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Abstract. In this paper, we prove some common fixed and periodic point theorems for T-
Hardy-Rogers type contraction of self mappings on cone b-metric spaces over Banach algebras
with solid cone, by using properties of spectral radius. Our results improve and generalize
the main results of Xu and Radenovic(Fized Point Theory and Applications, 2014:102) and
several well-known theorems in the literature of T-contraction mappings. Also we give

examples as an application of the main result.

1. INTRODUCTION

Since Banach proved his famous fixed point theorem in 1922, fixed points
of mappings satisfying certain contractive conditions has been studied at the
center of strong research activity. In 2007, Huang and Zhang [4] introduced
cone metric space and proved some fixed point theorems. Afterward, several
fixed and common fixed point results on cone metric spaces have been proved
in ([1],8],[10]). Recently, A. Beiranvand [2], Filipovic et al. [3], Morales and
Rojas [7] have extended the concept of T-contraction mappings to cone metric
space by proving fixed point theorems.

In 2013, in order to generalize the Banach contraction principle to more
general form, Liu and Xu [6] introduced the concept of cone metric spaces

YReceived October 10, 2017. Revised November 29, 2017.

92010 Mathematics Subject Classification: 47H10, 54H25.

9Keywords: Cone metric spaces over Banach algebra, Hardy-Rogers type contraction,
common fixed point, spectral radius, Property P, Property Q.



1066 Young-Oh Yang

over Banach algebras, by replacing Banach spaces with Banach algebras as
the underlying spaces of cone metric spaces, and proved some fixed point the-
orems of generalized Lipschitz mappings with weaker and natural conditions
on generalized Lipschitz constants by means of spectral radius.

In this paper, we prove some common fixed and periodic point theorems for
T-Hardy-Rogers type contraction of self mappings on cone b-metric spaces over
Banach algebras with solid cone, by using properties of spectral radius. Our
results improve and generalize Theorem 3.1, 3.2 and 3.3 of Xu and Radenovic
[9], and Theorem 2.1, 2.2 and 2.3 of Liu and Xu [6] as well as several well-
known theorems in the literature of T-contraction mappings. Also we give
examples as an application of the main result.

We recall some definitions and other results that will be needed in the sequel.
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 z,y,z € A, a € R):
(1) (zy)z = z(y2);
(2) 2(y+2) =zy+zzand (z+y)z = zz + yz;
(3) a(zy) = (azx)y = z(ay);
(@) llzyll < ll=[lllyll-

In this paper, we shall assume that A is a real Banach algebra with a unit
(i.e., a multiplicative identity) e. An element x € A is said to be invertible if
there is an inverse element y € A such that xy = yx = e. The inverse of z is
denoted by 271

Let A be a real Banach algebra with a unit e and 6 the zero element of A.
A nonempty closed subset P of Banach algebra A is called a cone if

(1) {0,e} C P;
(2) aP + P C P for all nonnegative real numbers «, 3 ;
(3) PP=PPCP;
(4) PN(—P)={6}1ie,z € Pand —z € P imply x = 6.

For any cone P C A, we can define a partial ordering < with respect to P
by z % y if and only if y —x € P. & < y stands for z < y but = # y. Also,
we use £ < y to indicate that y — x € int P where int P denotes the interior
of P. If int P # () then P is called a solid cone. A cone P is called normal if
there exists a number K such that for all x,y € A,

0 <z <y implies |z| < K|yl (1.1)

The least positive number K satisfying condition (1.1) is called the normal
constant of P.

In the following we always assume that P is a solid cone of A and < is the
partial ordering with respect to P.
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Definition 1.1. Let X be a nonempty set, s > 1 be a constant and A be
a real Banach algebra. Suppose the mapping d : X x X — A satisfies the
following conditions:

(1) 0 =< d(z,y) for all z,y € X and d(x,y) =0 if and only if z =y ;

(2) d(z,y) =d(y,x) for all z,y € X ;

(3) d(z,y) = s[d(z,2) + d(z,y)] for all z,y,z € X.
Then d is called a cone b-metric on X, and (X,d) is called a cone b-metric
space over the Banach algebra A.

