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1. Introduction and preliminaries

Extensions and generalizations of the Banach contraction principle is
a hot research topic in the metric fixed point theory, mainly due to its
applicability in diverse areas of knowledge. The seventies of the past century
was particular fruitfully in this line of investigation, in particular, Das-Gupta
[9] and Jaggi [12] (see also [13]) extended this principle by analyzing the
existence of fixed points, on a complete metric space (M, p), for mappings
satisfying an inequality contraction of the form:

p(Tz, Ty) < O(z,y), foral xz,y e M
where, O(z,y) is a linear combination of elements on the set

{p(x ) plz, Tz)p(y, Ty) plz,Tx)p(y, Ty)

p(x,y) " p(Tx, Ty)
p(y, Ty)[L + p(z, Tx)] p(z, Tz)[1 + p(y, Ty)] }
1+ p(z,y) T 14 p(Tx, Ty) '

In recent times, several authors have been generalized the results of
Das-Gupta and Jaggi by considering, for instance, partially ordered metric
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spaces, weak contractions of rational type, orbitally metric spaces, triangular
a-admissible mappings, (¢, ¥)-rational type contractions and common fized
points for pair of rational mappings among others mathematical concepts.
See, e.g., [5, 7, 11, 10, 15, 16, 19] and references therein.

The aim of this paper is to prove a fixed point result for mappings satis-
fying a general contractive inequality of Das-Gupta-Jaggi’s type controlled
by altering distance functions and some auxiliary functions (see Definition 4
below). This theorem improves and generalizes several fixed points results
in the literature.

1.1. Fixed points in b-metric spaces: a motivation

In 1905, M. Frechet introduced the notion of usual metric space, and
due to its importance and applications this concept has been generalized
in many different ways, such generalizations include: symmetric spaces,
2-metric spaces, semimetric spaces, G-metric spaces, partial metric spaces,
dislocated metric spaces, rectangular metric spaces, b-metric spaces among
others. However, as is pointed out in [3], not all these generalizations always
produce results which are really new.

Definition 1. Let M be a nonempty set and s > 1 be a given real number.
A function

p:MxM-—R, =[0,400),

1s called a b-metric provided that for all x,y,z € M,

(a) plz,y) =0 iff x=y.

(0) p(z,y) = p(y, ).

() p(z,z) < slp(z,y) + p(y, 2)].
The pair (M, p) is called a b-metric space (also known as a quasimetric
space). The number s > 1 is called a coefficient of (M, p).

The class of b-metric spaces is larger than that the usual metric spaces,
since a b-metric space is a usual metric space when s = 1.

Definition 2. Let (M, p) be a b-metric space and let U be a subset of
M. We say that U is an open subset of M if for each x € U there exists
r > 0 such that B(x,r) C U, where

B(x,r) = {yGM | p(x7y) <T}'

The family of all open subsets of M also is a topology on M, see [14,
Proposition 1]. Even more, any b-metric space (M, p) may be canonically
viewed as a uniform space whose uniformity has a countable fundamental
system of entourages, say, {(z,y) € M x M : p(z,y) <n~'},neN.
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Notice that as a consequence of the Alexandroff-Urysohn Theorem, the
topology induced by a given b-metric on a b-metric space is metrizable.
Quantitative aspects of this metrization are given in the following result
due to Macfas and Segovia [17].

Theorem 1 (Macias-Segovia). Let (M, p) be a b-metric space. Then
there exists another b-metric p, on M that is equivalent to p (in the sense
that each is dominated by a fized multiple of the other) and satisfies the
following additional property. If

1

" lontes ) <Y

then, the function (p«)® : M x M — [0, +00) is a metric on M that induces
the same topology on M as the original b-metric. In particular, this topology
is metrizable.

This theorem plays a prominent role in harmonic analysis, in particular
in the setting of spaces of homogeneous type, since the natural framework
for analysis in this context is that of b-metric spaces.

