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DISTRIBUTIONAL CHAOS IN MULTIFRACTAL ANALYSIS, RECURRENCE AND
TRANSITIVITY

AN CHEN AND XUETING TIAN

ABSTRACT. There are lots of results to study dynamical complexity on irregular sets and level sets of
ergodic average from the perspective of density in base space, Hausdorff dimension, Lebesgue positive
measure, positive or full topological entropy (and topological pressure) etc.. However, it is unknown
from the viewpoint of chaos. There are lots of results on the relationship of positive topological entropy
and various chaos but it is known that positive topological entropy does not imply a strong version of
chaos called DC1 so that it is non-trivial to study DC1 on irregular sets and level sets. In this paper we
will show that for dynamical system with specification property, there exist uncountable DC1-scrambled
subsets in irregular sets and level sets. On the other hand, we also prove that several recurrent levels
of points with different recurrent frequency all have uncountable DCl-scrambled subsets. The main
technique established to prove above results is that there exists uncountable DC1-scrambled subset in
saturated sets.

1. INTRODUCTION

Throughout this paper, let (X, d) be a nondegenerate(i.e, with at least two points) compact metric
space, and f : X — X is a continuous map. (X, f) is called a dynamical system.

1.1. Multifractal Analysis. The theory of multifractal analysis is a subfield of the dimension theory
of dynamical systems. Briefly, multifractal analysis studies the dynamical complexity of the level sets
of the invariant local quantities obtained from a dynamical system. There are lots of results to study
dynamical complexity on irregular sets and level sets of ergodic average from the perspective of density
in base space, Hausdorff dimension, Lebesgue positive measure, positive or full topological entropy (and
topological pressure) etc., for example, see [52], [0 51] 16, 67, 23] [l 66, 28] (for topological entropy or
Hausdorff dimension), [68] [69] (for topological pressure), [64, B8] (for Lebesgue positive measure) and
references therein. However, it is unknown from the viewpoint of chaos. From chaos theory, we know
that Li-Yorke chaotic and distributional chaotic are also good ways to describe the dynamical complexity.
In this paper, we firstly study dynamical complexity of irregular set and level sets in the viewpoint of
a strong chaotic property called DCI. Pikula showed in [55] that positive topological entropy does not
imply DC1 so that it is not expected to show DC1 of irregular sets and level sets by using the results in
52, O 8, [66] that irregular set and level sets carry positive (and full) topological entropy.

The notion of chaos was first introduced in mathematic language by Li and Yorke in [44] in 1975.
For a dynamical system (X, f), they defined that (X, f) is Li-Yorke chaotic if there is an uncountable
scrambled set S C X, where S is called a scrambled set if for any pair of distinct two points z,y of S,

liminf d(f"x, f"y) = 0, limsupd(f™z, f"y) > 0.

n—-+00 n——+oo
Since then, several refinements of chaos have been introduced and extensively studied. One of the most
important extensions of the concept of chaos in sense of Li and Yorke is distributional chaos as introduced
in [63]. The stronger form of chaos has three variants: DC1(distributional chaotic of type 1), DC2 and
DC3 (ordered from strongest to weakest). In this paper, we focus on DC1. Readers can refer to [26] 611 62]
for the definition of DC2 and DC3 and see [, [49] [14] 22} [T0} [37, [47, [TT] and references therein for related
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topics on chaos theory if necessary. A pair x,y € X is DCl-scrambled if the following two conditions
hold: .
vt > 0, limsup EHZ €0,n—1]: d(f'(x), fi(y)) <t} =1,

n—o0
1 ) )
3o > 0, liminf —[{i € [0,n — 1] d(f'(@), f'(1)) < to}] = 0.

In other words, the orbits of x and y are arbitrarily close with upper density one, but for some distance,
with lower density zero.

Definition 1.1. A set S is called a DC1-scrambled set if any pair of distinct points in S is DC1-scrambled.

1.1.1. DC1 wn Irregular set. For a continuous function ¢ on X, define the p—irregular set as
1 n—1
I,(f) = {z € X: nl;ngo - ZO o(f'z) diverges } .

@-regular set and the irregular set, the union of I,(f) over all continuous functions of ¢ (denoted
by TR(f)), arise in the context of multifractal analysis and have been studied a lot, for example, see
[52] @, 511 [16] [69] 23]. The irregular points are also called points with historic behavior, see [57, [64]. From
Birkhoff’s ergodic theorem, the irregular set is not detectable from the point of view of any invariant mea-
sure. However, the irregular set may have strong dynamical complexity in sense of Hausdorff dimension,
Lebesgue positive measure, topological entropy and topological pressure etc.. Pesin and Pitskel [52] are
the first to notice the phenomenon of the irregular set carrying full topological entropy in the case of the
full shift on two symbols. There are lots of advanced results to show that the irregular points can carry
full entropy in symbolic systems, hyperbolic systems, non-uniformly expanding or hyperbolic systems,
and systems with specification-like or shadowing-like properties, for example, see [9] 51, 161 (69, 23] 46, [71].
For topological pressure case see [69] and for Lebesgue positive measure see [64] [38]. Now let us state our
first main theorem to study dynamical complexity of irregular set from the perspective of DC1.

Theorem A. Suppose that (X, f) has specification property, ¢ is a continuous function on X and
I,(f) #0. Then there is an uncountable DC1-scrambled subset in I1,(f).

1.1.2. DC1 in Level sets. Level sets is a natural concept to slice points with convergent Birkhoffs average
operated by some continuous function, regarded as the multifractal decomposition [I8,29]. Let ¢ : X — R
be a continuous function. For any a € L, consider the level set

' 1 n—1 .
R,(a) := {:L' € X: nl;rr;oﬁzow(f x)=ay,.
1=
Denote R, = |J,¢ L. R, (a), then R, represents the regular points for ¢. Many authors have considered
the entropy of the R,(a). For example, Barreira and Saussol proved in [§] that the following properties
for a dynamical system (X, f) whose function of metric entropy is upper semi-continuous. Consider a
Holder continuous function ¢ (see [5l[6] for almost additive functions with tempered variation) which has

a unique equilibrium measure, then for any constant a € int(L)

(1.1) htOP(Rsa(a)) = ta,

where
to = sup {hu: /(pd,u:a},
REM(X)

hiop(Ry(a)) denotes the entropy of R, (a), h,, denotes the measure entropy of p. For ¢ being an arbitrary
continuous function (hence there may exist more than one equilibrium measures), ([LI]) was established
by Takens and Verbitski [66] under the assumption that f has the specification property. This result
was further generalized by Pfister and Sullivan [54] to dynamical systems with g-product property(see
[68, [70] for more related discussions). The method used in [0} 8] mainly depends on thermodynamic
formalism such as differentiability of pressure function while the method in [66] [54] is a direct approach
by constructing fractal sets. Here we consider the distributional chaotic of R,(a) and R,. Let M(X),
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M (X), M‘}(X ) denote the space of probability measures, f-invariant, f-ergodic probability measures
respectively. For a continuous function ¢ on X, denote

L,= inf /cpdu, sup /gadu and Int(L,) = inf /cpdu, sup /cpdu .
v lMGMf(X) pEMf(X) (Le) nEM(X) pEM;(X)

Note that if I,(f) # 0, then Int(L,) # 0. The inverse is also true if the system has specification property,
see [69] (see [67] for the case of almost specification), and it is easy to check the continuous functions
with Int(Ly,) # 0 form an open and dense subset in the space of continuous functions so that so do the
functions with I,(f) # 0 if the system has specification property or almost specification.

Theorem B. Suppose that (X, f) has specification property, ¢ is a continuous function on X and
Int(Ly) # 0. Then for any a € Int(Ly), there is an uncountable DCI-scrambled subset in Ry (a).

As a corollary, there are uncountable number of disjoint uncountable DC1-scrambled subsets.

Corollary A. Suppose that (X, f) has specification property but is not uniquely ergodic. Then there exist
a collection of subsets of X, {Sa}ac(o,1) such that

(1). For any 0 < a1 < as <1, So, NSa, =0, and

(2). For any a € (0,1), Sy is an uncountable DC1-scrambled set.

Let us explain why this result holds. By assumption there are two different invariant measures u, v so
that by weak* topology there exists a continuous function ¢ such that [ ¢dp # [ ¢dv. Thus Int(Lg) # 0.
Let ¢ := (¢ —inf e, (x) [ ¢dp) where L denotes the length of interval Ly. Then Int(L,) = (0,1) and
Theorem [Bl implies this corollary since Ry, (a) N Ry, (b) = 0 if a # b.

Theorem 1.2. Suppose that (X, f) has specification property, ¢ is a continuous function on X. Then
there is an uncountable DC1-scrambled subset in R,.

Let us explain why Theorem holds. If Int(L,) # 0, then one can get this from Theorem [B] by
taking one a € Int(L,) since R,(a) € R,. On the other hand, Int(L,) = (), then R, = X and one can

get this result by [49] (or see [48]).

