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ABSTRACT. We undertake a local analysis of combinatorial independence as it connects to
topological entropy within the framework of actions of sofic groups.

1. INTRODUCTION

Among the various phenomena in dynamics associated with randomness, weak mixing and
entropy stand out for the depth of their theory and the breadth of their applications (see for
example [12, 14]). In the setting of discrete acting groups, weak mixing makes sense in general
while entropy, as classically formulated, requires the group to be amenable. One can view these
two concepts in a unified way across both measurable and topological dynamics by means of the
combinatorial notion of independence. In close parallel with the ¢; theorems of Rosenthal and
Elton-Pajor in Banach space theory, weak mixing and positive entropy reflect two of the basic
regimes in which combinatorial independence can occur across the orbit of a tuple of sets in a
dynamical system. The first of these asks for independence over a subset of the group having
infinite cardinality, while the other requires this subset to satisfy a positive density condition.
Inspired by work in the local theory of entropy [18], the authors studied this connection between
independence, weak mixing, and entropy in [23, 24] as part of a program to develop a general
theory of combinatorial independence in dynamics.

Combinatorial independence is the basic set-theoretic expression of randomness in which we
are concerned not with the size of intersections, as in the probabilistic context, but merely
with their nonemptiness. A collection {(A;1,...,Aix)}ies of k-tuples of subsets of a set X
is independent if for every nonempty finite set ' C J and function w : F' — {1,...,k} the
intersection ;e A; (7) i3 nonempty. If a group G is acting on X then given a tuple (Ay, ..., Ag)
of subsets of X we say that a set J C G is an independence set for (A1, ..., Ag) if the collection
{(s7*Ay,...,571A})}ses is independent. In the case of an action of a countable amenable group
G on a compact Hausdorff space X, the independence density I(A) of a tuple A = (Ay, ..., Ag)
of subsets of X is defined as the limit of ¢ o(F")/|F| as the nonempty finite set ' C G becomes
more and more left invariant, where ¢4 (F) denotes the maximum of the cardinalities of the
independence sets for A which are contained in F' [23, Prop. 3.23]. We then say that a tuple
(z1,...,2x) € X* is an IE-tuple if for every product neighbourhood Uy x - - - x Uy of (z1,. .., xx)
the tuple U = (Uy,...,Uy) satisfies I(U) > 0. This condition on U is equivalent to the
existence of an independence set J C G for U which has positive density with respect to a
given tempered Fglner sequence {F;};cn in the sense that lim;_, |F; N J|/|F;| > 0. It turns out
that a nondiagonal tuple is an IE-tuple if and only if it is an entropy tuple [23, Sect. 3]. For
general acting G we define IT-tuples in the same way as [E-tuples except that we ask instead
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for the independence set to have infinite cardinality. Versions of IE-tuples and IT-tuples can
also be defined for probability-measure-preserving actions by requiring the condition on the
independence set to hold whenever we remove small parts of the sets sUy,...,sU; for each
s € G. The following are some of the results relating independence, weak mixing, and entropy
that were established in [23, 24].

(1) A continuous action G ~ X of an Abelian group on a compact Hausdorff space is
(topologically) weakly mixing if and only if every tuple of points in X is an IT-tuple (in
which case the action is said to be uniformly untame of all orders).

(2) A probability-measure-preserving action G ~ (X, ) of an arbitrary group is weakly
mixing if and only if its universal topological model is uniformly untame of all orders.

(3) A continuous action G ~ X of a discrete amenable group on a compact Hausdorff space
has positive topological entropy if and only if it has a nondiagonal IE-pair (for G = Z this
was first proved by Huang and Ye in [20] using measure-theoretic techniques). Moreover,
the action has uniformly positive entropy if and only if every pair of points in X is an
IE-pair, and uniformly positive entropy of all orders if and only if every tuple of points
in X is an IE-tuple.

(4) A probability-measure-preserving action G ~ (X, i) of a discrete amenable group has
positive measure entropy if and only if there is a nondiagonal measure IE-pair in some
topological model. Moreover, the action has complete positive entropy if and only if
every tuple of points is an IE-tuple in the universal topological model (for G = Z this
was proved by Glasner and Weiss in [16]).

