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tablish new fixed point results for mappings under some rational contractions. Our idea
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1 Introduction

Fixed point theory is one of the highly embraced fields in mathematics. In this
area, a huge involvement has been made by Banach [6], who gave the notion of
contraction mapping due to a complete metric space to locate fixed point of the
specified function. In 1969, Kannan [15] gave an alternate sort of contractive con-
dition that demonstrated fixed point theorem. The distinction in Banach theorem
and that of mapping in Kannan is that continuity is necessary for contraction of Ba-
nach maps but Kannan maps are not necessarily continuous. Additionally, Chater-
jea [7] gave similar kind of contraction. The classical fixed point theorem due to
Banach [6] has been generalized by many researchers in various ways (see, for ex-
ample, [3,4,7,11]) and the references therein. One may also consult Rhoades [17]
for different definitions of contractive type mappings. Moreover, all the general-
izations of Banach fixed point theorem is further classified in two directions-either
the contractive condition is replaced with a more generalized one or the axioms
characterizing the ground set is enlarged or weakened. In the second case, some
of these metric-like spaces are called semimetric, quasimetric, pseuodometric, b-
metric, K -metric, to mention but a few. Along this line, by replacing the set of
real numbers as the usual co-domain of a metric, Huang and Zhang [12] estab-
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lished the concept of cone metric as a generalization of metric spaces, thereby,
establishing some fixed point theorems for contractive mappings on cone metric
spaces. Thereafter, many authors have come up with various important fixed point
results in the setting of cone metric spaces (see, for example, [13, 19]). The inter-
ested researcher may also want to go deeply into a comprehensive new survey on
cone metric spaces by Aleksié et al. [2].

It is well-known that fixed point theorems involving rational contractions cannot
be extended or meaningless in cone metric spaces. To circumvent this problem,
Azam et al. [3] introduced the notion of complex valued metric spaces and ob-
tained sufficient conditions for the existence of common fixed points of a pair of
mappings satisfying contractive type inequalities involving rational expressions.
It is interesting to note that complex valued metric space is a special class of
cone metric spaces. But, the definition of a cone metric is based on the under-
lying Banach space which is not a division ring; thus, many results of analysis
regarding divisions cannot be generalized to cone metric spaces. On this develop-
ment, the study of fixed point theorems concerning rational inequalities in com-
plex valued metric spaces have been growing at a geometric rate (see, for example,
[9,16,20]). Along the line, the idea of b-metric space was presented by Czerwik
[8] in 1993. Branciari [21] invented the concept of rectangular metric space by
modifying the triangular inequality. Rao [18] introduced the notion of fixed point
results on complex valued b-metric spaces, which is broader than complex valued
metric spaces. However, every complex valued b-metric space is a cone b-metric
space over Banach algebra C in which the cone is normal with the coefficient of
normality K = 1, and where the cone has non-empty interior (that is, solid cone).
Following [18], various authors have demonstrated fixed point results for different
mappings fulfilling rational inequalities with regards to complex valued b-metric
spaces (see, for instance, [1,5]).

Motivated by the ideas presented in [3,8,21], we introduce the concept of com-
plex valued non-negative extended b-metric spaces and establish new fixed point
theorems for mappings under some rational contractive inequalities. Our idea im-
proves and extends the above mentioned articles and a few others in the corre-
sponding literature. Nontrivial examples are provided to indicate the usefulness
and validity of the main result obtained herein.

2 Preliminaries

In this section, we recall some specific concepts which are necessary for the pre-
sentation of our main results.

Definition 2.1. [3] Let C be the set of all complex numbers and z;, z; € C. The
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partial order on C is defined as:
z1 =X 2, if and only if Re(z1) < Re(z) and Im(z;) < Im(z). This implies that
z1 = 2 if one of the following conditions holds:

(i) Re(z1) = Re(z2), Im(z1) < Im(z2),
(ii) Re(z1) < Re(z), Im(z1) = Im(xz),
(iii) Re(z1) < Re(z2), Im(z1) < Im(z2),
(iv) Re(z1) = Re(z), Im(z1) = Im(2)

Definition 2.2. [3] Let X be a non-empty set. If the mappingd : X x X — C
satisfies the following conditions :

(1) 0 < d(z,y) and d(z,y) = 0 if and only if = = y;

(ii) d(z,y) = d(y, z);

(tii) d(x,y) < d(z,2z) + d(z,y), forall z, z,y € X,

then d is known as a complex valued metric on X, and the pair (X, d) is said to be
a complex valued metric space.

