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Entropy pairs of Z? and their directional properties
by

KYEwON KoH PARK and ULJUNG LEE (Suwon)

Abstract. Topological and metric entropy pairs of Z2-actions are defined and their
properties are investigated, analogously to Z-actions. In particular, mixing properties are
studied in connection with entropy pairs.

1. Introduction. Properties of measurable and topological dynamics
have often been studied together. It is known that there are strong similari-
ties and also sharp differences between them. Ergodicity and strong mixing
property in ergodic theory correspond respectively to transitivity and strong
mixing in topological dynamics. It is well known that a K-system in mea-
surable dynamics (with completely positive entropy) is strongly mixing of
all orders. Many of the K-properties are well understood for Z-actions and
Z2-actions [7, 8]. It has been an open question if in the topological setting,
there exists a topological property of entropy which implies topological mix-
ing, and topological mixing of all orders.

There is a well known notion of completely positive entropy (CPE) in
topological dynamics: every nontrivial factor of a system has positive en-
tropy. There are examples of topological CPE, but without transitivity. This
contrasts with measurable dynamics where CPE implies mixing of all orders,
hence ergodicity.

The notion of entropy pairs was introduced by F. Blanchard in order to
study a topological analogue of the K-mixing property [2]. He introduced the
notion of uniformly positive entropy (UPE) of Z-actions, where every pair
(z,y) € X x X with & # y is an entropy pair. By the definition of entropy
pairs it is clear that UPE implies CPE. Blanchard showed that UPE implies
weak mixing [1]. However he constructed an interesting example which has
UPE but is not strongly mixing. There are also weakly mixing flows with
CPE, but without UPE [1].
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We investigate the parallel properties for Z?-actions. We show that UPE
also implies weak mixing, but UPE does not necessarily imply strong mixing.
That is, there is not much relation between UPE and mixing properties for
Z2-actions.

We define Property P in the Z2-setting. We prove that Property P im-
plies UPE and we construct an example which has Property P but is not
strongly mixing. We will skip the details in the explanation of some of the
examples here when they are analogous to those for Z-actions. We construct
an example of a Z2-action which is not strongly mixing but every directional
Z-action, (X, ®(7), is strongly mixing.

Entropy pairs for a Z-action (X, T, u) were defined in [4]: (z,y) € X x X
with = # y is a p-entropy pair if any measurable partition {Q,Q°} such
that z € int(Q) and y € int(Q°) has positive entropy. It is shown in [4] that
every p-entropy pair is a topological entropy pair and the converse is true
if (X,T) is uniquely ergodic. Moreover it is shown that every topological
entropy pair is a u-entropy pair for some invariant measure u. The proof
requires the study of the relation between entropy of covers and entropy of
partitions.

In Sections 4 and 5 we extend the results based on [3] and [4]. We prove
the variational principle for entropy pairs for Z2-actions. First we show that
p-entropy pairs in a topological dynamical system (X, @) are always topolog-
ical entropy pairs for any invariant measure. Moreover, we show that there
exists a measure p € M (X, ®) such that £, (X,?) = E(X,®). We mention
that most of our arguments work for Z™ for any n > 2.

The notion of directional entropy was introduced by Milnor [15] to study
the Cellular Automaton map together with the Bernoulli shift. Many of
its properties are further studied in [6, 13, 17]. Directional systems can
be regarded as non-cocompact subgroup actions and hence the directional
entropy is a useful tool to investigate zero entropy Z2-actions. In the last
section, we look into the properties of directional entropy pairs for the case
of E(X,®) = (. We study the behavior of directional entropy pairs through
several examples.

Recently sequence entropy pairs, relative entropy pairs and entropy n-
tuples have been introduced and studied in [9, 11, 18]. We believe that most
of these notions can be extended to Z"-actions.

2. Definitions and notations. We consider a topological dynamical
system (TDS) (X, ®), where X is a compact metric space and ¢ denotes a
Z2-action. We assume that @19 = T and #(®1) = § are homeomorphisms.
We denote a dynamical system with measurable structure by (X, B, u, ®),
where

(@ 9A) = pu(A)  for all g € Z2.
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We now define the measure-theoretic and topological entropies of a Z2-
action.

Let {F,} be an increasing sequence of parallelograms whose module
tends to infinity. Throughout the paper we assume that {F),} satisfies the
Fgllner condition, that is,

|9FnAFn|

— 0 forall g€ Z>.
[ F | g

1. Entropy of a partition P with respect to a measure . Given a mea-
surable partition P of X with finitely many elements P;, we define some
notions and definitions related to entropy.

Let H,(P) = — ), u(F;)log u(P;), where P; € P. The metric entropy
of @ with respect to the partition P is defined by

1
h,(®,P) = lim —HM< \/ @—979), h (@) = sup h,, (B, P).

" 9EFy, s
It is well known that h,(®,P) is independent of the choice of the sequence
{F,} (see [16]).

2. Topological entropy of an open cover U. Given any cover U of X,

define

NU) = min{|cy | Jeox,cc u},
where | JC denotes the union of all members of C. Then we define Hop(U) =
log N(U) and the topological entropy of U is

op(@,U) = lim o Htop( \/ PTU),  hiop(@) = sup huop(®,U).

