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Abstract

The aim of this paper is to present some fixed point results for generalized Wardowski-type contractions in the framework
of («,m)-complete rectangular b-metric spaces. We also derive certain fixed point results for generalized F-contractions in
rectangular b-metric spaces endowed with a graph or a partial order. Moreover, an illustrative example is presented to support
the obtained results. (©2017 All rights reserved.
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1. Introduction and preliminaries

The notion of a b-metric as an extension of usual metric has been introduced first by Bakhtin [1] and
extensively applied by Czerwik in [5, 6]. Until now, many interesting results about the existence of fixed
points for single-valued and multi-valued mappings in b-metric spaces have been obtained (see, e.g.,
[3, 12, 22] and the papers cited therein).

Definition 1.1 ([5]). Let X be a nonempty set and let s > 1 be a given real number. A functionb: X x X —
[0, +00) is a b-metric on X, if for all x,y, z € X, the following assertions hold:

(b1) b(x,y) =0, if and only if x =y;
(b2) blx,y) =bly,x);
(b3) b(x,z) < slb(x,y)+b(y,z)].
In this case, the pair (X, b) is called a b-metric space.

In general, a b-metric space might not be a metric space.
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The following definition was given by Branciari in [2].

Definition 1.2. Let X be a nonempty set and let v : X x X — [0, +00) be a mapping such that for all x,y € X
and all distinct points u, v € X, each of them is distinct from x and y:

(r1) r(x,y) =0, if and only if x = y;
(r2) v(x,y) = vy, x);
(r3) r(x,y) < r(x,u) +r(uw,v)+7r(v,y) (rectangular inequality).
Then (X, r) is said to be a generalized metric space (g.m.s.) or a rectangular metric space.

Many researchers (see the references cited in [13]) proved various fixed point results in this framework.
The concept of generalized metric space is similar to the notion of metric space. However, its topology
may not be Hausdorff, as an example given in [18, 20] shows (see further Example 1.5). Hence, it is quite
difficult to treat this concept because a generalized metric space does not necessarily have the topology
which is compatible with convergence in 1, see [21, Example 7]. So, this concept is very interesting for
researchers.

Combining conditions used for definitions of b-metric and g.m. spaces, Roshan et al. [17] announced
the following notion (see also [8]).

Definition 1.3 ([17]). Let X be a nonempty set, s > 1 be a given real number and let 1y, : X x X — [0, 4+00)
be a mapping such that for all x,y € X and all distinct points u,v € X, each of them distinct from x and y
one has the following conditions:

(rb1) Tv(x,y) =0, iff x =y;

(rb2) 1v(x,y) = 1o (y,x);

(tb3) 1v(x,y) < slrp(x, u) +1p(u,v) + 14 (v, y)] (b-rectangular inequality).

Then (X, 1p) is called a rectangular b-metric space (RbMS) or a generalized b-metric space (b-g.m.s).
The following are easy examples of rectangular b-metric spaces [17].

Example 1.4. Let (X, 1) be a gm.s. and p > 1 be a real number. Let ry(x,y) = (r(x,y))P. Obviously, from
the convexity of the function f(x) = xP for x > 0 and by Jensen inequality we have

(a+b+c)P <3P HaP +bP +cP),

for nonnegative real numbers a,b,c. So, it is easy to obtain that (X, 1) is a rectangular b-metric space,
where as a parameter any s > 3P ! can be taken.

Example 1.5. Let A ={0,2}, B = {% :n € N}and X = AUB. Define r: X x X — [0, +0c0) as follows:

0, x=y,

1, x#yand{x,y} C Aor{x,y}CB,
Yy, Xx€A, yeB,

X, x€B,yecA.

T(XIU) =

Then (X, 1) is a complete g.m.s. [18, 20]. Now, taking 1y, (x,y) = 7(x,y)?, according to Example 1.4, we
obtain a rectangular b-metric space (X, rp) with s = 3. It can be shown that:

1. the sequence {%}neN converges to both 0 and 2;
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2. limn o % =0,butl =limn_ 0 Tp (%, %) #1(0, %) = % ; hence 1, is not a continuous function.

We will also need the following simple lemma about the convergent sequences in the proof of our
main results.

Lemma 1.6 ([17]). Let (X, 1y) be a rectangular b-metric space.