Example 2.3. Let X = X; U X3, where
X; ={2€C: Re(z) >0and Im(z) =0}

and
X, ={z€ C: Re(z) =0and Im(z) > 0}.

Define d : X x X — C as follows:

%\xl—x2|+%|x1—x2\, if 21,20 € X3
d(z1,22) = < 2y — wa| + £ |ly1 — w2l if 21,2 € Xp;
Gy + 220) +i (Syr + Lan) , if 21 € X1, 20 € Xa,

where z; = x; + 4y and z, = x + iy,. Then, (X, d) is a complex valued metric
space.

Definition 2.4. [3] Let X be a non-empty set. The mappingd : X x X — C
satisfies the following conditions :

(1) 0 = d(z,y) and d(x,y) = 0 if and only if = = y;

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

(#1) d(z,y) 2 7[d(z, 2) + d(2,y)], forall z, z,y € X, where 7 > 1.

Then d is known as a complex valued b-metric on X, and the pair (X, d) is said to
be a complex valued b-metric space.
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Example 2.5. [18] Let X = [0, 1]. Define a mapping d : X x X — C by
d(z,y) = & —y* + ile —y[
forall z,y € X. Then (X, d) is a complex valued b-metric space with 7 = 2.

Definition 2.6. [3] Let X be a non-empty set, 6 : X x X — [1,00) be a function
and the mapping d : X x X — C satisfies the following conditions :

(1) 0 = d(z,y) and d(z,y) =0 <= z=1y;

(i1) d(z, y) = d(y, x);

(173) d(z,y) < 0(x,y)[d(z, z) + d(z,y)],Vx,z,y € X,

then d is known as a complex valued extended b-metric on X, and the pair (X, d)
is said to be a complex valued extended b-metric space.

Example 2.7. [3] Let X = C([a, b], R) be the space of all continuous real valued
functions defined on [a, b] and a function 6 : X x X — [1,00) be given by

0(x,y) = [x(®)] + [y(@)] + 2.

Also, defined : X x X — C by

d(z,y) = max [2(t) — y(®)]"

Then, (X, d) is complex valued extended b-metric space.
Definition 2.8. Let X be a non-empty set, 6,0 : X x X — [0, c0) be defined by
9((1), y) = 90($7 y) +,

forall x, y € X, and 7 > 1. Also, define a function d : X x X — C, if for all
x,y, 2z € X, the following statements hold.

(i) 0 = d(x,y) and d(x,y) = 0 if and only if z = y;

(i) d(z, y) = d(y, );

(iii) d(x, y) = 0(z, y)[d(x, 2) + d(z,y)].

Then d is called a complex valued non-negative extended b-metric on X and the
pair (X, d) is called a complex valued non-negative extended b-metric space.

Derivation of complex valued extended b-metric spaces

If we put Op(z,y) =  + y and 7 = 1, then we get O(z,y) = 1 + z +y = 6*(z,y).
Property (iii) of Definition 2.8 will be replaced by

d(x,y) = 0% (z,y)ld(z, 2) + d(z,y)].
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Thus, the Definition 2.8 with the replaced property becomes Complex valued extended
b-metric space.
Derivation of complex valued b-metric spaces
If we put 6p(z,y) = 0, then O(z, y) = 0+ 7, where 7 > 1, then Property (iii) of Definition
2.81s

d(x,y) = 7[d(z,2) + d(z,y)].
Then, Definition oct202 with this property is the definition of Complex valued b-metric
spaces.
Derivation of complex valued metric space
By the similar way, if we put 7 = 1, in the above definition then it defines the complex
valued metric space.
Derivation of ordinary metric space
In the above, if we replace ground space C by R, we get ordinary metric space.

Example 2.9. [18] Let X = [0, 1]. Define a mapping d : X x X — C by
d(z,y) = o =y’ +ilz -y
for all z,y € X. Then (X,d) is a complex valued non-negative extended b-metric space
with 7 = 2 and 6y (z,y) = 0.
Example 2.10. [20] Let X be a non-empty set and 6y, 6 : X x X — [0, o) be defined as:

O(z,y)=14+z+y, b(z,y)=x+y, 7=1

Further, let
() d(z,y) = I’—iy, forall z,y € (0, 1];
(i) d(z,y) =0z =yforallz,y € [0,1];
(i) d(z,0) = d(0,z) = L forall z € (0, 1].
Then the pair (X, d) is a complex valued non-negative extended b-metric space.

