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1. INTRODUCTION

The metric fixed point theory is an useful tools to deal with various mathematical
problems. The Banach contraction principle (see [2]) is at the base of this theory.
Such principle was generalized in different directions, see for example [1, 3, 6, 11, 12,
13, 16, 17).

In particular, we recall that Jleli et al. used an appropriate family of functions in
order to introduce a new type of contraction, called (F,¢)-contraction (see [5]). They
obtained results of existence and uniqueness of fixed point in the setting of metric
spaces by using the (F,p)-contractions (see also [18]). Khojasteh et al. introduced
the concept of Z-contraction (see [7]). The Z-contractions are nonlinear contractions
defined by using a specific function, called simulation function. We stress that the
existence and uniqueness of fixed points for Z-contraction mappings was proved in
[7]. Furthermore, we remind that Samet et al. (see [16]) and Vetro and Vetro (see
[17]) showed the existence and uniqueness of fixed point which belongs to the zero-set
of a given function.

In this paper, we work in the setting of metric spaces endowed with a wy-distance.
Thanks to two suitable families of functions, we introduce a new type of contraction
which we call w-contraction. We use the w-contractions in order to establish new and
more general results of existence and uniqueness of fixed point. In particular, we stress
that as applications of our main result (see Theorem 3.3), we get the existence and
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uniqueness of fixed point for cyclic mappings (see Theorem 4.3) and mappings that
satisfy a contractive condition of integral type (see Theorems 5.4 and 5.5). In addition,
we point out that our main result allows to deduce, as particular cases, some of the
most known results of fixed point in the existing literature (see Corollaries 6.1, 6.2,
6.3 and 6.4). Finally, following [4] we give another result of existence and uniqueness
of fixed point which involves cyclic contractions by weakening the closure assumption
of Theorem 4.3 (see Theorem 4.4). We remark that such a closure assumption is
usually supposed in the literature.

2. PRELIMINARIES

In this section, we recall some definitions and notations that we will use throughout
the paper. Precisely, we remind the notion of wy-distance, and in addition, we present
two families of functions which we will use in order to define the w-contractions.

The notion of w-distance in a metric space was introduced by Kada et al. (see [6]) in
order to obtain new and more general fixed point results. Such definition was recently
revised by Kosti¢ et al. in [9]. Exactly, they supposed the lower semicontinuity with
respect to both variables and so introduced the wg-distance.

Definition 2.1. Let (X, d) be a metric space. A function w : X x X — [0, 4+o0[ is
called a wp-distance on X if the following three conditions are verified.
(w1) w(u,z) < w(u,v) +w(v,z) for all u,v, z € X;
(wq) for any u € X the functions w(u, ), w(-,u) : X — [0, +oo[ are lower semicon-
tinuous;
(ws) for any € > 0 there exists § > 0 such that w(u, z) < § and w(u,v) < J§ imply
d(v,z) <e.

We stress that the notion of wg-distance introduced by Kostié¢ et al. is less general
than one of w-distance given in [6]. However, the notion of wy-distance is more general
than one of metric.

For convenience of the reader we recall the following result of [6] which gives the
principal properties of a w-distance.

Lemma 2.2 (See [6]). Let (X,d) be a metric space and let w be a w-distance on X.
Let {um} and {v,} be sequences in X, let {am} and {Bm} be sequences in [0, +o0]
converging to 0 and let u,v,z € X. Then the following hold:
(1) If w(um,v) <ty and wW(um, 2) < By for any m € N, then v = z.
In particular, if w(u,v) =0 and w(u,z) =0, then v = z.
(1) If w(Upm, Um) < am and Wy, 2) < By for any m € N, then v, converges to

z.

(490) If w(ug, um) < am, for any k,m € N with k > m, then {uy} is a Cauchy
sequence.

(1) If w(v,um) < g, for any m € N, then {u,,} is a Cauchy sequence.

In the sequel, given a metric space (X, d) and a wy-distance w on X, we will denote
by p: X x X — [0, 400[ the function defined by

p(u,v) = max{w(u,v),w(v,u)} for any u,v € X. (2.1)
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It is easy to infer that the function p verifies the following properties:
e p(u,v) =0=u=wo for any u,v € X;
e 1 is symmetric, that is, u(u,v) = p(v,u) for any u,v € X;
e 1 satisfies the triangle inequality, that is, u(u, z) < p(u,v) + p(v, z) for any
u, v,z € X.
Furthermore, the function p: X x X — [0, +00[ defined by (2.1) is such that

w(u, z) < liminf p(u, w,) whenever u,, — z as m — +oo. (2.2)
m——+00

This means that p is lower semicontinuous with respect to the second variable. Hence,
taking into account that u is symmetric, we deduce that

p(z,u) < liminf p(wm,u) whenever u,, — z as m — +oo, (2.3)
m—+00

that is, p is also lower semicontinuous with respect to the first variable.