1.2. DC1 in recurrence. In classical study of dynamical systems, an important concept is recurrence.
Recurrent points such as periodic points, minimal points are typical objects to be studied. It is known that
whole recurrent points set has full measure for any invariant measure under f and minimal points set is
not empty[31]. A fundamental question in dynamical systems is to search the existence of periodic points.
For systems with Bowen’ specification(such as topological mixing subshifts of finite type and topological
mixing uniformly hyperbolic systems), the set of periodic points is dense in the whole space [21]. Further,
many people pay attention to more refinements of recurrent points according to the ’recurrent frequency’
such as weakly almost periodic points and quasi-weakly almost periodic points and measure them[33] [75].
In [35, [70] the authors considered various recurrence and showed many different recurrent levels carry
strong dynamical complexity from the perspective of topological entropy. In present paper, one of our
aim is to consider these different recurrent levels from the perspective of chaos.

For any x € X, the orbit of z is {f"x}22, denoted by orb(z, f). The w-limit set of = is the set of all
limit points of orb(x, f), denoted by wy(x).

Definition 1.3. A point « € X is recurrent, if z € wy(z). If wy(z) = X, we say x is a transitive point
of f. A point z € X is almost periodic, if for any open neighborhood U of z, there exists NV € N such
that f¥(x) € U for some k € [n,n + N] for every n € N. A point z is called periodic, if there exists
natural number n such that f"(z) = z.

We denote the sets of all recurrent points, transitive points, almost periodic points and periodic points
by Rec, Trans, AP and Per respectively. Now we recall some notions of recurrence by using density.
Let S C N, we denote

- Sn{0,1,---,n—1 .. 9n{o,1,--- n—1
d(S) := limsup | { }l, d(S) :=liminf | { }|,

n— 00 n n— o0 n
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I I
B*(S) := limsup S0 1| B,(S) := liminf S0 1]

|T| =00 [’ LR

where |A| denotes the cardinality of the set A. They are called the upper density of S and the lower
density, Banach upper density and Banach lower density of S respectively. Let U, V' C X be two nonempty
open sets and x € X. Define sets of visiting time

NUV)={n>11UNFf™V)#0} and N(z,U) :={n>1|f"(z) e U}.

Definition 1.4. A point 2 € X is called Banach upper recurrent, if N(x, B.(x)) has positive Banach upper
density where B.(x) denotes the ball centered at x with radius e. Similarly, one can define the Banach
lower recurrent, upper recurrent, and lower recurrent.(see [35])

Let BR denote the set of all Banach upper recurrent points and let QW, W denote the set of upper
recurrent points and lower recurrent points respectively. Note that AP coincides with the set of all
Banach lower recurrent points. From [33] [74, [75, [72] W, QW, BR, Rec all have full measure for any
invariant measure but AP maybe not. Note that

AP CW C QW C BR C Rec.

So the recurrent set can be decomposed into several disjoint ‘periodic-like’ recurrent level sets which
reflect different recurrent frequency:

Rec=APU(W\ AP)U (QW\ W)U (BR\ QW) U (Rec\ BR).
A question appeared in [70] is that
How much dierence are there between these ‘periodic-like’ recurrences?

One main basic idea firstly considered in [70] is to search which recurrent level set carries the same dy-
namical complexity as the whole system, for example, by using topological entropy since W, QW, BR, Rec
all carry full topological entropy as the whole space. It was showed that these recurrent level sets except
Rec\ BR all have full topological entropy studied in [70] for QW \ W and W\ AP, [35] for BR\ QW [25]
for AP. From [48] Oprocha proved that there exists an uncountable DC1-scrambled subset in Rec\ AP.
Recall that Pikula showed in [55] that positive topological entropy does not imply DC1. Thus, motivated
by these results we can also ask the similar question from the perspective of chaos. That is, whether
there is an uncountable DC1-scrambled set in every recurrent level set of Rec\ BR, BR\ QW , QW \ W,
W\ AP and AP. We will mainly show there are uncountable DC'1-scrambled subsets in BR\ QW and
QW \ W if the system has specification property (and we also discuss uncountable DC'1-scrambled subset
in W\ AP under more assumptions and uncountable DC2-scrambled subset in AP in the last section).

Theorem C. Suppose that (X, [) has specification property but is not uniquely ergodic. Then there exist
uncountable DC1-scrambled subsets in QW \ W and BR\ QW. Moreover, the points in these subsets can
be chosen transitive.

We will prove Theorem [C] in Section [4]

Corollary B. Suppose that (X, f) has specification property. Then there exist uncountable DC1-scrambled
subset in T'rans.

Let us explain why this result holds. By assumption if the system is not uniquely ergodic, then it can be
deduced from Theorem[Cl Otherwise, the system is uniquely ergodic. By [20] (or see [35]) minimal points
are dense in the whole space so that the system must also be minimal. In this case Tran = AP = X so
that one only needs to show uncountable DCl-scrambled in X which is the result of [49] (or see [4]]).

1.3. Combination of Multifractal Analysis and Recurrence. We give a DC1 result in combined
sets of multifractal analysis and recurrence.

Theorem D. Suppose that (X, f) has specification property, ¢ is a continuous function on X and
Int(Ly) # 0. Then

(1) there exsit uncountable DC1-scrambled subsets in I, N (QW \ W) and I, N (BR\ QW) respectively.
(2) for any a € Int(Ly), there exsit uncountable DCI1-scrambled subsets in Ry(a) N (QW \ W) and
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R,(a) N (BR\ QW) respectively.

Moreover, the points in these subsets can be chosen transitive.

Theorem [D] imply Theorems [Al and [B] so that we only need to prove Theorem [Dl in Section @l As a
corollary of Theorem [D], we state a following result.

Corollary C. Suppose that (X, f) has specification property, ¢ is a continuous function on X and
Int(Ly) # 0. Then there exist uncountable DC1-scrambled subset in TransNl,. And for any a € Int(Ly),
there exsit uncountable DC1-scrambled subset in R,(a) N Trans.

1.4. DC1 in Recurrent Level Sets Characterized by Statistical w—limit Sets. Recently several
concepts of statistical w—limit sets were introduced in [24] (some notions also see [2 B]). They also
can describe different levels of recurrence and some cases coincide with above classifications of Banach
recurrence.

Definition 1.5. For x € X and & = d, d, B*, B,, a point y € X is called z — é—accessible, if for any
e >0, N(x,V-(y)) has positive density w. r. t. £ where V.(x) denotes the ball centered at & with radius
e. Let
we(z) :={y € X |yis x — & — accessible}.
For convenience, it is called £ — w-limit set of . wp, (x) is also called syndetic center of x.
With these definitions, one can immediately note that
(1.2) wp. (2) C wylw) C wyle) C wp- (2) € wy(a).

For any z € X, if wp, () = 0, then from [24] we know that z satisfies one and only one of following
twelve cases:

Case (1) : 0 =wp, (z) Cwi(r) =wz(z) = wp-(x) = wi(x);
Case (1) : 0 =wp, (2) C wa(z) = wy(z) = wp-(z) C wy(@);
Case (2) : 0 =wp, (2) Cwi(r) =wz(z) C wp-(x) = wi(z);
Case (2) : ) =wp, (v) C wy(x) = wg(x) C wp-(7) C wr(w);
Case (3) : ) =wp, (z) =wa(z) C wy(z) = wp-(z) = wi(z);
Case (3’) : 0 =wp. (z) = wa(z) € wy(z) = wp- () C wr(z);
Case (4) : ) =wp, (z) C wa(z) C wy(x) = wp-(z) = wi(z);
Case (4) : ) =wp, (z) C wa(z) C wy(z) = wp- () C wy(@);
Case (5) : 0 =wp, (2) =w4(r) C wz(z) C wp-(x) = wi(x);
Case (5) : 0 =wp, (2) = wa(z) C wy(z) C wp- () C wy(@);
Case (6) : | = wp.(z) C wa(z) C wy(z) C wp-(2) = wy(z);
Case (6%) : 0 =wp. (z) C wa(r) € wy(z) C wp- () C wr(z).

Theorem 1.6. Suppose that (X, f) has specification property but is not uniquely ergodic, then {x €
Rec| x satisfies Case (i)}, i = 2,3,4,5,6 contains an uncountable DC1-scrambled subset in Trans.
Further, if ¢ is a continuous function on X and I,(f) # 0, then for any a € Int(Ly), the recurrent level
set of {x € Rec| x satisfies Case (i)} contains an uncountable DC1-scrambled subset in Trans NI, (f),
Trans N Ry(a) and Trans N R, respectively, i=2,3,4,5,6.

We will prove this theorem in in Section[dl Case (1) is also known if the system has more assumptions,
see the last section, but Cases (17)-(6’) restricted on recurrent points all are still unknown to have DC1 or
weaker ones such as Li-Yorke chaos. Chaotic behavior in non-recurrent points and various non-recurrent
levels by using above statistical w-limit sets will be discussed in another forthcoming paper.

1.5. DC1 in Saturated sets. To show above results on irregular set, level sets and different recurrence,
one main proof idea is motivated by Oprocha and Stefénkové’s result in [49] (or see [47]) that there is an
uncountable DC1-scrambled subset in X when (X, f) has specification. One can construct corresponding
uncountable DC1-scrambled subset one by one but everyone needs a long construction proof so that it
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is not a good choice to do these constructions directly. Recall that in the case of entropy estimate on
recurrent levels, one main technique chosen in [70} 5] is using (transitively) saturated property which can
avoid to do a long construction proof for every considered object. So here we follow the way of [70] [35]
to give a DCI1 result in saturated sets.