3. Combinatorial entropy. Let U be a finite, not necessarily open, cover
of X. The following definition was introduced in [3]. Set

He(U) = log N(U)
The combinatorial entropy of U is

he(®,U) = lim —— ( \/ & gu)
gEF,

Note that if U is a finite open cover, then this definition coincides with
that of the topological entropy hiop(P,U).
We review some of the definitions for the case of Z?-actions.

DEFINITION 1. (i) A TDS (X, ®) is transitive (ergodicity in measure
theory) if for any two nonempty open sets U,V C X, there is g € Z?
such that @=9U NV # ().



258 K. K. Park and U. Lee

(ii) A TDS (X, ®) is weakly mizing if the cartesian product (X x X,
& x @) is transitive.

(iii) A TDS (X, ®) is strongly mizing if for any two nonempty open sets
U,V C X, there is ng € N such that 79U NV # () for ||g]|cc > no-

We use the L*° norm to make our proofs simple.
The following definitions and notations were introduced by F. Blanchard
[1] for Z-actions, and can be naturally extended to Z2-actions.

DEFINITION 2. Let (X, ®) be a TDS. A pair (z,2') € X x X\ A is called
a topological entropy pair of (X, ®) if for every open cover U = {U, V'} with
xz € Ve, o' € U, the entropy hiop(U) is positive. Denote by E(X,®) the set
of topological entropy pairs of (X, ®).

DEFINITION 3. (i) A TDS (X, ®) has uniformly positive entropy (UPE)
if B(X,®) = X x X\ A. In other words, for any nondense open cover
{U,V} of X, hiop({U, V'}) is positive.

(ii) A TDS (X, ®) has completely positive entropy (CPE) if every non-
trivial factor of (X, ®) has positive entropy.

3. Properties of Z?-actions. The definition of Property P for a Z2-
action, analogous to that in [1], is as follows.

DEFINITION 4. We say that (X,®) has Property P if for any two non-
empty open subsets Uy and Uy of X there is an integer N with the following
property. For every natural number k£ > 2, i # j € [1,k] and every s =
(s(1),...,5(k)) € {0,1}*, if ||lg; — gjlloo = 0 mod N, then

k
ﬂ D79 Uyy # 0,  where g1 = (0,0).
i=1

It is clear that Property P in the case of a Z2-action implies UPE. We
have the following properties whose proofs are similar to those for Z-actions.

PROPOSITION 3.1 ([1]). Let (X, ®) be a Z>-action.
(i) UPE implies CPE.
(ii) UPE implies weak mizing.
(iii) Property P implies UPE.
Proposition 3.1(i) follows from the definitions of CPE and UPE. But the
converse is not true:

EXAMPLE 1. Let X = {0,1}2" U {1,2}%". Since X is not transitive, it
is not UPE by Proposition 3.1(ii). We know that a nontrivial factor of a
Bernoulli system has positive entropy. Note that every factor of (X, ®) is
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the union of those of {0,1}%" and {1,2}%". Since {0,1}%* and {1,2}%" are
CPE, so is (X, ®).

Let W denote the set of all allowed rectangular blocks of X.

PROPOSITION 3.2. A subshift X on an alphabet A has Property P if for
any integer p belonging to some infinite strictly increasing sequence, there
exists an integer N(p) such that

k

(3.1) (2 Wi #0 if [lgi = gjlloo = 0 mod N(p)
=0

for arbitrary k and W; € W N AP*P for 0 < i < k.

EXAMPLE 2. We construct a Z2-action having Property P and therefore
UPE, but not strongly mixing.

We modify the construction of Example 5 in [1]. We will choose strictly
increasing sequences of positive integers {h(n)}n,>1 and {g(n)}n>1. Using
these sequences we will construct a decreasing sequence of subshifts of finite
type (X, )n>1 on A = {0,1}. This sequence of subshifts converges to a non-
strongly mixing subshift X.

First, for n = 1 choose g(1) € 2N and

h(1) € {1,2,...,9(1) — 1} mod (1 + g(1)).
Let P = {z:z(0) = 1} and
E, = U PN Gip,
{(@7) : 1) lo=h(1)}
We define X; by forbidding F;. Note that X; satisfies the condition (3.1)

in the above proposition for p =1, N(p) = g(1).
For the nth step we choose an even number

g(n) >sup{h(n—1)+1,2(n—1+g(n—1)) +n}
and h(n) satisfying the following conditions:
h(n) € {n,...,g(n) — 1} mod (n + g(n)),
hin)e{n—1,...,9(n—1) =1} mod (n — 1+ g(n — 1)),

h(n) € {1,...,9(1) — 1} mod (1 + g(1)).
Let
E, = U pne-@ip  F,=|]JE;.
{(2.3): 1(2.5) [ so=h(n)} i=1
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We let X, be the subshift of finite type defined by forbidding Fj,. Clearly
X,, satisfies (3.1) for p = k, N(p) = g(k), k = 1,...,n. Moreover, X,
is decreasing and nonempty, hence X = [ X,, is nonempty and closed. If
(3, 7)|loo = h(n), then PN®EH) P = (). Since {h(n)}n>1 is strictly increasing,
X is not strongly mixing.

