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Abstract

In this work, we introduce the concept of b-rectangular asymmetric metric space, which is not necessarily Hausdorff
and which generalizes the concept of metric space, rectangular metric space, rectangular asymmetric metric space and
b-rectangular metric space. Also, we introduce the notion of (¢, F')-contraction and establish some new fixed point
theorems for mappings in the setting of complete b-generalized asymmetric metric spaces. Our results generalize,
improve and extend the corresponding results of Banach and Wardoski. Moreover, an illustrative example is presented
to support the obtained results.
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1 Introduction

It is widely known that the Banach contraction principle [3] is the first fixed point theorem and one of the most
powerful and versatile results in the field of functional analysis. Various generalizations of it appeared in the literature,
much mathematics steadied many interesting extensions and generalizations [2] [8, [12], [14] 20} 25] and the recent works
of Wardowski [25] 26, 27].

A well known, several generalizations of standard metric spaces have appeared. In particular, asymmetric metric
spaces were introduced by Wilson [24] and then studied by many authors [11, [16], 18] [21].

In 2000 , for the first time rectangular metric spaces were introduced by Branciari [4], in such a way that triangle
inequality is replaced by the quadrilateral inequality

d(z,y) < d(z,2) + d(z,u) + d(u,y),
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for all pairwise distinct points x,y, z and u. Any metric space is a generalized metric space but in general, generalized
metric space might not be a metric space. Various fixed point results were established on such spaces [6], [7], T3] [15], 23]
and references therein.

Combining conditions used to define b-metric and rectangular metric spaces, George et al. [5] announced the
notions of b-rectangular metric space. Various fixed point results were established on such spaces [10, 1T}, 22] and
references therein.

Combining conditions used to define rectangular metric spaces and asymmetric metric spaces, Piri et al. [19]
announced the notion of rectangular asymmetric metric space and formulated some first fixed point theorems for
f-contraction mapping in generalized asymmetric metric space.

In this paper, we introduce the concept of b-rectangular asymmetric metric space, which generalizes the concept
of metric space, rectangular metric space, rectangular asymmetric metric space and b— rectangular metric space.
Also, we introduce the notion of (¢, F')-contraction and establish some fixed point results for mappings in the setting
of complete b-generalized asymmetric metric spaces. Our results generalize, improve and extend the corresponding
results. Moreover, an illustrative example is presented to support the obtained results.

2 Preliminaries

In the following, we recollect some definitions which will be useful in our main results.
Definition 2.1. [4] Let X be a nonempty set and d : X x X — Rtbe a function such that for all x,y € X and for
all distinct points u,v € X, each of them different from x and y, one has

1. d(z,y) = 0 if and only if z = y;
2. d(z,y) = d(y, z) for all distinct points z,y € X;
3. d(z,y) < d(x,u) + d(u,v) + d(v,y) (quadrilateral inequality).

Then (X, d) is called a rectangular metric space.

Definition 2.2. [I9] Let X be a nonempty set and d : X x X — RTbe a function such that for all z,y € X and for
all distinct points u,v € X, each of them different from x and y, one has

1. d(z,y) = 0 if and only if x = y;
2. d(z,y) < d(z,u) + d(u,v) + d(v,y) (quadrilateral inequality).

Then (X, d) is called a rectangular asymmetric metric space.

Definition 2.3. [19] Let (X,d) be a generalized asymmetric metric space and {z,}, .y be a sequence in X and
zc X.

(i) We say that {xy}, oy is forward (backward) convergent to x if

lim d(z,z,)=0 < lim d(mn,x)zo).

n—-+oo n—-+oo

(ii) We say that {z,},cy is forward (backward) Cauchy if

n>m-—+oo m>n——+00

lim  d(zp,xm)=0 < lim d(:ﬁm,:c”)zO).

Example 2.4. [9] Let X = AU B, where A ={0,2} and B = {2,n € N*}, and d: X x X — [0, +oo| be defined by

d(0,2) = d(2,0) = 1
d(5,0) =7,d(0,7) =1
d(.2) =1d(2, ) =3
d(5 7)) =d (5 5) =1

for all n,m € N*, n # m. Then (X, d) is a rectangular asymmetric metric space. However, we have the following:



Fixed point theorems for (¢, F')-contraction in b-rectangular asymmetric metric spaces 3

1) (X,d) is not a metric space, since d (,0) # d (0,1), for all n > 1.
2) (X,d) is not a asymmetric metric space, since d(2,0) =1 > % =d (2, %) +d (%,O).

