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Abstract

In this paper, we introduce the concept of generalized quasi-contractions in the setting of cone b-
metric spaces over Banach algebras. By omitting the assumption of normality we establish common
fixed point theorems for the generalized quasi-contractions with the spectral radius r(\) of the quasi-
contractive constant vector A satisfying r(\) € [0, %) in the setting of cone b-metric spaces over
Banach algebras, where the coefficient s satisfies s > 1. As consequences, we obtain common fixed
point theorems for the generalized g-quasi-contractions in the setting of such spaces. The main results
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apply our main results to some nonlinear equations, which shows that these results are more general
than corresponding ones in the setting of b-metric or metric spaces.
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1. Introduction

Huang and Zhang [1] introduced the concept of cone metric space, proved the properties of sequences
on cone metric spaces and obtained various fixed point theorems for contractive mappings. The
existence of a common fixed point on cone metric space was considered in [2, B]. Also, Ili¢ and
Rakocevi¢ [§] introduced quasi-contraction on cone metric space when the underlying cone is normal.
Later on, Kadelburg et al. [5] obtained a fixed point result without the normality of the underlying
cone, but only in the case of a quasi-contractive constant A € [0,1/2) (see [5, Theorem 2.2]). However,
Gaji¢ and Rakocevié [4] proved that result is true for A € [0, 1) on cone metric spaces which answered
the open question whether the result is true for A € [0,1). Recently, Hussain and Shah [9] introduced
cone b-metric spaces, as a generalization of b-metric spaces and cone metric spaces, and established
some important topological properties in such spaces. Following Hussain and Shah, Huang and Xu
[8] obtained some interesting fixed point results for contractive mappings in cone b-metric spaces.
Inspired by [4], Shi and Xu [20] presented a similar common fixed point result in the case of the
contractive constant A € [0,1/s) in cone b-metric spaces without the assumption of normality (see
[20]. Similar results can be seen in [21].

Let (X, d) be a complete metric space. Recall that a mapping T : X — X is called a quasi-
contraction if, for some k € [0, 1) and for all z, y € X, one has

d(Tx, Ty) < kmax{d(z, y), d(z, Tz), d(y, Ty), d(x, Ty), d(y, Tx)}.

Ciri¢ [12] introduced and studied quasi-contractions as one of the most general classes of contractive-
type mappings. He proved the well-known theorem that any quasi-contraction 7" has a unique fixed
point. Recently, scholars obtained various similar results on cone metric spaces. See, for instance,
4, 5, 6]

Recently, some authors investigated the problem of whether cone metric spaces are equivalent
to metric spaces in terms of the existence of the fixed points of the mappings involved. They used
to establish the equivalence between some fixed point results in metric and in (topological vector
spaces valued) cone metric spaces (see [10} [16, 22]. Very recently, Liu and Xu [13] introduced the
concept of cone metric spaces with Banach algebras, replacing Banach spaces by Banach algebras
as the underlying spaces of cone metric spaces. Although they proved some fixed point theorems of
quasi-contractions, the proof relied strongly on the assumption that the underlying cone is normal.
We may state that it is significant to introduce the concept of cone metric spaces with Banach
algebras (which we call in this paper cone metric spaces over Banach algebras). This is because
there are examples to show that one is unable to conclude that the cone metric space (X, d) with a
Banach algebra A discussed is equivalent to the metric space (X, d*), where the metric d* is defined
by d* =&, o d, here the nonlinear scalarization function &, : A — R (e € intP) is defined by

C(y) =inf{r e R:y € re — P}.

See [10} 13}, 16, 7] for more details.

In the present paper we introduce the concept of generalized quasi-contractions (g-quasi-contractions)
in cone b-metric spaces over Banach algebras and obtain fixed point theorems (as a result, common
fixed point theorems) for a self-mapping (two weakly compatible self-mappings) satisfying the quasi-
contractive (g-quasi-contractive) condition in the case of the quasi-contractive (g-quasi-contractive)
constant vector with r(A) € [0,1/s) in cone b-metric spaces without the assumption of normality,
where the coefficient s satisfies s > 1. As consequences, our main results not only extend the
fixed point theorem of quasi-contractions in cone b-metric spaces to the case in cone b-metric spaces
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over Banach algebras, but also yield new corresponding results concerning the generalized quasi-
contractions in cone metric spaces over Banach algebras. Our main results generalize and extend the
relevant results in the literature (see, for example, [14, [15] 24]).

2. Preliminaries

Let A always be a real Banach algebra. That is, A is a real Banach space in which an operation of
multiplication is defined, subject to the following properties (for all x, y, z € A, « € R):

L (zy)z = x(yz);

2. x(y+2)=wxy+axzand (x +y)z = 2z + yz;
3. a(zy) = (az)y = z(ay);

4. Nyl <zl yll-

Throughout this paper, we shall assume that a Banach algebra A has a unit (i.e., a multiplicative
identity) e such that ex = ze = x for all € A. An element x € A is said to be invertible if there
is an inverse element y € A such that zy = yz = e. The inverse of x is denoted by z~!. For more
details, we refer to [11].

The following proposition is well known (see [11]).