Note that if (X, ®) is Z2-strongly mixing then so is (X, ®()) for every
(i,) € Z*. However we have the following.

EXAMPLE 3. There exists a Z?-action (X, ®) with the following proper-
ties:

(1) (9 is a strongly mixing Z-action for each (i,7) € Z2.

(ii) @ is not strongly mixing.

We modify the construction of the previous example so that it is strongly
mixing for every Z-action #(»9) and each (i, j) € Z>2.

We choose g(n) and h(n) as in the above example. Let D, = PN
d~ (L) P and Y, be the set defined by forbidding U?Zl D;. Then Y,, sat-
isfies (3.1) for p=1,...,n and N(p) = g(p). We let Y = (Y,. Then Y has
Property P, hence UPE. Since PN®~ MMM P = and {h(n)},> is strictly
increasing, Y is not strongly mixing. However, given a direction (i, j) if there
exists ng such that PN@ "0 P = (), then it is clear that PN@ )P £ ()
for |n| > ng. Hence it is easy to see that ¢(“7) is strongly mixing.

4. Measure entropy pairs, topological entropy pairs and rela-
tions between them in Z2?. The following Propositions 4.1, 4.2 and 4.5
hold for a Z-action (see [2, 3]). The proofs are independent of the structure
of the group.

PROPOSITION 4.1. Let (X,®) be a Z>-action.

(i) If (X,®) has positive entropy, then it has an entropy pair.
(ii) For any cover U = (U,V) of X with hiop(U,P) > 0, there is an
entropy pair (x,z'), where x € U¢, 2’ € V°.
(i) E(X,®) =0 if and only if hiop(P) = 0.
(iv) E(X,®)UA is a nonempty closed invariant subset of X x X.

PROPOSITION 4.2. Let (X,®) and (Y, X)) be Z*-actions. Let ¢ : (X, ®) —
(Y, X)) be a factor map.
(i) If (z,2") € B(X,®) and y = ¢(x) # ¢(a') = ¢/, then (y,9') is an
entropy pair of (Y, X).
(ii) Conversely, if (y,y’') € E(Y,X), then there exists (x,2') € X x X
such that

o(x) =y, o) =y, (z,2)€BEX,9)
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DEFINITION 5. Let (X,®) be a Z2-action and M(X,®) be the set of
@-invariant measures. Let p € M(X,®). We call a pair (z,2') € X x X a
p-entropy pair if h,({Q, Q°}) > 0 for every Q € B with z € int(Q) and 2’ €
int(Q°). The set of y-entropy pairs of (X, ) is denoted by E,(X,®).

DEFINITION 6. A two-set partition {Q,Q°} is called replete if neither
int(Q) nor int(Q°) is empty.

We assume that all of our partitions are replete.

PROPOSITION 4.3. Let (X,®) be a TDS, and p € M(X,P).
(i) Let A, B be nonempty disjoint closed subsets of X. If h,({Q,Q°})
> 0 for every partition with A C Q, B C QF, then
(Ax B)NE,(X,®) #0.

(i) E,(X,®) =0 if and only if h,(P) =0.
(i) B (X,2)UA is a closed invariant subset of X x X.

As in the topological case (Proposition 4.2), we have

PROPOSITION 4.4. Let ¢ : (X,®) — (Y,X) be a factor map, p €
M(X,®) andv = po ¢t
(1) If (33‘,1‘/) € EM(X7¢) and ¢(£E) 7é gb(l‘/), then (¢($),¢($/)) is an
entropy pair of (Y, X).
(ii) Conwversely, if (y,y') € E,(Y,X), then there exists (z,2") € X x X
such that

d)(l‘) =Y, gb(l‘,) = ylv (ﬂj‘,l‘,) € EM(Xv @)‘

Note that Proposition 4.4(i) directly follows from the definitions. But
the proof of (ii) needs a little more work. Although we need the variational
principle for open covers of Z?-actions in Section 5, its proof is similar to
that for Z-actions (see [3]). We will just state it here instead of proving.

Let a be a partition of X and set

(L we)e(V )

1<—1, —co<j<00 j<-1
aFn = \/ é_(lvj)a7 ag = \/ é_(ld)a.
(i,j)€EFn (i,4)€Z?
Let
mp—1

Punt@)=(V #0007 09a))u(\ 4 00(\ 0-09a)

1=mg J=—0 J=ng
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It is easy to see that (1), P, n, () is independent of the chosen sequence
(M, ni) — (00,00) and it is invariant under ¢, Moreover

V 7 () P ()

1=—00
is the Pinsker algebra relative to «, which is invariant under &, that is, the
largest o-algebra P, (c) for which the entropy of @ is 0 (see [7]).
For a finite partition « and an integer k, let

Pr(a) = Pr ().

- Vo fyno)

1=—00

Then

is the Pinsker o-algebra relative to a. In particular, if a is a generating
partition, then P,(«a) is the Pinsker o-algebra with respect to p, denoted by
P, (see [7]).
PROPOSITION 4.5 ([8]). Let F be a set of finite partitions of X.
(i) h(a,®) < H(a) for a € F.

