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Abstract: In this paper, we establish some common fixed point theorems for rational
contraction in the setting of cone b-metric spaces with normal solid cone. Also, as an
application of our result, we obtain some results of integral type for such mappings. Our

results extend and generalize several known results from the existing literature.
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81. Introduction and Preliminaries

Fixed point theory plays a very significant role in the development of nonlinear analysis. In
this area, the first important result was proved by Banach in 1922 for contraction mapping in
complete metric space, known as the Banach contraction principle [2].

In 1989, Bakhtin [3] introduced b-metric spaces as a generalization of metric spaces. He
proved the contraction mapping principle in b-metric spaces that generalized the famous con-
traction principle in metric spaces. Czerwik used the concept of b-metric space and generalized
the renowned Banach fixed point theorem in b-metric spaces (see, [5, 6]). In 2007, Huang and
Zhang [9] introduced the concept of cone metric spaces as a generalization of metric spaces and
establish some fixed point theorems for contractive mappings in normal cone metric spaces. In
2008, Rezapour and Hamlbarani [14] omitted the assumption of normality in cone metric space,
which is a milestone in developing fixed point theory in cone metric space.

In 2011, Hussain and Shah [10] introduced the concept of cone b-metric space as a general-
ization of b-metric space and cone metric spaces. They established some topological properties
in such spaces and improved some recent results about K K M mappings in the setting of a cone
b-metric space.

In this note, we establish some common fixed point theorems satisfying rational inequality

in the framework of cone b-metric spaces with normal solid cone.

Definition 1.1([9]) Let E be a real Banach space. A subset P of E is called a cone whenever
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the following conditions hold:

(C1) P is closed, nonempty and P # {0};

(C2) a,be R, a,b>0 and x,y € P imply ax + by € P;

(C3) PN (—P)={0}.

Given a cone P C E, we define a partial ordering < with respect to P by x <y if and only

ify—x € P. We shall write x < y to indicate that x <y but x # y, while x < y will stand for
y—x € P°, where P stands for the interior of P. If P° # () then P is called a solid cone (see

[15]).

There exist two kinds of cones- normal (with the normal constant K) and non-normal ones
following ([7]):

Let E be a real Banach space, P C E a cone and < partial ordering defined by P. Then
P is called normal if there is a number K > 0 such that for all z,y € P,

O0<z<y imply [zf <K|yl, (1.1)
or equivalently, if (Vn) z, <y, < z, and

lim z, = lim 2, =z imply lim y, = z. (1.2)
n—oo n—oo n—oo

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

Example 1.2 ([15]) Let E = C£[0,1] with |jz|| = ||z|| + ||2/||,, on P = {xz € E : z(t) > 0}.
This cone is not normal. Consider, for example, x,,(t) = % and y,(t) = % Then 0 < z,, < yp,
and limy, o0 Yn = 0, but ||z, || = maxepo 1) |5 | + maxepo ) [t" 7 = L +1 > 1; hence z,, does

not converge to zero. It follows by (1.2) that P is a non-normal cone.

Definition 1.3(]9, 16]) Let X be a nonempty set. Suppose that the mapping d: X x X — E

satisfies:
(CM1) 0 < d(z,y) for all z,y € X withx #y and d(z,y) =0 & z =y;
(CM2) d(x,y) = d(y,z) for all z,y € X;
(CM3) d(z,y) < d(z,z) +d(z,y) z,y,z € X.
Then d is called a cone metric on X and (X, d) is called a cone metric space (CMS).

The concept of a cone metric space is more general than that of a metric space, because

each metric space is a cone metric space where F =R and P = [0, +00).

Example 1.4 ([9]) Let E=R? P={(z,y) eR*>:2 >0,y >0}, X =Randd: X x X - E
defined by d(z,y) = (| — y|, |z — y|), where @ > 0 is a constant. Then (X, d) is a cone metric

space with normal cone P where K = 1.

Example 1.5 ([13]) Let E = (% P = {{xy}n>1 € E: z, > 0,for all n}, (X, p) a metric space,
and d: X x X — FE defined by d(z,y) = {p(z,y)/2" }n>1. Then (X, d) is a cone metric space.
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Clearly, the above examples show that class of cone metric spaces contains the class of

metric spaces.

