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Abstract

In this paper, we introduce the concept of a *-complex valued metric space and give some fixed
point results for self-mappings with Zamfirescu type contractions on such spaces. Also, we present three
nontrivial examples to validate our hypotheses and to show the effectiveness and applicability of an
extension of Banach contraction principle discussed herein. Taking the identity function I instead of the
generators « and B in the construction of the set C(NN), *-complex valued metric spaces turn into the
complex valued metric spaces, so our results are stronger than some existing facts in the literature.

1 Introduction

The classical Banach contraction principle [1], a power tool in nonlinear analysis, initiated a new era of
research in fixed point theory due to its intensive applicability in wide areas of mathematics like numerical
analysis and differential or integral equations. Many authors investigated some fixed point theorems and
new contractive conditions on metric spaces or generalizations of metric spaces. For example, Zamfirescu
[2] obtained a new contractive condition which combines the contractive conditions in Banach [1], Kannan
[3] and Chatterjea [4] for classical metric spaces. In 2011, Azam et al. [5] introduced complex valued
metric spaces as a generalization of metric spaces. They proved some fixed point theorems for mappings
which satisfy a rational inequality in complex valued metric spaces. They also applied these results to the
existence and uniqueness for a solution of an integral equation. After the publication of this work, some very
important fixed point results have appeared in complex valued metric spaces; for several related examples,
see [6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16].

In 1972, Grossman and Katz [17] pointed out that different calculus, called non-Newtonian calculus con-
sisting of some special calculus such as geometric, bigeometric, quadratic, biquadratic calculus, and so forth,
which modify the calculus created by Isaac Newton and Gottfried Wilhelm Leibnitz in the 17th century.
The non-Newtonian calculus is a self-contained system independent of any other system of calculus and
provides a wide diversity of mathematical tools for use in technology and mathematics. Also, it has won-
derful applications in various areas including engineering, physics, finance, approximation theory, dynamical
systems, tumor therapy, weighted calculus etc. It provides differentiation and integration tools based on non-
Newtonian operations instead of classical operations. Every property in classical calculus has an analogue
in non-Newtonian calculus.

Recently, Cakmak and Bagar [18] built up some topological properties and sequence spaces with respect to
non-Newtonian calculus. Tekin and Bagar [19] obtained some sequence spaces over non-Newtonian complex
field by defining non-Newtonian complex field. Duyar et al. [20] introduced and examined for non-Newtonian
analysis some fundamenal concepts and usual algebraic and topologic properties related to this concepts.
Binbagioglu et al. [21] introduced a fixed point theory by defining some topological structures of the relevant
non-Newtonian metric space.

In the rest of this section, we recall some necessary notions and basic facts.
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106 x-Complex Valued Metric Spaces

A complete ordered field is called an arithmetic if its realm is a subset of R. A generator is a one-to-one
function whose domain R and whose range is a subset of R. Let « be a generator with range A. We denote by
R, the range of generator a. Also, the elements of R, (or R(XN),) are called non-Newtonian real numbers.
Taking o = I, the generator a generates the classical arithmetic and R, = R.

Let « be a generator with range A. An arithmetic with range A, and its basic operations and ordering
relation are defined as follows, is called a-arithmetic:

a-addition @ y+z=a{a (y) +a ' (2)},
a-subtraction : y—z=af{a'(y)—a " (2)},
c-multiplication : yxz=a{a'(y) xa ' (2)},
-1
L N oy fal(y)
a-division (z#O) coy/z= Sa= a{al (z)}’
a-ordering : y<z<=a l(y) <al(z),
1

for all i,z € A. With the above new operations, (A, +, -, X,/7 §) is an a-arithmetic.

A a-positive number is a number z with 0 < z and a a-negative number is a number with z < 0. a-zero
and a-one numbers are denoted by 0 = «(0) and 1 = a(1). Also, a(—p) = a{—a"t (p)} = —p for all
p € Z*. Thus, the set of all a-integers is {...,a (—2) ,a(-1),a(0),a(1),a(2),...} . The a-absolute value of
x € A is defined by

o x if 0 < z,
|z |=lzl, =4 0 if 0 = z,
0-z ifz<0.

Let b € B C R. Then, the number b X b is called the (B-square of b and is denoted by b2, Let b be
a nonnegative number in B. Then, g [ gt <b)} is called the -square root of b and is denoted by \/g
[17, 18].

