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Abstract

A negative answer to an open problem is provided. Fixed point results for a-p-contractive mappings
in semi-metric spaces are proved. To show the generality of our results, examples are given. Finally, an
application of our result to probabilistic spaces is derived. (©2016 All rights reserved.
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1. Introduction and preliminaries

A metric or distance function is a function which defines a distance between elements of a set and satisfies
the separation axiom, the symmetry axiom and obeys the triangle inequality. A set with a metric is called
a metric space. Metric spaces are specific types of topological spaces with several nice properties. They are
much easier to understand intuitively than topological spaces and are general enough for many applications.
The distance functions we shall deal with are even weaker than metrics, in that the triangle inequality is
dispensed with altogether. These distance functions are called symmetrics. Symmetric spaces are classical
and important spaces as a generalization of metric spaces. They are widely used in pure and applied science.
Fixed point theory in metric spaces and their generalizations has been studied by a numbers of authors, see

e.g., [1, 2, 13, (4, 5 [8 13], 14], 17, 19, 20, 21l 23| 25] and the references cited therein. M. Cicchese [11] was the
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first who obtained a fixed point theorem for Banach contractions in semi-metric spaces. Jachymski et al.
[16] gave an example of a fixed point free Banach contraction on a Hausdorff d-Cauchy complete semi-metric
space. They further observed that Banach’s fixed point theorem holds if d is also bounded. In this paper,
we provide a negative answer to an open problem and show that (W) and (CC) are independent conditions.
We prove fixed point results for a-p-contractive mappings in semi-metric spaces generalizing the result of
Jachymski et al [I6]. To show the generality of our results, we provide examples. Finally, we derive an
application of our result to probabilistic spaces.

A symmetric space (see [29]) is a pair (X, d) consisting of a non-empty set X and a functiond : X x X —
[0,00) such that for all z,y in X the following conditions hold:

(W1) d(z,y) =0 if and only if x = y;
(W2) d(z,y) = d(y, z).

Many notions and properties in symmetric spaces are similar to those in metric spaces. We recall some
notions from |15 [16].

Let (X,d) be a symmetric space. For ¢ > 0 and any x € X, let By(x,¢) = {y € X : d(z,y) < €}. One
can define a topology 74 on X by defining U € 74 if and only if for each x € U, B(x,e) C U for some € > 0.

Definition 1.1 (|I5]). A symmetric is called a semi-metric if for each x € X and each € > 0, By(z,¢) is a
neighborhood of x in the topology 74.

Definition 1.2 ([15,[16]). A sequence (x,) C X is said to be d-Cauchy sequence if for given ¢ > 0 there is
N € N such that d(zy,, z,) < €, for all m,n > N. Further, a symmetric space (X, d) is said to be d-Cauchy
complete if every d-Cauchy sequence converges to some z € X in 74. (X,d) is called S-complete if for
every d-Cauchy sequence (zy,), there exists x € X with nlLHgO d(xyn,z) =0.

The following conditions are used as partial replacements for the triangle inequality in symmetric space
(X,d):

(W3) (29]) lim d(xy,z) =0 and lim d(z,,y) = 0 imply = = y;

n—oo n—oo

(W) ([22]) nhﬁ\ngod(:cn, yn) = 0 and nl;rgod(yn, zn) = 0 imply ntholod(a:n, zn) = 0;
9, 110]) lim d(z,,x) =0 implies lim d(zy,,y) = d(z,y).
CcC lim d lies lim d d
n— o0 n—oo

It is known [I5] that for a semi-metric d, if 74 is Hausdorff, then (W3) holds.

Definition 1.3 ([27]). By ® we denote the set of all real functions ¢ : [0,00) — [0,00) which have the
following properties:

(i) ¢ is monotone nondecreasing.
(ii) lim ¢"(t) = 0 for any t > 0, where
n—oo

O (t) = po...op(t).

n times

The function ¢ € ® is known as the comparison function (see [27]). The following lemma is an immediate
consequence of Definition (see [27]).

Lemma 1.4. If p € ®, then o(t) <t for allt >0 and ¢(0) = 0.
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Definition 1.5 (|28]). Let (X,d) be a symmetric space. A mapping f : X — X is said to be a-¢-
contractive if there exist two functions a: X x X — [0,00) and ¢ € ® such that

a(z,y)d(f (z), f (y)) < eld(z,y)) (1.1)
for all z,y € X.