Chung and the second author applied IE-tuples in [8] as part of a new approach for studying the
relation between homoclinicity and entropy in expansive algebraic actions that enabled them
to break the commutativity barrier and establish some duality-type equivalences for polycyclic-
by-finite acting groups. In this case, and more generally for actions of a countable amenable
group on a compact group X by automorphisms, the analysis of [E-tuples is governed by a single
closed invariant normal subgroup of X called the IE group [8, Sect. 7].

Recent seminal work of Bowen in [5] has expanded the scope of the classical theory of entropy
for actions of discrete amenable groups to the much broader realm of sofic acting groups. For
a countable group G, soficity can be expressed as the existence of a sequence ¥ = {o; : G —
Sym(d;)} of maps from G into finite permutation groups which is asymptotically multiplicative
and free in the sense that

1
(i) lim d—’{k € {1, di} 1 i (k) = 03,5000(k)}| = 1 for all 5, € G, and
1—00 (g

1
(i) lim d—‘{k €{l,...,di}: ois(k) # aw(k)}‘ =1 for all distinct s,t € G.
1—00 (g

Such a sequence for which lim; ., d; = co we call a sofic approrimation sequence. By measuring
the asymptotic exponential growth of dynamical models which are compatible with a fixed sofic
approximation sequence, Bowen defined in [5] a collection of invariants for probability-measure-
preserving actions of a countable sofic group admitting a generating partition with finite Shannon
entropy. A remarkable application of this sofic measure entropy was a far-reaching extension of
the Ornstein-Weiss classification of Bernoulli actions of amenable groups.

The authors developed in [25] a more general operator-algebraic approach to sofic entropy
that enables one to remove the generator hypothesis (see also [22] for a formulation in terms
of finite partitions). This led to a sofic version of topological entropy as well as a variational
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principle relating it to sofic measure entropy. We used this variational principle to compute the

sofic topological entropy of a principal algebraic action G ~ ZG/ZG f of a countable residually
finite group in the case that the sofic approximation sequence arises from finite quotients of G
and f is invertible in the full group C*-algebra C*(G). In line with previous work on algebraic
actions [6, 9, 28, 33] (see also the more recent [29]), this value turns out to be equal to the
logarithm of the Fuglede-Kadison determinant of f in the group von Neumann algebra £LG. We
also showed how topological entropy can be used to give a proof that Gottschalk’s surjunctivity
conjecture holds for countable sofic groups, a result originally established by Gromov in [19],
where the idea of soficity itself first appeared.

In the present work we initiate a local analysis of independence as it connects to topological
entropy within this broadened framework of actions of sofic groups. Given a continuous action
G ~ X of a countable sofic group and a sofic approximation sequence ¥ = {o; : G — Sym(d;)}
for G, we define the notion of a Y¥-IE-tuple by externalizing the positive independence den-
sity condition in the amenable case to the finite sets {1,...,d;} appearing in the sequence X
(Definition 4.3). We show in Section 4 that Y-IE-tuples share many of the same properties as
IE-tuples for actions of discrete amenable groups. In particular, the action G ~ X has positive
entropy with respect to X if and only if there is a nondiagonal >-IE-pair in X x X. On the other
hand, we do not know whether the product formula holds in general for X-IE-tuples. However,
granted that we use a free ultrafilter § over N to express the independence density condition in
the definition of ¥-IE-tuples, we demonstrate in Theorem 5.2 that the product formula holds
under the assumption of ergodicity on the action of the commutant of G inside the group of
measure-preserving automorphisms of the Loeb space [[z{1,...,d;} which arise from permuta-
tions of the sets {1,...,d;}. We then prove that this commutant acts ergodically when G is
residually finite and ¥ is built from finite quotients of G (Theorem 5.7), and also when G is
amenable and X is arbitrary (Theorem 5.8). In the case that G is nonamenable, a combination
of results of Elek and Szabo [13, Thm. 2] and Paunescu [36] shows that there exist X for which
the ergodicity condition fails.

