MIXING VIA SEQUENCE ENTROPY
WEN HUANG, SONG SHAO, AND XIANGDONG YE

ABSTRACT. We investigate systematically several mixing concepts via sequence
entropy both in measure-theoretical dynamical systems and in topological dy-
namical systems, and obtain some new theorems or new proofs of some known
theorems. Particularly, characterizations of rigidity and mild mixing via sequence
entropy are obtained. Moreover, we show that if the topological entropy of an open
cover is positive, then the sequence entropy of the cover with respect to any se-
quence is positive. As applications we prove that minimal topological Kolmogorov
system is strongly mixing and any transitive diagonal flow is mildly mixing.

1. INTRODUCTION

Measure-theoretical dynamical systems (MDS for short) and topological dynam-
ical systems (TDS for short) exhibit a remarkable parallelism. There are many
concepts which have counterparts in both theories, e.g., ergodicity - minimality,
discrete spectrum - equicontinuity, relatively discrete spectrum - almost periodic ex-
tension, measure-theoretical entropy - topological entropy etc. These have led to the
formulation of analogous theorems in both theories. In this paper we study several
mixing concepts using the notion of the sequence entropy both in MDS and TDS. We
will find the results in both theories are analogous, but the proofs involved are en-
tirely different and neither directly deducible from the other. Let (X, B, u,T) be an
invertible MDS. Ergodicity and all kinds of mixing properties are discussed by many
authors from different viewpoints. It is found that to characterize different mixing
properties using entropy concept is effective and fruitful. This study was originated
by Kushnirenko [Ku] in 1965. Let ZF be the set of all infinite sequences of Z,.
Kushnirenko introduced the notion of sequence entropy along a given A € ZF for
a MDS and proved that an invertible MDS has discrete spectrum iff the sequence
entropy of the system with respect to any A € ZF is zero. Later Saleski gave a
characterization of weakly mixing and strongly mixing MDS via sequence entropy
[S]. Let Px be the set of finite measurable partitions of X. He showed that T is
weakly mixing iff sup yczr (T, ) = Hy() for all o € Px; T is strongly mixing
iff sup{h} (T, ) : B € A} = H,(a) for any A € ZF and any a € Px. Hulse [Hul]
improved some of the Saleski’s results and showed that 7" is weakly mixing iff there
exists A € ZF such that h/’:‘(T, a) = H,(«) for any a € Px; T is strongly mixing iff
for any A € ZF there exists an infinite sequence B C A such that h7 (T, a) = H,(a)
for all & € Px. Moreover, Hulse [Hu2] gave the characterizations of the compact and
weakly mixing extensions of MDS via conditional sequence entropy. Between weak
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mixing and strong mixing concepts there is an important mixing property, known as
mild mixing in ergodic theory. It is well known that an invertible MDS (X, B, u.T')
is weakly mixing if and only if for any ergodic MDS (Y, A, v, S) with v(Y) < oo,
the product X and Y is ergodic. But if we drop the assumption that v(Y) < oo,
then the property is strictly stronger than weak mixing, which is called mild mixing
by Furstenberg and Weiss [FW]. In [F2, F3] many equivalence conditions of mild
mixing were obtained. Moreover, Furstenberg and Kateznelson [FK] introduced the
relative version of the notion. The characterizations of mild mixing and mildly mix-
ing extension via sequence entropy can be found in [Z1, Z2]. For example, Zhang
[Z1] showed that T is mildly mixing iff for every A € ZF, there is a sequence F,, of

pairwise disjoint finite subsets of A such that for any a € Py, h,{fi}(T, a)=H, (o),
where s; =, a.

It is well known that the notion of discrete spectrum is contrary to that of weak
mixing which can be characterized as having no nontrivial factors with discrete
spectrum for an invertible MDS. Similarly, the notion of rigidity is contrary to that
of mild mixing which can be characterized as having no nontrivial rigid factors for an
invertible MDS. We have mentioned Kushnirenko’ theorem on the characterization
of discrete spectrum via sequence entropy. Now we recall that Zhang [Z1] showed
that an invertible MDS (X, B, u, T) is rigid iff there exists A € ZF such that if
{F.} is any sequence of pairwise disjoint finite subsets of A and s; =} . a, then
hiH(T) = 0.

In section 3, we will give a new proof of Kushnirenko’s theorem and some proofs
of the above mentioned theorems using different approach (see Theorems 3.5, 3.6,
3.9, 3.10) and obtain characterizations of mixing and rigidity via sequence entropy
(Theorems 3.6, 3.9).

In the category of topological dynamical system, in 1974 Goodman [G] intro-
duced the notion of topological sequence entropy and studied some properties of
null systems which are defined as having zero topological sequence entropy for any
infinite sequence. It is a natural question whether we have similar characterizations
of topological mixing properties using topological sequence entropy. In [HLSY], the
first characterization of topological weak mixing was obtained using sequence en-
tropy. Namely, the authors localized the notion of sequence entropy by defining
sequence entropy pairs and proved that a system is topologically weakly mixing iff
any pair not in the diagonal is a sequence entropy pair. Moreover, they showed that
for a minimal system Kushnirenko’ statement remains true modulo an almost one
to one extension, i.e. if a minimal system is null, then it is an almost one to one
extension of a topological system with discrete spectrum. Recently, in [HY?2] (see
also [GW]) the notion of topological mild mixing was introduced. A TDS (X, T)
is topologically mildly mixing if for any transitive system (Y, S), (X x Y, T x 9) is
transitive. Similar to the case in ergodic theory, this property is strictly between
weak mixing and strong mixing. A characterization of topological mild mixing via
sequence entropy will be obtained in section 4 and new proofs of known theorems
are given (see Theorem 4.12, 4.13 and 4.14).
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The notion of Kolmogorov system in ergodic theory is useful and is extensively
studied. The notion of disjointness of two TDS was introduced in [F1] to show how
greatly the two systems differ from each other both in MDS and TDS. It is known
that any K-system in MDS is disjoint from zero entropy system and is strongly
mixing. Topological analogues of K-systems have been proposed: u.p.e. in [B1] and
topological K in [HY1]. In [B2], it was proved that diagonal flows (which is weaker
than u.p.e.) are disjoint from all minimal TDS with zero entropy. It is an open
question if minimal u.p.e. implies strong mixing. In the last section we show that
if the topological entropy of an open cover is positive, then the sequence entropy
of the cover with respect to any sequence is positive (a similar result in MDS was
obtained in [S] and we supply a direct proof for completeness). As applications we
prove that any minimal topological K-system is strongly mixing and any transitive
diagonal flow [B2] is mildly mixing.

2. PRELIMINARIES

We use Z (resp. R, C and N) to denote the set of integers (resp. real numbers,
complex numbers and natural numbers) and Z, the set of the non-negative integers.
For convenience when we speak A € ZF we mean it is ordered in the natural way,
i.e., A:{al < as < }

Let (X, B, u) be a standard Borel space, p a regular probability measure on X
and T': X — X a measure-preserving transformation. The quadruple (X, B, u,T)
is said to be a measure-theoretical dynamical system (for short MDS) if Ty = p,
i.e. u(B) = p(T'B) for all B € B. If T is measure-preserving, bijective, and 7!
is also measure-preserving, we say (X, B, u,T) invertible. A MDS (X, B, u,T) is
ergodic if the only measurable sets A for which u(AAT 1 A) = 0 satisfy u(A) =0 or
w(A) =1. A MDS (X, B, u,T) is weakly mizing if (X x X,B x B,ux pu, T xT) is
ergodic. (X, B, u,T) is strongly mizing if lim,, . (T "ANB) = u(A)u(B) for any
A B € B.