Given z € X, denote Vy(z) C M(X) the set of all accumulation points of the empirical measures

n—1
1
En(ac) = g Z (Sfi(z),
=0

where 0, is the Dirac measure concentrate on x. The system (X, f) is called to have saturated property,
if for any compact connected nonempty set K C M ¢(X),

(1.3) Gk #0 and hiop(T, G ) = inf{h,(T) | p € K},

where Gxg = {z € X|Vy(z) = K} (called saturated set), hiop(A) denotes the topological entropy of A
defined by Bowen in [13] and h,(T") denotes its metric entropy of p. The existence of saturated sets is
proved by Sigmund [58] for systems with uniform hyperbolicity or specification and generalized to non-
uniformly hyperbolic systems in [45]. The property on entropy estimate was firstly established by Pfister
and Sullivan in [54] and then was generalized to transitively-saturated version in [35], provided that the
system has g-product property (which is weaker than specification) and uniform separation property
(which is weaker than expansiveness). In this subsection we aim to establish DC1 in saturated sets. A
point € X is generic for some invariant measure p means that Vy(x) = p(or equivalently, Birkhoff
averages of all continuous map converge to the integral of p.) Let G,, denote the set of all generic points
for p.

Theorem E. Suppose that (X, f) has specification and K be a connected non-empty compact subset of
M¢(X). If there is a p € K such that pt = 0p1 + (1 —0)pe (1 = po could happens) where 6§ € [0, 1], and
G, G, both have distal pair. Then for any non-empty open set U C X, there exists an uncountable
DC1-scrambled set S C Gg NU NTrans.

We will prove this theorem in SectionBl Since an ergodic measure with nondegenerate minimal support
has two generic points as a distal pair, see Proposition [£4] below, one has a following result as a corollary
of Theorem [El

Corollary D. Suppose that (X, f) has specification. For any ergodic measure pu, if its support is non-
degenerate and minimal, then there exists an uncountable DCI1-scrambled set S C Trans such that any
point in S is generic for y.

Here p admits to have zero metric entropy. If the system is not minimal, then above set S has zero
measure for p, since S C Trans, S, # X and by Birkhoff ergodic theorem u(S, NG,) = 1.

2. PRELIMINARIES

2.1. Specification Properties. Specification was first introduced by Bowen in [I2]. Before giving the
definition, we make a notion that for (X, f) and z,y € X, a,b € N, we say = e-traces y on |[a,b] if
d(fiz, fi=%) < e Vi € [a,b]. The following definition mainly refers to [21], 49].

Definition 2.1. We say (X, f) has strong specfication property, if for any ¢ > 0, there is a positive
integer K. such that for any integer s > 2, any set {y1,y2, -+ ,ys} of s points of X, and any sequence

O=a1 <by <as <by<- - <as<by
of 2s integers with
Am+1 — bm > K.
form=1,2,---,s—1, there is a point z in X such that the following two conditions hold:
(a) x e-traces Ym, on [am, by,] for all positive integers m < s;
(b) f™(z) = x, where n = bs + K..
If the periodicity condition (b) is omitted, we say that f has specification property.

Proposition 2.2. [27] Suppose that (X, f) has specification property, then M‘}(X) is dense in My(X).
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Proposition 2.3. [2I] A dynamical system (X, f) with specification property has measure with full sup-
port. Moreover, the set of such measure is dense in My(X).

2.2. Levels of Recurrence. Let us recall some equivalent statements of recurrence referring to [33]
[74, [75), 35]. For a measure p, define the support of u by S, := supp(p) = {z € X| u(U) > 0 for any
neighborhood U of z}.

Proposition 2.4. [33] For (X, f), let x € Rec. Then the following conditions are equivalent.
(a) zeW;

(b) x € Cp =5, for any p € Vi(x);

(c) Sy =ws(x) for any p € Vi(x).

Proposition 2.5. [33] For (X, f), let x € Rec. Then the following conditions are equivalent.
(a) =€ QW;
(b) z € Cy;
(c) Co =wy(x).

Proposition 2.6. For (X, f) with specification property, x € Trans implies x € BR.

Proposition 2.6l is direct consequence by combining Proposition 23 and [35], Lemma 4.3].

3. Proor or THEOREM [E]

One main proof idea is motivated by Oprocha and Stefdnkové’s result in [49] that there is uncountable
DC1-scrambled subset in X when (X, f) has specification. Before proof we introduce some basic facts
and lemmas.

3.1. Ergodic Average. We write N = {0,1,2,---} and N* = {1,2,---}. If r,s € N,r < s, we set
[r,s] :=={j € N| r <j < s}, and the cardinality of a finite set A is denoted by |A|. We set

) = | ran

There exists a countable and separating set of continuous functions { f1, f2, - } with 0 < fi(z) <1, and
such that
dv) = lp—v = 227 [ =) |
k>1

defines a metric for the weak*-topology on M ;(X). We refer to [54] and use the metric on X as following
defined by Pfister and Sullivan.

d(z,y) := d(6z,0y),
which is equivalent to the original metric on X. Readers will find the benefits of using this metric in our
proof later.

Lemma 3.1. For anye > 0,0 > 0 and two sequences {Sci}?:_&, {vi ?:_01 of X such that d(z;,y;) < € holds
for any i € [0,n — 1], then for any J C {0,1,--- ,n—1}, "—n\J\ < d, one has:
(a> d(% 27;011 51-;7 % ?;01 5%) <E.
(b) d(d S 6 S 8,) < 2 42

Lemma [3.1]is easy to be verified and shows us that if any two orbit of z and y in finite steps are close
in the most of time, then the two empirical measures induced by z,y are also close.

Lemma 3.2. Suppose that (X, f) has specification. Let K be a connected non-empty compact subset of
Mi(X) and p € K. Then for any € > 0 there exists a Nt € N such that for any o € K, any N > N
and any M > N, there is an x € X and N* > M such that

(a): &En(x) € B(u,e), Vn € [NX, N];

(b): &n(x) € B(K,¢), ¥Yn € [N,N*]|;

(c): En+(x) € B(a,e).
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Proof. For any fixed ¢ > 0, by Proposition 2] there exists p* € X and n* € N such that &,(p*) €
B(u,e/6) holds for any n > n#. Set NY := n* we will prove that such N/ makes this lemma true.
Note that K is connected, so for any o € K, we can find a sequence {81, 32, , Bm.} C K such that
d(Biy1, Bi) <&, Vie{1,2,--- ;m.—1} and 81 = p, B, = a. By Proposition[Z2] for any i € {2,--- ,m.},
there exists p? € X and n® € N such that &,(p”) € B(B;,2/6) holds for any n > n”. For any N > N/
and M > N, we choose {T;}2" with T; € N such that for i € {1,--- ,m. — 1}

(3.1) Ty =0, To = N.
(3.2) Toip1 = Ty + K, /6, where K, /5 defined in the De finiton 211
(33) i(T% — T2i—1) > nﬂi+1.

12

K. /6+Toi—1 €
4 /6T T2i-1 &
(3:4) To; —Toi—1 1

So far, we have fixed {T;}2"~". We choose Th,, large enough such that

(3.5) Tom, > max{M, Toy,. 1 +nme}.
Tom,.—1 €
(3.6) L <1

By B2), we can use specification property. So there is an @ € X that x ¢/6-traces «* on [T1, T3] and
g/6-traces p’ on [Ta;_1,Ts;], Vi € {2,---,m.}. Now we claim that such 2 and N* = Ty,,_ satisfy the
items (a)(b)(c). (a)(c) is easy to check by BI)(BH)B.6) and Lemma BIl Here we check the (b). If
n € (Ta;, Toit1) for some i € {1,--+ ;m. — 1}, we have
n — T2i + Tgifl < 9
To; —Toi—1 12’
by B2)B4). So, by Lemma B.1], we have
d(g’ﬂ (:L'), ﬂz) <d(5n( ) 5T21 T2i—1 (pﬁi)) + d(STZi*T%—l (pﬁi)v ﬂl)

(3.7) <S4 42

If n € [To;—1,To;] for some i € {2,3,---,m.}, we split this situation into the following two cases.
Case 1: %Tld < 5. Then

(3.8) A(En(@), Bim) < T +2-(5

12
by Lemma 3.1l and (3.4).

Case 2: % > 5. If so, we have n — Ty > nf by [B3), which implies &,_7,,_, (p%) €

B(Bi,e/6). We consider d(E,(x), 5;) and d(E,(x), Bi—1).
( ( ) ﬁl) - d(TQZ 15T‘21—1 ((E) + H_T%EH—T2171(.]CT%71$);61)

Ti, Ty _

< 271 1d(5T27. 1( ) ﬂl) n2 1d(5n T2; 1(fT21 ! ) ﬂ1>
To;— Tl n — Ty .