In functional analysis there are many function spaces of basic importance
in partial differential equations that are not Banach but merely quasi-Banach.
We recall that a b-norm (quasi-norm) | - || is a nonnegative function defined
on a vector space M that satisfies for each x,y € M and each A € R

[zl =0z =0, [[Ax] = Allzll, llz+yl < szl +yl), s=1.

The pair (M, || - ||) is called a quasi-normed space.

Examples of b-normed spaces are significant portions of the following fa-
miliar scales of spaces: Lebesgue spaces, weak Lebesgue spaces, Lorentz
spaces, Hardy spaces, weak Hardy spaces, Lorentz-based Hardy spaces,
Besov spaces, Triebel Lizorkin spaces, and weighted versions of these spaces
(among many others).

In the context of b-normed spaces, the analogous to the Macias-Segovia
Theorem is the Aoki-Rolewicz theorem ([4, 22]) which reads as follows.

Theorem 2 (Aoki-Rolewicz). Let (M, ] - ||) be a b-normed space, then
there exists a b-norm || - ||« on M equivalent to || - || which is a p-norm for
some p € (0,1], i.e., it satisfies

[z +yll% < Nzl + lyllZ, for all z,y € M.

In particular, the topology induced by || - || on M is metrizable since it co-
incides with the topology induced by the distance d(z,y) = ||z — y||¥ for all
z,y € M on M.
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For more information on the subject we recommend [18] and references
therein.

In the metric fixed point theory, the fact that any b-metric space is metriz-
able gives as a consequence that much of the results given in metric spaces
are directly valid in b-metric spaces. Thus, in applications, when we are
dealing with particular spaces whose metric is difficult to compute, some-
times it is more convenient to verify any contractive inequality by using a
b-metric instead of the metric on the space as is shown in next example.

Example 1. Let

Lp(')(Q) : = {f: f:Q — R Lebesgue measurable satisfying

/ £t p(t)
Q

~ dt < oo, for some A\ > 0,
with p : Q@ — [1, +00] measurable}

be the so-called variable exponent Lebesgue space. It becomes a Banach

space, for 1 < p_ :=ess infq p(t) < p(t) < py := ess supg f(t) < +00, when

it is equipped with the Kolmogorov-Minkowski norm (see, [8, Theorem 2.71])

p(t)

TP 4 <4

=inf< A >0 : —
I =int x>0 [ |

Q

and it is a b-normed space with constant s = 2P+, with the b-norm

o(f) = /Q POt

(See, e.g., [8, Proposition 2.7 and Remark 2.8]). Let us consider the mapping
T : LPO(Q) — LPO)(Q) given by

For any f,g € L**)(Q) we have

HORFIOI

p(Tf_Tg) = /Q 91/p(t)
1

= 5 | 150 =P it = o(7 )
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That it, T is a Banach contraction mapping in the b-metric space (LP()(Q), p).
On the other hand,

. N NGEYIOla
_ p(t)
:inf{)\>0:1/ Ft) = 9(t) dt<1}
2 Jo A
and
1 1 f(&) = g() P
“If— — - . JNY I\ <
SI1F =gl lnf{2/\>0 /Q X dt <1
_ p(t)
= inf u>0:/M dt<1%.
Q 2u
To prove the equality ||Tf — Tg|| = %||f — g]|, let
_ p(t)
A:{)\>O:1/ ft) —9®) dtgl},
2 Jo A
_ p(t)
B = u>0:/f(t)g(t) dt <153.
Q 2u

Notice that from the fact p_ > 1, the following inequalities hold:

F@&) =g " [ (1Y) —g0) [
o [ [G)
L[ f) —g(t) [V
< 2/9 N dt
and
1 Ft) =g [PV F(t) — g(t) [P
(2) 2/Q T dtg/ﬂ T dt.

First, we prove that A C B. Let Ay € A, that is

_ p(t)
RO
Q 0
from (1) we conclude that
_ p(t)
JICECI
Q 2Xo0
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Le., Ao € B, thus A C B. Taking infimum we get the inequality ||T'f—Tg|| >
2 f = gll- Now we prove B C A. Let pg := 22 € B, that means,

(t)
[P0
Q 210
From (2), we have
LSO =g 1) =g
122/Q %0 dt—2/Q " dt.