Proposition 2.1. Let A be a Banach algebra with a unit e, and = € A. If the spectral radius r(x)
of x is less than 1, i.e., ) )
r(z) = lim ||z"||» = inf ||2"||» < 1,
n—00 n>1

then e — z is invertible. Actually,

(e—z) ! = Z z',

Now let us recall the concepts of cone and semi-order for a Banach algebra A. A subset P of A
is called a cone if

1. P is non-empty closed and {6, e} C P;

2. aP + P C P for all non-negative real numbers «, [;
3. P2?= PP C P;

4. PN (=P) =6},

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 x < y if and only if y — x € P. x < y will stand for x < y and
x # vy, while x < y will stand for y — = € int P, where int P denotes the interior of P.

The cone P is called normal if there is a number M > 0 such that for all z, y € A,

02z =2y= |z <Myl

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

In the following we always assume that P is a cone in Banach algebra A with intP # () and < is
the partial ordering with respect to P.

Now, let us recall the basic concepts concerning cone metric spaces over Banach algebras, as is
indicated in the following two definitions.
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Definition 2.2. (See [1], [13] and [I4]) Let X be a non-empty set. Suppose the mapping d :
X x X — A satisfies

1. 0 =X d(x, y) for all z, y € X and d(z, y) = 0 if and only if z = y;
2. d(z, y) =d(y, z) for all z, y € X
3. d(z, y) X d(x, z) + d(z, x) for all z, y, z € X.

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

A.

Definition 2.3. (See [1], [I3] and [14]) Let (X, d) be a cone metric space over a Banach algebra
A, x € X and {z,,} a sequence in X. Then

1. {z,} converges to x whenever for each ¢ € A with § < c there is a natural number N such
that d(x,, r) < c for all n > N. We denote this by lim,, ., z, = x or z,, — x.

2. {z,} is a Cauchy sequence whenever for each ¢ € A with § < ¢ there is a natural number N
such that d(z,, z,,) < ¢ for all n, m > N.

3. (X, d) is a complete cone metric space if every Cauchy sequence is convergent.

Now, we shall appeal to the following lemmas in the sequel.

Lemma 2.4. If F is a real Banach space with a cone P and if a < Aa with a € P and 0 < X\ < 1,
then a = 6.

Lemma 2.5. [I5] If E is a real Banach space with a solid cone P and if § < u < ¢ for each 0 < c,
then u = 0.

Lemma 2.6. [I5] If £ is a real Banach space with a solid cone P and if ||z,| — 0(n — o0), then
for any 0 < ¢, there exists V € N such that for any n > N, we have z, < e.

Finally, let us recall the concept of generalized quasi-contraction defining on the cone metric
spaces over Banach algebras, which is introduced in [14]. Note that it is called quasi-contraction in
[14].

Definition 2.7. [14] Let (X, d) be a cone metric space over a Banach algebra A. A mapping
T : X — X is called a generalized quasi-contraction if for some k € P with r(k) < 1 and for all

x,y € X, one has
d(Tx, Ty) < ku,

where
u € {d(z, y), d(z, Tz), d(y, Ty), d(z, Ty), d(y, Tx)}.

Remark 2.8. If r(k) < 1, then ||[k™] — 0 (m — o0).

Similarly, the basic concepts concerning cone b-metric spaces over Banach algebras are necessary,
as is indicated in the following definitions.
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Definition 2.9. [9] Let X be a nonempty set and s > 1 a given real number. A mapping d :
X x X — A is said to be a cone b-metric if and only if for all z,y, 2 € X the following conditions
are satisfied:

(i) @ < d(x,y) with z # y and d(x,y) = 0 if and only if z = y;

(if) d(z, y) = d(y, x);

(iil) d(x,y) = s[d(x, z) + d(z,y)].

The pair (X, d) is called a cone b-metric space over a Banach algebra A.

Example 2.10. Denote by L,(0 < p < 1) the set of all real measurable functions x(t)(¢ € [0, 1]) such
that [ [2(t)|Pdt < co. Let X = L,, E=R% P={(z,9) € E |2,y >0} CR?and d: X x X - E

such that X A ) s
i) = (of [e)=vorary o] [ a0 - soparf"),

where a, § > 0 are constants. Then (X, d) is a cone b-metric space over a Banach algebra with the

coefficient s = 2" (see the subsequent Example 3.2 for details).

Example 2.11. Let X =R, £ = C3[0,1] and P = {f € E: f > 0}. Define d : X x X — E by
d(z,y) = |z — y|*®p(t) where ¢ : [0,1] — R is a function such that ¢(t) = e’. It is easy to see that
(X,d) is a cone b-metric space over a Banach algebra with the coefficient s = 2% but it is not a
cone metric space.

Definition 2.12. [9] Let (X, d) be a cone b-metric space over a Banach algebra A, z € X and {z,}
be a sequence in X. We say

(i) {x,} converges to x whenever for every ¢ € E with § < ¢ there is a natural number N such
that d(x,,z) < c for all n > N. We denote this by lim z,, =z or z,, — x(n — 00).

n—oQ
(ii) {x,} is a Cauchy sequence whenever for every ¢ € E with § < ¢ there is a natural number

N such that d(z,,z,) < c for all n,m > N.
(iii) (X, d) is a complete cone b-metric space over a Banach algebra A if every Cauchy sequence
is convergent.