An infinite sum

0
a1 -|— a9 -|— + Qp, -|— e = Zan
n=1

(o]
is called the non-Newtonian real number series or a-series. If , 3 a,, is non-Newtonian real number series,
n=1

m
then a sequence {Sy,} with the general term S,, =, ). a, is called non-Newtonian partial sums sequence

n=1
o0 oo}
of the series o Y a,. If the sequence {S,,} is a a-convergent, then it is said that the series o Y a,, is a-
n=1 n=1

oo
convergent. If * lim S,,, = S, then it is written ,, >_ a,, = 5. If the limit * lim S, is not available or equal to

— —
m o0 n=1 m oo

—00 or 400, then it is said that the series o . a,, is a-divergent. For example, if | r |< 1, then o > 7*~Va
n=1 n=1
o] .
is a-convergent and , > r* "o = %a [22].
n=1 -r
Let o and /3 be arbitrarily chosen generators which image the set R to A and B respectively and *-("star-
") calculus also be the ordered pair of arithmetics («-arithmetic, S-arithmetic). The following notations will
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be used.
a-arithmetic [B-arithmetic
Realm A(=R,=R(N),) B (: Ry = R(N)ﬂ)
Summation + +
Subtraction = hl
Multiplication X X
Division / /
Ordering < <

There are the following three properties for the isomorphism from a—arithmetic to f—arithmetic that is
the unique function #(iota).

1. 2 is one-to-one.
2. 1is on A and onto B.
3. For all u,v € A,

(utv) = () Fe(v), ¢ (u=v) =v(u) = (v),

)
) = L(u)iL(v),L(u/u)zL(u)ﬂ(u),v#()
u < v<=1(u)<e(v),

t(u) = g {ofl (u)} .

Also, for every integer n, we set ¢« (n) =7 [17, 18].

L
L (uxv

The concepts of a-convergence sequence, a-Cauchy sequence, non-Newtonian metric space, non-Newtonian
completeness, *-limit, *-continuity, *-boundedness, *-derivative and *-integral of the function f : X C A — B
are found in [17, 18, 22].

The following definitions which appeared in [19] will be a crucial tool in our study.

Let a € (A, +, -, X,/, g) and b € (B, ¥, -, 5&,], g) be arbitrarily chosen elements from corresponding

arithmetics. Then, the ordered pair (d, b) is called as a *-point. The set of all x-points is called the set of

x-complex numbers and is denoted by C* or C (N); that is,
C(N):{(a,'b') ;aeAgR,BeBgR}.

The set C (N) forms a field and a Banach space with the algebraic operations @ and ® defined on C (N)
and #-norm || . || defined by

& C(N)xC(N)— C(N),
(z5w*) — ZFow = (al,bl) &) (dg,lﬁé) = (d1 + a2, by +b2),
® C(N)xC(N)—C(N),

i W - Re i - wz(al;o)ﬁ(al;o)ézﬁ(m)

for all z* = (dl, b1) ,w* = (dg, bg) € C(N) where O¢(n) = (0, O) . The set C (V) is also called *-complex
field. In addition, ||z* ® w*| = ||z*| [[w*|| for all z*,w* € C(N) [19].
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For z* = d,.b. € C(N) and w* = é,d € C(N) — {0¢(n) |, the *-division z @ w is defined by
(N)

oo~ o o 553)
[23].

Remark 1 If for z*,w* € C(N) we have z* ® w* = w* ® 2* = Oc(n), then *-complex number w* is called
inverse element with respect to the addition of z* and is denoted by ©z*. We can denote x-complex number
(d, b) by (a, 0) Di*® (b, 0) where i* = (O, 1) , (z*)2 =Olew) = (—1,0) and also define a and b by RN z*

*

and ¥ z*, respectively.

In 1972, Zamfirescu [2] introduce the following existence and uniqueness theorem for a generalized con-
traction mapping.

Theorem 1 Let (X,d) be a complete metric space, o, B, real numbers with a < 1, § < %, v < % and

T: X — X be a function such that for each couple of different points x,y € M, at least one of the following
conditions is satisfied:

(i) d(Tz,Ty) < ad (z,y),

(it) d(Tz,Ty) < B(d(z,Tz) +d(y, Ty)),
(i) d(Tx,Ty) <v(d(z,Ty) +d(y,Tx)).
Then, T has a unique fized point.

Following the same line, we first define a concept of a x-complex valued metric space as a generalization
of complex valued metric spaces. Also, we give some topological concepts and properties for this new space.
Moreover, we extend some fixed point theorems in complex valued metric spaces and classical metric spaces
to some fixed point theorems for Zamfirescu type contractions on x-complex valued metric spaces and verify
the usability of our results by solving a specially chosen non-Newtonian Volterra integral equation and a
specially chosen bigeometric Volterra equation.

Now, we are ready to present and discuss our main results.

2 Some Topological Concepts in x-Complex Valued Metric Spaces

This section is fundamentals of x-complex valued metric spaces.
At first, we introduce a partial order on C (V) and a concept of positive x-complex number.