Remark 1.6. Every Banach contraction in a semi-metric space is an a-g-contractive with a(x,y) = 1 and
©(t) = kt for all t > 0 and some k € [0,1). But the converse is not true in general (see Example [1.8).

Definition 1.7 (|28]). Let f: X — X be a given self mapping and a: X x X — [0,00). We say that f is
a-admissible if z,y € X and a(z,y) > 1 implies a(f(z), f(y)) > 1.

Example 1.8. Let X = {1 :n € N} U{0}. Define d : X x X — [0,00) by
e d(0,1) =d(1,0) = 1;
e d(2,1)=d(1,1) =2, forn >2;

e d(1,1) =0;

and d(x,y) = |x —yl|, for x,y € X — {1}. Then (X, d) is a d-Cauchy complete semi-metric space (see [16]).
Let f: X — X be given by

2z if x= %, n is even
f@)=19 3 if z=1 nisodd
0 if x=0.

Then, d(f (3),f(0)) =d(1,0) =1 > 1 = d(3,0). Therefore Banach’s fixed point theorem can not be applied
in this case.
Now, let a: X x X — [0,00) be a mapping given by

1 if z=21% y=-1- nisodd
— n’ 2n+1°
o(@,y) { 0 otherwise.

Forx:%,y: n is odd

_1
2n+1°

ol y)dlf (@), £ ) = (5,5 =3 = 2] = Dl — ol = (o).

The other cases are trivial since a(z,y) = 0. Hence f is an a-p-contractive with ¢(t) = £ for ¢ > 0.

2. An Open Problem in Symmetric Spaces

It is known [6] that (CC) does not imply (W). The following question was put forth in [6, [7].

Problem 2.1. Let (X, d) be a symmetric space which satisfies (W). Does it satisfy (CC)?
We give a negative answer to the above problem.

Example 2.2. There is a symmetric space that satisfies (W) but does not satisfy (CC).

Proof. Let X = {% :n € N} U {0} and let d be given by

e d(0,1) =d(1,0) = L;
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e d(0,0) =d(1,1) = 0;

o for m,ne N— {1}
d(£,0)=d0,L)=L at,1)=d(1,1) =1 and d(L,L)=|L - 1|

n’ ‘n n’m m

Then (X,d) is a symmetric space that satisfies (W). But (X, d) does not satisfy (CC). To see this, let
xn:%,xzoandyzl. Then

1 1
lim d(—,0) = lim — =0,

n—oo N n—oon,

but 1 1
limd(—,1) =1%# - =d(0,1).
Jim d(—,1) =1# 5 =d(0,1)

We note that (W) and (CC) are independent conditions.

3. Fixed Point Results

Theorem 3.1. Let (X, d) be a d-Cauchy complete semi-metric space satisfying (W3). Assume that f : X —
X is an a-p-contractive mapping satisfying the following conditions:

(i) f is a-admissible.

(ii) There exists xog € X such that a(xg, f™ (x0)) > 1 for each m € N.

(iit) If (z,) is a sequence such that oy, Tp+1) > 1 for alln € N and li_}rn d(xyn, ) =0, then a(xy,z) > 1
for all n € N.

If d is bounded, that is, M = sup d(x,y) < oo, then f has a fized point.
ryeX

Proof. Let ¢ € X such that a(xg, f™ (z¢)) > 1 for each m € N, and define the sequence (z,,) by z1 = f (x0)
and zp4+1 = f (zp,) for all n € N.

If 41 = xy, for some n € N, then z, is a fixed point.

Assume that x,11 # x,, for all n € N. Since f is an a-admissible map and, by (ii),

a(zo,2n) > 1,
we have, by induction, that
(T, Trntn) = a(f™ (z0) , f™ (2,)) > 1, for all m,n € N.

Assume k > j > 1 where j, k € N.
Taking = z; and y = xy, in (1.1), we get

d(wj, o) =d(f (vj-1), f (Tx-1))
<a(zj-1,rp-1)d(f (¥j-1), [ (T-1))
<p(d(Tj-1,7k-1))
<@*(d(wj—2,2p-2)) < ... < @ (d(wo, T1—j)) < ¢’ (M).