An eigenfunction for T is some non-zero function f € L*(X,B,u) = L?(u) such
that Uf = Af for some A € C, where Uf := foT. )\ is called the eigenvalue
corresponding to f. It is easy to see every eigenvalue has norm one, i.e. |\ =
1. It is well known that T is ergodic iff 1 is a simple eigenvalue of T. If f €
L?(u) is an eigenfunction, then cl{U"f : n € Z} is a compact subset of L?(u).
Generally, we say f almost periodic if cl{U"f : n € Z} is compact in L*(u). It is
well known that the set of all bounded almost periodic functions forms a U-invariant
and conjugated-invariant algebra of L?(u) (denoted by A.). The set of all almost
periodic functions is just the closure of A. (denoted by H.), and is also spanned
by the set of eigenfunctions. The following Proposition is a classical result (see for
example [Zi]).

Proposition 2.1. Let (X,B,u,T) be a MDS and H be a conjugated-invariant al-
gebra of L*(11) consisting of bounded functions. Then there exists a sub-o-algebra
A of B such that cl(H) = L*(X, A, u). Moreover if H is U-invariant, then A is
T-invariant.
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By Proposition 2.1, there exists a T-invariant sub-o-algebra I of B such that
H.= L*(X,K,pn). We call K the Kronecker algebra of (X, B, u,T). Tt is well known
that T" is weakly mixing iff H, is trivial iff the constants are the only eigenfunctions
for T, i.e. the Korenecker algebra K is trivial. T is said to be compact or to
have discrete spectrum if L?(u) can be spanned by the set of eigenfunctions, i.e.
H.= L*(X,B, ) or equivalently K = B.

A function f € L?(u) is called rigid if there is {t,} € ZF with limT" f = f
in L?norm. For a fixed FF = {t,} € IF, it is easy to see that the set of all
bounded functions f € L*(u) with lim7T* f = f in L?>norm forms a U-invariant
and conjugated-invariant algebra of L?(u) (denoted by Ar). The set of all functions
f € L*(p) with imT* f = f in L*norm is just the closure of Ar (denoted by
Hp). By Proposition 2.1, there exists T-invariant sub-o-algebra Cr of B such that
HF = L2<X, ICF,/L)

A MDS (X, B,u,T) is called rigid if there is F = {t,} € IF with Hr = L*(u),
ie. imT% f = f in L?mnorm for all f € L*(u). A MDS (X, B, u,T) is called mild
mizing if it has no nonconstant rigid function (this definition is equivalent to that
Kr is trivial for each F' € ZF, and is also equivalent to the condition described in
the first section [FW, F3]). Obviously, for a strongly mixing MSD K is trivial for
each F' € ZF, i.e. strong mixing implies mild mixing. On the other hand, since
every eigenfunction is rigid, mild mixing implies weak mixing. In fact, it can be
showed that mild mixing is strictly between weak mixing and strong mixing [FW].

By a topological dynamical system (for short TDS) we mean a pair (X, T), where
X is a compact metric space and T is a continuous surjective map from X to
X. When T is a homeomorphism, we say T invertible. The set of T-invariant
probability measures defined on Borel sets of X, B(X), is denoted by Mz(X). In
context measurability will be always related to B(X). Every invariant probability
measure 4 € My (X) induces a MDS (X, B(X), u, T).

(X, T) is transitive if for each pair of opene (i.e. open and nonempty) subsets U
and V of X, there is n € N such that UNT ™"V # (), and (X, T) is (topologically)
weakly mizing if (X x X, T xT) is transitive. (X, T') is (topologically) strongly mizing
if for any opene subsets U and V' of X, there is N € N such that U NT ™"V ## ()
for each n > N. A TDS (X, T) is (topologically) mildly mizing if for any transitive
system (Y, S), (X x Y, T x S) is transitive.

Let F be a collection of subsets of Z,. If it is hereditary upward, i.e. F; C F,
and Fy € F imply F, € F, then F is said to be a family. If a family F is closed
under intersection and satisfies ) € F, then it is called a filter. For a family F
its dual is F* = {F C Z|FNF # 0 for all F' € F}. The dual family of
TF is the set of cofinite subsets of Z,. The upper density of A € ITF is d(A) =
limsupy_, [AN{0,1,--- | N —1}|/N. The lower density d(A) are similarly defined.
If d(A) = d(A), then we say A has density d(A). Let D = {A C Z,|d(A) = 1}. Tt
is easy to see D is a filter and D* = {A C Z,|d(A) > 0}. Let {b;}_, with b; € N,
where I € Nor I = +oo, we define FS({b;}_,) = {3, bi : @ is a finite non-empty
subset of {1,2,--- I} or N }. F is an IP set if there exists sequence of natural
number {b;}$°, such that F' = FS({b;}32,). Denote the set of all IP sets by ZP.
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Let {x,} be a sequence of a metric space (X,d), x € X and F be a family. We
say x,, F-converges to x, denoted by F — limz,, = x, if for any neighborhood U of
z, {n : x, € U} € F. The following is a well known result concerning mixing in
ergodic theory (see [F2, F3, W1]).

Theorem 2.1. Let (X,B,u,T) be a MDS. Then
(1) T is weak mizing iff D—lim,, . p(T""ANB) = p(A)u(B) for any A, B € B;
(2) T is mild mizing iff TP* —lim, oo p(T"ANB) = u(A)u(B) for any A, B €
B;
(3) T is strong mizing iff ZF* — lim,co W(T""A N B) = pw(A)u(B) for any
A BeB.

In the topological setting we have a similar description. Let (X,7T') be a TDS and
U,V C X. We define the return times set N(U,V) ={n € Z, : UNT (V) # (}.
Then we have ([F1, HY2, GW])

Theorem 2.2. Let (X,T) be a TDS. Then
(1) (X, T) is weakly mizing iff N(U,V') is thick (i.e. containing arbitrarily long
intervals of Z.) for any opene sets U,V of X.
(2) (X, T) is mildly mizing iff N(U,V) has non-empty intersection with F' — F
for any opene sets U,V of X and any IP set F', here F — F ={a—b:a,b€
F and a > b}.
(3) (X, T) is strongly mizing iff N(U,V') is cofinite for any opene sets U,V of
X.
Remark 2.3. 1. Assume (X,7) is a TDS and there is some p € Mp(X) with full
support. Then it is easy to see that if T is weakly mixing (resp. mildly mixing,
strongly mixing) with respect to p, then it is topologically weakly mixing (resp.
mildly mixing, strongly mixing).
2. Note that if (X,T') is minimal then it is weakly mixing iff N(U,V') € D, and
it is mildly mixing iff N(U,V) € ITP* [HY?2].

Now we define sequence entropy. Let S = {0 < t; <ty < ---} € ZF and U
be a finite open cover of X. The topological sequence entropy of U with respect to
(X,T) along S is defined by hy (T,U) = limsup, ., = log N(\/\_; T~"U), where

N(V._, T7%U) is the minimal cardinality among all cardinalities of subcovers of
Vi , T7%U. The topological sequence entropy of (X, T) along sequence S is htop(T) =
supy, hi,o (T, U), where supremum is taken over all finite open covers of X. If S = Z,
we recover standard topological entropy. In this case we omit the superscript Z, .