(a) Suppose that sequences {xn} and {yn} in X are such that x, — x and yn — y as n — oo, with x # vy,
Xn 7# x and yn # y for all n € IN. Then we have

—1p(x%,y) <liminfry (xn, yn) < imsup 1y (Xn, Yn) < stp(x,y).
S n—rco n—oo

(b) If y € X and {xn} is a Cauchy sequence in X with xn # xm for infinitely many m,n € N, n # m,
converging to x #y, then

1
—1p(%,y) < liminfry (xn,y) < limsup 1y (xn,y) < stp(x,y),
S n—oo n—r0o0

forall x € X.

Using certain mappings F : Rt — R, Wardowski introduced in [24] a new type of contractions
called F-contractions and proved a new fixed point theorem for such mappings. Substituting appropriate
mappings for F, one can obtain several known contractions from the literature, including the Banach
contraction (see, e.g., [4, 23]). Hussain and Salimi [9] generalized the concept of F-contraction and proved
certain fixed and common fixed point results.

In this paper, using the idea introduced by Wardowski, we prove some fixed point results for gener-
alized F-contractive mappings in the setup of rectangular b-metric spaces. An example is presented to
support our main results. Fixed point results in spaces endowed with a graph or with a partial order are
presented at the end as applications of our obtained results.

2. Results

2.1. Basic notions

We begin with some basic definitions and results which will be applied in the sequel.
As in [24], let Ar be the set of all functions F : R* — R verifying the following assertions:
(F1) Fis a continuous and strictly increasing mapping;
(F2) lim tn =0, if and only if lim F(t,) = —oo for all sequence {t,} C R™.
n—oo n—oo
Example 2.1. The following are some examples of functions belonging to Af: Fi(t) = Int, Fo(t) = —,
where p >0, F3(t) =t —1, F4(t) = ﬁ, Fs(t) = =

1—et"

Now we introduce the following new family of functions.
Let Ag be the set of all functions f : Rt — R satisfying the following condition:

(B1) liminf (ti) > 0 for all real sequences (t;) with t; > 0;
1—00
Note that (31) implies that:
(B2) X2, B(ti) = +oo for each sequence (t;) with t; > 0.

Definition 2.2. Let (X, 1) be a rectangular b-metric space with parameter s and let T be a self-mapping
on X. Suppose that &, 1 : X x X = [0, +00) are two functions. We say that T is an (o, n)-p-F-contraction, if
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for all x,y € X with (x(x,y) > 1 orn(x,y) < 1) and m,(Tx, Ty) > 0 we have
B(To(x,y)) +F(s? 16(Tx, Ty)) < Flourp (%, ) + xaTp (%, Tx) + aaTp (y, Ty) + aurp (y, Tx)), (2.1)

where 3 € Ag, Fe Ar, &; > 0forie ({1,234}, Z%:l o =1and a3 < %

In [19], Samet et al. presented the concepts of x--contractive and a-admissible mappings and ob-
tained various fixed point results for such mappings defined on complete metric spaces. On the other
hand, Hussain et al. [7], as well as La Rosa and Vetro [15], extended the notions of a-\-contractive and
ax-admissible mappings and stated some interesting results. Also, Hussain et al. [7] introduced a weaker
notion than the concept of completeness and called it x-completeness for a metric space. Motivated by
these works, we present the following concepts.

Definition 2.3 ([7]). Let T be a self-mapping on X and let &, 1 : X x X — [0, 4+-00) be two functions. We say
that T is an (&, n)-admissible mapping if

xYyeX akxy=zl = «xTy) =1,

and
x,yeX, nkxy <l = n(Tx,Ty) <1

One can easily see that an («,1)-admissible mapping is an x-admissible and n-sub-admissible map-
ping simultaneously.

Definition 2.4 ([7]). Let T : X — X and o, : X x X — [0,+00). We say that T is a triangular («,n)-
admissible mapping if

(T1) a(x,y) >1= ««(Tx,Ty) >1,x,y €X;
(T2) n(x,y) < 1T=n(Tx, Ty) <L, x,y€X;
3) {oc(x,z)

(z,y

7

) {n(x, z)
n(zy)

= «a(x,y) =1, forall x,y,z € X;

\VARVY
_

1
) = n(x,y) <1, forall x,y,z e X.

NN

Definition 2.5. Let (X, d) be a metric space or a rectangular b-metric space and let o, 1 : X x X — [0, +00)
be two mappings. The space X is said to be:

a. a-complete, if every Cauchy sequence {x,} in X with o(xn,Xn1) > 1 for all n € IN, converges in X.

b. n-sub-complete, if every Cauchy sequence {x,,} in X with n(xn,xn41) < 1 for all n € IN, converges
in X.

c. (a,m)-complete, if every Cauchy sequence {x} in X with a(xn,Xn41) = 1 or n(xn,xny1) < 1 for all
n € IN, converges in X.

