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Abstract We extend the study on shadowable points recently introduced by Morales
in relation to chaotic or non-chaotic properties. Firstly, some sufficient conditions for
a quantitative shadowable point to be approximated by an entropy point are given. As
a corollary, we get different three chaotic conditions from which a shadowable point
becomes an entropy point. Secondly, we provide a dichotomy on the interior of the
set of shadowable chain recurrent points by two canonical chaotic and non-chaotic
dynamics, the full shift and odometers.
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1 Introduction

Shadowing property has been the subject of numerous studies in the qualitative theory
of dynamical systems (Aoki and Hiraide 1994; Pilyugin 1999). Recently, Morales
(2016) introduced the notion of shadowable points by individualizing the shadow-
ing property into pointwise shadowings. A shadowable point of a continuous map is
defined to be a point such that the shadowing lemma holds for pseudo orbits beginning
at the point. It prompts us to reconsider the theory of shadowing from a local point of
view. On the other hand, the notion of quantitative shadowable points was defined in
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Kawaguchi (2017), which is a quantitative version of shadowable points. Some basic
properties and several results of (quantitative) shadowable points have been obtained
in Kawaguchi (2017), Morales (2016). In this paper, we extend the study on (quantita-
tive) shadowable points by the idea of localizing and quantifying the arguments on the
shadowing property in connection with chaos and equicontinuity. The chaos includes
the positive entropy, sensitivity, and Li—Yorke chaos, and corresponds to the full-shift,
while the equicontinuity corresponds to the odometers (or adding machines).

Our first main result gives sufficient conditions for a quantitative shadowable point
to be approximated by an entropy point, which concern the notions of sensitivity and
Li—Yorke pairs (Theorem 1.1). As a corollary, we obtain relatively simple sufficient
conditions for a shadowable point to be an entropy point (Corollary 1.1). By this corol-
lary, owing to the notion of shadowable points, we can concisely specify entropy points
in connection with other chaotic properties of dynamical systems. As a consequence,
we establish the equivalence of two definitions of chaos, Li—Yorke chaos and the pos-
itive topological entropy, under the shadowing property (Corollary 1.2). Moreover,
we give a lower estimate of the positive topological entropy under the presence of a
Li—Yorke pair and a quantitative shadowing property (Theorem 1.2).

Our second main result provides a dichotomy on interior points in the set of shad-
owable points under the assumption of chain recurrence (Theorem 1.3). It tells us that
being an interior point in the set of shadowable points (with chain recurrence) enables
us to characterize the point as a chaotic point or a non-chaotic point in comparison
with two canonical dynamics, i.e., the full shift and odometers (see properties (S2)
and (E2) in Theorem 1.3). It also depicts how chaotic points and non-chaotic points, or
full shift extensions and odometers are mixed in the chain recurrent set. According to
Akin et al. (2003), the mixture of full-shift extensions and odometers is a C O-generic
property of homeomorphisms on a smooth closed manifold, so our results comple-
ment such a picture. In the classical topological theory of hyperbolic dynamics, some
kind of expansiveness, which is also a topological expression of hyperbolicity, is often
assumed with the shadowing property, where the possibility of the presence of non-
trivial equicontinuous subsystems is excluded. Therefore, our results seem to give an
insight into a certain non-hyperbolic behavior.

We begin by defining (quantitative) shadowable points. Throughout this paper, we
deal with a continuous map f : X — X on a compact metric space (X, d). An infinite
sequence of points (x;){°, in X is called a §-pseudo orbit of fifd(f(x;), xi+1) < éfor
alli > 0.Fore > 0,ad-pseudo orbit (x;)72 of f is said to be e-shadowed by x € X if
d(x;, fi(x)) < eforalli > 0.Forb > 0, we say that f has a b-shadowing property if
there exists § > 0 such that every §-pseudo orbit of f is b-shadowed by some x € X.
Then, for ¢ > 0, we say that f has a c+-shadowing property if f has the b-shadowing
property for every b > c. Note that the 0+-shadowing property corresponds with
the usual shadowing property. Now let us define quantitative shadowable points. For
b > 0, a b-shadowable point of f is a point x € X such that there exists § > 0 for
which every §-pseudo orbit (x;);2, of f with xo = x is b-shadowed by some point of
X. We denote by Sh,‘;( f) the set of b-shadowable points of f. Then, for ¢ > 0, we
define
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Shi (f) = (") Shi ().

b>c

and a point of Shcﬁr( f) is called a c+-shadowable point of f. A 0+-shadowable
point coincides with a shadowable point introduced by Morales (2016), and S har ()
is also denoted by Sh™(f). It was proved in Kawaguchi (2017) that for any ¢ > 0,
Sh:Zr(f) is an f-invariant (i.e. f(Sh:Zr(f)) C Sh:ﬁr(f)) Borel set in X, and f has
the c+-shadowing property iff Sh;;(f) =X.

Here, we give some basic definitions and notations. A dynamical system is a pair
(X, f) of a compact metric space X with a metric d and a continuous map f from X
to itself.

A subset S C X is f-invariant if f(S) C S. A subsystem of (X, f) is a pair of a
closed f-invariant subset S C X and f|s. We say that (X, f) (or f) is minimal if X
does not contain any non-empty, proper, and closed f-invariant subset. For dynamical
systems (X, f) and (Y, g), a factor map is a continuous surjection 7 : X — Y with
m o f = gom. When there is a factor map 7 : X — Y, then we say that (Y, g) is a
factor of (X, ), and (X, f) is an extension of (¥, g). When afactormapmw : X — Y
is 1-1, 7 is said to be a conjugacy, and we say that (X, f) is conjugate to (Y, g). For
e > 0, apoint x € X is said to be an e-sensitive point of f if for any neighborhood
U of x, there exist y, z € U and n € N such that d(f"(y), f"(z)) > e. We denote by
Sen,( f) the set of e-sensitive points of f and define Sen(f) = |J,. Sen.(f). Define
also EC(f) = X\Sen(f).Then, apointof Sen(f) (resp. EC(f)) is called a sensitive
(resp. equicontinuous) point of f.If X = Sen,(f) for some e > 0, then f is said to
be sensitive. We say that f is equicontinuous if for every € > 0, there is § > 0 such
that d(x, y) < & implies d(f"(x), f"(y)) < eforall x,y € X and n > 0. It is easy
to see that f is equicontinuous iff X = EC(f). A minimal system is either sensitive
or equicontinuous. A finite sequence of points (xi)f?zo in X (where k is a positive
integer) is called a 8-chain of f if d(f(x;), xi41) < dforevery0 <i <k —1. A
8-chain (x,-)i.‘:0 of f is aé-cycle of f if xo = x;. A point x € X is said to be chain
recurrent if for every 6 > 0, there is a §-cycle (xi)f.‘zo of f with xo = x; = x. The
set of chain recurrent points of f is denoted by CR(f). Note that Q(f) C CR(f),
where Q2 ( f) denotes the non-wandering set of f. We say that f is chain transitive if
for every x, y € X and every § > 0, there is a §-chain (xi)f.‘:o of f such that xg = x
and x;y = y.

Before stating our first result, we need to define entropy points, Li—Yorke pairs, and
Li-Yorke chaos. Given a continuous map f : X — X andn > 1, define a metric d,, on
X bydy(x,y) = maxo<j<n—1d(f/(x), f/(y)).Forn > lande > 0,asubset E C X
is called (n, €)-separated if x # y (x,y € E) implies d,,(x, y) > €. For A C X, let
S(A, n, €) denote the maximal cardinality of an (n, €)-separated set contained in A
and consider

1
h(f, A, €) =limsup —log S(A, n, €).

n—oo N

Notethatey < €1 impliesh(f, A, €1) < h(f, A, €2), which guarantees the existence of
lime_oh(f, A, €) € [0, oo]. The ropological entropy of f on A, denoted by h(f, A),
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is h(f, A) = lime_oh(f, A, €). Then, the topological entropy of f, denoted by
hiop([f),1s defined by hyop (f) = h(f, X). Ye and Zhang (2007) introduced the notion
of entropy points. A point x € X is said to be an entropy point of f if h(f, U) > 0 for
any neighborhood U of x. Let Ent (f) denote the set of entropy points of f.Itis known
that Ent(f) is a closed f-invariant subset of X, and Ao, (f) > 0 iff Ent(f) # ¢
(see Walters 1982; Ye and Zhang 2007).