Definition 1 Let 27,25 € C(N). Define a partial order 5 on C(N) as follows:

* . ..
2y Dz if and only if R 27 <R 25, S 27 <F 2.

~

We will write 2} < 25 if R 27 <R 25, S 27 < S 25, An element 2* € C(N) is said to be a positive x-complex
number if Oc(ny % 2*. The set {z* € C(N) : Oc(ny Z z*} will be denoted by C (N)+ )

Now, we give some properties about partial order on C (N).

Theorem 2 The following statements are true for 25,25, 25, z; € C(N) :

(i) If 2,25 € C(N) and Oc(vy 3 27 325, then 0<[ 21 [ < ] 25 | -
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(i) If Oc(ny < 2f < 23, then 0 <[] 25 || < || 23 | -

* *
(iii) If z7 2 25, then 27 @ 25 2 25 @ 25,

* *
(iv) If zf < 23, then 2§ © 25 < 25 @ 23.

* * *
(v) If 2 3 25 and z5 2 25, then 27 @ 25 3 25 @ 25

*

Proof. (i) Let 27 = (a'l, 6'1) 2 = (a'z, 5'2) Tf Og(wy 2 2F 3 75, then 0 < dy < d, 0 < by < by. This implies

that 5(0) < Bv/a3 + 07 < By/a3 + b3 and so 0 <[ = || < | 25 || -

*
Similarly, (ii), (iii), (iv) and (v) can be easily proved using the definitions of the relations =, Z.om

We continue this section with the concept of an x-complex absolutely value of a *x-complex number and
a related result.

Definition 2 Let z* € C(N). Then, x-complex absolutely value of z* is defined by
Oc () if Oc(vy = 2%, and denoted by | z | .

Ocvy © 2% if 2° 2 Ocwvys

Theorem 3 If z* € C(N), then ||| z |||:|| z* || .

*

Proof. If Oc() % z* or Og(ny = 27, the proof is clear. We assume that 2* 3 Oc(y) and 2* = (d, b) . This
implies that T z Tz Oc(n) © 2*. Then, we obtain that
12 il (<. 28) li= 5 (Vo + 07 ) =5 (Ve #) =i (a8) =1 =1

]

Next, we define a new concept as follows:
Definition 3 Let X be a nonempty set and d* : X x X — C(N) be a function such that for any z,y,z € X,
the following properties hold:
(i) Ocw) % d* (x,y) and d* (x,y) = Oc(ny if and only if v =y,
(ii) d* (z,y) = d* (y,z),
(iii) d* (z, 2) % d* (x,y) ®d* (y,2).

Then d* is called a x-complex valued metric on X and the pair (X, d*) is called a x-complex valued metric
space.

Example 1 Let X = C(N) and

Ocvy = (0,0) ifz =y,

d* (z,y) = .
l(C(N): 1,0 fot#y

It is easy to verify d* is a x-complex valued metric on C(N) and (C(N),d*) is a x-complex valued metric
space.
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Remark 2 If we take the identity function I instead of the generators a and 8 in the construction of the set
C(N), then the set of x-complex numbers C (N) turn into the set of complex numbers C. Thus, x-complex
valued metric spaces generalize the concept of a complex valued metric space defined by Azam et al. [5].

In the rest of this section, we give some notions about *-complex valued metric spaces and discuss some
relevant findings.

Definition 4 Let (X,d*) be a x-complex valued metric space, x € X and r* € C (N)+ . We define a set
B* (z,r) = {y € X :d" (z,y) X 7"*}

which is called a *-complex open ball of x-complex radius r* with center x. Similarly, a *-complex closed ball
of %-complex radius v* with center x is defined by

B* (z,r) = {yeX:d*(m,y)gr*}.

Definition 5 Let (X,d*) be a *-complex valued metric space and A C X. A point x € X is called a *-
complex interior point of A if there exists r* € C(N)" such that B* (z,7) C A. A point x € X is called a
x-complex limit point of A if (B* (z,r) — {z})NA # @ for everyr* € C (N)+ . The set of x-complex interior
points of A is denoted by A2 and the set of x-complex limit points of A is denoted by A’,.

We say that the subset A is a x-complex open set if each element of A belong to AS. Also, we say that
the subset A is a x-complex closed set if each *-complex limit point of A belong to A.

