COMBINATORIAL INDEPENDENCE IN MEASURABLE DYNAMICS

DAVID KERR AND HANFENG LI

ABSTRACT. We develop a fine-scale local analysis of measure entropy and measure se-
quence entropy based on combinatorial independence. The concepts of measure IE-tuples
and measure IN-tuples are introduced and studied in analogy with their counterparts in
topological dynamics. Local characterizations of the Pinsker von Neumann algebra and
its sequence entropy analogue are given in terms of combinatorial independence, ¢1 ge-
ometry, and Voiculescu’s completely positive approximation entropy. Among the novel
features of our local study is the treatment of general discrete acting groups, with the
structural assumption of amenability in the case of entropy.

1. INTRODUCTION

Many of the fundamental concepts in measurable dynamics revolve around the notion of
probabilistic independence as an indicator of randomness or unpredictability. Ergodicity,
weak mixing, and mixing are all expressions of asymptotic independence, whether in a
mean or strict sense. At a stronger level, completely positive entropy can be characterized
by a type of uniform asymptotic independence (see [12]).

In topological dynamics the appropriate notion of independence is the combinatorial (or
set-theoretic) one, according to which a family of tuples of subsets of a set is independent
if when picking any one subset from each of finitely many tuples one always ends up
with a collection having nonempty intersection. Combinatorial independence manifests
itself dynamically in many ways and has long played an important role in the topological
theory, although it has not received the same kind of systematic attention as probabilistic
independence has in measurable dynamics. In fact it has only been recently that precise
relationships have been established between independence and the properties of nullness,
tameness, and positive entropy [22, 30]. For example, a topological Z-system has uniformly
positive entropy if and only if the orbit of each pair of nonempty open subsets of the space
is independent along a positive density subset of Z [22] (see [30] for a combinatorial proof
that applies more generally to actions of discrete amenable groups).

The aim of this paper is to develop a theory of combinatorial independence in measurable
dynamics. Among other things, this will provide the missing link for a geometric under-
standing of local entropy production in connection with Voiculescu’s operator-algebraic
notion of approximation entropy [46]. One of our main motivations is to establish local
combinatorial and linear-geometric characterizations of positive entropy and positive se-
quence entropy. For automorphisms of a Lebesgue space, the extreme situation of complete
positive entropy was characterized in terms of combinatorial independence by Glasner and
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Weiss in Section 3 of [16] using Karpovsky and Milman’s generalization of the Sauer-Perles-
Shelah lemma. What we see in this case however is an essentially topological phenomenon
whereby independence over positive density subsets of iterates occurs for every finite par-
tition of the space into sets of positive measure (cf. Theorem 3.9 in this paper). This does
not help us much in the analysis of entropy production for other kinds of systems, as it can
easily happen that combinatorial independence is present but not in a robust enough way
to be measure-theoretically meaningful (indeed every free ergodic Z-system has a minimal
topological model with uniformly positive entropy [15]). We seek moreover a fine-scale
localization predicated not on partitions but rather on tuples of subsets that together
compose only a very small fraction of the space, which the Glasner-Weiss result provides
for Z-systems with completely positive entropy but in the purely topological sense of [30].

It turns out that we should ask whether combinatorial independence can be observed
to the appropriate degree in orbits of tuples of subsets whenever we hide from view a
small portion of the ambient space at each stage of the dynamics. Thus the recognition
of positive entropy or positive sequence entropy becomes a purely combinatorial issue,
with the measure being relegated to the role of observational control device. This way of
counting sets appears in the global entropy formulas of Katok for metrizable topological
Z-systems with an ergodic invariant measure [26], which rely on the Shannon-McMillan-
Breiman theorem for the uniformization of entropy measurement. Here we avoid the
Shannon-McMillan-Breiman theorem in our focus on local entropy production and its
relation to independence for arbitrary systems. What is particularly important at the
technical level is that we be able to vary the obscured part of the space across group
elements when making an observation (see Subsection 2.1), as this will permit us to work
with L? perturbations and thereby establish the link with Voiculescu’s approximation
entropy. We will thus be developing probabilistic arguments that will render the theory
rather different from the topological one, despite the obvious analogies in the statements
of the main results, although we will make use of the key combinatorial lemma from [30].

Our basic framework will be that of a discrete group acting on a compact Hausdorff
space with an invariant Borel probability measure, with the structural assumption of
amenability on the group in the context of entropy. With a couple of exceptions, our
results do not require any restrictions of metrizability on the space or countability on the
group. In analogy with topological IE-tuples and IN-tuples [30], we introduce the notions
of measure IE-tuple (in the entropy context) and measure IN-tuple (in the sequence entropy
context) as tuples of points in the space such that the orbit of every tuple of neigbourhoods
of the respective points exhibits independence with fixed density on certain finite subsets.
For IE-tuples these finite subsets will be required to be approximately invariant in the
sense of the Fglner characterization of amenability, while for IN-tuples we will demand
that they can be taken to be arbitrarily large.

Our main application of measure IE-tuples will be the derivation of a series of local
descriptions of the Pinsker o-algebra (or maximal zero entropy factor) in terms of com-
binatorial independence, ¢; geometry, and Voiculescu’s c.p. (completely positive) approx-
imation entropy (Theorem 3.7). These local descriptions are formulated as conditions on
an L function f which are equivalent to the containment of f in the Pinsker von Neu-
mann algebra, i.e., the von Neumann subalgebra corresponding to the Pinsker o-algebra.
These conditions include:
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(1) there exist A > 1 and d > 0 such that every L? perturbation of the orbit of f
exhibits A-equivalence to the standard basis of £1 over subsets of Fglner sets with
density at least d,

(2) the local c.p. approximation entropy with respect to f is positive.

If the action is ergodic we can add:

(3) every L? perturbation of the orbit of f contains a subset of positive asymptotic
density which is equivalent to the standard basis of ¢;.

In the case that f is continuous we can add:
(4) f separates a measure IE-pair.

This provides new geometric insight into the phenomenon of positive c.p. approximation
entropy, in parallel to what was done in the topological setting for Voiculescu-Brown ap-
proximation entropy in [28, 29]. In fact the only way to establish positive c.p. approxima-
tion entropy until now has been by means of a comparison with Connes-Narnhofer-Thirring
entropy, whose definition is based on Abelian models (see Proposition 3.6 in [46]). We
also do not require the Shannon-McMillan-Breiman theorem, which factors critically into
Voiculescu’s proof for *-automorphisms in the separable commutative ergodic case that
c.p. approximation entropy coincides with the underlying measure entropy [46, Cor. 3.8].
One consequence of the characterization of elements in the Pinsker von Neumann algebra
given by condition (1) is a linear-geometric explanation for the well-known disjointness
between zero entropy systems and systems with completely positive entropy, as discussed
at the end of Section 3.

The notion of measure entropy tuple was introduced in [4] in the pair case and in
[22] in general and has been a key tool in the local study of both measure entropy and
topological entropy for Z-systems (see Section 19 of [12]). We show in Theorem 2.27 that
nondiagonal measure IE-tuples are the same as measure entropy tuples. The argument
depends in part on a theorem of Huang and Ye for Z-systems from [22], whose proof
involves taking powers of the generating automorphism and thus does not extend as is to
actions of amenable groups. For more general systems we reduce to Huang and Ye’s result
by applying the orbit equivalence technique of Rudolph and Weiss [42]. We point this
out in particular because, with the exception of the product formula of Theorem 2.30 and
the characterizations of completely positive entropy in Theorem 3.9, our study of measure
IE-tuples and their relation to the topological theory does not otherwise rely on orbit
equivalence or any special treatment of the integer action case, in contrast to what the
measure entropy tuple approach in its present Z-system form seems to demand (see [11,
22]). It is worth emphasizing however that we do need the relation with measure entropy
tuples to establish the product formula for measure IE-tuples (Theorem 2.30), while the
corresponding product formula for topological IE-tuples as established in Theorem 3.15 of
[30] completely avoids the entropy tuple perspective, which would only serve to complicate
matters (compare the proof of the entropy pair product formula for topological Z-systems
in [11]). We also show (without the use of orbit equivalence) that the set of topological
IE-tuples is the closure of the union of the sets of measure IE-tuples over all invariant Borel
probability measures (Theorem 2.21), and furthermore that when the space is metrizable
there exists an invariant Borel probability measure such that the sets of measure IE-tuples
and topological IE-tuples coincide (Theorem 2.23). In the Z-system setting, the latter
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result for entropy pairs was established in [3] and more generally for entropy tuples in
[22].

One of the major advantages of the combinatorial viewpoint is the universal nature of
its application to entropy and independence density problems, as was demonstrated in the
topological-dynamical domain in [30]. This means that many of the methods we develop
for the study of measure IE-tuples apply equally well to the sequence entropy context of
measure IN-tuples. Accordingly, using measure IN-tuples we are able to establish various
local descriptions of the maximal null von Neumann algebra, i.e., the sequence entropy
analogue of the Pinsker von Neumann algebra (Theorem 5.5). We thus have the following
types of conditions on a L* function f characterizing its containment in the maximal null
von Neumann algebra:

(1) there exist A > 1 and d > 0 such that every L? perturbation of the orbit of f
contains arbitrarily large finite subsets possessing subsets of density at least d
which are A-equivalent to the standard basis of /1 in the corresponding dimension,

(2) the local sequence c.p. approximation entropy with respect to f is positive for some
sequence,

and, in the case that f is continuous,
(3) f separates a measure IN-pair.

Here, however, additional equivalent conditions arise that have no counterpart on the
entropy side, such as:

(4) every L? perturbation of the orbit of f contains an infinite subset which is equiv-
alent to the standard basis of /1, and

(5) every L? perturbation of the orbit of f contains arbitrarily large finite subsets
which are A-equivalent to the standard basis of ¢; for some A > 0.

The presence of such conditions reflects the fact that there is a strong dichotomy between
nullness and nonnullness, which registers as compactness vs. noncompactness for orbit clo-
sures in L? and is thus tied to weak mixing and the issue of finite-dimensionality for group
subrepresentations. Notice that the appearance of condition (4) indicates that the distinc-
tion between tameness and nullness in topological dynamics collapses in the measurable
setting. In parallel with measure IE-tuples, it turns out (Theorem 4.9) that nondiagonal
measure IN-tuples are the same as measure sequence entropy tuples as introduced in [21],
which leads in particular to a simple product formula (Theorem 4.12).

The main body of the paper is divided into four sections. Section 2 consists of four
subsections. The first discusses measure independence density for tuples of subsets, while
in the second we define measure IE-tuples and establish several basic properties. In the
third subsection we address the problem of realizing IE-tuples as measure IE-tuples. The
fourth subsection contains the proof that nondiagonal measure IE-tuples are the same as
measure entropy tuples and includes the product formula for measure IE-tuples. Section 3
furnishes the local characterizations of the Pinsker von Neumann algebra. In Section 4 we
define measure IN-tuples, record their basic properties, show that nondiagonal measure
IN-tuples are the same as sequence measure entropy tuples, and derive the measure IN-
tuple product formula. Finally, in Section 5 we establish the local characterizations of the
maximal null von Neumann algebra.
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We now describe some of the basic concepts and notation used in the paper. A collec-
tion {(As1,...,Aix) 1@ € I} of k-tuples of subsets of a given set is said to be independent
if Nics Aio@) = 0 for every finite set J C I and o € {1,.. .,k}’. The following defini-
tion captures a relativized version of this idea of combinatorial independence in a group
action context and forms the basis for our analysis of measure-preserving dynamics. The
relativized form is not necessary for topological dynamics (cf. Definition 2.1 of [30]) but be-
comes crucial in the measure-preserving case, where we will need to consider independence
relative to subsets of nearly full measure.

Definition 1.1. Let G be a group acting on a set X. Let A = (Ay,...,Ax) be a tuple
of subsets of X. Let D be a map from G to the power set 2% of X, with the image of
s € G written as Dgs. We say that a set J C G is an independence set for A relative
to D if for every nonempty finite subset ' C J and map o : FF — {1,...,k} we have
Nscr(Ds N s_lAg(s)) # (). For a subset D of X, we say that .J is an independence set for
A relative to D if for every nonempty finite subset ' C J and map o : F' — {1,...,k} we
have D N (N,cp s_lAa(S) # (), i.e., if J is an independence set for A relative to the map

G — 2X with constant value D.

By a topological dynamical system we mean a pair (X, G) where X is a compact Haus-
dorff space and G is a discrete group acting on X by homeomorphisms. We will also
speak of a topological G-system. In this context we will always use % to denote the Borel
o-algebra of X. Given a G-invariant Borel probability measure p on X, we will invariably
write o for the induced action of G on L*®°(X, u) given by as(f)(x) = f(s~1x) for all
s€ G, feL*X,u), and z € X. Given another topological G-system (Y, G), a contin-
uous surjective G-equivariant map X — Y will be called a topological G-factor map. In
this situation we will regard C(Y’) as a unital C*-subalgebra of C'(X).

By a measure-preserving dynamical system we mean a quadruple (X, 2", u, G) where
(X, Z ', ) is a probability space and G is a discrete group acting on (X, 2, u) by p-
preserving bimeasurable transformations. The expression measure-preserving G-system
will also be used. The action of G is said to be free if for every s € G \ {e} the fixed-
point set {x € X : sz = x} has measure zero. A topological model for (X, 2, u,G) is a
measure-preserving G-system (Y, %, v, G) isomorphic to (X, 2", u, G) such that (Y, G) is
a topological dynamical system.

We will actually work for the most part with an invariant Borel probability measure
for a topological dynamical system instead of an abstract measure-preserving dynamical
system, since the local study of independence properties requires the specification of a
topological model and such a specification entails no essential loss of generality from the
measure-theoretic viewpoint. So our basic setting will consist of (X, G) along with a G-
invariant Borel probability measure p. In Sections 2 and 3 we will also suppose G to be
amenable, as the entropy context naturally requires.

For a finite K C G and € > 0 we write M (K ¢) for the set of all nonempty finite subsets
F of G which are (K, ¢)-invariant in the sense that

s € F:KsCF}|>(1-¢)F]

The Fglner characterization of amenability asserts that M (K, ¢e) is nonempty for every
finite set K C G and € > 0. Given a real-valued function ¢ on the finite subsets of G we
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define the limit supremum and limit infimum of ¢(F)/|F| as F becomes more and more
mvariant by
lim  sup #(F) and lim  inf @
(Ke) rem(ie) |F| (Ke) FeM(Ke) |F]|
respectively, where the net is constructed by stipulating that (K,¢) > (K',¢’) if K O K’
and £ < ¢/. These limits coincide under the following conditions:
(1) 0 < p(A) < 400 and ¢(0) =0,
(2) p(A) < ¢(B) whenever A C B,
(3) p(As) = p(A) for all finite A C G and s € G,
(4) p(AUB) < p(4) + p(B) it AN B = 0.

See Section 6 of [32] and the last part of Section 3 in [30]. These conditions hold in the
definition of measure entropy, which we recall next.

The entropy of a finite measurable partition P of a probability space (X, 2", u) is
defined by H(P) = 3 cp—p(P)Inp(P) (sometimes we write H,,(P) for precision). Let
(X, 2", 1u,G) be a measure-preserving dynamical system. For a finite set F' C G, we
abbreviate the join \/ . s71P to P¥. When G is amenable, we write h,(P) (or sometimes
hu(X,P)) for the limit of |—},|H (PF) as F becomes more and more invariant, and we

define the measure entropy h,(X) to be the supremum of h,(P) over all finite Borel
partitions P of X. For general G, given a sequence s = {s;}ien in G we set h,(P;s) =
limsup,, o 2H (V! s; 'P) and define the measure sequence entropy h,(X;s) to be the
supremum of h 1(P;5) over all finite measurable partitions P. The system is said to be null
if h,(X;s) =0 for all sequences s in G.

The conditional entropy of a finite measurable partition P = {P,..., P,} with respect
to a o-subalgebra &/ C % is defined by

H(P|) = / 1 () () ds(z)

where I/ (P)(z) = — Y. | 1p,(z) In u(P;|o7)(z) is the conditional information function.
For references on entropy see [12, 47, 35].

