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Abstract

We introduce first-time sensitivity for a homeomorphism of a compact metric space, that is a
condition on the first increasing times of open balls of the space. Continuum-wise expansive
homeomorphisms, the shift map on the Hilbert cube, and also some partially hyperbolic
diffeomorphisms satisfy this condition. We prove the existence of local unstable continua
satisfying similar properties with the local unstable continua of continuum-wise expansive
homeomorphisms, but assuming first-time sensitivity. As a consequence we prove that first-
time sensitivity (with some additional technical assumptions) implies positive topological
entropy.
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1 Introduction

In the study of chaotic systems, the hyperbolic ones play a central role. Hyperbolicity appeared
as a source of chaos [2, 32] and it was seen to be such a strong notion that several chaotic
systems just do not satisfy it. Indeed, works of Pugh and Shub [31] indicate that little hyper-
bolicity is sufficient to obtain chaotic dynamics. The existence of unstable manifolds with
hyperbolic behavior is enough for proving, for example, sensitivity to initial conditions and
positive topological entropy, so partially hyperbolic diffeomorphisms are important exam-
ples of non-hyperbolic chaotic systems. A general idea that we explore in this work is to
understand how several features of hyperbolic systems can be present on chaotic systems, or,
in other words, how we can prove parts of the hyperbolic dynamics using chaotic properties.
Assuming only sensitivity to initial conditions there is not much we can prove, even when
the space is regular such as a closed surface, since there exist examples of sensitive surface
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homeomorphisms that do not satisfy several features of hyperbolic systems. Indeed, we dis-
cuss one example in Proposition 3.18 that is sensitive, has zero topological entropy, has only
one periodic point, which is a fixed point, and has local stable (unstable) sets as segments of
regular flow orbits and, hence, do not increase when iterated backward (forward).

A classical and much stronger property on separation of distinct orbits is Expansiveness.
The study of expansive surface homeomorphisms goes back to works of Hiraide [16] and
Lewowicz [25] where a complete characterization of expansiveness was given: surface expan-
sive homeomorphisms are exactly the pseudo-Anosov ones. An important step of the proof
is that expansiveness implies that stable and unstable sets form a pair of transversal singular
foliations with a finite number of singularities. Indeed, both works study in detail properties
of local stable/unstable sets of expansive homeomorphisms and obtain similar properties with
the hyperbolic local stable/unstable manifolds.

The idea of considering dynamical properties that are stronger than sensitivity and weaker
than expansiveness, and understanding how we can obtain part of the hyperbolic dynamics
for these properties is what motivates the definition of the main property we consider in
this paper, the first-time sensitivity. Before defining it precisely, it is important to observe
that a few generalizations of expansiveness have already been considered in the literature
[4, 5, 811, 19-21, 27, 30], and among these the more general one is the continuum-wise
expansiveness introduced by Kato in [19]. It is known that cw-expansive homeomorphisms
of Peano continua are sensitive [15] and, thus, cw-expansiveness generalizes expansiveness
and is stronger than sensitivity at the same time. Moreover, cw-expansive homeomorphisms
of Peano continua have local stable/unstable continua with uniform diameter on every point
of the space [20] with properties that resemble the expansive and hyperbolic cases, and this is
enough to prove positive topological entropy [19]. This makes cw-expansiveness an example
of a dynamical property that fits the idea of this paper explained above. Now we proceed to
the definition of first-time sensitivity and for that we define and explain sensitivity.

Definition 1.1 A map f: X — X defined in a compact metric space (X, d) is sensitive
if there exists & > 0 such that for every x € X and every § > 0 there exist y € X with
d(x,y) < dandn € Nsatisfyingd (" (x), f"(y)) > e. The number ¢ is called the sensitivity
constant of f.

Sensitivity means that for each initial condition there are arbitrarily close distinct initial
conditions with separated future iterates. We can also explain sensitivity as follows. Denoting
by B(x,8) = {y € X;d(y, x) < &} the ball centered at x and radius §, sensitivity implies
the existence of ¢ > 0 such that for every ball B(x, §) there exists n € N such that

diam(f"(B(x, 8))) > &,

where diam(A) = sup{d(a, b);a,b € A} denotes the diameter of A. Thus, sensitivity
increases the diameter of non-trivial balls of the space. Now we define the first increasing
time of balls of the space.

Definition 1.2 (First-increasing time) Let f : X — X be a sensitive homeomorphism, with
sensitivity constant ¢ > 0, of a compact metric space (X, d). Given x € X and r > 0 let
ni(x,r, e) € Nbe the first iterate of B(x, r) with diameter greater than ¢, that is, ny(x, r, €)
satisfies:

diam f"M™"8(B(x,r)) > & and
diam f/(B(x,r)) <e forevery j € [0,n(x,r, &))NN.

We call the number n; (x, r, ¢) the first increasing time (with respect to ¢) of the ball B(x, r).
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Fig.2 Property F2

Definition 1.3 (First-time sensitivity) We say that f is first-time sensitive (or simply fi-
sensitive) if f: X — X is a sensitive homeomorphism, with sensitivity constant ¢ > 0,
of a compact metric space (X, d) and there is a sequence of functions (rren: X — R
starting on a constant function r; and strictly decreasing monotonically to 0, such that for
each y € (0, €] there is m,, > 0 satisfying the following inequalities:

(F1D) [n1(x, reg1(x), y) —ni(x, re(x), y)| < my,
(F2) |ni(Cx, re(x), y) — ni(x, ri(x), €)] < my,

for every x € X and for every k € N such that r¢(x) < y.

Condition (F1) means the following: if we start decreasing the radius of the ball centered
at x (the sequence (rr(x))xen) and keeps checking the first increasing times of the balls
B(x, rig(x)) with respect to y (the numbers n(x, rx(x), y)), we obtain that when ry(x)
changes to r¢41(x), the difference between the first increasing times n1(x, r¢(x), y) and
n1(x, rg+1(x), y) is bounded by the constant m,, that does not depend onk € Noronx € X
(see Fig. 1). Condition (F2) means the following: if we decrease the sensitivity constant ¢ to
y and check the first increasing times of the ball B(x, ri(x)) with respect to y and ¢ (the
numbers n1(x, r¢(x), y) and n1(x, r¢(x), €)) we obtain that their difference is bounded by
the constant m,, that does not depend on k € N nor on x € X (see Fig.2).

Ft-sensitivity can be defined in any metric space, but for our purposes we impose additional
hypothesis on the space. We assume that (X, d) is a compact and connected metric space
satisfying:

(P1) there exists r > 0 such that B(x, r) is connected for every r’ € (0, r) and every x € X;
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(P2) the map (x, s) — B(x, s) is continuous in the Hausdorff topology;

where A denotes the closure of a set A. Properties (P1) and (P2) mean that balls with
sufficiently small radius are connected and that these balls vary continuously with their
centers and radius. These are mild conditions on the topology of the space and are satisfied,
for example, by all closed manifolds, the Hilbert cube [0, 11% and more generally by Peano
continua, that are compact, connected and locally connected metric spaces, when they are
endowed with a convex metric (see [18]).

Now we explain the structure of this paper. In Sect. 2 we prove that first-time sensitivity
implies the existence of local unstable continua with uniform diameter on every point of
the space satisfying similar properties with the local unstable continua of cw-expansive
homeomorphisms. We call them local cw-unstable continua and Sect. 2 is devoted to prove
their existence and main properties. In Sect. 3 we discuss our main examples of first-time
sensitive homeomorphisms: the cw-expansive homeomorphisms, the full shift on the Hilbert
cube [0, 11%, and some partially hyperbolic diffeomorphisms. We also briefly discuss how
to find the local cw-unstable continua in each case. In Sect. 4 we present our attempts to
prove that first-time sensitivity implies positive topological entropy, explain the difficulties
and how to circumvent them with some additional technical hypotheses.

2 Local cw-unstable Continua

Let f: X — X be a homeomorphism of a compact metric space (X, d). We consider the
c-stable set of x € X as the set

Wix) :={y € X; d(f*(y), ffx)) <c¢ forevery k >0}
and the c-unstable set of x as the set
Wi (x) := {y € X; d(f*), f*(x)) < ¢ forevery k <0}.
We consider the stable set of x € X as the set
W (x) = {y € X; d(f*(), f*(x) = 0 when k — oo}
and the unstable set of x as the set
W (x):={y e X: d(f*(y), f¥(x)) > 0 when k — —o0}.
The dynamical ball of x with radius c is the set
Ce(x) = Wi(x) N W(x).
We say that f is expansive if there exists ¢ > 0 such that
Ie(x) ={x} forevery x € X.

We say that f is continuum-wise expansive if there exists ¢ > 0 such that I'.(x) is totally
disconnected for every x € X. We denote by C;(x) the c-stable continuum of x, that is the
connected component of x on W/ (x), and denote by C (x) the c-unstable continuum of x,
that is the connected component of x on W/ (x).

Existence of local unstable/stable continua

It is proved in [20] that for a cw-expansive homeomorphism the following holds:
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Theorem 2.1 (Theorem 1.6 in [20]) If f: X — X is a cw-expansive homeomorphism of a
Peano continuum (X, d), with cw-expansivity constant ¢ > 0, then for every ¢ > 0 there
exists 8 > 0 such that

diam(C;(x)) > 8 and diam(C{(x)) > forevery x € X.

This means that the e¢-stable and e-unstable sets of any point x € X contain continua with
uniform diameter intersecting at x. In this subsection we prove a similar result using only
first-time sensitivity.

Theorem 2.2 Let f : X — X be a homeomorphism defined on a compact and connected
metric space satisfying the Properties (P1) and (P2).

(a) If f is ft-sensitive, then for each ¢ > 0 there exists § > 0 such that
diam(C (x)) =8 forevery x € X.

(b) If £~V is ft-sensitive, then for each € > 0 there exists 8§ > 0 such that
diam(Ci(x)) = 8 forevery x € X.

We remark that in the proof of this theorem we only use property (F1) on the definition of
ft-sensitivity and that property (F2) will be important to prove the main properties of these
continua later in this section. To prove this result, we first note that for a fixed sensitivity
constant ¢, the first increasing time ny(x, r, ¢) depends basically on the radius r and not
exactly on x € X.

Lemma23 If f: X — X is sensitive, with sensitivity constant ¢ > 0, and X is a compact
metric space, then for each r > 0, there exists N € N such that

ni(x,r,e) <N forevery x € X.