Let (X,B,u,T) be a MDS and suppose ¢ and n are two finite partitions of X.
The entropy of £, written H({) is defined by the formula

== p(A)log u(A
Aeg
and the entropy of £ given n, written H (£|n), is defined by the formula

Hy,(Eln) = Hu(§ V1) — ==>_> mANB)log (:1(;)3)

Ben Aeg
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The sequence entropy of & with respect to (X, u, T) along S is defined by

hS(T &) = hmsup H \/T Lig) (=
n—-—+00 i=1
And the sequence entropy of (X, B,T,u) along S is hi( ) = sup, hﬁ(T, «), where
supremum is taken over all finite measurable partitions. As in the topological case,
when S = Z, we recover entropy of T with respect to p. In this case we omit the
superscript Z. .

n—-+0o i=1

3. MIXING AND SEQUENCE ENTROPY FOR A MEASURE

In this section, we will give some characterizations of mixing properties via se-
quence entropy for a MDS. First we give a new proof of a well known result by
Kushnirenko [Ku]. In the process to do it we obtain a lemma which is crucial for
the sequel. Let (X,B,T,u) be an invertible MDS. We define a unitary operator
U:H—HbyU(f)=foT, where H= L*(X,B, ). Let F € ZF . Since H is a
separable metric space, it is easy to see that there exists S = {s1 < s9 <---} C F
such that lim; .., < g,U® f > exists for any f,g € H. Fixed f € H, we define
Jr : H — C with Js(g) = lim; .o« < ¢g,U%f >. Then J; is a continuous linear
functional on H. By the Riesz representation theorem, there exists S(f) € H such
that J;(g) =< ¢,S(f) >. Clearly, if f > 0 then S(f) > 0. First we have

Lemma 3.1. Given a = {Ay,..., Ay} € Px there exists an infinite subsequence
S" C S such that h;j/(T, @) >3 e Jx —S(1a)log S(1a)dp.

Proof. First, we have

Claim: For any 5 = {Bjy, ... Bl} € Px and € > 0, there exists M € N such that
WhenmeSandmZM,H( mlB) = sea Jx —S(1a)log S(1a)dp — €.

Proof of the claim. Since lim, o pu(T7*"A; N B;) =< S(14,),1p, > for 1 <i <k
and 1 < j </,

,Sn — 3 —Sn TfS”Ai Bj
Jim H,(T~al8) = T 55,5 —p(T~* A; 0 B;) log (M),
<S(1A ) 1p.>

=T < S, 1y, > gy

Let a;; = — < S(14,), 1, > log(< S(lA) 1, > /u(B;)). Since p(r) = —xlogx
is concave and < S(1y,),15, > /u(B fB (14,)dps,, where pp (-) = pu(-N
)/u( ) we deduce that
@i fB (1a,)dps,) fB S(1a,))dps, _fB S(1a,))dp.

We conclude that
IUEDY /B A8 = 3 /X (S (La,)

and limy,_ o H, (T a|f) > 3, [ ¢(S(14,))dp. This finishes the proof of the
claim.
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Now we may define an increasing sequence S’ = {0 < t; < t5 < ...} C S such that
r—1
H,(T tTa|\/T e’ >Z/ —S(14) logS(lA)dp—Q— Vr € N.
Aca
Therefore,

k-1
hy (T,a) =limsup 1y, , H, (T "al \/ T )

r—-+00

> limsup £ >0 5 (3 sca [x — 1A)10g S(La)du — 3)

r—-4o00

= 2aca Jx =5(1a) log S(1a)dp.

The following lemma is well known (see for example Lemma 4.15 in [W1]).

Lemma 3.2. Let r > 1 be a fized integer. For each € > 0 there exists 6 > 0 such
that if € = {Ay,--- , A}, n={C1, -, C.} are two partitions of (X, B, 1) into r sets
with "7 w(A;AC;) < § then the Rohlin metric p(§,m) = H,(§n) + H,(n]€) < e.

Lemma 3.3. Let (X,B,u,T) be an invertible MDS, B € B and R € ZF. Then
cd({U™1p : n € R}) is a compact set of L*(u) iff for each infinite sequence A C R,
h (T, {B,B}) = 0.

Proof. Assume cl({U"1p : n € R}) is compact in L*(u). Let A = {a1 < ay <
-} € Rand a = {B,B°}. Note that |{U"1p — U™1p||12(u) = p(T"BAT™™B).
By Lemma 3.2 for any € > 0 there is some N € N such that for any n > N we can
find some i(n) < N with p(Ta, T~ % a) < €.
Hence for any n > N we have
n—1
H(T " af \/ T %) < HT "™ a|T™%ma) < p(T™"a, T"%ma) < e.
i=1
trary, h(T,a) = 0. Now we show the converse. If cl({U"lB :n € R}) is not a
compact set of L?(1), then there exist ¢ > 0 and an infinite sequence F' C R such

that for a,b € F,a # b one has |[U*1p — U’1p|12(,) > €. By the discussion at the
beginning of the section, there exists S = {s1 < so < ---} C F such that for any

f.9 € L*(p),
(3.1) lim < g, U%f >=<g,5(f) >.

1—00

Then hy(T,a) = limsup, ., = >, H,(T “ka|\/k 'T-%q) < e. As e is arbi-

By Lemma 3.1, there exists an infinite subsequence A C S such that
hf}(T, {B,B}) > / (—=S(1p)log S(1p) — S(1pc)log S(1pc))dpu.
X

Since h,/(T,{B,B°}) = 0, one has —S(1p)(z)log S(1)(z) = 0 for z € X p-a.e.
Therefore S(1p) is a characteristic function, so that < 1x, S(1p) >= ||S(1B)||ig(u)
Take f = 1p, g = 1lx in (3.1), one has lim; o, < 1x,U%1p >=< 1x,S5(1p) >,
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which implies ||S(1B)||i2(u) = ||1B||iz(u). Combining the fact with equation (3.1),
one has lim; .., U%1p = S(1p). Hence for large enough i > j, one has ||U%1p —
U®i1p||2(uy < 5 which contradicts the choice of F. O

Taking R = 7Z, in Lemma 3.3 we have

Theorem 3.4 (Kushnirenko’s Theorem). [Ku] An invertible MDS (X, B, u, T') has
discrete spectrum iff hﬁ‘(T) =0 forany A€ IF.

Theorem 3.5. Let (X, B, i, T') be an invertible MDS. Then the following statements
are equivalent
(1) (X, B, u, T) is weakly mizing;
(2) for any B € B with 0 < u(B) < 1 and F € D*, there exists an infinite
sequence A C F such that i} (T, {B, B°}) > 0;
(3) for any finite non-trivial partition a of X and F' € D*, there exists an infinite
sequence A C F such that h;‘(T, a) > 0.

Proof. (1) = (2) Assume there is some B € B with 0 < u(B) < 1 and F = {a; <
ay < ---} € D* such that h/}(T,{B,B}) = 0 for any infinite sequence A C F.
Then by Lemma 3.3 cl({U"1p : n € F'}) is a compact set of L*(x). Thus for any
€ > 0 there is some N € N such that for any n > N we can find some i(n) < N
with p(T~"BAT~%mB) = || U1 — U%™M1p|| 2, < €.

Since (X, B, 1, T) is weakly mixing, {n € Z, : [w/(T""BNT % B) — (u(B))?| <
€,V1 <i < N} € D. Hence there is some m > N such that |u(T-*"BNT"*B) —
(u(B))?| < e for 1 <i < N. Particularly, |u(T~% BNT%m B) — (u(B))?*| < e and
u(T=% BAT~%m B) < e. Thus

,u(B) = M(T_amB) S M(T_amB N T—ai(m)B) + M(T_amBAT_a’i(m)B) < N(B)Q 4 26.

Since ¢ is arbitrary, we have u(B) < (u(B))? which contradicts the assumption.

(2) = (1) If (X, B, u,T) is not weakly mixing, then the Kronecker algebra IC of
(X,B,u, T) is non-trivial. Hence there is some B € K with 0 < u(B) < 1 and
c({U™p:n €Z,}) is a compact set of L?(u). By Lemma 3.3 this contradicts the
assumption.