A unitary representation 7 : G — B(H) of a discrete group G is said to be weakly mizing
if for all £, ¢ € 3 the function fe ¢(s) = (7(s)&, () on G satisfies m(|fe¢|) = 0, where m
is the unique invariant mean on the space of weakly almost periodic bounded functions
on G. A subset J of G is syndetic if there is a finite set F C G such that FJ = G and
thickly syndetic if for every finite set ' C G the set (),cp sJ is syndetic. Weak mixing is
equivalent to each of the following conditions:

(1) 7 has no nonzero finite-dimensional subrepresentations,

(2) for every finite set F' C H and e > 0 there exists an s € G such that |[(7(s)£, ()| < e
forall £,¢ € F,

(3) for all £,¢ € H and € > 0 the set of all s € G such that [(7(s)&, ()| < € is thickly

syndetic.
We say that a measure-preserving dynamical system (X, 2", u, G) is weakly mizing if the
associated unitary representation of G on L?(X, i) © C1 is weakly mixing. For references
on weak mixing see [2, 12].
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For a probability space (X, 2", u) we write || - ||, for the corresponding Hilbert space
norm on elements of L= (X, ), i.e., ||f|l. = u(|f|*)/2.

After this paper was completed we received a preprint by Huang, Ye, and Zhang
[24] which uses orbit equivalence to establish a local variational principle for measure-
preserving actions of countable discrete amenable groups on compact metrizable spaces.
For such systems they provide an entropy tuple variational relation (cf. Subsection 2.3
herein) and a positive answer to our Question 2.10. They also obtained what appears here
as Lemma 2.24 [24, Thm. 5.11].

Acknowledgements. The first author was partially supported by NSF grant DMS-0600907.
He is grateful to Bill Johnson and Gideon Schechtman for seminal discussions and in
particular for indicating the relevance of the Sauer-Perles-Shelah lemma to the types of
perturbation problems considered in the paper.

2. MEASURE IE-TUPLES

Throughout this section (X, G) is a topological dynamical system with G amenable and
1 is a G-invariant Borel probability measure on X.

2.1. Measure independence density for tuples of subsets. Our concept of measure
IE-tuple is based on a notion of independence density for tuples of subsets, which in turn
is formulated in terms of the concept of independence set from Definition 1.1. In the
purely topological framework, we defined in [30] the independence density of a finite tuple
A = (Ay,..., Ag) of subsets of X by taking the limit of ﬁ(pA(F) as F' becomes more
and more invariant, where ¢ o(F') denotes the maximum of |J| over all J C F such that
Nscr S_IAU(S) # ( forall o : F — {1,...,k}, i.e., J is an independence set relative to
X in the terminology of Definition 1.1. In the measure setting, we only want to consider
independent behaviour that is robust enough to be observable when a small portion of
the space is obscured. This will translate at the function level into stability under L?
perturbations, as illustrated by Theorem 3.7.

So for § > 0 denote by H(u,d) the collection of all Borel subsets D of X such that
u(D) > 1 —46, and by B'(u,d) the collection of all maps D : G — Z(X) such that
infseq u(Ds) >1—0. Let A= (A4y,...,A,) be a tuple of subsets of X and let 6 > 0. For
every finite subset F' of G we define

¢as(F)= min max{|FNJ|:Jisan independence set for A relative to D},
De#(n,9)

O s(F) = 5 %i(n N max {|F'NJ|: J is an independence set for A relative to D}.
’ eB (i,

Since the action of G on X is p-preserving, we have pa5(F's) = pas(F) and @'y 5(F's) =
‘P/A,a(F ) for all finite sets F* C G and s € G. However, neither ¢4 5 nor go’A’ s satisfy
the subadditivity condition in Proposition 3.22 of [30], so that the limit of ﬁgoA,(g(F) or
ﬁgp’A, s(F) as F becomes more and more invariant might not exist. We define I,(A, §)
to be the limit supremum of ﬁgp As5(F) as F becomes more and more invariant, and

L,(A,9) to be the corresponding limit infimum. Similarly, we define T),(A,d) to be the
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limit supremum of ﬁgp’A’ 5;(F) as F becomes more and more invariant, and I, (A, ) to be
the corresponding limit infimum. Note that T/,(A,d) <T,(A,d) and I',(A,d) <I,(A,9).

Definition 2.1. We set

IM(A) = supIu(A7 9) and lu(A) = suplu(A,5)
6>0 0>0
and refer to these quantities respectively as the upper u-independence density and lower
p-independence density of A.

In the case G = Z, we could alternatively take the limit infimum and supremum of
averages over larger and larger intervals instead of general Fglner sets. The suprema
of these respective quantities over § > 0 would then lie between I,(A) and I,(A) and
thus lead to the same definition of measure IE-tuples in the next subsection in view of
Lemma 2.15.

In order to relate independence and c.p. approximation entropy in the local description
of the Pinsker von Neumann algebra (Theorem 3.7), we will need to be able to estimate
I,(A) and I,(A) from above in terms of the primed quantities I/, (A, §) and I’,(A, §). More
precisely, if the subsets of X of measure at least 1 — § relative to which independence is
gauged are not required to be uniform over G, then the resulting versions of upper and
lower independence density are no more than four times smaller than the original ones.
This is the content of Proposition 2.4, which we now aim to establish.

By Karpovsky and Milman’s generalization of the Sauer-Perles-Shelah lemma [43, 44,
25], for k > 2, positive integers n > m, and a subset S of {1,...,k} 1"} of cardinality
greater than Z;”:_Ol (?)(k — 1), there exists an I C {1,...,n} with |I| > m such
that S|y = {1,...,k}!. For a fixed k, we thus see by Stirling’s formula that for every
A € (logy(k—1),1) there is an a € (0,1) such that for every n € Nand S C {1,..., k}{L-n}
with |S| > kM there exists an I C {1,...,n} with |I| > an such that S|; = {1,..., k}’.
Write a(k) for the supremum of all @ which witness this statement for some A € (log (k —
1),1) (this depends on k, and tends to zero as k — 00).

For the remainder of this subsection the length k of A is assumed to be at least 2.

Lemma 2.2. For every A in the interval (log,(k — 1),1) there are a,b > 0 such that for
everyn € N and S C {0,1,..., k} b with |S| > kM and max,cg |o~1(0)| < bn there
exists an I C {1,...,n} with [I| > an and S|y 2 {1,...,k}\"} . Moreover as X /1 we
may choose a /" a(k).

Proof. Let A € (log,(k —1),1). Set f(A) = (1 — A)(A —log(k — 1)). Then the quantity
A — f(A) lies in the interval (log(k — 1),1) and tends to one as A ' 1. By the result
of Karpovsky and Milman as discusssed above, there is an a € (0,1) such that for every

|I| > an and S|; = {1,...,k}, and we may choose a  a(k) as A\ ' 1. By Stirling’s
formula there is a b € (0,1/2) such that bn(;") < /" for all n € N. Now suppose we
are given ann € Nand S C {0,1,...,k}t" with [S| > kM and max,cg |0~ 1(0)] < bn.
Then we can find a J C {1,...,n} with |J| > (1 —b)n such that the cardinality of the set
{oceS:07H1,...,k} = J} is at least % > EA=I())n - Consequently there exists an

"\ bn
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I C J with |I| > a|J| > (1 —b)an and S|; D {1,...,k}.. Since b may be chosen to be
arbitrarily small this yields the result. ]

Lemma 2.3. For every 6 > 0 there is a 0’ > 0 such that |—}w|go’A 5 (F) > a(k)ﬁgoAﬁ(F) -0
for all finite sets FF C G.

Proof. Let § > 0, and d be a positive number to be further specified below as a function
of 6. Set ¢ = dd. Let F be a finite subset of G. To establish the inequality in the
proposition statement we may assume that a(k)pas(F) > 6|F|. Let D be an element of
#' (11, 6") such that o'y 5 (F) is equal to the maximum of |[F'N.J| over all independence sets
J for A relative to D. Put

E={xeX:|{s€F:x¢ Ds} <d|F|}.
Since p(Ds) > 1 — ¢’ for each s € F we have

WE)F| <> u(DS) < |F[d
sEF
and so u(E) > 1 — %/ = 1-9, that is, E € A(u,0). Hence there exists an I C F
with |I| = ¢as(F) which is an independence set for A relative to E. For each o €
{1,...,k}! we can find by the definition of E a set I, C I with |I\ I,| < d|F| such that
Nser, (Ds N s_lAU(s)) # 0, and we define p, € {0,1,...,k} by

if s € Iy,

pols) = { 8(8) if s ¢ I,.

Since for every p € {0,1,...,k}! the number of o € {1,...,k}! for which p, = p is at most
kUFI the set 8 = {ps : 0 € {1,...,k}} has cardinality at least k!l /kdIF| > k(—a(k)d/o)II],
It follows by Lemma 2.2 that if d is small enough as a function of § then there exists a
J C I with |J| > (1 —6)a(k)|I| such that 8|; D {1,...,k}”. Such a J is an independence
set for A relative to D, and so we conclude that ﬁcp’A#;/(F) > ﬁ(l —d0)a(k)pas(F) >

a(k)ﬁcpAyg(F) — §. Since our choice of § does not depend on F' this completes the
proof. O

It follows from Lemma 2.3 that for every § > 0 there is a 0’ > 0 such that I),(A,d") >
a(k)I.(A,6)—d and I),(A, ") > a(k)L,(A, ) — 4. We thus obtain the following alternative
means of estimating upper and lower p-independence density.

Proposition 2.4. We have

T,(4) < a(k) " supT, (4,9),
6>0

L,(A) < a(k)™' supI},(A,0).
6>0
2.2. Definition and basic properties of measure IE-tuples. In [30] we defined a
tuple = (x1,...,2) € X* to be an IE-tuple (or an IE-pair in the case k = 2) if for
every product neighbourhood Uj X - -+ x Uy, of @ the G-orbit of the tuple (Ui, ...,Ux) has
an independent subcollection of positive density. The following is the measure-theoretic
analogue.
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Definition 2.5. We call a tuple = (21,...,2;) € X* a p-IE-tuple (or p-IE-pair in the
case k = 2) if for every product neighbourhood Uy x - -+ x Uy of x the tuple (Uy,...,Uy)
has positive upper p-independence density. We denote the set of p-IE-tuples of length &
by TEL(X).

Evidently every u-IE-tuple is an IE-tuple. The problem of realizing IE-tuples as p-1E-
tuples for some p will be addressed in Subsection 2.3.

We proceed now with a series of lemmas which will enable us to establish some properties
of u-IE-tuples as recorded in Proposition 2.16.

Lemma 2.6. Let A = (Ay,...,Ax) be a tuple of subsets of X which has positive upper
p-independence density. Suppose that Ay = A1 U A12. Then at least one of the tuples
Ay = (A1, A2,...,A;) and Ay = (A12,As, ..., Ax) has positive upper p-independence
density.

Proof. By Lemma 3.6 of [30] there is a constant ¢ > 0 depending only on k such that, for
all n € N, if S is a subset of ({(1,0),(1,1)}U{2,...,k}){1"} for which the restriction
I',|s is bijective, where T',, : ({(1,0), (1, 1)}u{2,...,k})End — (1) B Lm) converts
the coordinate values (1,0) and (1,1) to 1, then there is an I C {1,...,n} with |I| > cn
and either S|; 2 ({(1,0)}U{2,....,k}! or S|y 2 ({(1,1)}U{2,...,k})!. Thus, given
sets D1, Dy C X, any finite set I C G which is an independence set for A relative to
D1 N Dy has a subset J of cardinality at least c|I| which is either an independence set for
A; relative to D1 N Dy (and hence relative to Dy) or an independence set for Ag relative to
D1 N Dy (and hence relative to D). Given a 6 > 0, we have D1 N Dy € (1, ) whenever
Dy, Dy € PB(p1,5/2) and so we deduce that max{I,(A1,0/2),1,(A2,6/2)} > c-1,(A,J).
By hypothesis there is a § > 0 such that I,(A,5) > 0, from which we conclude that
I,(A;,5/2) > 0 for at least one j € {0, 1}, yielding the proposition. O

Lemma 2.7. For every d > 0 there exist 6 > 0, ¢ > 0, and M > 0 such that if F is a

finite subset of G with |F| > M, D is in #'(u, ), P = {P1, P2} is a Borel partition of X
F

with Hﬁf' ) >d, and A1 C Py and Ay C Py are Borel sets with pu(P1 \ A1), (P2 \ A2) <96,

then (A1, A2) has a p-independence set I C F relative to D with |I| > ¢|F|.

Proof. Let d > 0. Given a finite set ' C G, denote by Y the set of all Y € P¥ such that

uw(lY) < e~51Fl and by Z the set of all Z € P such that u(Z) > e 5IFl put B = Uy.
Since the function f(z) = —xInz for x € [0,1] is concave downward and has maximal
value e~ !, we have

5 (V) upy) < —p(B)n A7
Yey

— j(B)n Y| — (B) In u(B)
< (u(B)-In2)|F| +e L.
We also have

S —u(Z)npuz) < 3 2y medl < |
ZeZ ZeZ
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Thus
g HOP) _ Yvey—p(V)Inp(Y) + ¥ geq —p(2) np(2)
- | ral
(W(B) -In2)|F| + et + ¢|F)
- | F|
d —1
= u(B) - ln2+ + W

Choose an M > m such that %e%M > 1. We will suppose henceforth that |F| > M,

in which case u(B) > 2d.
By Lemma 2.2, there are b,c > 0 (depending on d) such that for every nonempty finite

set K and S C {0,1,2}% with |S| > ei2!X1 and max,es |0~ 1(0)] < b|K]| there exists an
I C K with |I| > ¢|K| and S|; 2 {1,2}}. We may assume that 2° < eis.
Set § = %. Then (X \ (DsNs™ (AU Ap))) <36 = % for every s € G. Set
W={zeX: |{SEF:$ED308_1(A1UA2)}‘ > (1-10)|F|},
which has measure at least

bIFIS; (X \ (DsNsHA1UA))) > 1~

1 d

F —1—7.
ek ' 3

Then p(WNB) > %l. Thus the set Y of all Y € Y for which u(WNY) > 0 has cardinality at
least %egm > ¢61F1, Foreach Y € Y pick an zy € WNY. Defineamap ¢ : Y — {0,1,2}F
by

0 if zy ¢ Dy N s~ (AL U Ay),

e(Y)(s)=1¢ 1 if zy € Dy N s LA,

2 if xy € DN s~ 1Ay,
for Y e Y and s € F. If p(Y1) = ¢(Y2), then Y7 and Y3 coincide on a subset of F' with
cardinality at least (1 — b)|F|. Hence |@(Y")| > |Y'|/201F] > e12/Fl, Therefore there exists

an I C F such that |I| > ¢|F| and ©(¥')|; D {1,2}!. Then I is a p-independence set for
(A, Ag) relative to D. O

We remark that the constants §, ¢, and M specified in the proof of Lemma 2.7 do not
depend on (X, G) or .

Lemma 2.8. Let P = { Py, P>} be a two-element Borel partition of X such that h,(P) > 0.
Then there exists an € > 0 such that 1,(A) > 0 whenever A = (A1, Az) for Borel subsets
Ay C Py and Ay C Py with ,u(P1 \A1>,M(P2 \ Ag) <eE.

Proof. Apply Lemma 2.7. O

Lemma 2.9. Let A be a Borel subset of X with u(A) > 0. Then there are d > 0 and
0 > 0 such that for every finite subset F C G and D € %B(u,0) there is an H C F with
|H| > d|F| and DN (e s tA) # 0.
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Proof. Choose a d > 0 less than p(A) and set E = {z € X : [{g € F: gv € A}| > d|F|}.
Then (1 - d)’F|1X\E < deF 1g—1(X\A) so that

(1 - d)[F|(1 - u(E)) = / (1= d)|[Fl1x\p dp < / S 1y vy dis = [FI(1 - p(A)
geF

and hence pu(FE) > 1 — 1_%(? > 0. We can thus take § to be any strictly positive number

1-u(A)
less than 1 — ﬁ. O

In order to determine the behaviour of measure IE-tuples under taking factors and to
establish the main results of the next two subsections, we need to consider several auxiliary
entropy quantities. Let U be a finite Borel cover of X. For a subset D of X denote by
Np(U) the minimal number of members of U needed to cover D. For § > 0 we set
Ns(U) = minpegus) Np(U) and write k. ,(U, §) for the limit infimum of ﬁ In Ns(UF) as
F becomes more and more invariant and hc,, (U, §) for the limit supremum of ﬁ In Ns(UF)
as F' becomes more and more invariant. We then define

he (W) = sup he , (U, 5),
>0
ECM(U) = supﬁcvu(u, J).
>0
The metric versions of b, ,(U,d) and he,u(U, 0) in the ergodic Z-system case appear in the
entropy formulas of Katok from [26]. Writing H(U) for the infimum of H(P) over all Borel

parititions P of X refining U, we define i, (U) to be the limit of ﬁH (UF) as F becomes

more and more invariant. Finally, we define hf(U) to be the infimum of h,(P) over all
Borel parititions P of X refining U. The quantities h,, (U) and hf(U) were introduced by
Romagnoli in the case G = Z [39]. We have the trivial inequalities h, ,(U) < hc,,(U) and
h; (W) < hf(U). Huang, Ye, and Zhang observed in [23] that results in [17, 20, 39] can be

combined to deduce that h, (U) = hf (U) for all open covers U when X is metrizable and
G=17.