(i) (a\/ﬁ, )<h(a@)+h(ﬂ, D) for a,f € F.

(iii) Hu(ar,) — (5Fn) Hu(ar, | Br,) — Hu(BF, | ar,).
(iv) h(a, @) = H(a|agy) for a € F.

(v) (a\/ﬁ7 D) =h(a,P)+ H(B| By V ag) fora,p e F.

We denote by P, the Pinsker o-algebra of (X, 58,9, u).

DEFINITION 7. Let p € M(X,®) and A, B be two disjoint subsets of X.
A pair (A, B) has Property S(p) if h,({Q,Q°}) > 0 for every replete parti-
tion A C Q, B C Q°.

LEMMA 4.6 ([3, 4]). LetU = {U,V'} be a Borel cover, and set A = V¢,
B=Uc,C=UNV.
(i) The pair (A, B) has Property S(p) if and only if
E(14|P.)(z)E(1p|Py)(x) #0 p-a.e. x.
(ii) For the measurable partitions o = {A, B,C} and § = {AU B,CY},

we have

0< hu(a) - hu(ﬁ) < he(U).
We denote by @™ an mZ x mZ-action.
LEMMA 4.7. The Pinsker o-algebras of ® and @™ are the same.

The above lemma says that for any partition «, hy(a, @) = 0 if and only
if hy (o, @™) = 0.
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LEMMA 4.8. For any finite partition «,
H(a|ag)=H(a|ag V Py).
Proof. Let [ be a finite P,-measurable partition. By Proposition 4.5(v),
H(aV Bl ag v f7) = H(alag) + H(3| 57 V aw).
By the definition of entropy,
H(aV fBlagVpBy)=H(alag V) +H(B|ag VB Vas).
Since 3 C B,
H(alag VBy) =H(a|og).

If we choose a sequence of finite partitions 3, with 3,  P,, then the
Martingale Convergence Theorem tells us that

H(a|lag VP,) =H(a|lag). =

PROPOSITION 4.9 ([4]). Let X = (X, B,®, 1) be a measurable dynamical
system. Suppose U = {U,V'} is a measurable cover such that every mea-
surable two-set partition v = {P, P} which (as a cover) is finer than U
satisfies hy(y,®) > 0. Then he(U,P) > 0.

Proof. Let a and (3 be the same partitions as in Lemma 4.6(ii). By that
lemma,

(4.1) 0 < hyu(a, @) — hu(B,9) < he(U, D).
Applying (4.1) to the d™-action, for any m € N, we get
(4.2) 0 < hy(a, @™) — hy (B, ™) < he(U, P™).
Now we need to show that h,(a, &™) — h,(8,P™) > 0 for some m. By
Proposition 4.5(iv), Lemma 4.7 and Lemma 4.8, we have
hy(o, @) — hy, (8, 9™) = Hy(or| agm) — Hu(B] Bgm)
= Hu(a | Qgm V Pu) - Hu(ﬁ | Bom V Pu)
> Hu(a | Pm(a) V Pu) - Hu(ﬁ ‘ ﬁd_:m v 7)#)
> Hy(a| Pm() V Pu) = Hu(B| Pp).
Now, we take the limit on both sides; since limm o0 Pm () C (), Pm()

C P,, the Martingale Convergence Theorem implies that H,, (| PmVP,) —
H,(a|P,). Hence

(43) I hy(0, ™) — hy(B.8™) > Hy(o| Py) — Hu(5| Py).

Since the set C' belongs to both a and (3, we have
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H(a|Py) — H(B|Py)
— - ( > E(1p|Py)log(E(1p | P,))

Dea

= Y E(1p | Pu) log(E(1p| P,)) dp
Dep

= —(E(14|Py) 10g(E(14 | Py) +E(1p | Pu) log(E(15 | Py))
—E(Laup [ Pu) log(E(Laus | Pu))) dp-
By Lemma 4.6(i) there exists a subset F' € B with p(F) > 0 such that
for every € F both E(14|Py)(x) and E(1p|P,)(x) are positive. By the

convexity of the function ¢(z) = —xlogx, the last integral is positive on F
and it follows that

H(a|P,) — H(B|Py) > 0.
From (4.2) and (4.3) we conclude that h.(U, ™) > 0 for some m, and
therefore also h¢(U,P) > 0. m

THEOREM 4.10 ([4]). Every measure entropy pair is a topological entropy
pair.

Proof. Let (z,2') € E,(X,®) and U = {U,V} be a measurable cover
of X with z € int(U¢),2’ € int(V°). Then every partition which is finer
than U has positive entropy. Since this cover has positive combinatorial
entropy by Proposition 4.9, (x,z’) is also a topological entropy pair. m

5. The variational principle. Let A denote a set of finite symbols
and W be the set of configurations on the alphabet A in finite rectangular
blocks. Moreover, denote by Wy, x» the set of rectangular configurations of
size m x n on A. Given W € Wy, «n, and a rectangular configuration « of
size k x I, we define the map p(a | W) on Wy xn by

1
(m—k+1)(n—1+1)
~card{(i,7) : (i,7) € [0,m —k 4+ 1] x [0,n — [ + 1],

Wiitpite) = QUpiiqr1), (0,q) €[0,k) x [0,1)},

pla[W) =

where k < m and [ < n.