The definition of IE-tuples for amenable G, as given in [23], involves an asymptotic density
condition over finite subsets of G which become more and more invariant. Although density in
this sense loses its meaning in the nonamenable case, we might nevertheless ask what the external
independence density in the definition of 3-IE-tuples implies about the degree of independent
behaviour across orbits in X. We observe in Proposition 4.6 that every ¥-IE-tuple (and more
generally every sofic IE-tuple as defined in Definition 4.3) is an orbit IE-tuple, by which we
mean that for every product neighbourhood Uy X --- x Uy of the given tuple (z1,...,x) in
X the tuple (U, ...,Us) has positive independence density over G in the sense that there is
a ¢ > 0 such that every finite set ' C G has a subset of cardinality at least ¢|F'| which is an
independence set for (Uj,...,Uy) (note that this definition makes sense for any acting group
G). We show moreover in Theorem 4.8 that, for amenable G, X-IE-tuples, IE-tuples, and orbit
IE-tuples are all the same thing. This puts us in the pleasant and somewhat surprising situation
that IE-tuples can be identified by a density condition that does not structurally depend on
amenability for its formulation, and raises the question about the relation between entropy and
orbit IE-tuples for nonamenable sofic G. In another direction, Theorem 7.1 asserts that if a tuple
of subsets of X has positive independence density over GG then it has an infinite independence
set in GG, which implies that every orbit IE-tuple is an I'T-tuple.
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By a theorem of Chung and the second author in [8], an algebraic action of a countable group

G is expansive if and only if it is either the dual action G ~ X4 := (ZG)"/(ZG)" A for some
n € N and matrix A € M, (ZG) which is invertible in M, (¢(G)), or the restriction of such an
action to a closed G-invariant subgroup of X 4. In the same paper it is shown that an expansive
algebraic action G ~ X of a polycyclic-by-finite group has completely positive entropy with
respect to the Haar measure prescisely when the TE group is equal to X, which is equivalent to
every tuple of points in X being an IE-tuple. It is also shown that, when G is amenable, every
action of the form G ~ X4 with A invertible in M, (¢}(G)) has the property that every tuple
of points in X is an IE-tuple (see Lemma 5.4 and Theorems 7.3 and 7.8 in [8]). We prove in
Theorem 6.7 that if G is a countable sofic group, n € N, and A is a matrix in M,,(ZG) which is
invertible in M, (¢1(G)), then the algebraic action G ~ X4 has the property that every tuple of
points in X 4 is a -IE-tuple for every sofic approximation sequence 3. We use this to answer
a question of Deninger in the case that G is residually finite by combining it with an argument
from [8] and the entropy computation for principal algebraic actions from [25] mentioned above
to deduce that if f is an element of ZG which is invertible in ¢!(G) and has no left inverse in
ZG then the Fuglede-Kadison determinant of f satisfies detgg f > 1 (Corollary 6.8). Deninger
asked whether this holds for all countable groups [10, Question 26], and affirmative answers were
given in [11] for residually finite amenable G and more generally in [8] for amenable G.

For a continuous action G ~ X of a countable group on a compact metrizable space with
compatible metric p, we say that a pair (z,y) € X x X is a Li-Yorke pair if

limsup p(sz,sy) >0 and liminf p(sz,sy) =0,

G3s—00 G3s—00

where the limit supremum and limit infimum mean the limits of sup,ce pp(sz,sy) and
infeq\ r p(s2, sy), respectively, over the net of finite subsets I of G. Note that the defini-
tion of Li-Yorke pair does not depend on the choice of the metric p. The action G ~ X is said
to be Li-Yorke chaotic if there is an uncountable subset Z of X such that every nondiagonal
pair (z,y) in Z x Z is a Li-Yorke pair. The notion of Li-Yorke chaos stems from [30]. In the
case of a continuous map 7 : X — X, a theorem Blanchard, Glasner, Kolyada, and Maass in
[3] states that positive entropy implies Li-Yorke chaos. In [23] the authors strengthened this
by showing that for every k > 2 and product neighbourhood U; x --- x Up of a nondiagonal
IE-tuple (z1,...,7;) € X* there are Cantor sets Z; C U; for i = 1, ...,k such that

(1) every nonempty tuple of points in [ J; Z; is an IE-tuple, and
(2) for all m € N, distinct y1,...,ym € U; Zi, and ¢}, ..., y,, € U; Zi one has

. n
liminf max p(T"yi,y;) = 0.