Example 2.11. [20] Let X = [0,00). 6 : X x X — [0,00) be a function defined by
O(x,y)=14+xz+yandd: X x X — C be given as

d(z,y) 0, if z=y
x’ = . .
Y i, if x#uy.

Then (X, d) is a complex valued non-negative extended b-metric space.

Definition 2.12. Let S and 7" be self mappings of a non-empty set X.

(1) A point x € X is said to be a fixed point of T if Tz = .

(i7) A point z € X is said to be a coincidence point of S and T if Tz = Sz and called
w = T'x = Sx a point of coincidence of S and T'.

(i44) A point x € X is said to be common fixed of T and S if z = Sz = T'z.
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Lemma 2.13. [3] Let (X, d) be a complex valued rectangular extended b- metric space
and {x,} be a sequence in X. Then {x,} converges to x € X if |d(zp,z)| — 0 as
p — 0.

Lemma 2.14. [3] Let (X, d) be a complex valued non-negative extended b- metric space
and {x,} be a sequence in X. Then {x,} is a Cauchy sequence if and only if |d(xp, z4)| —
Oasp,q — oo.

3 Main results

Our main result runs as follows.

Theorem 3.1. Ler (X, d) be a complete complex valued non-negative extended b-metric
space, 0,0; : X x X = [0,00) (i =0,1,2and 0 =6y +7, 7> 1)and S,T : X —» X
be mappings satisfying the following conditions:

(@) lim 0(Zpi1, Tm)01 (X1, Tnsa) + 02(Tns1s Tnga) < 1

n—oo
d(zx, Sx)d(y, Ty)

(i4) d(Sz, Ty) =2 0\(z,y)d(z,y) + O2(2, y) 1+ d(z,y)

Then S, T have a unique common fixed point in X.

Proof. Led xy € X be arbitrary point in X. We construct a sequence {x,, } such that
Tont1 = STon, Tant2 = TTont ey
for all n > 0. From the hypothesis and 1, we get

d(Ton41, Tant2)

= d(Sl”zn, TI2n+1)

02(x2n, Tont1)d(Ton, ST2n)d(Tont1, TZ2n41)
1 + d(-TZru $2n+1)

= 01(z2n, Tont1)d(Ton, Tons1) +

d(Izn, Ton+1 )

=6 ($2n7$2n+1)d($2na $2n+1) + 92(372717x2n+l)d(x2n,+1>TIZn+l)m
s n+

= 01(@2ns Tont1)d(@2ns Tont1) + 02(T2n, Tong1)d(Ton 41, Toni2)-

This implies that

(1 = 02(x2m, Ton+1))d(@2n41, Tont2) = 01 (T2, Tont1)d(X2n, Toni)-
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That is,

d(Ton+1, Tont2)

01 (%on, Tant1)
1 — 61(x2n, Tont1

] d(Ton, Tont1)

01 (xon, Tont1) 01 (x2n—1, T2n)
1 — 62(x2n, Tons1) 1 — 02(T2n—1, T2n

) d(fanfl 5 xZn)

01 (@2n, Tont1) 01 (x2n—1, T2n) 01 (®2n—2, Tan—1)
T 1= (@on, Xont1) 1 — 2 (@2n—1, %20) 1 — 02(T2n—2, Ton—1

)d(m%,z, Tap—1)-
By continuing in this way, we get

0 0 _ 0 2y Top—
d($2n+1,$2n+2) < l(x2n,$2n+l) l(x2n la-TZn) l(-TZn 2, 42n 1)

1 — 02(x2n, Tont1) 1 — O2(@2n—1,22n) 1 — O2(22n—2, Z2n—1)

61(1‘071‘1)

—d .
1— 92(%0,%1) (.IC(),.ZCl)