Proof If the conclusion is not true, then there exists r > 0 such that for each n € N there
exists x,, € X such that ny(x,, r, &) > n. This means that

diam(fj(B(x,,, r)) <e forevery je{0,...,n—1}.
If x = limg_, o0 Xy, , then uniform continuity of f assures that

diam(f/(B(x,r))) = Jim_diam( /(B (xy,, 1)) <& forevery jeN,
— 00
contradicting sensitivity. O

Proof of the Theorem 2.2 Assume that f is sensitive homeomorphism with sensitivity con-
stant ¢ > 0 and choose r € (0, ¢), given by Property (P1) on the space X, such that B(x, ') is
connected for every r’ € (0, r). Let & € (0, r) be arbitrary and note that ¢ is also a sensitivity
constant of f. By hypothesis (F1), there exist (ri)ren: X — R and m, € N satisfying

ni(x, re41(x), €) — ni(x, re(x), €) < mg.
For each m € N, let x,,, = f~"(x) and, for each k € N, consider
Tem = 1k(Xp)  and  ng = n1 (X, Tem, €)-
Lemma?2.3 assures the existence of N € N such that

ni(x,ri(x),e) <N forevery x € X.
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Then, (F1) assures that for each m > N, we can choose k,, € N such that
Nk —1,m <M < Nk, m-
It follows that
[Pk — M| < [y — hey—1,m| < Me.
The definitions of ny,, ,, and r¢, , guarantees that

diam(f7 (B(xXm, r,,.m)) < & forevery j €[0,n, ») NN
and  diam(f"™ (B (xp,, Fi,.m))) > €.

Since f —lis uniformly continuous, there exists § > 0 such that
diam(A) > ¢ implies diam(f "(A)) >3 forevery n € [0, m,].
This assures that

diam(f" (B(xXm, r,,.m))) = diam(f™ " kmm (ffkmm (B (xp, rg,, m)))) = 8.
Foreachm > N, let C,, = f™ (B (X, r,,m)) and notice that C, is a continuum satisfying:

(1) x € Cps
(2) diam(Cy,) > §;
3) diam(f’j(Cm)) < e when 0 < j < m (see Fig. 3).

Thus, if C, is an accumulation continuum of the sequence (Cy,)enN in the Hausdorff
metric, that is,

Cy = lim Cy,,
[—00
then C, satisfies:

(1) Cy is a continuum, as a Hausdorff limit of continua;

(2) diam(C,) > 4, since diam(C,,;) > & for every m; > N,
(3) x € Cy, since x € Cy, for every m; > N;

(4) Cx C W} (x), since for each j € N we have

diam(f =/ (Cy)) = Jlim (f(Cm)) <e.

This proves that diam(C} (x)) > § for every x € X and complete the proof of the first item.
A similar argument deals with item (b) where f~! is ft-sensitive and proves, in this case,
that diam(C} (x)) > 6 for every x € X. ]

This actually generalizes Theorem 2.1 since we can prove it assuming Theorem2.2 as
follows. First, we observe that Peano continua do not necessarily satisfy hypothesis (P1) and
(P2) on the space, but every Peano continuum can be endowed with a convex metric and,
in this case, hypothesis (P1) and (P2) are satisfied. A metric D for a continuum X is called
convex if for each x, y € X, there exists z € X such that

3 Dx.o) = 2% _ by o)

This assures that the closure of the open ball equals the closed ball, i. e.,

Bp(x,8) ={ye X; D(x,y) <8} forevery xe€ X and §>0.
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Fig.3 The choice of k;; and Cp,

Then, Theorem 3.3 in [29] ensures that (P2) is satisfied. See [18, Proposition 10.6] for a
proof that balls with a convex metric satisfy (P1). We will prove in Proposition 3.4 that cw-
expansivity implies first-time sensitivity when defined on spaces satisfying (P1) and (P2)
and, in particular, Peano continua endowed with a convex metric. Thus, Theorem?2.1 is a
particular case of Theorem 2.2 if we assume the space is endowed with a convex metric. For
a general metric, we can argument as follows.

Lemma 2.4 [22] If d and D are compact metrics on the same space X generating the same
topology, then for every ¢ > 0 there exists p > 0 such that

D(x,y) < p implies d(x,y) <e forevery (x,y)e X xX.

Proof If this is not the case, there exists ¢ > 0 such that for each n € N there exists
(xn, yn) € X x X such that

1
D(xp, yn) < — and  d(xp, yn) > &.
n

Thus, (x,),en and (y,)nen are sequences of X that have the same accumulation points on
the metric D but are at least e-distant from each other on the metric d. Thus, if (X, )ren
converges to z on the metric D, then (y,, )xen also does. But on the metric d they cannot
converge to z simultaneously and we obtain a sequence that converges to z on the metric D
but do not on the metric d, contradicting that they generate the same topology. O

Proof of Theorem 2.1 Let diam,; and diamp denote the diameter on the metric d and D,
respectively. For each ¢ > 0 choose ¢’ € (0, ¢) given by Lemma?2.4 such that

D(x,y) <& implies d(x,y) <e forevery (x,y)€ X x X.
IfxeXandy € C;‘,(x), that is,
D(f™"(x), f"(y) <& forevery neN,
then the choice of &’ assures that
d(f™"(x), f"(y)) <& forevery neN.

Hence, C},(x) is an e-unstable continuum on the metric d. Now let p € (0, ¢’) given by
Theorem 2.2 be such that

diamp(Cy (x)) = p forevery x € X.
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The previous lemma assures the existence of § € (0, p) such that
d(x,y) <8 implies D(x,y) <p forevery (x,y)e X x X.
It follows that
diamy(Cy(x)) = 8 forevery x e X

since diamp (C i_f, (x)) = p. Thus, C i_f, (x) is an g-unstable continuum on the metric d with
diameter at least & for every x € X. A similar argument proves that CZ,(x) is an g-stable
continuum on the metric d with diameter at least § for every x € X. O

Properties of local cw-unstable continua

The proof of Theorem 2.2 is actually more important then the statement of the result itself
since it gives us an alternative way of creating local unstable continua that we will use in this
paper and can be summarized as follows. For each x € X and each m € N we choose an
appropriate radius r;,;, > 0 such that

nl(f_m(x)vrm’ 8) € [m’m +m8]

and this implies that any accumulation continuum of the sequence

(fm(B(f_m(x)’ rm)))meN

is an e-unstable continuum, with diameter at least 6 that comes from the uniform continuity of
f™= . Inthis subsection we will discuss the main properties of continua that can be constructed
in this way and compare them with properties of the local unstable continua of cw-expansive
homeomorphisms. For that, we define the set of such continua as follows:

F= {C: lim 7 BO )y | S X, = 00 T > 0.7 € (0.6 }
k— 00

nl(fink(x)’rnkv J/) € (nlﬁ nk +m)/]

Elements of F* are called local cw-unstable continua and are the main object of discussion
of this section. We proved in Theorem 2.2 that there exist local cw-unstable continua passing
through each x € X. We will prove that local cw-unstable continua are unstable, that is,
every C € F“ satisfies

diam(f*(C)) - 0 when k — —oo,

and that their diameter increases uniformly (depending only on the sensitivity constant y)
when they are iterated forward. These properties are similar to the properties satisfied by the
local stable/unstable continua of cw-expansive homeomorphisms and this is the reason that
we call continua in F* local cw-unstable.

The sensitivity constant y in the definition of 7 will determine the increasing and decreas-
ing times of local cw-unstable continua. Thus, we separate continua in F* that are associated
with distinct sensitivity constants as follows: for each y € (0, €], let

Fu = {c = lim FEBfE(X), )

xeX, ng— 00,1y — 0,
n (f7(x), g, v) € (g, g +my ] |-

We note that 7 and 77} depend on the sensitivity constant ¢ and during this whole section
we will choose ¢ as in the beginning of the proof of Theorem 2.2. In the next result we prove
that the diameter of continua in 77 increase more than ¢ in at most 2m,, iterates. In the proof
we use the following notation: if A C X, then n1(A, ¢) denotes the first increasing time of
the set A with respect to ¢.
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Proposition 2.5 If C € 7, then there exists £, € {0, 1, ..., 2my} such that
diam(f% (C)) > e.
Proof If C € ]-'5, then there exist x € X, ny — oo and r,, — 0 such that

C = lim f"(B(f (), r)) and
ni(f7"(x), ra,, ¥) € (g, ng +my] forevery k eN.
Property (F2) says that
Iny (F 70, 1y (X), ¥) = na (f 7" (x), 1y (%), )| < my,
and this assures that
ni(f 7" (x), ry, €) € (g, ng + 2my, ).
Consequently,
n (f"(B(f "™ (x), ra)), €) € {1,2,...,2m,} forevery keN
and, thus, there exist £, € {1,2,...,2m,} and an infinite subset K C N such that
n (" (B(f 7™ (x), 1)), €) = £, forevery ke K.
Therefore,
diam(f*(C)) = lim diam(f* (/" (B(f 7" (), ) = £
and the proof is complete. O

In the next proposition we prove that local cw-unstable continua increase regularly in the
future.

Proposition 2.6 If C € F", then for each n € N there isn' € {n,...,n + mg} such that
diam(f™ (C)) > e.

Proof If C € F“,thenC € f)’j for some y € (0, €), and, hence, there existx € X, ny — 00
and r,,, — 0 such that

C = lim f™(B(f7"(x), r)) and
ni(f7"%(x), ra, . y) € (ng, ng +my] forevery ke N.
As in the proof of the previous proposition, property (F2) assures that
ni(f (), Ty, €) € (ng, ng +2my, ] forevery keN.

For each n € N we use property (F1) to reduce, if necessary, for each k € N the radius 7,
to ry, so that

ny(f "), . 8) € i +n, . ng + 0+ mg).
This implies that
m (f™(B(f ™ (x),ry)), ) €{n,...,n+mg} forevery keN
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and consequently, for each k € N there is £; € {n, ..., n + m.} such that
diam (f % (f™ (B(f ™" (x), rn))) = diam (f*(f"™(B(f 7" (x), 1)) > e.
Thus, there exists n’ € {n, ..., n + m,} and an infinite subset K C N such that
diam (f" (f"™ (B(f ™™ (x), ) > & forevery ke K
and, hence,
diam( /"' (C)) = lim diam(f" (/" (B~ (), ra))) = .
This completes the proof. O

This regularity ensures that the set of the increasing times of a local cw-unstable continuum
is syndetic. Recall that a subset S C N is syndetic if there is p(S) € N such that

fn,n+1,....n+pS)}NS#P forevery neN.

