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Abstract

Given a dynamical system (X, f) we investigate several dynamical properties for its Zadeh extension (F(X), f) endowed
with the endograph metric dg. In particular, we prove that for topological A-transitivity, topological (¢, .4)-recurrence,
Devaney chaos, and the specification property, the endograph metric behaves similarly to the supremum metric d., the
Skorokhod metric dy and the sendograph metric dg. Our results not only resolve certain open questions in the existing
literature, but also yield completely new outcomes in terms of point-A-transitivity.
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1 Introduction

In this paper a dynamical system will be a pair (X, f) formed by a continuous map f : X — X acting on a metric
space (X,d). We will be interested in the interplay between the dynamical properties presented by (X, f) and those
presented by the induced system (F(X), f), where f is the Zadeh extension (also called fuzzification) of f, acting on
the space F(X) of normal fuzzy subsets of X. Delving into the relations between the topological dynamical properties

of (X, f) and (F(X), f) has been a matter of study in (at least) the following works:
— Jardén et al. studied in [27) 28], 29] [B0] some exzpansive, sensitive, contractive and transitivity notions;
— Martinez-Giménez et al. explored in [42] the concepts of Devaney, Li-Yorke and distributional chaos;
— Bartoll et al., in [5], focused on the so-called specification and shadowing properties;

— and Alvarez et al., in [3], looked for various forms of recurrence.
These works have studied the system (F(X), f) for four different metrics on F(X) at the same time: in [3} [5, 29, 30, 42]
the supremum metric do, and the Skorokhod metric dy were considered, but also in [27] 28] [30] the sendograph metric dg
and the endograph metric dg were used. Following the already mentioned works, for each metric p € {dw, do,ds,dg}
we will denote the metric space (F(X),p) by Foo(X), Fo(X), Fs(X), and Fg(X) respectively. Moreover, we will
denote by T, 70, Ts, and Tg the respective topologies induced on F(X).

Apart from the fuzzy extension (F(X), f), the usual hyperextension (K(X), f) on the space K(X) of non-empty
compact subsets of X has also been studied in [3, 5, [30, 42]. The general kind of result obtained there for each dynamical

property is the equivalence of having such a property between (K(X), f), (Foo(X), f) and (Fo(X), f) in [3, Bl [42], but

also the equivalence with (Fg(X), f) in [30]. However, the systems (Fs(X), f) and (Fg(X), f) were not considered in
references [3], B, [42], and the following problem was indirectly stated in [30, Page 7]:
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Question 1.1. Let (X, f) be a dynamical system and assume that the induced fuzzy system (Fg(X), f ) is topologically

transitive. Does it follow that (IC(X), f) is topologically transitive?

Since [30, Theorem 3] states that the notion of topological transitivity is presented by any and all of the extended
systems (K(X), f), (Foo(X), f), (Fo(X)f) and (Fs(X), f) if and only if the original dynamical system (X, f) has the
property of weakly-mixing, and sinceﬁo, Proposition 7] shows that when (Fs(X), f) is topologically transitive then so

is the system (Fg(X), f), Question [1.1| can be rewritten as follows:

Question 1.2. Is a dynamical system (X, f) weakly-mizing, or are (K(X),F) (Foo(X), f), (Fo(X), f) and (Fs(X), )
topologically transitive, if and only if (Fg(X), f) is topologically transitive?

In view of Question let us recall that, given a (not necessarily topological transitivity) property P among those
studied in [3, 5, [30, 42], the first step to establish the desired equivalences is proving that “if the system (K(X), f)
has property P, then (Foo(X), f ) has property P”. Thus, since each property P depends on “certain conditions that
all open subsets fulfill”, and since for any metric space (X, d) we have that 75 C 7 C 79 C Teo on F(X), the only
difficulty in showing that P is equivalent for (K(X), f), (Feo(X), f), (Fo(X), f), (Fs(X), f) and (Fg(X), f) is proving
that

“if the system (Fg(X), f) has property P, then (K(X), f) has property P”. (%)
The main objective of this paper is to provide a rather general argument to prove statement for most of the topological
dynamical properties considered in the works [3], 5] 30}, [42]. As a consequence we are able to answer Question and
hence Question in the positive, and we also extend most of the results from [3, [5, B0, 42] by adding the remaining
sendograph and endograph equivalences. In particular: with Theoremwe improve [30, Theorem 3 and Proposition 7]
and [42] Theorem 2]; with Theorem we extend [3] Theorem 4.1 and Corollary 4.1]; with Corollary we improve
the results [3, Corollary 5.1] and [30, Theorem 4]; with Lemma 3.6 we extend [30, Proposition 9]; with both Lemma [4.1]
and Theoremwe improve [42, Proposition 2, Corollary 1 and Theorem 1]; and T heorem and Corollaryextend
the results [, Theorem 2, Corollary 1 and Theorem 3]. We also obtain some completely new outcomes in terms of
point-A-transitivity (see Theorem and Corollary .

The paper is organized as follows. In Section [2] we introduce the general background on fuzzy sets together with the
key lemma that will allow us to obtain for most of the aforementioned dynamical properties (see Lemma below).
Then we divide the generalizations obtained into two sections: in Section [3] we look at several types of transitivity and
recurrence notions, and in Section [4] we focus on Devaney chaos and the so-called specification property. Finally, we
summarize the improvements obtained in Section [5 where we also establish some possible future lines of research.

2 General background and a key lemma

In this section we introduce the fuzzy results that we need in the sequel: first, we recall the definition of F(X) and f for
a given dynamical system (X, f); second, we recall the definitions of the different metrics that we use along the paper;
and third, we prove the key lemma that allows us to develop the results stated at the Introduction (see Lemma .
From now on let N be the set of strictly positive integers, set Ny := NU {0}, and let us denote [0, 1] with the symbol 1.

2.1 The space of normal fuzzy sets F(X)

A fuzzy set on a topological space X is a function u : X — I, where the value u(z) € I denotes the degree of
membership of the point = in u. For each fuzzy set u, its a-level is denoted by

ug ' ={r € X ; u(r) >a} foreacha€]0,1] and ug:={zxeX; u(z)>0}.

We denote by F(X) the hyperspace of normal fuzzy sets on X, i.e. the space formed by the fuzzy sets u that are
upper-semicontinuous functions and such that wg is compact and w; is non-empty. For each compact subset K C X
we will denote by xx : X — I the characteristic function on K, which belongs to F(X). Note also that the function
u 1= max;<;j<n(a; - Xk,;) belongs to F(X) for each pair of finite sequences of values 0 < a1 < az < ... < ay =1 and
compact subsets K7, ..., Ky C X, and that for such a fuzzy set u we have the equality

Uy = K;; 1<4j<N with a; > « for each o € 1.
U{ i J J

A kind of converse is also true, when X is a metric space, as we recall in Lemma [2.3] below.
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It follows from [29, Propositions 3.1 and 4.9] that every continuous map f : X — X acting on a Hausdorff
topological space X induces a well-defined map f : F(X) — F(X), called the Zadeh extension (sometimes referred as
the fuzzification) of f. We have that f maps each normal fuzzy set u € F(X) to the following normal fuzzy set:

sup{u(y) s y € - ({=})},  if 71 ({a}) # 2,
0, if f71({z}) = @.

fw): X — 1T where [f(u)} (z) == {

Moreover, when X is a metric space then we have the following well-known properties of the Zadeh extension f , which
we will use without citing them (see [29] B0} 44] for details):

Proposition 2.1. Let f: X — X be a continuous map acting on a metric space (X,d), u € F(X), a € I, n € Ny,
and let K be a compact subset of X. Then:

(a) {f(u)} = f(ua), i-e. the a-level of the f-image coincides with the f-image of the a-level;
«
(b) (f)n = ﬁ, i.e. the composition off with itself n times coincides with the fuzzification of f™;

(c) f(XK) = Xf(k), i-e. the fuzzification f is an extension of the original map f.