For a dynamical system (X, f), a pair of points {x, y} C X is said to be a Li—Yorke
pair (with modulus e > 0) if one has simultaneously,

linrgioréf d(f"(x), f"(y)) =0 and limsup d(f"(x), f"(y)) > e > 0.

n—oo

A subset § C X is called scrambled if any pair of distinct points x, y € §Sis a Li—-Yorke
pair. Then, a system (X, f) is called Li—Yorke chaotic if X contains an uncountable
scrambled set.

Now let us state our first result.

Theorem 1.1 Let f : X — X be a continuous map. Given x € Shi,_(f) withc > 0,
ife > 2c and one of the following conditions is satisfied, then there exists w € Ent(f)
such that d(x, w) < c.

(1) There is a closed f-invariant subset S C X such that CR(f|s) = S and
w(x, )N Sen.(fls) # V.

(2) Thereis 'y € X such that {x, y} C X is a Li—Yorke pair with modulus e.

(3) Thereis a closed f-invariant subset S C w(x, f) suchthat w(x, f)\B.(S) # 0,
where Bo(S) ={y € X : d(y, S) < e}.

Theorem 1.1 gives three sufficient conditions for a quantitative shadowable point to
be approximated by an entropy point. Roughly speaking, our proof of Theorem 1.1 is
based on the observation that if one of the conditions (1)—(3) is satisfied, then x limits
to a point such that there are sufficiently “separated” pairs of two cycles through the
point. By constructing pseudo orbits beginning at x and eventually turning around the
cycles, and then by shadowing them, we prove that x is approximated by an entropy
point (Lemma 2.3). Indeed, it has been observed so far that the existence of such
a “separated” pair of two cycles near a point together with the shadowing property
enables us to obtain a factor map onto the full shift from a subsystem of some power
of the map (see, for example, Kocielniak and Mazur 2007; Li and Oprocha 2013;
Moothathu and Oprocha 2013). As far as the author knows, such an idea goes back
to 80s (Kirchgraber and Stoffer 1989). In this paper, we explicitly define “e-separated
pairs of two 6-cycles at a point” (Definition 2.1) and provide three sufficient conditions
for the existence of such objects, each of which corresponds to one of the conditions
in Theorem 1.1 (Lemma 2.1). By using them, we prove Theorem 1.1. The method to
obtain a factor map onto the full shift is described in Lemma 2.4.

Applying Theorem 1.1 with ¢ = 0, it is immediate to obtain the following corollary,
which provides sufficient conditions for a shadowable point to be an entropy point.

Corollary 1.1 Let f : X — X be a continuous map. Given x € Sh™*(f), if one of
the following conditions is satisfied, then x € Ent(f).
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(1) There is a closed f-invariant subset S C X such that CR(f|s) = S and
w(x, )N Sen(fls) # 0.

(2) Thereisy € X such that {x, y} C X is a Li-Yorke pair.

3) w(x, f) is non-minimal for f.

By Theorem 1.1 and Lemma 2.4 together with the result of Blanchard et al. (2002),
we obtain the following corollary.

Corollary 1.2 Let f : X — X be a continuous map with the shadowing property.
Then, the following properties are equivalent.

(1) hiop(f) > 0.

(2) (X, f) has a Li-Yorke pair.

) (X, f) is Li-Yorke chaotic.

(4) There exists x € X such that w(x, f) is non-minimal for f.

Positive topological entropy is a characteristic feature of chaos. It is well-known
that positive topological entropy implies Li—Yorke chaos for any surjective continuous
map on a compact metric space (Blanchard et al. 2002, Corollary 2.4). Corollary 1.2
claims that when the shadowing property is assumed, the presence of a Li—Yorke pair
implies positive topological entropy, and so does Li—Yorke chaos by the fact above. As
a consequence, two definitions of chaos coincide under the shadowing property. We
remark here that for interval maps, the presence of a Li—Yorke pair implies Li—Yorke
chaos, but there are Li—Yorke chaotic interval maps with zero topological entropy
(Kuchta and Smital 1989; Smital 1986; Xiong 1986).

As the next step, we give a lower estimate of the topological entropy under the
presence of a Li—Yorke pair and a quantitative shadowing property. Let d» denote the
metric on X? = X x X defined by d2((a, b), (a’, b)) = max{d(a,d’), d(b, b')}.

Theorem 1.2 Let [ : X — X be a continuous map and suppose that the following
three conditions hold:

(1) e >2b>0;

2) x e Sh;'(f) and every §-pseudo orbit (x;)72, of f with xo = x is b-shadowed
by some point of X; and

(3) Thereis 'y € X such that {x, y} C X is a Li-Yorke pair with modulus e.

Then, we have

hiop(f) = N> @)

log?2,
where N(8) denotes the minimum cardinality of an open cover of (X2, d») whose
mesh is < 4.

Then, we proceed to a study on the presence of regularly recurrent points near a
chain recurrent point in the interior of the set of shadowable points. The following
proposition claims that there is a periodic point or a point whose orbit closure is
conjugate to an odometer in any neighborhood of such a point. It is a slight extension
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of a recent result by Li and Oprocha (2016, Corollary 3.3), and we also give an
alternative proof of it through the construction of a factor map (Lemma 4.1).

Let us briefly review the definition of odometers. Given a continuous map f : X —
X, apoint x € X is said to be regularly recurrent if for every neighborhood U of x,
there is k € N such that f¥"(x) € U for all n > 0, and minimal (or almost periodic)
if the restriction of f to the orbit closure O f(x) = {f"(x) : n > 0} is minimal. We
denote by RR(f) (resp. M(f)) the set of regularly recurrent (resp. minimal) points
of f. Note that RR(f) C M(f). It holds that M(f) = M(f™) for every m € N
(see, for example, Moothathu 2011). An odometer (also called an adding machine)
is defined as follows. Given a strictly increasing sequence m = (my);2, of positive
integers such that m; > 2 and my, divides my foreachk = 1,2, ..., we define

e X(k)={0,1,..., m; — 1} (with the discrete topology);
o Xy ={x =2, €[liz; X (k) : xx = xp41 (mod my)};
e g(x)k = xk + 1 (mod my) for x € X,y.

The resulting dynamical system (X,,, g) is called an odometer with the periodic struc-
ture m. An odometer is characterized as a minimal equicontinuous system on Cantor
space (see Kurka 2003). Any infinite minimal system with the shadowing property is
conjugate to an odometer. It is also known that for every continuous map f : X — X
andx € RR(f)\Per(f),adynamical system (O (x), f) is an almost 1-1 extension
of an odometer. Moreover, if O(x) C RR(f), then (Of(x), f) is conjugate to an
odometer (see Blokh and Keesling 2004; Downarowicz 2005).

Proposition 1.1 Let f : X — X be a continuous map and let p € Int Sh™(f) N
CR(f). Then, for every € > 0, there exists g € X with d(p,q) < € such that
q € Per(f)or (Of(q), f) is conjugate to an odometer.

Remark 1.1 If a continuous map f : X — X satisfies the shadowing property, then
ShT(f) = X. In this case, as seen from Proposition 1.1, RR(f) is dense in the
non-wandering set of f. Therefore, one may expect that if f : X — X has the b-
shadowing property with b > 0, then for every x € Q(f), there exists y € RR(f)
with d(x, y) < b, but this is not the case as shown in the following example. Let
o : {0,112 — {0, 1}% be the full shift and let g; : ¥, — Y}, be a minimal rigid
rotation on a circle Y}, with radius b > 0. Then, since o has the shadowing property,
o x g {0,1}% x ¥, — {0,1}% x Y, has the b-shadowing property. However,
RR(0 x g») = RR(0) x RR(gp,) = ¥ because RR(gp) = ¥.

The next theorem describes local features of interior points in the set of shadowable
points, under the assumption that Int ST ( f) is contained in a chain recurrent subset.
A key idea of the proof is Bowen type decomposition of chain recurrent subsets.