In this paper, we use a contractive notion which involves two families of functions,
called H and S. Precisely, H denotes the family of functions H : [0, +oo[>— [0, +o0[
satisfying the following conditions (see [5]):

(H1) max{4,0} < H(4,6,)), for all 6,0, € [0, +00];

(H2) H(0,0,0) = 0;

(H3) H is continuous.

S denotes the family of functions S : [0, +0o[?— R satisfying the following conditions
(see [1, 7]):
(S1) S(6,0) <0 — ¢ for all 6,0 > 0;
(S2) if {dm}, {6m} are sequences in |0, 4+o0[ such that
lim &, = lim 6, =/¢¢€]0,+oo]
—+o0

m——+oo m
then limsup,,_, oo S(m,Om) < 0.

For completeness we remark that both the families H and S were used in order to
establish new and more general results of existence and uniqueness of fixed point (see
[5] and [1, 7, 9], respectively). Furthermore, Jleli et al. used the family H in order to
introduce a new type of contraction (see Definition 2.4 of [5]).

We notice that the following are examples of functions H : [0, 4+oo[>— [0, +o0]
belonging to the family H:

(i) H(0,0,\) =40+ A, for all 6,6, A € [0, 400];
(il) H(4,0,\) = max{d,0} + A, for all 6,0, A € [0,400].

In addition, the following are examples of functions S : [0, +co[>— R belonging to
the family S:

(i) S(6,0) =06 — 0 for all 4,0 € [0,4o00[ where o € [0, 1];
(if) S(6,0) = 6 —(0) — 0 for all 4,6 € [0, +o0[ where 9 : [0, +oo[— [0,400[ is a
lower semicontinuous function such that ¢(0) = 0 if and only if § = 0;
(iii) S(6,0) = 0 (0)—¢ for all §,0 € [0, +o00] where ¢ : [0, +00[— [0, 1] is such that
limg_,,+ 9(0) < 1 for all r > 0.

In the next sections, given X # 0, f : X — X, ug € X and uy, = fupy,_1 for all

m € N, we will call {u,,} a sequence of Picard starting at uo.
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3. FIXED POINTS FOR w-CONTRACTIONS

In this section, we state and prove our main result. Firstly, we introduce the notion
of w-contraction.

Definition 3.1. Let (X, d) be a metric space and w : X x X — [0,+00[ be a wo-
distance on X. A mapping f : X — X is a w-contraction if there exist three functions
HeH,SeSand p: X — [0,400[, such that

SCH(u(fu, fo), p(fu), p(F0)), H(u(u,v), plu), p(v)) = 0 for all u,v € X, (3.1)

Lemma 3.2. Let (X, d) be a metric space and w : X x X — [0, +o0[ be a wo-distance
on X. Assume that the mapping f : X — X is a w-contraction with respect to the
functions S €S, He€ H and p: X — [0, +00], that is,

S(H(u(fu, fo), p(fu), p(f0)), H(u(u, v), p(u), p(v))) = 0 for all u,v € X.

Then any sequence {un,} of Picard starting at a point ug € X is a Cauchy sequence,
whenever Upy,_1 # Uy, for all m € N.

Proof. Let ug be an arbitrary point in X. Suppose that the sequence {u,,} of Picard
starting at wug is such that w,,—1 # wu,, for all m € N. Firstly, we establish that

lm  p(tm—1,um) =0 and lim  p(uy,) =0. (3.2)

m——+o0 m—+oo

We recall that p(u,v) = 0 implies u = v and so, taking into account that w,;,—1 # .,
for all m € N, we have that p(tm,—1,um) > 0 for all m € N. Hence using the property
(H7) of the function H, we infer that

H(p(wm—1,um), p(um=1), p(tm)) > tt(thm—1, Upm) >0 for all m € N.
Using (3.1) with v = u,,—1 and v = u,, and the property (S7) of the function S, we
obtain

0 < SH(p(wn, um+1), p(um), ptmt1)), H(p(um—1, tm), p(tm-1), p(tm)))

< H(:u‘(um—lv um)’ p(Um_l), p(um)) - H(N(“m, Um—‘rl)a p(um)v P(Um+1))

for all m € N. The previous inequality shows that

H(,u(uma u7rb+1)7 P(Um), p(unH—l)) < H(,U(unb—la um)a P(Um—l)’ P(Um)) for all m € N.