Letting j — oo, we obtain d(z;, z;) — 0.
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Hence (z,,) is a d-Cauchy sequence. By the d-Cauchy completeness of X, there exists z € X such that
lim z,, = z in the topology 7; and so lim d(x,,z) = 0.
n—oo n—oo

From the hypothesis (iii) and since a(xp,xn4+1) > 1 for all n € N, we have a(zy,,z) > 1 for all n € N.
Note that

d(@nt1, [ (2))

|
U
—

f(@n), f(2))

T, 2)d(f (xn) , [ (2))
d(xp, 2))

Tn,2) — 0 as n — oo.

Since lim d(z,2n+1) =0 and lim d(f (2),2n41) = 0, by (W3), we obtain z = f(2). O

n—oo n—oo

e

IA A IA
=5 2

Definition 3.2 ([I8]). Let f : X — X be a mapping and let o : X x X — [0,00). We say that f is a
triangular a-admissible mapping if

(T1) a(z,y) > 1 implies a(f (x), f(y)) > 1, z,y € X.

alz,y) >1 . .
> .
(T2) { aly.2) > 1 implies a(z,2) > 1, z,y,2 € X

Corollary 3.3. Let (X,d) be a d-Cauchy complete semi-metric space satisfying (W3). Assume that f :
X — X is an a-p-contractive mapping satisfying the following conditions:
(i) f is triangular a-admissible.
(ii) There exists xo € X such that a(zo, f (x0)) > 1.
(ii) If () is a sequence such that a(xp, xp+1) > 1 for alln € N and ILm d(xpn,z) =0, then a(xp,x) > 1
for alln € N.
If d is bounded, then f has a fixed point.
Proof. Let 9 € X such that a(xo, f (x0)) > 1. By (T1), a(f (z0), 2 (z0)) > 1, and by (T2) we obtain

oz, f2 (x0)) > 1.

So, by induction, we have
alxg, f* (zg)) > 1, for all n € N.

By Theorem [3.1] f has a fixed point. O

Theorem 3.4. Let (X, d) be a d-Cauchy complete semi-metric space satisfying (W3). Assume that f : X —
X is an a-p-contractive mapping satisfying the following conditions:

(i) f is a-admissible.
(ii) There exists xog € X such that a(xg, f™ (x0)) > 1 for each m € N.
(iit) f is T4-continuous.
If d is bounded, then f has a fized point.
Proof. Following the proof of Theorem [3.1} we obtain that (z,) is a d-Cauchy sequence in the d-Cauchy

complete semi-metric space X. So there exists z € X such that TLILH;O Ty = z in the topology 74. By the

Tg-continuity of f, we have lim x,41 = f(z) in the topology 74 and so
n—oo
lim d(zp41, f(2)) = 0.
n—o0

Since (X, d) satisfies (W3), we obtain f (z) = z. O
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Theorem 3.5. Adding the condition:
(H): For all x,y € X, there exists w € X such that o(z,w) > 1 and a(y,w) > 1.
By the hypothesis of the Theorem and Theorem we obtain the uniqueness of the fized point.

Proof. Suppose y, z are two fixed points for f. From (H), there exists w € X such that a(y,w) > 1 and
a(z,w) > 1. Since f is a-admissible, one can conclude

aly, f"(w)) > 1 and a(z, f*(w)) >1 for alln € N. (3.1)
Using (1.1]) and ( ., we have
d(y, f* (w)) =d(f (y), fF(f* (w)))
<a(y, [ (w)d(f (y), ( ()
<p(d(y, f*7H () < ... < ¢ (d(y, w))
for all n € N, that is, nhﬁnolod(y, f" (w)) = 0. Similarly, nllngod(z, f" (w)) = 0. Hence, by (W3), y = . O

Corollary 3.6. Let (X,d) be a d-Cauchy complete semi-metric space satisfying (W3) and let f : X — X
be a mapping satisfying
d(f (z), f (y)) < kd(z,y)
for all x,y € X, where k € [0,1). If d is bounded, then f has a unique fized point.
Proof. Let a : X x X — [0,00) be the mapping defined by a(z,y) = 1, for all (z,y) € X x X and

@ : [0,00) — [0,00) defined by ¢(t) = kt. Then f is an a-p-contractive mapping and all the hypotheses of
Theorem are satisfied. Consequently, f has a unique fixed point. O

The next two theorems generalize results of Ran and Reurings [26] and Nieto and Rodrigues-Lopez [24].