To talk about the continuity of f : F(X) — F(X) we will endow F(X) with the several fuzzy metrics mentioned
in the Introduction (see Subsection . However, these fuzzy metrics are defined in terms of the so-called Hausdorff
distance, so let us quickly recall here its precise definition. Given a metric space (X, d) we will denote by By(x,e) C X
the open d-ball centred at x € X and of radius € > 0. Moreover, we will consider the spaces of sets

C(X):={C c X ; C is a non-empty closed set},

K(X):={K Cc X ; K is a non-empty compact set},
and given two sets Cy,C2 € C(X) the Hausdorff distance between them is denoted and defined as

dy(Cq,Co) = max{ sup d(z1,Cs), sup d(xQ,Cl)}.
1€C z2€C>

This value may be infinite if either Cy or Cy are not compact. However, in K(X) the map dy : K(X) x K(X) — [0, +00]
defined as before is a metric, called the Hausdorff metric, and every continuous map f : X — X induces a respective
dg-continuous map f : K(X) — K(X), defined as f(K) := f(K) = {f(z) ; * € K} for each K € (X). This will be
an extremely useful in-between system when comparing (X, f) and (F(X), f ). It is also well-known that the topology
induced in the space K(X) by dp coincides with the so-called Vietoris topology, but we will not delve into this further
here. We will denote by By (K,e) C K(X) the open dg-ball centred at K € (X)) and of radius € > 0.

Given C € C(X) and € > 0 we will write C +¢ := {z € X ; d(z,¢) < ¢ for some ¢ € C}. The following are
well-known (but very useful) facts:

Proposition 2.2. Let (X,d) be a metric space, € > 0, and let C1,C5,Cs,Cy € C(X). Then:
(a) We have that dg(C1,Cs) < e if and only if C1 C Cy+¢ and Co C C + €.
(b) We always have that dg(C1 U Ca, C3 U Cy) < max{dy(C1,C3),du(Ca,Cy)}.

We refer the reader to [26] for a detailed study of C(X) and K(X), and we conclude this subsection with another
useful lemma regarding fuzzy normal sets and the Hausdorff metric (see [29, [30] 42]):

Lemma 2.3. Let (X,d) be a metric space. Given any set u € F(X) and e > 0 there exist numbers 0 = ag < o < ag <
. <an =1 such that dg (ua, Ua,,,) < € for all a €laj,a;41] and 0 < j < N —1. In particular, since dp(ta, Ua,) < €
for every o € 10, 1], we also have that dg(ug, Ua,) < €.



84 A. Lépez-Martinez

2.2 The supremum, Skorokhod, sendograph and endograph metrics on F(X)

In this subsection we introduce the different fuzzy metrics that we consider along the paper. From now on we let (X, d)
be a metric space, and we will define the supremum, Skorokhod, sendograph and endograph metrics by using the original
metric d of X, but also the notion of Hausdorff distance.

Following [30] we start by the supremum metric dow : F(X) x F(X) — [0, +oc[, which is defined for each pair
u,v € F(X) as

doo(u7 U) ‘= sup dH(uoc; 'Ua)v
agl

where dp denotes the Hausdorff metric on K£(X). We will denote by Boo(u,€) the open do-ball centred at u € F(X)
and of radius € > 0, and as mentioned in the Introduction we will denote by Foo (X) the metric space (F(X),dw) and
by 7o the topology induced on F(X) by doo. This metric has also been called the level-wise metric in [34] (see also the
references included there), and it is well-known that the metric space F (X) is non-separable whenever X has more
than one point (see [28] Proposition 4.5]).

In the second place we have the Skorokhod metric dy : F(X) x F(X) — [0, 4+o00[, which is defined for each pair
u,v € F(X) as

do(u,v) := inf {5 > 0 ; there is £ € T with sup [£(a) — o] < e and doo(u, {0 v) < a} ,

acl

where
T :={(:1—1; £is a strictly increasing homeomorphism of I} .

We will denote by By(u,e) the open dp-ball centred at v € F(X) and of radius £ > 0, and we will denote by Fo(X)
the metric space (F(X),dp) and by 79 the topology induced on F(X) by dp. This metric was introduced, for the case
in which (X, d) is an arbitrary metric space, in the 2020 paper [29]. The relations between dy and other metrics in this
rather general context have recently been studied in [24]. Since the identity self-map of I belongs to T, it is not hard
to check that do(u,v) < deo(u,v) and also that do(u, xx) = deo(u, Xk) for every u,v € F(X) and K € K(X).

To introduce the endograph and sendograph metrics we need to consider an auxiliary metric d on the product space
X x I as follows:

d((z,a),(y,p)) = max {d(z,y),|a — |}  for each pair (z,a),(y,8) € X x L.

Given now any fuzzy set u € F(X), the endograph of u is defined as the following set
end(u) := {(z,a) € X xI; u(z) > a},

and the sendograph of w is defined as send(u) := end(u) N (up x I). Then, for each pair u,v € F(X) the endograph
metric dg on F(X) is the Hausdorff distance dg on C(X x I) from end(u) to end(v), and the sendograph metric ds on
F(X) is the Hausdorff metric di on (X x I) between the non-empty compact subsets send(u) and send(v). We will
denote by Bg(u,e) and Bg(u, ) the open balls centred at w € F(X) and of radius € > 0 for each of the metrics dg and
dgs respectively. We also use the notation Fg(X) and Fs(X) instead of (F(X),dg) and (F(X),ds), and the symbols
7g and 7g for the respective topologies induced on F(X) by dg and dg. Although dp is defined as a distance of closed
but not necessarily compact sets on X x I, the fact that the supports of the fuzzy sets u,v € F(X) are compact shows
that dg(u,v) is finite and hence that dg is indeed a well-defined metric. Moreover, using Proposition one can check
that dg(u,v) < dg(u,v) < doo(u,v) for every u,v € F(X).

The above metrics come from the general theory of Spaces of Fuzzy Sets, each of them has its own role and
importance, and there are many references showing this fact (see [I0} 29, [33] 45] for the historical development of the
Skorokhod metric, and see [13} [I8] 23] for the many applications of the endograph and sendograph metrics and their
relation with the notion of T'-convergence). The study of the relationships between these metrics has been an important
topic addressed in the literature, and it is by now well-known that dg(u,v) < dg(u,v) < do(u,v) < doo(u,v) for all
u,v € F(X), being dg(u,v) < dy(u,v) the only non-trivial inequality (see [27, Proposition 2.7]). Thus, we have and
we will repeatedly use the following inclusion of topologies 75 C 79 C 79 C T. Moreover, given a continuous map
f: X — X on a metric space (X,d), the continuity of the Zadeh extension f : (F(X),p) — (F(X),p) for every
p € {doo,do,ds,dg} is also well-known (see [29] and [34]).



Topological dynamics for the endograph metric I: Equivalences with other metrics 85

2.3 A key fact regarding the endograph metric

Given a property P from those considered in [3, [5, 30, 42], the way used there to prove the equivalence of such a
property P between the systems (K(X), f), (Foo(X), f) and (Fo(X), f) is the following:

— Step 1. One shows that if (K(X), f) has property P, then (Foo(X), f) has property P.

— Step 2. The inclusion 79 C 7o trivially implies that also (Fo(X), f) has property P.

— Step 3. One comes back from (Fo(X), f) to (K(X), f) completing the circle.
The main argument in Step 3 is that given any K € K(X), any € > 0, and a set u € By(xxk,¢) fulfilling some kind
of P-condition with respect to f, then for each o € I we have that u, € By (K, e) and that wu, also fulfills the same
P-condition as u but with respect to f.