It has been observed so far that if a continuous map f : X — X is chain recur-
rent, then X admits a canonical decomposition into finitely many chain components.
Such an idea goes back to Smale’s spectral decomposition theorem on Axiom A dif-
feomorphisms. It states that the non-wandering set of an Axiom A diffeomorphism
is decomposed into finitely many clopen transitive components (Smale 1967). Then,
Bowen decomposed each of the components into cyclically alternating clopen com-
ponents for which the power of the diffeomorphism restricted to each component is
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topologically mixing, and used it to develop the ergodic theory of Axiom A diffeo-
morphisms (Bowen 1975). A topological version of Smale and Bowen decomposition
is presented in Aoki and Hiraide (1994) for instance.

Relatively recently, such a type of decomposition is generalized for chain transitive
maps. An idea leading to the generalization was already presented in Akin (1993).
It was used in Richeson and Wiseman (2008) to give a structure theorem of chain
transitive maps, and used in Brian et al. (2015) to prove a certain kind of shadowing
property for chain transitive maps. We consider such a type of decomposition of
chain recurrent subsets by chain equivalence relations without assuming the chain
transitivity, and use it to prove Theorem 1.3.

Theorem 1.3 Let f : X — X be a continuous map and let o : {0, N = o, 1N
be the full shift. Suppose that there is a closed f-invariant subset S C X such that
CR(fls) = S and Int Sh*(f) C S. Then, for any x € Int Sh™(f), each of the
following two families of properties (S1)—(S5) and (E1)—(E4) consists of equivalent
properties, and either (S1) or (E1) holds.

(S1) x € Sen(f).

(82) Forevery e > 0, there are m € N and a closed f™-invariant subset Y C Be(x)
for which we have a factor map 7w : (Y, f™) — ({0, 1}, o), and there exists
y € Xwithd(x,y) < € suchthat’y € Per(f) or (Oy(y), f) is conjugate to
an odometer.

(S3) Forevery e > 0, there exists y € X withd(x, y) < € suchthat (Oy(y), f)isa
minimal sensitive subsystem.

(S4) x € Ent(f).

(S5) x ¢ Int RR(f).

(El) x e Int EC(f).

(E2) There is a neighborhood U of x such that for every y € U, y € Per(f) or
(O¢(y), f) is conjugate to an odometer.

(E3) x ¢ Ent(f).

(E4) x € Int RR(f).

Moreover, if x € EC(f), thenx € Per(f)or(Oys(x), f)is conjugate to an odometer.

Remark 1.2 If CR(f) = X, then the hypothesis of Theorem 1.3 is satisfied for § = X.
When f : X — X is a homeomorphism or an open map and Int Sh*(f) C CR(f),
putting § = Int Sh+(f), we have f(S) C S and Q(f|s) = S, implying CR(f|s) =
S. Then, the hypothesis of Theorem 1.3 is satisfied. Note that if a continuous map f :
X — X satisfies the shadowing property and S = Q(f), then we have Sh*(f|s) = S
and CR(f|s) = S. Hence, Theorem 1.3 applies to any dynamical system with the
shadowing property restricted to its non-wandering set.

This paper consists of six sections. In Sect. 2, we prove Theorem 1.1 and Corollary
1.2. Theorem 1.2 is proved in Sect. 3. We prove Proposition 1.1 in Sect. 4. In Sect. 5, we
give Bowen type decomposition of chain recurrent subsets and some consequences.
Finally, we prove Theorem 1.3 in Sect. 6.
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2 Proof of Theorem 1.1 and Corollary 1.2

In this section, we prove Theorem 1.1 and Corollary 1.2. We first give the definition
of “e-separated pairs of two §-cycles at a point” mentioned in Sect. 1. Let f : X — X
be a continuous map on a compact metric space (X, d).

Definition 2.1 For x € X, a §-chain ()c,-)].‘_O of f is said to be a é-cycle of f at x if

xp = xx = x. For e > 0, we say that a pair ((z( )) (1))’”

0)

o (2 o) of two 8-cycles of f

at x is e-separated if d(z, ,zgl)) > e forsome 0 < i < m.

Note that when we say that a pair of §-cycles of f is e-separated, the two §-cycles
have the same length, which will be called the period of the pair. In what follows,
8-cycles mean §-cycles of f unless otherwise specified.

Remark 2.1 Let ((Z(O)) =0 (Z(]))l_o) be a pair of §-cycles at x with d(zio), z(])) >e
for some 0 < j < min{k, /}. Then, the pair of the following §-cycles:
(z ©0) () 0 0) (1) (1 (1) (1))

20 % ""’Zj s Zp_15%0 %1 553115 %

Ho_a 1 O _© 0
(zé),zg),.-.,z().. PR SO NP LN O

is an e-separated pair of §-cycles at x with the period k + /.

Lemma 2.1 Let f : X — X be a continuous map. Given e > 0 and z € X, if one of
the following conditions is satisfied, then for any § > 0, X contains an e-separated
pair of two §-cycles of f at z.

(1) There is a closed f-invariant subset S C X such that CR(f|s) = S and z €

Sene(fls).
(2) There are a Li—Yorke pair {x, y} C X with modulus e and a sequence of integers
0 <ny <np <--- such that

lim d(f" (x), fY(y) =0 and lim f"(x)=z.
J— 0 j—o00

(3) There are x € X and a closed f-invariant subset S C X such that 7 € S C
w(x, f)and o(x, f)\B.(S) # 0.
O

Proof (1) This proof is a modification of that of Kocielniak and Mazur (2007), Theo-
rem 2. Given § > 0, fix 0 < §p < /2 and take 0 < &1 < §/2 so thatd(a, b) < §;
implies d(f(a), f(b)) < & for all a, b € X. Then, since z € Sen.(f|s), there
are z(()o),z(()l) € Sand N € N such that max{d(z, Z(O)) d(z,zél))} < 61 and
d(fN(z(O)) fN(zol))) > e. Choose € > 0 with d(fN(z(O)) fN(z(()l))) > e+ 2¢
and take 0 < 8§, < §/2 such that for every 8>-chain (xg, x1, ..., xn) of f, we
have d(fN(xo), xn) < €. Since z(()o), z(()l) € § = CR(f|s), there exists a pair of
dz-cyclesin §

©) O © O (1 M 1 @
((0715"'7](]50)(0515"'7[]70))
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2

3)

with min{k, [} > N. By the choice of §;, we have

dzy 2y = d(FNEE Y @) = d (N g 2 = AN ). 2y
>e+2¢—2=e.

From
d(f2).2\") <d(f@). f@@") +d(f@").z") < 8o+ 8 <8
and
d(f @2 ).2) <d(fE ). 20)) +dzy) 2) < 62+ 681 <6,

it follows that (z, z\”, ...,z,(()l,z)lsaS -cycleatz. Similarly, (z, 2§, .. zl(l)l,z)
is also a §-cycle at z. Hence, as in Remark 2.1, S contains an e- sepaIated pair of
8-cycles at z with period k + 1.

Given § > 0, take 0 < n = n(6) < & such that d(a,b) < n implies
d(f(a), f(b)) < § for all a,b € X. Then, there are 1 < Ny < N < N3
with Ny — N1 and N3 — N; arbitrarily large such that

(M, M), 00, fY0)) C By2) = {u e X 1d(z,u) < ).
and d(fN2 (x), sz (y)) > e. Then, the pair of the following

(2, fMT ), Y, N2 (), T ), L TN, 2),
z ML), LG, M2, VLG, L TN, )

is an e-separated pair of §-cycles at z.

Fix p € w(x, f) withd(p, §) > e. Given§ > 0, since f |, (x, f) is chain transitive,
there is a §-chain (x(l))" _0 Of flw, f) such thatx(l) =z and x(l) = p. Note that
f%z) € S, and hence d(f“(z), p) > d(p, S) > e. By the chain transitivity of
flo, ) again, there is a pair ((y(o))l o (y(l))c o) of 8-chains of fu,(x, r) such
that (y(go), yol)) = (f“(z), p) and (ylgo), ycl)) = (z, z). Consider the following
pair of §-cycles of f:

(@ f@n e 7 @ o G e o,
Since d(yo , y(()l)) =d(f%(z), p) > e, as in Remark 2.1, there is an e-separated
pair of §-cycles at z with period 2a 4 b + ¢ contained in w(x, f).