3) (X,d) is not a rectangular metric space, since d (%7 2) #d (27 %), for all n > 1.

Remark 2.5. [9] L ,d) be as in Example and {%}neN* be a sequence in X. However, we have the following:

et (X
i) limp o0 d (2,0) = 0,lim, 400 d (1,2) =1 and
lim, 400 d (O %) 1,lim, 100 d (2 %) = 0. Then the sequence {%} is forward convergent to 2 and backward
convergent to 0 . So the limit is not unique.
i) limy, 400 d (% %) = hmnﬁﬂ,od(i l) = 1. So forward (backward) convergence does not imply forward

? m’n

(backward) Cauchy.

Lemma 2.6. [19] Let (X, d) be a generalized asymmetric metric space and {x,}, be a forwand (or backward) Cauchy
sequence with pairwise disjoint elements in X. If {x,}, is forward convergent to € X and backward convergent to
y € X, then z = y.

Definition 2.7. [22] Let X be a nonempty set and d : X x X — RTbe a function such that for all z,y € X and for
all distinct points u,v € X, each of them different from x and y, one has

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

i) d(z,y) = d(y, v);
ili) there exists a real number s > 1 such that d(z,y) < s(d(z,u) + d(u,v) + d(v,y)) (b-rectangular inequality).

Then (X, d) is called a b-rectangular metric space.

Lemma 2.8. [22] Let (X, d) be a b-rectangular metric space.

(a) Suppose that sequences {z,} and {y,} in X are such that x,, — = and y, — y as n — oo, with © # y,x, #
and y,, # y, for all n € N. Then we have

n—oo

id(x y) < hm infd (zn,yn) < lim supd (2n,yn) < sd(z,y).
(b) If y € X and {z,} is a Cauchy sequence in X with x,, # ,, for all m,n € N;m # n, converging to = # y, then
Sd(e,y) < Jim nfd(ra,y) < lim supd (za,y) < sd(z,)
for all z € X.

Lemma 2.9. [II] Let (X, d) be a b-rectangular asymmetric metric space and {x,} be a sequence in X such that

h_)m d(Tp, Tn1) = hm d(zp, Tnt2) = 0.

If {z,} is not a Cauchy sequence, then there exist ¢ > 0 and two sequences {m(k)} and {n(k)} of positive integers

such that
e < kll)n;o infd (xm(k),xn(k) hm sup d (xm(k),xmk)) < se,

e < lim 1nfd(1:n(k),xm(k)+ < hm supd xn(k),xm(k)H) < se,

) <
)
)
) <

k—o0 (
e < khm infd ($m<k),$n(k>+1 < hm supd (mm(k),xn(kHl) < se,
— 00
- < hm 1nfd(a: T 1m su d(a: T ) < 5%
s ks 00 M(k)+17 "N (k)+1 p Mg)+17 " N(k)y+1/) —

The following definition was introduced by Wardowski [25].

Definition 2.10. [25] Let f be the family of all functions F : RT™ — R such that
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(i) F is strictly increasing:
(ii) for each sequence {,}, 5 of positive numbers

lim z, =0, if and only if lim F (z,)= —o0;
n—0 n—00

(iii) there exists k €]0,1[ such that lim, 0 z*F(z) = 0.

Recently, Piri and Kuman [I7] extended the result of Wardowski [25] by changing the condition (iii) in Definition
2.9 as follow.

Definition 2.11. [I7] Let T be the family of all functions F' : RT™ — R such that
(i) F is strictly increasing;

(ii) for each sequence {x,}, .y of positive numbers

lim z, =0, if and only if lim F (z,) = —o0;
n—oo n—oo

(iii) F is continuous.
The following result introduced by Wardowski [26] will be used to prove our result.

