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Abstract. In this article, we introduce concepts of Pompeiu-Hausdorff bipolar metric, multivalued
covariant and contravariant contraction mappings in bipolar metric spaces. In addition to these, we
express two main fixed point theorems, which are supported with four important corollaries, related
to these multivalued mappings. Finally we give an example which presents the applicability of our
obtained results.
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1. INTRODUCTION

In 2016, Mutlu and Guirdal [15] introduced the notion of bipolar metric space as
a type of partial distance. Moreover, they stated the link between metric spaces and
bipolar metric spaces, especially in the context of completeness, and gave some exten-
sions of known fixed point theorems as Banach’s and Kannan’s. After that, Mutlu,
Ozkan and Giirdal [16] gave some generalizations of coupled fixed point theorems in
these metric spaces.

There exist various generalizations of the Banach contraction principle. One of
them belongs to Nadler. In 1969, Nadler [17] introduced the concept of multival-
ued contraction mapping and he gave some important results, examples and many
elementary fixed point theorems for these contraction mappings. After that, many
authors examined multivalued contraction mappings in various metric spaces and they
expressed Nadler’s and some well known fixed point theorems for these contraction
mappings [4, 9, 10, 12, 14]. Recently, some authors continue to study on this area
[1,2,3,5,6,7,8, 11, 13, 18, 19, 20, 21, 22].

In this paper, we introduce the concepts of Pompeiu-Hausdorff bipolar metric, mul-
tivalued covariant and contravariant contraction mappings in bipolar metric spaces.
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In addition to these, we express the two main fixed point theorems, which are sup-
ported with four important corollaries, related to these multivalued mappings. Finally
we give an example which presents the applicability of our obtained results.

2. BIPOLAR METRIC SPACES

In this section, we give some definitions and notions related to bipolar metric
spaces.

Definition 2.1. [15] A bipolar metric space is a triple (X,Y,d) such that X, Y # ()
and d: X x Y — Rt is a function which satisfies the properties
(B0O) if d(x,y) =0, then z =y,
(Bl) if x =y, then d(x,y) =0,
(B2) if x,y € X NY, then d (z,y) = d (y, ),
(B3) d(z1,y2) < d(z1,y1) + d(z2, y1) + d(22,92),
for all (z,y), (z1,y1), (x2,y2) € X X Y, where RT denotes the set of all non-negative
real numbers. Then d is called a bipolar metric on the pair (X,Y).

Definition 2.2. [15] Let (X1,Y7) and (X3, Y2) be pairs of sets and given a function
f: XUy — XouYs. If f(Xy) € Xs and f(Y7) C Ya, we call f a covariant map from
(Xl,Yl) to (XQ,YQ) and denote this with f : (Xl,Yl) = (XQ,YQ). If f(Xl) Q )/2 and
f(Y1) C X, then we call f a contravariant map from (X1, Y1) to (X2,Ys) and write
f:(X1,Y1) X (X3,Y2). In particular, if d; and dy are bipolar metrics on (X7, Y7) and
(X2,Y3), respectively, we sometimes use the notations f : (X1,Y1,d1) = (X2, Ys,ds)
and f H (Xl,Yl,dl) >§ (XQ,YQ,dQ).

Definition 2.3. [15] Let (X,Y,d) be a bipolar metric space. A point u € X UY
is called a left point if v € X, a right point if v € Y and a central point if it is
both left and right point. Similarly a sequence (x,) on the set X is called a left
sequence and a sequence (y,) on Y is called a right sequence. In a bipolar metric
space, a left or a right sequence is called simply a sequence. A sequence (u,) is
said to be convergent to a point u, iff (u,) is a left sequence, u is a right point and

lim d(uy,,u) = 0; or (uy,) is a right sequence, u is a left point and lim d(u,u,) = 0.
n—0o0 n—oo

A bisequence (z,,y,) on (X,Y,d) is a sequence on the set X x Y. If the sequences
(zn,) and (y,) are convergent, then the bisequence (x,,y,) is said to be convergent,
and if (z,,) and (y,) converge to a common point, then (x,,y,) is called biconvergent.

(zn,yn) is a Cauchy bisequence, if lim d(x,,yn) = 0. In a bipolar metric space,
n,m—00

every convergent Cauchy bisequence is biconvergent. A bipolar metric space is called
complete, if every Cauchy bisequence is convergent, hence biconvergent.

Definition 2.4. [15] Let (X3, Y1,d;) and (X2, Y2, ds2) be bipolar metric spaces.
(1) Amap f : (X1,Y1,d1) = (X2,Ys,ds) is called left-continuous at a point
xg € X1, if for every € > 0, there exists a 6 > 0 such that d; (zo,y) < o
implies da (f (o), f (y)) <eall y € Y;.
(2) Amap f : (X1,Y1,d1) = (Xa,Ys,ds) is called right-continuous at a point
yo € Y7, if for every € > 0, there exists a > 0 such that dy (z,y0) < d implies
do (f (x), f (y0)) < e for all z € X;.
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(3) A map f is called continuous, if it is left-continuous at each point = € X; and
right-continuous at each point y € Y.