Note that p(a | W) is the relative frequency of the occurrence of a in W.
Using this frequency, we define the entropy of W. Fix a rectangular block
W € Wyuxn and m > k,n > . Let

Hia(W) = Y é(pla|W)),
aEAkXL

where ¢(x) = —zlog x.
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LEMMA 5.1 ([3]). For any h > 0, ¢ > 0, any integers k,l > 1 and
sufficiently large integers m and n,

card{W € A™" : Hp, (W) < klh} < exp(mn(h + ¢)).
Proof. First assume that kK = [ = 1. We clearly have
(mn)!

card{W € A™*" : Hy, (W) < h} = Z al- g

qeqQ
where @ is the set of integer vectors ¢ = (q1,...,qs) € N3 satisfying

Sammn Yo(ihn) <h

=1

By Stirling’s formula, there exists a constant C such that for every ¢ € @,

_(mn)t_ ) < Cyexp (ngqﬁ(

q!gs!

) < Cuexplomnn)

Hence

card{W € A™" : Hi (W) < h} < (mn + 1)°Cs exp(mnh)

<
< exp(mn(h +¢€))

for sufficiently large m and n, as asserted.

Now we will show that the statement is true for £ > 1 or [ > 1 using the
above result. For every rectangular block W of size m xn on the alphabet A,
and for an integer pair (u,v) € [0, k) x [0,1), we let m,, and n, be the integer
parts of (m — u)/k, (n — v)/l respectively. Given W, we denote by W (%)
the rectangular block of size m, x n, with the following property: for each
1=0,...,my—1land j=0,...,ny — 1, Wi(g’v) is the rectangular subblock
of size k x [ of W starting at (u + ik,v + jl). That is, Wi(,?m) € AFX for
i=0,....,my—1,7=0,...,n, —1 and W®? is an element of D"=*"v
where D = A** Since p(D | W () is the relative frequency of D in W (%),
we have

| . ki
(u,v)€[0,k)x[0,])

Since the function ¢(z) = —zlogx is uniformly continuous, for sufficiently
large m, n and for every rectangular block of size m x n on A,

S lwoimy-o(y X woiwen)<g
DeD

(u,v)€[0,k)x[0,1)
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and by the convexity of ¢,
1

D DR (IR AC))

(u,v)€[0,k)x[0,l) DED
1
Yol X wmiwe).

kl
DeD (u,0)€[0,k) x[0,1)

Hence
]' u,v 1 u,v
T 2 HuaWth=— 3Ty emD W)
(u,v)€[0,k) x[0,1) (u,v)€[0,k)x[0,l) DED

<ef2+ 3 GpD|W)) = /2 + (V).
DeD

Thus if Hyx; (W) < klh, there exists a pair (u,v) such that
Hyxt (W) < Elh 4 ¢/2.

Now given (u,v) and a word B of size m, X n, on the alphabet D, there
exist at most ™" Muk ol rectangular blocks W of size m x n on A such
that W (%) = B. Thus for sufficiently large m and n, as in the first part of
the proof,

card{W € A™ " : Hyyy(W) < klh}

< Smn—muk-nvl

> card{W®) e D Hy g (W) < /2 + kih}
(u,v)€[0,k)x[0,1)

< slkHD(mn) Z exp(myny (e + klh))
(u,v)€[0,k)%x[0,)

< glktD(mtn) g exp <mn<% + h)) <exp(mn(h+¢)). =

We denote by W (P, M x N,x) a rectangular block name on the alpha-
bet {1,...,s} satisfying W(P;, M x N,z), = k if &"9z € P}, for each g €
[0,M) x [0,N),1 <k <s, where s denotes the number of elements of P;.

LeMMA 5.2 ([3]). Let U be a cover of X, h = hyop(U,P), K > 1 an
integer, and (P;: 1 <1 < K) a finite sequence of partitions of X, all finer
than U. For every € > 0 and sufficiently large M and N there exists x € X
such that

Hppsn(W (P, M x N,z)) > mn(h —¢)
for every I,m,n with 1 <l,m,n < K.
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Proof. We can assume that all the partitions P; have the same number
of elements s. Let A ={1,...,s}. For 1 <l,m,n < K and M,N > K, we
let

QM x Nymxn) ={W e AN H_..(W)<mn(h—e)}.
We let w(M x N,m x n) = card(2(M x N,m x n)). By Lemma 5.1, for
sufficiently large M and N,

w(M x Nym xn) <exp(MN(h—¢/4)) forall m,n < K.