Proposition 1 Let (X,d*) be a *-complex valued metric space. Then, we have the following inequality for
all x,y,z € X.

ld* (z,2) ©d" (y,2) |I<I| " (z,9) || -
Proof. Since d* is *-complex valued metric on X, we can write d* (z,z) 3 d* (z,y) ®d* (y,2) and d* (y, z) 3
d* (y,z) ® d* (z, 2) for all z,y,z € X. Thus, we have

*

0" od (z,y) Id" (z,2) ©d" (y,2) T d (x,y)

and so | d* (z,2) ©d* (y,2) |3 d* (x,y). This implies that

ld* (z,2) © d" (y,2) I<I| & (z,9) |
by Theorems 2(i) and 3. m

Definition 6 Let (X,d*) be a x-complex valued metric space, (x,,) be any sequence in X and x € X. If for
every * € C(N)" there exists ng € N depending on €* such that for all n > ng, d* (z,, ) 2 &% then we say

*

that (x,,) is convergent with respect to the metric d*. We denote this by lim *z, = x or z, 2 asn — oco.
n—oo

*

If for every ¢* € C (N)" there exists ng € N depending on * such that for all n,m > ng, d* (2, Tp) < €*
then we say that (x,) is a Cauchy sequence with respect to the metric d*.

If every Cauchy sequence with respect to the metric d* is convergent with respect to the metric d* in
(X,d*), then we say that (X, d*) is a complete x-complex valued metric space.

Lemma 1 Let (X,d*) be a *-complex valued metric space, (x,) be any sequence in X and x € X. Then,

the sequence (x,,) converges to the x with respect to the metric d* if and only if || d* (xp,x) ||H 0 asn — oo
(B-convergent).
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Proof. Suppose that (z,) converges to the x with respect to the metric d*. We choose a positive *-complex
number

- (i)

with a positive real number ¢. Thus, there is a natural number ng such that d* (z,,, x) L ¢* whenever n > ng.
From Theorem 2(ii),

I @n2) <l e =B () = &

for all n > ng. This implies that || d* (X, ) H—> 0 as n — oo (B-convergent).

Conversely, suppose that H d* (zp, ) H—> 0 as n — oo (B-convergent). We claim that for a given positive
x-complex number £* (81, 52) with positive real numbers €1, €9, there is a real number § > 0 such that for

any z* :(a, )EC( )
2* X &* whenever || 2* || 4.

In fact, set § = min {5}, %} for every positive *-complex number &*. If H z* H< 8, then (Va2 +b?) < B(6)
and so |a|] < ¢ and |b| < 4. By the definition of § we obtain that a < e and b < €. Then, we can write a < £

and b < &j. This shows that z* < &* . Also, for thlb 0 there is a natural number ng such that || d* (zy,, ) H

Z 5 for all n > ng. This implies that d* (z,, x) Z e for all n > ng. Then, we conclude that (z,) converges
to the x with respect to the metric d*. m

Lemma 2 Let (X, d*) be a x-complex valued metric space and (x,,) be any sequence in X. Then, the sequence

(zn,) is a Cauchy sequence with respect to the metric d* if and only if for all m € N, H d* (zn, Tpam) ||— 0
as n — oo (B-convergent).

Proof. Suppose that (z,,) is a Cauchy sequence with respect to the metric d*. We choose a positive *-complex
number

(i)

with a positive real number c. Thus, there is a natural number ng such that d* (x,,z) L ¢* whenever
n,k > ng. Since there exists a natural number m such that & = m + n for each k greater than n, we can

write d* (T, Tntm) Ze* for all > ng. Therefore, for all n > ny, we get
| d* (20, Tptm) <] " |= B (c) = ¢

This implies that for all m € N, H d* (Tny Trtm) ||H 0 as n — oo (B-convergent).

Conversely, suppose that for all m € N, H d* (Tny Trpm) ||—> 0 as n — oo (B-convergent). Then, for a
given positive x-complex number £* = (6'1, 8”2) with positive real numbers €1, €2, there is a real number § > 0

such that for any z* = (d, b) e C(N)
2* X &* whenever || 2* ||< 4.
Also, for this § there is a natural number ng such that || d* (T, Tntm) ||< § for all n > ng. This means that

d* (T, Tnm) % e* for all n > ng. Then, we conclude that (x,) is a Cauchy sequence with respect to the
metric d*. m
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3 Some Fixed Point Theorems for «-Complex Valued Metric Spaces

In this part, to obtain some fixed point results in *-complex valued metric spaces we modify the Zamfirescu
type contractions which are combination the contractive conditions of Banach [1], Kannan [3] and Chatterjea
[4] in metric spaces.

Recall that a fixed point of a self-mapping T : X — X is a point z € X such that Tz = x.