(4) A contravariant map f : (X1,Y1,d1) X (Xa,Ys,ds) is continuous if and only
if it is continuous as a covariant map f : (X1,Y1,d1) = (Y2, Xo,ds)

It can be seen from the definition that a covariant or a contravariant map f
from (X1,Y1,d1) to (X2,Ys,ds) is continuous if and only if (u,) — v on (X1, Y1,d;)
implies (f (un)) — f (v) on (X2, Ys,ds).

3. MAIN RESULTS

Definition 3.1. Let (X,Y,d) be a bipolar metric space. A set A C X UY is called
closed if every limit of convergent sequence in A belong to A.

Definition 3.2. Let (X,Y,d) be a bipolar metric space.

(1) A set A C X is called bounded if 6(A) = sup{d(a,y) : a € A} < oo for all
yey.

(2) A set B CY is called bounded if 6(B) = sup{d(z,b) : b € B} < oo for all
z e X.

Definition 3.3. Let (X,Y,d) be a bipolar metric space. We denote

= {A: Ais a nonempty closed and bounded subset of X}
= {B: B is a nonempty closed and bounded subset of Y’}
inf{d(a,b) :be BCY}, ae X

= inf{d(a,b):a€ AC X}, beY

= max{sup{D(a,B) : a € A},sup{D(A,b) : b € B}}

forall A € CB(X) and B € CB(Y). Then H is a bipolar metric on (CB(X),CB(Y)),
called the Pompeiu-Hausdorff bipolar metric induced by bipolar metric d.

S
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Definition 3.4. Let (X,Y,d) be a bipolar metric space.

(1) A covariant mapping T': (X,Y) =2 (CB(X),CB(Y)) is said to be a mul-
tivalued covariant contraction mapping if there exists a fixed real number
A € (0,1) such that

H(Tz,Ty) < Xd(z,y) (3.1

forallz€e XandyeY.

(2) A contravariant mapping 7' : (X,Y) X (CB(X),CB(Y)) is said to be a mul-
tivalued contravariant contraction mapping if there exists a fixed real number
A € (0,1) such that

H(Ty,Tx) < Md(z,y) (3.2)

forallz € X andy € Y.
(3) A point u € X UY is called a fixed point of a multivalued covariant or
contravariant map 7', if u € Tu.
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Lemma 3.5. Let (X,Y,d) be a bipolar metric space, A € CB(X), B € CB(Y) and
€ > 0. Then there exists ab = b(a) € B for anya € A (or there exists an a = a(b) € A
for any b € B) such that

d(a,b) < H(A,B) +¢. (3.3)

Proof. As ¢ > 0, from definition of D(a,B), D(A,b) and H(A, B), it is clear that
there exists a b € B for any a € A such that

d(a,b) < D(a,B)+ec < H(A,B)+¢
and there exists an a € A for any b € B such that

d(a,b) < D(A,b) +e < H(A,B) +e. O
Lemma 3.6. Let (X,Y,d) be a bipolar metric space, A € CB(X), B € CB(Y) and
h € (0,1). Then there exists b= b(a) € B for any a € A (or there exists a = a(b) € A
for any b € B) such that

hd(a,b) < H(A, B). (3.4)

Proof. It H(A,B) = 0, then a € B and for b = a the inequality (3.4) is satisfied. If
H(A, B) > 0, then, since h € (0,1), we can take

e=(h"'—1)H(A,B) > 0. (3.5)
From Lemma 3.5 and equality (3.5), we obtain
hd(a,b) < H(A, B). O

Theorem 3.7. Let (X,Y,d) be a complete bipolar metric space. If
T: (X,Y)= (CB(X),CB(Y))

is a multivalued covariant contraction mapping, then

(i) T has at least one fized point;

(ii) for each (zo,y0) € X X Y there exists a sequence (Tn,yn) € X XY such that
Tpi1 € T(xn), Ynt1 € T(yn) and x,, = u, Yy, = u as n — 00, with u € T(u).