The set of increasing times of a subset C C X with respect to a sensitivity constant ¢ > 0 is
the set

Sc.c = {n € N; diam(f"(C)) > c}.
Corollary 2.7 If C € F*“, then Sc . is syndetic.
Proof Proposition?2.6 assures that
fnn+1,...,n4+m3NSce#0 forevery neN,
that is, Sc ¢ is syndetic with p(C) = m, for every C € F“. m]

These results imply that every first-time sensitive homeomorphism is syndetically sen-
sitive. Recall that a homeomorphism f: X — X of a compact metric space (X, d) is
syndetically sensitive if there exists ¢ > 0 such that Sy . is syndetic for every non-empty
open subset U C X (see [24, 28] and the references therein for more information on synde-
tically sensitivity).

Corollary 2.8 If f is first-time sensitive, then it is syndetically sensitive.

Proof Let U be anon-empty and open subsetof X,x € U,y € (0, ¢) be suchthat B(x, 2y) C
U, and choose C C F*, given by Theorem 2.2, such that C C C)'f (x). Since diam(C) < 2y
and x € C, it follows that C C U and this implies that Sc . C Sy .. Proposition 2.6 assures
that Sc ¢ is syndetic and the previous inclusion assures that Sy . is syndetic. O

Another immediate corollary of Proposition2.6 is that the diameter of future iterations of
local cw-unstable continua cannot become arbitrarily small after it reaches size ¢.

Corollary 2.9 There exists § > O such that if C € Fy, then
diam(f"(C)) = 8 forevery n=>2m,.

Proof The proof of Corollary 2.7 assures that for each n > 2m,, there exists m € Sc . such
that m — n| < m,. Let § > 0, given by uniform continuity of f and f~!, such that if
diam(A) > ¢ then

diam(f*(A)) > § whenever |k| < m,.

Since diam(f™(C)) > ¢ and |m — n| < myg, it follows that diam( f"*(C)) > §. O

@ Springer



Journal of Dynamics and Differential Equations

This corollary is the version in the case of first-time sensitive homeomorphisms of the
following important property of cw-expansive homeomorphisms:

Proposition 2.10 [19, Proposition 2.2]. There exists § € (0, €) such that if A is a subcontin-
uum of X with diam(A) < § and

diam(f"(A)) > & forsome n €N,
then
diam(fj (A)) =6 forevery j>n.

In the last result of this subsection we prove that local cw-unstable continuum are (global)
unstable. We also recall that in the case of cw-expansive homeomorphisms, local stable and
local unstable continua are respectively stable and unstable (see [19]).

Proposition 2.11 If C € F“, then lim,,_, o, diam(f~"(C)) = 0.
Proof If C € ]-')‘f, then there exist x € X, ny — oo and r,, — 0 such that
C = lim f™(B(f7"(x), r)) and
ni(f 7" (x), rny. ¥) € (nk,ng +my] forevery ke N.
It is enough to prove that for each o € (0, y) there exists £, € N such that
diam(f™"(C)) <a forevery n > {,.
Since
ne <y (f 7, g v) S (f 0, Ty, €),
it follows from property (F2) that
ne = n1 (X, Py @) < ny(f 700, g €) = ni (f (), 1y @) < mg
Let £, = my + 1 and note that if n > £, then the previous inequality assures that
ng —n(f"(x), ry,, o) < n.
For each n > ¢, consider k,, € N such that
n <ny forevery k >k,
recall that limy_, o, ny = oo. This implies that
0<ntr—n<n(f™x),ry,a) forevery k >k,
and, hence,
diam(f ™" (f"™ (B(f ™" (x), 1)) = diam(f™ " (B(f " (x), ry,))) <
for every k > k,,. This assures that

klim diam(f " (f"(B(f T (x), rp)) <«
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for every n > £,. Therefore

dian(y () = diam (77 (tim_ 7 B0, ) )

= Jim diam (7" (/" (B(f ™" (), ra))

<a
for every n > ¢,, which finishes the proof. ]

At the end of this section we note that in the definition on first-time sensitivity nothing
is said about the map y + m,, . In the following proposition we choose the numbers m,,
satisfying (F1) and (F2) and such that y +~ m,, is a non-increasing function. This will be
used later in Sect. 4.

Proposition 2.12 If f is a first-time sensitive homeomorphism with a sensitivity constant
& > 0, then for each y € (0, €), there exists m, > 0 satisfying (FI), (F2), and: if § < vy,
then m, < ms.

Proof For each y € (0, ¢) consider m;, > (), given by the definition of first-time sensitivity,
satisfying

(FD) |ni(x, rieg1 (0), ) — ni(x, re(x), )| < m,
(F2) |ni(x, re(x), ¥) — ni(x, re(x), &)] < m),
for every x € X and for every k € N such that r¢ (x) < y. We first prove that if § < y, then
3m:S also bounds the differences above. Indeed, if § < y, then
ni(x, re(x),y) = ny(x, re(x), 8)
and, hence,
In1(x, rie(x), &) = ni(x, re(x), )| < nCx, rg(x), &) = ni(x, rg (x), 8)| < my, (1)

where the second inequality is ensured by (F2). Also, using triangular inequality, (F1), (F2),
and (1) we obtain:

[n1(x, re1(x), v) — ni(x, reg1 (), 8) 1+
[n1 G, rer1(x), y) —ni(x, re(x), )| < Ini(x, rgge1(x), 8) —ny(x, ri(x), 8) |+
[ny(x, ri(x), 8) — ni(x, r(x), y)|
[y (e, reg1 (%), €) —ny(x, reg1 (), 8) [+
< |n1(x, reg1(x), 8) — ny(x, rg(x), 8)|+
[n1(x, re(x), 8) —ni(x, re(x), &)l
< 3mj.

To define (m, )y ¢(0,¢), we define a sequence (m,) N as follows: let m; = 3m’, , and induc-
2
tively define for each n > 2,

my, = max{3m’s, my_1 + 1}.
n

Foreachn > 2 and y € [%, ngj), let m, = m,. Since the sequence (m,),eN is

increasing, it follows that y +— m, is non-increasing. Finally, we prove that for each y €
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(0, ¢), m,, satisfies (F1) and (F2). Given y € (0, €], there is n > 2 such that y € [%, £ )

n—1
Since £ < y, it follows that

[ny(x, rege1 (x), y) —np(x, rg(x), )| < 3m% <my, =m, and
[n1(x, re(x), &) —ni(x, rg(x), y)| < m’, <my =my,

for every x € X and for every k € N such that r¢(x) < y. O

3 Examples of First-time Sensitive Homeomorphisms

In this section we discuss three distinct classes of systems satisfying first-time sensitivity.
They are the continuum-wise expansive homeomorphisms, the shift map on the Hilbert
cube [0, 11Z, and some partially hyperbolic diffeomorphisms. We will discuss them on three
separate subsections.

Continuum-wise expansive homeomorphisms

We start this subsection recalling the definition of cw-expansiveness.

Definition 3.1 We say that f is continuum-wise expansive if there exists ¢ > 0 such that
W¥(x) N W(x) is totally disconnected for every x € X. Equivalently, for each non-trivial
continuum C C X, that is C is not a singleton, there exists n € Z such that

diam(f"(C)) > c.
The number ¢ > 0 is called a cw-expansivity constant of f.

We will prove that cw-expansiveness implies ft-sensitivity on spaces satisfying (P1) and (P2).
To prove this we will need the following lemma that obtains further consequences on the first
increasing times of sensitive homeomorphisms defined on spaces satisfying hypothesis (P2).

Lemma3.2 If f: X — X is sensitive, with a sensitivity constant ¢ > 0, and X satisfies
hypothesis (P2), then there is a sequence (ry)ken: X — ]R’jr starting onry = % and strictly
decreasing monotonically to 0 such that (ny(x, ri(x), €))ken is strictly increasing and

diam(fM KO (B(x ry1(x) =€ forevery x € X and keN.

Proof For each x € X, let ri(x) = % and note that the continuity of f n1(r1(0).6) gand

hypothesis (P2) assure that if r is sufficiently close to ry, then
diam( MO8 (B(x 1)) > &.
Also, if r is sufficiently small, then uniform continuity of f assures that
diam( MO8 (B(x 1)) < &.
It follows from the hypothesis (P2) that there exists r2(x) € (0, r1(x)) such that
diam(f"1 MO (B (x, r2(x))) = ¢.
The first increasing time n1(x, r2(x), €) of B(x, ra(x)) with respect to ¢ satisfies

diam(f" 208 (B(x, ry(x)))) > ¢ and
diam(fj(B(x, r(x)))) <e forevery je{0,...,n1(x,r(x),e)—1}.
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This implies that nq(x, r2(x), &) > ni(x, r1(x), €) since
diam(fj(B(x,rz(x), €)) <e forevery je{0,...,n1(x,ri(x),e)}

and diam( f™ &72(:8) (B(x, r(x)))) > . By induction we can define a decreasing sequence
of real numbers (r(x))ren such that (n1(x, rr(x), €))ken iS an increasing sequence of pos-
itive integer numbers and that

diam(fM KON (B(x, 1 (x))) = ¢ forevery ke N.
Since this can be done for every x € X, the proof is complete. O
Remark 3.3 We note that if (n](x, r¢(x), €))ken is strictly increasing, then
kli)ngo rr(x) =0.

Indeed, if this is not the case, there exists r > 0 and a subsequence (r,),eN such that

k, — oo and
1, (x) >r forevery neN.
Thus,
ni(x, ry,, &) <ni(x,r,e) forevery neN

and this implies that the subsequence (n1(x, 7k, (x), €))nen 1s bounded. But this contra-
dicts the hypothesis of (n1(x, rx(x)))ken being strictly increasing since this implies that
limg 00 11 (x, 15 (x)) = 00.

Theorem 3.4 cw-expansive homeomorphisms defined in compact and connected metric
spaces satisfying hypothesis (P1) and (P2) are first-time sensitive.

Proof First, note that, since X satisfies Property (P1), then it is locally connected and, in
particular, a Peano continuum. Every cw-expansive homeomorphism defined on a Peano
continuum is sensitive. This is a consequence of [15, Theorem 1.1], where it is proved that
cw-expansive homeomorphisms defined on a Peano continuum do not have stable points,
that are points x € X satisfying: for each ¢ > 0 there exists § > 0 such that

B(x,8) C W;(x).

Thus, we have that f is sensitive and consider ¢ > 0 a sensitivity constant of f. Let (rx)reN
be the sequence given by Lemma 3.2 such that (n1 (x, ¢ (x), €))keN is strictly increasing and

diam(f™"1 KOO (B(x, 1 y1(x)) =& forevery xe€ X and keN.

