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ABSTRACT

In this paper, we introduce the notion of e-contractive maps in fuzzy
metric space (X, M,x) and study the periodicities of e-contractive
maps. We show that if (X, M,x) is compact and f : X — X is
e-contractive, then P(f) = Ny=, f™(X) and each connected component
of X contains at most one periodic point of f, where P(f) is the set of
periodic points of f. Furthermore, we present two examples to illustrate
the applicability of the obtained results.
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1. INTRODUCTION

The notion of fuzzy metric spaces was introduced by Kramosil and Michalek
[10] and later was modified by George and Veeramani [3] in order to obtain a
Hausdorff topology in a fuzzy metric space. Recently there has been a great
interest in discussing some properties on discrete dynamical systems in fuzzy
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metric spaces. Many authors introduced and investigated the different types
of fuzzy contractive maps and obtained a lot of fixed point theorems (see [1,
2,5, 6,8, 11, 12, 14, 15, 16, 17, 18, 19]). Until now, there are very little of
works that investigates the periodic points of discrete dynamical systems in
fuzzy metric spaces because it is much more difficult to find various conditions
to obtain the periodic points of discrete dynamical systems.

In the present paper, we introduce the notion of e-contractive map in fuzzy
metric space (X, M,x) and obtain the following results: (1) If (X, M, x) is
compact and f : X — X is e-contractive, then P(f) = N2, f*(X), where
P(f) is the set of periodic points of f. (2) If (X, M,x*) is compact and f :
X — X is e-contractive, then each connected component of X contains at
most one periodic point of f. Furthermore, if (X, M, %) is also connected, then
f has at most one fixed point.

2. PRELIMINARIES

Throughout the paper, let N be the set of all positive integers. Firstly, we
recall the basic definitions and the properties about fuzzy metric spaces.

Definition 2.1 (Schweizer and Sklar [13]). A binary operation T : [0,1]*> —
[0,1] is a continuous t-norm if it satisfies the following conditions (i)-(v):
(i) T(a,b) = T(b,a);
(ii) T(a,b) <T(c,d) for a < c and b < d;
(iii) T(T(a,b),c) = T(a,T(b,c));
(iv) T(a,0) =0 and T(a,1) = q;
(v) T is continuous on [0, 1]?
where a, b, c,d € [0, 1].

— — — —

For any a,b € [0, 1], we will use the notation a*b instead of T'(a,b). T(a,b) =
min{a, b}, T'(a,b) = ab and T'(a,b) = max{a+b— 1,0} are the most commonly
used ¢-norms.

In the present paper, we also use the following definition of a fuzzy metric
space.

Definition 2.2 (George and Veeramani [3]). A triple (X, M, x) is called a
fuzzy metric space if X is a nonempty set, * is a continuous t-norm and M is
a map defined on X? x (0,+400) into [0, 1] satisfying the following conditions
(i)-(v) for any z,y,z € X and s,t € (0, +00):

(i) M(z,y,t) > 0;

)
(ii) M(z,y,t) =1 (for any t > 0) <= z = y;
(i) M(z,y,t) = M(y,z,t);
(iv) M(z,z,t+s) > M(z,y,t) * M(y, z, 8);

(v) Mgy : (0,+00) — [0,1] is a continuous ( where My, (t) = M (x,y,t)).
Remark 2.3 (Grabiec [4]). My, is non-decreasing for all z,y € X.

If (X, M, ) is a fuzzy metric space, then (M, x), or simply M, is called a
fuzzy metric on X. In [3], George and Veeramani showed that every fuzzy
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metric M on X generates a topology 77 on X which has as a base the fam-
ily of open sets of the form {By/(z,e,t) : © € X, e € (0,1),t > 0} , where
By (z,e,t) ={ye X : M(x,y,t) >1—¢} for any z € X,e € (0,1) and ¢t > 0.

