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MEAN DIMENSION EXPLOSION OF INDUCED
HOMEOMORPHISMS

GABRIEL LACERDA AND SERGIO ROMANA

ABSTRACT. Given X a compact metric space and 7' : X — X a continuous
map, the induced hyperspace map Tk acts on the hyperspace K(X) of closed
and nonempty subsets of X, and on the continuum hyperspace C(X) C K(X) of
connected sets. This work studies the mean dimension explosion phenomenon:
when the base system 7' has zero topological entropy, but the mean dimension
of the induced map Ti is infinite. In particular, this phenomenon is attained
for Morse-Smale diffeomorphisms. Furthermore, for a circle homeomorphism
H, the mean dimension explosion does not occur if, and only if, H is conjugated
to arotation. Finally, if the topological entropy of T is positive, then the metric
mean dimension of Tx is infinite.

1. INTRODUCTION

The study of dynamical systems is mostly concerned with the complexity of
the orbits of a map T : X — X, where X is a compact metric space and T is
continuous. There are numerous tools to evaluate such complexity, and the mean
dimension is one of them. Proposed by M. Gromov in ﬂ@], the mean dimension
is a topological invariant of dynamical systems, and it is useful to classify maps
acting on an infinite-dimensional topological space because the mean dimension of
(X,T) is zero when the dimension of the phase space X is finite.

E. Lindenstrauss and B. Weiss later studied the mean dimension in M], where
they defined the metric mean dimension. It is a simpler tool to handle compared
to the original mean dimension, as many different results have been presented in
recent literature: [Hay17; [LT18; I(CRV20; ARA24].

This work is interested in applying the mean dimension and metric mean dimen-
sion theory to the induced hyperspace map Ti acting on the hyperspace (X)) of all
closed subsets of X and on the continuum hyperspace C(X) of all closed connected
subsets of X because these hyperspaces are often infinite-dimensional topological
spaces. Therefore, studying the mean dimension of the induced hyperspace map
offers an alternative to classifying the complexity of well-known finite-dimensional
dynamical systems. Moreover, we are also interested in how the dynamics of the
base system 7 influence the complexity of the induced map Tx, and vice versa.

In particular, we prove that a wide class of zero topological entropy dynamical
systems acting on a finite-dimensional phase space have infinite mean dimension on
the hyperspace, the phenomenon of explosion.

The study of a relation between the base system T and the induced map Tk
began with W. Bauer and K. Sigmund in M], where, in particular, they proved
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that if Tic : K(X) — K(X) is topologically transitive, then so is T : X — X. Not
long ago, M. Lampart and P. Raith established in [LR10] a sufficient condition on
(X,T) so that the topological entropy h(T)) is infinite, where T acts on K(X).
So, it is a valid question if the metric mean dimension of a determined induced
map is finite or infinite. Surprisingly, a sufficient condition on T is presented here
so that the mean dimension of T, denoted as mdim(/K(X), Tx), is infinite.

Theorem A. Let X be a continuum and T : X — X a homeomorphism. If the
nonwandering set Q(T) is a strict subset of X, then mdim(K(X),Tx) = oo.

The identity map Id on X satisfies 2(Id) = X and mdim(/(X),Idx) = 0, hence
the nonwandering set condition in Theorem [A] proves to be the most suitable in
this context.

Moreover, a famous class of zero topological entropy systems satisfies the hy-
pothesis of Theorem [A] the Morse-Smale diffeomorphisms. Therefore, the mean
dimension explosion occurs for the induced hyperspace map of these maps. In
[BS75, Proposition 6], the authors proved that if the topological entropy h(T) is
positive, then h(Tx) is infinite. This fact leads us to the following question:

Question. Let X be a continuum and T : X — X a continuous map. If h(T) > 0,
then we also have mdim(K(X),Tx) = oco?

The condition to be a continuum, that is, a connected and compact metric
space, is necessary because D. Burguet and R. Shi gave in [BS22] an example of a
dynamical system (X,T), where X is zero-dimensional, such that the topological
entropy h(T) is positive, but mdim(K(X), Tx) is zero.

The continuum hyperspace C(X) is an infinite-dimensional topological space
when X is a continuum with no free arcs, then it is valid to ask if there is an
analog of Theorem [A] to the continuum hyperspace. In particular, A. Arbieto and
J. Bohorquez proved in [AB23, Theorem B] that the topological entropy of the
induced continuum map F : C(N™) — C(N™) is either zero or infinite where
F: N™— N™ is a Morse-Smale diffeomorphism acting on a connect and compact
boundaryless m-dimensional manifold N™. In this article it is proved the mean
dimension version:

Theorem B. Let F: N™ — N™ be a Morse-Smale diffeomorphism. Hence, the
following dichotomy holds:

e if m =1, then mdim(C(N™), Fx) = 0;

e if m > 1, then mdim(C(N™), Fi) = co.

The hypothesis of Theorem [B] is weaker than the hypothesis of Theorem [Al
because the nonwandering set of a Morse-Smale diffeomorphism is finite. As a
consequence, Theorem [B] states that the mean dimension explosion also happens
for the induced continuum map, when the dimension of the phase space is greater
than one.