For the sendograph and endograph metrics we have that Step 2 will follow from the inclusions 75 C 75 C 79-

For Step 3, the following lemma is the key to get , all the improvements stated in the Introduction, and to solve
Questions and in a rather general way:

Lemma 2.4. Let (X,d) be a metric space, and assume that K € K(X) and u € F(X) fulfill that § := dp(xx,u) < 3.
Then di (K, uy) <3 for every a € 16,1 — 6.

Proof. Given any arbitrary but fixed « € ]9, 1 — ¢] we must show that dy (K, u,) < ¢ or, equivalently, that we have the
inclusions K C uq + 6 and u, C K + 6 (see Proposition .
We start by showing K C u, + 0. Indeed, since dg(xx,u) = d, by Proposition we have that

end(xx) C end(u) + 6.

Hence, given = € K we have that (z,1) € end(xx) and that there exists (y, 8) € end(u) for which

8((‘%" 1)7 (yvﬁ)) = max{d(x,y), |1 - Bl} <.

The latter implies that u(y) > 8 > 1—§ > a so that y € u,. We deduce that z € {y} + C uq + 6, and by the
arbitrariness of x € K we get that K C u, + 6 as we had to show.
Let us now check that u, C K + 0. Indeed, and again since dg(xx,u) = 0, we also have that

end(u) C end(xx) + 6.

Hence, given z € u,, there exists some (y, 3) € end(xx) such that

d((z, @), (y, B)) = max{d(z,y), | = B[} < 0.

Then 8 € [ — §,a + 6] C ]0,1], and since xx(y) > B > 0 we have that xx(y) = 1 and y € K. We deduce that
x € {y} +6 C K + 4, and by the arbitrariness of x € u, we get that u, C K + 4. O

3 Transitivity, recurrence and Furstenberg families

In this section we study both transitivity and recurrence-kind properties from the Furstenberg families point of view.
We start by improving the main transitivity-kind results from [30] and [42], solving both Questions and in the
positive (see Remark below), and then we improve the main recurrence-kind results from [3]. Finally we consider
the case of complete metric spaces to improve the point-wise results form [3} [30], but also obtaining new outcomes in
terms of point-A-transitivity.

From now on, given a dynamical system (X, f) and any positive integer N € N we will denote by fy): X N 5 XN
the N-fold direct product of f with itself, i.e. the pair (XV, f(ny) will be the dynamical system

oy =fxxf: Xx . xX —Xx--xX
N N N

where XV := X x .-+ x X is the N-fold direct product of X with the usual product topology, and where we have the
evaluation f(y) (1, ...,2n)) := (f(21), ..., f(xn)) for each N-tuple (z1,...,an) € XV,
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3.1 Transitivity-kind properties

Following [22], the main transitivity-kind notions studied in Topological Dynamics are transitivity itself, and the mixing
and weak-mixing properties. We recall that a dynamical system (X, f) is called:

— topologically transitive (or just transitive) if given any pair of non-empty open subsets U,V C X there exists some
(and hence infinitely many) n € N such that f*(U)NV # &;

— topologically mixing (or just mizing) if given any pair of non-empty open subsets U,V C X there exists some
ng € N such that f*(U)NV # & for every n > ng;

— topologically weakly-mizing (or just weakly-mizing) if the 2-fold direct product system (X?2, f(2)) is topologically
transitive.

The notion of mizing implies that of weak-mizing, which in its turn implies that of transitivity. Also, by a very
well-known result of Furstenberg we have that, once (X, f) is weakly-mixing, then (X%, f(n)) is transitive for all N € N
(see [22] Theorem 1.51]). In addition, if (X, f) is weakly-mixing, then either X is a singleton (a fixed point), or (X, d)
has no isolated points (see [22, Exercise 1.2.3]). These properties have recently been studied from the point of view of
Furstenberg families and A-transitivity:

— a collection of sets A C P(Nyp) is called a Furstenberg family (or just a family) if it is hereditarily upward but
@ ¢ A ie. if given A € Aand B C Ny with A C B then B € A but A# Z(Ny);

— a dynamical system (X, f) is called topologically A-transitive (or just A-transitive), for a family A C Z(Ny),
if given any pair of non-empty open subsets U,V C X the return set from U to V, which will be denoted by
Ni(U,V):={neNy; f"(U)NV # @}, belongs to the family A.

Note that: the notion of transitivity coincides with that of A, -transitivity for the family A, formed by the infinite
subsets of Np; the notion of mizing coincides with that of A.¢-transitivity for the family A.; of co-finite sets; and it is
well-known but non-trivial that the property of weak-mizing coincides with that of Ay, -transitivity for the family Ay,
formed by the so-called thick sets (i.e. the sets A C Ny such that for every £ € N there is n € A with [n,n + ¢] C A),
see for instance [22, Theorem 1.54].

We can now address our first main result, which improves [30, Theorem 3 and Proposition 7] since we add the
equivalence regarding the system (Fg(X), f ), but also improves [42] Theorem 2] since we only assume that A is any
Furstenberg family and not necessarily a filter (see Remark below):

Theorem 3.1. Let A C P (Ny) be a Furstenberg family. Then, given a continuous map f : X — X acting on a
metric space (X, d), the following statements are equivalent:

(i) (X, f) is weakly-mizing and topologically A-transitive;
(i f(N)) is topologically A-transitive for every N € N;
(iii) (K(X), f) is topologically A-transitive;

Fo(X),

Fs(X), f) is topologically A-transitive;

(v is topologically A-transitive;

(
(X
(
(Foo(X), f) is topologically A-transitive;
( f)i
(vi) (
(

i)
)
(iv)
)
)
)

(vii) (Fg(X), f) is topologically A-transitive.

Along the proof of Theorem we repeatedly use that: any of the statements (i), (i) and (iii) implies that both
systems (X, f) and (K(X), f) are weakly-mizing. Indeed, since for every Furstenberg family A C 2 (Ny) the notion
of topological A-transitivity implies that of usual transitivity, the previous assertion follows from the (independently
obtained and well-known) main result of [4, 37, [43].

Proof of Theorem[5.1]. (i) < (ii) < (iii): This was proved in [I5, Lemma 1 and Theorem 3| for the particular case
in which A is a full family (i.e. when the intersection of each set from A with each set from the corresponding dual
family A* := {B C Ny ; ANB # @ for all A € A} is an infinite set). Hence, to check the equivalence for arbitrary
Furstenberg families it is enough to show the following fact:
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— If any of the statements (i), (ii) or (iii) holds for the family A C P(Ny), then there exists a full family A" C P (Ny)
fulfilling the inclusion A' C A but also that (i) holds for the family A’

To check this fact note that, since any of the statements (i), (ii) and (iii) implies that the system (X, f) is weakly-mixing,
then we have two possibilities as mentioned at the beginning of Subsection either X is a singleton (a fixed point)
and in this case we can consider the family of co-finite sets A’ := A,y and whose dual family is A.; or else (X, d) has
no isolated points (see [22, Exercise 1.2.3]). In this last case, in which (X, d) has no isolated points, we can consider
the family

A" :={A CNy; Ny(U,V) C A for some pair of non-empty open subsets U,V C X}.

It is not hard to check that A’ C A but also that statement (i) holds for the family A" whenever any of (i), (ii) or (iii)
holds for A. In order to check that A’ is a full family we argue by contradiction: if given any pair of non-empty open
subsets U,V C X we had that Ny (U, V)N B is a finite set for some element of the dual family B € (A’)*, then we could
consider the integer

m := max (Ny(U,V) N B) < co.