Definition 2.12. [26]. Let F be the family of all functions F : R — R and ¢ :]0, +00[—]0, +-00] satisfy the following.
(i) F is strictly increasing:

(ii) For each sequence {x}, oy of positive numbers

lim x, =0, if and only if lim F (z,) = —oc;
n—oo n— oo

(iii) liminfs_ 4 ¢(s) > 0 for all a > 0;
(iv) There exists k €]0, 1] such that
lim 2"F(x) = 0.

z—0t

Recently, Kari et al. [I5] extended the result of Wardowski [26] by changing the condition (iV) in Definition 2.11
as follow.

Definition 2.13. Let © be the family of all functions F : Rt — R and ® be the family of all functions ¢ :]0, +-o00[—
10, +o0] satisfying the following.

(i) F is strictly increasing;
(ii) For each sequence {x}, oy of positive numbers

lim z, =0, if and only if lim F (z,) = —o0;
n—oo n—oo

(iii) liminfsia® ¢(s) > 0, for all a > 0;
(iv) F is continuous.

Definition 2.14. [26] Let (X, d) be a metric space. A mapping T': X — X is called a (¢, F') contraction on (X, d),
if there exist F' € F and ¢ such that

F(d(Tx,Ty)) + ¢(d(z,y)) < F(d(z,y))

for all z,y € X for which Tx # Ty.

Theorem 2.15. [20] Let (X, d) be a complete metric space and T': X — X be an (F, ¢)-contraction. Then T has a
unique fixed point.
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3 Main results
In the following, we define the b-rectangular asymmetric metric spaces. Also, we obtain some results in such spaces.
Definition 3.1. Let X be a non-empty set and d : X x X — RT be a mapping such that for all z,y € X and for all
distinct points u,v € X, each of them different from x and y, one has
(i) d(z,y) =0if and only if x =y :
(ii) there exists a real number s > 1 such that d(z,y) < s(d(x,u) + d(u,v) + d(v,y)) (b-rectangular inequality).

Then (X, d) is called a b-rectangular asymmetric metric space.

Example 3.2. Let X = AU B, where A = {0, and B = [4,1]. Define d : X x X — [0, +00[ as follows:

’5’9716

dlz,y) =0 =y, Vr,y e X

and . L1
(03 -a(h 1) o
1 1 11 11
1(05)=a(5) =2 (55) = (5:5) -0
1 11
d(0,16>:d<9,16)—0,05
1 11
d(9,0>_d(16,5>0,04
o(50) a1 1) oo
d(z,y) = (Jx — y|)? otherwise

Then (X, d) is a b-rectangular asymmetric metric space with coefficient s = 3. However we have the following;:

1) (X,d) is not a metric space, since d (£,5) =0.5> 016 =d (+, %) +d (15, 5)-

2) (X,d) is not a asymmetric metric space, since d (0, §) = 0.1 # 0.4 = d (5,0).

3) (X,d) is not a b-metric space for s = 3, since d (%, %) =05>048=3 [d (% %) +d (%, %)}

4) (X,d) is not a rectangular metric space, since d (%7 %) =05>026=d (% %6) +d (%,0) +d (O, é)
Definition 3.3. Let (X,d) is a b-generalized asymmetric metric space and {x,}, .y be a sequence in X, and = € X.

(i) We say that {xy}, oy is b-forward (b-backward) convergent to x if and only if

lim d(z,z,)= lim d(z,,z)=0.

n—-+oo n—-+oo
(ii) We say that {z,},cy is b-forward (b-backward) Cauchy if

lim  d(zp,2m)= lim  d(xm,,z,) =0.
n>m-—-+oo m>n—+00

Definition 3.4. Let (X,d) be a b-rectangular asymmetric metric space. X is said to be b-forward (b-backward)
complete if every b-forward ( b-backward) Cauchy sequence {z,}, in X is b-forward (b-backward) convergent to
zc X.

Definition 3.5. Let (X, d) be a b-generalized asymmetric metric space. X is said to be complete if X is b-forward
and b-backward complete.