We will first prove property (F2) of the definition of first-time sensitivity. Suppose that (F2)
is not valid, that is, for some constant y € (0, €], there are sequences (x;;)men C X and
(km)men C N such that k,,, — oo when m — oo and

lim (g (s 1, (X)) €) — 11 (X5 Thyy (X)) 5 V) = 00.
m—00
We can assume that
1 X Thy Xm), V) < 01 (X, Tk, (X)), &) forevery m e N
and, hence, that

y < diam f™ Tk Cn) V) (B (x| Tk, (xm))) <& forevery m e N.
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For each m € N, the continuum
Con = f1 im0 (B (i 1 (o))
satisfies to following conditions:

(1) diam(Cyy) >
(2) diam(f =/ (Cp)) < &, ¥ j € [0, m1 (o, 7k, Cim). ¥)]:
(3) diam(f7(Cu)) < &, Vj € [0.n1 G 7, Qi) €) = 11 i, Py (o). ) — 11,

Let C be an accumulation continuum of the sequence (Cy,;)eN in the Hausdorff topology,
that is,

C = lim Cy,.
[—o0
Property (1) assures that diam(C) > y. Since
Lim (1 (X, Fk,, (Xm), €) — 11 (X, Thyy (Xm), V) = 00
m—00
and
ny(Xp, Ik, (xm), €) = n1(xp, Tk, (Xm), &) —ni1(xpm, rkm(xm)v V)
it follows that
lim ny(xm, 1k, (Xm), €) = oo.
m—0oQ
Lemma?2.3 assures that lim,,;,, o 1%, (x,) = 0, since otherwise
(7’11 (x}’l’h T'k,, (xm)s 5))m€N
would have a bounded subsequence. This implies that
lim ny(x,, Yk (Xm), y) = oo.
m—0Q
Thus, Properties (2) e (3) assure that

diam(ff(C))=llim (f/(Cw))) <& forevery jeZ

and C is a non-trivial e-stable and e-unstable continuum, contradicting cw- expansiveness.
This proves property (F2). Now, we prove property (F1).

Suppose that (F1) is not valid, that is, for some constant y € (0, ¢], there are sequences
(xm)men C X and (ky)men C N such that k,,, — oo when m — oo and

Lim |11 (X, i, +1Xm), ) — n1(Xm, 1r,, (Xm), ¥)| = 00.
m-—0Q0
Using property (F2), that was proved for the sequence (ry)ken, there is m, € N such that
[n1(x, re(x), &) —n1(x, 1k (x), Y)| < my,

for every x € X and for every k € N such that r;(x) < y. A simple triangle inequality
assures that

lim |nl(xm7 rkm+1(xm)v 8) - nl(xma Tk, (xm)a 8)| = 00.
m—00
Choose a sequence (€,,)nen of positive numbers satisfying lim,,;,—, o £,, = 00 and

[n1 (X5 i1 (Xm), €) — 01 (X, Tk, (X)), €)| > 2, forevery m e N.
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Let § € (0, &) be given by [19, Proposition 2.2] such that if A is a subcontinuum of X with
diam(A) < § and

diam(f"(A)) > ¢ forsome n €N,
then
diam(f/(A)) > 8 forevery j > n.
Since for each m € N we have
11 (Xm s Ty +1(Xm), €) = 111 X Thyy 1 (Km) 5 €) — 11 (X Tk, (X)), €)]
we obtain
'nlimmnl (X5 Thp4+1(Xm), €) = 00
and using Lemma 2.3, as in the proof of (F2), we obtain
im0 () = 0.
Thus, we can assume that
Thpy+1(Xp) < 8/2 forevery m eN.
For eachm € N, let
Cp = f”l(xm’rkm (Xm),€)+Em (m)
Recall that the sequence (7;)reny Was chosen so that
diam ("1t ) (B (i, 1 1 (6m))) = &

for every m € N. Since B (xy,, rk,+1(x;)) is a subcontinuum of X, by property (P1) on the
space, and it has diameter smaller than §, we obtain

diam(f/ (B(tm. ri,+1(xm)))) = 8 forevery j = ni(xm. ri,, (Xm). £).
In particular,
diam(C,,) = diam( £ CmThon S Hom (B (T 1 (o)) = 6.
Thus, the following conditions hold for every m € N:

(4) diam(C,,) > 6,
5) diam(f’-/(Cm)) <eforevery j €{0,...,¥¢,}and
(6) diam(f/(Cyp)) < ¢ for every j € {0,..., ¢y}

Considering an accumulation continuum

C = lim C,,

11— 00

on the Hausdorff topology, we have that C is a continuum, since it is a limit of continua,
diam(C) > §, since

diam(C,,) > § forevery m € N,
and

diam(f/(C)) = lim diam(f/(Cy,)) <& forevery jeZ
1—>00
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since £, — oo. Thus, C is a non-trivial e-stable and e-unstable continuum contradicting
cw-expansiviness. This proves property (F1) and completes the proof. O

Theorem?2.2 ensures the existence of cw-unstable continua with uniform diameter in
every point of the space x € X. Since cw-unstable continua are indeed local unstable, they
are contained in the local unstable continua C} (x). For some time we tried to prove that the
local unstable continua are cw-unstable, i.e., belong to F*. We could just prove it with the
following additional hypothesis:

Definition 3.5 Let f be a homeomorphism of a compact metric space X and 0 < r < ¢. We
say that the first increasing time with respect to ¢ of a ball B(x, r) is controlled by a subset
C C B(x,r)if

ni(x,r,c) =n1(C,c).

Let f be a cw-expansive homeomorphism with cw-expansivity constant ¢ = 2¢ > 0. We
say that the local unstable continua control the increasing time of the balls of the space if
the first increasing time of every ball B(x, r) of radius r < ¢ is controlled by the connected
component of x in C/(x) N B(x, r).

Proposition 3.6 If f is a cw-expansive homeomorphism with cw-expansivity constant 2e > 0
and the local unstable continua control the increasing time of the balls of the space, then
Cl(x) € F" for every x € X.

Proof Let § € (0, €) be given by Theorem2.1 such that
diam(Cy (x)) =8 forevery x € X,
and choose mj, € N such that for each x € X there exists k € {0, ..., my.} such that
diam(f*(C*(x))) > e.
Foreach x € X and m € N let
rm(x) = diam(f ™" (C{ (x)))
and note that

rm(x) <2¢ forevery m e N and

rm(x) -0 when m — oo,
recall from [19] that
C¥(x) C W"(x) forevery x € X.
We will prove that

(D f™B(fF"™(x), rm(x))) > Cl(x) when m — oo, and
) n(f"(x), rm(x), 2e) € (m, m + ma.] forevery m € N.

Note that the choice of r,, (x) ensures that
Cl(x) C f"(B(f™"(x), rm(x))) forevery m €N,
Thus, if C is an accumulation continuum of the sequence

("B (), rm (X)) men.
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then C/(x) C C. It follows from the choice of (7, (x))men and mo, that
n(f7"(x), rm(x),2e) <m+my, forevery m e N.

The hypothesis that the local unstable continua control the increasing time of the balls of the
space ensures that

ni(f 7" (x), rm(x),2¢) > m forevery m €N,
since in this case we have
ny(f"(x), rm(x), 28) = n1 (f " (C{ (x)), 2e) > m.

This proves (2) and also ensures that C is an e-unstable continuum, since C would be the
limit of a sequence (™ (B(f ™™ (x), rm;)))ieN With m; — oo and

diam(f-"(B(f”"" (x),7m;))) <2¢ forevery je{0,...,m;} and ieN.

Then it follows that C C C{(x), since C{(x) is the connected component of x in W (x),
and we conclude (1) and the proof. ]

Shift on the Hilbert cube [0, 1]*
Let X = [0, 11% and consider the following metric on X: for each x = (x;);cz and y =
(Vi)iez in X, let

lxi — il
d(x,y) =sup —=—
- i€Z 2li1
Consider the bilateral backward shift
o :[0,11% - [0, 112
(xiez = XigDiez’

In this section we prove that o is first-time sensitive and characterize their cw-local unstable
continua.

Theorem 3.7 The shift map o : [0, 11Z — [0, 112 is first-time sensitive.

Proof We first prove that o is sensitive (this can be found in [1]). We prove thatany ¢ < ¢ = %
is a sensitivity constant of o. Given § > 0 and x = (x;);ez € X, choose ip € Z such that
c/2" < §. Let

- ) xigte, ifx, €10,1/2]
Yio = xyy — e, if xiy € (172, 1].

Then, the sequence y = (..., X_1, X0, X1, ..., Xiy—1, Yiy> Xig+1 - - -), that is x changing only
the ip-th coordinate x;, with y;,, belongs to X and is contained in the ball centered at x and
radius §, since

d(y, x) =sup<|yi _.xil) = |x,-0j:c'-—xl-0| - s
= i 21l 2io 2io

Also, note that

, , [
d(0"(x),0"(y)) = sup <|I+IOTMZO|) = |xip — Xip £c| =c > ¢
- i€Z
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and that this is enough to prove that o is sensitive. Now we prove that o is first-time sensitive.
For each x = (xj)icz € X and y = (yi)iez € X we have

lxi — yil
y=i)iez € B(x,¢) & sup| ——— | < ¢
N i€Z 21l )
& |xi —yil <2lile forevery ieZ
&y € (xj — 2“'8, X; +2|’|8) forevery i€ Z.

A similar argument proves that

_ i (B €
y=0iliez €0 ( (L 27))
if, and only if,
L& L& .
yi € (xH_j — 2"+J|?,xi+j +2|’+/|2—n) N[0,1] forevery i€ Z.
Foreach x € X,n € Nand j € N we have
yﬂ%gdmm(w(Bcggﬂ))gy”ﬁ%. @)

Indeed, letting for eachi € Z and j € N

Lo & o &
lig = (e = 2712 iy + 2712 Ao, 10,

we have
. diam(/; ;
diam (o/ (B (1, i))) = sup M
2" i€z 2“'
and since
ﬂﬂg<§@%ﬁl<yﬂ“g
< X <

for every i € Z, we obtain the desired inequalities. For each y € (0, €], choose k;, € N such
that

e €
ST =y < Py 3)
From inequality (2) we obtain

diam (Gj(B(LZ%)))SﬁSV when 0<j<n-k, -2,
Y

and
diam UjB)ci >i> if j>n—k
Lo 211 jl 2k7 14 J = Y-
This implies that n{ (5, 2% y) is either n — k, — 1 or n — k,, for every n € N. Thus,

& &
nl(LW,V>—nl <£,277V> <2

and
& &
n (z,zfn,f:‘)—m (z,zfn,y) <k,+2

(in the last inequality we used that ny (x, 7, €) is either n or n + 1). Since this holds for
every n € N, considering m, = k, +2, we have that (m,, ), (o, satisfies the Properties (F1)
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and (F2) for sequence of the radius (37), - Given that (7). decrease monotonically to

0, we conclude that o is first-time sensitive. Notice that y + m,, is non-increasing, since
m, =k, + 2 where k,, satisfies (3). ]

Remark 3.8 We remark that there are no cw-expansive homeomorphisms on infinite dimen-
sional compact metric spaces. This was proved by Kato in [19] generalizing a result of Mafié
in the case of expansive homeomorphisms [26]. Even though first-time sensitive homeo-
morphisms share important properties with cw-expansive homeomorphisms, as proved in
Sect. 2, it is not possible to adapt the proof of Kato/Maiié to the case of first-time sensitive
homeomorphisms.