This ensures that {H (u(wm—1, Um), p(Wm—1), p(um))} is a decreasing sequence of pos-
itive real numbers. So, there exists some £ > 0 such that

lim  H (p(tm—1,um), p(um—1), plum)) = ¢.

m——+00
We claim that £ = 0. We assume by contradiction that ¢ > 0. Then using the property
(SQ) with
Om = H (p(tmn, Uimt1), p(thm ), p(Um1))
and
O = H(N(um—la um)a P(Um—l), P(Um))>
we obtain

0<limsup S(H(:U’(unu uerl)’ p(um)? p(um+1))7 H(:U’(umfh um)v P(Um—l)» P(Um))) <0.

m——+oo
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Clearly, this is a contradiction and hence we conclude that £ = 0. Next, using the
property (Hj) of the function H, we get

max{#(umflaum)vp(umfl)} < H(ﬂ(umflaum)vp(umfl)vp(um)) form eN
and hence

mgI-Iﬁ-loo /J’(um—h um) =0 and ml_lg_loo p(um—l) =0.

Secondly, we prove that {u,,} is a Cauchy sequence. In order to show this by Lemma
2.2 (iii), it is sufficient to establish that for any € > 0 there exists n(¢) € N such that
(i, um) < e for all m >n > n(e). (3.3)

We assume for way of contradiction that (3.3) does not hold. Then, there exist a
positive real number £y and two sequences {my} and {nx} such that my > n; > k
and p(tn, , Um, ) > €0 > p(tn,, Um,—1) for all & € N. The previous inequality and the
first limit of (3.2) imply that

kEToo :u’(unk ) umk) - kEToo ,LL(Unk__l, umk—l) = €0-

Now, taking into account that H is a continuous function, we have
& lim H(:u(unk*h umkfl)a p(unkfl% p(umkfl)) = lim H(M(unk ) umk)v p(unk)V p(umk ))
——+o0 k—4o00
= H(g0,0,0) > 0.
Furthermore, we can assume p(tn,—1,%m,—1) > 0 for all k& € N. Consequently, we
deduce that
H(M(unk*h umk*1)7p(unk*1)7p(umk*1)) > :U’(unk*humk*l) >0 forallkeN.
Since we also have H (pu(tn,, ;s Umy ), P(Uny ), P(Umy)) = p(tn,, Um, ) > 0, we can use the
property (S3) with
Ok = H(p(uny, wmy ), p(uny, ), p(thmy))
and
O = H(:u'(unkfla umkfl)’ p(unk,1)7 p(umkfl))'
Thus, we get

0 <limsup S(H(ﬂ(unk y Umy, )a p(unk), P(Umk ))7

k—4o00

H(M(unk*h umk*1)7 p(unkfl)ﬂ p(umkfl))) <.
Obviously, this is out of the question. So, we conclude that for any £ > 0 there exists
n(e) € N such that (3.3) holds and hence the sequence {uy,} is Cauchy. O

Now, we are ready to formulate and prove our first main result.

Theorem 3.3. Let (X,d) be a complete metric space and w : X x X — [0,4o00[ be
a wo-distance on X. Assume that the mapping f : X — X is a w-contraction with
respect to the functions S € S, H € H and p: X — [0, +0o0|, that is,

S(H(u(fu, fo), p(fu), p(fv)), H(pu(u,v), p(u), p(v))) 20 for all u,v € X.
If p is a lower semicontinuous function, then f has a unique fived point £ such that

p(§) = 0.
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Proof. Firstly, we establish the uniqueness of the fixed point. Suppose that f has two
fixed points £, € X such that £ # (. This ensures that

H(u(€,6),p(8), p(€)) = p(§,¢) > 0.

Using (3.1) with v = £ and v = ¢ and the property (S1) of the function S, we infer
that

0 < S(H(u(fE, £C), p(f8), p(£C)), H(1(€, C), p(€), p(C)))
< H(ul(€, €), p(€), p(C) = H(u(&, €), p(€), p(C)) = 0.