Choose M and N so that K3 < exp(MNe/8). For 1 <m,n < K, let

Zmxn,d)={xe X :W(P,M x N,x) € 2(M x N,m xn)}.
The set Z(mxn, 1) is the union of w(M x N, mxn) elements of (P;)0,a1)x[0,N)-
Note that (7)(o,ar)x[o,n) is finer than the cover U aryx(o,n), and hence
Z(m xn, 1) is covered by w(M x N,m x n) elements of Ujg rryx[o,n)- Finally,
Ur<tman<r Z(m x n,l) is covered by

K3w(M x N,m xn) < K3exp(MN(h —¢/4)) < exp(MN (h —¢/8))
elements of Ujg rr)x[o,n)- Hence
U Zmxni)2X
1<lmn<K

This completes the proof of the lemma. =

THEOREM 5.3 (The variational principle for open covers [3]). Let (X, ®)
be a TDS, and U an open cover of X. There exists a measure p € M (X, ®)
such that hy,(P,P) > hiop(U,P) for all Borel partitions P finer than U.

Proof. Let U = {Uy,...,Us} be an open cover of X. It is sufficient to
consider Borel partitions P of X of the form
P={P,...,P;} with P,CUforl<i<s.

Assume first X is a Cantor set. The set of partitions finer than U consisting
of clopen sets is countable; we denote it by {P; : [ > 1}. By Lemma 5.2, there
exist sequences of integers (Mg ) and (Ng) tending to co and a sequence
{zx} of elements of X such that

Han(W('Pl, MK X NK,xK)) > mn(h — 1/K)

for every 1 < m,n,l < K. Let

1
tr = Mg Ng Z Osac:
g€[0,MK)x[0,Nk)

Since the set of probability measures is compact, there exists a subsequence
{pK,} of {puk} that converges weak* to a probability measure p. The mea-
sure y is clearly @-invariant. Fix m,n > 1, and let E be an atom of the
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partition (P})o a)x[0,N)> With name W € {1,...,s}"™*". For every K one
has
|k (E) — p(W W (P, Mg x Nk, zx)) | < 2mn/K.

For a clopen set F,
p(E) = lim ppe (E) = lim p(W W (P, Mk, X NK;, 0x,)),

hence
Bu(E)) = lim o(p(W | W(Pr, M, x Nic,.2xc).
and summing over W € {1,...,s}™*", one gets
Hu< \/ @‘97?1) — lim Hypxn (W (P, My, X Ni,oa,)) = mnh.
gellm)x[1,n] e

Finally, by sending m and n to infinity one obtains h,(P;, ®) > h.

Now, as X is a Cantor set, the family (P;) of partitions is dense in the
collection of Borel partitions with respect to the distance associated with
LY(p) (see [10]). Thus, h,(P;) > h for every partition finer than U.

As in the case of a Z-action, it is known that for a ZZ-action there
exists a Cantor set Y and 7 : ¥ — X such that m o X = & o w. Let
V=naYU)={="1(U),..., 771 (Us)} be the pre-image of & under 7. One
has hiop(V) = hiop(U) = h. By the first step, there exists v € M(Y,X)
such that h,(Q,®) > h for every Borel partition Q of Y finer than V. Let
p = von ! be the image of v under 7. One has u € M(X,®) and, for every
Borel partition P of X finer than U, 7~!(P) is a Borel partiton of Y which
is finer than V with

hy (P, %) = hy(x~1(P),X) > h.
This completes the proof of the theorem. m

THEOREM 5.4 ([3]). Let (X,®) be a topological dynamical system. There
exists a measure pn € M(X,®) such that
E,(X,®)=E(X,?).

Proof. We already know that E,(X,®) C E(X,®). We need to prove
the other direction. Let {(xy,,y,)} be a countable dense subset of E(X,®).
Let Uy, r, and V,, . be closed balls with centers x,, v, respectively and
radius 7, = d(2n,yn)/4. Then for each cover (Ug, ., V¥ ) there exists a
measure ji, , that satisfies the conclusion of T heorem 5.3. Let

= Z Z 2inirﬂn,r-
n r

Then p is as required. =

COROLLARY 5.5. Let (X,®) be a uniquely ergodic Z?-action with a
unique invariant measure . Then E(X,®) = E,(X, D).
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6. Directional entropy pairs. Let C be the set of all countable covers
of X with finite entropy. Let @ = (1, &) be a fixed vector of R? and let I" be
the set of bounded subsets of R2. For a cover U € C we put

hiop(DY,U) = sup hm —logN< \/ qs—gu).
Bert—o .
gEB+[0,t)v
It is not hard to show that

hiop(DY,U) = sup 11m logN( \/ 45—91,1)

Bert=eo gEB+[0,t)7
= lim hm logN( \/ ¢_9L{),
m—o00 t—00
gER(m,vt)

where

Rim, #.1) {{(z}j) 10 <j <[tg], —m+jn/€ <i<m+jn/¢} A0,
o {(3,7) : —m < 5 <m,0 < i < [tn]} if £ =0.

The quantity htop(dﬁ,u) is said to be the directional entropy of & with

respect to U in direction v. And the quantity

hiop(®7) = sup hiop(DY,U)
UeC

is said to be the directional entropy of @ in direction .