A direct consequence of Proposition 3.7 is the following:

Corollary 3.9 There exist first-time sensitive homeomorphisms on infinite dimensional com-
pact metric spaces.

Remark 3.10 We remark that the theorem of Kato assures that o : [0, 11Z — [0, 1]Z is not
cw-expansive, but it is easy to choose non-trivial continua in arbitrarily small dynamical
balls. For each r > 0, the continuum

¢, = [ty x 10, 71 x [ Jtoy
i<0 i>0
is non-degenerate and

diam(o”(C,)) < diam(C,) =r forevery n € Z.

‘We note that C, is both an r-stable and r-unstable continuum that is not cw-stable nor cw-
unstable since its diameter does not increase in the future or in the past. We also note that C,
is both stable and unstable, since

diam(c"(C,)) < ﬁ forevery n €Z.

Remark 3.11 We remark that o contains local stable continua that are not stable, and local
unstable continua that are not unstable, on every point of the space. For each ¢ € (0, ¢) and
X = (xj)iez € X, the non-trivial continuum

Ce =] [ixi — &, xi + 1N [0, 11}
i€’
is contained in W (x) N W (x). Indeed, if y = (yi)icz € Cy, then
vi €[xi —e&,xi +¢] forevery i€Z

and this implies that

(0" (x), 0" (y)) = sup itn— Yinl
- i€Z 2lil
&
sup —
iez 21"
£

IA
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for every n € Z. Moreover, C, is not stable. Indeed, for each & € (0, €], the sequence
¥ = (¥i)iez defined as follows

Xi, i<0
yvi=14 xi+o,i>0andx; €0,1/2]
xi—a,i>0andx; € (1/2,1]
belongs to Cy, but
d(O’n(y),O'”(l)) = sup |yi+n _.xi+n|
- ieZ 211

[Xi4n £ — Xjpnl
=sup ——

. i
i>—n 2l

=«
for every n € N, that is, y ¢ W¥(x). This assures that
diam(c"(Cy)) > ¢ forevery n >0

and that C, is not stable. A similar argument proves that Cy is a local unstable continuum
that is not unstable.

The next proposition characterizes the local cw-unstable continua of the shift map.

Proposition 3.12 A continuum C belongs to F* if, and only if. there are x = (x;);ez € [0, 11%
and k € N U {0} such that

C =[x — 27 e, x + 27 e1n [0, 113,
i€Z

Proof According to the proof of Theorem3.7, any ¢ < ¢ = % is a sensitivity constant of

o, the sequence (r,),enN in the definition of first-time sensitivity is (27> , and for each
neN

y € (0, ] there exists k, € N such that

&

&
WS)/<ZTV, my=ky+2, and

n1 (X’ £ y) € {n—ky—1,n—ky}forevery y € [0, 11% and n € N. &)

on’

Thus, if C € F*, then C € ]—"J’j for some y € (0, ¢), and, hence, there exist x € [0, 11Z, and
increasing sequences (/) jen and () jen C N such that

C = lim o™ (B <0‘”-/’ (x), 8)) and
j—>00 2l

ni <6*”/(@, Zily) €(nj,nj+my,] forevery jeN. )
J

As in the proof of Theorem 3.7, we have

B (o*"f@, 2%) -T1

X, — 25 4ol E A0, 1]
] J 21_,’ J le ’
i€Z
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and, consequently,

£
o B (o‘”f ), >) = H{[x, olj+l £y ol £ } n o, 1]}
( 21/ i€Z 2 2]

for every j € N. Thus,

C = lim _olniHil £y oyl £ ]m 0,1 }
JHOOH{[ 21 i 24 [0- 1]

i€Z

H{[x,- — lim 2T ig x; 4 lim 2‘”/*”*1/'8] N o, 1]}.

— 00 — 00
i€eZ / /

Note that the limit lim;_, oo 2Inj+i=1j exists since the iterations of the previous closed balls
converge to C (by hypothesis) so each of their coordinates, and hence the radius of each
interval, also converge. Moreover, (4) ensures that

( 1 (o). l,y>e{z,-—ky—1,zj—ky} forevery j €N,

and this with (5) ensure that

njel{lj—k,—m, —1,...,1j —k, —1} forevery jeN,
that is,

j—lje{-k,—my, —1,...,—k, — 1} forevery jeN.
Thus, for each i € Z there exists jp € N such that
|nj+i|l=mn;+i {forevery j > jo,
and, hence,
nj+il—1j€e{~k, —m, —1+i,...,—k, —1+1i} forevery j > jo.

+il=j exists, there exists

Since the limit lim j_, o 2"
—ke{-my, —ky,...,—k, — 1}
and j; > jo such that

2miFi=l = 21k forevery j > ji.

So, lim 2/+1=li = 21~ and, hence,
j—=oo
C = ]ixi — 2% e, x + 2 Fe1n [0, 1.
ieZ
Now, suppose that there exists k € N such that
C = [Tixi — 27 e, x + 27 e1n [0, 11).
=4

We will prove that

; ; 3
= 1 J -J —_—
C .ih;{.loa <B (o (%), 2j+k)> .
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As above,

o (B (o, 2}%)) = [Tttx — 277177, x; 4214715 ke 1 [0, 1)

i€Z
for every j € N. Thus, if i € Nand j > |i|, then
i+ jl=i+j, 2=
[x; — 21H1=i kg x4 2l 1m0 ke] = [y — 27 e, x; 427K,

and, hence,

C and o/ (B (U_j (i’ 2/%)))

have the same coordinates between —i and i. Since this holds for every i € Nand j > |i|, it
is enough to conclude the desired limit and the proof. O

Remark 3.13 We note that all objects in the above proofs depend on the metric you choose
for the space, from the sequence of radius (%)neN, to the numbers m,, and also the local
cw-unstable continua in F*. We invite the reader to prove similar results with a different
metric for the Hilbert cube and see how these objects change.

Partially Hyperbolic Diffeomorphisms

In this subsection we discuss first-time sensitivity in the context of partially hyperbolic
diffeomorphisms. The ideas and techniques of this paper are from topological dynamics and
we will try to stay in the world of topological dynamics even though we need to talk about
differentiability to define partial hyperbolicity.

Definition 3.14 A diffeomorphism f: M — M of a closed smooth manifold is called par-
tially hyperbolic if the tangent bundle splits into three D f-invariant sub-bundles TM =
ES ® E€ & E" where E* is uniformly contracted, E* is uniformly expanded, one of them is
non-trivial, and the splitting is dominated (see [12] for more details on this definition).

Classical and important examples of partially hyperbolic diffeomorphisms are obtained
from direct products of an Anosov diffeomorphism f: M — M of a closed smooth manifold
M and the identity map or with a rotation of the unit circle S'. These examples are first-
time sensitive and this is a consequence of the following more general proposition. Recall
that an equicontinuous homeomorphism g is defined as the family of iterates (g"),en being
equicontinuous.

Proposition 3.15 If f is a first-time sensitive homeomorphism and g is an equicontinuous
homeomorphism, then f X g is first-time sensitive.

Proof Let f: X — X be a first-time sensitive homeomorphism and g: ¥ — Y be an
equicontinuous homeomorphism of compact metric spaces X and Y. We consider the product
metric on the space X x Y. Lete > 0be a sensitivity constant of f and (rz)ren be the sequence
of functions, given by first-time sensitivity, such that for each y € (0, ¢] there is m) > 0
satisfying properties (F1) and (F2). Since g is equicontinuous and Y is compact, there exists
8y, > 0 such that

By(y,8y) CW, . (») NWy,(y) foreveryyeY.
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Defining sg: X x ¥ — R¥ by sg(x, y) = rr(x), this implies that

nl,fxg((xv }’)’ Sk(x7 y)a V) = i’ll’f(x, rk(x)v V)

for every (x,y) € X x Y and k € N such that r(x) < §,. Since the sequences (r)keN
and (n1, 7 (x, re(x), ¥))ken satisfy the Properties (F1) and (F2), it follows that (s )ren and
(1, Fxg((x, ¥), 5k(x, ¥), ¥))keN also satisfy them and with the same m,,. Since this holds
for every y > 0, we conclude that f x g is ft-sensitive. O

This is also true in the case of time-1 maps of Anosov flows and the proof is basically
the same, with the direction of the flow acting as the equicontinuous homeomorphism. We
also prove that the existence of continua with hyperbolic behavior and controlling the first
increasing time of balls of the space implies first-time sensitivity.

Theorem 3.16 Let f : X — X be a sensitive homeomorphism of a compact metric space
(X,d). If there are 0 < A1 < Ay < 1 such that for each ball B(x, r) there is a continuum
Cy.r C B(x,r) that controls the first increasing time of B(x, r), with diam(Cy ;) > r and
satisfying:

Ay, 2) =d(f" (), f1(@) < Ay"d(y, 2) (©)

foreveryn e Nand y, z € Cy y, then f is first-time sensitive.
Proof Let ¢ > 0 be a sensitivity constant of f, & € (0, c], and define
re(x) = 2A’]‘8 forevery x € X andevery ke N.

Choose a € N such that 1§ < 411 and let mg = a + 1. For each ball B(x, ri(x)) consider a
continuum Cy ,, (x) C B(x, ri(x)) as in the hypothesis. Since diam(Cy , (x)) > 7x(x), there
are y, 7 € Cy r,(x) sSuch that d(y, z) = r¢(x). Thus,

d(ff* D), ff@) = afdy, 0 = 270ke = 26 > e,
and this implies that
ny(x, rg(x),e) <k forevery keN.

Also, for each k > a,

d(ff ). F@) = 5 A = 248 < 2ige < S < e

(the second inequality is ensured by A’fk; K <1, since by hypothesis A; < X»). This implies
that

n1(Cx i (x), ) = k —a,
and since Cy , (x) controls the first increasing time of B(x, ri(x)), it follows that

ni(x, r(x), &) >k —a.
Thus,

k—a<ni(x,re(x), &) <k

and, then

[n(x, re1(x), 8) = ni(x, re(x), )| < lk+1—(k—a)|=a+1
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for every k > a and every x € X. Now, for each y € (0, &) consider ¢, , k;, € N satisfying
2)\?8 < 2)\?+IS <y< 2)»?8,

and let
m, =max{k,, |k, — ¢, + 1]}.