Theorem 3.7. Let (X,d) be a d-Cauchy complete semi-metric space satisfying (W3) such that (X, <) is
a partially ordered set. Let f : X — X be a nondecreasing mapping with respect to <. Suppose that the
following conditions hold:

(i) There exists k € [0,1) such that d(f (x), f (y)) < kd(z,y), for each x,y € X with x < y.
(ii) There exists xo € X such that xo < f (z0) .

(iii) f is T4-continuous.

If d is bounded, then f has a fixed point.

Proof. Consider the mapping o : X x X — [0, 00) defined by

1 ifx <y,
ow,y) = { 0  otherwise.

By (i), we have
a(z, y)d(f (z), f (y)) < kd(z,y)

for all z,y € X. Then f is a-¢-contractive mapping with ¢(t) = kt, for all ¢ > 0. Now assume that
z,y € X with a(x,y) > 1. Then x < y. Since f is nondecreasing with respect to <, f (z) < f (y) and hence
a(f(x), f(y)) > 1. So f is a-admissible. Further, since f is nondecreasing, by (ii), there exists g € X such
that zo < f™ (z¢), for each m € N. Thus, a(zo, f™ (z0)) > 1, for each m € N. By Theorem [3.4] f has a fixed
point. O
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Example 3.8. Let X =N and d: X x X — [0,00) be given by

m if l[r—yl=1
dlz,y)=4¢ 0 ifx=y
1 if |z —y| > 1.

Then (X, d) is a d-Cauchy complete semi-metric space (see [16]). Consider f : X — X defined by

z? if z <2
f@%_{x+2 itz > 2.

Then f is a 74-continuous mapping. We consider the usual order on N. Take z = 1 < 2 = y, then

d(f (1), f(2)) =1> 5 =d(1,2).

N

Thus the condition (i) of Theorem is not satisfied. So this theorem can not be applied. Now, define
a: X x X —[0,00) by

i (a,9) = (1,1)

if [x—y|=1

ifr=y#1lor |z —y|>1

Oé(f)?,y) =

o= O

It is clear that f is an a-gp-contractive mapping with o(t) = %, for all t > 0. Let z,y € X such that
a(z,y) > 1. Then z = y = 1 and so a(f (x), f(y)) = 1. Thus fis a-admissible. Further, for 2o = 1 the
condition (ii) in Theorem [3.4]is satisfied, since a(zo, f™ (z0)) = a(1,1) = 1, for each m € N. So by Theorem
3.4] f has a fixed point (which is 1).

Theorem 3.9. Let (X,d) be a d-Cauchy complete semi-metric space satisfying (W3) such that (X, <) is
a partially ordered set. Let f : X — X be a nondecreasing mapping with respect to <. Suppose that the
following conditions hold:

(i) There exists k € [0,1) such that d(f (z), f (v)) < kd(x,y), for each z,y € X with x < y.
(ii) There exists xo € X such that xo < f (zo) .

(iii) If (x,,) is nondecreasing sequence in X such that li_>m zn = x € X in the topology 74, then x, < x for
n (o.@)
alln € N.

If d is bounded, then f has a fized point.

Proof. We use the same a as in Theorem Let (x,) be a nondecreasing sequence in X such that
lim z, =z € X in the topology 74. By (iii), , =< x for all n € N. By the definition of «, a(xy,x) = 1 for

n—oo -

all n € N. Thus the hypotheses of Theorem are satisfied and f has a fixed point. O

Theorem 3.10. Adding the condition
(H"): For all x,y € X, there exists w € X such that x < w and y < w.
By the hypothesis of the Theorem (and Theorem , we obtain the uniqueness of the fized point.

Proof. Suppose y, z are two fixed points for f. From (H~), there exists w € X such that y < w and z < w.
Using the same notion of « as in Theorem [3.7, a(y,w) > 1 and a(z,w) > 1. Then the hypothesis (H) is
satisfied and the uniqueness of the fixed point is established. O
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4. An Application to Probabilistic Spaces

We derive an application of our main result to probabilistic spaces. We start with some essential defini-
tions:

Definition 4.1 ([15]). Let X be a set and F a mapping of X x X into a collection £ of all distribution
functions F' (a distribution function F' is a non-decreasing and left continuous mapping of reals into [0, 1]
with inf {F(z)} = 0 and sup {F(z)} = 1). Consider the following conditions:

(i) Fyy(0) =0 for all z,y € X, where F,, denotes the value of F at (z,y) € X x X.