Now, we give the extension of Zamfirescu’s fixed point theorem for self-mappings defined on classical
metric spaces, which guarantees the existence and uniqueness of fixed point as follows:

Theorem 4 Let (X,d*) be a complete %-complex valued metric space, z*,u*,v* € C(N)" such that || z* ||<
1, || u||< éﬂ, | v* |I< éﬁ and T : X — X be a self-mapping. If the mapping T satisfies at least one of the
following conditions

& (T, Ty) 3 2 @ d* (z,y) (1)
d* (T2, Ty) 3 u* © [d* (z, Tz) ® d* (y, Ty)) @)
d* (T2, Ty) 3 v* @ [d* (z, Ty) & d* (y, Tx)] (3)
for all x,y € X with x #y. Then, T has a unique fized point in X.
Proof. Consider the non-Newtonian real number P =% max {|| z* ||7 % B, % } . It is clear that

P < 1. Choose o € X arbitrarily. For n € NU {0}, take & = T"x¢ and y = T zq. If z = y, then z is
fixed point of T and the proof is completed. So, let = # y.
If (1) holds, then

d* (T 2o, T" a0 32 e d (T o, T" ) .
This implies that
H d* (T'n+1x07T7L+2$0) H%” 2 Qd* (TnxO,Tn-i-le) H
= 2 | % || d* (T"@o, T ao) ||[< PX || d* (T™o, T" o) || -
If (2) holds, then
d* (T”+1m0,T"+2xo) % R [d* (T":BO,T”H:CO) o d (T"Hmo,T”Haso)]
= e [d* (T”xo,T"H:z:o)] Sut® [d* (T”on,T"Jrz:z:o)]
So, we have
” d* (Tn+11‘0,Tn+21’0) ||§|| R [d* (Tan’Tn+1x0)] ” + ” vt ® [d* (Tn+11‘0,Tn+21’0)] H
= Jlu | % (0o, T o) |t | % ] d (T a0, T" ) |
which means that
[

| @ (T g, T 2ag) <
1= w |l

If (3) holds, then

d* (T o, T" o) 20t ® [d* (T"mo, T 2x0) @ d* (T 2o, T 30)]
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= v @d* (T"zo, T" " ?x0) vt [d* (T, T" ) @ d* (T 2o, T ?a0) ]
which implies that
| d (T 2o, T 20 | <] v* @ [ (T™0, T ao)] || F || v* @ [d* (T 2o, T 220)] ||
= o i x [l (7o, T o) |+ [ o™ | % | & (T 0, T 220) ||
Thus, we deduce that

I |

B || d* (T"wo, T 'ag) [|< P || d* (T 2o, T o) || -
1= o ||

| d* (T o, T 2a0) [|< -

Consequently, in each case, we obtain | d* (T @y, T 2a0) < PX || a* (T, T™ ) || for all n €
N U {0} . Continuing in the same manner, we get

I d* (17 g, T+220) 1€ POHDs 5] d* (20, To) ] -
Let n,m € N and m > n. Then, we have
d* (T"xo, T™wo) 3 d* (T"xo, T" M wo)@d* (T 2o, T 2a0) @ - -Bd™ (T™ 220, T 'ao) ®d* (T 3o, T 20)
which means that
| d* (720, T™o) || <[l d* (T"w0, THag) || || d* (T™+ o, T 2ag) ||

+ || d* (Tm 2560 Tm 1$0) H + H d* (Tm 1.’E0 meo) ||

< [Pl (wo, Two) ] + [P+ || d (w0, Two) ]+
[P ] d (wo, Two) ] + [P~ | d* (o, Tvo) ||}
= [P™s & PO, 5 PIms] S @ (o, Tao) |

< o £ P |1 0,720

L k=n

Since P < 1, we say that the f-series 5ZP(k)/3 is S-convergent and lim P®)s = (. Therefore,
k=1

N0 k—n

lim d* (T"xo, T™x0) = Oc(n). This implieg that (T"xg) is a Cauchy sequence and by the completeness of

m,n— o0
X, it converges to some point z € X.
Now, we prove that Tz = z. Suppose this is not true: Tz # z. Taking d* (T'z, z) = € we set

B= {xeX A d (x, 2) ||I< Zﬂx I ||}
For x € B, we can write
e=d" (2,Tz) 3d* (z,2) ®d" (z,Tz)
and then,
lel=lld" (= T2) < d" (2 2) | + | " (2, T2) |I< 28> [l | + | &" (2, T=) |
and so %Bi& || € ng d* (z,Tz) || . Since (T"x) converges to z, there exists a natural number ngy such that
|| d* (T"xy, z) H< %65& H € || for all n > ng. That means T"xg € B for all n > ng. Take z = T™°x( and
y = z. Then, by (1) we have

| (T g, T2) <] 2" @ d" (T™o, 2) |



114 x-Complex Valued Metric Spaces

=l 2" || x [l d* (T o, 2) |
<[l d" (T o, 2) [|< Zﬁx lel
< zBx el
4
< d* (T"OHJ:O,TZ)
and this is a contradiction. By (2) we get
| & (T o, T2) [[<]| w* @ [dF (T™0wo, T H o) @ d* (2,T2)] ||
:|| u* || X || d* (T"Oxo,T"°+1x0) od* (2,Tz) H
< ZBx || dF (T mg, 2) @ d* (2, T ag) @ d* (2,T2) ||
2