Thus, for each k > max{{,, k, },

d(f* (), @) = A M dy gy =2 e > y

and
(R ), FR @) < 20y T Mhe <2057 <y
and, hence,
k—ky, <ni(x,ne(x),y) <k—4¢,.
Therefore,
[n1Ce, re1(0), ¥) — (e, re (), )l < lk+1 -6, — (k—ky)|
= |k, — £, +1]
and
[n1(x, re(x), &) —ni(x, g (x), V)| <k —(k—ky) =k,

for every k such that r¢(x) < y, ensuring Properties (F1) and (F2). ]

Recall that for a partially hyperbolic diffeomorphism, the strong unstable manifold of x € M
is the submanifold tangent to £ (x) and is denoted by W/* (x). The Stable Manifold Theorem
ensures that the strong unstable manifolds satisfy the estimates (6) of the previous theorem.
Thus, partially hyperbolic diffeomorphisms where strong unstable manifolds (or some sub-
manifold of them) control the increasing times of the balls of the space are first-time sensitive.

In the discussion about local cw-unstable continua of partially hyperbolic diffeomor-
phisms, the strong unstable manifolds seem to play a central role and following question
seems natural to consider:

Question 1 Are local cw-unstable continua of partially hyperbolic diffeomorphisms neces-
sarily strong unstable manifolds?

We prove that this question can be answered affirmatively in the case of the product of a
linear Anosov diffeomorphism of T” with the identity id of S!.

Proposition 3.17 If f4 is a linear Anosov diffeomorphism of the Torus T" and id is the
identity map of S', then for the product fs x id on TV, the continua in F* are strong
unstable manifolds.

Proof Let g = f4 xid and C € F". Then C € f; for some y € (0, ¢), and, hence, there
exist x = (y,z) € T" x S!, ny — oo, and r,,, — 0 such that

C = lim g™ (m) and
k— o0

n1(g~ " (x), rug, v) € (i, ng +my,] forevery ke N.
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Fig.4 Modified irrational flow

N

We will prove that C C T” x {z}. Indeed, in the product metric,
Bynygi(x, 1) = B (y,r) x (z—r,z+7)
and, hence, for each k € N,
B(g™ " (x), 1) = Bn (" (9)s 1)) X (2 = Py 24 Ty
Since r,, — 0 and g"* acts as the identity on (z — ry,, Z + rp, ), it follows that

€ = fim g"(Bg () ) C Jim f3(B(L™ () ) € T x (2}

Since g = f4 on T" x {z}, it follows by the local product structure of f4 that C C W/ (x).

m|

The case of partially hyperbolic diffeomorphisms that are the time-1 map of an Anosov
flow seems to be similar to the above proposition but we believe this could not be the case
for skew-product partially hyperbolic diffeomorphisms. This goes beyond the scope of this
paper, though.

Sensitive but not first-time sensitive

In this subsection we write precisely the example we briefly discussed in the introduction
of a sensitive homeomorphism of T? that is not first-time sensitive and do not satisfy several
of important features of the hyperbolic systems. We begin with an irrational flow on the Torus
generated by a constant vector field F (whose every orbit is dense in T?) and multiply F by
a non-negative smooth function g: T2 — R with a single zero at a point p € T2. The flow
¢ generated by the vector field g F has a fixed point on p with one stable orbit (that is dense
in the past) one unstable orbit (that is dense in the future) and any orbit distinct from these
three is dense in the future and in the past (see Fig. 4).

Proposition 3.18 If f: T2 — T2 is the time-1 map of the flow generated by the vector field
gF, then f is sensitive but not first-time sensitive.

Proof To prove that f is sensitive we just note that in every open ball of the space B(x, r)
there are points in the stable orbit of p and points that are not in the stable orbit of p. Recall
that both the backward part of the stable orbit of p and the forward orbit of a point that is
not in the stable orbit of p are dense on T2. Thus, we can find v,z € B(x,r) such that
y € W¥(p) and the future orbit of z is dense on T2 and, hence, there exists k € N such that
d(f k ), f k) > % To prove that f is not first-time sensitive, we use techniques from [3]
where it is proved that ¢ is not geometric expansive but is kinematic expansive, meaning that
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the separation of orbits is not geometric, since generic orbits are parallel straight lines, but
local different orbits should be separated in time. We formalize this argument as follows.

Foreach x € T2 and ¢ > 0 let C, (x) be the connected component of x in the flow orbit
of x contained in B(x, ¢). We will prove the existence of ¢ > 0 such that

Wi(x) C Ce(x) forevery x # p. @)

If x belongs to the stable orbit of p, then (7) contradicts the existence of cw-unstable continua
containing x, that should increase in the future (see Theorem 2.2 and Proposition 2.5), but
since it is a small segment of flow orbit contained in the stable orbit of p, then it could not
increase in the future.

Let ¢ > 0 be such that if y € W¥(x) and segments of orbits of x and y with length ¢ are
a-distant from each other, then the segments of orbit of f%(x) and f~*(y) with length ¢
are also a-distant from each other for every k € N. The existence of ¢ follows from the fact
that the orbits of the irrational flow are parallel lines and that the orbits of ¢ are contained in
the orbits of the irrational flow. If y € W} (x) \ C.(x), then it is in a different local orbit but
its past orbit follows the past orbit of x. Let @ > 0 be the distance between the segments of
orbits of length ¢ of x and y. Choose times (ny)ren such that f =" (x) converge to p. The
choice of ¢ ensure that f~"%(y) remain at a distance greater than % from p and since p is the
only fixed point of ¢, there is a lower bound n € N for the number of iterates of f to ensure
the orbit of y is 2¢-distant from p, while, the number of iterates for the orbit of x goes to
infinity since f "% (x) converge to p. This ensures the existence k € N such that

d(f~"7"0), 7O > €

contradicting that y € W} (x). O

4 Positive Topological Entropy

In the study of chaotic systems, the topological entropy is an important invariant that mea-
sures the complexity of the dynamics. Positivity of topological entropy is strongly related
with chaotic properties of such systems. It is known that positive topological entropy implies
distinct notions of chaos (see [13] for an example and the references therein). Let us define
topological entropy precisely. During this whole section f: X — X denotes a homeo-
morphism of a compact metric space. Given n € N and § > 0, we say that E C X
is (n, 8)-separated if for each x,y € E, x # y, there is k € {0,...,n} such that
a(f k(x), f k (y)) > 4. Let s(n, §) denotes the maximal cardinality of an (n, §)-separated
subset E C X (since X is compact, s(n, §) is finite). Let
h(f,$8) = limsupllogsn(f, d).

n—oo N

Note that i ( f, §) increases as & decreases to 0 and define
h(f) = lim h(f, 5).
§—0

The example in Proposition 3.18 is a sensitive homeomorphism of T2 with zero topologi-
cal entropy. Indeed, it is proved in [33] that every continuous flow on a compact two-manifold
has zero topological entropy. Kato proved that cw-expansive homeomorphisms have posi-
tive topological entropy, when defined on compact metric spaces with positive topological
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dimension [20]. The existence of local unstable continua with several properties that resem-
ble hyperbolic unstable manifolds, assures the existence of several distinct (2, §)-separated
points (see Theorem 4.1 in [19] for more details).

In this subsection we obtain similar results in the case of first-time sensitive homeomor-
phisms. In [23] some restrictions on increasing times of open sets and their relation with
topological entropy were also discussed. It is important to note that we were not able to
prove that first-time sensitivity always implies positive topological entropy. The idea we
explore here follows the proof of Kato for cw-expansive homeomorphisms exchanging local
unstable continua by the local cw-unstable continua. It presented some difficulties that we
were only able to circumvent with some additional hypotheses. We explain them in what
follows.

The first difference to note is that for ft-sensitive homeomorphisms, the existence of local
unstable continua that are also stable, and hence do not increase in the future (see remarks
3.10 and3.11), do not allow us to start the proof with any local unstable continua. The
choice of a local cw-unstable continuum is enough to deal with this problem since they
increase in the future. The second difference, illustrated by the following example, recalls
that in the proof of Kato after iterating an unstable continuum to increase its diameter we
can take a pair of distinct unstable subcontinua that can again be iterated and increase, and
this can be done indefinitely in the future. But this is not necessarily true in the case of
ft-sensitive homeomorphisms since local cw-unstable continua can contain several proper
stable subcontinua.

Example 4.1 Let ¢ = % and ¢ € (0, c). Consider the cw-unstable continuum as in the
Proposition 3.12:

D =[x = 2'e. x; + 221N [0, 11).
i€Z
Choose M € N such that 2™ ¢ > ¢ and, hence,
diam(c™ (D)) > c.
Foreachm > M, let
Y = min([x,, — 2™, x;, +2"e] N[0, 1]) and
Zm = max([x, — 2"e, xpm +2"e] N[0, 1]).

Define continua C; and C; as follows:

Cr = [ [txivnr) x Do, yar + 17121 5 [ [Uiear, yiews +1/12]
i<0 i>0
and
Cr = [ [txiamd x [z — 1/12, 23] x [ [lzierr = 1/12, zigm].
i<0 i>0
Note that C; and C; are subcontinua of o™ (D) satisfying
(1) d(Cy, C2) > 1/12,

(2) diam(c"(C1)) = 1/12 forevery n € N, and
(3) diam(c"(C7)) = 1/12 forevery n € N.
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This property of indefinitely splitting unstable continua to increase in the future is the
core of the proof of Kato of positivity of topological entropy in the case of cw-expansive
homeomorphisms. In the following we state this as a definition for any homeomorphism and
repeat the proof of Kato to prove it implies positive topological entropy. We denote by C(X)
the set of all subcontinua of X and by dy the Hausdorff distance on C(X) defined as

dy(C,C"y=infle >0; C C B(C',e) and C’' C B(C,s)).

Definition 4.2 We say that C € C(X) can be indefinitely split to increase if there exist § > 0
and M € N such that diam fM(C) > § and foreachn € Nand (i1, ..., i,) € {0, 1}" there
exists Cjjy...i, € C(X) satisfying:

(1) Ciyiyiy, € f™(0),

2) diam fM(Cijiy.d,) = 8,

(3) Ciyiyi_yin € fM(Ciiy-iy_,)» and

4) du(Cijiyeip_10, Cijigein_11) = %

It was pointed to us by the referees that this definition is close to the notion of periodic
weak horseshoe in [17] (see Lemma 2.2 and Proposition 2.1 there).