(2) & (3) is clear, as if o = {Ay,..., A,} € Px, then \/[_ {4;, A} > a. O

Theorem 3.6. Let (X, B, i, T') be an invertible MDS. Then the following statements
are equivalent
(1) (X, B, u, T) is mildly mizing.
(2) For any B € B with 0 < pu(B) < 1 and IP-set F, there exists an infinite
sequence A C F such that hi}(T,{B, B°}) > 0.
(3) For any B € B with 0 < u(B) < 1 and any infinite set F' of Z.., there exists
an infinite sequence A C F such that hi}(T,{B,B}) > 0.

Proof. (3) = (2) is clear.

(1) = (3) Let (X,B,u,T) be mildly mixing. Assume there exist a non-trivial
partition « = {B, B} of X and F' € ZF such that for any infinite sequence A C F,
one has b} (T, ) = 0. By Lemma 3.3, cI({U"15 : n € F'}) is a compact set of metric
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space L*(p). Hence, there exists {n; < ny < ---} C F such that lim; .., T"1g =g
for some g. Now for any € > 0, there exists N € N such that when¢,57 > N andi > j
then |[|[T™1p — T 1p||12¢,) < €, that is, [[T™ ™1 — 1p||r2(,) < € for 4,5 > N and
i > j. Therefore we can find F' = {s; < sy < ---} such that limy_,., 715 = 15,
this shows that ICp is non-trivial, a contradiction as (X, B, u, T') is mildly mixing.

(2) = (1) Assume that for any B € B and IP-set F, there exists an infinite
sequence A C F' such that hﬁ(T, {B,B}) > 0. If (X,B,u,T) is not mildly mixing,
then there exists F = {n; < ny < ---} has the property that g is non-trivial.
Hence there exists B € Kp with 0 < p(B) < 1 such that lim; .., 7" 1 = 1p.
Without loss of generality (if necessity we pass to a subsequence), we can assume
|71 — 1p||12(s) < 5 for any i € N.

Let F' = FS({n;}{2,), then F is an IP-set. Since |[T"1p — 1p||12(4) < 5 for any
i € N, it is easy to see that cl({U™1p : n € F'}) is a compact set of L?(x). By Lemma
3.3 for each infinite sequence A C F, h/’j‘(T, {B, B°}) =0, a contradiction. O

Call a MDS (X, B, u, T') intermizing if liminf,, o, u(T""ANB) > 0 for any A, B €
B with u(A) > 0 and u(B) > 0 ([FO, W2]). It is easy to see that strong mixing is
stronger than intermixing, and the example in [FO] showed the converse is not true.

Proposition 3.1. If an invertible MDS (X, B, 1, T') is intermizing, then it is mildly
mizing.

Proof. Let (X, B, u,T) be intermixing. If it is not mildly mixing, then there is
B € B with 0 < u(B) < 1 and A € ZF such that for each infinite sequence S C A,
ho(T,{B,B}) = 0 by Theorem 3.6. By Lemma 3.3 cl({U"1p : n € A}) is a
compact set of L?*(u). Following the argument in the second part of the proof of
Lemma 3.3 we get that there is some infinite sequence {s;} € A and D € B such
that 0 < p(D) < 1 and lim; . U%1p = 1p. Hence lim; .., u(T*B N D) = 0,
which implies that liminf, . u(7T-"B N D) = 0, a contradiction. O

Now we turn our attention to the characterization of rigidity. First we need some
preparation. Let KC,(F) = {A € B : hj;(T,{A, A°}) = 0 for any S C F}. It is easy
to see that IC,(F') is a T-invariant o-algebra of X.

Let F' be an IP-set generated by ny,ng,---, ie. F = FS({n;}2,). Let F be
the set of all finite subsets of N. For o € F, set n, = > ,., 1, then we have
F ={ny}acr. In the sequel by F — lima,, = a we mean for any ¢ > 0 there is some
B € F such that |a,, —a| < € for any « € F with anN = 0. A subset F’ of F is
called an IP-subsystem, if there exist {a;}2; C F with o; Nj = 0,4 # j such that
F' = FS({na, }2,). Obviously, F” is an IP-subset of F.

Lemma 3.7. [F3] Let (X, B, u, T) be an invertible MDS and F be an IP-set. Then
there is an IP-subsystem F' of F' and an orthogonal projection P on L*(u) such that
F' —lim < T"f, g >=<Pf g>, Yf g€ L*u).

In particular, if Pf = f, then F' —lim ||[T"f — f||r2(,) = 0. Moreover, there is a

T-invariant sub-o-algebra By of B such that P(L*(X, B, 1)) = L*(X, By, ).
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Lemma 3.8. Let (X,B,u,T) be an invertible MDS. For a given IP-set F, there
exists an IP-system F' of F' such that
(1) F'=limT"f = E(f|K,(F")) with respect to the weak topology for f € L*(u),
(2) F' —lim TE(f K, (F) = E(f|K, (F)) in L*(u)-norm for € L¥(y).

Proof. Let F', By as in Lemma 3.7. It remains to show By = K,(F’). Let F' =
FS({n;}2,) be an IP-set.

If A e By, then F' — lim ||[U"14 — 14||z2(,) = 0. For any € > 0, there is some
M € N such that ||U"14 — 14||12(u) < € for any n € FIS({n;}2;,). It is easy to see
that if a € F’ then a = b+ ¢ for some b € FS({n;}22,,) and ¢ € FS({n;}}1'). We
have

HUalA — UClAHLQ(,u) = HUblA — 1AHL2(M) < €.
Since € is arbitrary, cl({U"14 : n € F'}) is compact in L?(u). By Lemma 3.3,
A€ K, (F'). Conversely, let A € K,(F'). By Lemma 3.7, lim; ... < U™ f,g >=<
Pf,g > for each f,g € L*(u). By Lemma 3.1 there exists an infinite subset S’ C
{n1,ng,-- -} such that hﬁ/(T, {A,A°}) > [ [-P(14)logP(14) —P(14c) log P(1%)]dp.

Since A € K,(F"), hil(T, {A, A°}) = 0. Moreover we have that P(14) is a
characteristic function and lim; ., U™14 = P(14) (following the argument in the
second part of the proof of Lemma 3.3). Since P(14) € L*(By) and By is T-
invariant, one has U™P(14) € L*(By) for any m € Z (see Lemma 3.7). Since
HlA — U_niP(lA)“Lz(M) = HU”’lA — ]P)(lA)HLQ(u) — 0 when n — oo and L2<B0) is a
closed subspace of L?(u), 14 € L*(By), i.e. A € By. Thus we have By = K,(F’). O

Now we are ready to show

Theorem 3.9. An invertible MDS (X, B, u,T) is rigid iff there is some IP set F
such that h;‘(T) =0 for any infinite A C F.

Proof. Assume that (X,B,u,T) is rigid. Then there exists an infinite sequence
{ni} such that lim; .., U™ f = f in L?(p)-norm for f € L*(u). Let {f;}° be a
countable dense subset of L?(x). Without loss of generality (if necessity we pass to
a subsequence), we can assume that

ng 1 o
(3.2) U™ fi = fill 2wy < 5 for 1 <j <.

Let F' be an IP-set generated by {n;}. By (3.2) for each j € N, cl({U"f; : n € F'})
is a compact subset of L?(u). Moreover, cl({U"f : n € F}) is a compact subset of
L?(p) for each f € L?(p). By Lemma 3.3 h//(T) = 0 for any A C F.

Conversely assume there is some IP set F' such that h/’:‘(T) =0 for any A C F.
By Lemma 3.8 there exists an [P-system F” of F' such that

(3.3)  F' —lmT"E(f|K.(F") = E(f|K.(F")) in L?()-norm for f € L*(u).
Since hf(T) = 0 for any A C F, K,(F') = B. Hence E(f|K,(F')) = f for
f € L*(p). Combining the fact and (3.3), we have F' — limT"f = f in L*(u)-

norm for any f € L?*(u). Let F’ be generated by {n;}2,, then lim; ., T" f = f in
L*(p)-norm for f € L?(u), i.e. (X,B,u,T) is rigid. O]
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Finally we give another description for several kinds of mixing using sequence
entropy. Recall that Px be the set of finite measurable partitions of X and it is a
complete separable metric space with Rohlin metric p (see Lemma 3.2 for definition).
We remark that (1) and (3) appeared in [Hul].