Question 2.10. Is it always the case that A, (U) = k! (U) for an open cover U?
The following fact was established by Romagnoli [39, Eqn. (8)].
Lemma 2.11. Let 7 : X — Y be a factor of X. Then
Hy (W) = Hy, (W)
for every finite Borel cover U of Y.

One direct consequence of Lemma 2.11 is the following, which in the case G = Z is recorded
as Proposition 6 in [39].
Lemma 2.12. Let w: X — Y be a factor of X. Then

hy (W) = A (W)
for every finite Borel cover U of Y.
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Lemma 2.13. For a finite Borel cover U of X and § > 0 we have
0+ ey (U, 0) < hy (W) < B, (W)

Proof. Let ¢ > 0 and § > 0. When a finite subset F' of G is sufficiently invariant, we

have ﬁHM(UF) < h,(U) +¢e. Then we can find a finite Borel partition P = U with

17 F| H,(P) < h, (U)+2e. Consider the set Y consisting of members of P with y-measure at
least e~ 110 (u)+25)/5 and set D = [JY. Then p(D¢) < §. Thus D € HB(u,d) and hence
Ns(UF) < Y| < elFIWH22)/3 - Consequently, ke, (U,8) < (h, (W) + 2¢)/8. Letting
€ — 0 we obtain ¢ - hc (U, 6) < h, (U).

For the second inequality, let ¢ > 0 and 6 € (0,e7!). Take a finite subset F of G
sufﬁciently invariant so that |F| In Ns(UF) < h. u(U,8)+e. Then we can find a D € %(u, J)
with |F| In Np(UF) < b he,,(U, 6)+e. Take a Borel partition Y of D finer than the restriction

of UF to D with cardinality Np(UF") and a Borel partition Z of D¢ finer than the restriction
of U to D¢ with cardinality Npe(U). Since the function z + —z Inz is concave on [0, 1]
and increasing on [0, e~!] and decreasing on [e~!, 1], we have

D
_Z P)lnpu(P) < —p(D)In ,u’(y‘)
Pey
< —(1—=46)In(1 — &) + In Np(UF)
é_( 5)1H(1—(5)—|—|F’( Clt(u75)+€)7
and
DC
- Z P)Inu(P) < —u(D) In M(|Z] )
PeZ
< —6Ind + §1n Np(UF)
< —0Iné + 0| F|In |U.
Thus ﬁHM(UF) <—-(1-6)In(1-0)—35Iné+ h,(U,d) +¢e+dIn|U and hence
h,(U) <—(1-6)In(l =d)=dInd+ h,,(U,06) +e+dn|U.
Letting e — 0 and 6 — 0 we get h, (U) <k ,(U). O

Let k > 2 and let Z be a nonempty finite set. We write W for the cover of {0, 1,...,k}? =
[1.c2{0,1,...,k} consisting of subsets of the form [],.,{i.}¢, where 1 < i, <k for each
z¢€ Z. Foraset S C{0,1,...,k}? we denote by Fg the minimal number of sets in W one
needs to cover S. The following lemma provides a converse to [30, Lemma 3.3].

Lemma 2.14. Let k > 2. For every finite set Z and S C {0,1,...,k}?, if Slw 2
{L,....k}W for some nonempty set W C Z, then Fs > (£ )'Wl.

Proof. Replacing S by S|w we may assume that W = Z. We prove the assertion by
induction on |Z|. The case |Z| = 1 is trivial. Suppose that the assertion holds for |Z| = n.
Consider the case |Z| = n+ 1. Take z € Z and set Y = Z\ {z}. Foreach 1 < j <k
write S; for the set of all elements of S taking value j at z. Then Sjly 2 {1,...,k}Y,
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and so Fg, > (L)\Y\‘ Now suppose that some V C W covers S. Write V; for the set of

E—1
all elements of V that have nonempty intersection with S;. Then [V;| > Fg, > (%)IYI.
Note that each element of V is contained in at most £ — 1 many of the sets Vi,...,Vp.
Thus (kK — 1)|V| > E?:l V| > k(%)m, and hence |V| > (%)‘Z‘, completing the
induction. 0

Lemma 2.15. For a finite Borel cover U of X, the three quantities h, (W), k. ,(U), and
EC,“(U) are either all zero or all nonzero. If the complements in X of the members of U
are pairwise disjoint and A is a tuple consisting of these complements, then we may also

add 1,,(A) and 1,(A) to the list.

Proof. The first assertion follows from Lemma 2.13. If A is a tuple as in the lemma
statement, then Lemma 3.3 of [30] and Lemma 2.14 yield the equivalence of h ,(U) > 0

and I,(A) > 0 as well as the equivalence of he,u(U) > 0 and I,(A) > 0. O

Proposition 2.16. The following hold:

(1) Let A = (Aq,...,Ax) be a tuple of closed subsets of X which has positive upper
p-independence density. Then there exists a p-IE-tuple (x1,...,x1) with xj € A;
forg=1,... k.

) IES(X) \ Ag(X) is nonempty if and only if h,(X) > 0.

) IEY(X) = supp(p).

) IE}(X) is a closed G-invariant subset of X*.

)

Proof. (1) Apply Lemma 2.6 and a compactness argument.

(2) As is well known and easy to show, h,(X) > 0 if and only if there is a two-element
Borel partition of X with positive entropy. We can thus apply (1) and Lemma 2.8 to
obtain the “if” part. The “only if” part follows from Lemma 2.15.

(3) This follows from Lemma 2.9.

(4) Trivial.

(5) This follows from (1), (3), (4), and Lemmas 2.12 and 2.15. O

2.3. IE-tuples and measure IE-tuples. Here we will show that the set of IE-tuples of
length k is equal to the closure of the union of the sets IE,’Z(X ) over all G-invariant Borel
probability measures ;1 on X, and furthermore that when X is metrizable there exists
a G-invariant Borel probability measure p on X such that the sets of u-IE-tuples and
IE-tuples coincide.

We will need a version of the Rokhlin tower lemma. Following [42], for a finite set
F C G and a Borel subset V' of X we say that F' x V maps to an e-quasi-tower if there
exists a measurable subset A C F' x V such that the map A — X sending (s,z) to sz is
one-to-one and for each x € V the cardinality of {s € F': (s,z) € A} is at least (1 —¢)|F]|.
The case § = 0 of the following theorem is a direct consequence of Theorem 5 on page 59
of [35]. The general case 6 > 0 follows from the proof given there. Note that although
the acting groups are generally assumed to be countable in [35], this assumption is not
necessary here.
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Theorem 2.17. Let 1 > e > 0 and % > 0 > 0. Then whenever the action of G is free
with respect to p, Fy C Fy C --- C Fy, are nonempty finite subsets of G such that Fj i1
18 (Fij_l,nj)-invariant and n;|F;| < % foralll <j<k, (1— %)k <eg, and Dq,...,Dy
are Borel subsets of X with p-measure at least 1 — 9, one can find Borel subsets Vi,..., Vi
such that

(1) each Fj x V; maps to an e-quasi-tower,

(2) FVinE;V; =0 fori# 3,

k
(3) w(Uj1 F5V;) > 1 -,
(4) V; € Dj for each j.

For the definitions of the quantities h.f (U) and A, ,(U) see the discussion after Lemma 2.9.

Lemma 2.18. Suppose that G is infinite and the action of G is free with respect to p. Let
U be a finite Borel cover of X. Then h}(U) < h, ,(U).

Proof. Let 1 > ¢ > 0 and % > § > 0. Then we can find nonempty finite subsets
Fy C Fy, C--- C Fy, of G satisfying the conditions of Theorem 2.17 and ﬁ In Ns(UF7) <
he (W, 0) + € for j = 1,...,k For each j = 1,...,k take a D; € #(u,0) such that
ﬁln Np,(U') < h,(U,0) + . Then we can find Borel sets V1,..., Vi C X satisfying
the conclusion of Theorem 2.17.

For j =1,...,k pick a Borel partition P; of D; which is finer than the restriction of UL
to D; and has cardinality Np, (UF7). For each P € P; fix a Ups € U for each s € Fj such
that P C (¢ F; sTIU p,s- Since I; x V; maps to an e-quasi-tower, we can find a measurable
subset A; of F; x V; such that T'|4; : Aj — X is one-to-one, where T': G x X — X is the
map (s,x) — sz, and [{s € Fj: (s,x) € Aj}| > (1 —¢)|F}| for each € V;. Define a Borel
partition Y = {Yy : U € U} of |J; T'(4;) finer than the restriction of U to (J; T'(4;) by
stipulating that, for each (s,2) € A; with € P € P;, sz € Yy exactly when U = Up.
Take a Borel partition Z = {Zy : U € U} of (U;T(4;))¢ with Zy C U for each U € W.
Set Py = Yy U Zy for each U € U. Then P = {Py : U € U} is a Borel partition of X finer
than U. Note that p(T'(4;)) > (1 —e)u(F;V;) for each j. Thus p(U; T'(4;)) > (1 - £)2.

Next we estimate h,(P). Suppose that F'is a finite subset of G which is ((U; F;) (U, Fj)~1 \/e)-
invariant. Set F, = {s € F : sz € U; T(Aj)} foreachz € X and put W = {z € X : |F,| >
(L= /E)|F[}. It is easy to see that u(W€) < pu((U; T(45))°)/Ve < 2y/e. Replacing W by
WA Usep-1p\fegi iz € X 1 sz = 2} we may assume that siz # soz for all 2 € W and all
distinct s1, 59 € F. Let us estimate the number M of atoms of P¥ which have nonempty
intersection with W. Write §; for the collection of all subsets of F}; with cardinality at
least (1 — ¢)|F}|. For each z € W, setting F, = F, N {s € F : (U; £5)(U; F;)~'s C F},
we have |F| > (1 —2y/¢)|F|. Note that if (s,y) € A; for some 1 < j < k and sy = s’z for
some s’ € F., setting c = s 's' and H = {h € Fj : (h,y) € A;}, we have y = cx, Hc C F,
and H € §;. Thus for each w € W we can find a finite set C; y C G for every H € §;
such that the following hold:

(1) HcnH'd =0 for all c € Cj g, € Cj g unless H =H', c=¢, and j = j/,
(2) Ujw HCjm C F and |U; gy HCj | > (1= 2/2)|F],
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(3) cx € Vyjand H = {h € F; : (h,cx) € A;} for each c € C} .

Note that the atom of P to which hcx for h € H belongs is determined by h and the atom
of P; to which cx belongs. Thus, for each fixed choice of sets C; i satisfying (1) and (2)
above, the number of atoms of P containing some x € W with such a choice of CjH is
at most

C
|u|2\f|F| H’:P ‘EHG.VJ Cj,m < |u‘2\f|F| Hexp (b, (W, 0) + )| Fj |ZHefjJ|CJHH
J J

— ‘U‘Q\/E|F| . eXp[(ﬁC”u(u, 5) +€)Zj (|F]| ZHEﬁj‘ijHD]
(a9 + 17

S |u|2\ﬁ|F| - exp 1 6

By Stirling’s formula, the number of subsets of an n-element set with cardinality at least
(1—¢)n is at most e )" for all n > 0 with f(¢) — 0 as e — 0. Fix an element g; 7 € H for
each j and H € ;. Then C} g is determined by the set g; yC; i in F. Thus, for a fixed
Q C F, writing a = min; |F};| and summing as appropriate over nonnegative integers ¢; g,
tj, or t subject to the indicated constraints, the number of choices of sets C i satisfying
(1) and (2) and |J; y HCjm = Q is at most

> L
>t HIHI=1Q) (|F| N ZJ,H tJ%H)! Hj,H tym!

7| ol
SOND DR - e SAn il | D |

t.
(175)27tJ‘FJ|S|Q| J ZHEYJ ]H t HHeﬁj ]’H

= g U " ‘.
(1 E)thj‘F}|<f|Q| (‘ ’ th)' jt]’ j

[F]! F()t1F|
S . e J J
Z (‘F’_thj)!njtj! 1:I

(1—e) 32, t5] F51<IQ

= £ S @IFI/(1—¢)
1oz nini<iel (F1= 2 tj)!Hj t;!
ARy o) FI/(1-
: Z )
- Y
(1*€)at§ (‘F‘ t It! H
|[F! . )
= Y kOO
F|—t)it!
(1—e)at<|Q| (IF] =)
< X (|F|F|!ﬂ,ﬂ-lel/<<1—e>a> . fOIFI/(1—¢)

)at
< S DIF| | LIFI/(1-2)a) | JEIFI/(1-2).
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The number of choices of Q C F with |Q| > (1 — 2v/&)|F| is at most e/ CVEIFI Therefore,
M is at most

h. (U0
A exp | L DI e [0/ - 1]

Ll E/(A=€)a) | exp [ffa)’F’] - exp [f(Q\/g)’FH

Since the function x — —zInx is concave on [0, 1], we have

> —u(PAW)Inp(PAW) < —u(W)ln M(]\VP < —p(W) Inp(W) + In M
PePF
and
5 P W (P W) < <7

PcPF
< —p(W) In w(W€) + p(W)|F|In [U].

Set Q = {W, W¢}. Since the function 2 + —z Inx on [0, 1] has maximal value =1

, we get
HPH<H@P" v = > —pPnW)np(POW)+ Y —u(POW)Inu(Pnwe)
PcPF PcPF
< —p(W)Inp(W) +In M — p(W) In pf(W€) + p(WE)|F| In [U]
<2 ' +1In M + 2| F|In|U|.

Since G is infinite, |F'| — oo as F' becomes more and more invariant. Therefore

he,(U,0)+¢
h:(U) < hu(P) <4yeln|U| + “(1_6) + f(1/((1 - 5)@))
Ink f(e)
2+v/¢).
A—oatioe TV
Since we may choose F1i,..., F} to be as close as we wish to being invariant, we may let
a — 00. Thus
he,(U,0) +¢
miw < avemy + 2O TE L TEO Lo
he,(U)+e¢
< 4y/eln |U| + "Ll(_)g + f@g + f(2V/%).
Letting ¢ — 0 we get hf(U) < h, ,(U), as desired. O

Lemma 2.19. Let u be a Borel probability measure on X. Let C1,...,Cy be closed subsets
of X. Then for every k-element Borel partition P = {Py,..., Py} with P,NC; = 0 for
i=1,...,k and every § > 0 there is a k-element Borel partition Q = {Q1,...,Qx} such
that Q;NC; =0 and p(0Q;) =0 fori=1,...,k and H,(Q|P) < 4.

Proof. Let P = {Py,..., Py} be a k-element Borel partition with ,NC; = @ fori =1,... k.
Let § > 0. By the regularity of u, for i =1,...,k — 1 we can find a compact set K; C P;
such that u(P;\ K;) < € and an open set U; 2 P; such that pu(U; \ ;) < e and U;NC; = ().



18 DAVID KERR AND HANFENG LI

Then Uy, ...,Ui_1 cover C%. Thus we can find a closed cover D1, ..., Dy_1 of Cy such that
D; CU;fori=1,...,k—1. For each x € K; U D; there exists an open neighbourhood V'
of x contained in U; whose boundary has zero measure, for if we take a function f € C'(X)
with image in [0, 1] which is 0 at  and 1 on Uf then only countably many of the open
sets {y € X : f(y) < t} for t € (0,1) can have boundary with positive measure. By
compactness there is a finite union B; of such V' which covers K; U D;, and u(9(B;)) = 0.
Then u(B;AP;) < 2¢ for i = 1,...,k — 1. Now define the partition Q = {Q1,...,Qx} by
Q1 =DB1,Q2=DBy\B1, Q3 =DB3\ (B1UBy), ..., Qr = X\ (B1U---UDBy_1). Then
QiNC; =0 and p(0Q;) =0fori=1,...,kand H,(Q|P) < §(¢) where §(¢) — 0 as e — 0,
yielding the lemma. O

Lemma 2.20. Let ¢ = (x1,...,x%) be an IE-tuple consisting of distinct points and let
Ui, ..., U be patrwise disjoint open neighbourhoods of x1,...,xy, respectively. Then there
exist a G-invariant Borel probability measure p on X and a p-IE-tuple (x,...,x}) such
that x € U; for eachi=1,... k.