< d(Er,,, (0), Bim1) + o d(Biny, B) + —— T d(En,,, (ST 0), B1)
Toi—1 € € T2i71 n—"Ty_1, ¢

R A R
e Ty

< = g,
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T: i— n —T: i— )
d(gn(l'), ﬂZFl) = ( 2 15T2171(1') =+ #Enszi—l(fT2lilz)ﬂ ﬂi*l)
T: i— n — T: i— .
< (e, (2), i)+ ——E = d(Enmy (fT 1), i)
T i n — 1t i— . n T: 7
< d 1d(5T2i—1(1")ﬂ ﬂlfl> + #d(gn*Tzifl(meilz); ﬂt) + # (ﬂ“ ﬂz 1>
Tgi_l 3 3 g n — Tgi_l 3 g n — Tgi_l
R TR U A U
& i Toi 1
2 n
So,
(3.9) min{d(€, (), B:), d(En(x), Bi—1)} <e.
With the combination of B7) (B:8) (3:), one has (b). O

Lemma 3.3. Suppose that (X, f) has specification. Let K be a connected non-empty compact subset of
Mi(X) and pp € K. Then for any ¢ > 0, there exists a M € N such that for any o € K and any
M > MFE, there exist to > t1 > M and x € X such that

(a): Enx) € Blu,c), ¥n € [ME, M];

(b): &n(x) € B(K,¢), ¥Yn € [M,t1];

(c): &, (x) € B(aye);

(d): &n(x) € B(K,¢), Vn € [t1,ta];

(e): & (x) € B(p, ).
Proof. By Lemma[B.2] for £/3, we obtain Né‘/g and Ng/g such that for any N7 > NE”/3, there is an x; and
N* such that
K./3+ NEO‘/3

e/6 ’
6u(01) € e/, Vi € [NV, i)
En(x1) € B(K,e/3), Vn € [N1, N*;
En+(z1) € B(a, e/3),

(3.10) N* > max{Ny,

and for
N* + K€/3

(3.11) N > max{NZ)3, =76

}’

there exist N** > Ny and x5 such that
(3.12) En(x2) € Ba,e/3), Vn € [N)3, Nal;
En(xe) € B(K,e/3), Vn € [Ny, N**;
En++(x2) € B(p,€/3).
By specification property, we can obtain an x € X such that « £/3-traces x1 on [0, N*] and &/3-traces

xy on [N*+ K, /3, N* 4+ K. /3 + N**]. Now we consider &,(x), n € [NE/3,N* + K. /3+ N**] and split into

the following cases

Case 1: When n € [N*,,, N*], we have d(&€,(x), &, (x1)) < &/3. So

En(xz) € B(u,e), Vn € [Na/S,Nl];
En(x) € B(K,¢e), Yn € [N1, N*];
En+(z) € B(a, €).
Case 2: When n € [N*,N* + K. /5 + N3], we have d(En(2), En+(21)) < 2¢/3 by B.10) and Lemma
B So d(&,(x),a) < e.

e/3
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Case 3: When n € [N* + K, /3 + NEO‘/3,N2],

N*+ K, n—N*— K N
d(En(x). @) = d(———L2En- s (@) + Pl ey (PN T 52) )
N*+ K, n—N*—K, X
< ——Ld(Ensr o (w),0) + ————Lrd(En iV ), @),

Note that n — N* — K. /3 > N2; and n < Ny, then we have d(€n—n+—k, (fN"*Kessg) a) < e by BI2).
So
N*+ K n—N*"—K
5/3€+ 5/35 _
n n

d(&n(x),a) < €.

Case 4: When n € [Nz, N**]. Note that N** > Ny > %, so by Lemma 31l we have

d(En (@), En k. (12)) < 26/3.

Thus
En(z) € B(K,¢e), Vn € [Ny, N**];
En+(x2) € B(p, ).
Set M} = NEH/B, M = Ny t; = N* to = N**, we finish the proof. O

For a dynamical system (X, f), we say a pair p,q € X is distal if lim inf; . d(f*p, fiq) > 0. Obviously,
inf{d(fip, fiq)| i € N} > 0 if p,q is distal. We say a subset M C X has distal pair if there are distinct
p,q € M such that p, q is distal.

Lemma 3.4. Suppose that (X, f) has specification. Suppose there are pi, po € My(X) such that G, ,
G, have distal pair (p1,q1), (p2,q2) respectively. Let ¢ = min{inf{d(f"p1,
fiq)| i € N}, inf{d(f'ps, fiqz)| i € N}}, then for any 6 > 0, any 0 < ¢ < ¢ and any 0 € [0,1], there
exists x1,x2 € X and N € N such that for any n > N,

(@): En(x1) € B(Opr + (1 = O)p2,e +0) and &y (x2) € B(Opr + (1 — O)p2, e +0);

(b): {0sisn—1ld(f'@1./'22)<C—e}| 5

n

Proof. We just proof this lemma for 6 is rational. Then, the lemma naturally holds for any 6 € [0, 1] by
the denseness of rational numbers. For any fixed § > 0, 0 < & < ( and % = %, where s, € N*, we can
obtain an M; such that &,(p;) € B(us,e/2) and &,(q;) € B(pi,e/2),i = {1,2} hold for any n > M;. We
choose M,r € Nt such that

4K,
(3.13) M > max{ M, ;/ 21
4
.14 —.
(3.14) r> =

For any k > 1, by specification property, we can obtain an ¥ such that for any j € [0,k—1], i € [0,5—1],
a e/2-traces p1 on [j(s+1)(M+K.jo)+i(M~+K.j2), j(s+t)(M+K. o)+ (i+1)M +iK_ 5] and for any
JE0,k—1], i € [s,s+t—1], a} e/2-traces py on [j(s+t)(M + K. o) +i(M+ K. )), j(s+t)(M+K./2)+
(i+1)M +iK. ). Also we can obtain an #§ such that for any j € [0,k—1], i € [0, s—1], 2§ ¢/2-traces ¢
on [j(s+t)(M+K.jo)+i(M+K.)3),j(s+1)(M+ K. /2)+ (i+1)M +iK_ 5] and for any j € [0,k —1], i €
[s,s+t—1], 2k e/2-traces gz on [j(s+ 1) (M + K. o) +i(M+ K, o), j(s+ 1) (M + K. j5)+ (i+1)M +iK, o).
We can assume that(take subsequence if necessary) o1 = limg o0 2%, 2 = limy_,o, 25. By the continuity
of f, we have for any j € N, i € [0,s—1], 21 £/2-traces py on [j(s+t)(M+K. o) +i(M+K./3), j(s+t)(M+
K.)o)+(i+1)M+iK, 5] and for any j € N, i € [s, s+t—1], 21 £/2-traces ps on [j(s+t)(M+K. o) +i(M+
K.)2),j(s+t) (M + K_j2) + (i +1)M +iK_ 5] Similarly, for any j € N, i € [0, s — 1], x5 €/2-traces q1 on
[F(s+t)(M+Ke o) +i(MA+K, o), j(s+t)(M+ K. o)+ (i+1)M+iK_ 5] and for any j € N, i € [s,s+t—1],
Ty £/2-traces gz on [j(s + 1) (M + K.jo) +i(M + K./2),5(s + t)(M + K j3) + (i + 1)M + iK. /5] Set
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N :=r(s+t)(M + K. /2), we will show that such N and x1, s satisfy (a) and (b). For any n > N, n
lies in [k(s +1)(M + K. /2), (k+1)(s +1)(M + K_/)] for some k > r. By ([3.14) and Lemma [Tl we have

0 )
(3.15) A(En(@1), Ensry e, (€1)) < 55 d(En(22), Ex(san i) (@2)) < 5
Note that for any j € N, i € [0,s — 1], x1 €/2-traces py on [j(s +t)(M + K.3) +i(M + K. 2),
t) (M + Key) + (i +1)M +4K, 5] and for any j € N, i € [s,s +t — 1], 71 ¢/2-traces pp on [j(s +1)
Kejo) +i(M + K. )2),j(s +1)(M + K.j2) + (i + 1)M +iK_j5]. We have

](5
(M

A(Ex(s+t)(M+K.5) (1), 0E0 (p1) + (1 = 0)Err (p2))
k

1 e
<d() E5<s+t)(M+K5/2)(f(l DMK 2)20), 00 (p1) + (1 — 0)Enr (p2))
i=1
1 .
SE Z d(5(5+t)(M+KE/2)(f(l_l)(ert)(MJrKE”)m), &0 (p1) + (1 — 0)Enr(p2))
=1
_k Z M+K5/2)(f(z DMK 1) 0E0 (p1))
A Euarae o (FUTDETIHINE2)00), (1= 0)E0 (p2)]
1 k
<z Z (e/2+6/2)+ (1 —0)(c/2+6/2)]
=e/244/2.

Combining with (813 and Epr(pi) € B(pi,e/2), we have d(Ey,(z1), 0u1 + (1 —0pz2)) < e+4. Similarly, we
can prove d(E,(x2),0u1 + (1 — Ouz)) < e + 6. Hence (a) holds. Note that ¢ = min{inf{d(f'p1, fiq1)| i €
N}, inf{d(f'ps, fiq2)| i € N}}, then we have

[{ild(f'ar, fian) <=} 1 Kepo
n kM

Hence (b) holds. O

< 6.

3.2. Proof of Theorem [El We assume that (p1,¢1), (p2,g2) is the distal pair of G, G,,, respectively
and min{inf{d(f'p1, fiq1)| i € N},inf{d(f*p2, fiq2)| i € N}} = ¢ > 0. For any non-empty open set U, we
can fix an € > 0 and a transitive point z € U such that B(z,¢) C U since transitive points are dense for
system with specification property. Let ¢; = £/2¢, K; = K., (cf.definition of specification property). Let
51 <1, §; = 6;—1/2. By |54, Page 944], there exists a sequence {ay, @z, -} C K such that

{aj:jeNt j>n} =K, ¥neN.