Lemma 3.6. Let (X, d) be a b-generalized asymmetric metric space and {xz, }, be a b-forward (or b-backward) Cauchy
sequence with pairwise disjoint elements in X. If {z,,}, is b-forward convergent to z € X and b-backward convergent
toy € X, then x = y.
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Proof . Let ¢ > 0. First assume that {z,}, is a b-forward Cauchy sequence. Then there exists ng € N such that
d(Tn,rm) < 55 for all m > n > ng. Since {z,,}, b-forward converges to x, there exists ny € N such that d (z,,,7) < 55
for all n > n;. Also {z,}, is b-forward convergent to y and so there exists ny € N such that d (y,r,) < 5, for all
n > ng. Then for all n > max {ng,n1,na},

e e €
d(z,y) < sld(x,2n) + d(Tn, Tni1) d (Tpi1,y)] < s <£ gt 373) =e.

Since € > 0 is arbitrary, we deduce that d(z,y) = 0, which implies = y. When {z,},, is a b-backward Cauchy
sequence, the proof is similar to an earlier state. By a similar method as in Lemma [2.8] we conclude the following. [J

Lemma 3.7. Let (X,d) be a b-rectangular asymmetric metric space.

(a) Suppose that sequences {z,} and {y,} in X are such that z,, — = and y, — y as n — oo, with © # y,z, # x
and y, # y for all n € N. Then we have

1
—d(z,y) < lim infd(z,,y,) < lim supd(z,,y,) < sd(z,y).
S n—o00 n—o00
(b) If y € X and {x,} is a Cauchy sequence in X with z,, # x,, for any m,n € N,m # n, converging to z # y, then
1
—d(z,y) < lim infd(z,,y) < lim supd(x,,y) < sd(z,y),
S n—roo n—oo

for all z € X. Now, we present the concept of (F, ¢)-contraction in a b-rectangular asymmetric metric spaces.
Also, we prove some fixed point results for such mapping.

Definition 3.8. Let (X, d) be a rectangular asymmetric metric space and T : X — X be a mapping. T is said to be
a (¢, F)-contraction of type (3) if there exist F' € © and ¢ € ® such that for all z,y € X with d(Tz, Ty) > 0, we have

F [s*d(Tx, Ty)| + ¢ld(x,y)] < Fld(z,y)].

By a similar way to Lemma we introduce the following lemma concerning b-rectangular asymmetric metric
space.

Lemma 3.9. Let (X, d) be a b-rectangular asymmetric metric space and {x,,} be a sequence in X such that

lim d(zp,2ne1) = Um d(xp, Zpe2) =0and lim d(xp41,2,) = lim d(2,42,2,) = 0.
n— 00 n— oo n— 00 n— 00

If {z,,} is not a backward Cauchy sequence and is not a forward Cauchy sequence, then there exist ¢ > 0 and two
sequences {m(k)} and {n(k)} of positive integers such that

e < kl;rrgc infd (wm(m,xn(k)) < kl;rrgo supd xm(wxn(k)) < se,

e < klingo infd ($n<k)7$m(k)+1 < kl;n;o supd (x77'(k)’xm(k)+1) < se,

k—o0

< lim infd

e < lim infd (‘mewzn(mﬂ) < kli)n;o supd xm(k),xn(k)ﬂ) < se,
T k—oo )

3 1 2
; < lim Supd (xm(k)Jrl?xn(kH»l) < s7e.

(xm<k>+1’x"<k>+1 o

Theorem 3.10. Let (X,d) be a complete b-generalized asymmetric metric space and T : X — X be a mapping.
Suppose that there exist F' € S and ¢ € ® such that for any =,y € X with d(Tz,Ty) > 0, we have

F [$*d(Tz, Ty)] + ¢(d(z,y)) < Fld(z,y)]. (3.1)

Then T has a unique fixed point.
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Proof . Let 9 € X and define a sequence {z,} by

Tpyr = Ta, =T g, for alln € N.

If there exists ng € N such that d (zn,, Tng+1) = 0 or d (Tpg+1,%n,) = 0, then the proof is finished. Suppose that
d(xn,xny1) > 0and d(xp41,2,) > 0, for all n € N.

Case 1. d(zp,Tps1) > 0. Letting 2 = x,_1 and y = z,, in for all n € N, we have
F [d (xnyl‘n-‘rl)] + ¢ [d (-rn—la xn)] S F [Szd (-rruxn—i-lﬂ + ¢ [d (xn—lamn)] S F [d (xn—lvxn)] .

Therefore,
F(d(zn,2ny1)) < F(d(Tp-1,70)) — ¢ (d(Tn—1,70)) .