Example 1.2. Let A = C|a, b] be the set of continuous functions on [a, b] with
the supremum. Define multiplication in the usual way. Then A is a Banach
algebra with a unit 1. Set P ={x € A: x(t) >0, t € [a,b]} and X =R. We
define a mapping d : X x X — A by d(z,y)(t) = |z — y[Pe for all z,y € X
and for each t € [a,b], where p > 1 is a constant. This makes (X,d) into a
cone b-metric space over Banach algebra with the coefficient s = 2P~!. But
it is not a cone metric space over Banach algebra since it does not satisfy the
triangle inequality.

Definition 1.3. Let (X,d) be a cone b-metric space over a Banach algebra
A. Let {z,} be a sequence in X and z € X.

(1) If for every ¢ € A with 6 < ¢, there exists a natural number N such
that d(zy,x) < ¢ for alln > N, then {z,} is said to be convergent and
{zn} converges to x, and the point x is the limit of {x,,}. We denote
this by

lim z, =2 or z, =z (n— ).
n—oo

(2) If for all ¢ € A with 6 < ¢, there exists a positive integer N such that
d(xp, Tm) < cfor all m,n > N, then {x,} is called a Cauchy sequence
in X.

(3) A cone b-metric space (X,d) is said to be complete if every Cauchy
sequence in X is convergent.

(4) A self mapping T': X — X is said to be continuous at a point x € X

if lim x, = x implies lim Tx, = Tz for every sequence {z,} in X.
n—oo n—oo

Definition 1.4. Let E be a real Banach space with a solid cone P. A sequence
{zp} C P is called a c—sequence if for any ¢ € A with § < ¢, there exists a
positive integer N such that z,, < ¢ for all n > N.

Let F be a real Banach space with a cone P. Then the following properties
are often used, particularly when dealing with cone b-metric spaces in which
the cone need not be normal (for details see ([8], [9]):
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() If a < band b < ¢, then a < c.

(p2) If a = b and b < ¢, then a < c.

(p3) If a 2 b+ c for each 6 < ¢, then a < b.

(pa) If 0 < u < ¢ for each 6 < ¢, then u = 0.

(ps) It {xn}, {yn} are sequences in E such that z,, — z, y, — y and z, <y,
for all n > 1, then x < y.

Lemma 1.5. ([5], [9]) Let A be a real Banach algebra with a unit e and P be
a solid cone in A. We define the spectral radius p(x) of z € A by

nHl/n n”l/n‘

r(z) = li_>m |E3 = 1r;f1 ||
n—00 n>

(1) If 0 < r(z) < 1, then e — x is invertible,

(e —x) Z:p and r e—m)_l)gl_lr(k).

(2) If r(x) <1, then ||x”||—>0 as n — oo.

(3) Ifx € P and r(x) < 1, then (e —x)~! € P.

(4) If k,u e P, r(k) <1 and u < ku, then u=0.

(5) r(x) < ||z| for all x € A.

(6) If x,y € A and x,y commute, then we have the following inequalities:
(a) r(wy) < r(@)r(y),

(b) r(z +y) < r(z) +r(y),

(©) Ir(z) —r(y) < r(z —y).

Lemma 1.6. ([8], [9]) Let (X,d) be a complete cone b-metric space over a
Banach algebra A and let P be a solid cone in A. Let {x,} be a sequence in
X. Then we have the following statements:
(1) If ||zn]| = 0 as n — oo, then {x,} is a c—sequence.
(2) If k € P is any vector and {z,} is c—sequence in P, then {kx,} is a
c—sequence.
(3) Ifx,y€ A, a € P and x Xy, then ax = ay.
(4) If {xn} converges to x € X, then {d(zp,x)}, {d(zp,xnip)} are c-
sequences for any p € N.

Definition 1.7. Let T and f be two self mappings of a cone b-metric space
(X, d) over a Banach algebra A.

(1) f is said to be T-contraction if there exists k € P with 0 < r(k) < 1
such that

d(Tfz,Tfy) = kd(Tz, Ty) (1.2)
for all z,y € X.
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(2) f is said to be T-contractive, if for every x,y € X with Tx # Ty,
d(Tfx,Tfy) < d(Tx,Ty).

If T = I, the identity mapping, then the Definition (1.2) reduces to Banach
contraction mapping. It is obvious that every T-contraction mapping is T-
contractive but the converse need not be true.