By Lemma, for any s € N*, we can obtain 25°%, 25°° and N°=% such that for any n > N&=%
Yy ’ 1 ) 2 y

(3.16) En(25%) € B(pyes + 05), En(257%) € B(u,e5 + 6.,

[{i € [0,n — 1jd(f a7, flag™") < (e} <5

n

(3.17)

Also, for any s € NT, we can obtain an ME such that the result of Lemma holds. Now, giving an
€= (&,&, ) €{1,2}°, we construct the z¢ inductively.
Step 1: construct x¢,. We fix Ty = 2K;. By Lemma [B.3] for a large enough M; > M}/ satisfying

(3.18) 61 My > max{Ty + 2K, N1},
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we can obtain an 22! and 5" > 7" > M, such that

En(x2l) € B(p,e1), Yn € [MF, Mi];
En(x21) € B(K,e1), Vn € [My,t7"""];
(3.19) Eppven (a}) € Blon, e1);
En(z2 )6 B(K,e1), Vn € [t75*, 650
851 01( )GB(M,El)

Set Ty =11 + t817a1, T =T + t617a1’ Ty = Ty + 2K, Ty large enough such that
(3.20) 51Ty > max{Ts + 2Ka, ML}, Ty — Ty > N9,

By specification property, we can obtain an xe, e1-traces z, :I:?f,:l:?’él on [0,0], [Ty, T5], [T5, T4] respec-
tively.
2k(k 1) LSS
Step k: construct we,.ep. I we e, o, {Ti}im and {Tui—3-4i—2},_¢ have been defined, we
construct z¢,...¢, in the following way. For any 14 G {1,2,--- Kk}, let Topgr—1)44i—2 and Topr—1)44; be
indefinite; Topx—1)44i-3 = Tor(k—1)+4i—a T 2Ky and Topp—1)14i-1 = Tor(k—1)+4i—2 + 2K). By Lemma

B3 for a large enough Mk(kfl)_,’_i > ME satisfying
2

(3.21) 5kMk(k—l)+. > maX{TQk(k,l)JrM,g + 2K, Nek’é’“}.

Ek,0 > tsk s Qg

we can obtain an xdi and t5 > M- 4 such that
2

En(22}) € Blu,ex), Vn € ML, Myun
En(x2) € B(K,ep), Vn € [MM+i,tik7ai];
2

0
)
(3.22) Egerai (227) € Blay, ep);
( 1) € B(K,ep), Vn e [t10%, t55];
8;kﬂ ( k)EB(/L,Ek).

Set Top(k—1)+4i—3—2k(k—1)+4i—2 = Lok(e—1)4+4i—3 T 117, Tor(e—1)+ai—2 = Ton(e—1)4ai—s + 15 I i <k,
we select Top(r—1)+4i 18 large enough such that

(3.23) Ok Ton(k—1)44i > max{Top(r—1)+ai—1 + 2Ky, ML},

(3.24) To(k—1)+4i — Ton(h—1)rai—1 > N5
If i = k, Top(k—1)44; is large enough such that
(3.25) Ok Ton(k—1)+4i > max{Top(r—1)44i—1 + 2Kpp1, ML},

Ek+1

(3.26) Tor(h—1)+4i — Ton(h—1)+4i—1 > N0k
Hence we have defined the Ty(;—1)k+1, " > Tor(rt1) and Tgk(k_1)+4i 3—2k(k—1)+4i—2 Vi € [1,k]. By spec-
ification property, we can obtain an ¢, ...¢, ex-traces ze,..¢,_,, ¥z T

6 6 6
O aiC?; foe w2k a0 on [0, Tonge—1)ls [Tongr—1) + Kk Tore—1) + Kil, [Tor(e—1) 41
Tgk(k 1)+2] [Tgk(k 1)+4k—15 Tgk(k 1)+4k] respectively. Obviously, d(:L'gl...g,%l , xgl...gk) < €k, SO {x&...gk }1?;1
is a cauchy sequence in B(z,¢) since Y., ¢ &; < 2¢. Denote the accumulation point of {z¢, ..., }7, by

z¢, and it is easy to verify that x¢ 2ep-traces [tz 2o
k0K .0 250 KJ% ok pChs Ok

z ™ wd2 g wdk g™ on [Togk—1) + Kk Tor(r—1) + Kils [Tonk-1)+1 Torr-1)+2)s

[Tor(k—1)+ak—1> Tor(k—1)+4k] Tespectively since Z;;k gi < 2e. Note that orb(z¢, f) has a subsequence
which shadows the orbit of the transitive point z closer and closer, so we can conclude that z¢ is also a
transitive point. Fix &,n € {1,2}°°, we claim that z¢ # x, and x¢, x, is a DCl-scrambled pair if § # 7.

Ek7

Suppose &; # 1, (implied by & # 1), then for any k > s x¢ 2ep-traces JEZ:’Sk on [To(k—1)k+as—1,T2(k—1)k+4s)
and @, 2ep-traces x%’;"sk on [TQ(k,l)kJAs,l,Tg(k,l)k+4s]. For any fixed k < (, we can get an I, > s such
that ¢ — k > 5ey,. Note that (BI1), we have

{7 € [Tor(k—1)4as—15 Ton(r—1)as)|d(frag® ok  flashtn) < ¢ — e}

<o, <1
Tok(k—1)+4s — T2k(k—1)+4s—1 + 1
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holds for any k > I,,. So we have

{i € [Tor(r—1)+as—1, Ton(r—1)4as]|d(fiae, flay) < —beg}

<o, <1
Tor(k—1)+4s — Top(k—1)+as—1 + 1

holds for any k > I,, which implies for any k& > I, 3t € [Tor—1)ktas—1, T2(k—1)k+4s] such that
d(f'xe, floy) > (—5ex > K. So x¢ # xyy and {x¢ }ec 1,23 (denote by S) is an uncountable set. Meanwhile,

1 . .
lin_1>inf£|{j €0,n—1]: d(flae, flay,) < K)}]

1 _ _
< liminf ——|{j Tk = 1] d(Fae, £
< Jiminf TQ(kfl)k+4s|{] € [0, Togh—1ykras — 1]+ d(f e, flay) < r)}

To(— s—
k>1., k=00 To(p_1)kt4s
< liminf 26, = 0.

k>1., k—oo

+ 0k

On the other hand, For any fixed ¢ > 0, we can choose k; € N large enough such that 4e; < ¢ holds for
any k > k;. Note that x¢ and z,, are both 2ey-tracea 22! on [To(k—1)kt1,T2(k—1)k+2]- SO

timsup |{j € 0.0~ 1]+ d(f'ae, o) < 0}

n— o0

1 . )
>limsup —|{j € [0,n = 1] d(fize, FIzy) < dep,)}

n—oo
. 1 ) : )

> limsup T7|{J € [0, Ta—ryk2 — 1]+ d(fae, [Tay)) < der}|

k>ke, k—oo L12(k—1)k+2

Top—

> limsup (1 — Z2(k—Dk+1

E>ky, k—soo To(k—1)k+2
> limsup (1 —9d)

k>ke, k—oo
=1.

So far, we have proved that S = {Z¢}ecqi 2y € B(z,¢) € U is an uncountable DC1-scrambled set. To
finish this proof, we need to check that Vi(z¢) = K for any ¢ € {1,2}°°. On one hand, for any fixed

s € NT, when k > s, note B2I), To(h—1)k+ds—3—2(k—1)k+4s—2 — L2(h—1)k+ds—3 > M’“““;UJrs’ and ¢

2ep-traces x22 on [To(r_1)ktas—3,T2(k—1)k+4s—3-2(k—1)k+4s—2], 50 We have

d(ETQ(k—1)k+4s—34>2(k—1)k+4s—2 (:Cg), O‘S)
SAUETy ey as—sra0e— 1)k as—2—Ta(e—1ntas—s (ft-vrtass o) a,) + 20k
SA(ETy 1 ryipas—a—Tag-nyias—a (Teg ) Qs) + 265 + 20
<ep + 2ep + 20
=3ep + 20

by Lemma Bl Let k — oo, we have oy € Vi(xe) for any s € NT, which implies K C Vy(xe).