Lemma 2.13. [9] Let < be the partial ordering with respect to P, where P is the given cone P
of the Banach algebra A. The following properties are often used while dealing with cone b-metric
spaces where the underlying cone is not necessarily normal.

(1) If u < v and v < w, then u < w.
(2) If # < u < ¢ for each ¢ € intP, then u = 6.
(3) If @ < b+ ¢ for each ¢ € intP, then a < b.
(4) If ¢ € intP and a,, — 6, then there exists ng € N such that a,, < ¢ for all n > ny.
(5) Let (X, d) be a cone b-metric space over a Banach algebra A, x € X and {z,} be a sequence
in X. If d(z,,,z) < b, and b,, — 0, then z,, — x.

Lemma 2.14. The limit of a convergent sequence in cone b-metric space is unique.

Now let us introduce the concepts of generalized quasi-contraction and generalized g¢-quasi-
contraction defined on a cone b-metric space over a Banach algebra, which is necessary in the
subsequent discussions.
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Definition 2.15. Let (X, d) be a cone b-metric space with the coefficient s > 1 over a Banach
algebra A. A mapping f : X — X is called a generalized quasi-contraction on X, if for some A € P
with r(\) € [0,1/s) and for all z, y € X, one has

d(fz, fy) 2 M,

where

we C(r,y) = {d(z,y),d(z, fr),d(y, fy),d(z, fy),d(y, fx)}. (2.1)

Definition 2.16. Let (X, d) be a cone b-metric space with the coefficient s > 1 over a Banach
algebra A. A mapping f : X — X is called a generalized g-quasi-contraction on X where g : X — X,
f(X) C g(X), if for some A € P with r(\) € [0,1/s) and for all z, y € X, one has

d(fz, fy) 2 M,

where

u e Clg;z,y) = {d(gz, gy),d(gx, fx),d(gy, fy), d(gz, fy),d(gy, fz)}. (2.2)

The concept of c-sequence in a solid cone in a Banach space is crucial to the arguments when one
copes with the case without the assumption of normality.

Definition 2.17. (See [I8] and [19]) Let P be a solid cone in a Banach space A. A sequence
{u,} C P is a e-sequence if for each ¢ > 6 there exists ng € N such that u,, < ¢ for n > ny.

It is easy to show the following propositions.

Proposition 2.18. [I8] Let P be a solid cone in a Banach space A and let {u,} and {v,} be
sequences in P. If {u,} and {v,} are c-sequences and «, > 0, then {au, + fv,} is a c-sequence.

In addition to Proposition above, the following propositions are crucial to the proof of our
main result.

Proposition 2.19. [I8] Let P be a solid cone in a Banach algebra A and let {u,} be a sequence in
P. Then the following conditions are equivalent.

(1) {u,} is a c-sequence.

(2) For each ¢ > 0 there exists ng € N such that u, < ¢ for n > ny.

(3) For each ¢ > 0 there exists n; € N such that wu,, < ¢ for n > n;.

Proposition 2.20. [23] Let P be a solid cone in a Banach algebra A and let {u,} be a sequence in
P. Suppose that k € P is an arbitrarily given vector and {u,} is a c-sequence in P. Then {ku,} is a
c-sequence.

Proposition 2.21. [23] Let A be a Banach algebra with a unit e, P be a cone in A and < be the
semi-order be yielded by the cone P. Let A € P. If the spectral radius r(A) of A is less than 1, then
the following assertions hold true.

(i) If A = 6, then we have (e — A\)~! = 6. In addition, we have 6 < (e — A\) A" < (e — \) 71\ for
any integer n > 1.
(ii) For any u > 6, we have u A Au. Moreover, we have u A \"u for any integer n > 1.
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Proposition 2.22. [23] Let (X, d) be a complete cone metric space with a Banach algebra A and
let P be the underlying solid cone in Banach algebra A. Let {x,} be a sequence in X. If {z,}
converges to x € X, then we have

(i) {d(zn,x)} is a c-sequence;

(ii) for any p € N, {d(zp, zn4p)} is a c-sequence.

3. Main results

In this section, we give some fixed point theorems for a self-mapping satisfying the quasi-contractive
(g-quasi-contractive) condition in the case of the quasi-contractive (g-quasi-contractive) constant
vector with () € [0,1/s) in cone b-metric spaces without the assumption of normality, where the
coefficient s satisfies s > 1. Consequently, common fixed point results for two weakly compatible
self-mappings concerning generalized g-quasi-contraction in the setting of such spaces are obtained
as its corollaries.

Theorem 3.1. Let (X, d) be a cone b-metric space over a Banach algebra A with the coefficient s > 1
and the underlying solid cone P. Let the mapping f : X — X be the generalized quasi-contraction
with the quasi-contractive constant vector satisfying r(A) € [0,1/s). If f(X) is a complete subspace
of X, then f has a unique common fized point in X.

We begin the proof of Theorem with a useful lemma. For each zy € X, set 1 = fzy and
Tpi1 = fx,. We will prove that {z,} is a Cauchy sequence. First, we shall show the following
lemmas. Note that for these lemmas, we suppose that all the conditions in Theorem are satisfied.