S50 % [l @meae,2) [ 411 (51 a0) [+l @ 2, 72) |

<zBx|=pxlell+=Bx el +1lel
2 4 4
==Bx | el
4
<|[d* (T a0, Tz) ||
and this yields a contradiction. By (3) we obtain that
| (T o, T2) [|<]| v* @ [d" (T"0w0, T2) @ d* (T a0, 2)] ||
=| vt || X || d* (T™0,T2) ® d* (T ag, 2) ||
< =px || dF (T™xg,2) D" (2,Tz) ®d" (T"ﬁlxo7 z) I
2

< eos flar@mo) | 4@ 1o 14l (@ 0.2) ]

<zBx |=Bx el + el +=Bx]el
2 4 4

=-fx el
4

§|| d* (T”DH:EO,TZ) I

But this contradicts (3). Therefore, it must be Tz = z.
To show the uniqueness of fixed point, we assume that there is an element w # z in X such that w = Tw.
Then, we have
d* (Tz,Tw) =d* (z,w),

d* (2,T2) & d* (w, Tw) < d* (Tz, Tw)

d* (Tz,Tw) = (;a,(j) ® [d* (z,Tw) ® d* (w,Tz)].
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This shows that none of the conditions (1), (2) and (3) of the theorem is satisfied. Hence, fixed point is
unique. m

As the first result of Theorem 4, extending the Banach contraction principle [1] in classical metric spaces,
we state the following main theorem which implies the existence and uniqueness of fixed point on complete
x-complex valued metric spaces.

Corollary 1 Let (X,d*) be a complete x-complex valued metric space, z* € C(N)" such that || z* ||< 1 and
T:X — X be a self-mapping. If the mapping T satisfies the condition

d* (Tz,Ty) 3 2" @ d" (2,y) (4)
for all x,y € X with x # y, then, T has a unique fized point in X.

The following result is an extension of Kannan’s fixed point theorem [3] to *-complez valued metric
spaces.

Corollary 2 Let (X,d*) be a complete x-complex valued metric space, u* € (C(N)Jr such that H u* ||< %ﬂ
and T : X — X be a self-mapping. If the mapping T satisfies the condition

d* (Tz,Ty) Su* @ [d* (z,Tz) & d” (y, Ty)] (5)
for all x,y € X with x # y, then, T has a unique fized point in X.

The following result is a new version of Chatterjea’s fixed point theorem [4] in x-complez valued metric
spaces.

Corollary 3 Let (X,d*) be a complete x-complex valued metric space, v* € C (N)+ such that H v* ||< %ﬁ
and T : X — X be a self-mapping. If the mapping T satisfies the condition

d* (T, Ty) I v* @ [d" (z, Ty) @ d” (y, Tx)] (6)
for all x,y € X with x # y, then, T has a unique fized point in X.

Corollary 4 By choosing « = 8 = I in the construction of the set C(N), Corollary 1 turns into Theorem
4 of Azam et al. [5] for uy=0and S=T.

Theorem 5 Let (X,d*) be a complete x-complex valued metric space, xg € X, z*,u*,v* € C (N)Jr such that
[ 2% <1, || w*|< %ﬁ, | v*|I< %ﬁ and T : X — X be a self-mapping. If the mapping T satisfies at least
one of (1), (2) and (3) of Theorem 4 and (T"xo) has a limit point yo in X, that is, lim *T"xy = yo, then

n—oo

Yo @S the unique fixed point of T.

Proof. One can easily show that (T™x¢) is a Cauchy sequence similar to the proof of Theorem 4. Since
(T"x) has a limit point yo in X, by Theorem 4 the point y is the unique fixed point of 7. m

The followings are consequences of Theorem 5.

Corollary 5 Let (X,d*) be a complete x-complex valued metric space, xg € X, z* € (C(N)+ such that
| z* ||< 1 and T: X — X be a self-mapping. If the mapping T satisfies the condition (1) and (T™zg) has a
limit point yo in X, then T has a unique fized point in X.

Corollary 6 Let (X,d*) be a complete x-complex valued metric space, xg € X, u* € (C(N)Jr such that
| w*||< éﬂ and T : X — X be a self-mapping. If the mapping T satisfies the condition (2) and (T™xzg) has
a limit point yo in X, then T has a unique fixed point in X.
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Corollary 7 Let (X,d*) be a complete x-complex valued metric space, zg € X, v* € C(N)V such that

|| v* ||< 16 and T : X — X be a self-mapping. If the mapping T satisfies the condition (3) and (T™xg) has
a limit pomt yo in X, then T has a unique fixed point in X.