Clearly, this is a contradiction. Hence, we have £ = { and further we obtain the claim,
that is, the uniqueness of the fixed point.

In order to establish the existence of a fixed point, we consider a point ug € X.
Let {um,} be a sequence of Picard starting at ug. We stress that if uy = ug4q for
some k € N then uy = upy1 = fug, that is, ug is a fixed point of f. We claim that
plug) = 0. We assume by contradiction that p(uy) > 0. Then, by the property (H;)
of the function H, we get

0 < plur) < H(p(ug, ur), p(uk), plur)).
Taking into account that u,, = ug for all m > k, m € N, using (3.1) with
U=V =1Up = Uk4+1 = Uk4+2
and the property (S7) of the function S, we deduce that

0 < SMHE(wkt1, urtz), p(ur+1), p(ukr2)), H (p(un, ues1), p(ur), p(ur+1)))
< H(p(ug, ur1), plur), p(ues1)) = H(p(ur+1, uer2), p(trr1), p(teg2))
= H(:u(uk?a Uk), p(uk)a p(uk)) - H(M(ulm uk)v p(uk)a p(uk)) =0.
Clearly, the previous inequality gives a contradiction. Hence, it follows that p(uy) = 0.
So, we conclude that if ug = upy1 for some k € N, then uy, is a fixed point of f such
that p(uy) = 0.

Now, we can suppose that u,, # tum,+1 for every m € N. By Lemma 3.2, we have
that the sequence {u,,} is Cauchy. Hence, since (X, d) is complete, there exists some
¢ € X such that

lim u,, =¢&. (3.4)

m—+00
From the proof of Lemma 3.2, we say that for every k € N there exists m(k) € N such
that )
P(Un (k) Um) < Z for all m > m(k). (3.5)
From (3.5), using the semicontinuity of pu with respect to the second variable (see
(2.2)), we get

1
< limi < =
Pty €) < Hminf (), um) < o (3.6)

Consequently, from (3.6) we infer that there exists a subsequence {uy, )} of {um}
such that

k— oo



FIXED POINT RESULTS FOR w-CONTRACTIONS 797

Since p satisfies the triangle inequality, we have also

li =0. .
k_}TOCM(Um(k)va) 0 (3.8)

By (3.2), taking into account that p is a lower semicontinuous function, we get

0 < p(€) < liminf p(u,,) = 0,

m——+00

that is, p(§) = 0. We assert that £ is a fixed point of f. Clearly, £ is a fixed point of
[ if there exists a subsequence wu,,; of uy, such that u,,, = & or fu,, = f§, for all
7 € N. If such a subsequence there is not, we can assume that u,, # £ and fu,, # f&
for all m € N. So, using (3.1) with u = u,, and v = £ and the property (S7) of the
function S, we deduce that

0 < S(H(u(fum, £), p(fum), p(£€)), H(p(tm,§), p(um), p(€)))
< H(p(um, ), p(um), p(€)) — H(pu(frm, F§), p(fum), p(fE))-
This implies

H(p(ftm, £€), p(fum), p(f€)) < H(p(um, ), p(um), p(§))  for all n € N.

Next, using the semicontinuity of p with respect to the first variable (see (2.3)) and
further using (3.7) and (3.8), we deduce

(& £€) < diminf p(upm iy 1, f€) = Hm inf p(fum ), £6)
< lklgligof H(,LL(Um(k), E), p(um(k))a p(f)) =0

(recall that H is continuous and (3.7) holds). Then pu(€, f¢) = 0 and hence & = f¢,
that is, £ is a fixed point of f such that p(§) = 0. O

4. APPLICATION TO CYCLIC MAPPINGS

Here, using the results obtained in Section 3, we deduce a fixed point theorem for
cyclic mappings on metric spaces.
We remark that Kirk et al. introduced in [8] the following definition (see also [17]).

Definition 4.1. (See [8, 17]) Let (X, d) be a metric space, ¢ be a positive integer
and f: X — X be a mapping. X = U? | A4, is said a cyclic representation of X with
respect to f if

(i) A; is a nonempty closed set for each i =1,2,...,¢;

(ii) f(A;) C Ajqq foreach i =1,2,...,q, where Ag4q = A;.

Since then, fixed point theorems involving a cyclic representation of X with respect
to a self-mapping f appeared in many articles (see, for example, [4, 10, 17] and their
references). Motived by this, we give the following definition.