O

Remark 2.2 Under the assumption of (1) (resp. (3)), the e-separated pairs of 5-cycles

of

f at z can be taken in S (resp. w(x, f)).

We need the following lemma given by Ye and Zhang (2007).
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Lemma 2.2 (Ye and Zhang 2007, Proposition 2.5) If h(f, A) > 0 for a closed subset
A C X, then ANEnt(f) # 0.

This lemma is obtained by the fact that for any choice of compact subsets
Ki,...,Kn C X, we have h(f, U/, K;) = max{h(f,K;) : 1 <i < m}anda
simple concentration argument.

The next lemma is essential in the proof of Theorem 1.1.

Lemma 2.3 Let f : X — X be a continuous map and let x € Sh;(f) with b > 0.
Givene,$§ > 0, and 7 € w(x, f), suppose that the following conditions are satisfied.

e ¢ >2b.

e Every §-pseudo orbit (x;){°, of f with xo = x is b-shadowed by some point of X.

0)ym
)i

o There is an e- sepamtedpalr ((z; )iy (ZEI));"ZO) of §-cycles of f at z with period

m.

Then, hiop(f) > (log2)/m, and there exists w € Ent(f) such that d(x, w) < b.

Proof Fix 0 < j < m with d(z(o), z(l)) > e and take k > 0 with d(f*(x), z) < 6.
By the hypothesis, given n € N, for each s =(s1,...,5,) € {0, 1}, we can consider
the following 6-chain of f:

(x,f(x), fk l(x) Z(Sl), (Sl)’.“ Z(Sl) .“,Z(()Sn),zisn),.“ (sn) )

*m—1° » m—1

which is b-shadowed by y(s) € Bp(x). Put E, = {y(s) € X : s € {0, 1}""} and let
us claim that E,, is a (k + mn, e — 2b)-separated set. In fact, for any s, € {0, 1}", if
s # t,then s, # t, forsome 1 < a < n, and letting K = k + (a — 1)m + j, we have
K < k+mn, and

d(FE N, K o) = d@S ) — (K ). 20 = d(rK 3. 29 > e — 2.

Note that E,, C Bjp(x) and the cardinality of E,, is 2". Hence, we have S(Bp(x), k +
mn, e — 2b) > 2" for every n € N, and then

h(f, Bp(x)) > h(f, Bp(x), e — 2b) = hmsupllog S(Bp(x), n, e — 2b)

n— o0

> lim sup log S(Bp(x), k + mn, e — 2b)
n—00 n
> lim sup log2"
n—00 n
1
= —log2 > 0.
m

Thus, we obtain h;op (f) > h(f, Bp(x)) > (log2)/m, and from Lemma 2.2, it follows
that By (x) N Ent(f) # 0. O

Now let us prove Theorem 1.1.
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Proof of Theorem 1.1 Take b > ¢ withe > 2b > 2c and choose § > 0 such that every
8-pseudo orbit (x;)7°, of f with xg = x is b-shadowed by some point of X. For such
3, if one of the conditions (1)-(3) in Theorem 1.1 (corresponding to those in Lemma
2.1) is satisfied, then there exist z € w(x, f) and an e-separated pair of -cycles of f
at z by Lemma 2.1. Hence, using Lemma 2.3, we see that there exists w € Ent(f)
such that d(x, w) < b. Since b > ¢ can be taken arbitrarily close to ¢, and Ent(f)
is a closed subset of X, there exists w € Ent(f) such that d(x, w) < c, proving the
theorem. m|

Let o : {0, 1} — {0, 1}Y be the full shift. The following lemma is a restatement
(with modification) of Proposition 2 in Sect. 2 of Kirchgraber and Stoffer (1989). It
describes how we obtain from an e-separated pair of §-cycles at x together with the
shadowing property, a subsystem of some power of f which is an extension of the full
shift.

Lemma 2.4 Lete > 2b > 0 and let ((zlgo))?’zo, (zfl))?’zo) be an e-separated pair of
8-cycles at x € X. For each s = (s1, 52, ...) € {0, 1}V, define a 5-pseudo orbit y (s)
as follows:

p(s) = @9V 2 28 e P8 Y .

Ifevery y (s), s € {0, 1}V, is b-shadowed by some point of X, then there exist a closed
f™-invariant subset Y C By(x) and a factor map 7 = (Y, f™) — ({0, }N, o).

Proof Let
Y = {y € X : y is a b-shadowing point of y(s) for some s € {0, I}N},

and defineamaprw : ¥ — {0, I}N so that y is a b-shadowing point of y (7w (y)). Then,
it is easy to see that the following properties hold.

(1) Y is a closed subset of X;
@) fmY)Cy;

(3) = is well-defined;

(4) = is surjective;

(5) m is continuous; and

©6) To f"=0om.

Hence, 7 : (Y, f™) — ({0, 1}N, o) is a factor map, and Y C Bj(x) is obvious. O

Remark 2.3 Let Id : [0, 1] — [0, 1] be the identity map on the unit interval. Then,
for any § > 0, if m > 1 is large enough, we can take a §-cycle (zgo) )ity of Id at 0

5.0) = | for some 0 < j < m. Consider the §-cycle (zgl)),’»”zo of Id at 0 defined

by zgl) = 0 forall 0 <i < m. Then, we have d(z;o), z;l)) = 1, and every é-pseudo
orbit y (s), s € {0, I}N, defined as in Lemma 2.4 is 1/2-shadowed by 1/2. But, it is
obvious that there is no subsystem of (powers of) /d admitting a factor map to the

full shift. Note that ((zgo))?’zo, (zfl))?’zo) is not a 1-separated pair of §-cycles at O by

with z
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the definition. This example shows that the assumption of the separation > e cannot
be replaced by > e in order that Lemma 2.4 holds.

Remark 2.4 There is a sensitive continuous map f : X — X with the shadowing
property such that (X, £) admits ({0, 1}, &) as a factor, but any subsystem of powers
of f is not conjugate to ({0, N, o). In fact, ({0, 1} x X,,, 0 x g) with an odometer
(X,m, g) gives such an example. The natural projection onto ({0, 1}, o) is a factor
map. Note that Per(o x g) = ) because Per(g) = ¥, but if some subsystem of some
power of o x g were conjugate to ({0, 1}, o), then Per (o x g) would be non-empty.

As a corollary of Lemmas 2.1 and 2.4, we obtain the following lemma.

Lemma 2.5 Let f : X — X be a continuous map and let S C X be a closed f-
invariant subset such that CR(f|s) = S. If x € Sen(f|s) N Sh¥(f), then for every
€ > 0, there are m € N and a closed f™-invariant subset Y C B¢ (x) for which we
have a factor map 7w . (Y, f™) — ({0, I}N, o).

Proof Take positive constants e, €, and § > 0 with the following properties.

e x € Sen.(fls).
e ¢ > 2e.
e Every §-pseudo orbit (x;)72 of f with xg = x is e-shadowed by some point of X.

Then, the condition (1) of Lemma 2.1 is satisfied, and therefore S contains an e-
separated pair of §-cycles of f at x by Lemma 2.1. Hence, we can use Lemma 2.4 to
obtain the conclusion. O

For the proof of Corollary 1.2, we need the following lemma, which is also used in
the proof of Theorem 1.3.

Lemma 2.6 Let f : X — X be a continuous map. If Y C X is a closed f™-invariant
subsetwithm € N, and = (Y, f™) — ({0, 1}, o) is a factor map, then we have the
following properties.

(1) Thereisy € Y such that w(y, ) is non-minimal for f.
(2) Thereisy € Y suchthat (O (y), f) is a minimal sensitive subsystem.

Proof (1) Take s € {0, 1} with w(s, o) = {0, 1}N and y € 7~ !(s). Putting Z =
w(y, f™), we have f"(Z) C Z and 7(Z) = {0, 1}V, which implies that 7 :
(Z, f™ — ({0, 1}N, o) is a factor map. Then, defining W = ZU f(Z)U---U
f™=1(Z), we have W = w(y, f). To show that W is non-minimal for f by
contradiction, assume that W is minimal for f. Then,wehave Z C W C M(f) =
M(f™), which contradicts that M (o) # {0, I}N, because the m-image of any
minimal point for f is also a minimal point for o. Thus, W is non-minimal for
f.