Definition 1.8. ([2], [3]) Let T be a self mapping of a cone b-metric space
(X, d) over a Banach algebra A. Then
(1) T is said to be sequentially convergent, if the sequence {x,} in X is
convergent whenever {T'z,} is convergent.
(2) T is said to be subsequentially convergent, if {x,} has a convergent
subsequence whenever {T'x, } is convergent.

2. COMMON FIXED POINT RESULTS

In this section, we prove a new common fixed point theorem for T-Hardy-
Rogers type contraction on cone b-metric spaces over Banach algebras with
solid cone, by using properties of spectral radius.

Theorem 2.1. Let (X,d) be a complete cone b-metric space (X,d) over a
Banach algebra A with coefficient s > 1 and P be a solid cone. LetT : X — X
be a continuous and one to one mapping. Moreover, let f and g be two maps
of X satisfying
d(Tfx,Tgy) = ard(Tz,Ty)+ ag[d(Tx, Tfx) +d(Ty, Tgy)] (2.1)
+as[d(Tz, Tgy) + d(Ty, T fx)],

for all x,y € X, where a; € P commute fori=1,2,3 and

sr(ar) + (s + Dr(az) + (s* + s)r(az) < 1. (2.2)
Then,
(1) there exist uy € X such that lim T fxo, = lim Tgxon+1 = uy.

(2) if T is subsequentially convergent, then {fxe,} and {gront+1} have a
convergent subsequence.

(3) there exist a unique v, € X such that fv, = guy = vy, that is, f and
g have a unique common fixed point.

(4) if T is sequentially convergent, then iterate sequences { fxan} and {gron+1}
converge 1o v.

Proof. Let xy be any point of X. Define {x,} by

1 = fxo, X2 = g1, , Tant1 = [Ton, Tang2 = GTont1
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forn =0,1,2,---. First, we prove that {Tz,} is a Cauchy sequence. By (2.1),
d(Txont1,Trons2) = d(Tfron, Tgxont1)
= a1d(Txop, Tront1) + agld(Txon, T fra,)
+d(Tz2n+1, Tgrant1)]
+as[d(Txon, Tgront1) + d(Txoni1, T fron)]
= a1 d(Txon, Txont1) + ao[d(Txoy, Txoni1)
+d(Tzon+1, TTon+2)]
+agld(Twon, Toont2) + d(T2n41, TT20p41)]
= (a1 + a2 + sa3)d(Twon, Troni1)
+(az + saz)d(Twon 41, Ton+2).
Since r(az) + sr(ag) < 1 by hypothesis (2.2), e — ag — sas is invertible. Thus
d(Tzont1, Txont2) =S kd(Txon, Txont1),
where k = (e — az — saz) (a1 + ag + sa3) and 7(k) < 1 by hypothesis (2.2).
Similarly, we get
d(Txont3, Txonto) < kd(Txont2, TTont1).
Thus, for all n
d(Txy, Txpy1) =X kd(Tzp—1,Tx,) < k:Zd(Txn,g, Txp_1)
< - =X E"d(Txo, Txy). (2.3)
If m,n € N such that m > n, then we have, since r(sk) < 1,

d(Txp, Try) = sld(Tep,Trps1) + d(Trps1, T
= sd(Tzp,Trpi1) + s2 [d(Txpi1, Txns2) + d(Txni2, Trp)]
= sd(Tzp, Trpi1) + Szd(Tilfn_H, Txpio)+ -
+8" " (T2, T2m—1) + 8™ "d(Txm—1, T2m)
< (k™ 4+ ST 4 s N d(T g, Tay)
=< sk"[e+ sk + (sk)* 4 ---]d(Txo, Tx1)

= sk"(e— sk) " td(Txzo, Tx1).

Since r(k) < 1, it follows that ||| — 0 as n — oo. By Lemma 1.6, it follows
that for § < ¢ and large n, sk™(e — sk)~'d(Txg,Tz1) < c. Thus, according
to (p2), d(Txp, Tzy) < c. Hence, it follows that {T'z,} is a Cauchy sequence
in X by Definition. Since X is a complete cone b-metric space, there exist
u; € X such that Tz, — u, as n — oo. Thus,

7}1—{20 Tfron = Uy, 7}1_)120 Tgroni1 = ug. (2.4)
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Now, if T' is subsequentially convergent, then by definition {fz2,} (resp.
{gx2n+1}) has a convergent subsequence. Thus, there exist v;, € X and
{fxan,} (resp. vy, € X and {gzan,+1}) such that

nh—>H;o foni = Uy, nh—g)lo 9T2n;+1 = Vzy- (2'5)