Picking a point 2 € U and using the continuity of f together with the fact that X (and hence V') has no isolated points,
we could find a positive value § > 0 small enough to fulfill that the set

we=v\| U B |

0<n<m

has non-empty interior, but also that Bg(z,9) := {y € X ; d(x,y) < §} C U. Setting U’ := By(x,0) and denoting by
V' the interior of W, we would have two open subsets U’ C U and V' C V for which

Ny (U VY Ny U V)N {m+1,m+2,..}.

This is a contradiction: we would have that N(U’, V') belongs to A" by definition and that B belongs to the dual
family (A’)*, but Ny (U’, V') N B = &, which contradicts the definition of dual family.

(iii) = (iv): This was proved in [42] Theorem 2] for the particular case in which the family A is a filter (see
Remark below). We argue here the initial part of the proof for a (not necessarily filter) family A: given arbitrary
sets u,v € F(X) and € > 0 we must show that the return set

A= J\/'f (Boo(u,€), Boo(v,€)),
belongs to A. By Lemma there exist numbers 0 = ag < a1 < ag < ... < ay = 1 such that
max {dg (Ua; ta,,, ), di (Vas Va,,, )} < §  for each o € Joy, aj4q] with 0 < j < N — 1.

Since (K(X), f) is topologically A-transitive and hence weakly-mixing, using now the already proved (i) < (ii) of this
Theorem [3.1| we obtain that (C(X)N, () is topologically A-transitive for every N € N. This last fact implies the
following:
B:= (] N7 (Bu(ua,,5),Bu(va,,5)) € A
1<j<N

From here the proof follows as in [42] Theorem 2] by showing that B C A. Indeed, given any arbitrary but fixed n € A
one can find compact sets K; € By (uq,, 5) such that 7 (Kj) € Br(va,, §5) foreach 1 < j < N, and following the proof
of [42, Theorem 2] it can be checked that the fuzzy set w := maxi<j<n(c; - K;) € F(X) belongs to Bus(u, ) but also
that f7(w) € Buoo(v, ).

(iv) = (v) = (vi) = (vii): This trivially follows from the inclusions 7z C 7s C 79 C Too.-

(vii) = (iii): Given arbitrary sets K, L € K(X) and € > 0, we must show that the return set

A= NT(BH(Ka 5)7 BH(L,E))v

belongs to A. Without loss of generality we will assume that 0 < e < % Now, since the dynamical system (Fg(X), f )
is assumed to be topologically A-transitive we have that

B .= Nf (Be(xxk,e),Be(xr, <)) € A.
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Thus, given any n € B there exists some u € Bg(xx,¢) such that f*(u) € Bg(xz,¢). Letting now

6 i= max {dp (i, w)  disxe, f () } <2 < 4,

and picking any « € ]4,1 — 4], an application of Lemma shows that dy (K, us) < € and that

di (L, " (ua)) = du (L, [f"(w)]a) < e

Hence u, € By (K,e) and [ (ua) € By (L,e). We conclude that n € A. The arbitrariness of n € B shows that B C A
and finally that A € A, as we had to show. O

Remark 3.2. The reader should note that:

(1)

(2)

3.2

A positive answer to both Questions and follows now from Theorem if we consider the family A
formed by the infinite subsets of Ny. As a consequence we have that Theorem [3.1] significantly improves the result
[30, Theorem 3] but also [30, Proposition 7]. Alternatively:

The fact that “if (Fg(X),f) is transitive, then (X, f) is weakly-mizing’ can be directly proved by using the
result [22, Proposition 1.53], which states that: a dynamical system (X, f) is weakly-mizing if, and only if, for
any pair of non-empty open subsets U,V C X we have that Ny(U,U) N N;(U,V) # @. Indeed, to check that
the system (X, f) is weakly-mixing let =,y € X and € > 0 be arbitrary but fixed, and let us prove that we
have a non-empty intersection Ny (Bg(z,¢€), Ba(z,€)) NNy (Ba(z,€), Ba(y,€)) # @, where By(x,¢) and Bq(y, e) are
the open d-balls of radius e centered at x and y respectively. Assuming that (Fg(X), f) is transitive there are
u € Bp(X{z},€) and n € N such that f”(u) € Be(X{a,y},€)- Finally, if € is small enough one can apply Lemma
exactly as in Theorem [3.1] to obtain the existence of points z1, 22 € Bg(x,¢) fulfilling that f™(z1) € By(z,e) and
f™(22) € Ba(y,€), which completes the proof.

In statement (i) of Theorem we can not drop the assumption “(X, f) is weakly-mizing” unless the family A
is a filter, i.e. unless we have the condition AN B € A for every A, B € A. Indeed, the following example is
well-known in Topological Dynamics:

— Let @ € R\ Q. The system (T, f,), defined on T := {z € C ; |2]| = 1} as fa(2) := 2€!™, is transitive and
even A,y -transitive for the family A,,,, formed by the syndetic sets (i.e. the sets A C Ny admitting some
¢ € N such that AN [n,n+{] # @ for all n € Ny). However, it is not hard to check that (T, f,) is not
weakly-mixing (see [22], Example 1.43]).

This example directly shows, although it is not hard to check, that the family Ay, is not a filter.
Let us also mention that once a system (X, f) is weakly-mixing and A-transitive then we have that the respective
family A’, considered in the proof of Theorem and defined as

A= {ACNy; N¢(U,V) C A for some pair of non-empty open subsets U,V C X},

is a subfamily of A fulfilling that A’ is a filter (such a filter condition follows from [22] Lemma 1.50] applied to the
weakly-mixing property). Hence, if a dynamical system (X, f) is weakly-mixing and A-transitive, then the system
(X, f) is indeed A’-transitive for the filter A’. This reasoning shows that Theorem can only be considered as
a slight improvement of [42, Theorem 2], which statement requires the filter condition of the Furstenberg family
under consideration.

Recurrence-kind properties

Following [3], and having already introduced the concept of Furstenberg family, let us now recall the recurrence-kind
properties that we consider in this paper. A dynamical system (X, f) is called:

— topologically recurrent (or just recurrent) if given any non-empty open subset U C X there exists some (and hence

infinitely many) n € N such that f*(U) N U # &

— topologically multiply recurrent (or just multiply recurrent) if given any positive integer £ € N and any non-empty

open subset U C X there exists some (and hence infinitely many) n € N such that

() W) =unf@)nf>u)n---nf~"U) # 2

0<j<e
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— topologically A-recurrent (or just A-recurrent), for a Furstenberg family A C & (Ny), if given any non-empty open
subset U C X we have that the return set Ny (U,U) = {n € Ny ; f"(U) NU # @}, which from now on will be
simply denoted by N;(U) := N§(U,U), belongs to the family A.

These properties have recently been studied (see for instance [14] [35] and [I]). Note that, even though the notion of
topological recurrence is implied by that of multiple recurrence and also by that of topological A-recurrence for any family
A, there is no clear relation between multiple recurrence and topological A-recurrence as argued in [3| Remark 2.1]. For
that reason, and in order to give a unified treatment to the previous properties, we will use the following notion recently
introduced in [3]:

— a dynamical system (X, f) is called topologically (¢, A)-recurrent (or just (¢, A)-recurrent), for a positive integer
£ € N and a Furstenberg family A C & (N), if given any non-empty open subset U C X we have that the £-return
set from U to itself, which will be denoted by

NiW)={neNg: () F"©) £,

0<yj<e
belongs to the family A.
Our next results improves [3, Theorem 4.1] by adding the sendograph and endograph equivalences:

Theorem 3.3. Let ¢ € N be a positive integer and let A C P(Ng) be a Furstenberg family. Then, given a continuous
map f: X — X on a metric space (X,d), the following statements are equivalent:

(i) (XN, fin) is topologically (£, A)-recurrent for every N € N;
(ii) (K(X), f) is topologically (¢, A)-recurrent;
(i) (Foo(X), f) is topologically (¢, A)-recurrent;
(iv) (Fo(X), f) i
) (
) (

is topologically (¢, A)-recurrent;

(v) (Fs(X), f) is topologically (¢, A)-recurrent;

(vi

As a consequence, these equivalences hold if we replace the words “topological (£, A)-recurrence” with any of the particular
properties “topological recurrence”, “multiple recurrence” or “topological A-recurrence”.