Definition 4.2. Let (X,d) be a metric space, w : X x X — [0,4+00[ be a wq-
distance on X, ¢ be a positive integer, A, As, ..., Ay be nonempty subsets of X and
Y =U! ;| A;. A mapping f:Y — Y is said a cyclic w-contraction if
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(1) f(Ai) C Ajqq foreach i =1,2,...,¢q, where Agy1 = Ay;
(ii) there exist three functions S € S, H € H and p : X — [0, 400 such that

S (H(u(fu, f), p(fu), p(fv)), H(p(u, v), p(u), p(v))) = 0 (4.1)
for every u € A;, v € Ajy1,1=1,2,...,q.

Now, we are ready to prove the following theorem which is an extension of the Kirk
et al.’s cyclic fixed point theorems (see [8], Theorems 1.3, 2.3 and 2.4).

Theorem 4.3. Let (X,d) be a complete metric space, w: X X X — [0, +o00[ be a wy-
distance on X, q be a positive integer, Aq,...,Aq be nonempty closed subsets of X,
Y =Ul_ A and f:Y =Y be a cyclic w-contraction. If p is a lower semicontinuous
function, then f has a unique fized point € in'Y such that p(§) = 0.

Proof. Firstly, we assume that N?_;A; # 0. We notice that f(N!_,4;) C N, A,.
Therefore, f: N, A; — NI_, A; satisfies all the hypotheses of Theorem 3.3, that is,
N7_,A; is a complete metric space (we recall that A; is closed for each i = 1,2,...,¢),
[ is a w-contraction on N{_; A; and p is a semicontinuous function. Hence by Theorem
3.3, we conclude that f has a unique fixed point & in NY_; A; (and so in V) such that
p(§) = 0.

We observe that the foregoing discussion ensures that in order to obtain the claim
it is sufficient to show that N’_; A; # 0. Let uy € A; and let {u,,} be a sequence of
Picard starting at u;. Since Y = U!_, A; is a cyclic representation of Y with respect
to f, we have that wmqy; € A; for all ¢ =1,...,¢ and m € NU {0}. We note that
if up, = ugyq for some k € N then w,, = ug for all m > k. Thus, u, € A; for each
i=1,...,q and hence N{_; A; # 0.

Therefore, we suppose that w,, # tm,+1 for every m € N. By Lemma 3.2, we have
that the sequence {u,,} is Cauchy. Hence, since (X, d) is complete, there exists some
¢ € X such that

lim  w,, =¢&.

m——+oo
Since Umgti — £ as m — +oo and the set A; is closed, for each i = 1,...,q, we get
that £ € NY_; A; # 0. This prove the claim. O

Next, we give another result for cyclic w-contractions which improves one of The-
orem 4.3. Precisely, following [4] we weaken the closure assumption on the sets A;,
that is, we only suppose that A; is closed. We stress that such a result does not follow
from Theorem 3.3.

Theorem 4.4. Let (X,d) be a complete metric space, w : X x X — [0,+o00| be
a wo-distance on X, q be a positive integer, Ai,..., A, be nonempty subsets of X,
Y =Ul_ A4 and [ : Y — Y be a cyclic w-contraction. If Ay is closed and p is a lower
semicontinuous function, then f has a unique fixed point £ in'Y such that p(§) = 0.

Proof. We notice that in order to prove the uniqueness of the fixed point it is sufficient
proceed as in the proof of Theorem 3.3 (we remark that the fixed point of f belongs
to NY_; A;). Therefore, we only establish the existence of a fixed point. Let u; € Ay
and let {u,,} be a sequence of Picard starting at u;. Since f: Y — Y is a cyclic w-
contraction, we have that u,q11 € A; for all m € NU{0}. We stress that if u, = ug41
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for some k € N, then wuy is a fixed point of f and, further, p(ux) = 0 (see the proof of
Theorem 3.3). So, we suppose that wu,, # tm,4+1 for every m € N. By Lemma 3.2, we
have that the sequence {u,,} is Cauchy. Hence, since (X, d) is complete, there exists
some £ € X such that

lim  w, =¢&.
m——+00

Since Umgt1 — £ as m — 400 and the set A; is closed, we have that £ € A;. We
assert that £ is a fixed point of f. Clearly, £ is a fixed point of f if there exists a

subsequence {tp,(x)g+2} Of {Umgi2} such that uprygr2 = & OF fump)gr2 = f§, for
all k € NU {0}. If such a subsequence there is not, we can assume that w2 #
and fumqto # f€ for all m € NU {0}.