Since F' is increasing,
d(Tp, Tni1) < d(Tp-1,%n) - (3.2)

Repeating this step, we conclude that

F(d(n, vn41)) < (F(d(2n-1,70))) — ¢ [d (Tn—1, 7))
S F(d(wp-2,2n1)) = ¢ ld(Tn_1,20)] — ¢ [d(Tn—2,Tn1)]

. < F(d(zo,21)) Zgb (i, wiv1)]

Since liminf, .+ ¢(s) > 0, we have liminf, ,o ¢ (d (zp—1,2,)) > 0. By the definition of the limit, there exist
np € N and A > 0 such that for all n > ng, ¢ (d (zp—1,2,)) > A. Thus

no—1
F(d (2, 2p41)) < F(d(@o,21)) = Y & (d (@i, 2041)) Z ¢ (d (@i, zit1))
i=0 i=ng—1
S F(d(ﬂ?o,xl)) — Z A
i=ng—1

= F(d(xz0,21)) —(n—ng) A
for all n > ng. Taking the limit as n — oo in the above inequality, we get
lim F(d(xp,zne1)) < lim [F(d(zo,21)) — (n — ng) 4],
n—oo n—oo

that is, lim, o0 F' (d (Zn, Tnt1)) = —00. By the condition (ii) of Definition we conclude that

lim d(x,Tn41) = 0.

n—oo
Case 2. d(zp41,2,) > 0. Letting 2 = z,, and y = x,,_1 in for all n € N, we have
F [d (anrl»xn)] +¢ [d (xnvxnfl)] <F [32d (anrlaxn)} +¢ [d (xnaxnfl)] <F [d (l‘nﬂcnfl)] .

Therefore,
F (d (xn+1,xn)) <F (d (xmxn—l)) —¢ (d ($n7xn—1))-

Since F' is increasing,
d(Tn+1,%n) < d(Tn, Tn-1)- (3.3)

Repeating this step, we conclude that

F(d ($n+1a$n)) < (F (d (xmxnfl))) - Qb[d (xnflaxn)]
S F (d (xn 15 Lp— 2)) - ¢ [d (xnaxn 1)] - ¢ [d (*xn—l,xn—Q)]

< ... < F(d(z1,20)) Zéf? (@ig1,24)]
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Since liminf,_, o+ ¢(s) > 0, we have liminf, . ¢ (d (zn,zn—1)) > 0. By the definition of the limit, there exist
ny € N and B > 0 such that for all n > ny,¢ (D (z,-1,%,)) > B. Thus

ni—1 n

F(d(zpi1,20)) < F(d(21,20)) = Y o (d(@igr, 7)) = Y ¢(d (@1, 2:)
1=0 1=n;—1
< F(d(zo,21))~ > B

= F(d(x1,%0)) — (n —n1) B,
for all n > n,. Taking the limit as n — oo in the above inequality, we get

lim F (d(xpi1,2,)) < lim [F(d(21,20)) — (n —nq) B],

n— oo n—oo

that is, limy, 00 F' (d (41, %n)) = —00. By the condition (ii) of Definition we conclude that

nli_{r;od(xnﬂ,xn) =0.

Next, we shall prove that
lim d(zy,2Zn42) =0and lim d(2,42,2,) = 0.
n—oo

n—oo
We assume that x,, # x,, for all n,m € N,n # m. Indeed, suppose that x, = x,, for some n =m + k with k > 0.
Then we have 2,11 = T2, = T2y = Tyi1. By and we have
d(xn,Tpi1) < d(Tp—1,2n)
and
d (l’n+1, xn) <d ($n7 ZL'nfl) .
Continuing this process, we can that

d (Z’m, xm—i—l) <d (l‘ma xm-{-l)

and
d (xm-i-h xm) <d (-Tm-i-la xm) )

which is a contradiction. Therefore,
d(Tm,Tn) > 0 and d (x4, Tm) >0

for all n,m € N,n # m.
Case 3. d(zp,Tpt2) > 0.
Applying 31| with 2 = 2,1 and y = 2,41, we have

F [82d (xnu xn+2)] + (b [d (xnfla anrl)] S F [d (l'na xn+2)] + (b [d (xnfl» xn+1)] S F [d (xn+17 xnfl)] .
Therefore,

F(d(2n, 2nt2)) < F(d(2n-1,2n11)) = ¢ (d (Tn-1,Tn41)) -

Since F' is increasing,
d (mn» xn+2) <d (xnfla anrl) .