Definition 1.6([10]) Let X be a nonempty set and s > 1 be a given real number. A mapping
d: X x X — F is said to be cone b-metric if and only if, for all x,y, z € X, the following

conditions are satisfied:
(CbM1) 0 < d(z,y) with x #y and d(z,y) =0 & z=y;
(CbM2) d(z,y) = d(y, z);
(CbM3) d(x,y) < sld(z,z) + d(z,y)].
The pair (X,d) is called a cone b-metric space (CbMS).

d
d

Remark 1.7 The class of cone b-metric spaces is larger than the class of cone metric space
since any cone metric space must be a cone b-metric space. Therefore, it is obvious that cone

b-metric spaces generalize b-metric spaces and cone metric spaces.

We give some examples, which show that introducing a cone b-metric space instead of a
cone metric space is meaningful since there exist cone b-metric spaces which are not cone metric

spaces.

Example 1.8 ([8]) Let E = R* P = {(z,y) € E : 2 > 0,y > 0} C E, X = R and
d: X x X — FE defined by d(z,y) = (|Jz — y|P, oz — y?), where « > 0 and p > 1 are two
constants. Then (X, d) is a cone b-metric space with the coefficient s = 2P > 1, but not a cone

metric space.

Example 1.9 ([8]) Let X = ¢ with 0 < p < 1, where /7 = {{z,,} CR: > ", |z,|F < oo},
Let d: X x X — R defined by

) = (X lan =)’
n=1

where x = {z,}, ¥y = {yn} € ¢P. Then (X,d) is a cone b-metric space with the coefficient

s = 2P > 1, but not a cone metric space.
Example 1.10 ([8]) Let X = {1,2,3,4}, E =R?> P = {(z,y) € E : z > 0,y > 0}. Define
d: X x X — E by

(lz—yl™ o —yl™Y) ifa#y,

d(z,y) = 0 .
, ifx=uy.

Then (X, d) is a cone b-metric space with the coefficient s = g > 1. But it is not a cone metric

space since the triangle inequality is not satisfied,

d(1,2) > d(1,4) + d(4,2), d(3,4) > d(3,1) +d(1,4).

Definition 1.11([10]) Let (X,d) be a cone b-metric space, x € X and {z,} be a sequence in
X. Then
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o {x,} is a Cauchy sequence whenever, if for every ¢ € E with 0 < ¢, then there is a
natural number N such that for all nym > N, d(xpn, Tm) < ¢;

o {x,} converges to x whenever, for every ¢ € E with 0 < ¢, then there is a natural number
N such that for all n > N, d(x,,z) < c¢. We denote this by lim, o ©, =  or , — x as

n — o0.

o (X.d) is a complete cone b-metric space if every Cauchy sequence is convergent.

In the following (X, d) will stands for a cone b-metric space with respect to a cone P with

PO £ () in a real Banach space F and < is partial ordering in F with respect to P.

82. Main Results

In this section we shall prove some common fixed point theorems for rational contraction in the

framework of cone b-metric spaces with normal solid cone.

Theorem 2.1 Let (X,d) be a complete cone b-metric space (CCbMS) with the coefficient s > 1
and P be a normal cone with normal constant K. Suppose that the mappings S, T: X — X

satisfy the rational contraction:

d(x, Sz) d(z, Ty) + [d(z,y)]* + d(z, Sz)d(z, y)} (2.1)

d(Sz,Ty) < 04[ d(z, Sz) + d(z,y) + d(z, Ty)

for all z,y € X, a € [0,1) with sae < 1 and d(x,Sz) + d(z,y) + d(x,Ty) # 0. Then S and
T have a common fized point in X. Further if d(z, Sz) + d(x,y) + d(x, Ty) = 0 implies that
d(Sz,Ty) =0, then S and T have a unique common fized point in X .

Proof Choose xy € X. Let 21 = S(x¢) and xo = T(x1) such that z9,41 = S(x2,) and
Zont2 = T(zan41) for all n > 0. Let d(z, Sx) + d(x,y) + d(z, Ty) # 0. From (2.1), we have

d(Zon+1, Tant2) = d(Szon, TTont1)

a [(d(xzm Sx9p) d(w2n, Tr2n11) + [d(T2n, T2n+1)]?