Fe(X), f) is topologically (¢, A)-recurrent.

Note that the last sentence of Theorem [3.3] follows because: topological recurrence coincides with the notion of
topological (1, Ax)-recurrence; multiple recurrence coincides with being topologically (¢, Ao )-recurrent for every ¢ € N;
and topological A-recurrence coincides with topological (1,.A)-recurrence.

Proof of Theorem[3.3. (i) < (ii) < (iii) < (iv): This was proved in [3, Theorem 4.1].
(iv) = (v) = (vi): This trivially follows from the inclusions 75 C 75 C 7.
(vi) = (ii): Given any set K € K(X) and any £ > 0 we must show that the return set

A= NABu(K, <),

belongs to A. Without loss of generality we will assume that 0 < e < % Since (Fgr(X), f ) is assumed to be topologically
(¢, A)-recurrent we have that

B =Nt (Bp(xx.e)) € A

Thus, given any arbitrary but fixed n € B there exists u € F(X) fulfilling that

we () 77" (Be(xx.e)).-

0<j<t

Letting now
§ := max {dE(XK,fj"(u)) L0<j< e} <e<

N[ =
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and picking any « € |4, 1 — §], an application of Lemma shows that
i (K, 7" (ua)) = du(K, [f™(u)]a) <& forall 0<j < ¢

Hence we have that

Ugy € ﬂ ?_jn(BH(K,s)).

0<j<e

We conclude that n € A. The arbitrariness of n € B shows that B C A and finally that A € A. O

Remark 3.4. As it happens in Theorem and we mention in part (3) of Remark if the Furstenberg family .4
considered in the statement of Theorem is not a filter then we cannot weaken the assumption “(X%, fvy) is
topologically (¢, A)-recurrent for every N € N”. Indeed, it has recently been showed in [20, Theorem 3.2] that given any
N € N there exists a dynamical system (X, f) fulfilling that (X7, f(ny) is topologically recurrent (and even multiply
recurrent), but also fulfilling that the system (XV+1, f(n+1)) is not topologically recurrent (neither multiply recurrent).

3.3 The case of complete metric spaces

Following [3] [30], if given a system (X, f) we assume that (X,d) is a complete metric space, then we can obtain an
improvement of Theorems [3.1] and in terms of point-transitivity and point-recurrence by using some concrete Baire
category arguments. In this subsection we also consider the generalizations of these properties in terms of Furstenberg
families, namely point-A-transitivity and point-A-recurrence (see Lemma Theorem and Corollary below).
Let us start by recalling the basic definitions used in [3, B0]: given a dynamical system (X, f) and a point z € X
we will denote its f-orbit by
Of(a) == {f"(@) ; n € No},

and given any subset U C X we will denote the return set from x to U by
Ni(z,U):={neNy; fM(z) e U}.

Following [3] and [30] we will say that a point z € X is:

— transitive for f if the f-orbit of x is dense in the space X, i.e. X = Oy(z); equivalently, if for every non-empty
open subset U C X the return set Ny(z,U) is non-empty. We will denote by Tran(f) the set of transitive points
for f, and (X, f) is called point-transitive if the set Tran(f) is non-empty.

— recurrent for f if x belongs to the closure of its forward orbit, i.e. € O(f(z)); equivalently, if for every
neighbourhood U of z the return set NVy(z,U) is an infinite set. We will denote by Rec(f) the set of recurrent
points for f, and (X, f) is called point-recurrent if the set Rec(f) is dense in X.

— AP-recurrent for f if for every neighbourhood U of x the return set N¢(z,U) contains arbitrarily long arithmetic
progressions, i.e. if for each positive integer ¢ € N there exist two numbers n € N and ng € Ny such that
{no+jn; 0<j <t} CNs(z,U). We will denote by APRec(f) the set of AP-recurrent points for f, and (X, f)
is called point-AP-recurrent if APRec(f) is dense in X.

Let us recall: firstly, that every point-recurrent dynamical system is topologically recurrent, that point-AP-recurrence
implies multiply recurrence, and that the converse statements hold for completely metrizable spaces (see [14, Propo-
sition 2.1] and [35, Lemma 4.8]); and secondly, that point-transitivity implies topological transitivity on metric spaces
without isolated points, and that the converse holds on separable completely metrizable spaces (see [22, Theorem 1.16]).
Moreover, one can show with not too much difficulty that for any metric space (X, d), the associated fuzzy metric space
Fe(X) is either a singleton (precisely when X is a singleton) or has no isolated points, regardless of whether (X, d)
itself has isolated points (a proof of this fact will appear in [40]).

We are now ready to improve both [3 Corollary 5.1] and [30, Theorem 4]:

Corollary 3.5. Let f: X — X be a continuous map on a complete metric space (X,d). Hence:
(a) The following statements are equivalent:
(1) (XN, f(w)) is point-recurrent (resp. point-AP-recurrent) for every N € N;
(ii) (K(X), f) is point-recurrent (resp. point-AP-recurrent);



Topological dynamics for the endograph metric I: Equivalences with other metrics 91

Foo(X), f ) is point-recurrent (resp. point-AP-recurrent);
f) is point-recurrent (resp. point-AP-recurrent);
f) is point-recurrent (resp. point-AP-recurrent);
f)

is point-recurrent (resp. point-AP-recurrent).

Fool X), f) is topologically transitive;
Fo(X), f) 18 point-transitive;
f ) is point-transitive;
f ) is point-transitive.

iii) & (iv): Part (a) was proved in [3, Corollary 5.1] and (b) in [30, Theorem 4].
: This trivially follows from the inclusions 75 C 7 C 79.

(vi) = (i): If (F E( ), f) is point-recurrent, point- AP-recurrent or point-transitive respectively, then (Fg(X), f) is
topologically recurrent, multiply recurrent or topologically transitive respectively (for topological transitivity we used
that Fg(X) is either a singleton or has no isolated points). Thus, Theorem in case (a) and Theorem in case
(b), for the family A, formed by the infinite subsets of Ny, imply that (X%, f(n)) is topologically recurrent, multiply
recurrent or topologically transitive respectively, for every N € N. Statement (i) in part (a) follows now from the
completeness assumption on (X, d) by using [I4, Proposition 2.1] or [35, Lemma 4.8] respectively. Statement (i) in part
(b) follows from the separability and completeness assumptions on (X, d) by using [22, Theorem 1.16]. O

In view of Corollary [3.5] one may wonder if the notions of point-transitivity and point-recurrence can also be studied
from the Furstenberg families point of view. Indeed, following [9], given a Furstenberg family A C £ (Nyp) and a
dynamical system (X, f) we will say that a point z € X is:

— A-transitive for f if Ny(x,U) € A for every non-empty open subset U C X. We denote by ATran(f) the set of
A-transitive points for f, and (X, f) is called point-A-transitive if ATran(f) is non-empty.

— A-recurrent for f if Ny(x,U) € A for every neighbourhood U of . We denote by ARec(f) the set of A-recurrent
points for f, and (X, f) is called point-A-recurrent if ARec(f) is dense in X.