Lemma 3.2. For any N >2 and 1 < m < N — 1, one has that
d(xy, Tm) = sA(e — s\) " td(xy, x0). (3.1)

Proof . We now prove Lemma by induction. When N = 2,m = 1, since f : X — X is a
quasi-contraction, there exists

uy € C(1,20) = {d(z1,20), d(21, 22), d(x0, 1), d(21, 21), d(20, 2) }

such that
d([[’g,.ﬁlﬁl) j )\Ul.

Hence, u; = d(z1,x0) or u; = d(z9,22). (Note that it is obvious that u; # d(x1, x9) since d(z2,x1) £
Ad(z1, x9) and uy # d(xy, z1) since d(z1,x9) # 0.)
When u; = d(x1,x¢), then we have

d([L’Q,ZL’l) '_< Ad([E(),ZL’l)
= sAd(z9, 71) =< sA(e — sA\) " td(xy, x0).

When uy = d(x2,z0), then we have

d(xg, x1) = Ad(xa, ) = sA[d(x2,x1) + d(x1, x0)].
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So we get
(e — sN\)d(xg,z1) = sAd(xq,x0),

which implies that
d(xy,71) = sA(e — s\)"rd(xy, x0).

Hence, (3.1)) holds for N =2 and m = 1.
Suppose that for some N > 2 and for any 2 < p < N and 1 < n < p, one has

d(zy, 2,) = sA(e — sA\) ' (w1, T0).

That is,

3
8
S
8
=
N~—
A
V2

Ae — s)\)’ld(a:l, Zo),
Ae — s/\)_ld(:zzl, xo),

2
8
N
8
[}
~—
IA
V2

d(zy, 1,-1) = sA(e — sA\) " 'd(z1, 20).
Then, we need to prove that for N +1 > 2 and any 1 <n < N + 1, one has
d(xn41, Tn) = sA(e — s\) " Hd(zy, z0).

That is,
d(zyi1,71) < sA(e — s\)rd(xy, x0),

d(xny1,T2) = sA(e — sA) " Hd(xy, x0),

d(xny1,on-1) = sA(e — sA) " Hd(xy, 20),
d(xni1, n) = sA(e — s\) " Hd(zy, z0).
In fact, since f : X — X is a quasi-contraction, there exists
uy € C(xn, o) = {d(zn, 20), d(TN, TNy1), d(T0, 1), d(TN, 71), d(T0, Tn11)}

such that
d(xn1, 1) =2 Auy.

If uy = d(xy, 1), then by (3.3) we have

d(xyi1,71) = A\ (e — sA) " td(wy, m0) = (sA)?(e — sA) " d(wy, m0) =< sA(e — sA) " td(wy, mp).

If wy = d(z, 1), then we have
d(xni1, 1) = Ad(zy, 20) < sAd(z1, 20) =< sA(e — sA) " d(xy, 20).
If uy = d(xn,xg), then by (3.3) we have

d(xyi1,71) 2 AMd(xy, z0) = sA(d(zn, x1) + d(x1, 20))
< sA\(s\(e — s)\) Yd(zy, m0) + d(21,20))

= sA((s\) 7" +e)d(z1, xo)
(

= sA(e — s\) " td(zy, z0).

(3.9)
(3.10)
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If uy = d(zg, xn11), then we have
d(rny1,71) 2 Ad(20, TN 11) 2 sA(d(wo, 21) + d(21, TN 41)).

Hence, we see
(e — sN)d(xny1,m1) =2 sAd(xg, 1),

which implies that
d(xni1, 1) = (e — sA) " tsAd(zg, 21).

Without loss of generality, suppose that u; = d(xy,zny1). Since f : X — X is a quasi-
contraction, there exists us € C(zy_1,xy) such that

uy = d(TN,Tny1) S Aug,
where

O<5CN717 SUN) = {d(xNA,xN), d(SCthﬂCN), d(»’CN, ZUN+1)7 d(folaxNJrl)a d(ﬁﬁN,l’N)}-

So, we get
d($N+1,Qf1) j )\u1 j )\2U2.

Similarly, it is easy to see that uy # d(xy,zy) since us # 6 and us # d(zy,xni1) since

d($N7$N+1) ﬁ AZd(xN7$N+1)-
If ug = d(zn_1,2nN), then by the induction assumption (3.2)) we have

My < sA*(e — s\) " td(wy, x0)

(sA)3(e — s\)td(z1, o)
sA(e — s\)td(zy, o).

d($N+1, 961)

A TA A

Without loss of generality, suppose that us = d(zy_1,xn+1). There exists ug € C(xy_2, xy) such
that
Uy = d(rn_1,Tn41) = Aug,

where

C($N—2, iUN) = {d(xN—z,fN), d(ﬂUN—Q, IL"N—1), d(iN, €UN+1), d(l‘N—Za:EN—H)a d($N>$N—1)}-

In general, suppose that u;_y = d(zy_j40,n41). Since f: X — X is a quasi-contraction, by the
similar arguments above, there exists u; € C(xy_;41,xx) such that