Remark 2.6. If X is a complete space, then X is also an («,n)-complete space (x-complete space and n-sub-
complete space). But, the converse is not true.

Definition 2.7 ([7]). Let (X, d) be a metric space or a rectangular b-metric space and let a,n : X x X —
[0, +00) and T : X — X be mappings. We say that:

a. T is an x-continuous mapping on (X, d), if for given point x € X and sequence {x,} C X,

xn — x and «(xn,Xn+1) = 1, for all n € IN, imply that Tx, — Tx.
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b. T is an n-sub-continuous mapping on (X, d), if for given point x € X and sequence {xn} C X,

Xn — x and 1(xn, Xn+1) < 1, for all n € IN, imply that Tx, — Tx.

c. Tis an («,1m)-continuous mapping on (X, d), if for given point x € X and sequence {x,,} C X,

Xn = x and (&(xn,Xn+1) =1 or n(xn, xn4+1) < 1, for all n € IN) imply that Tx,, — Tx.

Example 2.8. Let X = [0, +00) be equipped with the usual metric d(x,y) = [x —yl. Assume that T : X — X
and «, 1 : X x X = [0, +00) be defined by

if x €10,1],
arcsmx—l—smhx—i—Z if (1,+00),

{x +y2+1, ifx,yelo,1],

0, otherwise,

if x,y € [0,1],

otherwise.

1+x2+y5’

Clearly, T is not a continuous mapping, but T is («,n)-continuous (x-continuous and 1-sub-continuous)
n (X, d).

Definition 2.9. Let (X, d) be a metric space or a rectangular b-metric space and let o, 1 : X x X — [0, +00)
be two functions. We say that

a. (X,d) is a-regular, if x, — x, where o(xn,xny1) > 1 for all n € N, implies «(xn,x) > 1 for all
n € IN.

b. (X, d) is n-sub-regular, if x,, — x, where 1(xn,Xn+1) < 1 for all n € IN, implies 1(xn,x) < 1 for all
n € N.

c. (X,d)is («,m)-regular, if (X, d) is o-regular and (X, d) is n-sub-regular simultaneously.

2.2. Fixed point results

Now we state and prove the main results of this section. Note that (X, rp) will always be a rectangular
b-metric space with parameter s > 1 and Fix(T) will denote the set of fixed points of a self-mapping
T: X=X

Theorem 2.10. Let o, 1 : X x X — [0,400) be two functions and let the space (X, vyv) be (o, m)-complete rectan-
gular. Let T : X — X be a self-mapping satisfying the following conditions:

(i) T is a triangular («,m)-admissible mapping;

(ii) T is an («,M)-B-F-contraction;

(iii) there exists xo € X such that «(xg, Txg) = 1 or n(xg, Txp) < 1;
(iv) T is (o, m)-continuous.

Then T has a fixed point. Moreover, T has a unique fixed point when x(x,y) > 1orn(x,y) < 1forall x,y € Fix(T).

Proof. Let xg € X be the point given as in (iii). Define a sequence {xn} by xn = T™"xg = Txy,_1. Since T
is a triangular (o, 1)-admissible mapping, then «(xq,%x2) = a(Txg, Tx1) > 1 or n(xq,x2) =n(Txp, Tx1) < 1.
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Continuing this process we have
x(xn—1,Xn) =21 or nlxn_1,%n) <1,
for all n € IN. By (T3) and (T4), we infer also that
oa(Xm,Xn) =1 or Nxm,xn) <1, YmnelN, m#n. (2.2)

Suppose that there exists ng € IN such that xn, = Xn,4+1. Then x;, is a fixed point of T and we have
nothing to prove. Hence, we assume that X, # xn41, i.e., 75 (Txn_1, Tx) > 0 for all n € IN. But then also

Xn ZXm, vmneN, m#n. (2.3)
Indeed, suppose that x;, = xn for some n = m+k > m, so we have x,, 1 = Txn = Tx;n = Xm41. Denote
dn =16 (Xn, Xni1)-
Then, (2.1) implies that
Fdm) = F(dn) < F(s?dn) = F(s?rp (Txn_1, Txn))
< Flogdn_1+o0odn—1+ozdn + o -0) —B(dn—1)
< Flopdn_1 + xodp_1 + azdn ).