Another kind of dichotomy holds for the mean dimension as well. It is a stronger
version of the following fact: if H s a homeomorphism on S', then the topological
entropy of Hx : K(S') — K(S1) is either zero or infinite. It is proved in [LR10,
Theorem 5] and based on this result we have the following statement:

Theorem C. Given H : S* — S a homeomorphism, then mdim(K(S*), H) is
either 0 or oo.
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The ideas used in the proof of Theorem IC| are similar to those presented in
[ILR10], where the presence of periodic orbits plays a crucial role. Furthermore,
its proof allows us to classify orientation-preserving homeomorphisms on the circle
according to the mean dimension of its induced hyperspace map. Therefore, the
mean dimension explosion is completely understood for circle homeomorphisms.

Corollary D. Let H : S' — S' be an orientation-preserving homeomorphism,
then mdim(K(S1), Hi) = 0 if, and only if, H is conjugated to a rotation.

It is important to state that the mean dimension explosion phenomenon do not
happen for the induced system of Borel probability measures M(X) equipped with
the push-forward map T, : p +— po T~ ', where T : X — X is a continuous map
because D. Burguet and R. Shi proved in [BS22] that h(T") > 0 if, and only if,
mdim(M(X), T,) = oo.

In the latter part of this work, a study for the metric mean dimension of induced
continuous maps is developed. If d is a metric on X, the upper metric mean
dimension is denoted by mdim(X, d, T). The standard metric for both hyperspaces
is the Hausdorff metric dg. One may wonder if, at least, W. Bauer and K. Sigmund
result on the topological entropy [BS75, Proposition 6] is still valid for the metric
mean dimension. The answer is affirmative and given by:

Theorem E. Let (X,d) be a compact metric space and T : X — X a continuous
map. If h(T) > 0, then mdim(K(X), dg, Tx) = oo.

This result promises a new path to study zero entropy continuous maps. Indeed,
X. Huang and X. Wang gave in [HW22] an example of a compact metric space (E, d)
and a continuous map o : F — E, such that mdim; (K(E),dy,ox) = 1, where E
is a subset of [0, 1]N and o is the shift transformation. Furthermore, Theorem [His a
stronger answer to a problem set in [HW22]. As a consequence, unlike Theorem [C]
there is no dichotomy for the metric mean dimension of induced continuous maps.
This example prompts the following question:

Question. Given o > 0, there exists a compact metric space (X,d) and a contin-
wous map T : X — X such that mdim(K(X),dy,Tx) = a?

Note that the converse of Theorem [E] is not true by the result of Theorem [Cl
because all circle homeomorphisms have zero topological entropy.

If the phase space is now a topological metrizable manifold, then there is a similar
result of Theorem [E]l to the induced continuum map.

Theorem F. Consider G : N™ — N™ q continuous map, where m > 2, such that
h(G) > 0, then mdim(C(N™),dy,Gr) = co.

Observe that Theorem [Flgives us a hint that if the phase space is sufficiently rich,
that is, a manifold, then the complexity of the induced dynamics on the induced
hyperspace explodes. Indeed, for differentiable dynamics, a wide set of induced
diffeomorphisms has infinite metric mean dimension.

Corollary G. Given N™ a compact and connected smooth manifold of dimension
m > 2, there exists a residual set R C Diff* (N™) such that, for all F € R,

(1.1) mdim(C(N™),dy, Fx) = .

It seems that the only way for an induced continuum hyperspace map to attain
zero metric mean dimension is that it is conjugated to an isometry (see Proposition
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). So, if the answer to the following question is true, then the theory of the
metric mean dimension of induced maps is almost done.

Question. Given N™ a topological metrizable manifold and G : N™ — N™ q
continuous map, then mdim(C(N™),dy,Gx) is either zero or infinite? Moreover,
the metric mean dimension is zero if, and only if, G is conjugated to an isometry?

1.1. Reading guide. This work is organized as follows. In Section [2] there are
given fundamental definitions to understand the theory discussed in this paper.
Section [3 is dedicated to studying induced hyperspace maps of homeomorphisms
and their mean dimension. Precisely, in §3.1]is presented the proof of Theorem[Al In
§3.2is given the proof of Theorem [Bl The mean dimension explosion is completely
understood for circle homeomorphisms and §3.3] includes the proof of Theorem
and Corollary [Dl Finally, the study of the metric mean dimension for the induced
(continuum) hyperspace maps of continuous maps is given in Section @ where the
proof of Theorems [] and [[] and its corollaries are presented.

2. BASIC DEFINITIONS

From now on, (X, d) is a compact metric space, and T : X — X is a continuous
function, or simply, a map. We start with some fundamental definitions. The w-
limit set of a point x € X is defined as the set of points y € X such that there is
a subsequence n; — oo of positive integers such that T™i(z) — y, and denoted by
w(x). Tt is well known that w(z) is nonempty, compact, and invariant. Analogously,
the a-limit set of a point x € X is the set of points y € X such that T7"(z) — y,
if T is invertible. Denoted by a(x), it is nonempty, compact, and invariant.

The long-run behavior of all orbits of a dynamical system is contained in the set
L(T) = Uyex w(x) Ua(z), called the limit set of T. It is also nonempty, compact,
and invariant. It is not hard to see that these properties are also valid for the set

L(A) = U w(z) U a(z),
z€A

where A C X is nonempty, the A-limit set of T. Note that L(A) C L(T). When
X is connected, v C X is an arc if it is homeomorphic to a closed interval in R.

An important set to study the dynamics of a system 7' : X — X is the nonwan-
dering set of T, denoted as Q(T'). Given T' a homeomorphism, a point z € Q(T)
if, for any neighborhood U of = in X, there is a non-zero integer n such that
T™(U)NU # &. The nonwandering set is also nonempty, compact, and invariant.

