| < f W (s)[kds.
0 0

Example 5.2. Let A = X = CL[0, 1] be the space of all real valued differentiable functions with continuous derivative
defined on [0,1]. If we take K = {h € A : h(@) =0 : Va € [0,1]}, then K is a cone in A. Define a map
ds : XXX > Aby:

ds(n, E)(t) = I = Elltee’.
Then d; is an extended cone b-metric over Awiths : XxX — [1, 00) defined as s(n, £)(t) = max |n(t)|+max [E(F)|+27.

Consider the following nonlinear integral equation

1
£ = fo E(, f()ds, 1)

where F satisfies the following;:
(@) F:[0,1] X R — R is continuous;

(b) there exists a constant M € [0, %) such that for each f; € X we have that: MF < m and for all
te[0,1]and n,& € R, |[F(t, ) — F(t, &)l < Ml —&].

Theorem 5.3. The equation (21) has a unique solution in X = Cf,.
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Proof. To show that (21) has a unique solution, define F : ¥ — X by

1
F(H®) = fo F(t, f(s))ds.

By using Lemma 5.1 we have

If we take k = MPe, then r(x) < ||MPe|| = MP <

ds(F(), F(g)(t) = e1IF(f) = F()II%
= max F()(x) = F(@) (0

p
= ¢ max
0<x<1

1 1
f F(x, f(s))ds — f F(x, g(s))ds
0 0

p

= ¢! max
0<x<1

1
fo (FCx, £(5)) — F(x, () ds

1
< ¢ max fo |F(x, £(5)) = F(x, g(s))[ ds

0<x<1

1
< fo M|f(s) - g@)|yds

1
=M’ f |f) = g(s)] ds
0
<M max |f(s) - g(s)| ds
= MPd,(f, g).

m. So all the conditions of Theorem 3.10 and

thus there is a unique point in X which is fixed under the map F. Equivalently, 21 has a unique solution in

X=Cp. O
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