As F is strictly increasing, so dm = dn < o1dn_1 + &2dn_1 + azdn, wherefrom d,, < %dn_1 <dn_1,

since &1 + ap + o3 < 1. Continuing this process, we can prove that d., < dm, a contradiction. Thus, in
what follows, we can assume that (2.2) and (2.3) hold.
We will show that

Iim rp(xn,xny1) =0, and lim 7y (xn,xni2) =0. (2.4)
n—oo n—oo

Since T is an (&, n)-B-F-contraction, so we derive
Fldn) = F(rb(TXn—lz Txn))

< B(To(xn—1,%n)) + F(sT (Txn_1, Txn))
< F((den—l + opdn—1+ ogdn + x4 - 0).

Since F is strictly increasing, we deduce that d,, < o;dn—1 + 0pdn—1 + xzdy,, wherefrom

dn< T %2g
1-— X3
where 0{1%;;2 < 1. It follows that dn, < dy—1, which again by (2.1), implies
F(ro (xn, Xn+1)) < F(To(xn—1,%n)) — B (6 (xn—1,%n)).
Therefore,
F(ro (xn, Xn41)) < F(To(Xn—1,%n)) — B (To(xn—1,%n))
< F(Tb (anZ/ Xn—l)) - B (Tb (anZI Xn—l)) - B (Tb (Xn—lz Xn))
n
< F(ro(xo,x1)) = ) B(ro(xi1,%1)). (2.5)
i=1
By taking the limit as n — oo in (2.5) and using (32), we have limy F(rb (xn,xnﬂ)) = —oo and since
F € Ag, we obtain
lim dn, = lim 1y (xn, Xny1) =0. (2.6)

n—oo n—oo
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On the other hand,

< B(To(xn—1,%n+1)) + F(s*r6(Txn_1, Txn+1))
< Foarp (Xn—1,Xn+1) + ®2Tb (Xn—1, Xn) + &3 (Xn+1, Xn+2) + 04Tb (Xn41,Xn )
< F(soaqmp (Xn—1, Xn+2) + $&%170 (Xn+2, Xn) + $&1 76 (Xn, Xn41)

+ 0T (Xn—1,%n) + &3Tp (Xn41, Xn+2) + XaTo (Xn11,%Xn))

2 2 2
< F(s%ouTp (Xn—1,%n) + 8701 Tb (Xn, Xn+1) + $7X1Tb (Xn11, Xn+2)

F(SZTb (Xn/ Xn—l—Z) )

+501Th (Xn+2, Xn) +5xX1Tp (Xn, Xn41) + 02TH (Xn—1,Xn)

+ 03Tb (Xn41, Xnt2) + XaTp (Xn11,Xn)),
which implies that
(52— s0)Tp (Xn, Xni2) < s2oqdn_1 + +s2x1dn + s20 dni1+sodn +o0odn 1+ a3dni1 + agdn.
Taking the limit as n — oo in the above and using (2.6), since s > 1, we have

lim To (an Xn+2) = O/
n—oo

hence (2.4) is proved.

Next, we show that {x, } is an rp,-Cauchy sequence in X.

Suppose to the contrary that {x,,} is not an r,-Cauchy sequence. Then there exists ¢ > 0 for which we
can find two subsequences {xm,} and {xn,} of {x,} such that n; is the smallest index for which

ny >my >1i, and Tp(xm,,Xn,) = €. (2.7)

This means that
T (Xmy, Xn,—1) < €. (2.8)

From (2.7) and using the rectangular inequality, we get
€ < To (Xmir Xni) < STp (Xmi/ Xmﬁ-l) + STy (Xmi+1/ Xnﬁ—l) + STy (Xni+1/ XT‘Li)-

Taking the upper limit as i — oo, and using (2.4), we get

< limsup 16 (X +1, Xn41)- (2.9)
1i—o0

» | m

Also,
Tb (Xmuxni) < STp (mexni—l) + STy (Xni—lr Xni—o—l) + 8Ty (Xni—l—l/ Xni)-

Then, from (2.8) and (2.4),

lim sup Ty (Xm;, Xn;) < se. (2.10)
i—o0

Also,
To (XTL‘L/ Xmi+1) < STy (XTL'L/ Xnifl) +sTp (Xniflr Xmi) + sTp (Xmi/ Xm-ﬁrl)-