2.1. Hyperspaces and induced maps. A hyperspace is a designated collection
of subsets of X. In this work, we will study the following hyperspaces:

e £(X)={AC X;Ais closed and nonempty };

e C(X) ={A € K(X); A is connected}, if X is a continuum, that is, a con-

nected compact metric space.
In this text, we designate as hyperspace and continuum hyperspace, respectively.

Always assume that a continuum is not a singleton. On both hyperspaces, we
consider the Hausdorff metric dg defined as

du(A,B) =inf{e > 0; A C B, and B C A.},
where A. =, ca{y € X:d(x,y) < e} is the generalized ball of radius ¢ around A.
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It is known that (I(X),dg) is a compact metric space [IJ99, Theorem 3.5] and
that (C(X),dg) is a connected and compact metric space when X is connected
[L199, Theorem 11.3]. Moreover, if X is a continuum with no free arcsEL then
both hyperspaces are infinite-dimensional topological spaces homeomorphic to the
Hilbert cube [0, 1]% (cf. |[CS74]).

Given (Y, p) a compact metric space and F : X — Y a map, the induced hy-
perspace map Fie : K(X) — K(Y) is given by Fxc(A) := F(A). Note that F(A) is
closed in Y, because F is continuous, hence Fi is well defined. It is also well known
that Fi is continuous, and a homeomorphism, only if F' is a homeomorphism. The
induced continuum map is intuitively defined as the map Fi restricted to C(X),
that is, Fx : C(X) — C(Y). An alternate notation is Fx|c(x) : C(X) — C(Y).

Remark 2.1. If R : X — Y is an isometry, then R : K(X) — K(Y) is also an
isometry. Indeed, since R is an isometry, then, given z1,z9 € X, p(Rz1, Rx2) =
d(z1,x2). Given € > 0, consider two sets A, B C X such that dy(A, B) = ¢. Note
that R(A) C R(B). because A C B, and R is an isometry. If g9 € (0,¢), then
R(A) ¢ R(B)., because there is a € A and b € B such that d(a,b) > 9. Hence,
d(Ra, Rb) > €. Therefore, since there is no change in the distance between two
sets, pir (Ric(A), R (B)) = dpr (A, B).

2.2. Mean dimension. Consider U = {U;}ic; be a finite open cover of X. The
order ord(U) is the maximum integer n > 0 such that there is pairwisely distinct
10y ..y in € I satisfying U;, N...NU;, # @. A refinement of U is an open cover
V = {V;}jes of X such that for every V; € V there is U; € U with V; C U;. The
topological dimension of X is given by the supremum of the degree D(U), that is
the minimum order ord(V) over all refinements V of U. (See details in Definition
1.6.7, [Eng7d)).

For two open covers U and V of X, the joint is given by U VV ={U; NV} i €
I,j € J}. Since T : X — X is continuous, observe that T—'U = {T~'U;;i € I} is
also an open cover of X. Therefore, the (topological) mean dimension of (X,T) is
given by

—1 —n+1
mdim(X,T) = sup lim DUVTTUV- VT Z/{),

u n— oo n

where U runs over all finite open covers of X. A detailed explanation of the mean
dimension is given in [LWO0Q)].
Some useful basic properties of mean dimension are:

1. the mean dimension is a topological invariant and takes values in [0, co];
2. if the topological entropy of the dynamical system is finite, then its mean
dimension is zero;

if Y is a closed T-invariant subset of X, then mdim(Y,7T) < mdim(X, T);
if X is finite-dimensional, then mdim (X, T) = 0;

for any dynamical system (X, T), mdim(X,T") = n - mdim(X,T);

if the phase space is the Hilbert cube [0,1]%, and o : [0,1]% — [0,1]%
is the shift transformation, then mdim([0,1]%,0) = 1. More generally,
mdim(([0, 1]%)%, o) = d.

S U W

LA continuum X has no free arcs if given v C X homeomorphic to the unit interval [0, 1] the
interior of v is not open in X.
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2.3. Metric mean dimension. Given k € N, define the dynamical distance d as
di(z,y) = max{d(T"(z),T"(y)),0 < i < k — 1},

where T is the identity, it is well known that dj, is still a distance function on X
and generates the same topology as d. For € X and € > 0, we call B, .)(z) =
{y € X;di(z,y) < e} the (k,e)-dynamical ball.

Call A C X a (k,e)-separated set if to any distinct points z,y € A, di(z,y) > ¢.
Denote by Sep(T, k,e) the maximal cardinality of a (k,e)-separated set, that is
finite by the compactness of X. We say that E C X is a (k,€)-spanning set for X
if for any x € X, there exists y € E such that dy(z,y) < e. Let Span(T, k, ) be the
minimum cardinality of any (k, €)-spanning set. To clarify further notations, define

h(T,e) = limsup log Sep(T’ k. ) and h(T,¢) = lim sup M.
k—o0 k k—o0 k

It is well known that h(T,e) > h(T,e) (cf. [KH95]). Note that if 1 < &5, then
h(T,e1) > h(T,e3). The topological entropy h(T) is the limit of both h(T,e) and
h(T,¢) as € — 0, that is the same value. We are interested in h(T,e) growth when
the topological entropy is infinite. This motivates the definition of upper and lower
metric mean dimension, given in [LWO00].