Proof.
(i) Let 29 € X, yo € Y and h = v/A. Denote z; € Tzg. From Lemma 3.6, we can
choose

Jyi €Tyo 5 hd(zi,y1) < H(Txzo,Tyo),
o € Txy 3 hd(xz,y1) < H(Twy,Tyo),
< H(Twy, Tyr),

Jyo € Ty; ;5 hd(x2,y2)

Fyn € Tyn—1 hd(xnvyn) < H(Tajnthynfl)v
3xn-‘,—l S Tl‘n 5 hd(-rn-i-h yn) < H(Tl‘n, Tyn—l)a

for n > 1. So, we obtain a bisequence (,,y,) € X X Y. Thus, from (3.1) we get

hd(l'ny yn) < )\d(xn—la yn—l) = th(ZEn—ly yn—l)
= d(xn,yn) S hd(l'n—layn—l)

)\d(xnv yn—l) = hzd(xna yn—l)
hd(l‘n, yn—l)

hd(xn—i-la yn)
= d(xn+1y yn)

INIA
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Repeating this process n—times, we get

d(@n,yn) < h"d(z0,y0)
d(zpt1,yn) < h"d(z1,y0)-

For any n,m € N with n < m, we obtain

d(xm ym) < d(l’n, yn) + d(xn+1a yn) + d($n+1, yn+1) + d(xn+2> yn+1)
+---+ d(xmv ymfl) + d(l’m, ym)7
< hMd(zo,y0) + h™d(21,y0) + K" d(xo, yo) + (a1, yo)

+ -+ B (21, y0) + K™ d (w0, Yo),
= (h"+h" + . 4+ h™)d(z0,y0)

(A" + A" R (21, o),
= (fﬂ)fl(iﬂovyo) + (%)d(xl, Yo)-

Thus, d(zy, ym) — 0 as n, m — co. Similarly, for any n,m € N with m < n we obtain

d(xna ym) S d(gjn7 yn—l) + d(xn—la yn—l) + d(xn—la yn—Z) + d(xn—ly yn—2)
+o A d(@ma 1y Ymr1) + AT 1, Ym),
< W ld(xy, o) + R (2o, yo) + B 2d(21, o) + A2 d (0, yo)
+ -+ B (o, yo) + h™d (a1, yo),
— (hn—l + hn—2 S hm)d(l‘l,yo)
H(R"TH AT 4 R d (20, 0),

= (550)d(@r,y0) + (B )d(o, o)-
Then d(z,, ym) — 0 as n,m — oo. We conclude that (z,,y,) is a Cauchy bisequence.

Since (X,Y,d) is complete, (x,,y,) converges (in particular biconverges) to some
ue XNY. So,

lim z, =u and lim y, = u.
n—oo n—oo

From hypothesis and property (B3) we have that

D(u,Tu) < d(u,yn+1) + d(Tnt1,Yns1) + D(@nt1, Tu),
d(u, Yny1) + d(Tny1, Yni1) + H(Twp, Tu),

<
< d(uy Yng1) + d(@ng1, Yny1) + ATz, Tu) — 0

as n — oo. Thus, D(u,Tu) = 0. Since Tu is closed, we get u € Tu. Hence u is a
fixed point of T

(ii) The sequences (z,) and (y,) that are defined in the proof of (i), satisfies the
conditions in (7). O

Theorem 3.8. Let (X,Y,d) be a complete bipolar metric space. If
T:(X,Y) X (CB(X),CB(Y))
is a multivalued contravariant mapping such that
H(Ty,Tx) < ad(z,y) + p|D(x,Tx) + D(Ty,y)] (3.6)
forallz € X andy € Y where o, 3 >0 and a+ 28 < 1. Then T has a fized point.
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Proof. Let g € X, yo € Txg and r = %”’g We choose an x1 € T'yg. Then it follows
from Lemma 3.6 that

Iy €Ty 5 d(xy, 1) < H(Tyo, Txr) + 1,

e € Tyr 3 d(xo,y1) < H(Tyy, Txy) + 12,

Jyp € Ty 5 d(wa,y2) < H(Tyr, Tao) 412,

Ely’ﬂ €Tz, ; d(xny yn) < H(Tyn—lvTxn) + 7,2n—1’
Wni1 €Tyn 5 d(@ni1,yn) < H(Tyn, Tay) + 177,

for n > 1. From (3.6) and Lemma 3.5, we get

d(wru yn) < Oéd(ivna ynfl) + ﬁ[D(l'n, T{l?n) + D(Tyn71’ ynfl)] + p2n—1
< Ozd(.’IJn7 ynfl) + ﬁ[d(.f,r“ yn) + d(mn’ ynfl)} + 7,.2n—1

implies
d(@n,yn) < %_gd(xn,yn_l) + lei;
= 7d(Tn,Yn-1) + %
and
d(@n,yn—1) < ad(@n-1,Yn-1) + BD(@n—1,Txn-1) + D(TYp—1,Yn—1)] + r?" 2
< ad(Tn_1,Yn-1) + Bld(@n_1,Yn—_1) + d(@p,yn_1)] + 1?2
implies

at
5l

2n—2
d(xnyyn—l) S xn—17yn—1)+ le
2n—2
= rd(@n-1,Yn-1) + T5-
Then we conclude that