Because of continuity 7" and by (2.5), we have

lim T fxo,, = Tvy,, lim Tgxon,+1 = T0s,. (2.6)
n—oo n—oo

Now, by (2.4) and (2.6) and because of injectivity of T', there exist v, € X
(set vy = vy, = Vg, ) such that Tv, = uy.
On the other hand, by hypothesis (2.2), we have

d(Tvy, Tgvy)
= 5d(Tvg, Tgxon,+1) + s°d(Tgzon, 11, T from,)
+ Szd(wagni, Tgvy)
< 5d(Twg, TTon, +2) + $2d(Txon, 42, TTon, 1)
+ sQald(Txgm,Tvz)
+ s%ag[d(Txan,, Txon,+1) + d(Tvy, Tgv,)]
+ s%a3[d(Txan,, Tgvy) + d(Tvg, Txon, 11)]
< 8d(Tvg, Txon,12) + 82> d(Txg, T21) + s2a1d(Txon,, Tvs)
+ s2apd(Tv,, Tgv,) + s2k* iagd(Txo, Tx1)
+ 52a3d(Tvx, Txon,+1) + 52a3d(T:c2ni, Tgvy)
< 5d(Tvg, Txon,12) + s2(k* T + k*™ay)d(Txo, Tx1)
+ 5% (a + saz)d(Twop,;, Tvg) + s2azd(T,, Ton,+1)
+ 5%(ag + saz)d(Tv,, Tgvy).

Since r(k) < 1, {k*"*1} {k?"} are c-sequences. Also by (2.6) and Lemma
1.6, {d(Tvg, Txon;+2)}, {d(Txon,, Tvg)}, {d(Tvs, Txon,+1)} are c-sequences in
cone P. Thus the above inequality implies

d(Tvy, T'gv,) < 32(a2 + sa3)d(Tvz, T'gvy) + 2zp

where {2y} is a c-sequence in cone P. Since for each ¢ > 6 there exists ng € N
such that z, < ¢ for n > ng, we have

d(Tvg, Tgvy) = s%(ag + sag)d(Tvz, Tgvy) + ¢
for each n > ngy and thus, by (p3).
d(Tvy, Tgv,) = s*(ag + saz)d(Tv,, Tgv,).
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Since r(52a2 + s3a3) < 1 and s?ag + sa3 € P, by Lemma 1.5, we have
d(Tvy, T'gv,) = 6, that is, Tv, = Tgv,. Since T is one to one, then gv, = v,.

Now, we shall show that fv, = v,.

d(T fvg, Tvg) = d(T fvg, Tgvy)
a1d(Tvg, Tv,) + azd(Tvy, T fvg) + d(Tvy, Tgvy)]
+as[d(Tvg, Tgvy) + d(Tvy, T fv,))
= (ag+ a3)d(Tvg, T fvg).

Since r(az+a3) < 1 by hypothesis (2.2), using the definition of partial ordering
on P and properties of cone P, we have d(T fv,, Tv,) = 6. and so T fv, = Tv,.
Since T is one to one, then fv, = v,. Thus, fv, = gv, = v;, that is, v, is a
common fixed point of f and g.

Now, we shall show that v, is a unique common fixed point. Suppose that
v, be another common fixed point of f and g. Then

d(Tv., Tv,) = d(T fvg, Tgvl,)
= a1d(Tve, Tv'z) + as|d(Tvg, T fv,) + d(Tv.,, Tgv.,)]
+az[d(Tv,, Tgvl,) + d(Tv., T fv,)]

= (a1 + 2a3)d(Tv,, TV,).
Since r(a1 +2a3) < 1 by hypothesis (2.2), by the same arguments as above, we
conclude that d(Tv,, Tv!) = 6, which implies the equality Tv, = Tv),. Since
T is one to one, then v, = v,. Thus f and g have a unique common fixed
point.

Ultimately, if T' is sequentially convergent, then we replace n for n;. Thus,

we have

IA

lim fxo, =v,, lim gront1 = vg.
n—o0 n—0o0

Therefore if T' is sequentially convergent, then iterate sequences {fzo,} and
{gxan+1} converge to v,. O

The following results are obtained from Theorem 2.1.