Proof. The case k = 1 follows from [30, Prop. 3.12] and Proposition 2.16(3). So we may
assume k > 2.

Let {F},},, be a Fglner net in G. For each i = 1,..., k choose a closed neighbourhood C;
of x; contained in U;. Since x is an IE-tuple there is a d > 0 such that for each n we can
find an independence set I,, C F,, for the tuple C = (C,...,C%) such that |I,| > d|F,|.
For each n pick an z, € (s, s 1C, s for every o € {1,...,k}'" and define on X the
following averages of point masses:

1
= Dl e = \F;ZS“”

o€{l,....k}Hn SEF,

Take a weak™ limit point p of the net {y,},. By passing to a cofinal subset of the net we
may assume that pu, converges to pu.

Let P = {P,..., Py} be a Borel partition of X such that P,NU; = () and u(0PF;) = 0 for
each i =1,...,k. Let E be a nonempty finite subset of G. We will use subadditivity and
concavity as in the proof of the variational principle in Section 5.2 of [33]. The function
A H, (P4) on finite subsets of G is subadditive in the sense that if 14 = > Aglp is a
finite decomposition of the indicator of a finite set A C G over a collection of sets B C A
with each Ap positive, then H,, (P4) < 3> ApH,, (PP) (see Section 3.1 of [33]). Observe
that e(n) := |E~1F, \ F,|/|F,| is bounded above by |E~1F,AF,|/|F,| and hence by the
Fglner property tends to zero along the net. Applying the subadditivity of H,, () to the
decomposition 1, = ﬁ > sce-1F, 1EsnE,, we have

Vn .:])F ’E‘ Z Hyn :])Es + @ Z Hyn(j)Es)

sE€Fy, SEE—1F,\Fp

Z H,, (PE%) + e(n)|F,| Ink.
sEFn
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Since P; N C; = 0 for each i, every atom of P/» contains at most (k — 1)‘I”| points from
the set {z, : 0 € {1,...,k}"} and hence has v,-measure at most (%)'I’l', so that
Hy, (P'") = Y —vp(W)Inv, (W)
WePIn
k ]
> v
> Z V(W) 1In (k— 1>
WePin
k
=|Iy|In|——
i ()
and thus
1 1 k
—H,, (P > —H, (P™) >dln | —— ).
) 2 i, (0 2 amn ()
It follows using the concavity of the function  — —x Inx that

1 1 1 k
—H, (PP) > — " —H, (PP) >dln | —— ) —e(n) Ink.
E| [Ful S5 |E] k—1

Since the boundary of each P; has zero u-measure, the boundary of each atom of P¥ has
zero p-measure, and so by [27, Thm. 17.20] the entropy of P¥ is a continuous function of
the measure with respect to the weak* topology, whence

1 1
EH“(fPE) = lim EHM(TE) > dIn(k/(k —1)).
Since this holds for every nonempty finite set E C G, we obtain h,(P) > dIn(k/(k —1)).

Now let P = {Pi,..., Py} be any k-element Borel partition of X such that P,NU; = ()
foreach i =1,..., k. By Lemma 2.19, for every é > 0 there is a k-element Borel partition
Q={Q1,...,Q} such that Q;NC; = 0 and pu(0Q;) =0fori=1,...,kand H,(Q|P) <9,
so that h,(P) > h,(Q) —d > dIn(k/(k — 1)) — ¢ by the previous paragraph. Thus
hu(P) > dln(k/(k — 1)). This inequality holds moreover for any finite Borel partition P
that refines U := {UY, ..., UL} as a cover since we may assume that P is of the above form
by coarsening it if necessary. Therefore h:[(U) > 0.

Suppose that the action of G on X is (topologically) free, i.e., for all x € X and s € G,
sz = x implies s = e. Then it is free with respect to u, and hence h, ,(U) > 0 by
Lemma 2.18. Therefore by Lemma 2.15 and Proposition 2.16(1) there is a p-IE-tuple
(x,...,x}) contained in Uy X --- x U,

Now suppose that the action of G on X is not free. Take a free action of G on a
compact Hausdorff space (Y,G), e.g., the universal minimal G-system [10]. Then the
product system (X x Y, G) is an extension of (X, G) which is free. By Proposition 3.9(4)
of [30] we can find a lift & of the tuple & under this extension such that & is an IE-tuple.
By the previous paragraph there are a G-invariant Borel probability measure y on X xY
and a p-IE-tuple &' contained in the inverse image of Uy x --- x Uy. It then follows by
Proposition 2.16(5) that the image @’ of &’ is a v-IE-tuple contained in Uy x --- x Uy, for
the measure v on X induced from p, completing the proof. O

From Lemma 2.20 we obtain:
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Theorem 2.21. For each k > 1 the set of IE-tuples of length k is equal to the closure of
of the union of the sets IE,’j(X) over all G-invariant Borel probability measures y on X.

Lemma 2.22. Suppose that X is metrizable. Let € = (x1,...,x) be an IE-tuple. Then
there is a G-invariant Borel probability measure p on X such that x is a p-IE-tuple.

Proof. We may assume that x consists of distinct points. Since X is metrizable, we can
find for each m € N pairwise disjoint open neighbourhoods Uy, 1,...,Up of z1,..., Tk,
respectively, so that for each ¢ = 1,...,k the family {U,,; : m € N} forms a neigh-
bourhood basis for z;. For each m take a measure p,, and a p-IE-tuple x,, as given by
Lemma 2.20 with respect to Uy, 1,...,Up and define the G-invariant Borel probability
measure pt = > > 27" iy, Then @, is a p-IE-tuple for each m, and so x is a p-IE-tuple
by Proposition 2.16(4). O

Theorem 2.23. Suppose that X is metrizable. Then there is a G-invariant Borel proba-
bility measure p on X such that the sets of p-1E-tuples and IE-tuples coincide.

Proof. For each k > 1 take a countable dense subset {xj ;}ics, of the set of IE-tuples
of length k. By Lemma 2.22, for every k > 1 and i € [} there is a G-invariant Borel
probability measure yi, ; on X such that xy, ; is a uy, ;-IE-tuple. Set u = Zzozl Zielk Akeilbhe i
for some A;; > 0 with > 77, Eielk Aki = 1. Then p is a G-invariant Borel probability
measure, and x; is a p-IE-tuple for every k > 1 and i € I;. Since the set of y-IE-tuples
of a given length is closed by Proposition 2.16(4) and p-IE-tuples are always IE-tuples, we
obtain the desired conclusion. O

In the case G = Z, the conclusion of Theorem 2.23 for u-entropy pairs and topological
entropy pairs was established in [3] and then more generally for p-entropy tuples and
topological entropy tuples in [22].

2.4. The relation between pu-IE-tuples and p-entropy tuples. For G = Z the notion
of a p-entropy pair was introduced in [4] and generalized to u-entropy tuples in [22]. We

will accordingly say for k > 2 that a nondiagonal tuple (z1,...,2) € X* is a p-entropy
tuple if whenever Uy,...,U; are pairwise disjoint Borel neighbourhoods of the distinct
points in the list 21, ..., xy, every Borel partition of X refining {Uf,..., U} has positive

measure entropy. In this subsection we aim to show that nondiagonal u-IE-tuples are the
same as p-entropy tuples.

Our first task is to establish Lemma 2.24. For this we will use the orbit equivalence
technique of Rudolph and Weiss [42], which will enable us to apply a result of Huang
and Ye for Z-actions [22]. In order to invoke Theorem 2.6 of [42], whose hypotheses
include ergodicity, we will need the ergodic decomposition of entropy, which asserts that
if (Y,%,v) is a Lebesgue space equipped with an action of a countable discrete amenable
group H and v = || , V2 dw(z) is the corresponding ergodic decomposition, then for every
finite measurable partition P of Y we have h,(P) = [, hy,(P) dw(z). The standard proof
of this for G = Z using symbolic representations (see for example Section 15.3 of [12])
also works in the general case. Given a tuple A = (Aq,...,Ay) of Borel subsets of X
with ﬂle A; = (), we say that a finite Borel partition P of X is A-admissible if it refines
{AS,..., A5} as a cover of X. For the definitions of the quantities hf (W) and h, ,(U) see
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the discussion after Lemma 2.9. As the proof below involves several different systems, we
will explicitly indicate the action in our notation for the various entropy quantities.

Lemma 2.24. Suppose that X is metrizable and G is countably infinite. Let A =
(Ay,...,Ag) be a tuple of pairwise disjoint Borel subsets of X. Denote by U the Borel
cover {AS,..., AL} of X. Suppose that h,(P) > 0 for every A-admissible finite Borel
partition P of X. Then h, ,(U) > 0.

Proof. Denote by T the action of G on X. Take a free weakly mixing action S of G on a
Lebesgue space (Y, %, v) (for example a Bernoulli action). We will consider the product
action T'x Son (X XY, Z® % ,u x v) and view Z and ¥ as sub-o-algebras of @ %
when convenient. Since S is free and ergodic, by the Connes-Feldman-Weiss theorem [6]
there is an integer action Ron (Y, % ,v) with the same orbits as S and we may choose R
to have zero measure entropy. Now we define an integer action R on (X XY, ZQ %, uxv)
with the same orbits as T' x S by setting R(x,y) = (T x §)4)(7,y) where s(y) is the

element of G determined by Ry = Ss)Y-

Let m: (X, %8, u) — (Z,%,w) be the dynamical factor defined by the o-algebra .1 of
T-invariant sets in . We write the disintegration of y over w as p = |, 7 Mz dw(z) and
for every z € Z put X, = 7 (2) and %8, = £ N X, and denote by T, the restriction
of T to (X;, A., 11.). Since S is weakly mixing, the o-algebra g of (T x S)-invariant
sets in B ® ¥ coincides with 7, viewing the latter as a sub-c-algebra of Z ® #". The
dynamical factor (X XY, B %, uxv) — (Z, % ,w) defined by Frg is the product of
7 and the trivial factor and gives the ergodic decomposition of T x S with w-a.e. ergodic
components (X, x Y, B, % , u, x v) with action T, x S for z € Z. The orbit equivalence
of R with T x S respects the ergodic decomposition and so for R we have w-a.e. ergodic
components (X, XY, B, @ ¥ , u, x v) with action R, for z € Z. Note that for each z € Z
the action R, is free and the orbit change from T, x S to R, is % -measurable in the sense
of Definition 2.5 in [42].

Write B for the tuple (A; x Y, ..., Ay X Y) of pairwise disjoint Z-measurable subsets
of X xY. Let Q ={Q1,...Q,} be a B-admissible finite measurable partition of X x Y.
We will show that there exists a set of 2 € Z of nonzero measure for which hy,, x, (7. x
S,Q9.|%) > 0, where Q, = {Q; N (X, xY) :j =1,...,r}. Suppose to the contrary
that hy, x, (T2 x 5,Q.|%) = 0 for w-a.e. z € Z. Consider the conditional expectations
E? =idpix,) ®@v: LMX xY,pxv) = LYX,0)®L'(Y,v) — LY(X,p) and E% =
idp(x, ) @Vt LNXe x Yope x v) = LNX,, p2)®LY(Y,v) — LY(X.,p2) for z € Z.
As is easy to check using approximations in the algebraic tensor product, for every f €
LYX x Y, u x v) = LYX,n)®LY(Y,v) there is a full-measure set of z € Z for which
EZ:(f|x.)(z) = E#(f)(z) for p,-a.e. * € X,. For each j = 1,...,7 set C; = {z €
X : E‘@(le)(a?) > 0}, which is defined up to a set of u-measure zero and hence can be
assumed to satisfy the condition that for every ¢ = 1,...,r it is disjoint from A; x Y if
and only if Q; is. Then {C;:j =1,...,r} is an A-admissible Borel cover of X. Putting
P={C;\ Ufi;i Cyq:j=1,...,r} we obtain an A-admissible measurable partition of X.

Now let z € Z. Denote by Z the relative Pinsker o-algebra of T, x S with respect
to %, i.e., the o-algebra generated by all measurable partitions R of X, x Y such that
huxv (T x S,R|%) = 0. In the w-a.e. situation that R, is ergodic we have Z = P, @ %



22 DAVID KERR AND HANFENG LI

by Theorem 4.10 of [42]. From the discussion in the previous paragraph we see that if z is
assumed to belong to a certain set of full measure then for each j = 1,...,r the sets C;NX,
and {z € X, : E@Z(lesz)(x) > 0} coincide up to a set of p,-measure zero. In this case,
setting P, = {PN X, : P € P} we obtain a partition of X, which is &1 -measurable
and hence satisﬁes huz (T,,P,) = 0. It follows using the ergodic decomposition of entropy
that hy,( =/[,h 7 hu(T,P,) dw(z) = 0, contradicting our hypothesis. Therefore we must
have hMZXV(T xS, Q |%°) > 0 for all z in a set W C Z of nonzero measure.

For every z in a subset of W with the same measure as W the action R, is ergodic and
free, in which case we can apply Theorem 2.6 of [42] along with the fact that R has zero
entropy to obtain

Py xv(R2,9Q2) = by xw (R, Q%) = hy s (T2 X S, 9:|%) >0

The ergodic decomposition of entropy then yields
h’quI(Rv Q) = / thXl/(Rza Qz) dw(z) > 0.
z

It follows by Theorem 4.6 of [22] that the infimum c of h,x, (R, Q) over all B-admissible
finite measurable partitions Q of X is nonzero.

Denote by V the measurable cover {A{xY, ..., Aj xY} of X xY. Suppose we are given a
B-admissible finite measurable partition Q of X x Y. Applying the ergodic decomposition
of entropy, Theorem 2.6 of [42], and the fact that R has zero entropy we get

huxo (T x S,Q) = / Py, xo (T2 xS, 9,) dw(z)
Z

> / hao(Ts x S, 0|7 duo(2)
A
:/huzxy(Rz,QzL@/)dw(z)
7

- / o xv(Rzy Qz) dw(z)
Z

— h‘,LLXV(R’ Q)
> c.

Therefore h:x T x S,V)>c>0, and since T x S is free it follows by Lemma 2.18 that
h

T x S,V) > 0. As we clearly have h, ,(T,U) > h (T x S,V), this establishes

C,,u><1/( Loe,uxv
the lemma. O

We remark that, in the last paragraph of the above proof, if Q is of the form {PxY : P €
P} for some finite A-admissible Borel partition P of X, then h,(T,P) = h,x., (T x S, Q),
in which case the display shows that A} (T,U) > ¢ > 0.

In order to reduce the general case of discrete amenable groups to the case of countable
ones, we shall need Lemma 2.26 below. For this we need the machinery of quasi-tiling
developed by Ornstein and Weiss. The following lemma is contained in the proof of
Theorem 6 in [35].
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Lemma 2.25. Given 1 > ¢ > 0, if Fy C Fp, C --- C F}y are nonempty finite subsets
of G such that Fyiq is (Fiﬂ_l,m)—invarmnt, 77,-\F,-FZ-_1| < % fori=1,2,...,k—1, and
(1— %)k < g, then for any (Fy, %)—mvam’ant finite nonempty subset F' of G there are
translates {F,-cij}M contained in F and subsets E;; C Fic;j such that Ei; N Eyj = 0 for
all (i,§) # (', §'), |Eyl/|Ficijl > 1 — € for all (i, ), and |U;; Ficy|/|F| > 1 —e.

The following lemma is a direct consequence of Lemma 2.25. For any ¢ satisfying the

conditions below, by Proposition 3.22 in [30], % converges as F' becomes more and more

invariant. Note that every subgroup of G is amenable [36, Prop. 1.12].

Lemma 2.26. If ¢ is a real-valued function which is defined on the set of finite subsets
of G and satisfies

(1) 0 < p(A) < 400 and () =0,

(2) p(A) < @(B) forall AC B,

(3) w(As) = p(A) for all finite AC G and s € G,
(4) p(AUB) < p(A) +¢(B) if AN B =0,

then the limit of % as F' becomes more and more invariant in G is the minimum of the

corresponding limits of % as F' becomes more and more invariant in H for H running

over the countable subgroups of G.