Therefore, yp € B, so B C A and |[Tf —Tg|| < 5||f — g||. We obtain in this
way the equality |7 — Tgl| = 31| f - gll.

This example shows that it seems more convenient to consider LP()(€)
as a b-metric space with the b-norm p, than as a metric space with the
Kolmogorov-Minkowski norm ||-||, since the computations using the norm are
more involve. The reader can verify that the complexity of the computations
cannot be easily overcome by considering LP()(Q) with other well-known
norms as, for instance, the associate norm [8, 20].

Definition 3. Let (M, p) be a b-metric space. A sequence (), in M
15 called:
(a) b-convergent if there exists x € M such that lim p(zy,x) = 0. In this

n—oo
case we write lim x, = x.
n—oo

(b) b-Cauchy sequence if
n,rlrlLILloo p(In, xm) =0

If every b-Cauchy sequence in M is b-convergent, then (M, p) is said to be
a complete b-metric space.

From the convergence on a b-metric space (M, p), the sequential topology
in M can be defined as usual. These two topologies coincides [2, Proposition
3.3] and as a consequence of this we have for (M, p) and (N, p’) be two
b-metric spaces a function f : M — N is b-continuous at a point x € M
if only if it is b-sequentially continuous at x, that is, whenever (z,), is
b-convergent to x, (f(x,))n is b-convergent to f(x).

Proposition 1 ([2]). Let (M,p) be a b-metric space. The following
assertions hold:
(a) A b-convergent sequence has a unique limit.
(b) The subsequences of a b-convergent sequence are also b-convergent and
they are b-convergent to the limit of the original sequence.
(c) Every sequence which is b-convergent is also a b-Cauchy sequence.
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(d) In general a b-metric p : M x M — Ry with coefficient s > 1 is
not jointly continuous in all its variables and if p is continuous in one
variable, then M 1is regular.

The following lemma will be useful in the proof of our main results.

Lemma 1 ([21]). Let (M, p) be a b-metric space with coefficient s > 1.
Let (zy)n be a sequence in M such that lim, oo p(@n, Tnt1) = 0. If (zp)
is not a b-Cauchy sequence, then there is € > 0 and sequences of positive
integers (n(k))x and (m(k))g with

n(k) > m(k) > k

such that p(Ty,k)s Tn(k)) = € P(Tmk), Tnk)—1) < € and
(a) € < lHmsup p(Tym(k), Tnek)) < €5,
k—o00
(b) = < Tlmsup p(Tp(y, Tny+1) < 876,
k—o0
() - < 1ikm SUD (T (k)15 Tn(ky) < 56,
— 00
(d) o) < limsup p(xm(k)Jrlvxn(k)Jrl) < s%e.
S k—o00

m%\mtn\m

2. On the class of contraction mappings

In this paper we are going to work with the following classes of functions
which have been used in the literature to establish several fixed point results.
U:={¢ : ¢: Ry — Ry continuous, monotocally non decreasing and

satisfyingp(0) = 0 < t = 0} (altering distance functions),
O :={(a,5,7) : a,f,7: Ry — [0,1) satistying
lim sup(a(s)) + limsup(B(s)) + limsup(y(s)) < 1, for all ¢t > 0}.
s—t s—t s—t
For a b-metric space (M, p) and a mapping T : M — M, let us introduce

the following sets of non-negative coefficients: M = {M;(x,y), Ma(z,y),
Ms(x,y)}, where

My (z,y) = max {p(w, Y), plz, T)ply, T9) } , T H#y,

p(z,y)
e d oy P TYL A+ plz, Ta)]
(o) = max { e, ), 2T AT,
e d oz ). P& TPy, Ty) pla, Tz)p(y, Ty)
Mg(l',y) - {p( 7y)7 p(wvy) ) p(TiU,Ty) } )

r#y, Tx#Ty.
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and N := {Ny(x,y), Na(z,y), N3(x,y)}, where