U1 = d(TN—ir2, TN 1) X A,
for which we obtain
Ay, 1) = Ay < Mg < -+ < Ny,
where

C(JUN%H? fEN) = {d<$N7i+1a IBN), d(foz#l? $N4+2), d($N7 $N+1),

d(ﬂﬁN—z‘+17 $N+1), d(fEN, IL“N—Z'+2)}'
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Similarly, it is easy to see that u; # d(zx, zn41). This is because by Proposition [2.21](iii) we have
up = d(zn, ni1) RN d(en, N

So we know that if u; = d(xy_;41,2n) Or u; = d(xy_i11,TN_ir2) OF u; = d(TN,Tn_;12) then by the
induction assumption (3.2)) we have u; < sA(e — s\)~'d(x, z). Hence,
d(xnir, 71) = Ny < sA e — sA\) 7 td(xy, 2)
= (s\) e — sA\) " td(zy, x)
=< sA(e — s\) " td(x1, x0),
which means that (3.7) holds true. Without loss of generality, suppose that u; = d(xy_iy1, Tn11)-

Then by the similar arguments as above we have u; < Au;.1, where u;.; € C(xy_;, zy). Hence,
there is a sequence {u,} such that

d(ryi1, 1) =2 Ay = Nuy < - M uy ) < AWy,

where
Un—-1 = d($2,$N+1) j )\UN

and
unN € C(Q;ﬂil,ﬂfN) = {d<x17xN)a d(l’hxz)ad(mNJNH);d(SUN7132)7d($1,36’N+1)}~

Obviously, uy # d(x1,zny1) and uy # d(zn, xy41). On the contrary, if uy = d(x1, zn41), then
un =< Muy, a contradiction. If uy = d(xy,TNi1) = uq, then we have

w = d(zy, xne) X Nup < A Ty AV Ty,

a contradiction. Hence, it follows that uy = d(z1,xn), uy = d(z1,22) or uy = d(xy,zs). By the
induction assumption (3.2), in any case, we have

uy = sA(e — s\)rd(xy, o). (3.11)
Therefore, we get

d(ni1, 1) < Adug 2 Nup < - 2 MWy
< AV (e — s\ tshd(zy, o)
= (sN)V (e — sA) (21, 7o)
=< sA(e — s\)td(zy, 20).
That is to say, (3.7) is true. By (3.12)), we have

up < AV s (e — sA\) 7 Hd(zy, x0).

(3.12)

Thus,

dlzn,xnp1) = up = )\N_ls)\(e — SA)_ld(wl, o)
=< (sA)N(e — s\) " td(zy, o)
=< sA(e — s/\)_ld(xl, Zo),
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which implies that (3.10]) is true. Similarly, since

Uy = d(xN—l, $N+1)7 ceey Uy = d(IN—z'+1, $N+1), cee

by (3.11)) and (3.12) we get

w; = ANV "y < sA T (e — sA\) T d(x, 2p). (3.13)

Hence, it follows from (3.13)) that (3.8)-(3.9) are all true. That is, (3.6 is true. Therefore, we
conclude that Lemma [3.2 holds true. [J

By Lemma [3.2] we immediately obtain the following result.
Lemma 3.3. We have that for all 7,5 € N

d(z;,25) = sA(e — sX\) " 'd(xg, 11). (3.14)

Now, we begin to prove Theorem First, we need to show that {x,} is a Cauchy sequence.
For all n > m, there exists

SIS C(xnfla xmfl) = {d(xnfla xmfl)a d(xnfla a:n)a

d(xmfla xm)7 d(xnflu xm)u d(xm717 QJn)}
such that
d(fxn—b fxm—l) j )\Vl-

Using the quasi-contractive condition repeatedly, we easily show by induction that there must
exist
v € {d(zy,2;):0<i<j<n} (k=2,3,...,m)

such that
v S A (B=1,2,...,m—1). (3.15)
For convenience, we write v,,, = d(z;, z;) where 0 <7 < j <n.
Using the triangular inequality, we have
(i, x5) = sd(xi, o) + sd(xo, 2;)(0 < i, j < n),

and by Lemma [3.3| we obtain

A(Tn, Tm) = d(fTno1, fom-1) 3 A1 2 X0 2o A,
= )\md($l, .CIZ'J')
= s\ (e — s\)Hd(zy, z0).

Since 7(\) < 1/s < 1, by Remark [2.8) we have that sA™™!(e — sA\)'d(z1,20) — 0 as m — oo,
so by Proposition [2.20], it is easy to see that for any ¢ € int P, there exists ny € N such that for all
n >m > ng,

d(2p, Tp) = sA™ e — sA) (2, 20) < c.

So {z,} is a Cauchy sequence in X. If f(X) is complete, there exist ¢ € f(X) C X such that
T, — g as n — oo.
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Now, from ([2.1)) we get
d(fxm fQ) =\

where

v € C(xn,q) = {d(vn,q),d(Tn, fr,),d(q, fq), d(7n, fq), d(fTn,q)}.