Corollary 2.2. Let (X,d) be a complete cone b-metric space (X,d) over a
Banach algebra A with coefficient s > 1 and P be a solid cone. Let f and g
be two maps of X satisfying

d(fz,gy) 2 ard(z,y) + azld(z, fx) + d(y, gy)] + asld(z, gy) + d(y, f)]
for all x,y € X where a; € P commute for i =1,2,3 and
sr(ar) + (s + D)r(az) + (s* + s)r(as) < 1.
Then f and g have a unique common fized point.

Proof. The proof follows by taking T'= I in Theorem 2.1. O
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Corollary 2.3. Let (X,d) be a complete cone b-metric space (X,d) over a
Banach algebra A with coefficient s > 1 and P be a solid cone. LetT : X — X
be a continuous and one to one mapping. Moreover, let f be a map of X
satisfying
for all x,y € X where a; € P commute fori=1,2,3 and
sr(ay) + (82 + Dr(ag) + (s> + s)r(az) < 1.

Then,

(1) for each zog € X, {T fMxo} is a Cauchy sequence.

(2) there exist uz, € X such that Uim T f"zg = ug,.

n—oo

(3) if T is subsequentially convergent, then {f"xo} has a convergent sub-
sequence.

(4) there ezist a unique vy, € X such that fuy, = vy, that is, f has a
unique fixed point.

(5) if T is sequentially convergent, then for each xy € X the iterate se-
quence {f"xo} converges to vg,.

Proof. The proof follows by taking f = ¢g in Theorem 2.1. O

Corollary 2.4. Let (X,d) be a complete cone b-metric space (X,d) over a
Banach algebra A with coefficient s > 1 and P be a solid cone. Let f be a map
of X satisfying
d(fz, fy) 2 ard(z,y) + azld(z, fx) + d(y, fy)] + asld(z, fy) + d(y, fz)]

for all x,y € X where a; € P commute for i =1,2,3 and

sr(ay) + (82 + Dr(ag) + (s> + s)r(az) < 1.
Then f has a unique fixed point.
Proof. The proof follows by taking T'= I and f = ¢g in Theorem 2.1. O

The following Corollary extends Theorem 3.3 of Xu and Radenovic [9].

Corollary 2.5. Let (X,d) be a complete cone b-metric space (X,d) over a
Banach algebra A with coefficient s > 1 and P be a solid cone. LetT : X — X
be a continuous and one to one mapping. Moreover, let f be a map of X
satisfying
d(Tfx,Tfy) = kld(Tz,T fx) + d(Ty, T fy)]
for all z,y € X where k € P and (s> + 1)r(k) < 1. Then,
(1) for each xg € X, {T [z} is a Cauchy sequence.
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(2) there exist uz, € X such that Uim T f"zg = ug,.
n—0o0

(3) if T is subsequentially convergent, then {f"xo} has a convergent sub-
sequence.

(4) there ezist a unique vy, € X such that fuy, = vy, that is, f has a
unique fixed point.

(5) if T is sequentially convergent, then for each xy € X the iterate se-
quence {f"xo} converges to vg,.

Proof. The proof follows by taking f = g and as = k,a; = ag = 6 in Theorem
2.1. O

The following Corollary extends Theorem 3.2 of Xu and Radenovic [9].

Corollary 2.6. Let (X,d) be a complete cone b-metric space (X,d) over a
Banach algebra A with coefficient s > 1 and P be a solid cone. LetT : X — X
be a continuous and one to one mapping. Moreover, let f be a map of X
satisfying

d(Tfz,Tfy) 2 kld(Tz,Tfy) + d(Ty,Tfx)]
for all z,y € X where k € P and (s® + s)r(k) < 1. Then,

(1) for each xo € X, {T f"xo} is a Cauchy sequence.
(2) there exist uz, € X such that Iim T f"xo = ug,.

n—oo
(3) if T is subsequentially convergent, then {f"xo} has a convergent sub-

sequence.

(4) there ezist a unique vy, € X such that fuy, = vg,, that is, f has a
unique fixed point.

(5) if T is sequentially convergent, then for each xo € X the iterate se-
quence {f"xo} converges to vy, .