Then, from (2.8) and (2.4),

lim sup 1y (Xn, Xm+1) < se. (2.11)
i—o00

Because of (2.2) and (2.3), we can apply (2.1) to conclude that

F(Sz “To (Xmi+1/ XniJrl)) = F(sz “To (Txmi/TXni))
g F((Xl'rb (Xmir Xﬂi) + OCZTb (Xmi/ Xmi+1) + 0(‘3Tb (Xni/ XT‘L1+1) (2'12)

+ 04T (Xny, Xmi+1)) — B(re (Xmy, Xny ).
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Now, taking the upper limit as i — oo in (2.12) and using (F1) and (2.9), (2.10), (2.11), we have

F(SZ . E) < F(s2 -limsupry (erFl’XniJrl))
S i—o00

< F(limsup oy (Xmy, Xny) + 04T (Xng, Xm+1)]) — Eminf B (1p (Xm, Xn,))
i—o00 1—00

< F(log + aglse) —liminf B (rp (Xm,, Xn,)),
1—00

which further implies that

llm inf [?) (T'b (Xmi/ Xni ) ) = Ol
1—00

which is a contradiction with (2.7) because of the property (31).
Thus, we have proved that {x,,} is an r,-Cauchy sequence in the rectangular b-metric space (X, 1y).
Since (X, 1) is (&, m)-complete and

‘X(anlrxn) 2 1 or T](anll Xn) < 1/

for all n € N, then the sequence {xn,} Tp-converges to some z € X, that is, limn o 76 (Xn, 2z) = 0.
Suppose that z # Tz. Then, from Lemma 1.6 (all of its assumptions are fulfilled), as T is («,1)-
continuous,

1
—1b(z, Tz) < Iminfry (xn, Txn) imsup 1y (Xn, Txn) = limsup 1y (xn, Xn41) = 0.
S n—00 n—o0 n—o0

Hence, we have 1,(Tz,z) = 0 and so Tz = z. Thus, z is a fixed point of T.
Let x,y € Fix(T) where x #y and «(x,y) > 1 or n(x,y) < 1. Then from

B(ro(x,y)) +F(ru(Tx, Ty)) < Floury(x,y) + aarp (x, Tx) + a3mp (y, Ty) + oy (y, Tx)),

we get
B(ro(x,y)) +F(ro(x,y)) <F(rv(x,y)),

which is a contradiction. Hence, x =y. Therefore, T has a unique fixed point. O

It is clear that, if u is a fixed point of T, then u is also a fixed point of T™ for every n € IN, i.e., Fix(T) C
Fix(T™). However, the converse is not true. Recall [11] that if a mapping T satisfies Fix(T) = Fix(T™) for
each n € IN, then it is said that T has property P or that T has no periodic points.

Theorem 2.11. Let o,1 : X x X — [0, +00) be two functions and let (X, 1) be an (x,m)-complete rectangular
b-metric space. Let T : X — X be a self-mapping satisfying the following conditions:

(i) T is a triangular (o, m)-admissible mapping;
(ii) T is an (o, m)-PB-F-contraction;
(iii) oc(u, Tu) > 1orm(u, Tu) < 1, for all uw € F(T).
Then T has the property P.

Proof. Let u € F(T™) for some fixed n > 1. As a(u,Tu) > 1 or n(u, Tu) < 1 and since T is a triangular
(«,m)-admissible mapping, then a(Tw, T?u) > 1 or n(Tw, T>u) < 1. Continuing this process we have

(T, TMu) =1 or (T 1w, TMu) < 1,
for all n € IN. By (T3), we infer that also

af(T™, TMu) >1 or n(T™w, TM"u) <1, VmnelN, m#n.
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Suppose that u ¢ Fix(T), i.e., 1y (u, Tu) > 0. Then, as F is strictly increasing, it follows from (2.1) that
To(w, Tuw) = 1p (T, Tu) = 14 (TT™ 1y, Tu)
< oy (T T, w) 4 oorp (T 1, T + oy (u, Tu) + agrp (w, T™u)
= o 1p (T 1, T™) + aorp (T 1, T W) + oy (1, Tw).

Therefore,
(1—o5)te(u, Tu) < (0 + o)t (T 1w, T™).

So, we have
X1 + X2

o (T, T < orp (T T, T,
1-— X3

p(u, Tu) <

a contradiction as 1 (T" 1, T"u) — 0 and 14 (u, Tu) > 0. O

Theorem 2.12. Let o,m : X x X — [0,4+00) be two functions and let (X, 1) be an (x,m)-complete rectangular
b-metric space. Let T : X — X be a self-mapping satisfying the following assertions:

(i) T is a triangular (o, m)-admissible mapping;

(ii) T is an (o, m)-PB-F-contraction;
(iii) there exists xo € X such that «(xg, Txg) = 1 or n(xg, Txp) < 1;
(iv) (X,7v) is an (o, m)-reqular rectangular b-metric space.