In Theorem 8.1 we show that a similar result holds when G is sofic and IE-tuples are replaced by
>-TE-tuples as defined with respect to a free ultrafilter § on N, where ¥ is any sofic approximation
sequence for G. Using § in the definition of entropy, we deduce that if the action has positive
entropy for some 3 then it is Li-Yorke chaotic.

The following diagram illustrates how some of the main results of the paper relate various
properties of actions of a countable discrete group G on a compact metrizable space X, which
we assume to have more than one point. In the left column we assume that G is sofic and that X
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is a fixed but arbitrary sofic approximation sequence. The unlabeled implications are trivial. By
pair we mean an element of X x X. See [23] for terminology related to tameness and nullness.

uniformly positive
entropy w.r.t.

4.4

. 4.6 every pair 7.2 uniformly untame uniformly nonnull
i ?%Yl]é)au;jr is an (every pair T (every pair

b orbit IE-pair is an IT-pair) is an IN-pair)

416(3) ﬂs.zx(z) in [23] ﬂ5.4(2) in [23]

positive entropy untame nonnull
w.r.t. X
4.16(3) ﬂ6.4(2) in [23] ﬂ5.4(2) in [23]

d nondiag. % d nondiag. é 3 nondiag. — 3 nondiag.
Y-1E-pair orbit IE-pair IT-pair IN-pair

8.1

Li-Yorke
chaotic

The organization of the paper is as follows. In Section 2 we set up some basic notation and
review sofic topological entropy. In Section 3 we introduce orbit IE-tuples and prove a product
formula for them. Section 4 introduces »-IE-tuples and includes our results relating them to
orbit IE-tuples. In Section 5 we focus on the product formula for 3-IE-tuples and the question
of ergodicity for the action of G’ on the Loeb space. Section 6 contains the material on algebraic
actions. In Section 7 we prove that positive independence density for a tuple of subsets implies
the existence of an infinite independence set, showing that orbit IE-tuples are IT-tuples. Finally
in Section 8 we establish the theorem connecting independence and entropy to Li-Yorke chaos
in the sofic framework.

Acknowledgements. The first author was partially supported by NSF grants DMS-0900938 and
DMS-1162309. The second author was partially supported by NSF grant DMS-1001625. We
are grateful to Wen Huang, Liviu Paunescu, and Xiangdong Ye for helpful comments.

2. SOFIC TOPOLOGICAL ENTROPY

We review here the definition of sofic topological entropy [25, 26] and in the process introduce
some of the basic notation and terminology appearing throughout the paper. Our approach will
bypass the operator algebra technology that appears in [25, 26].

Let Y be a set equipped with a pseudometric p and let € > 0. A set A C Y is said to be (p, e)-
separated if p(x,y) > € for all distinct =,y € A. Write N.(Y, p) for the maximum cardinality of
a (p, e)-separated subset of Y.

Let G ~ X be a continuous action of a countable sofic group on a compact metrizable space.
Let ¥ = {0; : G — Sym(d;)} be a sofic approximation sequence for GG, meaning that
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() Tim —[{k € {1, di} s ovur() = 055014(k)}| = 1 for all s,t € G,
i—oo d Z
(i) Tim ~|{k e {1,....d} - oi.s(k) # aw(k:)}‘ =1 for all distinct s,t € G,
i—o0 d;
and d; — oo as i — oco. Depending on the situation, for a € {1,...,d;} we may write o; 4(a),

oi(s)a, or sa to denote the image of a under the evaluation of o; at s.
Let p be a continuous pseudometric on X. For a given d € N, we define on the set of all maps
from {1,...,d} to X the pseudometrics
14 1/2
palec) = (33 tetanv@)?)
a=1

poolipy¥) = max p(p(a),¥(a)).