2n—2 7,,2'”7 1

d(@n,yn) < r2d(Tp—1,Yn-1) + T T 15

r2d(zo, yo) + ZZ L 75
r2d(zo, yo) + (Qn)r

IN AN -

On the other hand, similarly we get

d(xn+17yn) S ad(l'nvyn) —|—B[D(xn,Txn) +D(Tyn7yn)] +T2n
< Oéd(.’L‘»m yn) + B[d(xvu yn) + d(x’rH»l? yn)] + r2n
implies
2n

d(anrlyyn) < xnayn) {773

+8
%d( 2n
= rd(Tn,yn) + 15

2t d(zg, yo) + Y71 ris

p2ntl
r# i d(zo, yo) + 4(2n+11—)6 :

IN N -
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For any n,m € N with n < m, we have

d(l'»,“ ym) S d(-rna yn) + d(anrla yn) + d($n+1a ynJrl)
+eee At d(mm,ym 1) + d(xmvym)

2n+1
< 7,.2nd(x0’y0) + 2m" —|—7”2n+1d($0 y()) + (2n+;12rﬁ

n r n+2 m—
+r2"+2d(xo,yo) + % + - r?mld (20, yo)

=
2m—1 2m
+ 2T 2 (g, o) + LT};

(r2 4 20 e 2 d(, yo)
+ 2n)r?" +(2n+1)r2" 4 (2m) 2™
1 .

Since r < 1, d(zn,Ym) — 0 as n,m — oo. Similarly, if m < n, it is clear that
d(Zpn, ym) — 0 for n,m — oo. Then (z,,yn) is a Cauchy bisequence. Since (X,Y,d)
is complete bipolar metric space, (x,,y,) converges (in particular biconverges) to a
point u € X NY. Then

lim z,, = v and hm Yn = U.
n—oo

From hypothesis and property (B3) we have that

D(U" Tu) d(u yn-i-l) + d(xn-l-lv yn+1) + D(l‘n+1, Tu)
d(u, Yn+1) + A(@nt1, Yn+1) + H(Tyn, Tu)
d( U, yn+1) + d(xn—l-la yn-‘rl) + ad(ua yn) + 6[D(Tyna yn) + D(ua Tu)]
d(ua ynJrl) + d(anrlv yn+1) + ad(ua yn) + B[d(anrlv y’n) + D('LL, TU‘)]

for all n € N. As n — oo, we get
D(u,Tu) < BD(u, Tu).
Since b < 1, D(u,Tuw) = 0. This implies u € Tu. Then w is a fixed point of T O

IAIAINAIA

From Theorem 3.8, we obtain the following corollaries.
Corollary 3.9. Let (X,Y,d) be a complete bipolar metric space and
T:(X,Y) X (X,Y)
be a contravariant mapping such that
d(Ty,Tz) < ad(z,y) + pld(z, Tz) + d(Ty, y)) (3.7)
forallz € X andy €Y, where a, 8 >0 and a + 28 < 1. Then T has a fized point.
Corollary 3.10. Let (X,Y,d) be a complete bipolar metric space and
T:(X,Y) X (CB(X),CB(Y))
be a multivalued contravariant mapping such that
H(Ty,Tx) < a1d(z,y) + a2 D(x, Txz) + a3 D(Ty, y) (3.8)

forallz € X and y € Y where a1,az,a3 > 0 and a1 +as +a3 < 1. Then T has a
fixed point.
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Corollary 3.11. Let (X,Y,d) be a complete bipolar metric space. If

T:(X,Y) X (CB(X),CB(Y))
is a multivalued contravariant mapping, then T has a fized point.
Corollary 3.12. Let (X,Y,d) be a complete bipolar metric space and

T:(X,Y) X (CB(X),CB(Y))
be a multivalued contravariant mapping such that

H(Ty,Tx) < 8D (w,Tx) + D(Ty,y)] (3.9)

forallxz € X andy € Y where B € [O, %) Then T has a fized point.

Example 3.13. Let X = {0,1,2} and Y = {1,2,3}. Define d : X x Y — R* such
that

d(1,1) = d(2,2) =0,

d(1,2) = d(2,1) =5,

d(0,1) = 13, d(0,2) = 12,

d(0,3) =15, d(1,3) = 14, d(2,3) = 9.

Then (X,Y,d) is a complete bipolar metric space. A covariant mapping
T: (X,)Y)= (CB(X),CB(Y))
be defined by
T(0)=A{1}, T(1) =T(2) = {2}, T(3) = {1,2}.
Note that, Tx and Ty are closed and bounded for all z € X and y € Y with respect
to the bipolar metric space (X,Y,d). Then we conclude that the condition

H(Tx,Ty) < kd(z,y)

for all x € X and y € Y is satisfied for the constant k£ = g. From Theorem 3.1, we
say that T has a fixed point. Itis2 € X NY.
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