Then T has a fixed point. Moreover, T has a unique fixed point whenever o(x,y) = 1 or n(x,y) < 1 for all
x,y € Fix(T).

Proof. Let xo € X satisfy condition (iii). As in the proof of Theorem 2.10 we can conclude that
(a(xn,Xni1) =1 or n(xn,xni1) <1), and x, - zasn — oo,
where X1 = Tx,. So, from (iv)
x(xn41,2) 21 or mxnyy,2) <1

holds for all n € IN.

Suppose that, eventually, Tz = xn,+1 = Txn, for some ng € IN. From the proof of Theorem 2.10 we
know that the members of the sequence {x,} are distinct. Hence, we have Tz # Txy, i.e., 1p(Txn, Tz) >0
for all n > ny. Thus, we can apply (2.1) to x, and z for all n > ng to get

B (rb (xn,z)) + F(rb (TXn,TZ)) < F(oqrb (xn,2) + 00T (xn, Txn) + a3ty (z, Tz) + aarp (2, Txn)),
which implies
F(To(xn+1,T2)) < F(eamp(xn, 2) + 6T (X, Xn41) + 3T (2, T2) 4+ a4Tp (2, Xn41)).
From (F1) we have
T (Xn+1, T2) < 0qTh (Xn, 2) + 62T (Xn, Xn+1) + 376 (2, T2) + xaTp (2, X 41)-
Suppose that z # Tz. Then, from Lemma 1.6,
%rb(z, Tz) < linnl)ior;frb(an,Tz) < han—folip To(Xni1, T2) < aaTp(z, Tz).

Since, by assumption a3z < %, we have 1y(z, Tz) = 0 and so z = Tz. Thus, z is a fixed point of T.
The uniqueness follows similarly as in Theorem 2.10. O
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2.3. Some special cases

We obtain the following extension of Wardowski’s result [24, Theorem 2.1] to the setup of rectangular
b-metric spaces if in the above theorems we take (3(t) = 1, for some fixed T > 0 and o« = o3 = oa = 0.

Corollary 2.13. Let «,1 : X x X — [0, +-00) be two functions, (X, 1) be an (x,m)-complete rectangular b-metric
space and let T : X — X be a self-mapping. Suppose that for all x,y € X with «(x,y) = 1 or n(x,y) < 1 and
1o (Tx, Ty) > 0 we have

T+ F(s? 15 (Tx, Ty)) < Fro(x,y)),

where T > 0 and F € A¢. Then T has a fixed point, if
(i) T is a triangular (o, n)-admissible mapping;
(i) there exists xg € X such that «(xg, Txg) = 1 or n(xg, Txg) < 1;
and
(iii) T is (e, m)-continuous; or
(iii") (X,rv) is an (o, )-reqular rectangular b-metric space.

If in Theorems 2.10 and 2.12 we take F(t) = Int, for all t > 0, then we deduce the following corollary.

Corollary 2.14. Let &, 1 : X x X — [0, +-00) be two functions, (X, 1v) be an (x,m)-complete rectangular b-metric
space and let T : X — X be a self-mapping. Suppose that for all x,y € X with «(x,y) = 1 or 1 > n(x,y) and
1o (Tx, Ty) > 0 we have

$21p (Tx, Ty) < e Pv U [ 1y (x,y) + o1 (%, TX) + a3ty (y, Ty) + ogr (y, TX)],
where B € Ag, a; >0, fori €{1,2,3,4}, Zle o =1and oz < % Then T has a fixed point, if
(i) T is a triangular («,m)-admissible mapping;
(ii) there exists xg € X such that «(xg, Txg) = 1 or n(xg, Txp) < 1;
and
(iii) T is (o, m)-continuous; or
(i) (X,1v) is an («,m)-reqular rectangular b-metric space.

Many consequences can be obtained by using other forms of functions F € Ar mentioned in [24]
and/or some other concrete choices of 3 € Ag.