Definition 2.1. Let F' be a nonempty finite subset of G and § > 0. Let o be a map from G to
Sym(d) for some d € N. Define Map(p, F, d,0) to be the set of all maps ¢ : {1,...,d} — X such
that pa(pos, asp) < § for all s € F, where ay is the transformation x — sx of X.

Definition 2.2. Let F' be a nonempty finite subset of G and § > 0. For £ > 0 define
S2(p, F,0) = hmsupd—logN -(Map(p, F,0,0;), p2),
1—00 (2

lnf hE 2(p7 Fv 5)7
mfhz 20 F),

hz 2(07
S2(p
hs, 2(P = Sllp hz 2(p)s

) =
F) =
) =
) =
where F' in the third line ranges over the nonempty finite subsets of G. In the case that
Map(p, F, d,0;) is empty for all sufficiently large i, we set h%g(p, F,§) = —oo. We similarly
define h§; . (p, F,0), h$: oo (p, F), S, oo (p) and hy oo(p) using Ne(+, poo) in place of Ne(+, p2).

Instead of the limit supremum above we could have taken a limit over a fixed free ultrafilter
on N, whose utility is apparent for example if we wish to have a product formula (see Section 5).
We will also use this variant in Section 8.

The pseudometric p is said to be dynamically generating if for every pair of distinct points
x,y € X there is an s € G such that p(sz, sy) > 0.

Lemma 2.3. Suppose that p and p' are continuous pseudometrics on X and that p' is dynami-
cally generating. Let F' be a nonempty finite subset of G and § > 0. Then there exist a nonempty
finite subset F' of G and 0’ > 0 such that for any d € N and sufficiently good sofic approzimation
o : G — Sym(d) one has Map(p/, F',¢',0) C Map(p, F, ,0).

Proof. List the elements of G as si,S2,.... Since p’ is dynamically generating, we have the
compatible metric p” on X defined by

o
kz o7 '(skx, skY).

It follows that there are a nonempty finite subset F” of G and a 6” > 0 such that, for all
z,y € X, if maxsepn p/(sz,sy) < 6" then p(x,y) < §/2. Set F' = F" U (F"F). Let ¢’ > 0 and
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let o be a map from G to Sym(d) for some d € N. Let p € Map(p', F’,¢’,0). Then
{a e {1,...,d}: p/(s1s20(a),o((s152)a)) < V" and
0 (510(s9a), p(s1(s2a))) < V&' for all s; € F”, 55 € F}|
> (1 - 2|F"||F|8')d.
Suppose that 2v/6’ < §” and o is a good enough sofic approximation for G so that
Ha € {1,...,d} : (s152)a = s1(sea) for all s1 € F” sy € F}| > (1 —d')d.
Then
Ha € {1,...,d}: p(sp(a),p(sa)) < /2 for all s € F'}|
> Hae{l,...,d}: p(s1s20(a), s19(s0a)) < 2V for all s; € F”, 55 € F}|
> (1— (14 2|F"||F|)d)d.
It follows that when ¢’ is small enough independently of d and &, one has ¢ € Map(p, F,d,0). O

The following proposition is contained in Proposition 2.4 of [26], whose statement and proof
use the operator-algebraic formulation of sofic topological entropy from [25].

Proposition 2.4. Let p and p' be continuous pseudometrics on X which are dynamically gen-
erating. Then

hs2(p) = hs2(p') = hsoo(p) = hsco(p).