(2) It suffices to show that there exists y € Y such that (O = (y), f™) is a minimal
sensitive subsystem of (Y, f™). Put g = f” and take an infinite minimal subshift
Y C {0, I}N. Since Z = 7~ 1(2) is g-invariant, there is a minimal g-invariant
subset W C Z. Then, since 7 (W) C X is o-invariant and ¥ is minimal, we have
(W) = X. Let us claim that g|w is sensitive. Fix any w € W. Note that oy is
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positively expansive, and hence if 7 (U) # {mw(w)} for every neighborhood U of
w in W, then w is a sensitive point of g|w. Assume the contrary, i.e., there is a
neighborhood U of w in W such that 7 (U) = {7 (w)} to exhibit a contradiction.
Since W is minimal for g, thereisn > Osuchthat g (w) € U.Then, 7 (w) € ¥ and
o"(m(w)) = 7 (g" (w)) = mw(w), which contradicts that X is infinite and minimal.
Thus, for every w € W, (O, (w), g)=(W, g) is a minimal sensitive subsystem of
(Y, g), proving the lemma.

O

As the final proof of this section, we give a proof of Corollary 1.2.

Proof of Corollary 1.2 (1) = (3): hiop(f) > 0 implies that hop(fla(r) =
hiop(f) > 0. By the shadowing property of f, we see that f|q(s) is surjective.
Hence, from Blanchard et al. (2002), Corollary 2.4, it follows that f|q () is Li-Yorke
chaotic, and so is f.

(3) = (2): This is obvious by the definition.

(2) = (1): Let {x, y} C X be a Li—Yorke pair with modulus e. Note that x €
Sht(f) since ShT(f) = X. Applying Theorem 1.1 (2) with ¢ = 0, we have x €
Ent(f), implying that Ent(f) # ¥, and thus A0, (f) > 0.

(H = @): If Sen(f|9(f)) = (4, then h,op(f) = hmp(fm(f)) = 0. Therefore,
when A0, (f) > 0, we have Sen(f|q(r)) # . The shadowing property of f implies
that Q(f) = Q(fla)) C CR(fla)) C L(f), so CR(flap) = Q(f). Since
ShT(f) = X, we can apply Lemma 2.5 with § = Q(f) to have m € N and a
closed f™-invariant subset ¥ C X for which we have a factor map = : (¥, ) —
({0, 1}, ). Thus, by Lemma 2.6 (1), there is x € X such thatw(x, f) is non-minimal
for f.

(4) = (1): Let x € X be a point such that w(x, f) is non-minimal for f. Then,
applying Theorem 1.1 (3) with ¢ = 0, we have x € Ent(f), which implies /., (f) >
0. O

3 Proof of Theorem 1.2

To prove Theorem 1.2, we need the following technical lemma, which is a version
of the shortcut lemma proved in Kawaguchi (2016), Lemma 2.2. Intuitively, the open
cover U of (X 2 d>) in the lemma works as a “scale”, and any pair of chains of f with
sufficiently small gaps and an arbitrary length can be replaced by a pair of chains with
the same beginning and end points, whose gaps and length are bounded by the mesh
and the cardinality of U/, respectively.

Lemma3.1 Let § > O and let U = {Uy,...,Uk} be an open cover of (Xz, d>)
with meshl = maxi<;<kx diam U; < 8. Suppose that § > 0 is a Lebesgue num-
ber of U. Then, for every pair ((xl-(o))fzo, (xl-(l))f-‘zo) of B-chains of f, there is a
. 0 1 . 0 0

pair ((yl.( ))ézo’ (yi( ))520) of 8-chains of f such that (y(g ), y(() )) = (xé ), x(() )) and
0 = @@ x My with 1 <1 < K.

Proof Put g = f x fand z; = (xl.(o),xi(l)) € X? foreach 0 < i < k. Then, we
have dy(g(zi), zi+1) < B forevery 0 < i < k. Since d2(g(20),z1)) < B, there is
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1 <iyp < K such that {g(z0), z1} C Ujy. Put j; = max{l < j <k :z; € Uj}. Since
{g(20), 2j,} C Ui, and diam U;, < 8, we have d2(g(z0), z;,) < 8.1If j1 < k, then
since d2(g(z,). zj,+1) < B, thereis 1 <i; < K such that {g(z;,), z,+1} C U;,. Put
Jo=max{ji +1=<j <k:z; €U} Since {g(z},), 2j,} C U, anddiam U;; <,
we have d>(g(z,), z2j,) < 6. Note that z;, 11 € U;\U;,, and so U;; # Uj,. If jo <k,
we repeat the process, and so on. Inductively, we obtain a sequence of integers 0 =
Jjo < j1 < j» < ---.If jx <k, then Uy, Ujy, ..., U, would be K + 1 distinct
elements of ¢/, which is absurd. Therefore, we have j; = k for some 1 </ < K and
dr(g(zj,)s 2jyyy) < S forevery0 <a < [. Putz;, = (xj(o) 51)) = (y,io), yal)) for

0 (1 0 (1
(()) )) (() ))

each 0 < o < [. Then, we have (yO ,yol)) ,xol)) (y(o), ¥y Xy s X

and

max{d(f ). y 2 D, d(FOM. ¥ DY = ((F D). M), 62 D)
= dr(8(2j,)s Zjuyy) <8

forall 0 < @ < [. Hence, ((y )a —0 (yél))fxzo) is a pair of §-chains of f satisfying
the required property. O

By the virtue of Lemma 3.1, we can reduce the period of a separated pair of cycles
at a point in some case.

Lemma 3.2 Under the same hypothesis as in Lemma 3.1, for every e-separated
pair ((z(o))l o (z(l))m L) of B-cycles at x € X, there is an e-separated pair

((w(O)) n (u)(l))" o) of 8-cycles at x with period n < 2K.

Proof Fix 0 < j < m with d(z(o), zy)) > e. We split the pair ((z(o))l Lo (z(l))m o)
into two parts corresponding to O <i < jand j <i < m respectively, and apply
the shortcut lemma (Lemma 3.1) to each part. Then, by joining them, we obtain a
separated pair with a shortened period. Precisely, by Lemma 3.1, there exist two pairs
(Y ) and (1), (")) of 8-chains of f such that

o (x(()O)’ xol)) (z (0), Z01)) = (x, x) and (xIEO)’xkl)) (z (_0) (1)).
0)

0 (1 1 0 1 0
o (y(()),yo)) = (z; ,zf ) and (y( ),yl( N =@V, 20)) = (x, x); and

e maxik,/} < K.

Then, the pair of the following §-cycles:

0 0 0 0 0 0
" (E)li (1) xél_; ’ y(i)l;, yili 7 ylzlil’ yl(li)
(x() s XL s s X s Yo o VL e Vi 1,)’1 )
is an e-separated pair of §-cycles at x with periodn =k + 1 < 2K. O

Finally, using Lemma 3.2, we prove Theorem 1.2.

Proof of Theorem 1.2 Take an open cover U of (X 2 d») such that meshUd < § and
cardU = N>(8).Let 8 > 0 be a Lebesgue number of /. Then, by assumption (3) and
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Lemma 2.1, there is z € w(x, f) such that X contains an e-separated pair of -cycles
at z. Applying Lemma 3.2 to this pair, we obtain an e-separated pair of §-cycles at z
whose period n is < 2N3(§). Then, by assumptions (1) and (2), we can use Lemma
2.3 to conclude that

1
hiop(f) = —log2 > log 2.
n

T 2N2(9)

4 Proof of Proposition 1.1

In this section, we prove Proposition 1.1. We first prove the following lemma.

Lemmad4.1 Let f : X — X be a continuous map. If p € Int Sh™(f) is a chain
recurrent point of f, then for every € > 0, there exist a closed f-invariant subset
Y € X with Y N Bc(p) # @ and a factor map © : (Xpm,g) — (Y, f), where
Be(p) ={x € X :d(p,x) <¢€}and (X, g) is an odometer.

Given p € Int Sh¥(f)NCR(f)ande > 0,take ¢, > 0,k € N, with ZkeN € < €.
For any subset S C X and any § > 0, let Bs(S) = {x € X : d(x, S) < §}. We may
suppose that B.(p) C Sh™(f).