The lower metric mean dimension and the upper metric mean dimension of
(X,d,T) are defined by

(2.1) mdim(X,d,T) = liminf h(T.e) and mdim(X,d,T) = lim sup M,
e—0 —loge eno —loge
respectively. There is no problem with replacing h(T,e) by TL(T, ¢) in the above
limit.
An important property that relates the mean dimension, the metric mean di-
mension, and the topological entropy is that

(2.2) mdim(X,7T) < mdim(X,d,T) < mdim(X,d, T) < h(T),

whenever d is a metric compatible with the topology on X |[LW00, Theorem 4.2].
Indeed, note that if h(T) is finite, then both topological and metric mean dimension
are zero.

2.4. Morse-Smale diffeomorphisms. For N a m-dimensional compact and
connected smooth manifold without boundary, set Diff" (N™) as the set of C" dif-
feomorphisms endowed with the C" topology, for » > 1. A periodic point z € N™
of period k > 1 for F' € Diff'(N™) is hyperbolic if the derivative (DF*), has its
spectrum disjoint from the unit circle in C. It is well known that in this case, we
have the existence of stable and unstable manifolds of z, denoted by W*(x) and
Definition 2.2. F € Diff"(N™) is Morse-Smale if it satisfies the following condi-
tions:

(1) the set of nonwandering points, Q(F), have only a finite number of hyper-
bolic periodic points;

(2) the stable and unstable manifolds of the periodic points are all transversal
to each other.

The Morse-Smale diffeomorphisms have the following properties:
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e every Morse-Smale diffeomorphism has an attractor periodic point and a
repeller periodic point, that is, the stable (unstable) manifold of the at-
tractor (repeller) periodic point is an immersed submanifold of dimension
m;

e if p is an attractor periodic point, then there is ¢ a repeller periodic point
such that the stable manifold of p intersects transversely the unstable man-
ifold of ¢ and W*(p) N W*(q) # @;

e The topological entropy of a Morse-Smale diffeomorphism is always zero.

Further information on Morse-Smale diffeomorphisms can be found at [AB23].

3. MEAN DIMENSION OF INDUCED HOMEOMORPHISMS

This section is devoted to the study of the topological mean dimension of induced
hyperspace maps for homeomorphisms defined in a compact and connected phase
space.

3.1. Proof of Theorem[Al The following lemma is fundamental to understanding
a sufficient condition on why the topological mean dimension of an induced map is
unbounded. Precisely, if there is a wandering arc for a homeomorphism, then the
mean dimension of its induced map is infinite.

Lemma 3.1. Let X be a compact and connected topological space and T : X — X
be a homeomorphism. If there is an arc 7y such that T (y) N T™2(vy) = &, for
ny # ng € Z, then mdim(K(X),Tx) = oo

Proof. Given ¢ : [0,1] — v a homeomorphism and k € N, choose k disjoint closed
intervals J; in [0, 1]. For each J;, 1 < i < k, consider a homeomorphism ; : [0,1] —
Ji. If x = (21,..., 1) is a point in [0,1]*, then p({;(z;),1 < i < k}) € K(X).
Set ¥(x) = {¢i(z;),1 < i < k}, hence ¢ o 9p(x) is an element of K£(X). Denote
~vi = ¢(J;) a subset of 7.

Define a map ® : ([0, 1]%)% — K(X), for € = (...,&_1,&0, &1, ...) € ([0,1]%)Z, as

(&) = (1,0, 61,) = | T opodb(én).

nez
Notice that T™ o @ o 9(&,) C T™(%), for each n € Z, hence

UT"ogpo V() = U{T"Oswwz@m)1<l<k}UUL%

neL nez =1
where &,; € [0,1], and T™ o @ 0 (&, ) # T o p 0 (&, ), because T () and
T™2(v) are disjoint. Given that Tic(L(v;)) = L(v;), for each 1 < 4 < k, we also have

(31) Tko®©) = |JTr opoi(&) =] Tropor(&n1)=oo }(¢),
ne neL

where o : ([0,1]%)% — ([0, 1]%)Z is the shift transformation. Lindenstrauss & Weiss
proved in [LWO00Q] that mdim(([0,1]¥)%,0) = k. Since the mean dimension is a
topological invariant, the rest of this proof is dedicated to proving that ® is injective
and continuous. Note that equation (3.I) also shows that ®(([0,1]*)%) is invariant
by Tk.

It is not hard to prove that @ is injective because if £ # 1 € ([0, 1]¥)%, then there
is £ € Z such that & # ne. That is, there is i € {1, ..., k} such that & ; # 1 ;. Then,
¥i(&e.i) # wi(ne,;). Therefore, by construction, ®(§) # @ (n).
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To prove continuity, consider ¢ € ([0,1]%)% and (£1)),en a convergent sequence
to & in the product topology of ([0, 1]¥)%. Particularly, for each n € Z, 57(3) converges
to &, in [0,1]%. Then, for all i € {1,...,k}, T"opo wi(ﬁg)) —T"opo);(&ni) as

j — 0o. Since such convergence is valid for all n € Z, then ®(£W)) — ®(¢).
Finally, ® is a homeomorphism of ([0, 1]¥)Z onto it is image. Hence

mdim (K (X), Tx) > mdim(®(([0, 1]%)%), Tx) = k.
Since k € N is arbitrary, then mdim((X), Tx) = cc. O
It is not hard to see that Theorem [Alis an easy consequence of the prior lemma.