IN

+d(z2p, Sxan) d(Ton, $2n+1))
—1
X (d(xzm Ston) + d(z2n, Tant1) + d(xan, TI2n+1)) }
= « [(d(@m Ton+1) d(Tan, Tant2) + [d(T2n, Tant1)]?
+d(z2n, T2nt1) d(T2n, $2n+1))

—1
X (d($2m Tont1) + d(Zan, Tant1) + d(Ton, !E2n+2)> }

= d/(xzn, ,’E2n+1)
|:d Ton, I2n+2 —+ d(.IQn, I2n+1> + d(IQn, $2n+1):|
d(T2n, Tant1) + d(T2n, T2nt1) + d(T2n, T2n12)
= ad(:cgn,;vgn+1) (22)

X
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Similarly, we have

d(zon, Tont1) = d(Szon, Txan_1)

o Kd(@n, Sxa,) d(T2n, TT2n-1) + [d(T2n, T2n—1)]

+d(x2n, Szon) d(xan, I2n71)>

IN

—1
X (d(!Ezm Sxon) + d(z2n, Ton—1) + d(z2p, T962n—1)> }

= a[(d(ﬂfzm Tont1) d(x2n, T2p) + [d(@2n, I2n71)]2
+d(on, Ton+1) d(Ton, I2n71))

—1
X (d(l“zn, Tont1) + d(@2n, Tan—1) + d(2n, 1132n)) ]

= ad(,’Ezn,JJgn 1)
[d Ton, Tan—1 +d($€2n,$2n+1)}
d(Zon, Tany1) + d(Zon, Tan—1)
= ad(z2n, T2n-1). (2.3)

X

By induction, we have

d($n+17 xn) < « d(xnfla zn) < 042 d($n72; Infl) <...
< a™d(zg, 1) (2.4)

Let m,n > 1 and m > n, we have

d(xn,zm) < sld(@n, Tni1) + d(Tni1, Tm)]
= sd(@n,Tni1) + sd(Tpi1, Tm)
< sd(Tn, Tpyr) + $Hd(Tna1, Tng2) F d(Zng2, 2m)]
= sd(@n, Tni1) + S2d(Tni1, Tnio) + 52d(Tnio, Tm)
< sd(xp, Tpy1) + 82d(Tni1, Tng2) + $3d(Tnyo, Togs)
o ST (@1, T
< sa"d(z1,m0) + s2a" (2, o) + s2a"T2d (21, 7o)

+ -4 Sman+m71d($1, .I())
= sa"[l +sa+s%a? +s3a3 4+ + (sa)™ d(x1,20)

{lts—a:a}d(xl’xo)'

Since P is a normal cone with normal constant K, so we get

[d(zn, zm)|| <

(z1,20)]|-

This implies ||d(zn, Zm)|| — 0 as n, m — oo since 0 < sae < 1. Hence {x,,} is a Cauchy sequence.

Since (X, d) is a complete cone b-metric space, there exists z € X such that z,, — z as n — 0.
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Now, since

d(z,Tz) < s[d(z,22n+1) + d(@2n+1,T7)]
= sd(Sxan,Tz)+ sd(z,T2n+1)

< [d(l‘gn, Sxa,) d(zon, Tz) + [d(z2n, 2))? + d(z2n, ST2,)d(T2n, z)}
- d(xon, Sxan) + d(xon, 2) + d(xan, T2)

+sd(z, Ton+t1)
< [d(l‘gn, Tont1) d(T2n, T2) + [d(x2,, 2)]? + d(T2n, T2nt1)d(T2n, z)}
- d(xon, Tant1) + d(z2n, 2) + d(x2n, T2)

+5d(z, Tant1).

Now using the condition of normal cone, we have

d(z, T2)|| < K{SaH [d(xzn, Tont1) A(Ton, T2) + [d(xan, 2)]? + d(z2n, Toni1)d(Ton, Z)} H

d(xQna x2n+1) + d(x2n7 Z) + d(x2n7 TZ)
s]ld(z, a0l

As n — oo, we have
ld(z,Tz)[ < 0.

Hence ||d(z,Tz)|| = 0. Thus we get Tz = z, that is, z is a fixed point of T'.

In an exactly the same fashion we can prove that Sz = z. Hence Sz = Tz = z. This shows
that z is a common fixed point of S and T'.

For the uniqueness of z, let us suppose that d(z,Sx) + d(z,y) + d(z,Ty) = 0 implies
d(Sz,Ty) = 0 and let w be another fixed point of S and T in X such that z # w. Then

d(z,582) +d(z,w) + d(z,Tw) =0 = d(Sz,Tw) = 0.