On the other hand, for any fixed n € N*, we consider &,(xz¢). Obviously, there is a k € N such
that n € [TQ(k,l)kJrl,Tgk(kJrl) + 2Kj41]. If n lies in [Tg(k,l)k+4s,3,TQ(k,l)kJAS,Q + 2K}] for certain
s€4{2,3,--- k},

To(k—1)k+as—3

5”(1'5) = 5T2(k—1)k+4s—3 (:CE)

n— Ty 1)kt+45—3
n

&, fT2(k—1)k+4s—S:L-£)_

—To(k—1)k+ds—3 (
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Notice that T2(k—1)k+4s—3 = T2(k—1)k+4(s—1) + 2Kk, Te 2€k—t7"aces :L'?:’Jk
To(—1)kt4a(s—1y) and B.16),B.23), so by Lemma B.1] we have
d(gTZ(k—l)k+4s—3 ('Tﬁ)a :u) < d(gTZ(k—l)k+4(s—1)_T2(k—1)k+4(s—l)—1 (fTZ(kil)k#L(Sil)ilxﬁ)’ M) + 20
Ok
< d(ETZ(k—l)k+4(s—1)7T2(k—1)k+4(s—1)—1 (:L'?: k)a ,LL) + 2¢ + 20k,
< ek + O + 26 + 20y,

on [T (k—1)k+4(s—1)—15

ie.,
(3.27) A(ETy o 1ypsass (TE)s 1) < 3e + 305
If n € [Ton—1)ktas—3, To(k—1)k+4s—3 + ML ], note that (B.2I) and M%—l)_‘rs > ME | then we have
d(En(e)s ETy_1yprans (Te)) < 26 by Lemma 3.1l So,
(3.28) d(Ep(e), 11) < 261 + 3k + 30% = 3e), + 5Ok
If n € [Togh—1)ktas—3 + ML To(p—1)ktas—3 + MM_FS], by [3:22), one has
AEn—Tog—1yrsanms (fTZ(k*l)kHS*Bzf)v 1) < A(En—Tyo1ypsaes (Tep)s 1) + 26k
< ep+ 2y
= 3¢k
Combine with (327, one has
(3.29) d(En(xe), 1) < ek + 305
If n € [To(k—1)ktas—3 + M%A)H, To(—1)kt4s—2 + 2K], by B2I) and Lemma BT} we have

(3.30) d(&En (‘Tﬁ)’ gn_TQ(k—l)k+4s—3 (sz(kil)k#ls*sxﬁ)) < 20

Then &, (z¢) € B(K, ex420y) by B.22). So &, (x¢) € B(K,3ex+50x) when n € [To—1)ktas—3, To(k—1)kt4s—2F
2Kj]. In other situations of the interval where n lies, we can also prove &, (z¢) C B(K, 3ex, + 505) with
a little modification of the method above. When n — oo, forcing k — oo, B(K, 3¢y, + 50;) — K, hence
we have &, (z¢) = K. O

Remark 3.5. Theorem [E] just states the situation where K contains a measure p which is the convex
combination of two measures. Actually, with little modification, Theorem [E] also holds for any K C
M¢(X) if K contains a measure p which is the convex combination of finite measures. Here we omit it.

4. PrRooF oF THEOREMS [D] [C] AND

Similar as [70], [85] and [25], we also deal with many refined recurrent levels which will used not only
to prove Theorems [D| and [C] but also to show Theorem Now let us recall their definitions. Given
xe X, let Cp, = Sm. Let BR* := BR\ QW,

mevy (z)
W# = {x€BR*|S,=C, for every u € Vy(z)},
V# .= {x€ BR* | 3u € Vj(z) such that S, = C,},
S#* = {reX| Nuevy (@) Su 7 0}
Then we can divide BR# into following several levels with different asymptotic behavior:
BR, = W#,
BRy, = V#nS# BR; = V¥,
BR, := V#U(BR*NnS#), BRs := BR".
Immediately, BR; C BRy C BR3s C BR4 C BR5. Denote
W* = {zeQW|S,=C, forevery p € Vi(z)},
V = {2z € QW |3ue Vi(z)such that S, = C,},

S = {:L' S X| ﬁuEVf(ac) S# 7& @}
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Later, we will see that W* = W. Now we can divide QW into following several levels with different
asymptotic behavior:

QWl = W*,
QWy, = VNS, QW3 = V,
QW, == Vu@WnS), QW; = QW.

These levels are related the different statistical w-limit sets, see Section [[.41
For a collection of subsets Z1, Za, -+, Zx, C X (k > 2), we denote GS{Z1, Za, -+, Zx} = {Z2\ Z1, Z3 \
Zay- o+, Zy \ Zk—1} the gap sets of the sequence.

Definition 4.1. We say {Z;}¥_, has uncountable DC1-scrambled gap with respect to Y (C X) if S NY
contains an uncountable DC1-scrambled subset for any S € GS{Z;, Za, -+, Zy}.

Theorem 4.2. Suppose that (X, f) has specification property, ¢ is a continuous function on X. Then

(a): If (X, f) is not uniquely ergodic, {QW1, QWa, QW3, QW4, QWs5, BR1, BRy, BR3, BRy, BR5}
has uncountable DC1-scrambled gap with respect to Trans;

(b): If I, # 0, then {QW1,QWa, QW3, QWa4, QWs, BRy, BRy, BR3, BRy, BR5} has uncountable
DC1-scrambled gap with respect to Trans N 1, ;

(c): IfInt(Ly) # 0, then for any a € Int(Ly), {QW1, QWa, QW3, QW4, QWs, BR1, BRy, BR3, BRu,
BRs} has uncountable DC1-scrambled gap with respect to Trans N Ry, (a).

(d): If (X, f) is not uniquely ergodic, {QW1, QWa, QW3, QW4, QWs5, BR1, BRo, BR3, BRy, BR5}
has uncountable DC1-scrambled gap with respect to Trans N R,.

Remark 4.3. If a € L, \ Int(L,), Theorem may be not true even for Li-Yorke chaotic. For example,
if (X, f) is full shift of two symbols (which satisfies specification), taking orb(p, f),orb(q, f) to be two
different periodic orbits with period > 2 and letting ¢ be a continuous function such that o[y, 5) = 0,
@lorb(q,r) = 1 and for any x € X'\ (orb(p, f)Uorb(q, f)), 0 < ¢(x) < 1. In this case Ly = [0, 1]. Let pyp, ptq
denote the periodic measures supported on the orbit of p, ¢. It is not difficult to check that GG, ,NTrans C
Ry(0)NTrans C BRy and G, NTrans C Ry(1)NTrans C BRy so that {QW1, QWa, QWs3, QW4, QWs5}
and { BR1, BRy, BR3, BR4, BRs} have empty gap with respect to Ry (0) NTrans and Ry (1) NTrans. So
most cases can not have any kind of chaotic behavior with respect to Ry(0) NT'rans and Ry(1) NTrans.
By Theorem [El G, G,,, all contain uncountable DCl-scrambled subsets and so do Rg(0) N Trans N
BRy,R4(1) N Trans N BRy . However, Ry(0) and Rg(1) has zero topological entropy by (LI). In
particular, this implies that there exists an uncountable DC1-scrambled set with zero topological entropy.

Theorem implies Theorems |Df and IC] so that we only need to prove Theorem .
4.1. Distal Pair in Minimal Sets.

Proposition 4.4. Suppose that (X, f) has specification property, then
{1 € M§(X)|p is ergodic, S, is nondegenerate and minimal }
is dense in My(X) and for any p in such set, G,, has distal pair.

To prove Proposition L4l we need some preliminaries. An infinite set A = {a1 < az < ---} C N is
syndetic if there is an N € N such that a;41 — a; < N holds for any i € N. Denote D(A) = min{N €
N | aj+1 — a; < N holds for any i € N} and Fs, = {A C N| A is syndetic}.

Lemma 4.5. Given (X, f), for any p,q € X, if there is an € > 0 such that {i | d(f'p, fiq) > e} € Fs.
Then p, q is distal.

Proof. Suppose p, q, ¢ is fixed, D({i | d(f'p, fiq) > €}) = M. Obviously f is uniform continuous since
f is continuous and X is compact. So we can get 17 such that for any z,y € X, if d(x,y) < m1, then
d(fz, fy) < e. By induction, we get 1y such that for any z,y € X, if d(z,y) < nx, then d(fx, fy) < nr—1,
until k = M. Set n = min{e, n1, 92, -+ ,nar }, we claim that liminf,, o d(f"p, f"q) > n. If not, there is
an ng € N such that d(f"°p, f*q) < 1. By the discussion above, we have d(f™+*p, frot*q) < ¢ for any
k€{0,1,---, M}, which conflicts with D({i | d(f’p, fiq) > e}) = M. O
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Lemma 4.6. Given (X, f). Suppose that u € M;(X), Sy is nondegenerate and minimal. Then, there
are two distinct points p,q € G, such that p,q is distal.

Proof. By the hypothesis, we can choose two distinct points u,v € S,,. Denote B,, B, the open neigh-
borhood of u,v respectively. Here we can assume B, N B, = () and d(B,, B,) = ¢ > 0 since X is a
metric space. Obviously u(S,) = 1, u(By) > 0, u(By) > 0. Notice that p is ergodic, so u(G,) = 1 and
there exists an M € N such that u(B, N f~™B,) > 0. So (B, NfMB,NG,NS,) > 0. Fix a
pEB,NfMB,NG,NS,, then N(p, B, N f~MB,) ={a1 <ax <---} € F, since p € S,, is a minimal
point and B, N f~™ B, is an open neighborhood of p. Set ¢ = fMp, for any k € N, we have f%q € B,
since fo,p € BuN f~MB,. So d(f%p, f*q) > ¢ > 0. Notice that {a1,as, -} € Fs, so p,q is distal by
lemmalDl pe G, = q€G,. O

Proof of Proposition .4 For system (X, f) with specification, we have
{1 € My(X)|p is ergodic, S, is minimal}
is dense in M ¢(X), which is a direct corollary of [35, Theorem A]. Here we claim that
{1 € My (X)|p is ergodic, S, is nondegenerate and minimal}
is also dense in M ;(X). If not, there will be a open set U C M ;(X) such that
{1 € Ms(X)|p is ergodic, S, is degenerate and minimal}

is dense in U, which implies that any measure in U can be approximated by the Dirac measure concentrate
on a fix point. i.e. for any p € U, there is a sequence {z;}$2; such that lim; , d,, = p. Without loss of
generality, we can assume that lim; ., #; = . Then for any continuous function f on X,

/ fdp = lim / fds,, = lim f(x;) = / fdo,.