To finish the section we aim to derive a “point-wise version” of Theorem[3.1] This kind of question seems to be completely
new in the framework of “comparing the dynamical properties of (X, f) with those of (K(X),f) and (F(X), f)”. The
main difficulty here will be that for a general Furstenberg family A C Z?(Ng) there is no Baire category argument
to obtain an A-transitive point, even under the assumption of very strong topological transitivity properties such as
topological mixing. To avoid this issue we will consider a particular class of families (see Theorem below). Let us

first prove the following general lemma, whose statement (b) significantly improves [30, Proposition 9]:

Lemma 3.6. Let A C P(Ny) be a Furstenberg family. Then, given a continuous map f : X — X on a (not necessarily
separable, neither complete) metric space (X, d), the following statements hold:

(a

(b
(c
(d

) If (K(X), f) is point-A-transitive, then (X, f) is point-A-transitive.

) If (Fe(X), f) is point-A-transitive, then (X, f) is point-A-transitive.

) If (X, f) is point-A-transitive, then (X, fvy) is point-A-recurrent for every N € N.

) If (XN , fy) is point-A-recurrent for every N € N, then (K (X), f) is point-A-recurrent.

(e) If (XN, fny) is point-A-recurrent for every N € N, then (Foo(X), f) is point-A-recurrent.
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Proof. (a): Let K € K(X) be an A-transitive point for the map f and pick any point * € K. We claim that

xz € ATran(f). Indeed, fixed any y € X and € > 0, since K € ATran(f) we have that
N (K, Bir({u},2)) € A

Hence, given any n € N5(K, Br({y},€)) we have that f"(z) € f"(K) = FUK) C {y}+0, for some 0 < 8, < &, so that
d(f™(x),y) < 6n < e. We deduce that N3(K,Bu({y},¢)) C Ny(z,Ba(y,e)), which implies that Ny(z, Ba(y,¢)) € A.
The arbitrariness of y € X and € > 0 proves the claim.

(b): Let u € F(X) be an A-transitive point for f with respect to dg and pick any point z € u;. We claim that
x € ATran(f). Indeed, fixed any point y € X and any positive value 0 < ¢ < 1, since u is A-transitive we have that

Nf(u, BE(X{y}, e’:‘)) € A

Hence, given any arbitrary but fixed n € Nj(u, Bg(x{y}.€)) we have that 6, := dp(f"(u), x(y}) < e. The latter implies

that end(f™(u)) C end(x¢,}) + 0n. In particular, since [f™(w)]y = f™(u1), we have that (f™(z),1) € end(f"(u)) and
hence there exist some (z, ) € end(xy,}) such that

d ((f"(2),1), (z,0)) == max {d(f"(z),2),[1 —al} <0, <e < 1.

We deduce that xq,3(2) > a > 0, so that z = y, d(f"(z),y) < € and hence n € Ny(x,B4(y,c)). The arbitrariness
of n € Nj(u, Be(x{y),¢)) shows that N(u, Be(x(y},€)) C Ny(z,Ba(y,€)) and hence that Ny(z, Bi(y,e)) € A. The
arbitrariness of y € X and 0 < € <1 proves the claim.

(¢): This is a well-known general dynamical systems property that has recently and independently been proved
in [I2, Proposition 3.8] and [2I, Proposition 4.3 and Remark 4.4]. Let us mention that in the references [12] 2] the
notion of “point-A-transitivity” is called “A-hypercyclicity” and the notion of “point-A-recurrence” is simply called
“A-recurrence” for each Furstenberg family A4 C Z(Np).

To prove statements (d) and (e) we will use that: for any K € K(X) and € > 0 there exist points yi1,...,yn € K
such that every finite set L := {21, z2, ..., 2n } with d(y;,z;) < § for all 1 < j < N fulfills that dp (K, L) < e. This fact is
probably folklore, but the reader can easily check it by using the compactness condition of K together with statement
(a) of Proposition

(d): Given K € K(X) and € > 0 let y1,...,yn € K be such that every L := {z1, 22, ..., 25} with d(y;, z;) < § for all
1 <j < N fulfills that dg (K, L) < . Using the point-A-recurrence of (X%, f(n)) we can choose a point

(w1, xn) € Ba(y1, 5) x --- x Ba(yn, 5) N ARec(f(n))-

We omit the routine verification that {x1,...,2nx} € By (K,e) N ARec(f), which implies that the set ARec(f) is dense
in K(X) by the arbitrariness of K € K(X) and € > 0.

(e): Given any normal fuzzy set v € F(X) and € > 0 we can use Lemma to obtain positive numbers 0 = ap <
a; < ag < ... < ay = 1 such that dg(ua,Ua,,,) < § for each a € laj, aj41] with 0 < 5 < N — 1. Hence, for each
1 < j < N, one can find points y{, ey yii € Uq, such that every finite set L := {z1, 22, ..., 2, } with d(ylj, z) < § for all
1 <1< k; fulfills that dp (uq,, L) < §. Using the point-A-recurrence of (XM, f(5y)) for M = Zjvzl k; we can choose a
point

k1 k;j kN
1 1 J J N N 1 e J e N ¢
(ml,...,xkl,...,:ﬂl,...,xkj7...,x1 s Ty ) € HBd(yl JE) XX | I Ba(y],5) x -+ x | I Ba(y;, 5),
=1 =1 =1

but also fulfilling that ‘ ‘
(1, ...,x,lcl, ey "'795?;7»’ ez ...,kaN) N ARec(f(ar))-

Considering K; := {«7, 73517@,} for each 1 < j < N and letting v := max;<j<n(c; - Xk;) it follows that v is a normal
fuzzy set. Arguing now as in [3, Theorem 4.1 and Remark 5.2], which essentially uses statement (b) of Proposition

one can check that v € Boo(u,e) N ARec(f). This finally implies that the set ARec(f) is dense in F(X) by the
arbitrariness of u € F(X) and € > 0. O

We are about to obtain a “point-wise version” of Theorem but with a slight restriction on the Furstenberg
families allowed. In particular, following [12] Definition 3.3] but also [17, [25] [36]:
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— given a Furstenberg family A C Z(Ny) we define bA, called the block family associated to A, in the following
way: a set B C Ny belongs to bA if there exists some Ag € A such that for each finite subset F' C Ap there is
some np € Ny for which F+np:={m+np; me F} C B.

— a Furstenberg family A C &2(Ny) is called a block family if we have the equality bA = A.

Roughly speaking, the block family bA associated to A is the collection of sets that contain every finite block F' from
a fixed set of the original family A, but possibly translated by ng. Some examples and basic properties, such as the
inclusion A C bA or the equality b(bA) = bA for every family A C P (Ny), are exposed in [12, Section 3]. The next
crucial fact is also essentially proved there:

— [I2, Proposition 3.6]: Let A C P (Ny) be a block Furstenberg family. If a dynamical system (X, f) is both point-
transitive and point-A-recurrent, then (X, f) is point-A-transitive.

For the shake of completeness, and since this result was originally proved for linear dynamical systems, we include
here the main argument of its proof: if (X, f) is both point-transitive and point-.A-recurrent, then we claim that every
transitive point is indeed A-transitive. In fact, given any point « € Tran(f) and any non-empty open subset U C X we
can pick an A-recurrent point y € U N ARec(f) so that Ny(y,U) € A. Fixed now any finite subset F' C Ny(y,U) we
have that Vr :=(,,cr f~™(U) is an open subset of X containing y, so that there exists ny € Ny for which f"#(x) € Vp
and hence F + np C Ny(z,U). We deduce that Ny(z,U) € bA = A and hence that z € ATran(f). By Lemma [3.6| we
can now obtain the already announced (and as far as we know completely new) result:

Theorem 3.7. Let A C P (Ny) be a block Furstenberg family. Given a continuous map f : X — X on a separable
complete metric space (X,d), the following are equivalent:

(i) (X, f ) is weakly-mizing and point-A-transitive;

(i

N)) is point-A-transitive for every N € N;

(iil) (K(X ),7) is point-A-transitive;

(X
)
(iv)
)
)

Foo(X), f) is topologically transitive and point-A-recurrent;

Fo(X), f) i

Fs(X), f) i

(vii) (Fg(X), f) is point-A-transitive.
( ii)

Proof. (i) < (ii): The implication (i) = (ii) follows from the separability and completeness of (X, d) together with
statement (c) of Lemma [3.6] and [12, Proposition 3.6], while (ii) = (i) is trivial.