The next two lemmas are needed to prove Lemma 4.1. The first lemma is similar to
Moothathu and Oprocha (2013), Lemma 3.1, but we extend it to a sequence of finite
collections of subsets of X.

Lemma 4.2 There exist a strictly increasing sequence (my)reN of positive integers
and a sequence ({A(k ). 0 < j < mi}ken of finite collections of compact subsets of
X such that the following properties are satisfied for each k € N.

(1) A" C Bys . (p)

(2) my divides mj41.

(3) f™ (A(()k)) = A(()k) and A(()k) is minimal for f™*.

) f/ (A(()k)) = A;k) forall0 < j < my.

(5) diam A;k) <2¢ forall0 < j < my.

(6) Forany 0 < j < myr, if j = qmi + 1 with 0 < r < my, then AYV
B€k+1 (Aﬁk))'

Proof Letus prove the claim by induction on k. Whenk = 1, since p € Sh™(f), there
is 81 > O such that every §1-pseudo orbit (z;)72, with zo = p is €;-shadowed by some

point of X. Then, since p € CR(f), thereis a §;-cycle ()ci(])):.":lO with xél) = x,(,,ll) = p.
Consider the following m1-periodic é1-pseudo orbit
(1 (D M 1 .M M
(xg 75 x; e X X X Xy ca),

which is €;-shadowed by y; € X. Then, for every n > 0, f™"(y;) is also an €;-
shadowing point, and hence every y € w(y;, f™') is an €1-shadowing point of the
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above pseudo orbit. Since w(yy, f™!) is f™!-invariant, there is a minimal subset
Y1 C w(yy, f™) for f™ . Given0 < j < m1, we have d(f/(y), x(l)) < € for every
y € Y1, and therefore fJ(Yl) C B, (x( )) Foreach0 < j < m;, putA( ) fJ(Y ).
Then, Aél) =Y C B ()c0 ) = B¢, (p), and properties (3), (4), and (5) are satisfied
fork = 1.

Now given k € N, assume that m; and {A(k) 0 < j < my} satistfying (1),
(3), (4), and (5) are chosen. Fix x(()k+l) € A(k) Then, since A(k) - BZ i(p) C
Be(p) C ShY(f), there is 8;41 > 0 such that every 8 1-pseudo orbit (z,)?io with
20 = (k+1) is €41-shadowed by some point of X. Since A(()k) is minimal for ™%,

there is a;y > 2 such that d(x(k+l) S (x(()k+1))) < 8k41. Put myy1 = agpmy and
consider the following my1-periodic §x1-pseudo orbit

k+1 k+1 — k+1 k+1 k+1 — k+1
D, el e T DY D D), L e = D),

which is €;41-shadowed by some yiy; € X. Similarly to the above, we take a
minimal subset Y11 C @ (yky1, f™+1) for f™+1. Note that every y € Yiyg is
an €;41-shadowing point of the pseudo orbit above. Given 0 < j < myy1, we
have d(f/(y) f/(x(kJrl))) < €x41 for every y € Yi41, and therefore f/(Yk+1) C
Beyy (7 (i) Put AYTY = £9(¥eyy) forevery 0 < j < my1. Then,

k+1 k+1 k
A(() = =Y C B€k+1(x( - )) c B€k+l(A(() )) C B€k+1(BZf'€:1 € (r) C BZ{:} € (p),

(2) is satisfied for k, and (3), (4), and (5) are satisfied for k + 1. Suppose that 0 < j <
M4 18 written as j = gmyg +r with 0 < r < my. Then fj(x(k+l)) € fj(A(k))

Aﬁk), which implies ASkH) f/(Yk+1) C Be, (Ar )) Hence, (6) is also satisfied
for k, and thus the lemma has been proved. |

Recall that the definition of the odometer (X,,, g) with the periodic structure m =
(my)ken was given in Sect. 1. For m = (my)ren and ({A;k) 10 < j < mpPken
constructed in Lemma 4.2, we have the following property.

Lemma 4.3 Letr = (r1)jeNn € X and k € N. Then, we have

k+N k
Af‘k+N ) - B€k+l+“'+€k+N (A}(’k))

for every N € N.

Proof We prove this lemma by induction on N. When N = 1, since ryy) = r
(mod my), by substituting 741 and r¢ for j and r in Lemma 4.2 (6), we have Agﬁll) C
Be, ., (Aﬁlk‘)). Let us assume that the claim holds for some N € N and prove it for
; — (k+N+1) (k+N)
N + 1. Since rgy N1 = e (mod myyn), we have Ay [V C BEk+N+1(Ark+N )

by Lemma 4.2 (6). On the other hand, we have Aﬁ’k‘jﬁ” C B+ tepan (Ark ) by the
induction hypothesis. Hence,
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k-+N+1 k k
A£k+N+1 ) C B€k+N+1(B€k+1+~-~+€k+N (AS,())) C B€k+1+"'+€k+N+€k+N+l(A}(’k))’
which completes the induction. O

Now let us prove Lemma 4.1.

Proof of Lemma 4.1 Givenr = (r1);eNn € X, using Lemma 4.3, for every k € N and
every N € N, we have

k+N k
A( A C B€k+l+"'+€k+N (Aﬁk)) C Bzi

Tk+N

(AR

—k+1 €i

Since diam Ay} < 2¢; by Lemma 4.2 (5), we see that dy (A%, AGTYV) <

> 2i26i — 0as k — oo, where dy denotes the Hausdorff distance. In other
words, the sequence (Ag))leN is a Cauchy sequence with respect to dy, and so

lim;— 0o dyy (Ag), C) = 0 for some closed subset C C X. Since diam Ag) <2 —0
as [ — oo by Lemma 4.2 (5) again, we have C = {x} for some x € X. Then, define a
map 7 : X,, — X by putting 7 (r) = x, which implies

lim dy (A, {7(1)}) =0
[—o00

for every r = (r7)1en € X;n. We need two claims concerning the map .

Claim 1: 7 : X,, — X is continuous.

Given r = (r7)jen and s = (s7)jeN € Xy, suppose r; = s; forevery 1 </ < K.
Then,

(K+N)
ArK+N

€ By, (A

—K+1€i
for all N € N as above. Taking the limit as N — oo, we obtain

n(r) € Byx, o (A%,

Similarly,

m(s) € By e () = B o (AR

By Lemma 4.2 (5), we have diam Aﬁl,(() < 2¢€g , and therefore d(mw(r), m(s)) <
Y 2k 26 — 0as K — oo. Thus, 7 : X, — X is continuous.

Claim2:mog = fom.

Givenr € X,,, put g(r) = 5. Then, for each/ € N, we have s; = r; + 1 (mod m;)
by the definition of g, and hence Ag) =f (Ag)) by Lemma 4.2 (4). Taking the limit
as [ — oo, we obtain w(s) = f(w(r)), thatis, 7 (g(r)) = f(mw(r)). Since r € X, is
arbitrary, this claim has been proved.

Putting 7(X,,) = Y, from Claims 1 and 2, we see that Y C X is a closed f-
invariant subset, and 7 : (X,;,, g) — (Y, f) is a factor map. Hence, it only remains
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to prove that there exists ¢ € Y such that ¢ € B.(p). Put ¢ = 7(0) € Y, where
0=(0,0,0,...) € X;. By Lemma 4.2 (1), we have

k
Ay’ € Bs .(p) C By . (p) C Be(p)

for every k € N. Taking the limit as k — oo, we obtain ¢ € B¢(p), proving the
theorem. O

Using Lemma 4.1, we prove Proposition 1.1.

Proof of Proposition 1.1 By Lemma 4.1, for any given € > 0, there are a closed f-
invariant subset ¥ C X with Y N B(p) # ¥ and a factor map 7 : (X,,,, g) — (¥, f),
where (X, g) is an odometer. Then, (Y, f) is minimal, and it holds that Y C RR(f)
because X,, = RR(g). By Blokh and Keesling (2004), Corollary 2.5, we see that Y
is a periodic orbit or (Y, f) is conjugate to an odometer. Thus, taking g € ¥ N B.(p),
we have g € Per(f) or (Of(g), f) is conjugate to an odometer. O

5 Bowen Type Decomposition of Chain Recurrent Subsets

In this section, we give Bowen type decomposition of chain recurrent subsets and
present some consequences.