Repeating this step, we conclude that

F(d (T, Tpyo)) < (F (d (xnflaxrwl))) - ¢[d (xnflvanrl)]

<
S F (d (xn—ann)) - ¢ [d (xn—&-laxn—l)] - ¢ [d (xn—Q»xn)]

<...< F(d(z0,21)) — Z¢[d (Tim1,@iv1)] .

1=0
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Since liminf, .+ ¢(s) > 0, we have liminf,, oo ¢ (d (X1, %nt1)) > 0. By the definition of the limit, there exist
ng € N and C > 0 such that for all n > ng, ¢ (d (zp—1,Tns1)) > C. Thus

no—1 n
F(d(2n,@nt2)) < F (d(z0,22) = > ¢ (d(@ipr,2:) = D 6(d (s, wi42))
i=0 i=ng—1
< F(d(zg, 1)~ >, C

= F(d(x1,20)) — (n —np)C
for all n > ng. Taking the limit as n — oo in the above inequality, we get

lim F (d(2n,Tpyo)) < lim [F(d(xg,22)) — (n —ng) C],

n—oo n— oo
that is, lim, o0 F' (d (n41,%n)) = —00. By the condition (ii) of Definition we conclude that

nll_)Ir()lod(xn,.'L'n+2) =0.

Case 4. d(zp42,2,) > 0. Applying m with ¢ = z,41 and y = x,,_1, we conclude that

lim d(xp42,2,) =0.
n—oo

Next, we shall prove that {z,},,y is a Cauchy sequence. Firstly we show {z,},y is a b-forward Cauchy sequence,
ie. limy pm—oo d (@, zm) = 0 for all n,m € N.

Suppose to the contrary. By Lemma , there is an € > 0 such that for an integer k there exist two sequences
{n@)} and {m,} such that d (mm(k),xn(k>+l) >¢eandd (xm(k),xn(k)_l) < e and
i) e <limp_ o infd (xm(k),xn(k)) < limg_soo supd (mm(k),xn(k)) < se,

ii) e <limgy o0 infd (mn(wxmm“) < limg_ 00 sSUpd (xn(k)7xm(k)+1) < se,
iii) e <limg_yo0infd (xm(m,xn(k)ﬂ) < limg_,o supd (:cm(k),xn(k)ﬂ) < sg,

vi) 2 <limg o infd (J;m(k)ﬂ,xn(kHl) < limg_yoo supd (xm(k)ﬂ,xn(mﬂ) < s%.
Applying B.I| with 2 = 2, ,, and y = x,,,,, we obtain

F [s2d (xm(k)+17x”(k)+1)] <F (d (xm(k)’xn(k))) - ¢ (d (xm<k)7$”(k>)) .
Letting k — oo in the above inequality and using (i) and (vi), we obtain

F (252> = F(es)

2 1.
<F (s khm Supd(xm(k)+1,$7z(k>+1)>

—00

= klin;o sup F (52d (an(k)erxn(k)Jrl))

< lim sup F(d (2, @ngpy)) = B0 sup @ (d (e oy, )
< F(se).

Therefore,
F(se) < F(se).

Since F' is increasing, we get
se < se.

It is a contradiction. Thus

lim  d(xm,z,) =0.
n—sm-—oo
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Hence {z,} is a b-forward Cauchy sequence in X. By completeness of (X, d), there exists z € X such that
lim d(z,2,) =0.