Proof of Theorem[4l Remember that the nonwandering set is compact, hence X \
Q(T) is an open set. Given z € X \ Q(T), there is U, a neighborhood of z such
that T"(U,) N Uy = @, where n is an non-zero integer, because T' is a homeo-
morphism. As a consequence, T™ (U,) N T™2(U,) = @, for ny # ng in Z. Let
v, be an arc contained in U,, then it satisfy the hypothesis of Lemma [3.1] hence
mdim(K(X), Tx) = oo. O

For each z € X \ Q(T), it is not hard to prove that lim, . f"(x) € Q(T), in a
general way, it is well known that L(T) C Q(T). Whenever the nonwandering set
is finite, the topological entropy of T is zero [LR10, Proposition 1 & 2]. Therefore,
Theorem [A] proves that for homeomorphisms with finite nonwandering set occurs
the explosion phenomenon. The most common examples of these systems are the
Morse-Smale diffeomorphisms, defined in §2.41 The following result is trivial if one
recalls inequality (2.2]).

Corollary 3.2. Let X be a continuum and T : X — X a homeomorphism. If the
nonwandering set Q(T) is a strict subset of X, then mdim(K(X), p, Tic) = 0o, when
p is any metric compatible with the topology of K(X).

3.2. Proof of Theorem [Bl The core of its proof relies on the same idea of Theo-
rem [Al We connect the wandering arcs through its points to form a connected set.
Each connected set will be an element of the continuum hyperspace.

If N™ is a one-dimensional connect and compact boundaryless manifold, that
is, a manifold homeomorphic to the circle S*, then the topological entropy h(Fx)
restricted to C(N™) is zero for any homeomorphism F' [LR10, Theorem 1 & 4]. In
this case, mdimp (C(N™),dy, Fx) = 0. Therefore, mdim(C(N™), Fx) = 0.

From now on, suppose that N™ is a compact manifold, for m > 1. Since F
is a Morse-Smale diffeomorphism, then there is, up to an iterate of F, p and ¢
hyperbolic fixed points such that W*(p) N W%(q) # @. Just as in the proof of
Theorem [A] consider v C W*#(p) N W*(q) an arc such that " (y) N F"2(y) = &,
for nq # ng in Z.

By the Hartman-Grobman Theorem, consider V' a neighborhood of p such that
there is a homeomorphism ¢ : V' — (V) C R™ where 0 € ¢(V) and (DF), 09 =
1 o F. Note that we can shrink V so that F(V) C V and (V) be a convex set.
Let K € N be such that FX(y) C V, hence ¢ o FX(v) is a curve in R™. Observe
that 1 o FEF1(y) is also a curve in ¢(V).

Given z € ¢ o FE(y) and w € ¢ o FEF1(y), set B(z,w,t) as the straight line
connecting z to w, where 8(z,w,0) = 2z and B(z,w,1) = w. Therefore, 5(z,w,t)
is, in particular, a continuous function on the first two coordinates. Define the
curve k(z,y,t) = F~X 04p=1(B(2,w,t)) that connects a point x in 7 to y in F(y),
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then T' : v x F(y) — C(N™) set as I'(z,y) = {r(x,y,t),t € [0,1]} is a continuous
function on both coordinates.

Let &k € N and consider 7; C 7 connected and closed sets, for 1 < j < k.
Since each 7, is also a curve, there is 7; : [0,1] — 7; a homeomorphism. Given

¢ € ([0,1]%)%, define @ : ([0,1]%)% — C(N™) as

O(.r €1, 60,61, 00) = U U FiC (&), Fomi(&it1),
J=14i€Z
where & = (&,1,...,& k) and & ; € [0,1]. The point ®(&) € K(N™) is indeed a
connected set of N™ because, for all i € Z,

FUD(75(6,4)s Forj (€1, p)NF TN T(75(€ir1,9), Forj(iva,))) = {F  or(&ivn )},
and also lim; 0o FF 0 7j(&i415) — p, and lim; o F* o 7(&41,4) — g, since
F*lor;(&i41,5) € F (). Therefore, ®(€) is a finite union of connected sets with
a common point in both p and ¢, hence a connected set.

To illustrate, for each j € {1,...,k}, the curve | F¥(k(7j(&.), F o 75 (&i+1,5)))

i€Z

connect ¢ to p and pass through the sequence (Fo7;(&; ;))ien in N™, as represented
in Figure [Tl

Y2 F(y2)

FIGURE 1. The connected set in blue is an example of ®(§) for k = 2.
Observe that

B (U il G, Fomy(€ins) ) U Fitt (s(7(&ig), F o m5(&i41.5))-

€L €L

Thus, Fic o ®(£) = d oo 1(€).

If ® is a homeomorphism between ([0, 1]¥)% and its image, then, since the mean
dimension is a topological invariant, mdim(C(N™), Fx) > mdim(®(([0, 1]¥)%), F) >
k, because mdim(([0, 1]¥)%,0) = k. Therefore, mdim(C(N™), Fx) = oo, because
k € N is arbitrary. Thus, our task is reduced to prove that ® is continuous and
injective.