2.4. An illustrative example
Example 2.15. Consider the set X = {1,2,3,4,5} and choose u,v > 0 such that u+ %v < log 281 (i-e.,

270
% < e (w3 V). Tt is easy to check that the mapping T, : X x X — [0, +00) given by
T‘b(1/3) = Tb(1,5) = Tb(2/3) = Tb(3/5) =V,
Tb(2,4):‘[‘b( ’ =Tp 4,5):4\),
T‘b(l,Z) = 9V,
T‘b(l,4) =Tp (3,4) = 10\),

Tp(x,x) = 0 and 14 (x,y) = 1p(y, x) for all x,y € X, is a rectangular b-metric on X with parameter s = 3.
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Define mappings T : X — X and &,n : X x X — R by

T_(l 2 3 4 5> xioy) — 1+cosh(x+y), xye€{l,3,4},
35312) Y 1 otherwise,

1+eX+y 7

(xy) tanh (x +y), xy €{1,3,4},
ey = 2+ e (xtY)  otherwise.

Then, T is an («,n)-continuous triangular (x,mn)-admissible mapping. We will show that the contractive
condition (2.1) of Theorem 2.10 is satisfied with B € Ag and F € Af given by (t) = u+t and F(t) =
t+Int, respectively and taking o1 = %, X = 03 = 0g = 31—0. Evidently, the only cases when (x(x,y) > 1
or 1 > n(x,y)) and rp(Tx, Ty) > 0 are when {x,y} = {1,4} or {x,y} = {3,4}. Consider the following four
possibilities:

1°x =1,y =4. Then rp(Tx, Ty) =v, rp(x,y) = 10v, 1p(x, Tx) = v, 1p(y, Tx) = 10v, 1, (y, Ty) = 10v.

2°x =4,y =1. Then r,(Tx, Ty) =V, 1p(x,y) = 10v, 1p(x, Tx) = 10v, 7, (y, Tx) =0, 1p(y, Ty) = v.

3°x =3,y =4. Then m,(Tx, Ty) =v, 1, (x,y) = 10v, 7, (x, Tx) =0, 1 (y, Tx) = 10v, 1 (y, Ty) = 10v.
4°x =4,y = 3. Then 1, (Tx, Ty) =V, 1p(x,y) = 10v, 1p(x, Tx) = 10v, 7, (y, Tx) =V, 1p(y, Ty) = 0.
In all the cases, it is a1y (x,y) + oty (x, TX) + asrp (y, Ty) + agrp (y, Tx) > %t and hence

7

—_— —~ —~ —

B(re(x,y)) + F(sry (Tx, Ty)) =u+10v+9v +log(9v)
< @v+log <281v> <since u—+ @v < log281>
30 30 ! 30 270
< Floarp(x,y) + ooty (x, TX) + a1 (Y, Ty) + aqmp (y, TX)),

i.e., the condition (2.1) is satisfied.
We see that T has a unique fixed point (z = 3).

3. Applications

3.1. B-F-contractions on rectangular b-metric spaces endowed with a graph

Let (X, 1) be a rectangular b-metric space and A denote the diagonal of the Cartesian product X x X.
Consider a directed graph G such that the set V(G) of its vertices coincides with X and the set E(G) of its
edges contains all loops, that is, E(G) 2 A. We assume that G has no parallel edges, but as the graph G is
directed, the edges (x,y) and (y, x) are not the same. We identify G with the pair (V(G), E(G)).

Recently, some results have been presented in the setting of metric spaces endowed with a graph. The
first result in this direction was given by Jachymski [10]. Recall that the mapping T : X — X, where X
is endowed with a graph G, is said to preserve edges, if for each x,y € X with (x,y) € E(G), we have
(Tx, Ty) € E(G).

Definition 3.1. Let (X, 1) be a rectangular b-metric space endowed with a graph and let T : X — X be a
mapping.
1. (X,1p) is said to be G-complete, if every Cauchy sequence {xn} in X with (xn,xn+1) € E(G) or
(Xn-+1,%Xn) € E(G) for all n € N, converges in X.

2. (X,7p) is said to be G-regular, if for each sequence {x,} in X, xn, = x and (xn,xn4+1) € E(G) or
(Xn+1,%Xn) € E(G) imply that (xn,x) € E(G) or (x,xn) € E(G) for all n € IN, respectively.

3. T is said to be G-continuous, if for given x € X and sequence {xn} with (xn,xn+1) € E(G) or
(Xni1,%Xn) € E(G) for all n € IN,

Xn — X = Txn — Tx.