Let g : § — S be a chain recurrent continuous map on a compact metric space S.
For § > 0, we define a relation ~5 on S as follows. For x, y € S, x ~s y iff there
are a §-chain (xi)fzo of g with x9 = x and x; = y, and a é-chain (y,-)ﬁz0 of g with
yo = y and y; = x. By the chain recurrence of g, we can show that x ~5 g(x) for
every x € S,and x ~s y forall x, y € S withd(x, y) < §. Hence, every equivalence
class C with respect to ~; is clopen in S and g-invariant, i.e., g(C) C C. Then, each
equivalence class is called a 6-chain component of S (with respect to g), and so § is
decomposed into finitely many §-chain components. Such a decomposition is called a
8-chain decomposition of S (with respect to g). Now, fix a §-chain component C. Note
that for any é-cycle ¢ = (xi)l’-l:() of g,ifx; € C forsome 0 <i < n,thenx; € C forall
0 <i < n.In such a case, we write ¢ C C. Set [(c) = n for any §-cycle ¢ = (x,-);‘:O.
Define

N ={neN:3scyclecof g withc C C andI(c) = n},
and put
m = gcd N = max{j € N: j|n for every n € N'}.
Then, we define arelation ~5 , on C as follows. Forany x, y € C,x ~5_,, y iff thereis
a -chain (xi)i.‘zo of g with xo = x, xy = y and m|k. By the definition of m, we see that
~s.m 1s an equivalence relation on C, and by the chain recurrence of g, forallx, y € C
with d(x, y) < §, we have x ~;5 ,,, y. Hence, every equivalence class D with respect

to ~s. is clopen in S. Take p € C and consider m points p, g(p), ..., g™ (p).
Then, it is easy to see that C = |_|;”=_0l [¢'(p)] is the partition of C into equivalence
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cl'asses with respect to ~s where [gi (p)] denotes the equivalence class containing
g'(p).Put D; =[g'(p)] for0 <i <m — 1 and D,, = Dg. Then, we have

(D1) C = ||",' D; and every D;,0 < i <m — 1, is clopen in S;

(D2) g(D;j) C Dj41 forevery 0 <i <m — 1 (Lemma 5.1);

(D3) Given x,y € D; with 0 < i < m — 1, there exists M € N such that for any
integer N > M, there is a §-chain ¢ = (xi)i-‘zo of gin C with xg = x, x; =y,
and I/(c) =k =mN.

(D3) is proved in Brian et al. (2015), Lemma 2.3. The proof is based on the fact that for

every positive integers ni, na, ..., n; € Nwith gecd{ny, ns, ..., n;} = m, there exists

L € N such that for every integer N > L, we have nya; + nyaz + --- + nja; = mN

for some integers aj, az,...,a; > 0. We call each D;, 0 < i < m — 1, a §-cyclic
m—1

component of C,and C = | |/, D; is called a §-cyclic decomposition of C.

Proof of Lemma 5.1 1t is obvious from the definition that x ~;, g" (x) for every
x € C, and hence g3m+i(p) € Dj forevery0 <i <m—1.Fix0<i<m—1and
x € D;. Since both g3’"+i (p) and x are in D;, there are N € N and a §-chain (xi);"zl\(/)
of g such that xo = g+ (p) and x,,y = x. Then, the following

&P, g2 (), ., gD X1, K-, X, g (X))

is a §-chain of g of length m(N + 3), which implies gi+1(p) ~s.m 8&(x). Thus, we
have g(x) € D;41, and since x € D; is arbitrary, g(D;) C D;j+1 has been proved. O

In what follows, for x € S, we denote by C(x, §, g) the §-chain component con-
taining x. For the given §-cyclic decomposition C(x, §, g) = |_|;":_01 D; with x € Dy,
we define

e D(x,8,8) = Do;
e r(x,d8,g) = max{diam D; : 0 <i <m — 1}; and
e m(x,d,g) =m.

Note that for any 0 < §, < 1, we have

C(x,8,8) C C(x,01,8);
D(x, 82, 8) C D(x, 61, 8);
r(x, 82, 8) <r(x,d1,g);and
m(x, 81, g)lm(x, 82, ).

Then, we present some consequences of the Bowen type decomposition. The follow-
ing lemma characterizes the dynamics of a point x € S satisfying lims—o r(x, 8, g) =
0.

Lemmas.2 Let g : S — S be a chain recurrent continuous map. Suppose that
lims o7 (x, 8, g) = 0. Then, we have Og(x) C EC(g)NRR(g) anddim Og(x) = 0.
Moreover,

(1) Iflims_om(x, 8, g) = 00, then (Og4(x), g) is conjugate to an odometer.
2) Iflims_om(x,§, g) < 0o, then x € Per(g).
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Proof 1Tt is obvious from the definition of the §-cyclic decomposition that m -
EC(g) N RR(g) and dim Og4(x) = 0. Note that Og(x) is minimal and O4(x) C
RR(f). Ifmis afinite set, then g (x) = x forsomen € N,andhencem(x, §, g) <
n for every § > 0. Therefore, if lims_.o m(x, 8, g) = oo, then m is infinite, and
thus by Blokh and Keesling (2004), Corollary 2.5, (Og4(x), g) is conjugate to an
odometer. If limgs_, g m(x, §, g) = n < oo, then it is easy to see that g" (x) = x. O

The next lemma gives a quantitative relation between the Bowen type decompo-
sition and the presence of separated pairs of cycles at a point, whose definition was
given in Definition 2.1.

Lemma 5.3 Let g : S — S be a chain recurrent continuous map. For every x € S and
every e, 8 > 0, S contains an e-separated pair of §-cycles of g at x iffr(x, 8, g) > e.

Proof Putm =m(x, 6, g)andlet C(x, 6, g) = U;”:_Ol D; be the §-cyclic decomposi-
tion of C(x, §, g) with x € Dy.

Assume that r(x,8,g) < e. Then, by the definition of r(x, 3§, g), we have
diam D; < eforevery) <i <m—1.Let ((z(o))] —0» (ZEI))?ZO) be a pair of §-cycles
of g such that z(o) (() ) = Z,(f)) = zﬁ,l) = x. Then, both (z}o))yzo and (z}l))ﬁzo are
contained in C(x 38, g), and m|n. Moreover, for given 0 < j <nand0 <i <m — 1,
if j =i (mod m), then we have {z(o), z(l)} C D;. Hence, d(zﬁo), zﬁ,l)) < e for all
0 < j < n, and thus ((z(o))”_o, (z(l)) o) is not e-separated.

Conversely, assume that r(x, 5 g) > e and take 0 < i < m — 1 such that
diam D; > e. Choose yp, y1 € D; with d(yg, y1) > e. Then, by (D3), there are
Ny € N and a pair of §-chains ((x(O))mN' (x (l))le) of g with x(o) (1) = fi(x)

1
and (x,fl)vl ,51,)V1) = (yo. y1)- Since x € Do and £ (yo), f™ ' (y1) € Do, using

(D3) again, we have N> € N and a pair of §-chains ((y(o))mN2 (yjl))mNz) of g with

0 0
08”6 = (" o). £ () and Y, = y,Sj}vZ = x. Then, the pair of the
following §-cycles

- 0 _© 0 —ie 0 © 0
T 0 x,(,,,)vl_l Y0 - "), y(()),yf),...,y,(,,l)vz 15 %),

1 1 1 i 1 1 1
B AT E TR P LS PR TN L A6 TO 0 P L s GO

is an e-separated pair of §-cycles of g at x with period m(N| + N> + 1), proving the
lemma. o

By Lemmas 5.3 and 2.4, we obtain the following lemma.

Lemma 54 Let f : X — X be a continuous map and let S C X be a closed f-
invariant subset such that CR(f|s) = S. Given x € S, suppose that the following
conditions are satisfied.

e Every §-pseudo orbit (x;){2
point of X.

2o contained in S with xo = x is b-shadowed by some
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o r(x,4, fls) > 2b.

Then, there exist m € N and a closed f™-invariant subset Y C Bp(x) for which we
have a factor map 7 : (Y, f™) — ({0, 1}V, o).