Now, we give an example which satisfies the requirements of Corollary 1 and emphasizes its importance.
Example 2 Let
Xi={rec(N:0<R <192 =0},
XF{Z*e@(N);ogsz*gi,mz*:o}

and X = X1 U Xs. Defined* : X x X — C(N) by

Sax | @y ~a |, 18X |x'1;a;~'2 ). 21,25 € X,
) éa* | y1 — ?12\ *BX |y1 \), 2, 25 € Xo,
21, %y) = 3

goz>'<a:'1—|—goz><y2, Bxx1—|— ﬂxy2> 2i € X1,25 € Xo,
%aky1+ga¢2,§ﬂxy1+gﬁxx2), 2 e Xo, 25 € X,

where 2] = (afl,y'l) and z5 = (:c'g,y”g). Then, (X,d*) is a complete x-complex valued metric space. Define
T:X — X as

0,%), 2 e Xy,
Tz*zT((m,y))z i y
gaxy,()), z* e Xo.
Thus,
(Joxld -l ﬂXle—le), 5% € X,
39 2 k%
S x X U1 — ta X X Xy — Lo x
p ey — 4 (EeX T = fak | 385 T fakin = fa ki 1), 22 e X,
% ><$1—‘r axgaxyg,gﬁxml—i— ﬁxlﬁxyg) ZTEXl, Z;EXQ,
g a x axy1+ axg,lﬂklﬁxy1+2ﬁxz2) 25 € Xo, 23 € X,
% ><|331—$2|*ﬁ><|$1—932|), 21,23 € X1,
: .
5@ ><|y17y2|7,6’><\y1—y2|), 21,25 € Xa,
;axml—ﬁ—saxyz, 28 x gp + - 6><y2> 27 € X1, 25 € X,
%axyl—l-fozm'g,lﬂxm—'i’—%ﬁxxg), 27 € Xo, 25 € X,
Lox @y~ as ], ﬂ&&|x"1l:t'2|>, 22 € X,
2 7ax|y1_92|7/8><|y1_y2|)7 ZT7Z§€X2a
~ 50[X331+E(1Xy2,,6><$1—|— Bxyg) ZTEXl, Z;EXQ,
—axy1+ omsg,lﬂxy1+ ﬁx:zrg) zf € Xo, 23 € X,
§a><|x'1—ajg|fﬁ><|a§'1—aé'2\), 22 € Xy,
- i
5.5 o 504><|y1*y2|, ﬁx‘y1*y2|)v 21,23 € Xo,
= - B
6 ) gaxx1+2axy2, ﬁXSL’l-F ﬁXyg) ZTGXl, Z;GXQ,

L B B
§a><y1+§aw2,gﬁ><y1+§6><w2), 21 € Xo, 25 € Xy,
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_ (Zw) ©d* (21,23

that is, d* (Tz},Tz5) = (ga,d) ® d* (27, 25) holds for all zf,z5 € X. Since (%a,d) € C(N)" and H

~

(ga,ﬁ) ||: gﬁ < 1, the mapping T has a fived point z* = Oc(ny € X, which is unique.

In the closing of this section, consider the non-Newtonian Volterra integral equation given by Giingor
[24] as follows:

v(x):f(x)—'l'—)\%*/[((x,s)%v(s)d*s (7)
0
where f and K are specified Rg-valued functions, v is unknown Rg-valued function, A is a Rg-parameter,
0<z<afora€R,and 0<s<z.
Now, we prove the existence and uniqueness of solution of integral equation (8) given below, which is
the special case of integral equation (7) with f(z) = 0 for all z € [0,a], A = 1 and K (z,5) = 2(z) X
—1 —1
é(fa (@a™ (), by using Corollary 1:
v —a" Y (z)a" (s -
v(w):*/z(w)xé( @) ())va(s)d*s. (8)

0

Example 3 Let

X=C <[O,a],R5) = {v . 0,a] — Rg|v is x —contmuous} (9)
and for every v,u € X,
d*: X x X > C(N), (v,u) = d* (v,u) = <0,ﬂ max | v (z) = u (z) '|'> . (10)
z€[0,a]

Then, it is easy to show that (X, d*) is a complete x-complex valued metric space by Lemma 2 and definition
of the x-complex valued metric d*. Define a mapping T on X as

T:C([O,a],Rﬁ) HC([O,&],Rg), v — T, (11)

x

. - ..(7a’1($)a71(s)) o *
Tv:[0,a] > Rg, x = Tv(z) =% [1(z) x € s xv(s)ds.
0
Thus,

d* (Tv,Tu) = (O, # max | Tv () — Tu () |>
we[o,a]