_ p(x, Tx)p(y, Ty)
Nl(x?y) —max{p(m,y), p(T.ﬁU,Ty) }7T1'7£Tya

B p(x, Tx)[1+ p(y, Ty)]
Na(ep) = e pla ), 2000 LA T

B p(y, Ty)[1+ p(x, Tx)| plx, Tx)[1+ ply, Ty)
o) = max {” COTT e 1T Ty) } |

By using the sets of functions and b-distances defined above, we introduce
the following class of contraction mappings.

Definition 4. Let (M, p) be a b-metric space with coefficient s > 1. A
mapping T : M — M 1is said to be a ¥ x ® x M x N -contraction if for all
x,y € M it satisfies the following inequality

(3)  Wlsp(Tx, Ty)] < alp(x,y)|dlp(z,y)] + Blolz, y)][M(z,y)]
+ oz, y)IY[N(z,y)],

where (¢,(a,ﬁ,7),M7N)EWX¢XM XN'

Proposition 2. Let (M, p) be a b-metric space with coefficient s > 1 and
let T : M — M be a mapping. If T is a ¥ x ® x M x N -contraction, then
for any xo € M the sequence (xy), defined by xpi1 = Tayn, n =0,1,2,...
satisfies:

(a) nh_{I;O ,O(I‘n, -Tn+1) =0,

(b) (zn)n C M is a b-Cauchy sequence.

Proof. To proof (a). Let xg € M be an arbitrary point and we defined
the sequence (x,,), as follows, x,+1 = Tx,, n =0,1,2,.... Now, using (3)
we obtain that

(4) Ylsp(@n; Tny1)] = Y[sp(Tan—1, Tay)]
alp(@n—1,2n) ] [p(Tn—1,Tn)]

+ Blo(@n—1, Tn) Y[ M (211, Tn)]
+ v[p(xn—1, 20)|Y[N (X1, 2n)].

IN

Notice that for M € M we have

P($n—1, TfUn—l)P(xm Txn) }
p(xn—h xn)

= max {P(l“n—l, xn)a P(fUm xn—i—l)} »

My (2n—1,2n) = max {p(xn—lv Tp),
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p(Tn, Tzn)[1 + p(xn—1,TTp 1) }
1 + p(mn_l, xn)
P(Tn; Tnt1)[1 + p(Tn—1,2n)] }
1+ p(xp-1,2n)
= max {p(Tn—1,Zn), p(Tn, Tnt1)},
P(n—1,Txn—1)p(Tn, TTy)
p(Tn-1,Tn)

p(xn—lp Txn—l)p(xn) T!Tn) }
p(Txn—lv T«Tn)

Ma(a1,0) = { plz1,,).

— max {p<xn1,mn>,

)

M3($n—17xn) = max {P(Ccn—lﬂ?n),

P(Tn—1,Tn) p(Tns Tni1)
p(l‘n_l,l'n)
P(Tn—1, ) p(Tn; Tni1) }
p(l‘n, $n+1)
= max {p(Tn—1,Zn), P(Tn, Tni1), P(Tn—1,Tn)}

= max {p(Tn—1,%n), P(Tn, Tnt1)}

9

= max {p(:vnl,fvn),

and for each for N € N we get,

P(@n—1,Zn)p(Tn, $n+1)}
o(Txp—1,Txy)
= max {p(Tn—1,2n), p(Tn-1,2n)} = p(Tn-1,Tn),
p(Tn—1, Txp1)[1 + p(xn, T7n)]
1+ p(Txp—1,Txy) }
p(Tn—1,2n)[1 + p(n, Tni1)] }
1+ p(zn, Tnt1)
= max {p(zn—1,2n), p(Tn-1,%n)} = p(Zn—1,2n),
P(Tn, Txy)[1 + p(Tn—1,TTn—1)]
1+ p(@p-1,Tn)
p(xn—1, TTp_1)[1 + p(zn, Tn)
1+ p(Txp—1,Txy) }