Therefore, we get
d(z,w) = d(Sz,Tw) =0,

which implies that z = w. This shows that z is the unique common fixed point of S and T
This completes the proof. O

If S is a map which has a fixed point p, then p is a fixed point of S™ for every n € N too.
However, the converse need not to be true. Jeong and Rhoades [12] discussed the situation and
gave examples for metric spaces, while Abbas and Rhoades [1] examined this for cone metric
spaces. If a map satisfies F'(S) = F(S™) for each n € N then it is said to have property P. If
F(S™)NF(T™) = F(S)N F(T) then we say that S and T have property P*.

We examine the property P* for those mappings which satisfy inequality (2.1).

Theorem 2.2 Let (X,d) be a complete cone b-metric space (CCbMS) with the coefficient s > 1
and P be a normal cone with normal constant K. Suppose that the mappings S, T: X — X
satisfy (2.1). Then S and T have the property P*.



On Common Fixed Point Theorems with Rational Expressions in Cone b-Metric Spaces 71

Proof By the above theorem, we know that S and 7T have a common fixed in X. Let
z € F(S™)NF(T™). Then

d(z,Tz) = d(S*T""2)=d(S(S" 12, T(T"2))
a Kd(S"ilz, S"2)d(S" 2, T(T"2)) + [d(S™ 'z, T"2))?

IN

-l—d(S"_lz,S"z)d(S"_lz,T"z))
x(d(S"’lz,S"z)—|—d(S”’1z,T" )+ d(S™ Lz, T(T"2 ))) 1]

- a[(d(sn—lz, 2)d(S" 1z, Tz) + [d(S™ 'z, z)]2
+d(snflz,z)d(snflz,z))

s (d(S712,2) + (S 2) 4 (S5, T2)) 1}

d(S" 12, Tz) +2d(S" 1z, 2)
_ n— 1 ) )
= ad(S %) [2d(5’"*12,2)—i—d(S’"*lz,Tz)}
= ad(S" 'z, 2).
Similarly
d(S"z, T"2) < ad(S" 'z, T"2) = ad(S(S"22), T(T" '2))

IN

a [(d(S"*QZ, SP2) d(S™ 22, T2 + [d(S" 22, T 12))?
(8" 22, 8" 2) d(S" 2, T”*lz))

x (d (8" 22, 5" 12) + d(S" 22, T"12) + d(S" 22, T”z))_l}
- a[ A(S™ 22, 8" 2) d(S™ 22, T2 + [d(S" 22, S"12)]2
+d(S™ 2z,sn-1z)d(sn—2z,sn—lz))

—1
X (d (S"722, 8" 2) +d(S" %2, 8" ) + d(S" 2z, T"z)) }

d(S"22,T"2) + 2d(S" 2z, S”’lz)}
2d(S7=2z,57"1z) + d(S"22,T"z)

= ad(S"% snflz)x[

= ad(S"?%z,8"12).
Continuing this process, we get that
d(S"z, T"2) < «ad(S" 'z, T"2) <a?d(S" %2, T" '2) <--- < a"d(z,T2).

That is,
d(z,Tz) < a™d(z,Tz).

Using (1.1), the above inequality implies that

ld(z, T2)|| < Ka"|d(z,Tz)| — 0asn — occ.
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Hence ||d(z,Tz)|| = 0. Thus we get Tz = z, that is, z is a fixed point of T. By using Theorem
2.1, we get Sz = z, and consequently, S and T have property P*. This completes the proof. O

Putting S = T, we have the following result.

Corollary 2.3 Let (X,d) be a complete cone b-metric space (CCbMS) with the coefficient
s > 1 and P be a normal cone with normal constant K. Suppose that the mappings T: X — X

satisfies the rational contraction:

d(z,Tz)d(z, Ty) + [d(z,y)]? + d(z, Tx)d(z,y)
d(z,Tz) + d(x,y) + d(z, Ty)

d(Tz,Ty) < oz[ (2.5)

forall z,y € X, a € [0,1) with sa < 1 and d(z,Tx) + d(x,y) + d(x,Ty) # 0. Then T has a
fized point in X. Further if d(x,Tx) + d(x,y) + d(z, Ty) = 0 implies that d(Tz,Ty) = 0, then
T has a unique fixed point in X .