0, ” max | */z (z) % é(iail(m)ail(s))ﬁ X (’U (s) —u (s)) d"s \

xE[O,a]
a”l(z)
= [0fmax 5| [ et @ OO (5 () - 57 (w(9) da s
a:E[O,a]
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a”l(x)
310, max | ot (@)™ DT e (5) | %P max | (v(@) “u@) |
a:E[O,a] 0 a:E[O,a]
-1
. . _ 1 —a " Hz)a"1(s) o (@) e . B .
= (0.7 max | g [ 2@ [0 max | (v(2) “u(@) |
veid.al at(z) o z€i0,al
) (Qﬂ max 5 (1= (O ) 15 ma | (v(2) = w(a) 'I'>
z€[0,a] z€[0,a]
. A (o Ya 2 . .. .. ..
= O,(l—é( ( ()))B>xﬁmax|v(m)—u($)|
xe[O,a]

_ (1 - é(—(a%an?)a,o) 2 d* (v, u)

o (2) N e (p2) . .
holds for all v,u € X. Therefore, since || (1 - é( P )0,0) I=1- e( ) < 1, the mapping T has a unique
fized point. This implies that there exists a unique solution of the non-Newtonian Volterra integral equation

(8)-

Each choice of specific isomorphisms for o and 8 determines a *-calculus [25]. Bigeometric calculus
obtained by choosing the exponential function exp instead of the generators « and S, that is, «(x) =
B (x) = e* for all z € R is one of the most popular x-calculi and has some attractive applications.

In bigeometric calculus, the set of *-complex numbers turns into {(e“7eb) ta,be R} and *-complex
valued metric spaces turn into the bigeometric valued metric spaces.

* €T

In the following discussion, we will use the symbols Cexp, Rexp, dBG, Spas ®@8a6, Baf: | - || Bas | - lexps
a

* z i b . .. ..
+exp and Xexp for the bigeometric versions of C(N), Ry (Rg), d*, 3, @, = , | . |, | . |, + and X
a
respectively.
Now, we first restate Corollary 1 with respect to bigeometric calculus as follows:

Corollary 8 Let (X,dpg) be a complete bigeometric valued metric space, z* = (ea,eb) € (ijp such that

| 2% llBe= Va2 + b2 <1 and T : X — X be a self-mapping. If the mapping T satisfies the condition

*

dpc (Tx,Ty) Ipc " @pc dpa (2, Y) (12)

for all x,y € X with x # vy, then, T has a unique fized point in X.

The bigeometric version of non-Newtonian Volterra integral equation (7) introduced by Giingdr [26] as

follows:

(@) = £ (2) o | A xexp 50 / K (2, 5) Xoxp 0 (5) dsBC (13)
where f and K are known functions, v is unknown function and A € Rexyp.

The following is an example of how to solve the integral equation (14) given below, which is the special
case of integral equation (13) with f (z) =1 for all z € [1, a] C Rexp, A =€ and K (x,s) = elna)e=notns) by
using Corollary 8:

x

T Inwe~(In@Ins) 1y 4 (5) ds

v(z) =€l ’ (14)
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Example 4 Consider the following statements (15), (16) and (17) which are bigeometric versions of the
statements (9), (10) and (11) in Example 3, respectively:

X =C([1,a],Rexp) = {v: [1,a] = Rexp |V s * -continuous}, (15)
dpe : X X X — Cexp, (v,u) = dpg (v,u) = <1’ In[elxx] | e(Inv(z)—Inu(z)) |exp) , (16)
zc(l,a
T : C(1,a],Rexp) = C([1,a],Rexp), v = Tv (17)
Tnae=nee) moes) oo
Tv : [l,a] = Rexp, z = Tv(x) =€ ’

* — na 2
Thus, we have dpg (Tv,Tu) Jpa (el_e (e ,60) ®pa dpa (v,u). Since

__—(na)? _ 2
H(el e an)H —1—¢ (Ina) <17
BG

the condition (12) in Corollary 8 is satisfied. Consequently, the mapping T has a unique fized point which
is a unique solution of the bigeometric Volterra integral equation (14).

4 Conclusion

In this article, we proved the existence and uniqueness of a fixed point for Zamfirescu type contractions on
complete x-complex valued metric spaces. We also discussed three examples that support our main result
Corollary 1, two of which show the existence and uniqueness of the solutions of a specially chosen non-
Newtonian Volterra integral equation and a specially chosen bigeometric Volterra integral equation. Our
findings carry some known results from the literature to *-complex valued metric spaces.

Acknowledgment. The authors would like to thank the anonymous referee for his/her valuable com-
ments and suggestions that helped us improve this article.
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