Theorem 3.10. Let (X, B, u,T) be an invertible MDS. Then
(1) T is weakly mizing iff for any A € D* there is some B C A such that
hf(T, €)= H,(&) for all § € Px.
(2) T is mildly mizing iff for any IP set A there is some B C A such that
hi(T,€) = H,(§) for all § € Px.
(3) T is strongly mizing iff for any infinite sequence A of Z, there is some B C A
such that b} (T, &) = H,(€) for all § € Px.

Proof. Assume T is weakly mixing (resp. mild mixing, strong mixing). Then we
have F — limu(T-"C N D) = u(C)u(D), YC,D € B, where F is D (resp. IP",
ZF™). Moreover since F is a filter, for any «, 5 € Px one has
F—lmH,(T"a|f) =F —limH,(T "oV () — H,(0)
= F = lim(Y e pey —#(T~"C 0 D) log i(T"C (1 D)) — H,(9)
= 2 cea,pep —H(C) (D) log(u(C) (D)) — Hy(5)
=H,(a).
Let {&:}72, be a dense set of finite partitions in Px and A € F*. By (3.4) and

the fact that F is a filter, we can define an increasing sequence B = {t,}22, C A
such that

(3.4)

n—1
H,(T™"&) \/ T7"&) = Hu(&) — 27", forany n > 2,1 <k <n.
=1

Fix k € N. Then for n > k,

H,(NVio, T70) = HM(szl T7&) + 3 iy Hu(T75E| \/;;11 T-%¢)
> Hy(Vioy T716) + (n = k) Hu (&) = Y7 27

Therefore, we have h (T, &) = H, (&) holds for any k. As {&} is dense in Py,
for any £ € Py and any € > 0 there is some & such that p(§,&) < e. Using
BB(T,€) — BE(T,n)| < pl€, ), we have hE(T,€) > WB(T,&) — ¢ > H,(€) — 2. As
€ is arbitrary, we have h(T,§) = H,(€) for each £ € Px.

For the proof in the other direction, (1),(2) see Theorem 3.5, 3.6 and (3) by
Saleski’s Theorem [S]. O

4. TOPOLOGICAL MIXING AND TOPOLOGICAL SEQUENCE ENTROPY

In this section, we will give the characterizations of several topological mix-
ing properties via sequence entropy. First, we start with some notations. Let
X be a topological space. By an admissible cover U we mean that U is finite
and if U ={Uy,Us, -+ ,Uyn}, then (U, U;)° has nonempty interior for each i €
{1,2,---,n}. By an admissible cover U separating (x1,22) we mean that if U =
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{U1,Us}, then for each U; (1 < i < 2) there exists z;, (j; = 1,2) such that
xj, € cl(U;). Similarly, we define admissible partition o with respect to (1, z2).

Definition 4.1. Let (X,7) be a TDS and F € ZF. Then

(1) (w1, x9) is called an F-sequence entropy pairif x1 # x5 and for any admissible
open cover U separating (x1, z5) there exists an infinite sequence A C F' such
that h?l (T,U) > 0. Denote by SE(X, T, F) the set of all F-sequence entropy

to
pairs. Vl{)/hen F =7, we write simply SE(X,T, F) as SE(X,T).

(2) (X, T) is said to have F'-sequence uniform positive entropy (F—s.u.p.e. for
short) if SE(X,T,F) = X x X\ Ax.

(3) (X,T)is F-nullif SE(X,T, F) = 0.

The following proposition states the basic properties of sequence entropy pairs
with respect to a given F' € ZF. The proof is similar to the ones of the corresponding
results in [B2].

Proposition 4.1. Let (X,T) be a TDS and F € TF.
(1) If U = {Uy, Uy} is an open cover of X with hi (T,U) > 0 for some in-

to
finite sequence A C F, then there exist x1 € Uf]j xy € US with (v1,22) €
SE(X,T,F).
(2) SE(X,T,F)UAx is a closed T x T-invariant subset of X x X.
(3) Let m: (Y,S) — (X, T) be a factor map of TDS.
(a) If (x1,22) € SE(X, T, F), then there exist y1,yo € Y such that w(y;) =
21, m(y2) = x9 and (y1,y2) € SE(Y, S, F).
(b) If (y1,y2) € SE(Y,S,F) and w(y1) # 7w(y2), then one has (m(y1),
w(y)) € SE(X,T, F).
(4) Suppose W is a closed T-invariant subset of (X,T). If (z1,x9) is an F-
sequence entropy pair of (W, T|w), then it is also an F-sequence entropy
pair of (X, T).

Remark 4.2. In [B2] Blanchard showed that entropy pairs have the same properties.
By Proposition 4.1 (1), we know that (X, 7T") is F-null iff for each infinite sequence

ACEF, ht“ép(T) = 0. In the next section we will show that any F-null system has

zero topological entropy.
Using Proposition 4.1 one easily gets

Theorem 4.3. For a TDS (X,T) and F € IF the smallest closed invariant equiva-
lence relation containing SE(X,T, F) induces the mazimal F-null factor (Xg,Tr).

Disjointness of two TDS is defined in [F1]. If (X,7T) and (Y, S) are two TDS we
say J C X XY is a joining of X and Y if J is a non-empty closed invariant set
and is projected onto X and Y. If each joining is equal to X x Y we then say that
(X,T) and (Y, S) are disjoint or (X,T) L (Y,S) or X LY. Following [B2] it is easy
to prove

Theorem 4.4. Fach F-s.u.p.e. system is disjoint from any minimal F-null system.

For any F' € ZF we define F-transitive and F-mixing as follows.
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Definition 4.5. Let (X,7T) be a TDS and F' € ZF. (X,T) is called F-transitive
if for each pair of opene sets U, V, there exists n € F such that 7"V NU # 0. If
(X x X, T x T) is F-transitive, then (X,T) is said to be F-mixing.

Clearly, an F-mixing system is weakly mixing. When F' = Z, we omit F' in the
notation. The following is the classical description for weak mixing which we will
use in the section.

Theorem 4.6. ([F1, Ak]) Let (X,T) be a TDS, then the following conditions are
equivalent.
(1) (X, T) is weakly mizing.
(2) N(U,U)NN(U,V) # 0 for every opene sets U,V in X.
(3) For every opene sets Uy, Us, V1, Vo in X, there exist opene sets U,V in X
such that N(U, V) C N(Uy, V1) N N(Us, Vs).
(4) {N(U,V)|U,V are opene sets in X} generates a filter.

By this theorem we can get the following result readily:

Proposition 4.2. Let (X,T) be a TDS. Then the following statements are equiva-
lent:

(1) (X,T) is F-mizing;

(2) (X, T) is weakly mizing and F-transitive;

(3) N(U,U)NN(U,V)NFE #0 for any opene sets U,V .

For an F' € ZF, F-s.u.p.e. and mixing are connected by the following theorem.
Note that F — F={a—b>0:a,b € F}.

Lemma 4.7. Let (X,T) be a TDS and F € ZF. If (X,T) has F-s.u.p.e., then it
is (F' — F)-mizing.

Proof. Let (X,T) have F-s.u.p.e.. If (X,T) is not (F' — F')-mixing, then by Propo-
sition 4.2 there exist opene sets Uy, Uy with N(Uy,Uy) N N(Uy,Ux) N (F — F) = 0.