(i) = (iii),(iv): These implications follow from statements (c), (d) and (e) of Lemma [3.6] together with part (b) of
Corollary and [I2], Proposition 3.6].

(iv) = (v) = (vi) = (vii): This follows from part (b) of Corollary together with the topology inclusions
TE C Ts C 79 C Too and [I2, Proposition 3.6].

(iii),(vii) = (i): These implications follow from statements (a) and (b) of Lemma [3.6] together with Theorem [3.1] for
the family A, formed by the infinite subsets of Ng. O

(v

(vi

is point-A-transitive;

s point-A-transitive;

/\/\/\/\/\/\

Remark 3.8. Let us mention some examples of block families and applications of Theorem

(1) The family Ay formed by all non-empty subsets of Ny and also the already mentioned family A., formed by
the infinite subsets of Ny are easily checked to be block families. It is worth noticing that point-A_g-transitivity
is exactly equal to the usual notion of point-transitivity. Moreover, if a metric space (X, d) is a singleton or has
no isolated points, then point-Ag-transitivity also coincides with the notion of point-A-transitivity for every
dynamical system (X, f). Thus, since (X, d) is either a singleton or has no isolated points whenever (X, f) is
weakly-mixing, the version of Theorem for any of the families A, or Ao, was already proved in part (b) of

Corollary

(2) The family AP formed by the sets that contain arbitrarily long arithmetic progressions (i.e. the sets A C Ny such
that given ¢ € N there exist ng € Ny and n € N with {ng +jn ; 0 < j < ¢} C A) is also easily checked to be a
block family. Note that along this paper we have already used the notion of point-AP-recurrence in Corollary
Indeed, by [12 Proposition 3.6] we have that the version of Theorem for the family AP is a consequence of
both parts (a) and (b) of Corollary [3.5]
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(3) The family of positive upper Banach density sets BD := {A C Ny ; Bd(A) > 0}, where

Bd(A) := limsup

N—oc0

<max #A0 [m,m + N])) for each A C Ny,
meNy N+ ].

is also easily checked to be a block family (see [I2, Example 3.5] for further details). The version of Theorem
for the family BD is, as far as we know, a completely new result in the literature. The BD-transitive points
have been called points with reiteratively dense orbit but also reiteratively hypercyclic points (see for instance
[11, 19, 21) 38, 41]). We consider worth recalling here that there are topologically mizing systems that are not
point-BD-transitive, i.e. there is no general Baire category argument to show the existence of a BD-transitive
point (see [9, Theorem 13]).

Using Remark we end this section by showing an application of Theorem in the context of linear dynamical
systems, where we let f = T be a continuous linear operator acting on a usually infinite-dimensional Fréchet space X
(i.e. a completely metrizable locally convex vector space). In this setting it is well-known that point-BD-transitivity
(which has been called reiterative hypercyclicity) implies the notion of weak-mixing (see [9, Proposition 4]). Thus, by
Theorem we get the following:

Corollary 3.9. Let T : X — X be a continuous linear operator acting on a Fréchet space X. Then, the following
statements are equivalent:

(i) (X,T) is point-BD-transitive (i.e. reiteratively hypercyclic);

K(X),T) is point-BD-transitive (i.e. reiteratively hypercyclic);

(

( T)

(Fo(X),T) is point-BD-transitive (i.e. reiteratively hypercyclic);
(Fs(X),T) is point-BD-transitive (i.e. reiteratively hypercyclic);
(

Fp(X),T) is point-BD-transitive (i.e. reiteratively hypercyclic).

We do not know if Theorem holds for non-block families. Indeed, for the highly studied family of positive lower
density sets D := {A C Ny ; dens(A) > 0}, where

e #(AN0,N])

dens(A) := 1}\r]ri>1£10f N1l for each A C Ny,

it is not even known if point-D-transitivity for a linear system (X, T) implies or not the respective point-D-transitivity

for (X2, T(2)). This would be a first crucial step to get a similar result to that of Corollary for point-D-transitivity
(also called frequent hypercyclicity in the literature, see [7, 22] 39]).

4 Devaney chaos and the specification property

In this section we focus on Devaney chaos and the specification property, which were considered in the references [42]
and [5] for fuzzy dynamical systems as described in this paper. In this section, contrary to what we have done in the
previous part of this paper, we do not obtain new results. In fact, we only extend the already existent results to the
case of the sendograph and endograph metrics.

4.1 Dense sets of periodic points and Devaney chaos

Although there is no unified concept of chaos, the notion of Devaney chaos is one of the most usual definitions from
those considered in the literature. Given a dynamical system (X, f):

— apoint z € X is called periodic for f if there is some p € N such that fP(x) = x. The minimum positive integer
p € N fulfilling that fP(x) = z is called the period of x, and we will denote by Per(f) the set of periodic points

for f.

— we say that (X, f) is Devaney chaotic if it is a topologically transitive system and also the set of periodic points
Per(f) is dense in the space X.
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It was noticed in [42] Lemma 1] that, given a dynamical system (X, f), then a compact set K € K(X) is periodic for
f with period p € N if and only if the fuzzy set xx € F(X) is periodic for f with the same period p € N. Using our
Lemma [2.4{ we can now extend [42], Proposition 2]:

Lemma 4.1. Let f : X — X be a continuous map on a metric space (X,d). Then, the following statements are
equivalent:

(i
(ii

) the set of periodic points Per(f)
) (/)

(iii) the set of periodic points Per(f) is dense in Fo(X);
) (/)
) (f)

is dense in (K(X),dy);

the set of periodic points Per(f) is dense in Foo (X);

(iv) the set of periodic points Per(f) is dense in Fg(X);

(v) the set of periodic points Per(f) is dense in Fg(X).

Proof. (i) < (ii) < (iii): This was proved in [42] Proposition 2].

(iii) = (iv) = (v): This trivially follows from the inclusions 7z C 75 C 7p.

(v) = (i): Given any set K € K(X) and any € > 0 we must show that By (K,e) N Per(f) # @. Without loss of
generality we will assume that 0 < ¢ < 3. Using that Per(f) is dense in Fg(X) we can find some fuzzy set u € F(X)
such that

u € Bg(xx,e) N Per(f).

Letting § := dp(xk,u) <& < % and picking any « € 16,1 — 9], Lemmatells us that dy (K, us) < €. Moreover, since
u € Per(f) there exists some p € N such that fp(u) = u, which implies that

T (ua) = f7(ua) = [f*()]a = ta-
We conclude that u,, € By (K,¢e) N Per(f), finishing the proof. O

From the definition of Devaney chaos, using Theorem for the family A, together with Lemma and the
original results [42, Corollary 1 and Theorem 1] we get that:

Theorem 4.2. Let f: X — X be a continuous map on a metric space (X,d). Then, the following statements are
equivalent:

(i) (K(X), f) is Devaney chaotic;
(Foo(X), f) is Devaney chaotic;
(Fo(X), f) i
(Fs(X), ) is Devaney chaotic;
( H

(i

(iii is Devaney chaotic;

(iv

(v) (Fe(X),

Moreover, if f : X — X is a continuous linear operator and X is a Fréchet space, then the previous statements are
equivalent to:

i)
)
)
)

is Devaney chaotic.

(vi) (X, f) is Devaney chaotic.