(ii) F,, = H if and only if = =y, where H denotes the distribution function defined by H(z) = 0 if
x<0 and H(zx)=1 if z>0.

(ifi) Fypy = Fyq.
(iv) If Fpy(e) =1 and F,.(6) =1, then F, ,(¢ +4) = 1.

If F satisfies (i) and (ii), then it is called a PPM-structure on X and the pair (X,F) is called a
PPM-space. An F satisfying (iii) is said to be symmetric. A symmetric PPM-space satisfying (iv) is a
probabilistic metric space (or briefly PM-space).

The topology 7r in (X, F) is generated by the family

U={Uz(e,\) :z € X,e >0,\> 0},

where the set
Up(e,\) ={y € X : Fpy(e) >1 - A}

is called (e, A\)-neighborhood of x € X. A T} topology 77 on X is defined as follows: U € 7 if for any
x € U, there exists € > 0 such that U,(e,e) C U. If U,(g,¢€) € 77, then 7r is said to be topological.

Definition 4.2 ([I2]). Let f be a self map on X on a set X satisfying

(C) for t >0, Fyy(t) >1—1t implies Fpy py)(kt) > 1 — kt,
where k € (0,1). Then f is said to be an H-contraction.
Definition 4.3 ([15]). Let (X, F) be a symmetric PPM-space.

(i) A sequence (z,) is a fundamental sequence if lim F, . (t)=1 forallt> 0.
n,Mm—00

(ii) The space (X, F) is called complete if for every fundamental sequence (x,,) there exists z € X such
that lim F, .(t) =1 for all ¢t > 0.
n—oo

Remark 4.4 ([15]). (i) The condition (W3) is equivalent to
(P3) ,}LHQOF%:I(S) =1 and nli_{r;oFxmy(e) =1imply z =y.
Let (X, F) be a symmetric PPM-space. Set

0, ify e Ugle,e),e >0
sup{e : y ¢ Uy(g,£),0 <e <1}, otherwise.

d(ary) = { (4.1)
Then, d(z,xz) = 0, since N{U(e,e) : e >0} = {x}. And for  # y, d(z,y) = sup{e: Fpy(e) <1—¢€}.

Then (X, d) is a bounded symmetric space.
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Lemma 4.5 ([15]). Let (X, F) be a symmetric PPM-space. Define d as in (4.1)). Then
(1) d(z,y) <t if and only if Fy,(t) > 1 —t.
(ii) d is compatible symmetric for Tr.

(iv) (X, F) is complete if and only if (X,d) is S-complete symmetric space.

)
)
(iii) If f: X — X and k € (0,1), f is an H-contraction if and only if d(f (z), f (y)) < kd (z,y) .
)
(v)

Theorem 4.6. Let (X, 7) be a complete symmetric PPM space satisfying (P3), where Tx is a topological.
Assume that f : X — X is a triangluar a-admissible mapping with lirr(l)@(t +¢) = @(t) which satisfies the
e—

If 77 is topological, d is semi-metric.

following conditions:
(i) There exists xg € X such that a(xg, f (zo)) > 1.

(i) There exists ag > 0 such that wsyug;;(a(:n,y) < aio and Fy,(t) > 1 —t implies Fy) ) (op(t)) >

1 — app(t) for allt > 0.

(ii2) If (zn) is a sequence such that o(xy,p+1) > 1 for alln € N and lim F, .(e) =1, for all e > 0.

n—oo

Then f has a fixed point.

Proof. Define d as in (4.1). In view of Lemma (X,d) is a bounded and d-Cauchy complete semi-metric
space. Now, let € > 0 be given and set ¢t = d(z,y) + €. Then d(z,y) < t gives Fy4(t) > 1 — ¢t which implies
that Fry ¢ (aow(t)) > 1 — agp(t) and so d(f (x), f (y)) < aop(t). As a result, we have

oz, y)d(f (), f (1) <—d(f (@), f 1))

Qg
<p(d(z,y) +e).

Letting ¢ — 0, we obtain a(x,y)d(f (), f (v)) < ¢(d(z,y)). Now Corollary [3.3| guarantees that f has a
fixed point. O
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