Definition 2.4 (Gregori and Sapena [7]). Let (X, M,*) be a fuzzy metric
space. A sequence of points z,, € X is called to converge to = ( denoted
by z, — x) <= lim,_ 0o M(xy,z,t) = 1 (for any ¢ > 0), i.e. for each
d € (0,1) and ¢t > 0, there exists N € N such that M (z,,z,t) > 1 — 4 for all
n > N.

Definition 2.5. (1) A fuzzy metric space (X, M, %) is said to be compact if
each sequence of points in X has a convergent subsequence. A subset A of X
is said to be compact if A as a fuzzy metric subspace is compact.

(2) A fuzzy metric space (X, M, %) is said to be connected if there exist two
nonempty closed sets U, V of X with UNV = @& such that X = UUV. A subset
A of X is said to be connected if A as a fuzzy metric subspace is connected.

Definition 2.6. Let (X, M, *) be a fuzzy metric space and € € (0,1). A map
f: X — X is said to be e-contractive if M (z,y,t) > 1 —¢ for any z,y € X
with z # y and ¢ > 0, then M (f(z), f(y),t) > M (z,y,t).

Denote by C(X,e) the set of all e-contractive maps in X.
Remark 2.7.

(1) Let (X, M, *) be compact and A be a subset of X. Then A is compact
<= A is closed (see [9]).

(2) If f € C(X,¢e), then f™ € C(X,¢) for any n € N.

(3) If A is a connected component of X, then A is closed.

(4) If f € C(X,e) and A is a closed subset of X, then f~!(A) is also closed.
Indeed, let a sequence of points z,, € f~*(A4) with x, — 2. Then
there exists N € N such that 1 > M(f(z,), f(z),t) > M(zp,z,t) >
1 — ¢ for any n > N, which implies 1 > lim,, oo M (f(z,), f(x),t) >
lim,,— oo M(2y,2,t) =1 and f(z,) — f(z). Since f(z,) € A and
A is closed, we see f(z) € A. Thus z € f~1(A) , which implies that
f71(A) is closed.

(5) By (4) we see that if f € C(X,e) and A is a connected subset of X,
then f(A) is also connected.

Let (X, M, *) be a fuzzy metric space and f : X — X. Write fO(z) =
and f* = fo f*~! for any z € X and n € N. We write

P(f) = {x:there exists some n € N such that f"(z) = z}.

For any x € X, we write
w(z, f) = {y: there exists a sequence of positive integers n; < na <
such that lim M(f™*(z),y,t) = 1 for any ¢t > 0}.
k—> 00

P(f) is called the set of periodic points of f. w(z, f) is called the set of w-limit
points of 2 under f. If f(z) = z, then z is called the fixed point of f.
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3. MAIN RESULTS

In this section, we study the set of periodic points of e-contractive maps in
fuzzy metric spaces.

Lemma 3.1. Let (X, M, x) be a compact fuzzy metric space and f € C(X,¢).
Then f(w(z, f)) = w(x, f) for any x € X and w(x, ) = w(y, f) for any y €
w(a, f).

Proof. Let u € w(x, f). Then there exists a sequence of positive integers ny <
ng < -+ < ny < --- such that im0 M(f™* (), u,t) = 1forany ¢ > 0. Thus
for any 0 < 6 < ¢ and ¢ > 0, there exists N € N such that M (f™*(z),u,t) >
1—6 for all n > N. From which it follows that

M(fnkJrl(:Z?),f(u),t) > M(fnk(x)vu’t) >1-—0.

Therefore f(u) € w(z, f) and f(w(z, f)) C w(z, f).

On the other hand, by taking subsequence we may assume that f™~1(z) —
v for some v € w(x, f) since (X, M, x) is a compact. Then for any 0 < § < ¢
and ¢t > 0, there exist 0 < §; < § and N € N such that (1—01)*(1—461) >1-4¢
and M(f™(x),u,t/2) > 11— and M(f™~1(z),v,t/2) > 1—6§ for alln > N.
Note that f € C(X,¢), we see that when n > N, one has

t

M, f0),1) = M, f™(2), 5) % M(™ (@), F(2), 5)

t

M 7 (@), 5) M (@), 0, 5)

1—6)%(1—6)>1-04.