To prove that @ is injective, consider & # 7 in ([0,1]¥)%, hence, there is i € Z
such that & # n;. Specifically, there is j € {1,...,k} such that & ; # 7, ;. There-
fore, I'(7;(&,j), I o 7(&i+1,5)) # D(75(mi3), F o 7j(mit1,5)) as elements in C(N™).
Since F is, in particular, a homeomorphism, then F*(I'(7;(& ), F o 7 (&iv1,5))) #
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FYT(7j(ni,5), Fotj(nit1,5))). Therefore, the curves U F'(I'(7;(&i,5), F o 7j(&iv1,5)))
i€Z
and |J F*(T'(7j(ni,5), F o 75(ni+1,5))) are different elements of C(N™). Thus, ®(§) #
i€Z
®(n).
To prove the continuity of ®, consider (£(™),en converging to & in ([0, 1]%)%
with the product topology, that is, for each i € Z and j € {1,...,k}, {Z-(Z-) —

& ;. The continuity of I' and 7; guarantees that I'(r; (51'(3'))7F o T (51(1)1») con-

verges to I'(7;(&; ), F o 7j(&i11,;)) as n — oo and for each j € {1,...,k}. Then,
Fi(D(ri (€7, F o (6] )))) goes to F*(T(r;(€:5), F o 75(€i11,))) for all i € Z.

1,5

Therefore, ®(£(™) — ®(¢).

3.3. Explosion on the circle. The explosion of the mean dimension for the in-
duced hyperspace map is better understood for homeomorphisms defined in one-
dimensional topological manifolds because they all have zero topological entropy.
Precisely, there is a dichotomy for such homeomorphisms: the mean dimension of
its induced hyperspace map is zero or infinite. The following lemma states this
dichotomy for interval homeomorphisms and is crucial to prove the analog state for
circle homeomorphisms.

Lemma 3.3. Let T : [0,1] — [0,1] be a homeomorphism such that T? is not the
identity, then mdim(KC([0,1]), Tx) = oc.

Proof. The first step is to prove that T2 is increasing. Indeed, since T is a homeo-
morphism, T is a strictly increasing or decreasing function. If T is increasing, then
it is obvious. If T' is decreasing, then T'(a) < T'(b), when a > b in [0, 1]. Therefore,
T%(a) > T*(b).

Since T? is not the identity, then T?(x) < z or T?(x) > x, for some z € [0, 1].
Suppose, without loss of generality, that T?(z) < z, hence T?"2(z) < T?"1(z) for
no > nq in Z.

Notice that (72"(z))n,>0 is a decreasing sequence, then T2"(z) converges to
a fixed point of T2. The similar happens to (T?*(z))r<o, because T?*(z) is a
increasing sequence. Remember that T2 has at least two fixed points because T2
is increasing.

The second step is to choose a closed interval J contained in the interval (T2 (z), z),
hence 722 (J)NT?"1 (J) = @ for ngy > ny in Z, and lim,, 1 o T?"(.J) is a fixed point
of T?. Since J satisfies the condition of the Lemma 31l then mdim(K([0,1]), T2) =
mdim(K([0, 1]), Tx) = co. O

Remark 3.4. If T? : [0,1] — [0,1] is the identity, then mdim(K([0,1]),TZ) =
mdim(/C([0, 1]), Txc) = 0. This proves the dichotomy for homeomorphisms defined
on the unit interval [0, 1].

To prove the explosion phenomenon on the circle S' we will recur to the con-
sequences of the rotation number theory of circle homeomorphisms. A great ex-
position of this subject is given at [FG22]. Recall that two dynamical systems
T:X — Xand F :Y — Y are topologically conjugated or simply conjugated if
there is a homeomorphism ¥ : X — Y such that ¢y o FF =T o).

Proof of Theorem [0 Suppose that H is a circle homeomorphism with a periodic
point, then there is x € S* and ¢ € N such that HY(x) = 2. Every z € S* can be
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written as z = z-e%™ for t € [0, 1]. The function ¢ : ST — [0, 1] defined as ¥(z) =t
conjugates H? to a homeomorphism T on [0, 1] given by T =1 o H? o yp~1. If T?
is the identity, then H?? is the identity. Thus, mdim(K(S!), Hx) = 0. Otherwise,
by Lemma B3] there is J C [0,1] wandering interval for T2 then ~1(J) is a
wandering interval for H2?. Therefore, by Theorem [Al mdim(K(St), Hx) = oco.
The last step is to consider that H has no periodic points. If H is conjugated
to an irrational rotation Ry by the homeomorphism ¢, then it is not hard to show
that H is conjugated to (Rg)ic by the homeomorphism ¢x. Since (Rg)c is an
isometry, by Remark 211 and the topological entropy is preserved by conjugation,
then the entropy of Hy is zero. Therefore, mdim(K(S!), Hx) = 0. Otherwise, the
non-wandering set of H, Q(H), is a Cantor set [FG22, Proposition 2.5]. In this case,
by the proof of Theorem[Al it is well known that there is a closed wandering interval
J C SY\Q(H), that is, its images by H are pairwise disjoint, such that |[H"(J)| — 0
and H"(J) — Q(H) when |n| — oo. Then, mdim(K(S'), Hx) = oc. O

Given H : S — S! an orientation-preserving homeomorphism, if H is conju-
gated to a rotation, then H is an isometry to some metric compatible with the usual
topology on S'. Therefore, the metric mean dimension of its induced hyperspace
map is zero. Conversely, if mdim(K(S'), Hx) = 0, we have two cases:

e if H has no periodic points, then H is conjugated to an irrational rotation,
by Theorem [Cl

e if H has a periodic point of period ¢ € N, then all periodic orbits of H has
period ¢ [FG22, Proposition 2.4]. Suppose that H? is not the identity, then
T :=1oHI01y !, as in the proof of Theorem [C] is not the identity. By
the hypothesis, T? is the identity, hence H?9 is the identity. Contradiction
with the period of its periodic orbits. Thus, H? is the identity. In this case,
it is well known that H is topologically conjugated to a rational rotation
ICK94].