For m > n, we have

A(Tny Tm) 2 0(@n, T )d(Tp, Trs1) + 0@, ©) (@1, T )A(Tns1, Tnsa) + -
+ 9(.1'”, x7YL)9(x’IL+17 m'm)e(mn+27 1'7”) e e(x’m—l ) x’m)d(x’m—l ) x’rn)a
< 0(xo, 2m)0(x1, ) 0(T2, Trn) -+ - O(T—1y Ty ) 0Ty Tomy)

01 (xo, 1) 0 (z1,22) 01 (zn—1,xn)
1 —6y(zo,21) 1 —bp(z1,22) 1 —6a(zpi,xn)

+ 9(3307 :rm)ﬁ(ml, mm)e(xL xm) e 6(m7l7 xwz)e(xn+la mm)

d(l‘o, 1‘1)

01 (xo, 1) Or(x,22) 01(Tni1s Trgo)
L —0y(x0,21) 1 — Ox(x1,22) 1 —62(Tps1, Tny2)

d(.%’o7 CL’I)

+ 0(.@07 Im)e(l‘l, l‘m)e(l‘z, xm) e e(xmfb xm)e(mmfl ) xm)

91(1‘0,1‘1) 91(331,332) el(l’mfZ;l’mfl)
1 =0 (0, 21) 1 = Oa(21,22) 1= (T2, Tm—1)

d(xo,xl).
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This implies
d(xnv xm) j 0(1,'”, (Em)d(.fﬂn, xn+1) + O(xn, xm)g(xn+lv xm)d(zn+17xn+2) + -

+ 9($n7 mm)9($n+l ) xm)9($n+2a xm) e a(l‘mfl ) .’Em)d(l‘m,1 ) xm)a

j d(l‘o, 1‘1) 0(1‘07 Im)e(xla xm)e(xbxm) e Q(Inflvxm)e(xnvxm)

01 (o, 1) 01 (x1,22)

01 (Inflvxn)

1= 0y(zo, 1) 1 — Ox(1,20)

+ 9({E07 wm)e(x] 3 xm)ﬁ(xg, $M) e

01 (o, 1) 0 (z1,22)

1— 02(1'717173371)
0($n7 xm)e(xn+l I xm)

91 ($n+1 ) $n+2)

1= 0s(zo,21) 1 — Or(x1,22)

+ 0(z0, 2m)0(21, 2 )0 (22, Tn) - -+

01 (xo, 1) 01(x1,z2)

1 - 92(1’.7L+1a xn+2)

e(l‘mf% xm)g(l‘mfl 5 l‘m)

01(Trm—2, Trm—1)

1= 0s(zo,21) 1 — Or(21,22)

1—- 92(xm727 mmfl)

Since, limy, 00 O(Znt1, Tm )01 (Tnt1s Tnta) + 02(Tnt1, Tnia) < 1, so the series
S0 T Aeetm)Oileirin) conyerges by ratio test. For each m € N, let

1—0(zi,ziq1)

m—1 J n J
B H Oz, 0 )01 (24, 2i11) g — ZH 0(zi, 2m)01 (T3, Tiy1)
o 1—6i(z;,x o 1—6,(x;,x;

J=0 i= 1 iy z+1) J=0 i=0 1( () 7.+1)

Thus, for m > n, the above inequality implies that
d(xn, Tm) = d(zo, 21) [Sm—1 — Sn] -
That is,
|d(mn7xm)| S ‘d(-nyxl)‘ [Smfl - Sn] . (2)

Letting n — oo in (2), we conclude that {z,,} is a Cauchy sequence. Since X is com-
plete, there exists u € X such that z,, — u (n — 00).
To see that Su = u, consider

d(u, Su)

= d(u, 2an+2) + d(T2n42, Su)

= d(u, T2p42) + d(TT2pn41, Su)

= d(u, Tont2) + d(Su, Tx2p+1)

0 (u, Topy1)d(u, Sw)d(@ont1, TTont1)
1+ d(u, 22n41) ’

j d(u7 x2n+2) + 91(“7 x27L+l)d(U7 x2n+1) +
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The above inequality implies that

‘d(u, Su)

92(% Ton+1 )d(% Su)d(xan ) TI2n+1)

Jr
1+ d(u, Tont1)

+

< ‘d(% Tont2)

01 (u, Tant1)d(w, an11)

By letting n — oo in the above expression, |d(u, Su)| < 0. Thus, we proved that
u = Su. Similarly, we can prove that w = Tu. Hence, u is the common fixed point of
S and T'. Finally, to show that u is the unique fixed point of .S and 7', assume that u* is
another fixed point of S and T" with u # u*. Then,