So we have p = J,, which means measures in U are all Dirac measures, which conflict with Proposition
So the conflict and Lemma 6] end this proof. O

4.2. Proof of Theorem For any p1, po € M#(X), we define

cov{pur, p2} = {611 + (1 — O)pal 6 € 0, 1]},

Proof of Item (a). By [35] Lemma 3.4], we can take pq,us,--- satisfying Proposition 4] and
U2, S, = X. Then their support are naturally mutually disjoint and for any finite set A C N,
Uica Su; # X since Sy, is minimal. Let p be a measure with full support and take v; = %,ul + %ui, 1€
{1,2,---}. then we have

1 1 —1 1
w1+ Mu —p1 + ,u1)

lim d(v;,p1) = lim d(

17— 00 1—00

(4.1)

IN

lim d(uz, fi1),

1—00

IN

lim -,
1—00 1

= 0.

Here we consider ;- | cov{v;,v;41}. By @), it is easy to check that ;- cov{v;, v;41} is connected and
compact. One can observe that S, # X for any x € (J;=, cov{v;, vi11}. Moreover, mneU“’

L eov{vi,vip}
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Sy, and UKEU?ilCOV{Vi7Vi+1} S = X. Let

K1 = COV{/Lla,u}v

Ky = cov{p, p} Ucov{u, pa},
o0

Ky = Ucov{vi,l/wrl}a
i=1
o0

Ky = UCOV{I/Z',I/iJrl}UCOV{M15u2}7
i=1

K5 = {u1}7

K¢ = cov{ui, v},

K7 = cov{u, pa},

Kg := cov{pi, e} Ucov{pui,vs},

Ko = cov{ui,pa} Ucov{pr, us}.

Using Theorem[Elon K;,i € {1,2,3,4,5,6,7,8,9}, for any open set U, there is an uncountable scramble set
Si; € Gk, NUNTrans. By Proposition 2.6 and Proposition[Z5c), we have S; C Trans implies S; C QW
for i € {1,2,3,4} and S; C BR* for i € {5,6,7,8,9}. One can observe that Gx, C QW1 \ QW; for
any ¢ € {1,2,3,4}, Gk, € BR1 \ QW5, Gk, € BR;_4 \ BR;_5 for any i € {6,7,8,9}. Then the proof is
completed. O

Remark 4.7. Let QR = Uuer(X) G- The points in QR are called quasiregular points of f in [21I]. Note
that K5 in the proof above is a single measure, so we can replace BR; by BR; N QR and the theorem
still holds. The same situation will happen in the proof of item (c).

Proof of Item (b). If I,(f) # 0, then there exist A1, Ao € M;(X) such that [ pdX\; # [ odXs. Note
that the measure satisfying Proposition 4] and measures with full support are both dense in M ;(X).

Then we can choose pi1, fi2, - - - satisfying PropositionEAland | J;2, S,, = X such that [ odus # [ @dus #
[ edus # [ dp. Take v; = =Lpy + Ly, i€ {1,2,---}. Let
Ky = cov{p,pn},

Ky = cov{pa, p} Ucov{pa, pa},
o0
K3 = U cov{vi, Vit1},
i=1
o0
K, = UCOV{Vi,Vi.’.l} U cov{pu, pa},
i=1
1 2
Ks = covi{ws, gkt §M2}7
K¢ = cov{u,va},
K7 = cov{u, pa},
Kg = cov{p1,va}Ucov{ui,vs},
Ko = cov{py,ua} Ucov{uy, us}.
One can observe that Gk, C I,(f) for any i € {1,2,3,4,5,6,7,8,9}. Based on the discussion in the proof
of item (a), we complete the proof. O

Proof of Item (c). If Int(Ly) # 0, then for any a € Int(L,), there exist A, \a € My(X) such
that [ pd\ < a < [@dXo. By [35, Lemma 3.4], we can take puq, 12, -+ satisfying Proposition L] and
U2, Su, = X. We can assume that {i € [1,+00)| [dp; > a} and {i € [1,400)| [@du; < a} are both
infinite set since measures satisfying Proposition 4] are dense in My(z). Set {i € [1,+00)| [du; >
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a} = {m;}32, and {i € [1,+00)| [@du; < a} = {n;}32,. In order to simplify the proof, we assume
{i € [1,400)| [¢du; = a} = 0. Now, we can choose proper {0;}32, C (0,1) such that v; = O;pm, +
(1 = 0)puy, and [@dv; = a for any i € {1,2,---}. We can also choose proper 1, k2, € (0,1) such that
P1 = Kifhm, + (1 — K1) ltny, p2 = Kaptm, + (1 — K2)pen, and fgadpl = fgadpg = a. By proposition [2.3]
there are p*, p** with full support such that [ ¢du* < a < [ pdp**. Choosing proper ¢ € (0,1) such that
p=u* + (1= and [ @dp = a. Take w; = =Luy + v, i€ {1,2,--}. Let

Ky = covi{v,u},

Ky = cov{vy, u} Ucov{vy,a},
oo

Ky = UCOV{wi,WiJrl}a
i=1
oo

K4 = UCOV{wi;wi+1}UCOV{w17V2}’
i=1

K5 = {Vl};

Kg = cov{vi,p1},

K7 = COV{VlaVQ}a

KS = COV{I/l,pl}UCOV{Vlva}’

Ky = COV{I/l,I/Q}UCOV{V27V3}'

One can observe that Gx, € R,(a), for any i € {1,2,3,4,5,6,7,8,9}. Based on the discussion in the
proof of item (a), we complete the proof. O

Proof of Item (d). If Int(L,) # 0, then one can get this from item (c) by taking one a € Int(L,)
since Ry (a) € R,. On the other hand, Int(L,) = 0, then R, = X and one can get this from item(a). O

Remark 4.8. If (X, f) is not uniquely ergodic, there are two different invariant measures p, v so that by
weak* topology there exists a continuous function ¢ such that [ ¢dp # [ ¢dv. Thus Int(Lg) # 0. Note
that I5(f) # 0 is equivalent to Int(Ly) # 0 if the system has specification property, see [69]. Thus item
(a) can also be deduced from item (b).

4.3. Proof of Theorem The proof is based on [35] Theorem H]. From the proof of [35], Theorem
H], we know that

r € BR& x cwp-(x) and x € QW &z € wy(x).

The construction of z in the proof of Theorem always satisfies that © € Trans N BR, which implies
wp-(r) = wy(z) = X by [35, Lemma 4.6]. Since the dynamical systems with specification are not
minimal but minimal points are dense, so for any x € Trans, wp, (r) = (). Thus one can check that the
uncountable DC1-scrambled sets constructed by K, Ko, K5, K¢, K7 in the proof of Theorem (2] satisfy
the five cases, which ends the proof. O

5. APPLICATIONS

5.1. Examples with Specification. It is known from [I5] that any topologically mixing interval map
satisfies specification. For example, [36] showed that there exists a set of parameter values A C [0, 4] of
positive Lebesgue measure such that if A € A, then the logistic map fi(z) = Az(1 — z) is topological
mixing.

Moreover, maps satisfying the specification property includes the mixing subshift of finite type, mixing
sofic subshift, topological mixing uniformly hyperbolic systems and the time-1 map of the geodesic flow
of compact connected negative curvature manifolds, for example, see [58] [69].

So, all the results of Theorems [Al - [E] are all suitable for such systems.
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5.2. Examples Without Specification. Now, we use our theorem on a type of subshift which may
not have specification property. Before the statement, we need some preparations.

For any finite alphabet A, the full symbolic space is the set A = {---x_jwoxy---: x; € A}, which
is viewed as a compact topological space with the discrete product topology. The set AN+ = {z x5 - - :
x; € A} is called one-side full symbolic space. The shift action on one-side full symbolic space is
defined by

U:AN+—>AN+, T1T - > LT3 .
(AN+ o) forms a dynamical system under the discrete product topology which we called a shift. A closed
subset X C AN+ is called subshift if it is invariant under the shift action 0. w € A™ £ {z129 -y :
x; € A} is a word of subshift X if there is an € X and k € N such that w = xzpi1 - - Tppn_1. Here
we call n the length of w denoted by |w|. The language of a subshift X, denoted by £(X), is the set of
all words of X. Denote £, (X) = L(X) () A" all the words of X with length n.

Now we introduce the typical subshift of one-side full shift space S-shift. Basic references are [56] 59|
[B3]. It is worth mentioning that from [I5] the set of parameters of 8 for which specification holds, is
dense in (1,400) but has Lebesgue zero measure.