As mentioned in [42, Section 2] we must recall that statement (vi) of Theorem is not equivalent to, nor weaker
or stronger than, the other statements of Theorem outside the linear setting. The reader is also referred to [10,
Remark 13 and Theorem 14] for further details.
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4.2 The specification property

The specification property is a strong dynamical behaviour consisting in the possibility of approximate arbitrary pieces of
orbits by segments of a single (usually periodic) orbit. Although there are several versions of the specification property,
following [5] we will only be interested in the strongest, namely, the periodic one (see [5, [16] and the references cited
there for further details):

— we say that a dynamical system (X, f) on a metric space (X, d) has the specification property if: for any € > 0 we
can find a positive integer N, € N such that, for any integer s > 2, any finite sequence of points {y1,...,ys} C X,
and any sequence of integers 0 =i < j; < iy < jo < -+ < i5 < j, fulfilling that 4,11 — j > N forall 1 <r < s,
there exists a point z € X for which

d(fi(z), fi(y,)) <eforevery 1 <r <sandi, <j<j,, and fNT(z)=2.

This property may seem quite technical but it is satisfied by many significant dynamical systems in the literature,
with shift-like systems being a prominent example. Bauer and Sigmund proved that

— [6) Proposition 4]: when f: X — X is a continuous map on a compact metric space (X,d), if the dynamical
system (X, f) has the specification property then so does the extended system (K(X), f);

while the converse is not true, since in [I6] it was proved that

— [16, Theorem 14]: there exists a dynamical system (X, f) on a compact metric space (X,d) such that (K(X), f)
has the specification property while (X, f) does not have the specification property.

We briefly discuss why compactness can be dropped from [0, Proposition 4] in Corollarybelow, where following [5]
we also give some sufficient conditions on the space X and the map f to get the specification property equivalence
between the systems (X, f) and (K(X), f). However, let us start by using our Lemma to extend [B, Theorem 2] for
the sendograph and endograph metrics:

Theorem 4.3. Let f : X — X be a continuous map acting on a metric space (X, d). Then, the following statements
are equivalent:

(
(
(Fo(X), f) has the specification property;
(Fs(X), f) has the specification property;
(

Fr(X), f) has the specification property.

Proof. (i) & (ii) < (iii): This was proved in [42] Theorem 2].

(iii) = (iv) = (v): This trivially follows from the inclusions 75 C 7 C 7 or, more precisely, from the well-known
inequalities dg(u,v) < dg(u,v) < do(u,v) < do (u, v), which hold for all u,v € F(X).

(v) = (i): By hypothesis (Fg(X), f) has the specification property. Then, for any & > 0 there exists N. € N
such that for any integer s > 2, any finite family of fuzzy sets {u!,..,u®} C F(X), and any sequence of integers
0=1i1 <j1 <ia<jo<- - <is < js with ipp1 —jpr > Ng for all 1 < r < s, there exists a point v € F(X) for which

dg(f(v), f/(u")) < e for every 1 <r < sand i, <j <j., and fNT(v) =0, (1)
Let us check that this implies the specification property for (KX(X), f). In fact, given £ > 0, which can be assumed to
fulfill that 0 < e < % without loss of generality, set N, = N. € N. Now, consider an integer s > 2, a finite family of
non-empty compact sets {Kj, ..., K} C K(X) and an arbitrary but fixed sequence of integers 0 = i1 < j1 < iy < jo <
o <y < jg with g — jr > N = NE for all 1 < r < s. Considering now the characteristic function " := y g, for
each 1 < r < s, and applying the specification property to the set {u?,...,u*} C F(X) for the sequence of integers fixed

above, we know that there exists v € F(X) satisfying (1. Let

§ = max{dp(f/(v), f/(u"); 1<r<sandi, <j<j}<e< i
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and fix any « € |0,1 — 4]. Since fj(u”) = fj(XKT) = Xyi(k,) for every 1 <7 < s and i, < j < j,, an application of
Lemma 2.4] shows that

du(F (va), T (K)) = du (17 (0)]a, f(K)) <& for every 1 <7 < s and iy < j < j.

Moreover, since fNe+is(v) = fNetis(y) = v we also have that

FY ) = 79 (wa) = [T @) = va € K(X).
We conclude that (K(X), f) has the specification property. O
From Theorem we obtain the following result improving [5, Corollary 1 and Theorem 3]:
Corollary 4.4. Let f: X — X be a continuous map acting on a metric space (X,d). Hence:

(a) If the dynamical system (X, f) has the specification property, then so do all the extended dynamical systems
(K(X), ), (Foo(X), ), (Fo(X), ), (Fs(X), f), and (Fe(X), f).

(b) If f :==T|x, where T : E — E is a continuous linear operator acting on a Fréchet space E and X C E is a
convex T-invariant compact subset, then the following statements are equivalent:

X, f) has the specification property;
K(X), f) has the specification property;
Foo(X), ) has the specification property;

(
(
(
(Fo(X), f) has the specification property;
(Fs(X), f) has the specification property;
(

Fr(X), ) has the specification property.

Proof. (a): That the system (K(X), f) has the specification property was proved in [6, Theorem 2 and Proposition 4]
for the particular case in which (X, d) is a compact metric space. However, their proof can be easily adapted to general
metric spaces by properly using the continuity of the map f rather than relying on its uniform continuity, which is
only available in the compact case. The cases of (Fuo(X), f), (Fo(X),f), (Fs(X),f) and (Fg(X), f) follow from
Theorem 3]

(b): This follows from Theorem [4.3] together with [5, Theorem 3]. See also [§]. O

5 Conclusions

In this paper, we have examined the interaction between several properties of a discrete dynamical system (X, f) and its
extension (F(X), f ) on the space of normal fuzzy sets F(X) and with respect to the supremum, Skorokhod, sendograph
and endograph metrics. In particular, using Lemmawe have extended the main results from [3] 5 B0, 42]. Actually,
we have improved the already existing equivalences for the notions of transitivity, recurrence, Devaney chaos and the
specification property, by adding the systems (Fs(X), f) and (Fg(X), f), and for separable complete metric spaces we
have also obtained some completely new results in terms of point-A-transitivity. Several questions and comments arise
naturally from the theory developed in this paper as we comment in the next lines.

A first natural question is why we consider the space F(X) of normal fuzzy sets. This question is relevant because
many papers have studied the dynamics of the fuzzification of a system (X, f), but taking alternative spaces of fuzzy
sets. For instance, if for a metric space (X, d) we set

F(X):={u:X —[0,1] ; u is upper-semicontinuous and wg is compact},

then the spaces of fuzzy sets
FAX) :={ueF(X); max{u(z) ; € X} = A},

F2MX) :={u e F(X); u(x) > \ for some z € X},

)5
,1]. However, it is not hard to check that the space F=*(X) is
considered in this paper for every A € ]0, 1], and one of the main

were considered in [34] [46] for different values A € ]0
homeomorphic to the space of normal fuzzy sets F(X)
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results in the theory is that the system (F2*(X), f) cannot be transitive for A < 1. These considerations led us to
adopt the framework used in [3], 5], 27, 28] 29] [30, [42].

A second natural question concerns the dynamical properties studied in [5] 27 28] 29] 42], that we have mentioned
at the Introduction, but not addressed in this paper. Actually, from the list of dynamical properties mentioned at the
beginning of this paper, we have only focused on those properties for which the endograph metric dg behaves exactly
equal to the supremum, Skorokhod and sendograph metrics: we have already obtained some results for the ezpansive,
sensitive and contractive properties, for Li- Yorke and distributional chaos, and for the shadowing property (among other
dynamical notions), but the endograph metric dg behaves in an extremely radical way for these notions. Our results
concerning these dynamical properties will appear in the forthcoming works [40] and [2].

Finally, regarding possible future research directions, one may study the dynamical properties of the fuzzy dynamical
system (F(X), f) when F(X) is endowed with other metrics (see [24]), as well as extending the analysis to the case
where X is a (not necessarily metrizable) uniform space (see [311 [32]).
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