Theorem 2.27. For every k > 2, a nondiagonal tuple in X* is a u-IE-tuple if and only
if it is a p-entropy tuple.

Proof. The fact that a nondiagonal p-IE-tuple is a p-entropy tuple follows from Lemma, 2.15.
In the case that X is metrizable and G is countably infinite, Lemmas 2.24 and 2.15 combine
to show that a u-entropy tuple is a u-IE-tuple. Suppose now that X is arbitrary. When G
is finite, it is easily seen that the nondiagonal u-IE-tuples and p-entropy tuples are both
precisely the nondiagonal tuples in supp(u)¥. When G is countably infinite, write X as a
projective limit of a net of metrizable spaces X; equipped with compatible G-actions and
induced Borel probability measures pj. Then by Proposition 2.16(5) the p-IE-tuples are
the projective limits of the y;-IE-tuples. Since the image of a measure entropy tuple under
a factor map is clearly again a measure entropy tuple as long as its image is nondiagonal,
we conclude from the metrizable case that every u-entropy tuple is a p-IE-tuple. Finally,
when G is uncountably infinite, it follows from Lemma 2.26 that the set of u-entropy
tuples for (X, @) is equal to the intersection over the countable subgroups G’ of G of the
sets consisting of the p-entropy tuples for (X, G’). It is also easily verified that the set of
p-IE-tuples for (X, G) contains the intersection over the countable subgroups G’ of G of
the sets consisting of the p-IE-entropy tuples for (X, G’). We thus obtain the result. [

To prove the product formula for p-IE-tuples we will use the Pinsker von Neumann
algebra Px, i.e., the G-invariant von Neumann subalgebra of L*°(X, ) corresponding
to the Pinsker c-algebra (see the beginning of the next section). Denote by Ex the
conditional expectation L (X, u) — Px. The following lemma appeared as Lemma 4.3
in [22]. Note that the assumptions in [22] that X is metrizable and G = Z are not needed
here.
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Lemma 2.28. Let U= {Uy,...,Us} be a Borel cover of X. Then [[-_, Ex(xve) # 0 if
and only if h,(P) > 0 for every finite Borel partition P finer than U as a cover.

Combining Lemma 2.28, Proposition 2.16(3), and Theorem 2.27, we obtain the following
charaterization of u-IE tuples.

Lemma 2.29. A tuple x = (x1,...,x;) € X* is a p-IE tuple if and only if for any Borel
neighbourhoods Uy, ..., U of x1,...,xy, respectively, one has Hle Ex(xu,) # 0.

Theorem 2.30. Let (Y,G) be another topological G-system and v a G-invariant Borel
probability measure on'Y . Then for all k > 1 we have IEE, (X xY) = IEZ(X) x TEE(Y).

137
Proof. By Proposition 2.16(5) we have IEﬁXV(X xY)C IEZ(X) x IEF(Y). Thus we just

need to prove IEF(X) x IEF(Y) CIE}, (X x Y).

Assume first that both X and Y are metrizable and G is countable. Then Pxyy =
Px @ Py [7, Theorem 0.4(3)] (see also [14, Theorem 4] for the ergodic case) and hence
Exxy(f®g)=Ex(f)®Ey(g) for any f € L*°(X,u) and g € L>(Y,v). Now the desired
inclusion follows from Lemma 2.29.

The proof for the general case follows the argument in the proof of Theorem 2.27. [J

In the case G = Z, the product formula for measure entropy pairs was established in [11],
while for general measure entropy tuples it is implicit in Theorem 8.1 of [22], whose proof
we have essentially followed here granted the general tensor product formula for Pinsker
von Neumann algebras. Notice that our IE-tuple viewpoint results in a particularly simple
formula.

3. COMBINATORIAL INDEPENDENCE AND THE PINSKER ALGEBRA

Continuing within the realm of entropy, we will assume throughout the section that
(X, G) is a topological dynamical system with G amenable and p is a G-invariant Borel
probability measure on X. Recall that the Pinsker o-algebra is the G-invariant o-subalgebra
of % generated by all finite Borel partitions of X with zero entropy (or, equivalently, all
two-element Borel partitions of X with zero entropy), and it defines the largest factor of
the system with zero entropy (see Chapter 18 of [12]). The corresponding G-invariant
von Neumann subalgebra of L*°(X,u) will be denoted by PBx and referred to as the
Pinsker von Neumann algebra. In Theorem 3.7 we will give various local descriptions of
the Pinsker von Neumann algebra in terms of combinatorial independence, ¢; geometry,
and c.p. approximation entropy.

The notion of c.p. (completely positive) approximation entropy was introduced by
Voiculescu in [46] for *-automorphisms of hyperfinite von Neumann algebras preserving
a faithful normal state (see [34] for a general reference on dynamical entropy in oper-
ator algebras). We will formulate here a version of the definition for amenable acting
groups. So let M be a von Neumann algebra, ¢ a faithful normal state on M, and (§ a
o-preserving action of the discrete amenable group G on M by *-automorphisms. For a
finite set Y C M and ¢ > 0 we write CPA, (T, ) for the set of all triples (¢, ¥, B) where B
is a finite-dimensional C*-algebra and ¢ : M — B and v : B — M are unital completely
positive maps such that c ooy =0 and |[(Yoy)(a) —all, < § for all a € T. We then set

rep, (Y,4) = inf{rank B : (2,4, B) € CPA,(T, )}
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if the set on the right is nonempty, which is always the case if M is commutative or hy-
perfinite. Otherwise we put rcp, (Y, d) = co. Write hepa, (3, T, 6) for the limit supremum
of |T1| Inrep, (Usep @s(Y),d) as F' becomes more and more invariant, and define

hepa,, (3, Y) = sup hepa,, (3, 1, 0),
6>0
hepa,, (8) = sup hepa, (5, Y),
Y

where the last supremum is taken over all finite subsets YT of M. We refer to hepa, (5, T)
as the c.p. approzimation entropy of 6. When G = Z and M is commutative and has
separable predual, this coincides with Voiculescu’s original definition by the arguments
leading to Corollary 3.8 in [46].

Question 3.1. Does the above definition always coincide with Voiculescu’s when G = Z7

By Corollary 3.8 in [46], when X is metrizable, G = Z, and the action is ergodic, the
c.p. approximation entropy of the induced action @ on L™ (X, ;1) agrees with the measure
entropy h,(X). The arguments also work for general amenable G. It follows using the
ergodic decomposition of entropy (see the paragraph before Lemma 2.24) that when X
is metrizable the Pinsker von Neumann algebra is the largest G-invariant von Neumann
subalgebra of L>°(X, ) on which the c.p. approximation entropy is zero.

We next define geometric analogues of upper and lower measure independence density
from Section 2. Let f € L>(X, u). Let p be a projection in L (X, u) and let A > 1. We
say that a set J C G is an {1-A-isomorphism set for f relative to p if {pa’(f) :i € J} is
A-equivalent to the standard basis of £{. For § > 0 denote by Z(p, d) the set of projections
p € L*™°(X, ) such that pu(p) > 1 — 4. For every finite subset F' of G, A > 1, and 6 > 0 we
define

Yras(F) = gl(n . max {|F N J|: J is an {1-A-isomorphism set for f relative to p}.
pEP (1,

Write I,(f, A, §) for the limit supremum of |—}T|g0 #,6(F) as F becomes more and more invari-

ant, and L,(f, A, 6) for the corresponding limit inﬁmllm. Set I,(f, )\Z = supgso Lu(f, A, 6)

and L,(f,A) = sups»oL,(f, A, 0). Finally, we define I,(f) = supy>1 L,(f,A) and L,(f) =

SUp)>1 1”( f,A), and refer to these quantities respectively as the upper u-¢1-isomorphism

density and lower p-f1-isomorphism density of f. On the topological side, for each A > 1

the limit of

1 A

7 max {|F'NJ|: {a'(f) : i € J} is A-equivalent to the standard basis of ¢{ }

as F' becomes more and more invariant exists (see the end of Section 3 in [30]), and we

refer to the supremum of these limits over all A > 1 as the £1-isomorphism density of f.
Glasner and Weiss proved the next lemma for the real scalar case [16, Lemma 2.3]. The

complex scalar version follows by considering the map E — ({)r ®oo ({%)r = (£27)g

sending each v € E C /7 to the pair consisting of its real and imaginary parts.

Lemma 3.2. For all b > 0 and 6§ > 0 there exist ¢ > 0 and € > 0 such that, for
all sufficiently large n, if E is a subset of the unit ball of 07 which is é-separated and
|E| > e, then there are at € [~1,1] and a set J C {1,2,...,n} for which
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(1) |J| > cn, and
(2) either for every o € {0,1} there is a v € E such that for all j € J

re(v(j)) >t+e ifo(j)=1, and
() <t—c  ifolj)=0

or for every o € {0,1}” there is a v € E such that for all j € J the above holds
with re(v(j)) replaced by im(v(j)).

The following is a consequence of Lemma 3.6 in [30].

Lemma 3.3. There exists a ¢ > 0 such that whenever I is a finite set and A;1, A;2, and
B fori € I are subsets of a given set such that the collection {(A;1 U Aio, B;) :i € I} is
independent, there are a set J C I with |J| > ¢|I| and a j € {1,2} for which the collection
{(Ai;, Bi) :i € J} is independent.

Lemma 3.4. For every 6 > 0 there exist ¢ > 0 and € > 0 such that, for every compact
Hausdorff space Y and finite subset © of the unit ball of C(Y) of sufficiently large car-
dinality, if the linear map v : E? — C(Y) sending the standard basis of E? to © is an
isomorphism with ||y~ ||~ > 8, then there exist closed disks By, By C C of diameter at
most €/6 with dist(B1,B2) > ¢ and an I C © with |I| > ¢|O| such that the collection

{(f~YBy), f1(B2)) : f € I} is independent.
Proof. Let 6 > 0. Define a pseudometric dg on Y by
de(x,y) = sup |f(z) — f(y)|
feo

and pick a maximal (§/4)-separated subset Z of Y. Then the open balls B(z,d/4)
with radius §/4 and centre z for z € Z cover Y. A standard partition of unity ar-
gument (see the proof of Proposition 4.8 in [46]) yields the bound rc(©,4/2) < |Z|
for the contractive (0/2)-rank of © as defined in [29]. By Lemma 3.2 of [29] we have
Inre(©,6/2) > |®|aH’y|| 2(”7_1” 1 —§/2)? for some universal constant a > 0. Thus
1Z| > el®lalnl™ (=71 =0/2)% > (l®lad*/4 " Eyaluation of the functions in © on the points
of Y yields a map 1 from Y to the unit ball of 9 such that ¢(Z) is (§/4)-separated. By
Lemma 3.2 there are ¢ > 0 and ¢ > 0 depending only on ¢ and § such that there exist
closed disks By and Bs contained in the unit disk of C with dist(By, B2) > 4¢/3 and an
I C © with |I| > ¢|©| such that the collection {(f~1(By), f~1(B2)) : f € I} is indepen-
dent. Now for some N € N depending on € we can cover each of By and By with N disks
of diameter at most £/6. By repeated application of Lemma 3.3 we can then replace each
of By and By with one of the smaller disks to obtain the result (with a smaller c). g

Lemma 3.5. Let 6 > 0 and A > 0. Let Q = {f1,...,fn} be a subset of the unit
ball of L (X, ) and suppose that for all gi,...,gn in the unit ball of L*>°(X,p) with
maxi<i<n ||gi — fillp < 0 there exists an I C {1,...,n} of cardinality at least dn for which
the linear map ¢1 — span{g; : i € I} sending the standard basis element with index i € I
to g; has an inverse with norm at most \. Then

Inrep,(2,6) > an

for some constant a > 0 which depends only on .
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Proof. Let (p,v¢,B) € CPA,(€,§). Then there exists an I C {1,...,n} of cardinality at
least dn for which the linear map ¢/ — span{(v o ©)(fi) : i € I} sending the standard
basis element with index ¢ € I to g; has an inverse with norm at most . It follows using
the operator norm contractivity of ¢ and 1 that for any scalars ¢; for ¢« € I we have

> el fi) Yoo (f)|| =AY e,

icl il sel

so that the subset {¢(f;) : @ € I} of B is A-equivalent to the standard basis of /.
Lemma 3.1 of [28] then guarantees the existence of a constant a > 0 depending only
on A such that Inrank(B) > an, yielding the result. O

Lemma 3.6. Let § > 0. Let Q = {fi1,..., fn} be a subset of the unit ball of L>°(X, 1) and
for each i =1,...,n let P; be a finite Borel partition of X such that esssup, ,cpl|fi(z) —

fi(y)| < 6 for every P € P;. Suppose that H(P) < né? where P =\/"_, P;. Then
=1

Inrep, (2, V6% +40) < 2néd

if n is sufficiently large as a function of 9.

>

Proof. For a finite Borel partition Q of X we write I(Q) for the information function
— > 0colenpu(Q). Then H(P) = [ I(P)dpu, and so by our assumption the set D on
which the nonnegative function I(P)/n takes values less than ¢ has measure at least 1 — 4.
Then u(P) > ™™ for all P € P such that (P N D) # (. Let B be the linear span
of {1pap : P € Pand u(PN D) # 0} U{1lpe}. Then B is a unital *-subalgebra of
L®(X,p) and dim B < e™ + 1. Taking the p-preserving conditional expectation ¢ :
L*°(X, u) — B and the inclusion ¢ : B — L>(X, ) it is readily checked that (¢, v, B) €
CPA (2, V2 + 46) so that rcp,, (2, V02 + 49) < ™ +1, from which the desired conclusion
follows. 0

Regarding L>°(X, 1) as a unital commutative C*-algebra, it is isomorphic by Gelfand
theory to C'(€) for some compact Hausdorff space €2, which we can identify with the spec-
trum of L (X, i) (i.e., the space of nonzero multiplicative linear functionals on L (X, u))
equipped with the relative weak* topology (see Chapter 1 of [8]). Accordingly we will view
elements of L*°(X, ) as continuous functions on  when appropriate. The action « of
G on L*>(X, u) gives rise to a topological dynamical system (€2, G) with the action of G
defined by (s,0) +— o o ay—1. Since p defines a state on L*(X, u) it gives rise to a G-
invariant Borel probability measure on €2, which we will also denote by u. For a projection
p € L>®(X, u) we write Q,, for the clopen subset of {2 whose characteristic function is p.

Theorem 3.7. Let f € L>™°(X, ). Let {F,}nen be a Folner net in G. Then the following
are equivalent:

(1) f & Bx,
(2) there is a p-IE-pair (o1,02) € Q x Q such that f(o1) # f(02),

(3) there are d > 0, 6 > 0, and X\ > 0 such that, for all n greater than some ng € A,
whenever gs for s € Fy, are elements of L>(X, ) satisfying ||gs — as(f)|lp < 9
for every s € F,, there exists an I C F,, of cardinality at least d|F,| for which the
linear map ¢ — span{gs : s € I} sending the standard basis element with index
s € I to gs has an inverse with norm at most A,
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(4) the same as (3) with “for all n greater than some ng € A” replaced by “for all n
i a cofinal subset of A7,

)

)

) hepay, (e, {f}) >0,

) hepa,, (B) > 0 for the restriction 3 of a to the von Neumann subalgebra of L°°(X, )
dynamically generated by f.

When the action is ergodic and either X is metrizable or G is countable, we can add:

(9) there is a 6 > 0 such that every g € L*(X, ) satisfying ||g — fl|, < ¢ has positive
l1-isomorphism density with respect to the operator norm.

When f € C(X) we can add:

(10) f ¢ C(Y) whenever m : X — Y is a topological G-factor map such that hr ) (Y) =
0,
(11) there is a p-IE-pair (x1,x2) € X x X such that f(x1) # f(x2).

Proof. (1)=(2). Since the a-invariant von Neumann subalgebra of L (X, u) generated
by f is also dynamically generated by the set of spectral projections of f over closed
subsets of the complex plane, we can find a clopen set Z C ) corresponding to a spectral
projection of f over A for some set A C C such that the two-element clopen partition
Z = {Z,Z°} satisfies h,(©2,2) > 0. Using Lemma 2.8 we can find a closed set B C C with
BN A = () such that the pair (Z, Z’) has positive p-independence density, where Z’ is the
subset of 2 supporting the spectral projection of f over B. By Proposition 2.16(1) there
is a p-IE-pair (01,02) € Q x Q such that o1 € Z and 09 € Z'. Then f(o1) € A while
f(o2) € B, establishing (2).