Clearly at least one of the following five cases holds for infinitely many n.
(1) d(frn, fq) 2 Ad(n, q) = sAd(Tpi1,q) + SAd(Tng1, Tn);
(3) d(fxn, fq) = Md(q, fq) = sAd(Tpi1,q) + sAd(Tni1, fq),
that iS) d(fxnv fq) j 3)‘(6 - S)\)ild(xn-‘rl) q)a
(4) d(fxnv fq> j /\d(xnv fq) j S/\d(xn-&-lv fq) + 8)\d(l‘n+1, xn)a
that is, d(fzn, fq) < sA(e = sA) " d(2ny1, 20);
(5) d(frn, fq) 2 MNd(f2n, fq) = Ad(Tni1, ).
As sA < sA\(e —sA)7! (since 6 < sA and 7(s)\) < 1), we obtain that

d(xn-I—lu fQ) = 3)‘(6 - 8)‘>_1[d(xn+17 xn) + d(xn-&-la Q)]

Since z,, — ¢ as n — oo, we get that for any ¢ € intP, there exists n; € N such that for all
n > nqy, one has

d(xn-i-la fQ) <ec

By Lemmas and [2.14] we have z,, — fq as n — oo and ¢ = fq.
Now if u is another point such that v = fu, hence

d(u,q) = d(fu, fq) 2 v,

where 7(\) € [0,1/s) and

v e Cu, q) = {d(u, q),d(u, fu),d(q, fq), d(u, fq),d(fu,q)}.

It is obvious that d(u,q) = 0, i.e., u = q. Therefore, ¢ is the unique fixed point of f in X.
Next, we obtain common fixed point results for two weakly compatible self-mappings concerning
g-quasi-contraction as corollaries of Theorem [3.1]

Corollary 3.4. Let (X,d) be a cone b-metric space over a Banach algebra A with the coefficient
s > 1 and the underlying solid cone P. Let the mapping f : X — X be the g-quasi-contraction with
the g-quasi-contractive constant vector satisfying r(X) € [0,1/s). If the range of g contains the range
of [ and g(X) or f(X) is a complete subspace of X, then f and g have a unique point of coincidence
m X. Moreover, if f and g are weakly compatible, then f and g have a unique common fized point
m X.

Proof . Since the mapping f : X — X be the g-quasi-contraction with the g-quasi-contractive
constant vector satisfying r(\) € [0,1/s), by Definition 2.7, for A € P with r(\) € [0,1/s) and for all
x,y € X, we have

d(fz, fy) 2 M,

where

u e Clg;z,y) = {d(gz, gy),d(gx, fx),d(gy, fy), d(gz, fy),d(gy, fz)}.
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Let Y = gX. Define H : Y — Y, by H(gw) = fw. Replacing fx and gz by H(gx) and H(gy),
respectively, in the above inequality we get, d(H (gx), H(gy)) < Au where,

u € d(gz, gy),d(gz, H(gx)),d(gy, H(gy)), d(gx, H(gy)), d(gy, H(gx)).

Let x1 = gx, y1 = gy. By the above arguments, we have
d<Hx17Hy1) = /\U/,

where

u € O(xbyl) = {d(zlayl)vd(zlv Hx1)7d(y1a Hyl)ad(xla Hyl)vd(ybH:El)}?

which implies that H : Y — Y is a generalized quasi-contraction on Y. By Theorem [3.1] there exists
a unique z* € Y such that Hx* = z*. So, there is u* € X such that z* = gu*. Hence, we get
Hgu* = gu*. That is, fu* = gu*, i.e., f and g have the common fixed point u* € X.

As for the uniqueness of the common fixed point and the other fixed point results concerning
point of coincidence, we omit their proofs since the the methods for proving the results are standard.

O

Corollary 3.5. Let (X, d) be a complete cone b-metric space with a Banach algebra A and let P be
the underlying cone with k € P. If the mapping T : X — X is a generalized quasi-contraction, then
T has a unique fized point in X. And for any x € X, the iterative sequence {T"x} converges to the
fized point.

Proof . Set g = Ix, the identity mapping from X to X. It is obvious to see that Corollary yields
Corollary 3.5, O

Remark 3.6. Corollary extends [20, Theorem 2.6] to the case of cone b-metric spaces over
Banach algebras.

Remark 3.7. Corollary does not need to require the assumption of normality of the cone P. So
Corollary 3.5 improves and generalizes Theorem 9 in [14].

Remark 3.8. From the proof of Lemma [3.2] we note that the technique of induction appearing in
Corollary is somewhat different from that in [I4) Theorem 9], and also different from that in [20),
Theorem 2.6], which is more interesting and easy to understood.

Corollary 3.9. Taking F'=R, P =[0,+00), A € [0,1/s) in Theorem 3.1 we get Das-Naik’s result
from [9], that is, if ¢ = Ix we get Ciri¢’s result from [12], both in the setting of b-metric spaces.

The following corollary is the Jungck’s result in the setting of cone b-metric spaces.

Corollary 3.10. Let (X, d) be a cone b-metric space over a Banach algebra A with the coefficient
s > 1 and the underlying solid cone P. Let the mappings f, g : X — X satisfy the condition that
for A € P with r(\) € [0,1/s) and for every x,y € X holds d(fz, fy) < Ad(gz, gy). If g(X) C f(X)
and g(X) or f(X) is a complete subspace of X, then f and g have a unique point of coincidence in
X. Moreover, if f and g are weakly compatible, then f and g have a unique common fixed point.