Thanks to the proof of Theorem 3.3, we can affirm that there exists a subsequence
{Umr)g+2} Of {tmg2} such that p(&, Upr)gr2) — 0 as k& — +oo. Further, we
can affirm that p(up,(k)q+2) — 0 as k — +oo and, taking into account that p is
semicontinuous, we have that p(§) = 0. Now, using (4.1) with u = £ € A; and
U = Upy(k)g4+2 € A2 and the property (S7) of the function S, we deduce that

0< S(H(/J,(ff, fum(k)q+2)7 p(f£)> p(fum(k)q+2))> H(M(fa um(k)qu?)v p(g)v p(um(k)q+2)))
< H (€, Umryg+2)s L), P(Um(iyg+2)) — H(U(fE, fmrygr2)s P(FE)s P(fUm(k)g+2))-
This implies
H(:u‘(f67 fum(k)Q-l‘Q)a p(fg)a p(fum(k)q-i-?)) < H(N(fv um(k)q+2)a p(f)a p(um(k)q+2))
for all k € NU {0}. Next, using the semicontinuity of p with respect to the second
variable (see (2.2)), we deduce
:U/(fg, g) < lklgigof ;U'(fga um(k)q+3) = lklgigf M(ff» funz(k)q—i-Q)
< lklgl_il_g‘ H(M(fgv fum(k)quQ)v p(.ff)a p(fum(k)q+2))
< lklgigf H (8, Um(k)q+2), p(§), p(um(k)q+2)) = H(0,0,0)=0

(we recall that H is continuous). Then u(f€,£) = 0 and hence £ = f¢, that is, £ is a
fixed point of f such that p(¢) = 0. O

5. APPLICATION TO CONTRACTIONS OF INTEGRAL TYPE

In this section, we give some fixed point results for mappings which satisfy a
contractive condition of integral type. First, we start with some remarks.

Remark 5.1. Let 1 : [0, +oo[— [0, +o0[ with ¢(0) < 6 for all § > 0 and ¢(0) = 0 be
an upper semicontinuous function. Then the function S : [0, +00[x [0, +o00[— [0, +00[
defined by S(d,0) = 1(0) — ¢ belongs to S.

In fact, (S1) holds because S(9,0) = ¢(0) — 6 < 0 — ¢ for each 0,6 > 0. Regarding
(S2), we consider two sequences {0, }, {0} in ]0, +o00[ such that

mLiIEOO Om = mliqum Om = £ €10, +00].
The upper semicontinuity of the function ¢ ensures that
lim sup S(6pm, ) < limsup(f,,) — € < () — L < £ — L =0.

m——+o00 m——+o00
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Remark 5.2. Let 1 : [0, +oo[— [0, +-oo[ with ¢(0) > 6 for all § > 0 and ¢(0) = 0 be
a lower semicontinuous function. Then the function S : [0, +00[x [0, +oo[— [0, +00[
defined by S(d,6) = 6 — 1(5) belongs to S.

We notice that from Remarks 5.1 and 5.2, we can deduce the following.

Remark 5.3. Let ¢ : [0, +oo[— [0, +0o0[ be a function Lebesgue integrable in every
interval [0, 7] with 7 > 0, then
(i) S : [0, +00[x[0,+oc[— [0,+00[ defined by S(6,0) = foe t(u)du — 4, for all
8,6 € [0, +o0[, belongs to S if [ t(u)du < 7 for all 7 > 0;
(ii) S : [0, +00[%x[0,4+00[— [0,+0c0] defined by S(4,6) = 6 — f06 t(u)du, for all
8,6 € [0, +o0, belongs to S if [ t(u)du > 7 for all 7 > 0.

Now, using Theorem 3.3 and Remark 5.3 (i), we can give a new kind of contractive
condition of integral type which ensures the existence and uniqueness of fixed point.

Theorem 5.4. Let (X,d) be a complete metric space, w : X x X — [0,4o00] be
a wo-distance on X and let f : X — X be a mapping. Suppose that there exist a
function H € H, a lower semicontinuous function p : X — [0,+o0[ and a function
¢ : [0, 4o00[— [0, +o0[ Lebesgue integrable in every interval [0, 7], 7 > 0, such that

/H(u(u,v)yp(u),p(v))

H(p(fu, fo), p(fu), p(fv)) < W(t)dt  for all u,v € X.