n— oo

Secondly we show {z,} is a b-backward-Cauchy sequence. Suppose to the contrary. By Lemma , there is an
e > 0 such that for an integer k there exist two sequences {n)} and {m)} such that d (zm,, Tng,,,) > € and

d (xn(k)_17xm(k)) < e and
i) & <limg_ oo infd (xn(k>,xm<k)) < limg_ o0 sSupd (xn(k),xm(k)) < se,
ii) & < limg_ oo infd (xn(m,xm(k)ﬂ) < limg_o supd (xmk)’zm(k)ﬂ) < se,

iil) e <limg_yo0 infd In(k),$m<k)+1) < limg_, 00 SUpd (:cn(k),zm<k)+1) < se,

vi) £ <limy o infd (:cn(k)ﬂ,xm(k)ﬂ) < limy_,oo supd (In(k)+1,Im(k)+1) < s%.
Applying 3.1| with © = @, and y = 2., ,,, we obtain
2
F 82 (200 Tmen2)] < F(d (@ngy Tmey)) = 6 (d (Tng Tme, ) -
Letting k¥ — oo in the above inequality and using (vi), we obtain

F (232) — Fles)

<F (32 kh_)ngo supd (x"(kwl ) mm(kﬁl))

= kli)nolo sup F’ (82d (xn(k)+1"rm(k)+l))

< kli_)rrgo sup F’ (d (l‘n(k) R l‘m(k))) - kli)H;o sup ¢ (d (mmk) ) xm(k)))
< F(se).

Therefore,
F(se) < F(se).

Since F' is increasing, we get se < se. It is a contradiction. Thus

lim  d(xp,Tm) =0.
n—,m—oo

Hence {z,} is a b-backward Cauchy sequence in X. By completeness of (X,d), there exists u € X such that
limy, 00 d (2, u) = 0. It follows from Lemma[3.6]that z = u. Now, we show that d(Tz, z) = 0 or d(z,Tz) = 0. Assume
that

d(z,Tz) >0 and d(Tz,z) > 0.

We shall show that z is a fixed point of T'.
i) Assume that d(z,Tz) > 0. Since z,, — z as n — o0, from Lemma we conclude that

%d(z, Tz) < nh_)rr;o supd (Txy,Tz) < sd(z,Tz). (3.4)
Now, applying with z = x,, and y = z, we have
F (s°d(Txn,Tz)) < F(d(zn,2)) — ¢ (d (w0, 2)),¥n € N. (3.5)
Letting n — oo in using 3.4 and continuity of F, we obtain

1
F {SQSd(z, Tz)} = Flsd(z,T%)]
<F [52 lim supd(T:z:n,Tz)}
n—oo
= lim sup F' [s°d (Tz,, Tz)]
n—oo

< lim sup F'(d (25, 2)) = lim 6 (d (2n, 2))
< li_>m sup F (d (zy, 2))

=F < lim Supd(xn,z)) .

n—oo
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Since F is increasing, we get sd(z,Tz) < 0, which implies that s = 0. It is a contradiction and so d(z,Tz) = 0.
ii) Assume that d(T'z,z) > 0. Since z,, — z as n — o0, from Lemma we conclude that

1
—d(Tz,z) < lim supd (Tz,Tx,) < sd(Tz, z). (3.6)
s

n— oo

Now, applying [3.1] with z = z and y = z,,, we have
F(s°d(Tz,Txy)) < F(d(z,2,)) — ¢ (d(z,2,)),¥n €N (3.7)

Letting n — oo in [3.6] using and continuity of F', we obtain

r {fid(Tz, z)} = Flsd(T'z, 2)]
<F {52 lim Supd(TZ,Tiﬂn)}
n— oo

= lim sup F [SQd (TZ,Txn)}

n—oo

IN

lim sup F (d (2,,)) ~ lim 6 (d(z.2,))

N

lim sup F (d (z,2,))
n—oo

=F ( lim supd(z,xn)) .

n— oo

Since F is increasing, we get sd(Tz,z) < 0, which implies that s = 0. This is a contradiction. So d(Tz,z) = 0.
Hence Tz = z. Uniqueness. Now, suppose that z,u € X are two fixed points of T such that u # z. Then we have

d(z,u) =d(Tz,Tu) > 0.
Applying [3.3] with # = 2z and y = u, we have
F(d(z,u)) = F(d(Tz,Tu)) < F (s*d(Tz Tu)) < F(d(z,u)) — ¢(d(z,u)).
Therefore, we have d(z,u) < d(z,u). It is a contradiction. Thus v = z. O