(2)=(3). Let (01,092) € Q x Q be a p-IE-pair such that f(o1) # f(o2). Choose disjoint
closed disks Bj, By C C such that diam(B;) = diam(Bz) < %dist(Bl, By), f(o1) €
int(By), and f(o2) € int(Bz) and set € = Ldist(B1, B). Choose clopen neighbourhoods
Ay and As of o1 and o9, respectively, such that f(A;) C By and f(As) C By. Write
A for the pair (A1, A2). Since (01, 02) is a p-IE-pair there exists by Proposition 2.4 and
Lemma 2.15 a § > 0 such that IL(A, 0) > 0. Take an n > 0 such that whenever h is an
element of L>°(X, p) for which ||h]|, < n the set {x € X : |h(z)| < €} has measure at least
1-4.

Now let n € A and suppose that we are given g, € L>®°(X,u) for s € F,, such that
lgs —as(f)|l < nforevery s € F,. Foreach s € Fy, set Dy = {0 € Q:|gs(0)—as(f)(o)] <
¢}, which has measure at least 1 —¢ by our choice of 7, and for s € G\ F}, set Dy = ). Put
d= IL (A,9)/2. Assuming that n > ng for a suitable ng € A, there exist an independence
set I C F, for A relative to the map s — Dy such that |I| > d|F,|. The standard
Rosenthal-Dor argument [9] then shows that the linear map ¢/ — span{g, : s € I'} sending
the standard basis element with index s € I to g, has an inverse with norm at most ¢!,
yielding (3).

(3)=-(4). Trivial.

(4)=(7). Apply Lemma 3.5.
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(3)=(5). We may assume that ||f|| = 1. Let d, §, and X\ be as given by (3). Then for
any p € P(u,6%) and s € G we have ||pas(f) — as(f)ll, < |lp — 1.l f]] < 6. It follows
that oy 5 52(Fy,) > d|Fy,| for every n € N, and hence lu(f) > lu(f7 A, 6%) >d > 0.

(5)=(6). Trivial.

(6)=-(4). We may assume that G is infinite and ||f|| = 1. By (6) there are a A > 1 and
a ¢ > 0 such that I,(f,X,6) > 0. Then there is a d > 0 and a cofinal set L C A such that
05 (Fn) > d|Fy| for all n € L. Let b be a positive number to be further specified below,
and set 6’ = §b. Let ¢ > 0 and € > 0 be as given by Lemma 3.4 with respect to § = A7%.
Take an > 0 such that whenever h is an element of L*°(X, u) for which ||h]|, < 7 the
set {x € X : |h(z)| < £/12} has measure at least 1 — ¢’

Now let n € L, and suppose we are given g5 € L>(X, p) for s € F,, such that ||gs —
as(f)|l. < n for every s € F,,. By our choice of 7, for every s € F), there is a projection
ps € P(u,d") such that ||ps(gs — as(f))|| < e/12. Denote by § the set of all o € {1,2}f
such that |c71(2)] < b|F,|. Setting ps1 = ps and pso = pr we define the projection
r =2 0esIlser, Pso(s)- Then

p(r)bFal < plpy) < |Fn|d
San

and so u(rt) < b 16’ = §. Hence there is an K C F, with |K| > d|F,| such that K is an
£1-A-isomorphism set for f relative to r.

By our choice of ¢ and €, assuming that |F},| is sufficiently large we can find closed disks
By, By C C of diameter at most £/6 with dist(B1, B2) > € and a J C K with |J| > ¢|K|
such that the collection

{((as(Hle) " (B1): (as(fle,) " (B2)) s s € T}

of pairs of subsets of ), is independent. Define the subsets Cs1 = (gs|,) " H(B]) and
Csa = (gsla,)"H(BY) of Q,, where B] (resp. Bj) is the closed disk with the same centre
as By (resp. Ba) but with radius bigger by £/12. Since maxsey ||ps(9s — as(f))]] < /12,
for each o € {1,2}” we can find by the definition of r a set J, C J with |J \ J,| < b|F,|
such that (V,c; (Qp, N C;5(5)) # 0, and we define p, € {0,1,2} by

| a(s) if s € Jo,
pols) = { 0 otherwise.

Since max,e(y 237 lp1(0)] < 281l for every p € {0,1,2} the number of o € {1,2}” for
which p, = p is at most 2°F»| and so the set R = {pg 0 € {1,2}‘]} has cardinality
at least 2|J|/2d‘F“| > 2(cd=b)|Ful Tt follows by Lemma 2.2 that for a small enough b not
depending on n there exists a ¢ > 0 for which we can find an I C J with |I| > t|.J| > ted|F|
such that R|; D {1,2}!. Then the collection {(Cs,1,Cs2) : s € I} is independent, and since
dist(B1, B) > 5¢/6 > 2max(diam(B}), diam(B})) the standard Rosenthal-Dor argument
[9] shows that the linear map ¢/ — span{gs : s € I} sending the standard basis element
with index s € I to g has an inverse with norm at most 10s~!. We thus obtain (4).
(7)=-(8). It suffices to note that if NV is an G-invariant von Neumann subalgebra of
L*°(X, p) then for every finite subset © C N we have hepay,| (IV, ©) = hepa,, (L% (X, p), ©),
i.e., for computing c.p. approximation entropy it doesn’t matter whether © is considered
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as a subset of N or L*°(X, ). This follows from the fact that there is a p-preserving
conditional expectation from L (X, 1) onto N [45, Prop. V.2.36]. See the proof of Propo-
sition 3.5 in [46].

(8)=-(1). Suppose that f € Px. Let T be a finite subset of the von Neumann sub-
algebra of L*°(X, u) generated by f and let 6 > 0. Take a finite Borel partition P of
X such that the characteristic functions of the atoms of P are spectral projections of f
and supgeq esssup, eplg(z) — g(y)| < § for each P € P. Then h,(X,P) = 0 by our
assumption, and thus, since we may suppose G to be infinite (for otherwise the system
has completely positive entropy), we obtain hcpa,, (3, T, V0% +45) < 2§ by Lemma 3.6.
Hence (8) fails to hold. Thus (8) implies (1).

Assume now that G is countable and the action is free and ergodic and let us show that
(9) is equivalent to the other conditions.

(3)=(9). Let d, 0, and A be as given by (3). Let g be an element of L>(X, u) such that
lg — fllu < 9. Then [Jas(g) — as(f)]|, < 0 for all s € G, and so for every n € N there is
an I C F,, of cardinality at least d|F},| for which {as(g) : s € I} is ||g||\-equivalent in the
operator norm to the standard basis of #{. Thus g has positive ¢;-isomorphism density.

(9)=(8). Suppose that G is countable. We will first treat the case that the action of
G on X is free. Suppose contrary to (8) that hcpa,(8) = 0. Since « is free and ergodic
so is 3, and since G is countable the von Neumann subalgebra of L (X, ) dynamically
generated by f has separable predual. We can thus apply the Jewett-Krieger theorem for
free ergodic measure-preserving actions of countable discrete amenable groups on Lebesgue
spaces (see [40], which shows the finite entropy case; the general case was announced in [48]
but remains unpublished) to obtain a topological G-system (Y, G) with a unique invariant
Borel probability measure v such that § can be realized as the action of G on L>*(Y,v)
arising from the action of G on Y. Now let 4 > 0 be as given by (9). Take a function
g€ C(Y) C L*®(Y,v) such that ||g— f||, < J. Since the system (Y, G) has zero topological
entropy by the variational principle [33], it follows by Theorem 5.3 of [29] (which is stated
for Z-systems but is readily seen to cover actions of general amenable groups) that the
function g has zero ¢;-isomorphism density, contradicting our choice of §. We thus obtain
(9)=(8) in the case that the action is free.

Suppose now that the action of G on X is not free. Take a free weakly mixing measure-
preserving acion of G on a Lebesgue space (Z, % ,w) (e.g., a Bernoulli shift). Then the
product action on X x Z is free and ergodic. Write E for the conditional expectation of
L>®(X X Z, pxw) onto L (X, u). With § > 0 as given by (9), for every g € L>®(X X Z, uxw)
such that ||E(g) — f||x < ¢ the function E(g) has positive ¢1-isomorphism density, which
implies that g has positive £1-isomorphism density since F is contractive and G-equivariant.
Thus the function f ® 1 in L™(X x Z,u X w) also satisfies (9) for the same 0. By the
previous paragraph we obtain (8) for f ® 1. But this is equivalent to (8) for f itself,
yielding (9)=(8) when G is countable.

Suppose that G is uncountable and X is metrizable. In this case we will actually show
(9)=(7). For every s € G write € for the orthogonal complement in L?(X,u) of the
subspace of vectors fixed by s. Then the span of |, € is dense in L*(X,u) © C1 by
ergodicity, and since L?(X, p) is separable there is a countable set J C G such that the
span of (J,c; €s is dense in L?(X,u) © C1. Tt follows that the subgroup H generated by
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J does not fix any vectors in L?(X, ) © C1. This means that the action of H on X is
ergodic, as is the action of any subgroup of G containing H. By Lemma 2.26 condition
(9) holds for the action of every subgroup of G containing H, and thus for the action
of a countable such subgroup we get (9)=-(8) by the two previous paragraphs and hence
(9)=-(7). But if (7) fails for the action of G then it fails for the action of every subgroup
of G containing some fixed countable subgroup W of G and in particular for the action of
the countable subgroup generated by H and W, yielding a contradiction.

Finally, we suppose that f € C(X) and demonstrate the equivalence of (11) and (12)
with the other conditions.

(2)=-(11). The inclusion C(supp(p)) € L>(X, ) gives rise at the spectral level to
a topological G-factor map 2 — supp(u), and so the implication follows from Proposi-
tion 2.16(5).

(11)=-(10). Use Proposition 2.16(5).

(10)=-(11). Suppose that f(z1) = f(z2) for every (z1,x2) € IE4(X). Set E = {(z,y) €
X x X : f(x) = f(y)}. Then E is a closed equivalence relation on X. Thus (\,c, sE is a
G-invariant closed equivalence relation on X and hence gives rise to a topological G-factor
Y of X. In particular, f € C(Y). Denote the factor map X — Y by 7. Our assumption
says that IE}(X) C E. Since IE5(X) is G-invariant, IE5(X) C (,co sE. This means that
(m x m)(IE5(X)) € Ay. By (2) and (5) of Proposition 2.16, h ) (Y) = 0.

(11)=(3). Apply the same argument as for (2)=-(3). O

Theorem 3.7 shows that for general X the Pinsker von Neumann algebra is the largest G-
invariant von Neumann subalgebra of L>°(X, u) on which the c.p. approximation entropy
is zero.

Remark 3.8. One interesting consequence of Theorem 3.7 is the following. In the case
that G is countable, if a weakly mixing measure-preserving action of GG on a Lebesgue space
(Y, % ,v) does not have completely positive entropy, then it has a metrizable topological
model (Z,G) for which the set TE*(Z) of topological TE-tuples has zero v*-measure for
each k > 2. Indeed weak mixing implies that the product action of G on Y* is ergodic
with respect to ¥, so that for a topological model (Z,G) and k > 2 the set IE*(Z) has
v¥-measure either zero or one. If for every metrizable topological model (Z,G) we had
VF(IE®(Z)) = 1 for some k > 2, it would follow that every element of L>°(Y, ) has positive
£1-isomorphism density, since such an element is a continuous function for some metrizable
topological model by the countability of G and hence separates a topological IE-pair. But
then (Y, %, v, G) would have completely positive entropy by Theorem 3.7. Actually the
weak mixing assumption can be weakened to the requirement that there be no sets of
measure strictly between zero and one with finite G-orbit.

We also point out that, in a related vein, if the topological system (X, G) does not have
completely positive entropy, then for a G-invariant Borel probability measure on X the set
IE*(X) has zero product measure for each k > 2, unless some nontrivial quotient of (X, G)
has points with positive induced measure. The reason is that if IE" (X) for some k > 2
has positive product measure then so does IEF (Y') with respect to the induced measure
for every quotient (Y, G) of (X, G), and if every point in such a quotient (Y, G) has zero
induced measure then the diagonal in Y* has zero product measure and hence does not
contain IE*(Y'), implying that (Y, G) has positive topological entropy. In particular, we
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see that if (X, ) is minimal and does not have completely positive entropy and X is
connected (and hence has no nontrivial finite quotients) then for every G-invariant Borel
probability measure on X the set IEF(X) has zero product measure for each k > 2.

At the extreme end of completely positive entropy where the Pinsker von Neumann
algebra reduces to the scalars, the picture topologizes and we have the following result.
Recall that a topological system is said to have completely positive entropy if every nontriv-
ial factor has positive topological entropy, uniformly positive entropy if every nondiagonal
element of X x X is an entropy pair, and uniformly positive entropy of all orders if for
each k > 2 every nondiagonal element of X* is an entropy tuple (see [12, Chap. 19] and
[22]).

Theorem 3.9. Suppose that X is metrizable or G is countable. Let Q@ = (Q,G) be the
topological dynamical system associated to X = (X, A, 1, G) as above. Then the following
are equivalent:

(1) X has completely positive entropy,
(2) every nonscalar element of L (X, p) has positive {1-isomorphism density,
(3) 2 has completely positive entropy,

(4)

(5)

Q has uniformly positive entropy,
Q has uniformly positive entropy of all orders.

Proof. (1)=(5). Every Borel partition of €2 is p-equivalent to a clopen partition and
thus every nontrivial such partition has positive entropy by (1). It follows that, for each
k > 2, every nondiagonal tuple in QF is a p-entropy tuple and hence a p-IE-tuple by
Theorem 2.27. Since p-IE-tuples are obviously IE-tuples and the latter are easily seen to
be entropy tuples when they are nondiagonal, we obtain (5).

(5)=(4)=-(3). These implications hold for any topological G-system, the first being
trivial and the second being a consequence of the properties of entropy for open covers
with respect to taking extensions.

(3)=(2). Apply Corollary 5.5 of [29] as extended to actions of discrete amenable groups.

(2)=-(1). By (2) there do not exist any nonscalar G-invariant projections in L*°(X, u),
i.e., the system X is ergodic. We can thus apply (9)=-(1) of Theorem 3.7. O

For G = Z the equivalence of (1), (3), (4), and (5) in Theorem 3.9 can also be obtained
from Section 3 of [16].

One might wonder whether a similar type of topologization occurs at the other extreme
of zero entropy. Glasner and Weiss showed however in [15] that every free ergodic Z-system
has a minimal topological model with uniformly positive entropy.

Using Theorem 3.7 and viewing joinings as equivariant unital positive maps, we can
give a linear-geometric proof of the disjointness of zero entropy systems from completely
positive entropy systems, which for measure-preserving actions of discrete amenable groups
on Lebesgue spaces was established in [14] (see also Chapter 6 of [12]). Recall that a joining
between two measure-preserving G-systems (Y, %, v,G) and (Z, Z,w, G) is a G-invariant
probability measure on (Y x Z,% ® 2) with v and w as marginals. The two systems are
said to be disjoint if v X w is the only joining between them.
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Proposition 3.10. Let (Y, % ,v,G) and (Z, % ,w,G) be measure-preserving G-systems.
Let ¢ : L>®(Y,v) — L*®(Z,w) be a G-equivariant unital positive linear map such that
wow=v. Then ¢(Px) C Py .