AsOe (F—F), Ui NU, =1(. Take x; € U; and a closed neighborhood V; C U; of
xiy i =1,2. Then V = {V/%, VS} is an open cover of X. Since for any n € (F' — F)
we have Uy N T7"U; = 0 or Uy N T~ "Uy = 0, there is a sequence {W), },e(r—r) and
W, = V¢ or W, = V¥ such that V;, CT-"W,, for each n € (F — F).

For any sequence A = {0 < t; <ty < ---} C F and n € N, consider for each
x € X the first ¢ € {1,2,--- ,n} such that T"z € V;, when there exists one. We get
that the V,, = \/;_, T7%V admits a subcover by the sets

T"Ven--nT " VENT WonT 9 Wy, o, N - NT "Wy 4,

i=1,2,---,n,and (;_, T7%V{. Hence for all n € N, H(V,) <n+ 1. So we have
hiso(T, V) = 0. This shows that (1,22) € SE(X, T, F) which contradicts the fact
that (X,T) has F-s.u.p.e.. Thus (X,T) is (F' — F)-mixing. O
Remark 4.8. By the above proof, it is easy to see that if (z1,29) € SE(X,T, F') then
N(Uy,Up) N N(Up,Uy) N (F — F) #  for any open neighborhood U; of z;, i = 1, 2.
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Let U be a finite cover of X. Define H(U) = log N(U). We say U topologically
non-trivial, if each element of U is not dense in X. Recall that for {b;}/_, with
b € N, where I € N or I = +o0, we define FS({b;}/_)) = {3 ,c, bi : @ is a finite
non-empty subset of {1,2,---, 1} or N }.

Lemma 4.9. Let (X,T) be a TDS, F =FS({pi};~,) and F,, = FS({p:};=,), n € N.
If for each n € N, (X,T) is (F,, — F,)-mizing, then for each admissible open cover
U (resp. non-trivial finite open cover V) there exists an infinite sequence A C F

such that by, (T,U) = H(U) (resp. hiy,(T,V) >0).

top
Proof. Let (X, T) be (F,, — F,,)-mixing for each n € N, and let U = {U;,Us, --- ,U;}
be an admissible open cover. Put W; = int(U; \ U, Uj),i = 1,2,--- .1, then {W;}
are pairwise disjoint opene sets. First we have:
Claim: For any n € N, there exists C,, = {t} <ty < --- < ¢} C F such that
" >mn and for any s € {1,2,--- ,I}", (L, T Wy # 0.
Proof of Claim We use induction on n. Obviously, if n = 1 the claim holds.
Suppose that when n = k the claim holds, and we want to show the claim holds when
n = k+1. Thus by this assumption, there exists Cy, = {M < th <th <... <tF} C F
such that for any s € {1,2,--- ,l}k, ﬂle T*ths(i) # ().

Take my, € N be larger enough for Cj; to be a subset of FS({p;}:"*~"). By Theorem
4.6 and Proposition 4.2, we have [ [ ﬂ N( ﬂ T~ tkWs @) Wi N (Fony, — Fi)

se{1,2,-- 1}k i=1 =1
is infinite, and then there exist a1, as € ka such that as > kK + 1 and

1 k
(CLl — CLQ) S m ﬂ N(ﬂ T_ti'CWS(i), W]) and a; — ag > ti
se{1,2,- )}k =l =l
Let tf*' = t5 + as,i = 1,2,--- .k and ¢}T] = a;. Then Ck+1 = {tF < bt <
tiﬁ} C F, t"*' > k+1and for any s € {1,2,--- 1}, = 1,2,-- .1,

N, T 5 Wy NT~ @2, £ 0 ie. VT4 W 7£(Z)f0r any r € {1,2,--- [}
This shows when n = k + 1 the claim holds. This ends the proof.

By claim, we choose {n;}$2; such that n,, > (1 — L) " n; and maxC,, <

minC,, ., form e N. Let A=J;2, C,,, C F and A,, = J;~, Cy,. Then
hf})p(T,U) > liminf,, oo logN(\g_e_A’;;,T_Ju) > liminf,,_ logN(ijEnC"Z. Qe
= liminf,, . 10%”:_ = lim,,, oo —mm— Zm logl =logl = HU).
i=1"" =
As hib (T, U) < HU), we have hyy (T, U) = H(U).
Now let V = {V4,- -+, Vi } be a non-trivial finite open cover. Take x; € intVy, j =

1727"' 7k' Assume {yl;y?f“ 7yl} - {1'1,132,"' Jxk} with Ys 7é Yt for 1 < s <
t < [. Since ﬂ;‘le inthc = (), we have [ > 2. Moreover we may take pairwise
disjoint closed neighborhood W; of y;,7 = 1,2,--- ,1 such that the open cover U =
{Wy, Wy, -~ WF} is coarser than V. Let P = {Wl,Wg,- ,Wi}. Note that (I —
WEIN(V ep T7U) > {s € {1,2,- - 1V e T Wy # 0} where E C Zy is a
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finite set. Similar to the case when U is an admissible cover, we can find an infinite
sequence A C F' such that

.. log N(V T-9U)
A g JEAmM
htop(T,Z/{) > liminf,,_ ™ ne
. log N(V/; T=U)
> liminf,, o Zjiic N
o log = {s€ {12, 1} i e T~ Wa(5) 70}
Z 11m1nfm—>oo 1—1) S jEE (5)
. log [y 1" -
= liminf,, ,oc ———

i=1 "
Nm

= lim,,— oo S log Z_Ll = log — > 0.
(T, V) > hit, (T, U) > 0. -

top

A
Hence hi;,

Remark 4.10. Using the idea of the above proof, we could get easily that if (X, T) is
F-mixing for an F' € ZF, then for each admissible open cover U (resp. non-trivial
finite open cover V) there exists an infinite sequence A C F such that h{ (T,U) =
HU) (resp. hil (T, V) > 0).

top

Lemma 4.11. Let (X,T) be a TDS, F = FS({pi};>,) and F, = FS{pi}.2,),

n € N. Then (X,T) has F-s.u.p.e. iff (X,T) is (F, —ZF}n)—mim’ng for each n € N.
Proof. By Lemma 4.9, it is left to show that if (X,7T) has F—s.u.p.e., then (X, T)
is (F,, — F,)-mixing for each n € N. By Lemma 4.7. it remains to show (X, T)
has F,-s.u.p.e.. Let U = {U;,Us} be an admissible open cover. Since (X,T’) has
F-saup.e., there exists an infinite sequence A C F' such that kit (T,U) > 0.

Put B, = FS{pi}is1) = {piy +pin + - +pi 0 1 < iy <dp < < iy < nf.
For each a € By, let A, = AN (a+ F,). Since hiy (T, U) <3, cp hide (T,U), there

top top

exists a € B, such that hé;;)(T,Z/{) > 0. Put A/ = A, —a. Then A" C F, and
hs (T, U) = hiee, (T, U) > 0. This shows that (X, T) has F,-s.u.p.e.. O

By Lemma 4.11 and Theorem 2.2 (2), it is easy to see that

Theorem 4.12. Let (X,T) be a TDS. Then the following statements are equivalent:
(1) (X, T) is mildly mizing.
(2) For each IP-set F', (X,T) has F-s.u.p.e..
(3) For each topologically non-trivial finite open cover U and IP-set F', there
exists an infinite sequence A C F such that hit (T,U) > 0.

top
Theorem 4.13. Let (X,T) be a TDS. Then the following statements are equivalent:
(1) (X, T) is weakly mizing.
(2) (X,T) has Z-s.u.p.e..
(3) For each topologically non-trivial finite open cover U there exists an infinite
sequence A C Z, such that hit (T,U) > 0.

top

Proof. The result follows by taking F' to be the the IP-set generated by 1,1,--- in
Lemmas 4.9 and 4.11. Or see [HLSY] for a little short and direct proof. 0
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We remark that since for any F' € ZF, SE(X,T,F) C SE(X,T), F-s.u.p.e.
implies weak mixing by Theorem 4.13.