Corollary 3.11. Let d(X,d) be a complete b-rectangular asymmetric metric space with parameter s > 1 and T be a
self mapping on X. If for all x,y € X we have

d(Tz,Ty) > 0= s*d(Tx,Ty) < eTTEW d(z,y),

then T has a unique fixed point.
Proof . Since d(Tx,Ty) > 0, we can take natural logarithm to get

In (2d(T, Ty) < In [ 7ot )]
-1

= m + hl[d(:l), y)]

Hence
F [$*d(Tx,Ty)] + ¢(d(z,y)) < F(d(x,y))

with F(t) = In(t) and ¢(t) = . As in the proof of Theorem [3.10} T has a unique fixed point. [J
1+t

Corollary 3.12. Let d(X,d) be a complete b-rectangular asymmetric metric space with parameter s > 1 and T be a
self mapping on X. Suppose that there exists k €]0, 1] such that for all z,y € X we have

d(Tz,Ty) > 0 = s%d(Tz, Ty) < kd(z,y).

Then T has a unique fixed point.
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Proof . Since d(Tx,Ty) > 0, we can take natural logarithm to get

In (s?d(Tx, Ty)) < In[kd(z,y)]
= In(k) + In[d(z, y)].

Hence
F [$*d(Tx, Ty)] + ¢(d(x,y)) < F(d(z,y))

Kari, Rossafi, Lee, Park

with F(t) = In(¢) and ¢(¢) = In (%) As in the proof of Theorem T has a unique fixed point. [

Example 3.13. Let X = AU B, where A = {0, 3, 1, %} and B = [%,2]. Define d : X x X — [0, 4o00[ as follows:

1 11
d —d(-,2) =01
(03)=2(55) -0
1 1 11 11
1 11
(01 =a(1 1) womm
1 11
— — [ — = 4
(o) -a(11) <on
1 11
(o) <a(2) <om
dlz,y) =0z =y
d(z,y) = (|x — y|)? otherwise.

Then (X, d) is a b-rectangular asymmetric metric space with coefficient s = 3. Define the mapping 7' : X — X by

Vzifze[3,2
T(m):{ 1ifxe[fx.]

Then T'(z) € [2,2]. Let F(t) = In(v/%) for all ¢ €]0, +o00 [, #(t) = 5% . It obvious that F' € S and ¢ € ®. Consider

24t
the following possibilities: Case 1: z,y € [%, 2] with x # y. Assume that z > y.

d(Tz,Ty) = (Vo —y)? and  d(z,y) = (z —y)*

Therefore,
FATeTy) =7 -5 and o) = |50
On the other hand,
F(T.Ty) + o(d(o,3) = Fld(a) =(vE = V) + | 5= | = na =)
Zh“(@_yﬂ) +lore=y)
:ln(ﬁﬂiﬁ *lorey)
Since z,y € [3,2], we have
CI(VZ+ ) < —In(v3)  and {Hé_y)} < In(V3).
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Thus, F(d(Tz,Ty)) + ¢(d(z,y)) < F(d(z,y)).

Case 2: z € [2,2] ,yc Aory € [3,2] ,x € A. Then T(z) = /z,T(y) = 1, then d(Tz, Ty) = (|v/z — 1])*. So we
have
P(d(Tz, Ty)) = n(v/z — 1)

and
d(z,y) = (x — y)?

On the other hand,

FTa,T9) + 6o ) ~ F(do9) =w(vF~ 1) + || ~tuGe -
<In(vz —1) 2+(i_y)}—ln(m—l)

Since x E}%, 2], we have

—In(vz +1) < —1In(2) and L )} < % <In(2).

[H(m—y

Thus
F(d(Tz,Ty)) + ¢(d(z,y)) < F(d(z,y)).

Hence T satisfies all the assumptions of Theorem [3.10] and z = 1 is the unique fixed point of 7.

4 Conclusion

In this paper, we introduced the concept of b-rectangular asymmetric metric space, which is not necessarily Haus-
dorff and which generalizes the concept of metric space, rectangular metric space, rectangular asymmetric metric
space and b-rectangular metric space. Also, we introduced the notion of (¢, F')-contraction and establish some new
fixed point theorems for mappings in the setting of complete b-generalized asymmetric metric spaces. Our results
generalize, improve and extend the corresponding results of Banach and Wardoski. Moreover, an illustrative example
was presented to support the obtained results.
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