0

If/ L(t)dt < 1 for all T > 0, then f has a unique fized point £ such that p(§) = 0.
0

In addition, using Theorem 3.3 and Remark 5.3 (ii), we can easily get the following.

Theorem 5.5. Let (X,d) be a complete metric space, w : X x X — [0,+o00| be
a wo-distance on X and let f : X — X be a mapping. Suppose that there exist a
function H € H, a lower semicontinuous function p : X — [0,+0o0[ and a function
¢ : [0, +o00[— [0, 400 Lebesgue integrable in every interval [0,7], 7 > 0, such that

H(p(fu,fv),p(fu),p(fv))
/ v(t)dt < H(p(u,v), p(u), p(v))  for allu,v € X.

0

If/ L(t)dt > 7 for all T > 0, then f has a unique fixed point & such that p(§) = 0.
0

We conclude this section giving an example which motives our study.

Example 5.6. Let X = [0, 2] U {2}. We consider X endowed with the usual metric
d(u,v) = |u — v| for all u,v € X. Furthermore, we endow X with the wo-distance
w: X x X — [0,400[ defined by w(u,v) = v for all u,v € X. Obviously, (X,d) is a
complete metric space and p: X x X — [0, +o0] is given by p(u,v) = max{u,v} for
all u,v € X. Let f: X — X be the function defined by

if welo, 2],

wle

fu=
2 u=2.
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Clearly, f satisfies the contractive condition of Theorem 5.5 with respect to the func-
tion H € H defined by H(d,6,)) = 0 + 0 + X for all §,0,\ € [0,+00[, the lower
semicontinuous function p : X — [0, +00[ defined by p(u) = u for all u € X and the
function ¢ : [0, +o00[— [0, +00[ given by

W) =1+ for all ¢ € [0, +o00].

1
(t+1)2
Let u,v € X, we notice that

H(u(fu, fv), p(fu),p(fv)) =2fv+ fu and  H(u(u,v), p(u), p(v)) = 2v + u.
If u < v and u,v € [0, %], then 2fv + fu < v and hence

H(p(fu,fo),p(fu),p(fv)) v
/ L(t)dtﬁ/ (t)dt
0

2
v+1v§2v§21)+u

0

v+
= H(p(u,v), p(u), p(v))-

If u € [0, %‘5] and v = 2, then 2fv + fu = 2% and hence

3
H(u(fu, fo),0(fu),p(fv)) S 15 9
/ J(t)dt = / S(t)ydt = DIt
0 0 1244w 3
594+ u

< — <

<7 3 = 4+u

= H(u(u,v), p(u), p(v))

If u=v=2, then 2fv + fu= g and hence

/H(u(fu,fv)yp(fu),p(fv))

0

= H(p(u,v), p(u), p(v)).

Since all the conditions of Theorem 5.5 are satisfied, we can affirm that f has a unique
fixed point £ =0 = p(§) in X.
We stress that if we choose the wy-distance w = d and p(u) = 0 for all uw € X, by
d(f0, f2) = 3/2 and d(0,2) = 2, we deduce that
d(f0,£2) 21
/ (t)dt = — > 2=14d(0,2).
0 10
This implies that Theorem 27 of [15] cannot be used in order to affirm that f has a
fixed point with respect to the contractive condition of Theorem 5.5 associated to the
function ¢. In addition, the previous consideration shows that the function p has a
decisive role in enlarging the class of self mappings which are w-contractions.



802 FRANCESCA VETRO

6. CONSEQUENCES

In this section, using Theorem 3.3 we show that the notion of w-contraction includes
different kinds of contractive conditions in the existing literature.
Firstly, we give a result of Jleli et al. type (see [5], Theorem 2.1).

Corollary 6.1. Let (X,d) be a complete metric space, w : X x X — [0,+00[ be a
wo-distance on X and let f : X — X be a mapping. Suppose that there exist o €10, 1],
a function H € H and a lower semicontinuous function p : X — [0, 400 such that

H(p(fu, fo), p(fu), p(fv)) <o H(u(u,v), p(u), p(v))  for all u,v € X.
Then f has a unique fized point &€ € X such that p(§) = 0.

Proof. The claim follows by Theorem 3.3 if we choose S € S given by S(4,0) =c0—9
for all 6,0 > 0. O

We notice that we obtain the Banach contraction principle if we take w = d,
H(5,0,\) =5+0+ X forall 6,0, € [0,+00] and p(u) =0 for all u € X.
Secondly, we give a result of Rhoades type (see [14]).