Thus we obtain M (u, f(v),t) = 1 for any t > 0 and u = f(v) € f(w(z, f)),
which implies w(z, f) C f(w(z, f)).

Now we show that w(y, f) C w(z, f) for any y € w(z, ). Let z € w(y, f).
Then there exist two sequences of positive integers k1 < ky < -+ and 1 <
ry < --- such that f*»(z) — y and f™(y) — 2. Thus for any 0 < § < ¢ and
t > 0, there exist 0 < 01 < § and N € N such that (1 —d1) (1 —61) >1-9§
and M (y, f*¥(x),t/2) > 1 —§; and M(z, f™(y),t/2) > 1 — &, for any n > N.
Note that f € C(X,¢), we see that when n > N, one has

Mz, 55 (@), ) 2 Mz f77(0), 5) 5 MO ), 7 (2), 5

2)
T l k l
M(Zaf n(y)v 5) *M(yvf n(I)a 5)

(1—51)*(1—51)>1—6.

>
2

2
>

Therefore we obtain z € w(z, f), which implies w(y, f) C w(x, f).

Finally we show that w(y, f) = w(x, f) for any y € w(z, f). Let z € w(z, f).
Then there exist two sequences of positive integers k; < ko < --+ and r <
ry < --- such that f¥(z) — y and f™(x) — 2z with r, — k,, > n. Thus
for any 0 < § < € and ¢t > 0, there exist 0 < §; < § and N € N such that
(1—=81)%(1—=01) > 1—8 and M(y, f*(x),t/2) > 1—81 and M(z, f™(x),t/2) >
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1 — 67 for any n > N. Note that f € C(X,¢), we see that when n > N, one
has

Mz, (@) t) 2 M, ™ (@), 5) 5 MU™ (@), 777 (1), 5)

Mz, f72(2), 5) + My, ™ (@), 5)
> (1—8)%(1—01)>1—06.

Y%

Therefore we obtain z € w(y, f), which implies w(y, f) = w(x, f). The proof is
completed. ([

Theorem 3.2. Let (X, M, *) be a compact fuzzy metric space and f € C(X,¢).
Then P(f) = N3, /"(X).

Proof. Let Y =N, f"(X). Then f(Y) =Y. It is easy to see that P(f) C Y.
In the following we show that Y C P(f).

Let zyp € Y. Then there exists a sequence of points x,, € Y such that
f(xn) = xp—1 for every n € N. Since X is compact, there exist a subsequence
{zn, 152, of {,}5%; and a point u € Y satistying =,, — w . Thus, for any
0 < d <eandt >0, there exits N € N such that M(x,,,u,t) > 1 — 4 for all
k> N. Note that f € C(X,¢), we have

M(‘T(Jvfnk(u)vt) :M(fnk(xnk)vfnk(u)vt) > "'>M($nk=u7t) >1-46

for all Kk > N. Therefore xy € w(u, f), which with Lemma 3.1 implies xy €
w(uv f) = w(‘r(b f)

By zp € w(zg, f) we see that there exist 1 <nj <ng <---<ng <--- such
that limg_ 0o M (f™ (x0),zo,t) = 1. Choose n, with M (f"(z¢),x0,t) > 1—¢.

In the following we show f"7(xg) = o, which implies z9 € P(f). In-
deed, if f"r(x¢) # xo, then M(f" (x0),zo,to) < 1 for some to > 0. Since
M(f™ (x0),xo,t) is continuous and non-decreasing in (0, +00) and f € C(X,¢),
we see that there exists v > 0 such that M (f" (o), o, to) < M(f™ (o), zo, to+
v) < M(f™ 1 (z0), f(w0),t0). Thus

M(f" (x0), 0, to + )

Y

Y

M(o, [ (20), 5) * M(FHH (x0). f (o). to) * M(f"*(z0). 20. 3).