Theorem4.3 Let f: X — X be a homeomorphism of a compact metric space. If there exists
a continuum that can be indefinitely split to increase, then f has positive topological entropy.

Proof Let C € C(X),8 > 0, M € Nand (Cj,j,...i,)i
Foreachn € Nand (i1, ..., i) € {0, 1}" choose

» be as in the previous definition.

----- In,

Yitia.oin € Cijigerein»
and let
Xijigein = fﬁnM(Yiliz..ii,,)
Applying condition (2) of above definition inductively we obtain that
Xijiy-i, € C forevery (i1,...,ip) €{0,1}" and neN.
We prove that for each n € N the set
A = (yigeiy | (1o eeevin) €10, 1))

is (nM, §/3)-separated. Indeed, if x;,..;,, xj,...;, € A, are distinct, then there exists k €
{1,2, ..., n} such that

ji=1i; forevery le{l,...,k—1}, and ji # ix.
Assume without loss of generality that iy = 0 and jiz = 1. Condition (3) ensures that
du (Ciiyeiy_105 Ciyigeiy 1) = 8/3,
and since condition (2) ensures that
™M (xiiyi 10iksyin) € Ciyigig_y0  and
S iy iy i Ljgrin) € Civigoig 15
it follows that

d(F*M (xiy i)y FM (xjy0) = 8/3.
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Since for each n € N, A,, has 2" elements and is (nM, §/3)-separated, it follows that

s(nM,8/3) > 2" forevery n e N.

Thus,
1
h(f,58/3) = limsup — - logs(n, §/3)
n—oo N
. 1
> lim sup <— -logs(nM, 8/3))
n—o00 nM
> li ! log 2"
imsup — - lo
- n—>oop nM &
> i " log2
imsup — - lo
- nﬁoop nM &
1
= i -log2 > 0
and, hence, 2(f) > 0. O

Proposition 4.4 Every local unstable continuum of a cw-expansive homeomorphism of a
Peano continuum can be indefinitely split to increase.

Proof Letc > 0beacw-expansivity constant of f,and ¢ € (0, ¢). The following was proved
by Kato in [19]:

(1) for each y € (0, &) there exists m, € N such that n;(C, &) < m,, for every e-unstable
continuum C with diam(C) > y, and

(2) there exists § > 0 such that diam(f"(C)) > § for every n > ni(C, ¢) and every &-
unstable continuum C.

Let C be an e-unstable continuum, choose y € (0, diam(C)), consider m,, and § given by
(1) and (2) above and let M = max{m,,, ms;3}. Thus, diam(fM™(C)) > & and we can choose
Co and C; subcontinua of ™ (C) such that

diam(C;) > §/3 for i€{0,1}, and du(Co, C1) > /3.

Since M > mgy3, it follows that diam(fM(Ci)) > §, for each i € {0, 1} and, again, we
can choose continua C;g and C;; with diameter larger than /3 and dg (Cio, Ci1) > /3.
Inductively, we can define the family (C;,i,...i,)iy,....i,,n Satisfying items (1), (2), and (3) in
Definition4.2. O

In the case of first-time sensitive homeomorphisms, the local cw-unstable continua
increase when iterated forward. Thus, to prove that they can be split to increase it is enough
to prove that they can be split by continua in F*. The next definition is a formalization of
this idea.

Definition 4.5 We say that C € F" can be indefinitely split in F* if there exists § > 0 such
that C e Fy and for each n € N and (i, ...,i,) € {0, 1}" there exists Cjj,..., € C(X)
satisfying:

(1) Ciiyei, € ]—']’j for some y > §

) Ci|i2-~-in—1in - f2m5 (CiliZ'“in—l)’ and
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(3) du(Cirigeip10 Cirigig_y1) = 5.

Proposition 4.6 For a first-time sensitive homeomorphism, if a continuum can be indefinitely
split in F*, then it can be indefinitely split to increase.

Proof If C € F" can be indefinitely split in F", then there exists § > 0 and a family
(Ciyigeiy)iyin-in,n Satisfying conditions (1), (2) and (3) in Definition4.5. Let M = m»s and
consider §’ € (0, §) given by Lemma 2.9 such that

diam(fM(C)) =8 and diam(fM(Cyi..0,)) = 8

forevery (i1, ..., i) € {0, 1}" and every n € N. Conditions (1), (2) and (3) of Definition4.2
follow easily from that. O

A consequence of this is that the existence of a continuumin F* that can be indefinitely split
in F* would imply positive topological entropy for a first-time sensitive homeomorphism.
A difficulty that appears is that for C € F* we can choose x,y € f>"(C) such that
dx,y) > %/ and Theorem 2.2 ensures the existence of continua Cyp, C1 € Fj containing x
and y, respectively, but we could not prove that Cy and C; are contained in f 2ms (C). Thus,
the following is still an open question:

Question 2 Do continua in F* of a first-time sensitive homeomorphism can be indefinitely
splitin F*?

Assuming that the answer for Question2 could be negative, we tried a distinct approach
to prove positive topological entropy that we explain below. In the case of cw-expansive
homeomorphisms, it is proved in [7] the existence of a hyperbolic cw-metric, generalizing
the hyperbolic metric in the case of expansive homeomorphisms in [14]. We explain the
hyperbolic cw-metric below and discuss the existence of a hyperbolic ft-metric for first-time
sensitive homeomorphisms with additional assumptions on F*. After that, we explain how
the existence of a hyperbolic ft-metric is enough to prove positive topological entropy. Let

E={(p,q,C):CeC(X), p,q eC}.

For p, g € C denote C(p,4) = (p, g, C). The notation Cy, 4 implies that p, g € C and that
C € C(X). Define

F(Cip.g) = FOrp).r@)
and consider the sets

C(X) = {C € C(X) : diam(f"(C)) < ¢ forevery n > 0} and
C{(X) = {C € C(X) : diam(f"(C)) < ¢ forevery n > 0}.

These sets contain exactly the e-stable and e-unstable continua of f, respectively.

Theorem 4.7 (Hyperbolic cw-metric- [6]) If f: X — X is a cw-expansive homeomorphism
of a compact metric space X, then there is a function D: E — R satisfying the following
conditions.

(1) Metric properties:
@ D(C(p,q)) = 0 with equality if, and only if, C is a singleton,
(®) D(C(p.q)) = D(Cg,p))
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(c) D(JAU B](a.c)) < D(A(a’b)) + D(B(b’c)), acA,be ANB,c € B.
(2) Hyperbolicity: there exist constants » € (0, 1) and ¢ > 0 satisfying

(@) if C € C3(X) then D(f"(C(p,q))) < 41" D(C(p,q)) for everyn > 0,
(b) if C € CY(X) then D(f " (C(p,g))) < 41" D(Cp.q)) for every n > 0.

(3) Compatibility: for each § > 0 there is y > 0 such that
(@) if diam(C) < y, then D(C(p 4)) < 8 forevery p,q € C,
(b) ifthere exist p, q € C such that D(C(p, 4)) < ¥, then diam(C) < 4.

In the case of first-time sensitive homeomorphisms, we could not expect to obtain a
function in the whole set E since there could be continua in arbitrarily small dynamical balls.
Then we will restrict the set E considering only continua in F* as follows

E'"={(p,q.C): CeF", p,q eC}

and obtain a similar result. We will need though to add two hypothesis to F* so that the
function D and its properties can be written precisely. In the first we ask that F* is invariant
by !, that s,

if CerF* then f'(C)eF“
In the second we ask that F“ is closed by connected unions, that is
if A,BeF* and ANB#®, then AUB e F".

We tried to prove these hypotheses are always satisfied for first-time sensitive homeomor-
phisms, but there were some technical details that we could not circumvent. The following is
the ft-metric that we were able to obtain in the case of first-time sensitive homeomorphisms.
The proof is an adaptation of the proof of the cw-metric switching cw-expansiveness and the
properties of the local unstable continua proved by Kato for ft-sensitivity and the properties
of the local cw-unstable continua we proved in Section 2.

Theorem 4.8 (Hyperbolic ft-metric) Let f: X — X be a first-time sensitive homeomor-
phism, of a compact and connected metric space X satisfying hypothesis (P1) and (P2), with
a sensitivity constant & > 0. If F* is invariant by f~" and closed by connected unions, then
there is a function D: E" — R satisfying the following conditions.

(1) Metric properties:

(@) D(C(p,q)) > 0forevery C(, 4 € E,
(®) D(C(p.q)) = D(Cg.p)),
(¢) D([AU Bl,)) < D(A@,p) + D(Bpp,c)),a € A,be ANB,ceB.

(2) Hyperbolicity: there exists ). € (0, 1) satisfying
@) ifCp,q) € EY, then D(f7"(C(p,q))) < 41" D(C(p.q)) for everyn > Q.
(3) Compatibility: for each § > 0 there is y > 0 such that

(@) if diam(C) < y, then D(C(, 4)) < 8 for every p,q € C,
(b) ifthere exist p, q € C such that D(C(p,q)) < ¥, then diam(C) < é.
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Proof of Theorem 4.8 For each y € (0, ¢), consider m,, > 0, given by Proposition2.12. Let
m=ms, A =2-1™ and define the function

p:F*—>R
C > A€o,

Consider the map D : E* — R given by

n
D(C(p,q)) = inf Z p(Aéai—lsai))

i=1

where the infimum is taken overallm > 1,a9 = p,ai,...,a, = q, and Al .. AY e
such that C = (J/_; A’. The proof of this theorem is based on the following inequalities

D(Cp.g)) = p(C) =4D(Cp,q)) (®)

for every C(p.q) € E.

(D

2

3)

Metric properties: items (b) and (c) are direct consequences of the definition of the
function D, while item (a) is a consequence of the fact that if C € F*“, then n;(C, ¢) is
a finite positive number, so p(C) > 0, and then inequalities (8) ensure that

1
D(Cp,g) = Z'O(C) > 0.

Hyperbolicity: If C € F*, then
diam(f7"(C)) < e forevery n >0,

ni(C,e) <400 and diam(f" 9 (C)) > e.
This implies that
ni(f"(C),e) =n+ni(C,e) forevery n >0,
and, hence, the following holds for every n € N:
p(f(C)) = AmUT(C)e) _ yntmi(Coe)
= A€ = )15 ().
Inequalities (8) ensure the following holds for every n € N:
D(f™"(Cp.g)) = p(f(C)) =1"p(C) 41" D(C(p.q))-

Recall the hypothesis that F* is invariant by f~!, so

fH(C) e F* forevery neN.