Corollary 6.2. Let (X,d) be a complete metric space, w : X x X — [0,4+00| be
a wo-distance on X and let f : X — X be a mapping. Suppose that there exist a
function H € H and two lower semicontinuous functions ¢ : [0, +oo[— [0, +o0] with
¥~1(0) = {0} and p: X — [0, +oo| such that

H(p(fu, fo), p(fu), p(fv)) < H(pu(u, v), p(u), p(v)) — O(H (p(u, v), p(u), p(v)))
for all u,v € X. Then f has a unique fized point £ € X such that p(§) = 0.
Proof. The claim follows by Theorem 3.3 if we choose S € S given by
5(0,0) = 0 — () — 4,
for all 6,6 > 0. O

In addition, we notice that also the following result (see [12]) is an immediate
consequence of Theorem 3.3.

Corollary 6.3. Let (X,d) be a complete metric space, w : X x X — [0, +00[ be a wy-
distance on X and let f : X — X be a mapping. Suppose that there exist a function
H € H, a function ¢ : [0, +o00[— [0, 1] with imsup,_,,+ ¥(t) < 1 for all v > 0 and a
lower semicontinuous function p : X — [0, 4o00[ such that

H(p(fu, fo), p(fu), p(fv)) < O(H (p(u, v), p(u), p(v))) H(p(u, v), p(u), p(v))
for all u,v € X. Then f has a unique fized point £ € X such that p(§) = 0.
Proof. We get the claim by using Theorem 3.3 and taking S € S given by
5(0,0) = 04(0) -,
for all 6,0 > 0. (|

Lastly, we give a result of Boyd-Wong type (see [3]).
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Corollary 6.4. Let (X,d) be a complete metric space, w: X x X — [0, +00[ be a wg-
distance on X and let f : X — X be a mapping. Suppose that there exist a function
H € H, an upper semicontinuous function 1 : [0, 4+o00[— [0, +oo| with ¥ (t) <t for all
t >0 and ¥(0) = 0 and a lower semicontinuous function p : X — [0,4o00[ such that

H(u(fu, fv), p(fu), p(fv)) < ¥(H(u(u,v), p(u), p(v)))  for all u,v € X.
Then f has a unique fized point £ € X such that p(§) = 0.

Proof. Again, we can get the claim thanks to Theorem 3.3 by choosing S € S given
by S(6,0) = 1(8) — 9, for all 6,6 > 0. O

We point out that if we take w = d, H(5,0,\) =6+ 0 + X for all §,6, A € [0, +o00]
and p(u) =0 for all u € X, then we have the Boyd-Wong result.

The following example shows which Theorem 3.3 is a proper generalization in the
setting of metric spaces both Banach contraction principle and Boyd-Wong result.

Example 6.5. (See [17], Example 4) Let X = [0,1] and we endow X with the usual
metric d(u,v) = |u — | for all u,v € X. Further, we consider on X the wy-distance
w: X x X — [0,400[ given by w(u,v) = v for all u,v € X. Clearly, (X,d) is a
complete metric space. Fix o € [0,1[ and consider the function f : X — X defined
by

0 if uw=0,
oan—1 e 1 1
fu= 5 — 0T (2nu —1) if 5 SUS 5o,
o 2n+1 . 1 1
5+ oo = (2nu — 1) if g Su< 5

We notice that if o > 3/5 then f is not a nonexpansive function in the metric space

(X,d). In fact, if for odd n > 1 we choose u = 51—~ and v = we have

=
n < 3
(n—1)2n—-1) = 5(n—1)

d(fu, fv) = 7 and d(u,v) =

n—1

Hence, if o > 3/5 we get that d(fu, fv) > d(u,v). So f is not a nonexpansive function.
Therefore, both the Banach contraction principle and Boyd-Wong result cannot be
used in order to affirm that f has a fixed point.

Now, if we consider the function p : X — [0, +oo[ defined by p(u) =0 for all u € X
and the function H(5,0,\) =6+ 60+ X for all §,0, A € [0, +0o0], then we have

H(u(fu, fv), p(fu), p(fv)) = u(fu, f)
= max{ fu, fv} < max{ou,ov}
= o max{u,v}

= o H(u(u,v), p(u), p(v)),

for all u,v € X. Since all the conditions of Corollary 6.1 are satisfied we get that f
has a unique fixed point in X.
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