Let 8 > 1 be a real number. We denote by [z] and {z} the integer and fractional part of the real
number z. Considering the S-transformation fz:[0,1) — [0,1) given by

fa(z) = Bx (mod 1)
For 8 ¢ N, let b =[] and for § € N, let b = 8 — 1. Then we split the interval [0,1) into b + 1 partition

as below
1 1 2 b
JO_[O,B)’J1_|:B,B)’.“’J1_|:B’1)-

For z € [0,1), let i(z, 8) = (in(z, 8))]° be the sequence given by iy, (z, 8) = j when f"~'z € J;. We call
i(xz, B) the greedy S-expansion of x and we have

T = Z in(z, B)~".
n=1
We call (Xg,0) B-shift, where o is the shift map, ¥4 is the closure of {i(x, 8)}sep0,1) in [[;2,{0,1,---,b}.
From the discussion above, we can also define the greedy S-expansion of 1, denoted by i(1, 3). Parry
showed that the set of sequence with belong to >3 can be characterised as

weXse fFw) <i(1,p) forall k> 1,

where < is taken in the lexicographic ordering [50]. By the definition of ¥z above, ¥g, C Xz, for
B1 < B2([B0]). Now we introduce some lemmas about S-shift, which indicate that S-shift has a certain
degree of transitive property.

Lemma 5.1. For any w € L,(Xg), if there is a j € [1,n] such that w; # 0, then for any n € g,
wis(wj—1)--wyn € Xp.

The proof is a easy part of [53, Proposition 5.1].
Lemma 5.2. For any w € Yg and any open set U C Yg, we can find an n € U and a k € N such that

okn =w.
Proof. U is open, so we can find a point £ = £ -+ € U such that £ < i(1,8). So we can find a k € N

large enough, such that & £ && - (& + D)ékt18kt2 - < i(1,5) and ¢ € U. Then by Lemma 5.1 we
conclude that n £ £,& - &w € U and oFn = w. O

Lemma 5.3. For (-shift, there exists an increasing sequence {Zg} of compact o-invariant subsets of >3
with the following properties:
(a) Each {¥}3} is a sofic shift and has specification property
(b) For any pn € My(X3), and any neighborhood U of p in My(Xg), there exist n > 1 and TS
MG(ER)NU.
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Lemma is a main application in [I7]. Reader can refer to [I7] for the details of the proof. The
lemma above shows us that to figure out the irregular set for the whole space(X3), it is sufficient to study
the irregular set for certain asymptotic ‘horseshoe-like’(Eg) of the whole space.

Theorem 5.4. For any 8 > 1 and (Xg,0), suppose @ is a continuous function on Xg, then

(a): {QWh, QWa, QWs, QWy, QWs, BR1, BRa, BRs, BRy, BR5} has uncountable DC1-scrambled gap
with respect to Rec(o);

(b): If 1,(0) # 0, then {QW1,QWa, QWs3, QWa4, QWs, BR1, BRy, BR3, BRy, BRs} has uncount-
able DC1-scrambled gap with respect to Rec(o) N1, (0);

(c): IfInt(Ly,) # 0, then for any a € Int(Ly), {QW1, QWa, QWs3, QWa, QW5, BR1, BRy, BR3, BRy,
BRs} has uncountable DC1-scrambled gap with respect to Rec(o) N Ry(a).

(d): {QW1, QWa, QW5, QW4, QWs, BR1, BR2, BR3, BRy, BR5} has uncountable DC1-scrambled gap
with respect to Rec(o) N R,.

Proof. (a): Refer to [59], we have {8 € (1,+00) | (X3, 0) has specification property} is dense in (1, +00).
Then for any 8 > 1, we can find an o < 3 such that (X, 0) has specification property. By Theorem [1.2]
for (Ea, O’), we have {QWl, QWQ, QWg, QW4, QWE,, BRl,

BRs, BR3, BR4, BR5} has uncountable DC1-scrambled gap with respect to Trans,|, . Note that ¥, C
Y3, so the transitive points of ¥, must be the recurrent points of ¥3. Moreover, it is easy to see that
for any S, € GS{QWl, QWo, QW3,QW4, QWs, BR1, BR>,

BR3, BRy, BR5} for system (X4, 0) is a subset of some S, € GS{QW1, QWa, QWs5, QWy,

QWs,BR1, BRy, BR3, BRy, BR5} for system (X3, 0). Then item(a) has been proved.

(b): If I,(0) # 0, there exist A1, \a € My (Xg) such that [ pdA\; # [ ¢dXs. By Lemma [5.3] we have
(X3, o) which has specification property and p1, s € My (X}) such that [ wdus # [ pduz. By the proof
of Theorem .2 for (X}, o), we have {QW1, QW2, QW3, QWi
QWs, BRy, BRy, BR3, BRy, BR5} has uncountable DCl-scrambled gap with respect to Trcms(,‘Zg N

I,(o). Similarly, item(b) has been proved.

(c): If Int(Ly) # 0, then for any a € Int(L,), there exist A1, A2 such that [ pd\ < a < [ pdus. By
Lemma [5.3} we have (X7, o) which has specification property and p1, u2 € My(X%) such that [ pdpr <
a < [ ¢dus. By the proof of Theorem[E.2] for (3%, 0), we have {QW1, QW2, QW3, QWa, QWs5, BR1, BRa,
BR3, BRy, BRs} has uncountable DCl-scrambled gap with respect to T7°ct7150|Eg N Ry(a). Similarly,

item(c) has been proved.
(d): If Int(Ly) # 0, item(d) is from item(c). Otherwise, R, = X so that item(d) is from item(a). O

6. COMMENTS AND QUESTIONS

6.1. Weakly almost periodic points. The reason why we can’t analyse whether there is an uncount-
able DC1-scrambled set in W by our method is that we didn’t find a measure p with full support and
G, has distal pair. For a point x € W N T'rans, we can observe that x must be a element of the generic
point of a measure with full support. But Theorem [El don’t cover this situation.

Theorem 6.1. Suppose that (X, f) has specification property. If for any invariant measure p with full
support, G, has distal pair, then

(1) there is an uncountable DC1-scrambled set S C W N Trans.

(2) If ¢ is a continuous function on X and I1,(f) # 0. Then there is an uncountable DC1-scrambled set
S CWnTransNI,(f).

(3) If ¢ is a continuous function on X and Int(Ly) # 0. Then for any a € Ly, there is an uncountable
DC1-scrambled set S C W NTrans N Ry(a).

(4) For any continuous function ¢ on X, there is an uncountable DC1-scrambled set S C WNTransNR,,.

Remark 6.2. The set of points with Case (1) restricted on recurrent set coincides with the set of W\ AP.
For systems with specification, note that W NTrans C W \ AP so that above result can be also stated
for the set of points with Case (1) restricted on recurrent set or W\ AP.

Remark 6.3. For a transitive system (X, f) without periodic points with period m, it is easy to check
for any x € Trans, (x, f™2) must be a distal pair. This implies that for any invariant measure p (not
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necessarily with full support), G, N Trans has distal pair. So Theorem [6.]] are suitable for systems with
specification but without periodic points with period m for some m. In particular, it apllies in mixing
subshifts of finite type without periodic points with period m for some m. For example it can be a subshift
of finite type defined by a graph with two distinct cycles of length m + 1 and m + 2 starting from the
same vertex. For such dynamical systems, Theorem [E] holds for any nonempty compact connected set K,
since G, has distal pair for any p in K.

Proof. Let u be an invariant measure with full support.

(1) Take K = {u}. Then one can use Proposition [Z4] and Theorem [E] to give the proof.

(2) By Proposition 23] one can choose an invariant measure p with full support such that [ @du #
J@dp’. Take K = cov{u, p'}. Then one can use Proposition 24 and Theorem [El to give the proof.

(3) If [ pdu = a, take w = p. Otherwise, by Proposition 23] one can choose an invariant measure p/
with full support such that [@dy’ < a < [dp or [pdp < a < [@du'. Take suitable 6 € (0,1) such
that w = 0p + (1 — 0)p/ such that [ ¢dw = a. In this case take K = {w}. Then one can use Proposition
24 and Theorem [El to give the proof.

(4) If Int(Ly) # 0, item (4) is from item (3). Otherwise, R, = X so that item (4) is from item (1). O

6.2. Minimal points. For minimal points, it is still unknown whether DC1 appear but we remark that
DC-2 appear.

Theorem 6.4. Suppose that (X, f) has specification property (or almost specification, or shadowing
property with positive entropy). Then there is an uncountable DC-2 scrambled set S C AP(f).

Proof. From [26] a dynamical system with positive entropy has DC-2 scrambled set so that if a
minimal subsystem has positive entropy, then the proof is completed. In fact, from [25], we know
there exist minimal subsystems arbitrarily close to full entropy (and thus AP(f) carries full topological
entropy). O

From [15] the set of parameters of 3 for which specification holds, is dense in (1, +00) but has Lebesgue
zero measure. However, every [ shift has almost specification by [54] so that Theorem applies in all
(3 shifts.

Let C(M)be the set of continuous maps on a compact manifold M and H(M) the set of homeo-
morphisms on M. Recall that C° generic f € H(M) (or f € C(M)) has the shadowing property and
infinite topological entropy (see [41] and [39] 40], respectively). Thus Theorem [6.4] applies in C° generic
dynamical systems.
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