Li [L] showed that (X,T) is weakly mixing iff for any admissible open cover U of
X there is some A C Z, such that h (T,U) = H(U). We have

top

Theorem 4.14. Let (X,T) be a TDS. Then

(1) (X,T) is weakly mizing iff for any admissible open cover U of X there is
some A C Z such that hi, (T, U) = H(U).

(2) (X, T) is mildly mizing iff for any admissible open cover U of X and any IP
set I there is some A C F such that hi} (T.U) = H(U).

(3) If (X, T) is strongly mizing, then for any admissible open cover U of X and
any F € TF there is some infinite A C F such that h: (T\U) = H(U). The

top
converse 1S not true.

Proof. (1) and (2) follow from Lemma 4.7, 4.9 and 4.11. The first part of (3) comes
from the Remark of Lemma 4.9. Example 5 of [B1] shows the second part of (3)
(see also Example A of section 6 in [HY2]). O

To end the section we remark that the topological counterpart of rigidity is uni-
formly rigid, i.e. if there are {n;} — oo with lim supd(z, 7" (z)) = 0. By Lemma
=0 peX

4.1 and Proposition 3.3 of [HY2] we know that if (X,7) is uniformly rigid then
there is an IP-set F' such that it is F-null. But the converse is not true even under
the minimality assumptions. In fact a minimal system is uniformly rigid iff it is
A-equicontinuous for some I P-set A, see [HY2].

5. POSITIVE ENTROPY IMPLIES POSITIVE SEQUENCE ENTROPY FOR COVERS
AND APPLICATIONS

In the section, we aim to prove that if the topological entropy of a finite open
cover is positive, then the topological entropy with respect to the cover and each
infinite sequence is positive. The main tools are the so called local variational
principle developed in [BGH], [HY1], [R] and [GW], see also [HMY], and [HMRY].
As applications, we show that an entropy pair is a sequence entropy pair with respect
to any sequence. Moreover, we obtain that any transitive diagonal flow is mildly
mixing and a minimal topological K-system is strongly mixing.

To do this we start with some notations. Let (X,7) be a TDS. In this section,
a cover of X is a finite family of Borel subsets of X, whose union is X. We denote
the set of covers by Cx and the set of open covers by C%.

In [R], Romagnoli introduced a notion of measure theoretical entropy for covers
that extended definition of partition to covers. Let (X,T) be a TDS and u €
Myp(X). For U € Cx of X define H,(U) = infa € Px,a = UH,(a). It is not
hard to see that many of the properties of H,(a) can be extended to H, (i) from
partitions to covers. The following lemma is proved in [R].

Lemma 5.1. [R, Lemma 3.8] Let (X,T') be a TDS and u € Mr(X). IfU,V € Cx,
then
(1) 0 < Hy(W) < log NU).
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(2) If U =V, then H,(U) > H,(V).
(3) H,(UVV) < Hu(u) +H (V)
() HL(T-1t4) = Hod).

One gets easily that H,(U) ") is a sub-additive function of n € N from (3) and

(4) of Lemma 5.1, and we may define the p-entropy of U as
o . 1 n—1\ _ : 1 n—1
h(T,U) = ngrfoo EHM(UO )= igfl EHM(Z’{O ).

Using (1) of Lemma 5.1 we have h,(T,U) < hiop(T,U). We remark that by the same
way we may define h/}(T,U) for any A € ZF and we also have b (T,U) < hig (T, U)
for any A € ZF.

Now, for any an invertible TDS (X,T), p € M(X,T) and a € Py, we define

= {A € B(X) : hy(T,{A,A°}) = 0}. We call II,, the Pinsker o-algebra of

(X, 1, T). The following lemma is a classic result.

Lemma 5.2. Let (X,T) be an invertible TDS, p € Mp(X) and o € Px. If 11, is
the Pinsker o-algebra of (X, u,T), then klim h(TF a) = H,(a|I1,).

As a corollary of the above result, one has

Lemma 5.3. Let (X,T) be an invertible TDS, p € Mp(X) and o € Px. If 11, is
the Pinsker o-algebra of (X, p,T'), then klim H,(a| V2, T *aVvI1l,) = H,(a|ll,).

Proof. 1t follows from Lemma 5.2 and the fact (see for example Lemma 18.7.(1) in
[G]) hu(T*, @) = Hu(al V2, T™%a) = Hu(a V2, T~Fa VIL,). O

The following proposition plays a crucial role in the proof of our main results. First
let us introduce several notions. Let (X, T") be an invertible TDS, u € M(X,T') and
IT,, be the Pinsker o-algebra of (X, u,T). For every M € N define a measure A}’ on
the product space XM (X x ... x X, M times) as the unique measure that satisfies
for every Ay,..., Ay € B(X), AV (Ay x - x Ay) = [ [Ty E(La,, |11,)dp.

Proposition 5.1. Let (X,T) be an invertible TDS, u € /\/lT( ) and U € C%. If
h,(T,U) > 0, then for each A € ZF one has hf}(T,U) > 0.

Proof. The proof follows the ideas in the proofs of [HY1] or [HMRY]. Recall that
the following two claims have been proved in the proof of Theorem 5.12 in [HMRY].
Let U = {Uy,Us, ..., Uy} € C%. First, we have
Claim 1: )\M(HM UC) > 0.

Since )\fy(H = [ Lt EQyg, [1L,) (z)dp(z) > 0, there is K € N such
that u(Fx) > 0, Where Ex = {a: = X : ming<pm<n E(lpe [I,) (2) > &1

For any s = (s(1),5(2),---,s(M)) € {0,1}" set A, = NV, Un(s(m)), where
Up(0) = Uy, and U, (1) = US,, and put o = {4, : s € {0,1}"}.
Claim 2: H,(o|fVIL,) < H,(a|ll,) — (EK) log(72L) for any finite Borel partition
(8 which is finer than U/ as a cover.
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Put e = ”(%K) log(57%). By Lemma 5.3 there exists [ > 0 such that

(5.1) a|\/T o VL) > H,(alll,) —

=1

l\.')lm

Now for a given sequence A = {a; < ay < ---} C N, there exists r € {0,1,--- ,[—
1} such that

{ieN: a;=r (mod ) and i < n}|

d* = lim sup > 0.
n—oo n
Put A, = {a; : a; = r (mod [),i € N} and we rewrite A, = {byl +r < byl +1r <
byl +1r < ---}.
Now

e (T,U) = limsup LH,(\/ T~“U)

n—oo =1

>limsup2H,( \/ T %U)
n—oo azeA a<n
(5.2) >d hgg}lf —|{Z<na cay Hu (a Gf}/KnT U)
= d*liminf LH (\/T b+

= d*liminf = H (\/T bilYY).

m—00 =1

Let m > 1 and let 3,, € Px with 8,, = \/[-, T~%'U. Since for every i € {1,...,m},
T3, = U (recall that T is a homeomorphism), from Claim 2 we deduce

Hy(Bm) = Hu(B|1L,)

Hy (B V V2 T bla’H ) (Vi T_bilawmvnu)
> H,(Vie, T alll,) - ZIH (| B, v 11,)
>H (\/ T%alll,) — m(H,(a|ll,) —€) (by Claim 2).
= 2711 (O“\/] i1 1 (bi=bile v 1 ) m( u(a|Hu) —¢€)
>mH,(al 72, T a VIL,) —m(H,(alll,) - ¢)
éTH( alll ) 5) —m(H, (04|H)—€)(b}’(5-1))

Hence H (\/Z  T7%1) > £m. Combining this inequality with (5.2), one obtains
hN(T,U) > d* - 5 > 0, which ends the proof. O

Let d be the compatible metric of X, we say (Xr,.S) is the natural extension of
(X, T), if X ={(x1,22,--+) : T(xi41) = @i, x; € X, € N}, which is a subspace of
the product space I13°, X with the compatible metric dy defined by

dr (1,29, ), (Y1, Yo, -+ ) = Z W
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Moreover, o : X — X is the shift homeomorphism, i.e. or(xy,zg,- ) =
(T'(z1),x1, o, -+ ), and m; : X — X is the projection to the i-th coordinate. Partic-
ularly m : (X, 0r) — (X, T) is a factor map. Now we are ready to prove

Theorem 5.4. Let (X,T') be a TDS and U € C%. If hi,(T,U) > 0, then for each
A € IF one has hit (T, U) > 0.

top

Proof. First, we assume that T is a homeomorphism. By the local variational prin-
ciple [HMRY, R]| there exists p € Myp(X) such that h,(T,U) = hiop(T,U) > 0.
According to Proposition 5.1, one has h;‘(T,Z/{) > 0 for each A € ZF. Thus,
hiso(T,U) > by (T, U) > 0.