Taking the limit on both sides in the above as k — oo we obtain

M(f"(20), zo, to+7) = LeM(f117 (o), f(wo), t)x1 = M(f*"" (x0), f(wo), to)-

This leads a contradiction. The proof is completed. ([

Remark 3.3. Tt is easy to see that if (X, M, %) is a compact fuzzy metric space
and f € C(X,¢), then Ugexw(z, f) = P(f) since f(w(z, f)) = w(z, f) and
P(f) C Uzexw(z, f) C ML, f"(X) = P(f).

© AGT, UPV, 2021 Appl. Gen. Topol. 22, no. 2 315

M(f™ (o), [ (x0), %) * M(f™ 4 (20), f™ (w0), to) ¥ M(f™ (x0), x0, 2

2

)



T. Sun, C. Han, G. Su, B. Qin and L. Li

Lemma 3.4. Let (X, M, x) be a fuzzy metric space, u € X and f € C(X,¢).
Write J(u, f) ={r € X : u € w(x, f)}. Then J(u, f) is a closed subset of X.
Furthermore, if (X, M, ) is compact, then J(u, f) is a open subset of X.

Proof. Let x1,22, -+ ,&n, - € J(u, f) and x € X such that lim,,—, oo M (2, x,t) =
1 for any t > 0. For any n € N, there exist 1 < k1, < kop < -++ < Ky < -+ -
such that lim, oo M (f*(2,),u,t) = 1 for any ¢t > 0. Then for any 0 < § <
and ¢t > 0, we can choose 0 < ¢; < 0 with (1 —4d7) % (1 —91) > 1—6 and

N € N such that (by taking subsequence ) M (f*»»(zy,),u,t/2) > 1 — §; and
M(xy,x,t/2) > 1 — 071 for any n > N. Then

M(fk”n (x),u,t) > M(fknn (2), fknn (zn), %) * M(fknn (@n), u, %)
> M, 5)» MO (), 5)
> (1—51)*(1—51)>1—6.

Thus v € w(z, ) and J(u, f) is closed.

Now we prove the second part of the lemma. Assume that X is compact.
Then for any 0 < § < ¢, there exists 0 < 01 < § < e such that (1—31)*(1—01) >
1—0.

Let z € J(u, f). We prove that B(x,d1,t/2) C J(u, f). Let y € B(x,,t/2).
Since ¢ € J(u, f), there exist ny < ny < -+ < np < --- such that
limg_ oo M(f™(z),u,t/2) = 1 for any ¢ > 0. Thus for any ¢ > 0, there
exists N € N such that M (f"™(x),u,t/2) > 1 — ¢, for any k > N. Therefore
we have that for £ > N and t > 0,

t
M(f*™(y),u,t) = M(f"™(y), f*(2), 5) * M(f™ (2), u,
t . t
M(y,I, 5) * M(f k(I)auv 5)
(1—61)*(1—61)>1—6.
By taking subsequence we may assume that f™*(y) — v. Taking the limit on
both sides in the above as K — oo we obtain

M(v,u,t) >1—0.

If J(u, f) = &, then J(u, f) is open.
If J(u, f) # @, then by Remark 3.3 we see that v,u € P(f). Let m and n
be the periods of u and v, respectively. Note that f € C(X,¢), we have

M(u,v,t) = M(f™" (u), f™"(v),t) > M(u,v,1),
which is impossible unless u = v. Hence u € w(y, f) and B(z, d1,t/2) C J(u, f).

Since x is an arbitrarily chosen point of J(u, f), we see that J(u, f) is an open
subset of X. The proof is completed. O

t
3)

Y%

Theorem 3.5. If (X, M, *) is a compact fuzzy metric space and f € C(X,¢),
then each connected component of X contains at most one periodic point of f.
Furthermore, if (X, M, *) is also connected, then f has at most one fized point.
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Proof. Let p € P(f) and Y (p) be the connected component of X containing p
and r be the period of p. Write h = f". By Remark 2.7 we see that h € C (X ¢)
and h(Y (p)) is connected and Y (p) is a compact. Since p € Y(p) N A(Y(p)),
we have h(Y(p)) C Y(p). Replace X and f of Lemma 3.4 by Y(p) and h,
respectively, and write J(p, h) C Y (p) to be as in Lemma 3.4. By Lemma 3.4
we see that J(p,h) is both closed and open in Y (p). Also, since p € w(p, h)
and Y (p) is connected, we have that J(p,h) =Y (p)