4. T is said to be a G-f3-F-contraction, if for all x,y € X with ((x,y) € E(G) or (y,x) € E(G)) and

16 (Tx, Ty) > 0 we have

B(To(x,y)) +F(s* 16(Tx, Ty)) < Flourp (x,Yy) + oatp (x, TX) + aaTp (Y, Ty) + aarp (y, TX)),
where B € Ag, F€ A, oy > 0foriec{1,2,3,4}, Y ;o; =1and a3 < L.
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Let (X, d) be a rectangular b-metric space endowed with a graph and let

w2 {1V VB, (1 ) € E(G),
A= 0, otherwise, ey = 2, otherwise.

With these assumptions, we see that the above definitions are special cases of the definition of (&, n)-
admissibility, («,1)-completeness, (o, n)-regularity and (o, n)-continuity.
As a consequence of the results of previous section, we obtain:

Theorem 3.2. Let (X, 1) be a G-complete rectangular b-metric space such that for all (x,y) € E(G) and (y,z) €
E(G), we have (x,z) € E(G). Let T : X — X be a self-mapping satisfying the following conditions

(i

) T preserves edges;
(ii) T is a G-B-F-contraction;
)

(iii) there exists xg € X such that (xg, Txg) € E(G) or (Txg,xo) € E(G);
and

(iv) T is G-continuous; or

(iv") (X, rp) is a G-regqular rectangular b-metric space.

Then T has a fixed point. Moreover, T has a unique fixed point when (x,y) € E(G) or (y,x) € E(G) for all
x,y € Fix(T).

3.2. A result in ordered spaces

Fixed point theorems for monotone operators in ordered metric spaces have been widely investigated
and have had various applications in differential and integral equations and other branches (see, e.g.,
[7, 14, 16] and the references therein). From Theorems 2.10 and 2.12, we derive the following new results
in partially ordered rectangular b-metric spaces, i.e., spaces of the type (X, 1y, <) where (X, 1y) is a rect-
angular b-metric spaces and < is a partial order on X. Recall that T : X — X is nondecreasing if for all
x,y € X, x <y implies T(x) < T(y).

Motivated by [14] we introduce the following concepts in an ordered rectangular b-metric space.

Definition 3.3. Let (X, 1y, <) be an ordered rectangular b-metric space and let T : X — X be a mapping.

1. (X,1p) is said to be O-complete, if every Cauchy sequence {x,} in X with x; < xn41 foralln € N
or Xn = Xn41 for all n € IN, converges in X.
2. (X,1p) is said to be O-regular, if for each sequence {x,} in X, xn — x and xn, < Xn41 OF Xn4+1 = Xn
for all n € IN imply that x,, < x or x < xy for all n € IN, respectively.
3. T is said to be O-continuous, if for given x € X and sequence {x,} with X =< Xn41 OF Xy = X471 for
alln € N,
Xn = X = Txn, — Tx.

4. T is said to be an ordered (3-F-contraction, if for all x,y € X with (x <y or x > y) and r(Tx, Ty) > 0
we have

B(to(x,y)) +F(s* 16 (Tx, Ty)) < Floarp (x,Y) + carp (%, Tx) + aaTo (Y, Ty) + oatp (y, TX)),

where 3 € Ag, F€ Af, &y > 0foric{1,2,3,4}, Z{le ai =1and a3 < %

Theorem 3.4. Let (X, 1y, =) be an O-complete partially ordered rectangular b-metric space. Let T : X — X be a
self-mapping satisfying the following conditions
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(1) T is monotone and is an ordered (-F-contraction;
(ii) there exists xg € X such that xo = Txg or xg = Txg;
(iii) either T is O-continuous; or
(iii") (X,rv) is O-reqular.
Then T has a fixed point.
Proof. This is obtained as a consequence of Theorems 2.10 and 2.12 if one takes

1, x = Yy, 1; Yy =x,
xlx, = and X, = .
(xy) { 0, otherwise, ntey) { 2, otherwise.

O

Corollary 3.5. Let (X, 1y, %) be an O-complete partially ordered rectangular b-metric space. Let T : X — X be a
self-mapping satisfying the following assertions:

(i) T is monotone and the following inequality holds for all x,y € X with (x <y or x = y) and v (Tx, Ty) > 0:
21y (Tx, Ty) < e PIrou ) [og v (x,y) 4 aomp (%, TX) + o310 (y, Ty) + oo (y, TX)],
where B € Ag, Fe Ar, ¢4 > 0 forie{1,2,3,4}, Z%:l o =1 and oz < %;
(ii) there exists xg € X such that xg =< Txg or xg = Txg;
(iii) either T is O-continuous; or
(iii") (X,rv) is O-reqular.
Then T has a fixed point.
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