The next result is the Banach contraction principle in the setting of cone b-metric spaces.
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Corollary 3.11. [23] Let (X, d) be a cone b-metric space over a Banach algebra A with the coefficient
s > 1 and the underlying solid cone P. Let the mapping f : X — X satisfy the condition that for
A € P with r(\) € [0,1/s) and for every z,y € X holds d(fz, fy) < Ad(z,y) (namely, f is a
generalized quasi-contraction). If f(X) is a complete subspace of X, then f has a unique point in
X.

We present some examples to to support the main results.

Example 3.12. Let A = C [0, 1] and define a norm on A by ||z|| = |||, + ||z/]|, for € A. Define
multiplication in A just as the pointwise multiplication. Then A is a real Banach algebra with the
unit e = 1 (e(t) = 1 for all ¢ € [0,1]). The set P = {x € A:z(t) >0 for all t € [0,1]} is a cone in
A. Moreover P is not normal.

Let X = {0,1,3}. Define d : X x X — A by d(0,1)(t) = d(1,0)(t) = €', d(0,3)(t) =
d(3,0)(t) = 9¢', d(3,1)(t) = d(1,3)(t) = 4e' and d(z,z)(t) = 0 for all t € [0,1] and = € X.
It is clear that (X,d) is a solid cone b-metric space over Banach algebra A with s = % without
normality. Further, let f : X — X be a mapping defined with f(0) = f(1) = 1 and f(3) = 0 and

1

k € P defined by k(t) = 3—ét + %1. By the careful calculations, one can get that all conditions of

Theorem are fulfilled. The point z = 1 is the unique fixed point of f.

We present other examples to show that Corollary has meaningful applications in nonlin-
ear applications. Before presenting the next example, we recall a useful known lemma. For the
completeness, we give its proof.

Lemma 3.13. Let p > 1 be a given real number and f(t) be a Lebesgue measurable function defined

on [0,1]. Then one has
1
‘ / F(t)dt
0

Proof . Without loss of generality, suppose p > 1. Let ¢ > 0 be an arbitrary real number satisfying
713 + % = 1. Then for any Lebesgue measurable function ¢(¢) defined on [0, 1], by Hélder inequality,

o [itsla< ([ 1) % ([ o) "

Now taking g(t) = 1, we get
1 1 -
d Pdt ) .
[ lswlae< ([ iswpar)

(/ 1 ofa) < | e,
]

which implies that Lemma holds.

g/o | ()| dt.

Then it follows that

Example 3.14. Let X = Cg [0, 1] be the set of all real continuous differential functions defined on
[0,1]. Let A = CL10,1]. Consider the following nonlinear integral equation

/0 F(t, () ds = f(1), (3.16)
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where F' satisfies:

(a) F:[0,1] x R — R is a continuous function,

(b) 1 the partial derivative Fj, of F' with respect to y exists and |F,(x,y)| < L for some constant
Lel03).

Theorem 3.15. The equation has a unique solution in Cg [0,1].
Proof . Let A= CL[0,1] and P = {z € C4[0,1] | z = z(t) > 0,Vt € [0,1]}. Then P is a non-normal
cone of the real Banach algebra A with the unit element e = 1 (see [19]) and the operations as
(z +y)(t) = x(t) + y(1),
(cz)(t) = cx(t),
(zy)(t) = x(t)z(?),

for all z = 2(t),y = y(t) € A and ¢ € R. Note that the norm on A is defined as

1A= 1 lloe + 1/ Nlss »

where f € A, || fl = subPo<i<y |f(t)]. Then (X,d) is a cone b-metric space over a Banach algebra A
with the coefficient s = 2P (p > 1).
In fact, let z,y,2 € X, and u =z — 2,v = z — y, then x — y = u + v. By the inequality

(a+b)? < (2max{a,b})’ <2P(a? +b"), a,b>0
we see
[z =yl =lu+ ol < (|Ju + |v])” < 2°(Jz — 2[" + |z — y["),
|z —y[Pe" < 27(|lv — zfPe" + |2 — y[Pe"),
thus
d(z,y) = sld(z, 2) + d(z,y)],
where s = 2P > 1, but (X, d) is not a cone metric space. Let T be a self map of X defined by

TF#) = /0 F(t, f(5)) ds.

We now prove that 7' is a generalized contraction with the contractive constant vector LP satisfying
r(LP) < ||LP|| = LP < 5 = 1. In fact, by Lemma , we have

d(Tf,Tg)=(Tf—Tg)"| e

[ (F s - Pl gton)at

p

zzetrnax
0<2<1

< ¢ guas ([ #5100 - Flngo)far)

0<z<1

<o [ oo - stojar)

< [ (s - at))ar

< [Pt mmax |f(t) —g(t)|”

= Lpd(f, g).
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Then by Corollary |3.11} T has a unique fixed point in X. That is, the equation (3.16) has a unique
solution in Cj [0,1]. O

Remark 3.16. Compared with [24, Theorem 3.1, Example [3.14] shows that under the same condi-
tions the unique solution to the integral equation (3.9) is not only continuous but also differential,
while [24] Theorem 3.1] only shows the continuity of the solution. In addition, the technique appear-
ing in Example is somewhat different from that in [24] Theorem 3.1], since in Example the
proof is made in the setting of complete non-normal cone b-metric space over a Banach algebra but
in [24, Theorem 3.1], the proof is provided in the setting of cone metric space, depending strongly on
the normality of the underlying cone. So our main results generalizes the comparable results in [24].