As a consequence, this discussion proves Corollary [Dl

Remark 3.5. The orientation-preserving condition on Corollary [Dl is necessary be-
cause if H is a reflection, then mdim(K(S'), Hx) = 0 because H? is the identity.
But, H has two fixed points and is not conjugated to the identity. Therefore, H is
not conjugated to a rotation.

4. METRIC MEAN DIMENSION OF INDUCED CONTINUOUS MAPS

For the systems that are yet not possible to calculate the mean dimension of its
induced hyperspace map, i.e., continuous maps T : X — X such that hA(T) > 0,
the alternative is to calculate the metric mean dimension. It is easier to com-
pute because it relies on the separation of points in the phase space by the acting
dynamics.

To simplify further notation, denote the Hausdorff distance dg by D. Given k €
N and for A, B € K(X), the dynamical Hausdorff distance for Ti : £(X) — K(X)
is set as

Di(A, B) = max{D(Tj-(A), Ti-(B)),0 <i < k — 1}

and, for € > 0, the Hausdorff (k, e)-dynamical ball around A € K(X) is defined as
B(Hkﬁs)(A) ={B e K(X); Dy(A, B) < ¢}.
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Observe that, given z € X, B{,ig)({x}) = {C € K(X);C C Be(r)}. In-
deed, if C' C B(g)(z), then, for all i € {0,....,k — 1}, Tx(C) C Tx({z}).. More-
over, clearly, Ty-({z}) C Tj-(C).. On the other way, if C € B{£7E)({x}), then
D(TE(O), Ti({x})) < € for all i € {0,....,k — 1}. That is, T%(C) C B:(T"(z)).
Therefore, C' C B¢ ().

The following lemma compares the size of the separated and spanning sets for
the base and the induced system, respectively, and states that the spanning set
for the induced system is exponentially bigger than the separated set for the base
system. It is the main tool to prove Theorem [El

Lemma 4.1. Let (X,d) be a compact metric space and T : X — X a continuous
map. For alle >0 and k € N,

(4.1) Span(Tic, k,e/2) > 25P(T:ke) _ 1,

Proof. Let {p1,...,pn} be a (k, €)-separated set of maximal cardinality for T : X —
X. Observe that, for i # j, B.c/2)(pi) Bk, 2)(p;) = D; otherwise, di(pi,pj) < €.
For Ay, A2 nonempty distinct subsets of {p1, ..., pn },

B(Hk)a/Q)(Ag) = {C S ’C(X),C C U B(k,€/2)(17) and C'N B(k,€/2)(517) 75 g Vx € A[} .
TE€A,

The above first condition guarantees that, for any z € C and any s € {0, ..., k—1},
there is w € Tg(Ag) such that d(T°(z),w) < €/2. Therefore, T¢(C) C T (Ar)e)2.-
The second condition states that, given x € Ay and s € {0,...,k — 1}, there is
z € C such that d(T°(z),T°(z)) < /2. Thus, TE(A;) C Tg(C)./2. Conversely, if
C e B(Hk)a/Q)(Ag), then D(TE(C),TE(Ay)) < €/2, for all s € {0,...,k — 1}. That
is, TR(C) C TR(As)ey2 and T (Ag) C TR(C)ey2. It is not hard to see that these
conditions imply this alternative definition of B(Hk </2) (Ay).

Consider p; € A; such that p; ¢ Ay. Given F € B(Hk,s/2) (A1), we have that
FN B2 (p;) # @, that is, there is y € F such that y ¢ By c/2) (), for all z € A,
because By c/2)(pj) N B(k,e/2)(x) = @. Thus, B£,5/2>(A1) N B{z,s/z)(fb) = o.
Therefore, all nonempty subsets of {p1,...,pn} are elements of a (k,e/2)-spanning
set of minimum cardinality for (X) and this proves inequality (@I). O

The next discussion proves that, if the base system has a sufficient growth of
separated orbits, that is, h(T) > 0, then, by the light of Lemma HT] its induced
hyperspace map has superexponential growth of separated orbits.

Proof of Theorem[H. Tt is a proof by contrapositive. Let L € R be such that
mdim(X(X), D, Tx) < L. By definition, there is €9 > 0 such that for all € € (0, &¢),

(T, 2/2)
—log(e/2) —

That is,

~ log S Tic,k,e/2
(—loge +log2) - L > h(Tk,e/2) = limsup o8 pan(k;c, .¢/2)
k— o0

Thus, there is Ny € N such that for all £ > Np,
L> log Span(g;g,k,aﬁ).

(—loge +log2) -
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Inequality (@) implies that
—loge + lo - L -k >logbpan(Ix,k, e > lo el —1).
(—loge +10g2) - L - k > log Span(Ti, k,/2) > log(25P(Tke) _ 1)

From now on we will suppose that Sep(T, k,e) > 1. Otherwise, h(T) is always
zero. Then,

(—loge+log2)-L-k > log(25¢P(T5:5) 1) > log(25°P(T"k:2)=1) — (Sep(T, k, e)—1)-log 2.
Again, apply the inequality t — 1 > ¢/2, when ¢ > 2, to obtain

log 2
(—loge +log2)-L-k > Sep(T,k,e)- O§ :

Taking the log function on both sides and dividing by k, we get
log(—loge +1log2) logk n log L < log Sep(T, k, €) N log(lo%z)
k k ko~ k k '

Passing the limit when k¥ — oo, we finally obtain 0 > h(T,¢), for all € € (0, ).
Therefore, h(T) = 0. O

Remark 4.2. A trivial consequence is that if mdim(K(X), D, Tx) is bounded, then
the topological entropy h(T) of the base system is zero.