0 (u, u*)d(u, Su)d(uw*, Tu*)

*\ *) * *
d(u,u*) = d(Su, Tu") <0y (u, u")d(u,u™) + T+ d(u, o)

)

which gives

d(u,u*)| + 0 (u, u*)d(u, Su)d(u*, Tu*)

‘d(u,u*)’ < 01 (u,u*)

1+ d(u,u*)
and
(1 — 0 (u, u*))d(u,u*) <0,
which implies that u = u*. Hence u is the unique common fixed point of S and 7. O

Corollary 3.2. Let (X, d) be a complete complex valued non-negative extended b-metric
space, 0,0; : X x X — [0,00)(i=0,1,2and0 =60y +7, 7> 1)andT : X — X bea
mapping satisfying the following conditions:

(Z) lim e(xn+17x?n)el(xwz+lax7z+2) +02(mn+17mn+2) < 1;

n—oo
d(z, Tx)d(y, Ty)

1) d(Tx, Ty) <0 d 0
(“) ( Z, y) - 1(1‘,:1/) (:L',y)+ z(l',y) 1+d($,y)
Then T has a unique fixed point.

Proof. Take S = T in Theorem 3.1. O

Corollary 3.3. (see Azam et al. [3, Theorem 4]) Let (X, d) be a complete complex valued
metric space and S, T : X — X.If S and T satisfy

pd(z, Sz)d(y, T'y)
1+d(z,y)

d(Sz,Ty) = Md(z,y) +

forall x,y € X, where \, 1 are non-negative reals with A+ j < 1. Then S and T have a
common fixed point in X.
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Proof. Put0;(z,y) = X and 0,(x,y) = p in Corollary 3.2. |

Theorem 3.4. Ler (X, d) be a complete complex valued non-negative extended b-metric
space, 0,0; : X x X = [0,00) (i =0,1,2and0 =0y +71, 7> 1)and T : X — X be
mappings satisfying the following conditions :

(0) lm O(zps1, Tm)01 (Tng1s Tny2) + 2(Tnt1, Tnga) < 1

n— oo
d(z, T"z)d(y, T"y)

(i) d(T"2, T"y) = 01, ), y) + 0a(,y) == =757 =

Then T has a unique fixed point in X.

Proof. From Corollary 3.2, we get that 7™ has unique fixed point u, that is, 7" u = u.
The result then follows from the fact that

d(Tu,u) = d(TT"u, T"u) = d(T"Tu, T"u)
0> (Tu, w)d(Tu, T"Tu)d(u, T™u)
1+ d(Tu,u)
02(Tu, w)d(Tu, T"Tu)d(u, u)
14+ d(Tu,u)

=01 (Tu,u)d(Tu,u) +

= 91 (T’U,, u)d(TU’7 ’LL) +

=0, (TU, u)d(Tu, ’LL),
from which we have <1 — 01(Tu, u)> d(Tu,u) =< 0. This implies that 7" has a unique
fixed point. O

Example 3.5. Let X = C([1,3],R), a > 0 and for every z, y € X, take

d(z,y) = max |z(t) —y(t)|V1+ aZeiton”'a,

te(1,3]
Define T': X — X by
t
T(z(t) =4 +/ (z(u) +u?)e* du, t €[1,3].
1
Then, for every z, y € X,

d(Tz,Ty) = max ’T T(y(t))}meit‘m”“

te(l,3]
3
= el(xvy)/ In[aX ’l‘ u) y(u)’ezmeitan”adu
te(l,3

= 201 (l‘, y)e d(xv y)
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Similarly,

109, ifn=2
| 1987, ifn—4
2n0n , i ’
Oy 131, ifn=37
053, ifn—38.

By a routine calculation, we get

n

d(T"z, T"y) = 07 (z,y)—d(z,y).

n!

Thus, for 0;(x,y) = 0.53, 6,(x,y) = 0, n = 38, all the conditions of Theorem 3.4 are
satisfied and so 7" has a unique fixed point, which is the unique solution of the integral
equation:

2(t) =4+ /t(x(u) ud)e N du, t e [1,3),

or the differential equation:

d
d—f =(z+t)e! te[1,3], (1) = 4.
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