Niin-1,20) = max { i -1,00),

No(wp1,7,) = max {p(l‘nl, Tn),

- {10

Y

N3(xp-1,7,) = max {P(xn—lv Tn),

P(Tn; Tng1)[1 + p(Tn—1, 0]
1+ p(zp—1,2n)
P(Tn—1,Tn)[1 + p(Tn, Tni1) }
1+ p(l‘n7 xn—i—l)
= max {p(Tn-1, Tn), P(Tn, Tnt1), P(Tn—1,Tn)}

= max {P(Cﬂn—l, xn)a P(fUm anrl)} .

)

= max {p(xnl, Tn),

From here we have that Ni(z,—1,z,) = Na(zn—1,2n) = p(Tn_1,2,) and the
following four situations are possible:
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(a) N3(zp—1,zn) = Mij(zp—1,2n) = p(Xn_1,x,) for all i € {1,2,3},

(b) N3(xp—1,2n) = Mi(zpn_1,2yn) = p(zn, xns1) for all i € {1,2,3},

(¢) N3(zp—1,2n) = p(xn-1,2n) and M;(xp_1,2,) = p(xn,Tpy1) for some
(possible all) i € {1,2,3},

(d) N3(zp—1,2zn) = p(xn, Tpy1) and M;(zp—1,2,) = p(xn—1,x,) for some
(possible all) i € {1,2,3}.

Claim: For each one of the four possible situations above we have that

(5) Plp(en, tni1)] < catp[p(en-1, 20)];

for some ¢, with limsup,,_,. ¢, < 1. To prove this we are going to use
that a(t) + B8(t) + v(t) < 1 for all ¢ > 0 and inequality (3). First notice
that cases (a) and (c¢) hold if we replace N3(xy,—1,xy,) for Ni(z,—1,2,) and
No(xp—1,zy,) (which complete all the possible situations). Now, we prove
the claim for the case (a):

< Ysp(n, Tni1)] = Ylsp(Tzn—1, Txy)]
< O‘[p@:n—l’xn)] [p(xn laxn)]

+ Blo(n—1, zn) ] [p(zn-1, 2]

+ V[(@n—1, 2) ¥ [p(Tn-1, 70)]
= C,llw[p(xn,l,xn)],

Y[p(xn, Tnt1)]

where CTll = af[p(zn-1,7n)] + Blp(xn-1,20)] + V[(Tn-1,2n)].

Case (b):

< Ylsp(an, n1)] = Ylsp(Tzp—1, Tan)]
< alp(@n—1, )Y [p(Tn-1,7n)]
+ 5[/0(5371—1,1'71)] [ (xm@'n—i-l)]
+ Y(@n—1, 20) Y [p(zn, Tni1)]
a[p(fvn*l?xn)] [P(xn 1, xn)] + (B[p(xnflavrn)]
+ Y(@n—1, 20))Y[p(Tn; Tt1)]
alp(Tn-1,7n)]

Y[p(@n, Tny1)]

< — (Blp(xn-1,n)] + y[(Tn-1, l’n)])d)[p(xnfl’ Tp)]
= [p(xn 1,$n)]
2 afp(zn—1,2n)]

Here, ¢, = =L G- 1em (e tem])
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Case (c):
Ylp(@n, 2ni1)] < Ylsp(@n, Tns1)] = Plsp(Tan—1, Tay)]
< alp(wn—1, )Y [p(Tn—1, 7))
+ 6[p(xn—1a wn)W[P(UCn, $n+1)]
+ Y[(@n—1, Tn) ] [p(Tn-1, 1))
< O‘[p(xn—h .T}n)] + 7[($n—17 xn)] lb[P(l’nfl, l‘n)]

1- 5[/’(3%—17 xn)]
= Ciw[P@n—lvfﬁn)]v

alp(®n—1,20) ] +Y[(Tn—1,2n)] .