In the following, we show P(f) NY(p) = {p}. Indeed, if P(f) NY(p) # {p}
and ¢ € P(f) NnY(p) — {p}, then ¢ € P(h) nY(p) = P(h) N J(p,h) and
p € w(g,h). Let ng < mg < --- < my < --- such that A" (¢) — p. Then for
any 0 < § < e and t > 0, there exists N € N such that M (h"*(q),p,t) >1—4
for any kK > N. Let s be the period of q. we have

M(p,h™(q),t) = M(h*"* (p), ATV (q), 1) > M (p, h™*(q), ).
This will lead a contradiction. The proof is completed. O

In the following we present two examples to illustrate the applicability of
the obtained results.

Example 3.6. Let X = [0,1/3]U[2/3,1] C (—o0,+0). Define s * t = st for
any s,t € [0,1], and let M : X x X x (0,00) — [0, 1] by, for any z,y € X and
t>0,

%7 lftZL
M(x’y’t):{ S if0<t<l.

t+|z—y|’

Then (X, M, x) is a compact fuzzy metric space. Take k € (0,1) and define
f:X — X by, for any z € X,

[ kx+ 2, ifxe0,i],
f(ac)—{ k(1 _395), if:cE[%, J.

We claim that f € C(X,1/4). Indeed, for any xz,y € X and t > 0 with
M(z,y,t) > 1—1/4, we have |[z—y| < 1/3. Thenz,y € [0,1/3] or z,y € [2/3,1],
from which it follows that

[f (@) = f(2)] = kle =yl <]z -yl

Thus M(f(z), f(y),t) > M(x,y,t) and f € C(X,1/4). By Theorem 3.2 and
Theorem 3.5 we see that P(f) = NS, f™(X) contains at most 2 points, and
[0,1/3]N P(f) contains at most one point, and [2/3,1] N P(f) contains at most
one point. In fact, we have P(f) = {k/3(k? + 1), (3k* + 2)/3(k?® + 1)} with
f(k/3(k*+1)) = (3k*+2)/3(k*+1) and f((3k*+2)/3(k*+1)) = k/3(k*>+1).

Example 3.7. Let X = [0,1/3]U[2/3,1] C (—o00,+0). Define s * t = st for
any s,t € [0,1], and let M : X x X x (0,00) —> [0, 1] by, for any z,y € X and
t>0,

1
3
1

M(xvyat):m'
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Then (X, M, *) is a compact fuzzy metric space. Take k € (0,1) and define
f:X — X by, for any z € X,

[ kx4 2, ifzel0,1],
f(;”)_{ k(1—x)+2, ifze[21).
We claim that f € C(X,1/4). Indeed, if z,y € [0,1/3] or z,y € [2/3,1], then
|f(z) = f(y)| = k|z — y| < |z — y|, which follows that

M(f(z), f(y),t) > M(z,y,t).
If £ € [0,1/3] and y € [2/3,1], then |f(z) — f(y)] = 1/3 < |z — y|, which also
follow that

M(f(z), f(y),t) > M(z,y,t).
By Theorem 3.2 and Theorem 3.5 we see that P(f) = N2, f"(X) contains at
most 2 points, and [0,1/3]NP(f) contains at most one point, and [2/3, 1]NP(f)
contains at most one point. In fact, we have P(f) = {3k+2/(3k+3)} C [2/3,1].

4. CONCLUSION

In this paper, we introduce the notion of e-contractive maps in a fuzzy metric
space, and study the periodicities of e-contractive maps, and obtain the follow-
ing result: If f is a e-contractive map in compact fuzzy metric space (X, M, *),
then P(f) =N22, f™"(X) and each connected component of X contains at most
one periodic point of f. Furthermore, we present two examples to illustrate
the applicability of the obtained results.
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