We define entropy pairs for directional systems for TDS. For a given
direction ¥ a pair (z,2') € X x X is called a U-entropy pair if every non-
dense cover U = (U, V) with z € int(U¢) and 2’ € int(V°) has positive
(possibly oco) entropy for this direction #. Denote by E(X,®Y) the set of
all ¥-entropy pairs. They have the following properties, similar to those of
entropy pairs of @.

PROPOSITION 6.1. Let (X,®) be a TDS and U be a direction vector.
Then

hiop(®%) =0 iff BE(X, %) = 0.
PROPOSITION 6.2. Let ¢ : (X, ®) — (Y, %) and ¢ o d3) = X063 o ¢ for
each (i,j) € Z°.

(i) If (z,2') € B(X,9°) and ¢(x) # o(a’), then (¢(z),¢(a")) is an
entropy pair of (Y,X"?).

(i) Conwversely, if (y,y') € E(Y, X7), then there exists (z,z') € X x X\ A
such that
o) =y, o) =y, (a.2)€B(X, ).

If E(X,d")UA = X x X for a given 7, we say that (X, @) has t-uniformly
positive entropy (U-UPE).
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We will give an example with uniformly positive entropy as a Z2-action,
hence (X, ®) is t-UPE for every direction ¢ (Example 4).

We now define the sequence entropy of a Z2-action. Let A = {an}5, be
a sequence of elements of Z2. For a cover U € C we put

a;
ha(@,U) = Tim nH(\/@ u)
The quantity
ha(®) = sup ha(P,U)
UeC

is said to be the sequence entropy of @ along A.

The following proposition explains the relation between the sequence
entropy and directional entropy of Z2-actions. It is known for measurable
dynamical systems [13].

PROPOSITION 6.3. For a direction ¥ = (n,&):

(i) uop() = |€[ha(®), where A = ([nn/€],n) if € 0,
(i) heop(@7) = [nlha(®), where A = ([nn],0) if € = 0.

We note that Proposition 6.3 also holds for an irrational direction v =
(n,&) if A = ([[nn/&]],n), where [[t]] denotes the nearest integer to ¢t € R\ Q
(cf. [13, 14])).

DEFINITION 8. For a given sequence A a pair (z,z’) € X x X is called
an A-sequence entropy pair if every nondense open cover U = (U, V) with
x € int(U°) and 2/ € int(V°) has positive entropy along A. Denote by
SEA(X,®) the set of sequence entropy pairs along A.

PROPOSITION 6.4. Let A = {an} = {([[nn]],n)} and B = {b,} =
{([nm],n)} be sequences in Z* and suppose that n is irrational. Then

SEA(X,®) = SEp(X, ).

Proof. 1t is enough to show that for any nondense open cover Y = (U, V),
ha(®,U) is positive if and only if hp(P,U) is positive. Let C,, = A, N By,
where A,, = {a1,...,a,} and B, = {b1,...,b,}. Clearly imC,, = C is a
subsequence of A and B. Since 7 is irrational, the positivity of h4(®,U) or
hp(®,U) is equivalent to the positivity of ho(P,U). =

REMARK 1. It is not clear yet that for a given nondense open cover U,

ha(®,U) = hp(®,U).

PROPOSITION 6.5. For a direction U = (n,€) and a sequence A =

([nn/€]; n), i
E(X,9%) = SEA(X, D).
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Proof. We simply note that for each cover U, h(®”,U) is positive if and
only if ha(P,U) is positive. m

DEFINITION 9. Fora TDS (X, ®), (z1,22) € X x X\ A is a weakly mizing
pair if for every open neighborhood U; of z;,i = 1,2, there is (m,n) € NxN
such that U; N @~y £ ¢ and Uy N ¢~ ™M, % (. We denote by
WM (X, ®) the set of weakly mixing pairs.

We can define sequence entropy pairs along A analogously to the Z-case.
Namely, a pair (x,%) is a sequence entropy pair for a Z*-action if for any
open cover U there is a sequence {(in,j,)} in Z* such that the entropy of
the cover along the sequence is nonzero. We have the following lemma whose
proof is similar to one for Z-actions [12].

LEMMA 6.6. Every sequence entropy pair is a weakly mizing pair in Z>.

PROPOSITION 6.7. Fvery directional entropy pair is a weakly mizing
pair.

Proof. A directional entropy is a sequence entropy for a Z?-action. Now
apply Lemma 6.6. =

COROLLARY 6.8. If (X,®) has U-uniformly positive entropy for a direc-
tion U, then WM (X,®) = X x X \ A, that is, (X, ®) is weakly mizing.

7. Examples. We will give some examples and also find their entropy
pairs or directional entropy pairs. The 2-dimensional golden mean shift
which is an analogue to the 1-dimensional golden mean shift is a nontrivial
example having UPE.