Example 3.17. Let X = R? f = f(s,t) : X - R, g = g(s,t) : X — R. Consider the following
group of nonlinear coupled equations
T, Y) ==z
0 { fz, y)

9(x, y) =y —pr,
where p > 0. Suppose that there exists 0 < £ < 1 such that

of
ER

<k ||<
for all (s,t) € X.

Theorem 3.18. The coupled equations in (1) have a unique common solution in X.

Proof . Let A = R? with the norm defined as ||(z,y)|| = |z| + |y| for each (x,y) € A. Then A is a
Banach algebra with the operations as

(z1,91) + (72,92) = (01 + T2, Y1 + ¥2),

C(Ihyl) = (0131,091);
(w1, y1) (w2, y2) = (0122, 1Y2 + T211),

for all (z1,41), (x2,92) € A and ¢ € R. Moreover, A owns the unit element e = (1,0).
Let P ={(z,y) € R* | z,y > 0}. Then P is a cone of A.
Let X = R? and the metric d : X x X — A be defined by

d((xl7y1)7 (1’2,y2)) = (le - {L‘2|, |y1 - y2|) e P

Then (X, d) is a complete cone b-metric space over a Banach algebra A4 with the coefficient s = 1.
Now define mapping 7' : X — X by

T(x,y) = (f(z,y),9(z,y) + pz). (3.17)

From Lagrange Mean Value Theorem, we have

d(T(x1,31), T(x2,92)) = d((f(x1,31), 9(21,51) + pr1) , (f(22,2), 9(22, y2) + pr2) )
= (|f (@1, 31) — flz2,92)|, |9(z1, 1) — g(22,92) + pla1 — 22)|)
= (k|lzy — 22, klyr — y2| + plzy — 22|)
= (k,p) }951—352 |> |y1—y2’)
= (k,p)d ((x17y1)> ($2,y2)),
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and
k)" l1* = | (K prk™ ) ||* = (R 4+ pnk™ )% =k <1 (n— o0),

which implies r((k,p)) < % Then by Corollary , T has a unique fixed point in X. [J

The following example is a direct result of Theorem |3.18|

Example 3.19. Consider the following group of nonlinear coupled equations

an { log(m + z) =z,

arctan(n +y) =y — pz,

where p > 0,m > 1 and n > y/m — 1. The coupled equations in (II) have a unique common solution.
In fact, set f(t,s) = log(m + s),g(t,s) = arctan(n + y). Then all the conditions of Theorem

3.18 are satisfied. Thus it follows from Theorem that the coupled equations (II) have a unique
positive common solution.

Remark 3.20. In Example[3.19] if p > 1, then ||(k,p)|| = k+p > 1, so T is not a contraction in the
Euclidean metric on X. Hence, one is unable to directly use Banach contraction principle to show T’
has a unique fixed point in X.

Remark 3.21. We must emphasize that one is unable to use the techniques presented in [24] to
show that the fixed point result in Example [3.19| obtained by the fixed point theorem in the setting
of cone b-metric space (X, d) with Banach algebra A can be derived from the existing results in the
context of b-metric space or metric space. In fact, Example [3.19 can also show that one is unable to
conclude that the cone b-metric space (X, d) over a Banach algebra A discussed is equivalent to the
b-metric space (X, d*), where the metric d* is defined by d* = £, o d, here the nonlinear scalarization
function & : A — R (e € intP) is defined by

E(y) =inf{r e R:y € re — P}.

See [10, [16, 22] for more details. In the case of Example [3.19] we have
intP = {(z, y) € R?|z,y > 0}.

For e = (ey, €2) € intP, and a = (ay, az) € A,

Eea) = & ((a1, az))
= inf{t € R| (a1, as) < t(eq, e2)}

ar a2
=max\§ —, — ¢,
€1 €2

and for z = (z1,11), y = (z2,y2) € X,

d*(z, y) = (fe Od)(% y) = fe((|$1 — T, [y — y2|)) = max{’xle_lw‘, \y16—2y2! }

Now let the mapping 7' : X — X be defined in (3.10), namely,

T(x,y) = (f(z,y),9(x,y) + px),
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where f(z,y) = log(m + z), g(z,y) = arctan(n +y) and p > 2. Considering u = (1, 0), v = (0, 0),
we have
Tu = (log(m + 1), arctann + p), Tv = (logm, arctann),

and so

1 1) -1 1
d*(Tu, Tv) = max{ og(m + 1) ogm’ ﬁ} >E2 S -2 d*(z, y),

€1 €2 €2 €1

which implies that 7" is not a contraction in metric space (X, d*).

Remark 3.22. Since p > £ is arbitrary in Remark it is obviously seen that Example W
shows that there exist lots of fixed point theorems of generalized quasi-contractions in the setting
of cone b-metric spaces or cone metric spaces over Banach algebras which cannot be yielded by the
known results in the setting of b-metric space or metric spaces.

In conclusion, based on the arguments above, we hold that the fixed point results presented
in this paper in the setting of cone b-metric spaces over Banach algebras are more general than
corresponding ones in the setting of b-metric or metric spaces.
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