Proof. The proof follows by taking f = ¢g and a1 = ag = 6,a3 = k in Theorem
2.1. O

Corollary 2.7. Let (X,d) be a complete cone b-metric space (X,d) over a
Banach algebra A with coefficient s > 1 and P be a solid cone. LetT : X — X
be a continuous and one to one mapping. Moreover, let f be a map of X
satisfying

d(Tfz,Tfy) < kd(Tx, Ty)
for all x,y € X where k € P and r(k) < % That is, f be a T-contraction.
Then,

(1) for each xg € X, {T fMxo} is a Cauchy sequence.

(2) there exist uy, € X such that Um T f"xg = ug,.
n— o0

(3) if T is subsequentially convergent, then {f"xo} has a convergent sub-
sequence.
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(4) there ezist a unique vy, € X such that fuy, = vy, that is, f has a
unique fixed point.

(5) if T is sequentially convergent, then for each oy € X the iterate se-
quence {f"xo} converges to vg,.

Proof. The proof follows by taking f = g and a1 = k, a2 = az = 6 in Theorem
2.1. O

The following corollary extends Theorem 3.1 of [9] and is the Banach-type
version of a fixed point results for contractive mappings.

Corollary 2.8. Let (X,d) be a complete cone b-metric space (X,d) over a
Banach algebra A with coefficient s > 1 and P be a solid cone. Let f be a map
of X satisfying

d(fz, fy) 2 kd(z,y)
for all x,y € X, where k € P and r(k) < % Then f has a unique fized point.

Proof. The proof follows by taking T'= I in Corollary 2.7. O

Corollary 2.9. Let (X,d) be a complete cone b-metric space (X,d) over a
Banach algebra A with coefficient s > 1 and P be a solid cone. Let f be a map
of X satisfying

d(f"z, fy) = kd(z,y)
for all x,y € X, where k € P and r(k) < % Then f has a unique fixed point.

Proof. From Corollary 2.8, f™ has a unique fixed point z*. But f"(fz*) =
f(f"x*) = fax*, So fx* is also a fixed point of f™. Hence fz* = z*,z* is a
fixed point of f. Since the fixed point of f is also fixed point of ", then fixed
point of f is unique, O

Corollary 2.10. Let (X,d) be a complete cone metric space (X,d) over a
Banach algebra A and P be a solid cone. Let T : X — X be a continuous and
one to one mapping. Moreover, let f and g be two maps of X satisfying

dTfz,Tgy) = ard(Tz,Ty)+ ax[d(Tz, T fz) + d(Ty, Tgy)]
+as[d(Tz, Tgy) + d(Ty, T fz)]
for all x,y € X, where a; € P commute fori=1,2,3 and
r(a1) + 2r(az) + 2r(az) < 1.
That is, f and g be a T-contraction. Then,
(1) there exist uy € X such that lim T fxo, = nhﬁ\ngo Tgroni1 = Ug.

n—oo

(2) if T is subsequentially convergent, then {fxa,} and {groni+1} have a
convergent subsequence.
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(3) there exist a unique v, € X such that fvy = guy = vy, that is, f and
g have a unique common fixed point.

(4) if T is sequentially convergent, then iterate sequences { fxan} and {gron+1}
converge 10 vy.

Proof. The proof follows by taking s = 1 in Theorem 2.1. O

Corollary 2.11. Let (X,d) be a complete cone metric space (X,d) over a
Banach algebra A and P be a solid cone. Let f be a map of X satisfying

d(fz, fy) = ad(z,y) + azld(z, fz) + d(y, fy)]
+asld(z, fy) + d(y, fz)]
for all x,y € X, where a; € P commute for i =1,2,3 and
r(a1) + 2r(az) + 2r(az) < 1.
Then f has a unique common fized point.

Proof. The proof follows by taking s = 1, T = I and f = ¢ in Theorem
2.1. O

Remark 2.12. In Corollary 2.11, if we suppose that (X, d) is a complete cone
metric space over a Banach algebra A and P is a normal cone with normal
constant K, then we obtain Theorem 2.1, 2.2 and 2.3 that were given by Liu
and Xu [6]. So Corollary 2.11 is a generalization of Theorem 2.1, 2.2 and 2.3
in [6].