From Lemma 5.4, we obtain the following corollary, which is a quantitative local-
ized version of Moothathu (2011), Corollary 6. For b > 0 and S C X, we say that a
continuous map f : X — X has the b-shadowing property around S if there is § > 0
such that every §-pseudo orbit of f contained in § is b-shadowed by some point of X.

Corollary 5.1 Let f : X — X be a continuous map with the b-shadowing property
around a closed f-invariant subset S. If CR(f|s) = S and hyop(f) = 0, then for
every x € S, there is a clopen subset D of S such that x € D and diam " (D) < 2b
foralln > 0.

Proof Choose § > 0 such that every §-pseudo orbit contained in S is b-shadowed
by some point of X. Given x € S, by Lemma 5.4, we have r(x, §, f|s) < 2b.
Put D = D(x,$, f|s). Then, D is a clopen subset of S containing x, and we have
diam f"(D) < 2b for all n > 0 by (D2) and the definition of r(x, 8, f|s). O

By Corollary 5.1, we can recover (Moothathu 2011, Corollary 6) as the continuous
limit when b — 0.

Corollary 5.2 (Moothathu 2011, Corollary 6) Let f : X — X be a continuous map
with the shadowing property. If hyop(f) = 0, then dim Q(f) = 0, and flq(y) is
equicontinuous.

Proof The shadowing property of f implies that Q(f) = Q(flas) C CR(flacs)) C
Q(f), so CR(flacr) = Q(f). Note that for every b > 0, f has the b-shadowing
property around 2(f), and hence Corollary 5.1 applies to S = Q(f). By taking the
limit as b — 0, we obtain dim Q(f) = 0, and f|q(r) is equicontinuous. O

The next lemma gives a quantitative relation between the Bowen type decomposi-
tion and the distribution of sensitive points under quantitative pointwise shadowability.

Lemma 5.5 Let f : X — X be a continuous map and let S C X be a closed f-
invariant subset such that CR(f|s) = S. Given x € §, suppose that every §-pseudo
orbit (x;)72, contained in S with xo = x is b-shadowed by some point of X. Then, we
have the following properties.

(D) Ifr(x, 6, fls) —2b > e > 0, then there exists y € Sen.(f) suchthatd(x,y) <b.
(2) Ifr(x,8, fls) < e thenx ¢ Senc(fls).

Proof We first prove (1). Since r(x, §, f|s) > e + 2b, by Lemma 5.3, S contains
an (e + 2b)-separated pair of é-cycles at x. By Lemma 2.4, there exist m € N, a
closed f™-invariant subset Y C Bj(x), and a factormap  : (¥, f™) — ({0, 1N o).
Moreover, the construction of the factor map 7 in the proof of Lemma 2.4 implies that
if m(a) # w(b)fora,b € Y,thend(f"(a), f"(b)) > e forsomen > 0. Now, since Y
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is compact and 7 is surjective, there exists y € Y such that for every neighborhood U of
yinY,thereisz € U withm(z) # m(y). Then, wehave y € Sen.(f)andd(x, y) < b,
proving (1). Suppose that r(x, 8, f|s) < e. Then, putting D = D(x, d, f|s), we have
diam f"(D) < e for every n > 0 by (D2) and the definition of r(x, 8, f|s). Hence,
we have x ¢ Sen.(f|s), proving (2). O

6 Proof of Theorem 1.3

In this section, we prove Theorem 1.3. Let f : X — X be a continuous map and let
S C X be aclosed f-invariant subset such that CR(f|s) = S and Int Sk (f) C S.
Then, S admits Bowen type decomposition with respect to f|s.

The following lemma claims that for any x € Int Sh™(f), we have a dichotomy,
lims—or(x,8, fls) > 0 with x € Sen(f) or lims_or(x,d, fls) = 0 with x €

EC(f).

Lemma 6.1 For any x € Int Sh*(f), we have the following properties.

(D) Iflims—gr(x,8, fls) > 0, then x € Sen(f).
) Iflims—or(x,d, fls) =0, thenx € EC(f) N RR(f).

Proof Let us suppose that lims_, o 7 (x, &, f|s) > e > 0 and prove that x € Sen.(f).
Take € > 0 and 69 > O such that lims—or(x, 38, fls) > e + 2¢ > e and every
do-pseudo orbit (x,-)j’io of f with xg = x is e-shadowed by some point of X. Then,
since r(x, &g, f|s) —2€ > e > 0, by Lemma 5.5, there exists y € Sen.(f) such that
d(x,y) < €. Since € > 0 can be taken arbitrarily small, we obtain x € Sen.(f) =
Sen.(f). As for (2), if lims_.o 7 (x, 8, f|s) = 0, then from Lemma 5.2, it follows that
x € EC(fls) N RR(f|s). Since x € Int Sh*(f) C Int S, we have x € EC(f), and

obviously x € RR(f). O

By Lemmas 5.2 and 6.1, we obtain the following corollary.

Corollary 6.1 For every x € Int Sh™(f), if x € EC(f), then x € Per(f) or
(Of(x), f) is conjugate to an odometer.

Now let us prove Theorem 1.3.

Proof of Theorem 1.3 (S1) = (S2): Let x € Sen(f). By Proposition 1.1, for every
€ > 0, there exists y € X with d(x,y) < e such that y € Per(f) or (Or(y), f)
is conjugate to an odometer. On the other hand, given € > 0, take y € Sen(f) N
Int Sh*(f) with d(x,y) < €/2. Note that y € Int Sht(f) C IntS, and so y €
Sen(f|s) N SAT(f). By Lemma 2.5, there are m € N and a closed f”-invariant
subset Y C B¢/2(y) for which we have a factor map 7 : (¥, f™) — ({0, LN, o).
Since Bej2(y) C Be(x), (S1) = (52) has been proved.

(82) = (853): This follows from Lemma 2.6 (2).

(S2) = (84): Let U be a neighborhood of x in X. Then, there are m € N, a closed
f™-invariant subset Y C U, and a factor map = : (¥, f™) — ({0, 1Y, 5). We have

h(f,U) > lh(fm,U) > lh(fm, Y) > l1og2 > 0.
m m m
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Since U is arbitrary, we have x € Ent(f).

(82) = (§5): Take s ¢ RR(c) and y € 7~ 1(s). Then, we have y € RR(f™) =
RR(f). Hence, there exists y € B¢(x) with y ¢ RR(f) for every € > 0, which
implies (S5).

(83) = (S1): This is obvious.

(S4) = (S1): Suppose that x ¢ Sen(f). Then, x € Int EC(f). Take a neigh-
borhood U of x such that U C EC(f). Then, we have h(f, U) = 0, and hence
x ¢ Ent(f).

(S5) = (S1): Suppose that x ¢ Sen(f). Then, x € Int EC(f). Take a neighbor-
hood U of x such that U ¢ EC(f) NInt Sh™(f). Then, using Lemma 6.1, we have
lims_o7(y,8, fls) = O for every y € U, and hence y € RR(f) by Lemma 5.2.
Thus, we have x € Int RR(f).

(E1l) <= (E3) <= (E4) has been already proved.

(E1) = (E2): Take a neighborhood U of x such that U ¢ EC(f) NInt ShT(f).
Then, using Lemma 6.1, we have lims_.o 7 (y, 8, f|s) = Oforevery y € U, and hence
by Lemma 5.2, y € Per(f) or (Of(y), f) is conjugate to an odometer.

(E2) = (E4): This is obvious.

The last claim has been already proved as Corollary 6.1. O

Finally, we give an example in which Theorem 1.3 holds.

Example 6.1 Let C C [0, 1] be the Cantor ternary set. Take a homeomorphism g :
C — C which is conjugate to the full shift o : {0, 1}Z — {0, 1}%. Then, g has the
shadowing property. Set x,, = 1/n, C, = {y/n:y € C} foreachn € N, and let

X ={0.0}U | Jlxa} x €, c R
neN

Then, X is a compact subset of R?. Define a homeomorphism f : X — X by
£((0,0)) = (0,0), and f(x,,y/n) = (x,, g(y)/n) for y € C,, n € N. Then, it is
easy to see that Sh™(f) = X, and so f has the shadowing property. It is also obvious
that f is non-wandering. Note that (0,0) € EC(f), but (0,0) ¢ Int EC(f). Then,
we see that (S1)—(S5) are satisfied for x = (0, 0).
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