EXAMPLE 4 (Golden mean shift). Let A = {0,1}, and X be the subset
of arrays in AZ? such that there are never two 1’s adjacent either horizontally
or vertically. This is called the 2-dimensional golden mean shift. We want
to show that this is a UPE system. Since every cover (or partition) can be
approximated by a union of rectangular configurations (resp. cylinder sets)
it is enough to show that a cover of cylinder sets has positive entropy. Now
we take two clopen sets U and V' which have different configurations with
size N x N. Let Y = (U, V) and Kn be the number of square configu-
rations which are allowed in X of size N x N. We note that rectangular
blocks are independent unless they are adjacent. Hence for integers m > N
and n > N, it is not hard to see that the Card]ivnalitléf of a minimal sub-
cover of \/(; 1 e(0.mlx[0.n] &~9)Y is at least K][VN“} N+ We are interested
in positivity of entropy, and not in its exact value. We have

hop(@,U) > lim lim —— [TZ[ +ﬂ {TJIV +A1f

n—o00 m—o0 NM

} log Ky > 0.



272 K. K. Park and U. Lee

This holds for all IV, hence every cover has positive entropy, and UPE fol-
lows.

Ledrappier’s example has zero entropy as a Z2-action, therefore E(X, ®)
= (). However it has the following property.

EXAMPLE 5 (Ledrappier’s example). Let A = {0,1} and
X = {33 € AZQ Xyt Tl F Tl = 0(1110(12), V(Z,j) S ZQ}

We will show that every two-set open cover has positive entropy in every
direction ¥ = (4, ). Let U = (U, V°) be the same cover as in Example 4
and K be the number of square configurations which are allowed in X with
size N x N. It is not hard to see that the cardinality of a minimal subcover
of \/geR(m@t) d79U is at least

omo(iH+)(t=2) if 0 < j/i < oo,

om9i(t—2) if —0o < j/i<—1,

omo—i(t=2) otherwise.
Therefore h((ﬁg, U) > 0. Since this is true for all N, every open cover has
positive entropy, hence the system has UPE for all directions.

EXAMPLE 6. Let X = {0,1}%? and Y = [0, 1). Let T be the shift map in
X and S(z) = ax an irrational rotation by o in Y. We define ¢ : X xY —
X xY by

@) (z,y) = TS (2,y) = (T'z,o’y).
It is obvious that E(X x Y, o0) = 0, because (Y, S) has zero entropy.
Note that (Y, S7) is minimal and (X,7") is UPE for any ¢ and j. By Propo-
sition 3.1 in [5],
E(X x Y, 8 U Dxuy = {((2,), (+,y))  w,2' € X, y € Y},

For an irrational direction ¢' it is not hard to show that the set of entropy
pairs of E(X x Y, ®") is the same as in the rational case.

The following example shows different behaviors of directional entropy
pairs in the case that Y is not minimal.

EXAMPLE 7. Let (X, T') have UPE and Y be the compact space ZU{oo}
with S being translation by 1 on Y. Let @ : X x Y — X X Y be defined by
&9 (2,n) = (T'x,n + 7).

Then the set of directional entropy pairs is
0 if ¥=(0,1),
B(XxY,8)Ubxxy =4 {((2,1), (@',9)) s w2’ € X, y € Y} if 7= (1,0),
(X x {o0}) x (X x {o0}) otherwise.
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We will prove the third case. Suppose U = (U, V) is a standard cover of X
and 0 = (p, q), pq # 0, i € Y \ {oo}. Let U’ = (U* x {i}), V' = (V© x {i})°
and R = (U’,V’). We will show that the cover R has zero entropy for every
i € Z. Note that for (z,n) € X x Y,
(z,n) € (TPS9)~F(U' N V')  whenever gk 4 n # i.
If gk + n = i for some k, then either
(x,n) € (TPS9)~*U" or (x,n) e (TPSY)~*V'.

Let R, = \/;n:_ol(Tqu)_jR. If n satisfies gk+n = i and (z,n) € (TPS?)~FU’
then

(z,n) € U' N (TPS) LU N (TPSH)2U' N --- N (TPSY) "™y,
Otherwise

(z,n) € V' A (TPSH) V' N (TPS) 2V N-..N (TPST) "y,
Hence the cardinality of a minimal subcover of R,, is 2, and therefore
((x,1),(2',1)) is not a directional entropy pair for any i € Y\ {oo}. We take
an open cover QN = (U x [N, —N])¢, (V¢ x [N, —N])°). It is not hard to
see that the cardinality of a minimal subcover of QY = \/;7:01 (TPS9)=I QN
is the same as the cardinality of a minimal subcover of \/;”:_OI(T P)=IU on X,
hence h(TPS%, QN) > 0 for all N and ((x,00), (2/,00)) € E(X x Y,®Y) for
all o/ £z € X.

The case of an irrational direction is the same as that of a rational
direction. Hence

E(X xY,8%) U Axxy = (X x {o0}) x (X x {o0}).
ExXaMPLE 8 ([6]). Let T': X — X be an expansive homeomorphism
with A(T) > 0. There is a natural Z?-action a on X x Z given by
o) ((z,n)) = (T'z,j + n).
Let Y = (X xZ)U{oco} be the one-point compactification of X x Z. It is not

hard to see that the set of directional entropy pairs is E(Y,®%) = ) except
U = (£,0) with £ # 0 (cf. Example 7).

- REMARK 2. Let X =[0,1) and & : X — X be defined by ®(")(z) =
o'frx, where o and [ are two irrational numbers. Clearly none of the di-
rectional systems has entropy pairs.
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