Proof. Since ¢ is unital and positive it is operator norm contractive and for every f €
L>(Y,v) we have

()l = w(e(f) (N2 < wle(F Y2 = v Y2 = flly,

that is, ¢ is also contractive for the norms ||-|, and ||-||,. Thus if condition (3) in
Theorem 3.7 holds for a given f € L*°(Z,w) with witnessing constants d, J, and A then
it also holds for every element of ¢~ '({f}) with the same witnessing constants. The
equivalence (1)< (3) in Theorem 3.7 now yields the proposition. O

A joining 7 between two measure-preserving systems Y = (Y, % ,v,G) and Z = (Z, Z,w, G)
gives rise as follows to a G-equivariant unital positive linear map ¢ : L>(Y,v) — L>®(Z,w)
such that w o ¢ = v (this is a special case of a construction for correspondences be-
tween von Neumann algebras [38]). Define the operator S : L?(Z,w) — L?*(Y x Z,n)
by (S¢)(y,z) = &(2) for all € € L?(Z,w) and (y,2z) € Y x Z and the representation
7 L¥(Y,v) — B(LAY x Zn) by (r(FO)(w:2) = fW)(y,2) for all f € L=(Y,v),
¢ € LY x Z,n),and (y,z) € Y x Z. Then for f € L>®(Y,v) we set p(f) = S*m(f)S. It is
easily checked that S*m(f)S commutes with every element of the commutant L>®(Z,w)’,
so that ¢(f) € L>®(Z,w)"” = L*®°(Z,w). Now define the representation p : L>(Z,w) —
B(L*(Y x Z,m)) by (p(9)O)(y,2) = 9(2){(y, 2) for all g € L=(Z,w), ¢ € L*(Y x Z,7), and
(y,2) € Y x Z. Then for f € L*(Y,v) and g € L*°(Z,w) we have, with 1 denoting the
unit in the appropriate L* algebra,

n(m(f)p(9)) = (w(f)p(g), 1@ 1)y = (x(f)p(9)S1, 51),
= <7T(f)Sg1, Sl>"] = <S*7r(f)8917 1>w
= w(e(f)9)-

In the case that the image of ¢ is the scalars, we see that n gives rise to the product state
pQw on L®(Y,v)®L>*(Z,w) under composition with the representation f®g — =« (f)p(g),
and furthermore ¢ = v by the assumption on the marginals in the definition of joining.

Corollary 3.11. Let Y = (Y, % ,v,G) and Z = (Z, % ,w,G) be measure-preserving G-
systems. Suppose that Y has zero entropy and Z has completely positive entropy. Then
Y and Z are disjoint.

Proof. As above, a joining 1 between Y and Z gives rise to a G-equivariant unital positive
linear map ¢ : L>®(Y,v) — L*°(Z,w) such that w o ¢ = v. By Proposition 3.10 the image
of such a map ¢ must be the scalars. Hence there is only the one joining v x w. O

4. MEASURE IN-TUPLES

In this section (X, G) is an arbitrary topological dynamical system and p a G-invariant
Borel probability measure on X. We will define u-IN-tuples and establish some properties
in analogy with p-IE-tuples. Here the role of measure entropy is played by measure
sequence entropy. The combinatorial phenomena responsible for the properties of p-IE-
tuples in Proposition 2.16 apply equally well to the sequence entropy framework, and so it



34 DAVID KERR AND HANFENG LI

will essentially be a matter of recording the analogues of various lemmas from Section 2.
We will also show that nondiagonal u-IN-tuples are the same as u-sequence entropy tuples
and derive the measure IN-tuple product formula.

For § > 0 we say that a finite tuple A of subsets of X has §-u-independence density
over arbitrarily large finite sets if there exists a ¢ > 0 such that for every M > 0 there
is a finite set ¥ C G of cardinality at least M which possesses the property that for
every D € #'(X,0) there is an independence set I C F relative to D with |I| > ¢|F|.
We say that A has positive sequential p-independence density if for some § > 0 it has
0-p-independence density over arbitrarily large finite sets.

Arguing as in the proof of Lemma 2.6 yields:

Lemma 4.1. Let A = (A1,...,Ar) be a tuple of subsets of X which has positive se-
quential p-independence density. Suppose that Ay = A1 U Ai12. Then at least one of
the tuples Ay = (A11,A2,...,A;) and Ay = (A12,As, ..., A;) has positive sequential
p-independence density.

In [30] we defined a tuple = (21,...,2%) € X* to be an IN-tuple (or an IN-pair in
the case k = 2) if for every product neighbourhood U; X --- x Uy of x the G-orbit of
the tuple (U, ..., Ug) has arbitrarily large finite independent subcollections. Here is the
measure-theoretic analogue:

Definition 4.2. We call a tuple & = (1, ...,2;) € X* a u-IN-tuple (or pu-IN-pair in the
case k = 2) if for every product neighbourhood Uy x - -- x Uy of x the tuple (U, ..., Uy)
has positive sequential u-independence density. We denote the set of u-IN-tuples of length
k by IN(X).

Obviously every pu-IN-tuple is an IN-tuple.
The following analogue of Lemma 2.8 follows immediately from Lemma 2.7.

Lemma 4.3. Let P = {P1, P2} be a two-element Borel partition of X such that h,(P;s) >
0 for some sequence s in GG. Then there exists € > 0 such that whenever A1 C P and
As C Py are Borel sets with pu(Py \ A1), u(P2 \ Ag) < € the pair A = (A1, A2) has positive
sequential p-independence density.

Fix a sequence s = {s;};jen in G. Recalling the notation ¢4 s and ¢’ ; from Subsec-
tion 2.1, for 6 > 0 we set
_ . 1
IM(A7 575) = lim sup ESOA,CY({SM sy Sn})u

n—oo

_ ‘ 1
I;(A) 575) = limsup 5@:4,6({817 SR Sn})7

n—oo

1,(A;s) =supl,(A,d;s).
>0

By Lemma 2.3, we have
a(k)I,(A;s) < supT,(A,d;5) <T,(Ass)
6>0

where a(k) is as defined in Subsection 2.1. Clearly A has positive sequential y-independence
density if and only if I,(A;s) > 0 for some sequence s in G.
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Let U be a finite Borel cover of X. Recall that H(U) denotes the infimum of the
entropies H(P) over all finite Borel partitions P of X that refine U. For § > 0 we set

heu(U, 058) = hmsuplnN5< \/ S; 1u>

n—oo N
7=1

Ec,u(u;ﬁ) = sup EC,M(U, 5; 5)>
6>0

hy, (Us s) = limsup H(\:/ —1u>

n—oo N
+ . — .
by (Uss) = ﬂl}g%h“(ﬂ’,s),

where the last infimum is taken over finite Borel partitions refining U. Both A, (U;s) and
ht(U; s) appeared in [21] for the case of G = Z. We have h,, (U;s) < bt (U;s) trivially.
The next lemma is the analogue of Lemma 2.12 and follows directly from Lemma 2.11.

Lemma 4.4. Let 7 : X — Y be a factor of X. For any finite Borel cover U of Y, one has
— (1 sy — B .
h, (77 U s) = h. () (Us s).

The argument in the proof of Lemma 2.13 can also be used to show:
Lemma 4.5. We have § - he,, (U, 6;5) < h, (U;s) < heu(Us s).
Next we come to the analogue of Lemma 2.15.

Lemma 4.6. For a finite Borel cover U of X, the quantities h, (U;s) and heu(U; s) are
either both zero or both nonzero. If the complements in X of the members of U are pairwise
disjoint and A is a tuple consisting of these complements, then we may also add the third
quantity 1,(A;s) to the list.

Proof. The first assertion is a consequence of Lemma 2.13. For a tuple A as in the lemma
statement, Lemma 3.3 of [30] and Lemma 2.14 show that hc,(U;s) > 0 if and only if
I,(A;s) > 0. O

Proposition 4.7. The following hold:

(1) Let A = (Aq,...,Ag) be a tuple of closed subsets of X which has positive sequential
p-independence density. Then there exists a p-IN-tuple (x1,...,xy) with z; € A;
forg=1,... k.

(2) IN(X) \ Ag( ) is nonempty if and only if the system (X, A, u, G) is nonnull.

(3) INY(X) = supp(u) when G is an infinite group.

(4) INY(X) is a closed G-invariant subset of X*.

(5)

5) Let m: X — Y be a topological G-factor map. Then m*(INK(X)) = INZ*(“)(Y).

Proof. (1) Apply Lemma 4.1 and a compactness argument.

(2) As is well known and easy to show, (X, u) is nonnull if and only if there is a two-
element Borel partition of X with positive sequence entropy with respect to some sequence
in G. We thus obtain the “if” part by (1) and Lemma 4.3. For the “only if” part apply
Lemma 4.6.
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(3) This follows from Lemma 2.9.
(4) Trivial.
(5) This follows from (1), (3), (4) and Lemmas 4.4 and 4.6. O

The concept of measure sequence entropy tuple originates in [21], which deals with the
case G = Z. The definition works equally well for general G. Thus for k£ > 2 we say

that a nondiagonal tuple (z1,...,x%) € X* is a sequence entropy tuple for u if whenever
Uiy, ...,U; are pairwise disjoint Borel neighbourhoods of the distinct points in the list
T1,..., T, every Borel partition of X refining the cover {Uf, ..., U} has positive measure

sequence entropy with respect to some sequence in GG. To show that nondiagonal p-IN-
tuples are the same as p-sequence entropy tuples, it suffices by Lemma 4.6 to prove that
if U is a cover of X consisting of the complements of neighbourhoods of the points in a
p-sequence entropy tuple then h, (U;s) > 0 for some sequence s in G. For G = Z this was
done by Huang, Maass, and Ye in Theorem 3.5 of [21]. Their methods readily extend to
the general case, as we will now indicate.

Given a unitary representation 7 : G — B(H), the Hilbert space H orthogonally de-
composes into two G-invariant closed subspaces Hym and Heper such that 7 is weakly
mixing on Hyy, and the G-orbit of every vector in Heper has compact closure [18]. For
our p-preserving action of G on X, considering its associated unitary representation of G
on L?(X, u) there exists by Theorem 7.1 of [49] a G-invariant von Neumann subalgebra
Dx C L*(X, p) such that L?(X, p)epet = L*(Dx, t|oy ). The following lemma generalizes
part of Theorem 2.3 of [21] with essentially the same proof. In [21] X is assumed to be
metrizable, but that is not necessary here.

Lemma 4.8. Let P be a finite Borel partition of X. Then there is a sequence s in G such
that h,(P;s) > H(P|Dx).

Proof. First we show that, given a finite Borel partition Q of X and an ¢ > 0, the set of all
s € G such that H(s7!P|Q) > H(P|Dx) — ¢ is thickly syndetic. Write P = {Py,..., P}
and Q = {Q1,...,Q;} and denote by E the u-preserving conditional expectation onto
Dx. Since 14 — E(14) € L?(X, jt)wm for every Borel set A C X and thick syndeticity is
preserved under taking finite intersections, for each 1 > 0 the set of all s € G such that
sup<i<k1<j<i |(Us(1p, — E(1p,)), 1q,)| < n is thickly syndetic. It follows that for all s in
some thickly syndetic set we have, using the concavity of the function z — —zInx,

k l
UsE(1p,), 10,
( 71?|Q ZZ UE 1P 1Qj>1n << ( Pz) QJ>>

=S 1(Qj)
k

> Z/ ~U,E(1p) In(UsE(1p,)) dp
i=1

= H(:P|©X)7

as desired.
We can now recursively construct a sequence s = {s; = e, $2,83,...} in G such that

H(s;'P| \/?;11 s;7'P) > H(P|Dx)—27" for each n > 1. Using the identity H(\/[_, s; 'P) =

i=15i
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H\Z s71P) + H(s, ' PI VI s71P) we then get

1 n
hyu(P:8) = limsup > H(si PV s 'P) > H(PDx).

U

Using Lemma 4.8 we can now argue as in the proof of Theorem 3.5 of [21] to deduce
that h, (U;s) > 0 for some sequence s in G whenever U is a cover of X whose elements are
the complements of neighbourhoods of the points in a p-sequence entropy tuple (it can be
checked that the metrizability hypothesis on X in [21] is not necessary in this case). In
[21] the authors use the fact that © y-measurable partitions have zero measure sequence
entropy for all sequences, which for G = Z and metrizable X is contained in [31]. In our
more general setting we can appeal to Theorem 5.5 from the next section. We thus obtain
the desired result:

Theorem 4.9. For every k > 2, a nondiagonal tuple in X* is a p-IN-tuple if and only if
it 1S a p-sequence entropy tuple.

To establish the product formula for p-IN-tuples we will make use of the maximal
null von Neumann algebra Mx C L*°(X, u), which corresponds to the largest factor of the
system with zero sequence entropy for all sequences (see the beginning of the next section).
Denote by E’ the conditional expectation L™ (X, u) — DMx. The following lemma is the
analogue of Lemma 4.10 and appeared as Lemma 3.3 in [21]. Note that the assumptions
in [21] that X is metrizable and G = Z are not needed here.

Lemma 4.10. Let U = {Uy, ..., U} be a Borel cover of X. Then [[-_, B (xue) # 0 if
and only if for every finite Borel partition P finer than U as a cover one has h,(P;s) > 0
for some sequence s in G.

Combining Lemma 4.10, Proposition 4.7(3), and Theorem 4.9, we obtain the following
analogue of Lemma 2.29.

Lemma 4.11. When G is infinite, a tuple x = (x1,...,21) € X* is a p-IN tuple if
and only if for any Borel neighbourhoods Uy, ..., Uy of x1,...,xk, respectively, one has

[Tiy B (xu,) #0.
The following is the analogue of Theorem 2.30.

Theorem 4.12. Let (Y,G) be another topological G-system and v a G-invariant Borel
probability measure on'Y . Then for all k > 1 we have IN® (X xY) = INﬁ(X) x INF(Y).

uxv

Proof. When G is finite, both sides are empty. So we may assume that G is infinite. By
Proposition 4.7(5) we have IN® (X xY) C IN/’i(X) xINK(Y). Thus we just need to prove

uxv
INF(X) x INE(Y) CINE_ (X x V).

Since the tensor product of a weakly mixing unitary representation of G and any other
unitary representation of G is weakly mixing, we have L2(X XY, uX V) cpet = L2(X, i) cpet @
L3(Y, V)epet- 1t follows that D xxy = Dx ® ®y. By Theorem 5.5 from the next section we
have Mx = Dx. Thus Nxxy = Nx@Ny and hence E, y (f®g) = E (f)®QE% (g) for any

f€eL>®(X,u) and g € L>®(Y,v). Now the desired inclusion follows from Lemma 4.11. O
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In the case G = Z, the product formula for measure sequence entropy tuples is implicit
in Theorem 4.5 of [21], and we have essentially applied the argument from there granted
the fact that for general G the maximal null factor is the same as the maximal isometric
factor, as shown by Theorem 5.5.

5. COMBINATORIAL INDEPENDENCE AND THE MAXIMAL NULL FACTOR

We will continue to assume that (X,G) is an arbitrary topological dynamical system
and p is a G-invariant Borel probability measure on X. In analogy with the Pinsker
o-algebra in the context of entropy, the G-invariant o-subalgebra of % generated by all
finite Borel partitions of X with zero sequence entropy for all sequences (or, equivalently,
all two-element Borel partitions of X with zero sequence entropy for all sequences) defines
the largest factor of the system with zero sequence entropy for all sequences (see [21]). The
corresponding G-invariant von Neumann subalgebra of L (X, u) will be denoted by DMx
and referred to as the mazimal null von Neumann algebra. The system (X, A, u, G) is said
to be nullif NMx = L>®(X, u) (i.e., if it has zero measure sequence entropy for all sequences)
and completely nonnull if Nx = C. Kushnirenko showed that an ergodic Z-action on a
Lebesgue space is isometric if and only if Mx = L>(X,u) [31]. As Theorem 5.5 will
demonstrate more generally, 9 x always coincides with ® x, as defined prior to Lemma 4.8.

Our main goal in this section is to establish Theorem 5.5, which gives various local
descriptions of the maximal null factor in analogy with Theorem 3.7. To a large extent
the same arguments apply and we will simply refer to the appropriate places in the proof
Theorem 3.7. On the other hand, several conditions appear in Theorem 5.5 which have
no analogue in the entropy setting, reflecting the fact that there is a particularly strong
dichotomy between nullness and nonnullness. This dichotomy hinges on the orthogonal de-
composition of Ly (X, p1) into the G-invariant closed subspaces Lo (X, ft)wm and La(X, tt)cpet
(as described prior to Lemma 4.8) and the relationship between compact orbit closures
and finite-dimensional subrepresentations recorded below in Proposition 5.3.