Compatibility: Inequalities (8) ensure that the compatibility between p and diam is
enough to obtain compatibility between D and diam. The compatibility between p and
diam is proved as follows:

(a) Given § > 0, choose n € N such that A" < §. Let y > 0, given by continuity of f,
be such that if C € C(X) satisfies diam(C) < y, then

diam(fi(C)) < & whenever |i| <n.
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This implies that 1 (C, €) > n and, hence, that

p(C) = AME8) ) 5,

(b) Given § > 0, let y = 1?5 If p(C) < y, then
A€ - 32msand  ny(C,e) > 2ms.
Proposition2.5 assures that C ¢ Fy'. Proposition2.12 ensures that
C¢F, forany o€ (4, e¢).
Indeed, if « > §, then m, < mg and, hence,
ni(C,e) >2mgs > 2mg,

and again Proposition2.5 ensures that C ¢ F/. Since C € F“, it follows that C € F)
for some & € (0, §), and, hence,

diam(C) < o < 6.
[m}

The first inequality in (8) is assured by the definition of D, while the following result
ensures the other inequality. Its proof is an adaptation of Lemma 2.4 of [7].

Lemma 4.9 The function p satisfies:
n
P (U Ci) <20(C) +4p(C2) + -+ +4p(Cp1) +2p(C) (€))
i=1
forall Cy,...,Cy € F" such that C; N Ciq1 # D foreveryi € {1,...,n —1}.

Proof First, we will prove this result for n = 2. Consider C = A U B with A, B € F" and
AN B # (. We claim that either

ni(A,e) <m+ni(C,e) or ni(B,e) <m+ni(C,e¢). (10)
Indeed, we know that diam f"! (C.e) (C) > e, so either
diam €9 (4) > % or  diam f"C9(B) > g

Assume we are in the first case (the second is analogous). Since A € F“, property (F2)
ensures that

[ni(A, e/2) —ni(A, &)l =m,
and since
ni(A,e/2) =ni(C,¢) <ni(A,e)
it follows that
ni(A,e) —ni(C,e) <m,

so the first inequality in (10) holds and the claim is proved. If n1 (A, &) < m+n(C, €), then

p(A) — )Lnl(A,a) > Am+n1(C,5) — )Lm)\nl(C,E) — %p(C),
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since 0 < A < 1 and A = 1/2, and this implies 2p(A) > p(C). Similarly, if ny(B, &) <
m +n1(C, ) we obtain 2p(B) > p(C) and conclude that

p(C) = 2max{p(A), p(B)}. an

This completes the proof in the case n = 2. Arguing by induction, suppose that given n > 3,
the conclusion of the lemma holds for every k < n and let C = | J/_, C; with

CiNCiy1 #9 forevery ief{l,...,n—1} and

C; e F* forevery ie€{l,...,n}.

In what follows the hypothesis that 7“ is closed by connected unions is used in a few steps,
though we will not mention it. Consider the following inequalities

p(C) =p(CIUC) =---=p(C1U---UCyy) = p(0). 12)

If p(C) <2p(Cy), then (9) is proved and if 2p(C{ U --- U Cp—1) < p(C), then (11) implies
that p(C) < 2p(C,), which also implies (9). Thus, we assume that

2p(Cy) < p(C) =2p(C1U---UCpyy).
This and (12) imply that there is 1 < r < n such that
2p(C1U---UCr1) < p(C) =2p(CLU---UC).
The first inequality and (11) imply that
p(C) =2p(CrU---UCy).

Thus,
p(C) | p(C)
p(C) = T+T <p(C1U---UC)+p(CrU---UCy).
Since (9) holds for these two terms, by the induction assumption, the proof ends. O

Theorem4.10 Let f: X — X be a first-time sensitive homeomorphism, of a compact and
connected metric space X satisfying hypothesis (P1) and (P2). If F* is invariant by f~' and
closed by connected unions, then f has positive topological entropy.

Proof We will prove that there exists M € N, § > 0, and C € F* such that diam( f M(Cy) >
8, and for eachn € Nand (iy, ..., i,) € {0, 1}", there exists Cj,;,...;, € F" satisfying:

(1) diam(fM(Cjjy-.i,)) = §;
(2) (@) Con fM(C) #Pand C; N fM(C) #0;
®) Cirigeviy iy N FM (Ciigeoiy 1) # 95
(3) du(Cijiyiy_105 Ciyigeriin_1,1) = 8/3;
(4) foreachk € N, n > k and (i, i2, ..., i,) € {0, 1}",

n—k

. - 5
diam Uof MCiig) | < 3
j:
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We first prove the existence of this family of continua (Cj,;,...i, )i ir--i,,n and after we prove
it is enough to prove positive topological entropy. In Theorem 4.8 we proved the existence
of a ft-metric D : E* — R with a hyperbolic constant A € (0, 1). Consider § > 0, given by
Corollary 2.9, satisfying: if C € ]—';,‘, then

diam(f"(C)) = 8§ forevery n >2m,.

The compatibility between diam and D ensures the existence of & € (0, §) such that
8
D(C) <« implies diam(C) < 3

Consider M € N such that M > 2ms ¢ and

4M

7]_)\‘1\/1 <,

and choose any C € F| 5‘/6. Corollary 2.9 ensures that

diam fk(C) > 48 forevery k> 2msys.

Since M > 2ms¢, then diam fM(C) > §. Thus, we can choose xg and x; in fM(C) with
d(xp,x1) > §. Theorem 2.2 ensures the existence of Cy, C; € ‘7_—;/6 with xg € Cp and
x1 € Cy. Thus,

diam(C;) < — and x; € C;iN fM(0)

8
6
for each i € {0, 1}, so dy(Cp, C1) > §/3 (proving items (2) (a), (3) and (4) for C, Cp and
C1). Also, Corollary 2.9 ensures that

diam(f™(C)) > § and diam(f¥(C))) = 5,

since M > 2mg, implying item (1) for Cp and Cy. Now, for each i € {0, 1}, consider
Xi.0,Xi1 € fM(Ci) such that d (x;0, x;1) > § and Cjo, C;i1 € fé‘/é with

xio€Cio and x;1€Ciy.
Thus,
dy(Cio, Ci1) > 8/3 foreach i€ {0, 1}
and
diam fM(C;j) > 8 foreach (i, j) € {0, 1)
Moreover, the hyperbolicity of D ensures that
D(f™M(Cij) <4MD(Cij) <a forevery (i, j) € {0, 1},

which implies that

diam(f~M(C;j)) < - forevery (i, j) € {0, 1}%

N>

Thus, for each (i, j) € {0, 1}?,

diam(C; U £~M(C;j)) < diam(C;) + diam(f ™ (C;))) < g

@ Springer



Journal of Dynamics and Differential Equations

Fig.5 Local cw-unstable
continua §/3 distant with past Co
iterates exponentially small

Figure 5 illustrates these choices and estimates. Following the same steps inductively, for
eachn > 2 and (i1ir---iy—1) € {0, 1}”_1 we create continua, Cj j,...i, ;.0 and Cjjj...i,_;,1
in ]-'8”/6, with

Ci1i2-~-i,,_1,0 N fM(Cilizv--i,,_]) 7& ¢ and Ci1i2--~in_1,1 N fM(Ciliz---i”_l) # 7
and
du (Ciyigeviy 105 Ciyigeiy 1) > 8/3.
Since Ci,iy...i,_,i, € F", then, by Corollary 2.9,
diam fM(Ciyiyiy_1in) = 8.

The properties of D (triangular inequality and hyperbolicity on F*) ensure that for each
keN,n>kand (if, ir,--- ,i,) € {0, 1}" we have

n—k n—k

DU FMCirigy)) | =Y DUM(Cii, )
j=1 j=1
n—k

<y M
j=1

)LM
<4
=

<a,
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Here we just write f’jM(Cil...,-kH) omitting the marked points, which are

FTU My i) and UM G )

where x;, ... ; is a point of the intersection Cj,...;; N fM(C,-l...l-,fl) for each [ € N. Since, by
hypothesis,

n—k

U 7" Ciyii, ) € 74,

Jj=1

the compatibility between D and diam ensures that

n—k
. _; 8
diam Uf JM(Cil.‘.,-kH) < 3
j=1
and, therefore,
n—k ) n—k )
diam [ () £ (Ciyigs;) | < diam(Ciy...i) + diam [ () £77M(Ci.ip )
j=0 j=1
) n ) 8
< -4 - =-.
6 6 3

This proves the existence of the family (C;, ;,)i,,....i,.n satisfying (1) to (4). To prove that
this implies positive topological entropy, we use (2) and choose points

xi € Cin fM(C) foreach i € {0, 1},
and for eachn > 2 and (i1, i, ..., in) € {0, 1}"", choose
Xiriiy € Cirigeig 0 M (Ciyigeiy 1)
We will prove that, for each n € N, the set
An = Uirigeiy = 7™M Giigeed, )3 (1ize s in) €0, 1))

is (nM, 6/3)—separated. Indeed, if y;,...;,, yj,...j, € A, are distinct, then there exists k €
{1,2,...,n} such that ji # i} and

ji=1i forevery [efl,...,k—1}.
Assume, without loss of generality, that iy = 0 and ji = 1. Since
Yiviwin = F ™M (Xiyineeiy) € £ (Chyigeniy)
and
—nM —nM
Yivjzin = F 0 Wi jeju) € f7(Cjpevjin)s
we have that
n—k

M Gigei) € FTOMCrigi) € | FM (Cligeins )
J=0
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and
n—k

Mg € FETMCh 0 < U FMClipin)
j=0

Item (4) ensures that
M i) € Bigeii10.8/3) and fM(yjy5,) € Bxiyai 1, 8/3),
and this implies that
A i) M i) = 873,

since d(x;y...i,_,0, Xij-iy_;1) = 8 by item (3) (recall that x;,...;, 0, Xij-ip_ 1 € Cijeip_yin)-
Since for each n € N, A,, has 2" elements and is (nM, §/3)-separated, it follows that

s(nM,§/3) >2" forevery neN.

Thus,
1
h(f,58/4) = limsup — - logs(n, §/4)
n—oo N
. 1
> lim sup <— -logs(nM, 8/4))
n—oo nM
> li ! log 2"
imsup — - lo
- n—>oop nM &
> i " log2
imsup — - lo
- nﬁoop nM &
! log2 0
= —"-lo >
v g
and, hence, A(f) > 0. ]

Question 3 Are the hypotheses on F* of being invariant by f~' and closed by connected
unions satisfied by all first-time sensitive homeomorphisms?
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