For the general case we may pass it to the natural extension. This ends the proof

of the theorem. O

Let (X,T) be a TDS. Recall that a pair (z1,x2) is called an entropy pair if 1 #
x9 € X and for any admissible open cover U separating (z1, x2) we have hiop (T, U) >
0. Denote by E(X,T) the set of entropy pairs of (X,T). As an application of
Theorem 5.4, we have

Corollary 5.1. Let (X,T) be a TDS. If hyo,(T) > 0, then for each F € IF,
hE (T) > 0. Moreover for any F € TF, F-null system has zero entropy.

top

Proof. Assume that hiop(7') > 0. Then there is a finite open cover U such that
htop(T,U) > 0. By Theorem 5.4, for each F' € ZF we have h{, (T,U) > 0, and thus
hio,(T) > 0. O
Corollary 5.2. Let (X,T) be a TDS. Then E(X,T) C SE(X,T,F) for any F €
IF.

In [B2] Blanchard introduced the notion of diagonal flow and proved that any
diagonal flow is disjoint from any minimal system with zero entropy. We say (X, T)
has u.p.e. if E(X,T)UAx = X2, and it is a diagonal flow if E(X,T)U Ax 2
{(z,Tz) : © € X}, and it has c.p.e. if the smallest closed invariant equivalence
relation containing F(X,T) is X2

Theorem 5.5. Any transitive diagonal flow is mildly mizing.

Proof. Let (X, T) be a transitive diagonal flow. Without loss of generality we assume
that (X, T) is non-trivial. By Theorem 2.2 (2), it remains to show that for any opene
U,V and IP-set F', N(U, V)N (F — F) # 0.

Fix opene sets U,V and an IP-set F'. Let F' = FS({p;}2,). Since (X,T) is
transitive, there exist opene subsets Vo, Vi,--- V., with V, C V.V, = U and TV; C
Vi i=0,1,--- 7 —1.

Take a transitive point « € Vj. Then Tx € V} and x # Tz as (X, T) is nontrivial.
Thus (z,Tz) C E(X,T) C SE(X,T, F) by Corollary 5.2. By the remark of Lemma
4.7, N(Vi,Vo) N (F — F) # (). Hence there exist a; = p + pis + -+ +py and by =

P+t such that W, = Vi N T~ @7V, £ () where 1 < il < --- < z',lCl
and 1 < ji <--- < jh . Let ny = max{i; ,j} } +1and F} = FS({p;}2, ).

1=n1
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Replacing Vj, V7 and F' by Wi, V5, and F) respectively, repeating the above dis-
cussion (as T(W;) C V3), we have that there exist ay = pz2 + pg + -+ + p2
2
and by = E N I N T such that Wy = Vo N T2, £ (), where
ng <43 < -0 <, and ng < g7 < --- < j2,. Let ny = max{if ,j%,} + 1 and
By induction for each 2 < ¢ < r there exist a; = p +pyx + -+ +ppr and by =
t
pjt+pjy+- - -+pje, such that W, = VNT (=)W, | £ (), where n,_, < it <--- < i,
and n,_y < jf <--- < g, Let n, = max{i} ,j}, } + 1 and F, = FS({p;}:2,,)
By the construction, one has

V. N T, C Vet (prleabeodyy Ly C V0T

where @ = a3 + -+ 4+ a,,b = by + --- + b,. This shows that U N Ty D
V, N Ty O W, # (). By the choose a;, b;, one has a,b € F. Hence a — b €
N(U,V)NF — F. This finishes the proof of Theorem 5.5. O

We remark that it is known that u.p.e. (which is strictly stronger than diagonality)
implies mild mixing [HY1]. As a transitive c.p.e. system is not necessarily weak
mixing [B1], transitive c.p.e. does not imply mild mixing in general.

In ergodic theory, the notions of Kolmogorov systems and Bernoulli systems play
a great role. Thus it is a natural question how to introduce the corresponding
notions in TDS. A systematic study of topological Kolmogorov systems was started
by Blanchard [B1]. In [HY1] Huang and Ye introduced and studied the notion of
u.p.e. of order n and the notion of topological K-systems, i.e., u.p.e. of order n for
each n > 2. Let (X,T) be TDS. (X, T) is called
e topological K-system if each (topologically) non-trivial finite open cover of X has
positive entropy;

e (topologically) full-Bernoulli if the topological entropy with respect to its each
non-trivial finite open cover and each infinite sequence is positive;

e full-scattering if if for each A = {ay < ay < ...} € ZF and each non-trivial finite
open cover U, N(\/I_, T~“U) — oo;

e quasi-Bernoulli if for each F' € ZF, (X, T) is F-s.u.p.e.

It is clear that quasi-Bernoulli implies full scattering, which implies mild mixing
HY2].

Corollary 5.3. Let (X,T) be TDS. Then (X,T) is a topological K-system if and
only if (X, T) is full-Bernoulli. Moreover the product of two full-Bernoulli systems
15 again full-Bernoulli.

Proof. By the definition a full-Bernoulli system is a topological K-system. By The-
orem 5.4 the converse statement is true too. Finally, since the product of two topo-
logical K-systems is a topological K-system by [HY1], we know that the product of
two full-Bernoulli systems is again full-Bernoulli. 0

It is well known that in ergodic theory a K-system is strongly mixing. Thus an
immediate question is that if a topological K-system is strongly mixing. The answer
is no if we do not assume minimality (see Example A in [HY2]). Recall that it is
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proved in [HY2] that a minimal full-scattering system is strongly mixing. So we
have

Theorem 5.6. Let (X,T) be a topological K-system. If (X,T) is minimal, then
(X, T) is strongly mizing.

To sum up we have
topo. K = full Bernoulli

+ N\
mainimality quast Bernoulli = full scattering = mild mixing.
4 /

strong mizing

For completeness we give a direct proof of the following result which is firstly
appeared in [S].

Theorem 5.7. Let (X,B,u,T) be an ergodic invertible MDS and & € Px. If
h,(T,&) >0, then h;‘(T, €) > h,(T,€) >0 for any A€ IF.

Proof. Let A={0<a; <as <---}. As h,(T,§) = H,(&| V2, T*€), one has

hf}(T, ¢) =limsup,_, %H (Vi T7%¢)
= limsup,,_,, % Z?: H (T 5’ \/?:jJrl T_aif)
= limsup,, oy 25y Hu(€| Vij T%7%€)
> limsup,, o 7 25—y Hu(€I V2, T7°)
= h(T'€).
This ends the proof. O

Finally, we have some open problems:

Problem 1. [s a minimal u.p.e. system strongly mixing?
Problem 2. Is it true that for any IP-set F', F-null minimal system is an almost
one to one extension of a uniformly rigid system?
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