For the following result, N™ is a m-dimensional compact and connected metriz-
able manifold without boundary. The distance function in N™ is set as d. Observe
that, when m > 2, N™ has no free arcs, then C(N™) is an infinite-dimensional
topological space.

Let ¢ > 0 and k € N, the continuum Hausdorfl (k,e)-dynamical ball around
v € C(N™), when + is an arc, is given by

B{i (1) ={F € C(N"™); F C | By () and F N B (x) # @,Vx € 7}

[ASIe'

Proof of Theorem[H. Let {p1,....,pam} be a (k,¢e)-separated set of maximal cardi-
nality for G : N™ — N™, as in the proof of Lemma [l Recall that, for i # j,
Blk,es2)(Pi) N B y2)(pj) = 2.

Suppose that 1 < i < j < M, then define by [¢,j] the arc with p; and p; as
endpoints such that for all £ € {1,2,..., M} different from ¢ and j the intersection
[4,7] N B(g,e/2)(pe) = @. This is possible because N™ has topological dimension of
at least two. Given P C {p1,...,pan}, define I'(P) = [i1,i2] U ... U [i4—1, 4], when
P = {piy, Piss -, Di, }. If P ={p;}, then I'(P) := P. Note that I'(P) is also an arc
when P has at least two points. Therefore, we have an injective function from the
nonempty subsets of {p1,...,par} to C(N™).

Consider P # @ nonempty subsets of {p1,...,pr}, and suppose, without loss
of generality, that there is p; € P such that p; ¢ Q. Let F € ng/él) (T(P)). If

F' is an element of Bgm/@ (T'(Q)), then there is y € F and x € I'(Q) such that
di(y,xz) < /4. Hence, di(p;,z) < dp(p;,y) + di(y,z) < /2. Contradiction,
because I'(Q) N Bk, /2)(p;) = @, by construction.

Therefore, each T'(P), for nonempty P C {pi,...,pm}, is an element of the
same (k,e/4)-spanning set of minimum cardinality for C(N™). This proves that
Span(Gxle(nmy, k,e/4) > 28ep(G:k.e) _ 1. Finally, proceeding similarly as in the
proof of Theorem [E] if mdim(C(N™), D, Gx) is bounded, then h(G) = 0. O
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Remark 4.3. If N' is the interval [0,1] or the circle S', then both continuum
hyperspaces are homeomorphic to a bi-dimensional manifold with boundary |1J99,
Example 5.1 & 5.2]. It is not hard to construct a continuous map G : N1 — N1
such that h(G) > 0, but we always have mdim(C(N?'),dy,Gx) < 2 [VV17, Remark
4]. Therefore, Theorem [E]is not valid for one-dimensional manifolds.

Denote by C°(N™) the set of continuous maps of N™ to itself. It is a complete
metric space when endowed with the distance do(F, G) := max,cnm d(F(z), G(x)).
In the same way, the set of homeomorphisms of N™, denoted by Homeo(N™), is
also a complete metric space with the metric Do(F,G) = do(F,G) +do(F~, G™1).
K. Yano proved in [Yan8(] that there are open and dense sets & C C°(N™) and
£ C Homeo(N™), when m > 2, such that any element of & or £ has positive
topological entropy. Therefore, this leaves us with the following result.

Corollary 4.4. Given N™ a compact and connected topological metrizable manifold
of dimension m bigger than 1, there are open and dense sets & C C°(N™) and
E C Homeo(N™) such that for any G € £ or G € &y,

mdim(IK(N™), D, Gx) = mdim(C(N™),D,Gx) = 0.

So, in the continuous world, it remains to classify maps with zero topological
entropy according to the metric mean dimension of its induced map. In the differ-
entiable world, consider N a compact and connected smooth manifold endowed
with the Riemannian distance. It is well known that Diff' (N™) is a complete met-
ric space with the Whitney C! topology. S. Covisier proved in |Crol0, Theorems
A & B] that there is a residual set, that is, an enumerable intersection of open
and dense sets, R C Diff'(N™) such that, given F' € R either F is a Morse-Smale
diffeomorphism or F has a horseshoe. In the case that F' possesses a horseshoe,
then the topological entropy of F is positive [BW95, Lemma 1.3]. Therefore, if
F € R is a Morse-Smale diffeomorphism, then, by Theorem [B] equality (L)) holds.
If F € R and is not a Morse-Smale diffeomorphism, then, by Theorem [[] equality
(TI) also holds. Hence, Corollary [Glis proved.

Recall that Morse-Smale diffeomorphisms have zero topological entropy. Another
class of zero entropy systems is those that conjugate to an isometry. Consider
T : X — X a continuous injective map such that T is conjugated by % to an
isometry R of (X, d). Since R is an isometry on K(X), by Remark [ZT] then the
entropy of Tx is zero, because it is conjugated to Rx by ¥x. Therefore, by the
inequality (2.2)), the following statement is true.

Proposition 4.5. Let (X,d) be a compact metric space and T : X — X a map
that is topologically conjugated to an isometry. Then, mdim(K(X),D,Tx) = 0.

5. FINAL REMARKS

The mean dimension explosion phenomenon hints that the induced hyperspace
map has too many different orbits, hence its complexity is overwhelmed by the slight
separation of points in the base system. Future research may be directed toward
classifying zero topological entropy systems with finite (metric) mean dimension of
their induced maps.
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