. 3 _
with C, = 1—ﬂ[p(xn_1,1'n)]

Case (d): Similar computations as the case (¢) allow us to conclude that

a[p(xn—la Jf'n)] + 6[(3%—17 xn)]
1 —[p(zn—1,75)]
= csz/)[p(mn_l,xn)].

w[p(xnyxn—i-l)] < ¢[P($n—1axn)]

alp(@n—1,20) [ +B[(Tn—1,2n)]
1=9[p(zn—1,2n)] : ‘

The conclusion is obtained by considering ¢, = max{c.,, : i =1,2,3,4},
taking into account that (a,3,v) € ®. Now, since 1) € ¥, we have that
(p(p—1,y))n is a non increasing sequence of positive real numbers, then
there exists a > 0 such that lim, o p(zn, Tp+1) = a. If we suppose that
a > 0, by letting n — oo in (5) we conclude that ¢(a) < t(a) which is
not possible, therefore a = 0 since in this case inequality (4) becomes an
equality.

Now we are going to prove (b). We want to show that (x,), C M is
a b-Cauchy sequence. According to Lemma 1, if (z,), is not a b-Cauchy
sequence, then there exist € > 0 and two subsequences () )x and (Zy,(x))x
of (zn)n with n(k) > m(k) > k such that p(z, k), Tnr)) = € and p(@p k),
Tp(ky—1) < € for all positive numbers k.

Putting © = z,,1) and y = ) in (3) for 4,5 € {1,2,3}, we obtain

In this case, ¢} =

(6) 0 < Y(se) < LmsupY[sp(Tpm(k): Tn))]

k—o0

= limsup Y[sp(T@pm(r) -1, TTn(r)-1)]

k—o0

< hkznl sup a[p(xm(k)—h xn(k)—l)]w[p(xm(k)—la xn(k)—l)]
—00

+lim sup Bo(Tm(k)—15 Tn(k)— 1)V IMi( T (k)—15 Tn(r)—1)]

k—o00

+ Hm sup Y[p(Zp k)~ 15 T (k) =) NG (T (k)= 15 Tr(r)—1)]

k—o0
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where for each M; € M, i € {1,2,3}, we have

Mi(Z )15 Tn(ry—1) = max {p(Ty(r)—15 Tn(k)—1);
P(Tim(k)—1> T (k) —1) P( Ty =15 TTr(k)—1) }
P(T (k) =15 Tn(k)—1)
= max { p(Lp(k)—1, Ln(k)—1)»
P(Tim(k)—1 Trm(k))P(Tn(k)—1 Tn(k)) }
P(ffm(k)—b 33n(k)—1) ’
Mo(Z )15 Tn(ky—1) = max { p(Ty (k)= 15 Tn(h)—1);
P(Tnk)—1, Tky—1)[1 + P( Ty =15 T Ty -1)] }
L+ p(@ (k) =15 Tn(k)—1)
= max {p(Lp(k)—1, Ln(k)—1)»
P(Tr(k)=1> Tn(k)) [L + P(Tm(k) -1, Tm(k) )] }
L+ p(Trm(k)—15 Tngk)—1) ’

M3(Zm(k)=1, Tn(k)—1) = MaX{ (T (k)=1, Tn(k)—1);

P(Zrm(k) =15 T T (k)—1) P(Tn(r)—15 T Ty —1)

P(T (k)15 Tn(k)—1)
P(Tim(k)—1s T (k) —1) P( Ty —15 TTn(r)-1) }

(LT (k)—1, T () -1)

= max {p(Lp(k)—1, Ln(k)—1),
P(Z (k) =15 Trm(k) ) P(Tn(k) =15 Tn(k))
P(Trm(k)—15 Tn(k)—1)

P(Tra(k) 1> Trm(k)) P(Tr(k) ~1> Tn(k)) }

P(Trm (k) Tn(k))

)