Proof The proof of Corollary 2.3 immediately follows from Theorem 2.1 by taking S =T
This completes the proof. O

Theorem 2.4 Let (X,d) be a complete cone b-metric space (CCbMS) with the coefficient s > 1
and P be a normal cone with normal constant K. Suppose that the mapping T: X — X satisfies
(2.5) with sae < 1, where a € [0,1). Then T has the property P.

Proof Let v € F(T™). Then

d(v, Tv) d(T™v, T" ) = d(T(T" '), T(T"v))
a[d(T"*v, T"0) d(T" Lo, T(T™0)) + [d(T" v, T"v)]2
+d(T™ Yo, T™0)d(T"™ v, T™)

< {d(T™ Y0, T™) + d(T™ Y0, T™) + d(T™ v, T(T%))}*l}

IN

= a[d(T"ilv, v) d(T" o, Tv) + [d(T" v, v)]?
+d(T™ Yo, 0)d(T™ v, v)
x{d(T" v, v) + d(T" v,v) + d(T" M, Tv)}fl}

d(T" Y, Tv) + 2d(T" v, v) ]

= ad(T!
o d( v,v) X 2d(T" 1w, v) + d(T" v, Tv)

= ad(T" 'v,v).
That is
d(T"v, T" ) < ad(T" ‘v, T™).

Similarly
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d(T" o, T™v) d(T(T" %), T(T" v))
a {d(T"—%, T 1) d(T™ 20, T™) + [d(T" 20, T" 1v)]?
+d(T" 20, T 0)d(T™ 20, T" 1v)

x{d(T" v, T ) + d(T" 20, T" ') + d(T" >, T"v)}il}

IN

- a {d(T"—%, T 10) d(T" Yo, v) + [d(T" v, T"1v))?
+d(T" 20, T 0)d(T™ v, T" 1v)
x{d(T" v, T" ") + d(T" 20, T" ') + d(T" v, v)}fl}

d(T" v, v) + 2d(T" 2w, T"‘lv)}
2d(T7 20, T 1) + d(T" v, v)

= ad(T" v, T" ') x [
= ad(T" v, T" 'v).
Continuing this process, we get

d(T™, T"" ) < ad(T™ ', T™) < a?d(T™ %0, T" o) < -+ < a"d(v, Tv).

That is,
d(v, Tv) < a™d(v,Tv).

Using (1.1), the above inequality implies that
ld(v, Tv)|| < Ka"|d(v,Tv)|| = 0asn — oo.

Hence ||d(v, Tv)|| = 0. Thus we get Tv = v. Thus we conclude that a mapping which satisfies
(2.5) has the property P. This completes the proof. O

83. Applications

The aim of this section is to apply our result to mappings involving contraction of integral
type. For this purpose, denote A the set of functions ¢: [0, 00) — [0, 00) satisfying the following
hypothesis:

(hl) ¢ is a Lebesgue-integrable mapping on each compact subset of [0, 00);

(h2) for any & > 0 we have [; o(t)dt > 0.

Theorem 3.1 Let (X,d) be a complete cone b-metric space (CCbMS) with the coefficient s > 1
and P be a normal cone with normal constant K. Suppose that the mappings S, T: X — X
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satisfy the contraction of integral type:

/Od(Sm,Ty)w(t)dt . a/

0

d(z,Sw) d(z,Ty)+[d(z,y)]? +d(z,Sz)d(z,y)
d(z,Se)td(z,y)+d(z,Ty)

w(t) dt

forallz,y € X, a €[0,1) with s« <1 and ¢ € A. Then S and T have a unique common fized
point in X.

If we put S =T in Theorem 3.1, we have the following result.

Theorem 3.2 Let (X,d) be a complete cone b-metric space (CCbMS) with the coefficient s > 1
and P be a normal cone with normal constant K. Suppose that the mapping T: X — X satisfies

the contraction of integral type:

d(z,Te)+d(z,y)+d(z,Ty)

d(Tz,Ty)
/ Y()dt < a / (t) dt
0

0

{d(m,rz) d(z, Ty)+[d(z, )2 +d(z, Tz)d(x,y)

forallz,y € X, a €0,1) with s« <1 and ¥ € A. Then T has a unique fized point in X.

84. Conclusion

In this paper, we establish some unique common fixed point theorems for rational contraction
in the setting of cone b-metric spaces with normal solid cone. Also, as an application of our
result, we obtained some results of integral type for such mappings. Our results extend and

generalize several results from the existing literature.
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