As an application of the main result, we give the following examples:

Example 2.13. Let X = [0,1] and let (X,d) be a complete cone b-metric
space over a Banach algebra A = C0,1] as defined in Example 1.2, where
d(x,y)(t) = |z — y|?¢! for all z,y € X and for each t € [0,1]. Then the set
P={x € A:z>0}isanormal conein A. Define two mappings T, f : X — X
by Tz = 2% and fz = 5. Then, we have

(1) T and f are continuous on X. Also T is one to one and subsequentially
convergent.

(2) f is a contraction.

(3) Take the constant functions a1 = a3 = 6,a2 = § in P. Then r(a;) =
r(ag) = 0,7(az) = § and 2sr(a1) + (s> + 1)r(az) + (s> + s)r(ag) = 3 < 1. Also
for each t € [0, 1],

z2 oy 1

dTfz, Tfy)(t) = \Z - Z|2€t = T6|x2 — y?|Pe’
9 4 vt
< =
< 16(56 +y)e

= agld(Tx, Tfx) +d(Ty, Tfy)](t).
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Thus all the conditions of Theorem 2.1 are fulfilled. So by Theorem 2.1, f
has a unique fixed point x = 0.
(4) But there does not exist a € P with r(a) < 1 such that

d(fz, fy) 2 ald(z, fz) + d(y, fy)].
(5) Also if we take the constant functions a1 = k,as = ag = 0(% <r(k) <
3) in P, then

1
d(T fa, Tfy)(t) = 5la* = y*e’ < kd(T, Ty)

and so all the conditions of Theorem 2.1 are fulfilled. Thus by Theorem 2.1,
f has a unique fixed point x = 0.

Example 2.14. Let X = [0, 3] and let (X,d) be a complete cone b-metric
space over a Banach algebra A = C]0,1] as defined in Example 1.2, where
d(z,y)(t) = |z — y|?e’ for all z,y € X and for each t € [0,1]. Then the set

P ={zxe A:x >0} is a normal cone in A.

Define two mappings T, f : X — X by Tx = 22 and fz = \% Take

k= % € P. Then f is not contractive. But f is T-contraction, because for
all t € [0,1],

4

4
Y 1
d(Tfx, Tfy)(t) = ’? - §|2et = Z|$2 +y72? — P!

1

=< E|z2_y2‘26t
1

= —d(Tz,Ty)(t).

So, by Theorem 2.1, f has a unique fixed point x = 0.

The following examples show that we can not omit the conditions of Theo-
rem 2.1. In the following note we have two examples which show that we can
not omit the one-to-one of 7" in Theorem 2.1. In first example f has more
than one fixed point and in the second example f has not a fixed point.
Example 2.15. Let X = {0, 3,1} and let (X, d) be a complete cone b-metric
space over a Banach algebra A = R, where d(z,y) = |z — y|*.

Case 1. Define two functions 11, f1 : X — X defined by

0 =0,1 0 =01
Tx=< ’ | and  fiz = N

Then T3 is subsequentially convergent and since for any k € (0, 1)

d(Ty fro, Ty fry) = |Th fre — Ty fry)? < kd|The, Tvy)  (z,y € X)),
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f1 is Ti-contraction. But T3 is not one-to-one and f; has two fixed points.
Case 2. If we define the functions T3, fo : X — X by

T2x: 1 t 1’ and fng v ’2
3 x:§ 0 f]f:l,

then 75 is subsequentially convergent and since
1
d(Tafox, Tofoy) = |Tafox — To foyl|* < 5l Tex — Ty (2,y € X)

and k = % € P, fo is To-contraction. But 75 is not one-to-one and fs has not
a fixed point.

The following example shows that we can not omit the subsequentially
convergent of T in Theorem 2.1.

Example 2.16. Let X = [0,00) and let (X, d) be a complete cone b-metric
space over a Banach algebra A = R as defined in Example 2.15. We define two
mapping T, f : X - X by Tz =e¢ ® and fzr =2x+1 amdtakek::;i2 e P.
Then T is one-to-one and f is T-contraction since

d(Tfz,Tfy) = |Tfx— Tfy|2 _ |e—2:c—1 - e_2y_1|2
= e_2|e_‘I _.l_ €_y|2|6_$ _ e—y 2
< de 2l —e7Y?

4
= e—Zd(Tx,Ty).

But T is not subsequentially convergent (T'n — 0 as n — oo but {n}3° has
not any convergence subsequence) and f has not a fixed point.
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