)

and for each N; € NV, j € {1,2,3}

N1(Z ()15 Tr(h)—1) = Max { p(Lpm(k)—1> Tn(k)-1);
P(Tim(k)—1s T (k) —1) P( Ty~ 15 T (k) 1) }
P(T T (ky—1, T (k) -1)
= max { p(Lp ()1, Ln(k)—1)»
P(Tim(k)—1s Tm(k))P(Tn(k) -1 Tn(k)) }
P(Tn(k) Tn(k)) ’

No (T (k)—1> Tn(k)—1) = MAX{ P(Lpn(k)—1, Tn(k)—1)>
P(Zm(k)—15 TTm(k)—1) [+ Py -1, TTr(r)—1)] }
1+ p(l‘m(k)a xn(k))
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= max { p(Lom(k)—1, Tn(k)—1):
P(Tm(k)—1: Tm(k) ) [ + P(Tn() -1, Tnr))] }
L+ p(Tm(k) Tn(k)) ’
N3 (T (k)15 Tr(k)—1) = MaxX {P(Lm(k)—1> Tn(k)-1);
P(Tnk)y—1s Ty 1)1 + P( Ty —15 T Ty —1)]

L+ p(Tm(k) =15 Tn(k)-1)

P(Zrm(k)—15 TTmk)—1)[L + P(Tn(k) -1, T (k)-1)

L+ p(T @iy -1, Ty —1)
= max {p(Lp(k)—1, Tn(k)—1)»
P(Tn (k) =15 Tn(k)) [1 + P(Tm(k)—1> Tm(k))]
L+ p(Tm(k)—15 Tn(k)-1)

P(Tim(k)—15 Tm(k)) L + P(Tr(k)—15 Tn(k)) }

L+ p(Zn(k)s Tn(k)) '

9

Since lim p(zp, Tpt1) = 0, by the Lemma 1 we have
n—oo

(7) lim sup M (2 (k) —15 Tn(k)—1) < 86, 1 € {1,2,3}

k—oo
and

Hm sup Nj (Zp(k)—15 Tn(ry—1) < 6, J € {1,2,3}.

k—o0

Using (6) and (7) we get

0 < (se) < (se)

which is a contradiction. Therefore (zy,)y is a b-Cauchy sequence in M. W

4. A fixed point theorem for ¥ x & x M x N-contractions

In this section we present our theorem of existence and uniqueness of
fixed points for mappings of the class of ¥ x ® x M x N -contractions.

Theorem 3. Let (M,p) be a complete b-metric space with coefficient
s>1andT : M — M be a b-continuous ¥ x ® x M x N -contraction. Then
T has a unique fized point.

Proof. Let zg € M be an arbitrary point and we define the sequence
(2n)n as before

Tpt1 =Tzn, n=0,1,2,....

I

|
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From Proposition 2, we know that (z,,), is a b-Cauchy sequence in M and
due to the fact that M is a complete b-metric space, there exists a unique
z € M such that

lim p(zn,2) =0.

n—oo

Since T is b-continuous (i.e., sequentially continuous) then lim,, o p(Txy, T2)
= 0. On the other hand, from the triangle inequality, we have

p(z,Tz) < sp(z,Txy) + sp(Txy, Tz)
= sp(z,xnt1) + sp(Txy, Tz).

Taking limits as n — oo we conclude that p(z,Tz) =0, thus Tz = z, i.e., z
is a fixed point of T'.

Now, we want to prove that the fixed point of T is unique. In fact,
suppose that there exists w € M such that w # z and Tw = w. Therefore,

Blo(zw)] < Blsp(z,w)] = ${sp(Tz Tw)
< afp(z, w)[Y[p(z, w)]
+ Blo(z, w)[Y[M;i(z, w)]
+ v[p(z, w)][N;j(z,w)], for i,j € {1,2,3}.

It is not difficult to see that
M;(z,w) = p(z,w) and N;(z,w)=p(z,w), 1i,j5€{1,2,3}.
Hence,

Ylp(z, )] < (afp(z,w)] + Blp(z, w)] + v[p(z, w)]) Y[p(z, w)],

from here it follows that,

Plp(z,w)] < Ylp(z, w)]

which is a contradiction, therefore z = w. |

We can drop the continuity of the mapping T in the following particular
case.