To define the sequence analogue of c.p. approximation entropy, let M be a von Neumann
algebra, o a faithful normal state on M, and § a o-preserving action of the discrete group
G on M by *-automorphisms. Let s = {s,}, be a sequence in G. Recall the quantities
rcp, (-, -) from the beginning of Section 3. For a finite set T C M and 6 > 0 we set

1 n
hepal (3,7, ) = lim sup - Inrep, < U Bs; (1), 5)

n=ee i=1
and define
hepag (3, T) = sup hepag (3,1, 0),
6>0

hepag (8) = suphepal (8, T)
T

where the last supremum is taken over all finite subsets T of M. We call hepaZ (3, 1) the
sequence c.p. approzimation entropy of [3.
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In analogy with the upper p-¢i-isomorphism density from Section 3, given a sequence
s={sp}nin G, f € L>®(X,pu), A > 1, and § > 0 we set

_ ) 1
I#(fa Aa 575) = lim sup 730]0,)\,(5({51’ ceey Sn})

n—oo N

and define
T,U«(fa )\,5) = SupT,LL(fv )\7 6;5)7
6>0

Lu(f;8) = sup Lu(f, A; 8).
A>1
We could also define the lower version but this is less significant for our applications, in
which we would always be able to pass to a subsequence.
To establish (10)=-(5) in Theorem 5.5 we will need the relationship between relatively
compact orbits and finite-dimensional invariant subspaces given by Proposition 5.3, which
is presumably well known. For this we record a couple of lemmas.

Lemma 5.1. Suppose that G acts on a Banach space V' by isometries. Then the action
factors through a compact Hausdorff group (for a strongly continuous action on V and a
homomorphism from G into this group) if and only if the norm closure of the orbit of each
vector is compact.

Proof. The “only if” part is obvious. Suppose that the action is compact. Denote by E the
closure of the image of G in the space B(V') of bounded linear operators on V' with respect
to the strong operator topology. Then E is prescisely the closure of {(sv)yey : s € G}
in HUE‘/@. Thus E is a compact Hausdorff space. Note that multiplication on the unit
ball of B(V') is jointly continuous for the strong operator topology. It follows easily that
FE is a compact Hausdorff group of isometric operators on V' and that the action of £ on
V' is strongly continuous. This yields the “if” part. O

A compactification of G is a pair (', ) where I" is a compact Hausdorff group and ¢ is
a homomorphism from G to I' with dense image. The Bohr compactification G of G is the
spectrum of the space of almost periodic bounded functions on G and has the universal
property that every compactification of G factors through it (see [1]).

Lemma 5.2. Suppose that G acts on a von Neumann algebra M by *-automorphisms. Let
o be a G-invariant faithful normal state on M such that the induced unitary representation
of G on L?>(M,c) has the property that the norm closure of the orbit of each vector is
compact. Then the action factors through an ultraweakly continuous action of G on M.

Proof. Denote the unitary on L%(M, o) corresponding to s € G' by U,. By Lemma 5.1
the unitary representation s — Ug of G factors through a strongly continuous unitary
representation of G. Denote the unitary on L?(M, o) corresponding to t € G by U;. Note
that the action of s € G on M is conjugation by Us. It follows that the conjugation by Uy
for each t € G preserves M. O

For any ultraweakly continuous action of a locally compact group I' on a von Neumann
algebra as automorphisms, there is a I'-invariant ultraweakly dense unital C*-subalgebra
of the von Neumann algebra on which the action of I" is strongly continuous [37, Lemma



40 DAVID KERR AND HANFENG LI

7.5.1]. For any strongly continuous action of a compact group on a Banach space as
isometries, the subspace of elements whose orbit spans a finite-dimensional subspace is
dense [5, Theorem II1.5.7]. Thus we have:

Proposition 5.3. Under the hypotheses of Lemma 5.2, there are a G-invariant ultraweakly
dense unital C*-subalgebra A of M on which the action of G is strongly continuous and
a norm dense *-subalgebra B of A such that the orbit of every element in B spans a
finite-dimensional subspace.

The following lemma is a local version of Theorem 5.2 of [19] and is a consequence of
the proof given there in conjunction with the Rosenthal-Dor ¢; theorem, which asserts
that a bounded sequence in a Banach space has either a weakly Cauchy subsequence or a
subsequence equivalent to the standard basis of ¢ [41, 9]. Indeed if f is as in the lemma
statement, then given a sequence {g;}52, in the L? closure of {as(f) : s € G} we take
for each j an s; € G with |, (f) — gjll2 < 1/j and use the Rosenthal-Dor theorem to
find an h € L*°(X,u) = C(2) and 1 < j; < jo < ... such that limiaooasji(f)(a) =
h(o) for all o € Q, where Q is the spectrum of L*>(X, ) (see the discussion before
Theorem 3.7). Replacing the topological model X by Q produces the same L? completion,
so that lim; oo [|avs; (f) — |2 = 0 and thus lim; . ||gj; — hll2 = 0, yielding the sequential
compactness and hence compactness of the closure of {as(f) : s € G} in L?(X, ).

Lemma 5.4. Let f be a function in L (X, u) whose G-orbit does not contain an infinite
subset equivalent to the standard basis of {1. Then f € L*(X, ft)epet-

The converse of lemma 5.4 is false. Indeed by [15] every free ergodic Z-system has a
minimal topological model with uniformly positive entropy, which means in particular
that there are L°° functions whose G-orbit has a positive density subset equivalent to the
standard basis of /5.

In the following theorem (2, G) is the topological G-system associated to (X, %, G, )
described before Theorem 3.7.

Theorem 5.5. Let f € L*°(X,pu). Then the following are equivalent:

(1) f ¢ M,

(2) there is a p-IN-pair (o1,02) € Q x Q such that f(o1) # f(o2),

(3) there are d > 0, § > 0, and A > 0 such that for any M > 0 there is some finite
subset I C G with |F| > M such that whenever gs for s € F are elements of
L>®(X, p) satisfying ||gs — os(f)||n < 0 for every s € F there exists an I C F of
cardinality at least d|F| for which the linear map ¢{ — span{gs : s € I} sending
the standard basis element with index s € I to gs has an inverse with norm at most

4) 1,(f;s) > 0 for some sequence s in G,

) [ ¢ LQ(X [4)epet

) hepag, (o, {f}) > 0 for some sequence s in G,

) hcpa (B) > 0 for some sequence s in G where (3 is the restriction of a to the von
Neumcmn subalgebra of M dynamically generated by f.
(8) there is a & > 0 such that every g € L>®(X,u) satisfying ||g — flln < & has an
infinite £1-isomorphism set,

(

(5
(6
(7



COMBINATORIAL INDEPENDENCE IN MEASURABLE DYNAMICS 41

(9) thereis a § > 0 such that every g € L*°(X, ) satisfying ||g— f|l. < & has arbitrarily
large A-€1-isomorphism sets for some X\ > 0,
(10) there is a 6 > 0 such that every g € L*(X,nu) satisfying |lg — fllp < ¢ has
noncompact orbit closure in the operator norm.

When f € C(X) we can add:

(11) f ¢ C(Y') whenever m : X — Y s a topological G-factor map such that m.(p) is
null,
(12) there is a p-IN-pair (x1,z2) € X x X such that f(x1) # f(z2).

Proof. (1)=(2) Argue as for (1)=>(2) in Theorem 3.7 using Lemma 4.3 and Proposi-
tion 4.7(1) instead of Lemma 2.8 and Proposition 2.16(1).

(2)=(3). Apply the same argument as for (2)=-(3) in Theorem 3.7, replacing I,(A, §)
by 1,(A, d;s) for a suitable sequence s in G.

(3)<(4). Use the arguments for (6)=(4) and (3)=(6) in the proof of Theorem 3.7.

(3)=(6). Argue as for (4)=(7) in Theorem 3.7.

(6)=(7). As in the case of complete positive approximation entropy, if N is an G-
invariant von Neumann subalgebra of L*°(X, ) and s is a sequence in G then for every
finite subset ©® C N we have hcpafL|N(N ,©) = hepaj, (M, ©), which follows from the fact
that there is a p-preserving conditional expectation from L*°(X, u) onto N [45, Prop.
V.2.36] (cf. Proposition 3.5 in [46]).

(7)=(1). This can be deduced from Lemma 3.6 in the same way that (8)=-(1) of
Theorem 3.7 was.

(6)=>(5). Suppose that f € L*(X, it)cpet- Let § > 0. Then the G-orbit {as(f) : s € G}
contains a finite 6-net Q for the L?-norm. Take a finite Borel partition P of X such that
SUp eq €8S sup, yeplg(z) —g(y)| < 0 for each P € P. Let B be the *-subalgebra of L> (X, i)
generated by P and let ¢ be the p-preserving condition expectation of L (X, u) onto B.
Now for every s € G we can find a g € Q2 such that ||as(f) — g[|, < 6 so that

lp(es(£)) = as(Pllu < llplas(f) = llu + v(9) = gllu +1lg = as(Hll < 30.

Taking the inclusion ¢ : B — L*°(X,pu) it follows that for every finite set ' C G we
have (o, %, B) € CPA,({as(f) : s € F'},30) and hence rcp,({as(f) : s € F'},36) < dim B.
Since § is arbitrary we conclude that hepaj,(a, {f}) = 0 for every sequence s in G.

(5)=(1). Since f ¢ L?(X, it)cpet the restriction of a to the von Neumann algebra N
dynamically generated by f has nonzero weak mixing component at the unitary level, and
so there exists a finite partition P of X that is N-measurable but not © xy-measurable
(where D x is as defined prior to Lemma 4.8). By Lemma 4.8 there is a sequence s in G
such that hf,(X,P) > H(P|Dx) > 0, from which we infer that f ¢ Nx.

(5)=(8). This follows by observing that if {g; }ren were a sequence in L>(X, ) con-
verging to f in the y-norm such that each g lacks an infinite ¢;-isomorphism set, then we
would have g, € L?(X, )epet for each k by Lemma 5.4 and hence f € L(X, ) epet-

(8)=-(9). Trivial.

(9)=-(10). It is easy to see that if an element g of L>°(X, u) has arbitrarily large A-£1-
isomorphism sets for some A > 0 then its G-orbit fails to have a finite e-net for some € > 0
depending on A and ||g||.
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(10)=(5). Suppose contrary to (5) that f € L*(X, it)cpet- Then the restriction of
to the von Neumann algebra N dynamically generated by f has the property that the
norm closure of the G-orbit of each vector in L?(N, 1) is compact. By Proposition 5.3 this
contradicts (10).

Suppose now that f € C(X). To prove (2)=(12), observe that the inclusion C'(supp(u)) C
L>°(X, n) gives rise to a topological G-factor map 2 — supp(u), so that we can apply
Proposition 4.7(5). For (12)=(3) apply the same argument as for (2)=-(3). For (11)=(12)
argue as for (11)=(12) in Theorem 3.7, this time using Proposition 4.7. Finally, for
(12)=-(11) use Proposition 4.7(5). O

As pointed out at the beginning of the section and as used in the proof of Theorem 4.9,
Theorem 5.5 shows that a measure-preserving system is isometric if and only if it is null,
which in the case of a Z-action on a Lebesgue space is a result of Kushnirenko [31]. Note
that Theorem 5.5 does not depend in any way on Theorem 4.9. In conjunction with
Theorem 3.7, Theorem 5.5 gives a geometric explanation for the well-known fact that
isometric measure-preserving systems have zero entropy.

Condition (8) in Theorem 5.5 is the analogue of tameness from topological dynamics
[13, 30]. Its equivalence with the other conditions shows that tameness as distinct from
nullness is a specifically topological-dynamical phenomenon. This equivalence relies in
part, via Lemma 5.4, on the local argument used by Huang in the case G = Z to prove that
if X is metrizable and the system (X, G) is tame then every G-invariant Borel probability
measure on X is measure null [19, Theorem 5.2]. The following standard type of example
illustrates that the converse of Huang’s result fails in an extreme way.

Example 5.6. By Lemma 7.2 of [30], when G is Abelian, every nontrivial metrizable
weakly mixing system (X,G) is completely untame. We will show how to construct a
weakly mixing uniquely ergodic subshift (X,Z) with the invariant measure supported at
a fixed point. We indicate first how to construct weakly mixing subshifts (X,Z) with
X C {0,1}%. We shall construct two elements p and ¢ in {0,1}% so that (p,q) is a
transitive point for X x X where X is the orbit closure of p, and determine two increasing
sequences 0 = a; < az < ... and 0 = a} < @) < ... of nonnegative integers with
an < al, < ap4q for all n. Set p(k) = q(k) = 0 unless a,, < k < a), for some n. Set p(0) =1
and ¢(0) = 0. Suppose that we have determined ay,...,a, and a},...,a,, and p(k) and
q(k) for all k < al,. Take am41 to be any integer bigger than max(m,al,). f m+1=1
mod 3, we take a;, | = am+1 + 2m and set ¢ to be 0 on the interval [a,,41,a, ] while
setting p on [@my1,ay,,,] to be the shift of ¢ on [=m,m]. If m +1 =2 mod 3, we take
A1 = Gmy1 + 2m and set p to be 0 on the interval [ay,41,4a;, ] while setting ¢ on
[am+1, 0y, 41] to be the shift of p on [-m,m]. If m+ 1 = 0 mod 3, consider the set S
consisting of the sequences of values of p over the finite subintervals of (—oco, a},]. Consider
pairs of elements in S of the same length which don’t appear as the sequence of values of
(p, q) on some finite subinterval of (—o0, a,]. Choose one such pair (f, g) with the smallest
length d. Set a],,; = amy1 +d—1 and set p and ¢ to be f and g, respectively, on the
interval [am+1,a,, ). Then it is clear that (p, ¢) is a transitive point for X x X where X
is the orbit closure of p.

In general, note that if U is an open subset of X such that there is an infinite subset
H of G for which the sets hU for h € H are pairwise disjoint, then u(U) = 0 for any
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invariant Borel probability measure g on X. Denote by Y the complement of the union
of all such U. Then every invariant Borel probability measure p of X is supported on Y.
We claim that in the construction above, by choosing a,,+1 large enough at each step, we
can arrange for Y to consist of only the point 0. Then (X, Z) is uniquely ergodic and the
invariant measure is supported at 0. Note that Y is always an invariant closed subset of
X. Let V be the subset of X consisting of elements with value 1 at 0. It suffices to find an
infinite subset H = {hq, ha, ...} of Z such that the sets hV for h € H are pairwise disjoint.
Set h; = 0. Suppose that we have determined ay,...,an and df,...,a,, and hy, ..., hy,

' m

and p(k) and g(k) for all k < a],,. Take hyq1 > hy +a), —a1 and apmy1 > a;, + g1 — ha.

The following theorem addresses the extreme case of complete nonnullness, where we
see the same kind of topologization as in the entropy setting of Theorem 3.9. For the
definitions of the topological-dynamical properties of complete nonnullness, complete un-
tameness, uniform nonnullness of all orders, and uniform untameness of all orders, see
Sections 5 and 6 of [30].

Theorem 5.7. Let X = (X, 2", u,G) be a measure-preserving dynamical system. Let
Q = (Q,G) be the associated topological dynamical system on the spectrum Q of L>°(X, p).
Then the following are equivalent:

(1) X is weakly mizing,

(2) X is completely nonnull,

(3) for every nonscalar f € L*°(X, ) there is a X > 1 such that for every m € N there
exists a set I C G of cardinality m such that {as(f) : s € I} is A-equivalent to the
standard basis of {]",

4) every nonscalar element of L*°(X, 1) has an infinite {1-isomorphism set,

) 2 is completely nonnull,
) Q2 is completely untame,
) 2 is uniformly nonnull of all orders,
) Q2 is uniformly untame of all orders.

(
(5
(6
(7
(8

Proof. (1)=(8). Use Theorems 8.2, 8.6, and 9.10 of [30].

(8)=(7)=(5) and (8)=-(6). These implications hold for any topological system (see
Sections 5 and 6 of [30]).

(6)=(4). Apply Propositions 6.4 and 6.6 of [30].

(5)=(3). Apply Proposition 5.4 and Theorem 5.8 of [29].

(4)=(2), (3)=(2), and (2)=-(1). Apply Theorem 5.5. O

In analogy with Proposition 3.10, if (Y, %, v, G) and (Z, Z,w, G) are measure-preserving
G-systems and ¢ : L>®(Y,v) — L*®°(Z,w) is a G-equivariant unital positive linear map such
that w o ¢ = v, then p(Mx) C Ny. One can deduce this using the characterization of
functions in the maximal null von Neumann algebra in terms of either ¢;-isomorphism sets
or compact orbit closures in L?. In particular we see that isometric systems are disjoint
from weakly mixing systems. Of course it is well known more generally that distal systems
are disjoint from weak mixing systems (see Chapter 6 of [12]).
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