Theorem 4. Let (M,p) be a complete b-metric space with coefficient
s>1andT: M — M be a¥ x ®x {My(x,y)} x N-contraction. Then T
has a unique fixed point.

Proof. Let zg € M be an arbitrary point and, as before, let the sequence
(zn)n given by i1 =Tan, n=0,1,2,....
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By Proposition 2 we have that (x,), is a b-Cauchy sequence in M and
it satisfies that lim, oo p(Zpn,Zns+1) = 0. Since M is a complete b-metric
space, there exists z € M such that lim,, o p(zp, 2) = 0.

On the other hand, since T' € ¥ x ® x {Ms(x,y)} x N, notice that

i Y[sp(Ten, T2)] < lim (alp(an, 2)]lp(wn, 2)

n—00

+ ,B[p(.%'n, Z)]¢[M2(9Unv Z)]
+ 7lp(@n, 2)[Y[N (zn, 2)]),

where, from Proposition 2, we obtain:

lim ) [p(zn, 2
n—oo

lim ]

n—oo

(#n, 2)]

(xn, 2)]
lim [Ny (2, 2)] =

(0, 2)]

(wn, 2)]

5

n—o0

lim ¢[Na(xp, 2

n—oo
lim ¢[N3(xy, 2

n—o0

Now, from the triangle inequality and since ¢ € U then,
Ulo(2,T2)] = lim Plp(z,T2)] < lim (P[sp(z, Ten) + sp(Ten, T2)])
= Y[ lim sp(Txp,T2)] = lim P[sp(Tan,T2)]
< lim alp(wn, 2)]0+ hm B[ (@n, 2)]¢¥[p(2, T'2)]
+ lim 5[p(zn, 2)] hm w[ (@n, 2)])-

If in the inequality above N(z,z) is equal to Ny(zy,z) or Nao(x,,z) we
obtain

Ylp(= T2)] < lim Blo(an, 2)lp(2,T2)] < Ylp(= T2))

And in the case N(zy, z) = N3(x,, 2) we have

¥lo(=,72)] < ((Jim Blo(an,2)) + lim lp(an,2)]) wlp(z T2)

n—o0

< ¢Plp(z,Tz)].

In both cases we get a contradiction, therefore ¥[p(z,T2)] =0 and so Tz =
z. The uniqueness of the fixed point runs similarly as the proof of the
Theorem 3. |

In 2002, A. Branciari [6] extended the Banach contraction principle by
considering mappings satisfying contractive conditions of integral type. Since
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then, there has been increasing interest in the study of fixed points and com-
mon fixed points of this kind of mappings. In next result, as a consequence
of Theorem 3, we will prove a fixed point result for a class of mappings of
integral type.

Let the set of functions

T: = {¢ : ¢: Ry — Ry is Lebesgue integrable on each compact

set of Ry and / o(t)dt > 0 for each € > 0}.
0

Corollary 1. Let (M, p) be a complete b-metric space with coefficient
s>1andletT : M — M be a continuous function satisfying the following
inequality for all x,y € M

Ysp(Tz,Ty)] Ylp(x,y))

®) /0 p(t)dt < alp(z,y)] /0 o ()dt
Y[M(z,y)] YN (z,y)]

1 Blp(e,y) /0 ()t + oz, ) /0 o(t)dt.

where (Y, ¢, (a,B,7), M,N) € U x T X & x M x N. Then T has a unique
fized point.

Proof. Let ¢ € T, we define

Yo (s) =/ o(t)dt, secR,.
0
o € W (see, e.g., [1]). Using the function 1)y, inequality (8) becomes

Yot (sp(Tx, Ty))] < alp(z,y)|volvp(z,y)]
+ Blp(z, y) o[ (M (z,y))]
+ ylp(z, y)]o [ (N (z,y))].

Since 19 oy € ¥, then, from Theorem 3, T has a unique fixed point. |
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