Proof. Since the pseudometric po, dominates the pseudometric pa, we have hy 2(p) < hy oo(p).
Next we argue that hy o (p) < hx2(p). Let F be a finite subset of G, 6 > 0, and ¢ a map
from G to Sym(d) for some d € N. Let 1/2 > & > 0. Let > 0 be the minimum of €2 and the
reciprocal of the minimum cardinality of an (£/2)-spanning subset of X with respect to p. Given
a ¢ € Map(p, F,0,0), every element in the open (p2,n)-ball in Map(p, F, d,0) around ¢ agrees
with ¢ to within /7, and hence to within ¢, on a subset of {1,...,d} of cardinality at least
(1 — n)d. Thus the maximum cardinality of a (pso,€)-separated subset of the open (p2,n)-ball
[nd] (d
(

around ¢ is at most ;75 j)n_j , which by Stirling’s approximation is bounded above, for all d

sufficiently large, by %%y~ for some B > 0 not depending on d with 8 — 0 as ¢ — 0. Hence
NE(Map(pv F7 (57 0-)7 Poo) < eﬁdn_ndNn(Map(pv Fa 57 0)7 p2)
It follows that
$00(p) < D5, 5(p) + B —nlogn,
and since 8 —nlogn — 0 as ¢ — 0 we conclude that hy, o (p) < hs2(p).

Finally we show that hx2(p) < hsa(p’), which will establish the proposition as we can
interchange the roles of p and p'.

Let € > 0. Since p is dynamically generating, we can find a finite set K C G and an
e > 0 such that, for all =,y € X, if p(sz,sy) < V3¢’ for all s € K then p'(z,9) < £/v2.
By shrinking ¢’ if necessary we may assume that 3¢’|K| < €2/2. Take a finite set ' C G
containing K and a 6 > 0 with § < &’ such that hgvg(p, F,¢) < h%/’Q(p) +¢e. Since p/ is
dynamically generating, by Lemma 2.3 there are a nonempty finite set F/ C G and a §' > 0

such that for any d € N and sufficiently good sofic approximation o : G — Sym(d) we have
Map(p', F',d',0) € Map(p, F, 9, 0).
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Given ¢,1 € Map(p', F', ', o) such that pa(p,v) < &, for each s € K we have, writing a; for
the transformation = — sz of X,

[32(0454,0, Oésw) < pZ(Oés(Pv (Pas) + 02(‘7003, ¢Us) + P2(¢Us, 053¢) <o+ +6 < 3¢’

This implies that there is a set W C {1,...,d} of cardinality at least (1 — 3¢’| K|)d such that for
all a € W we have p(sp(a), si(a)) < V3¢’ for every s € K and hence p/(p(a),v(a)) < e/V/2.
As a consequence, assuming (as we may by normalizing) that X has p’-diameter at most one,

(0, 1) < V(e/V2)? + 3¢'| K| < e.

It follows that
N-(Map(p', F',¢',0), p3) < No(Map(p, F,8,0), p2)
and hence 115272(p’,F’7 §) < h%’z(p, F,0), so that

o) < W0, T, 8) < 1o, F6) < BShg(p) + & < hsalp) +.
Since € was an arbitrary positive number we conclude that hyx 2(p) < hx 2(p). d

Definition 2.5. The topological entropy hs(X,G) of the action G ~ X with respect to X is
defined to be the common value in Proposition 2.4 over all dynamically generating continuous
pseudometrics on X.

Note that the approximate multiplicativity of a sofic approximation was only needed in the
proof of Lemma 2.3 to handle the situation in which one of p and p’ is not an actual metric.
Indeed we could have defined topological entropy more easily by using the obvious fact that
hs o (p) takes a common value over all compatible metrics on X, with Proposition 2.4 then
being regarded as a Kolmogorov-Sinai theorem. As with the (n,e)-separated set definition of
topological entropy for single transformations, it is by considering pseudometrics that we can
compute the entropy for a nontrivial example like the shift action G ~ {1,..., k}G. In this case
one can see that the value is log k independently of ¥ by considering the pseudometric p on
{1,...,k}¢ given by p(x,y) = 0 or 1 depending on whether or not the coordinates of 2 and y at
e agree. Indeed log k is easily seen to be an upper bound, and given a nonempty finite set F' C G,
a 0 > 0, and a good enough sofic approximation ¢ : G — Sym(d) we can construct a (pso,1/2)-
separated subset of Map(p, F, §, o) of cardinality k¢ by associating to every w € {1,...,k}¢ some
¢, € Map(p, F, 6, 0) defined by ¢, (a)(s™!) = w(os(a)) for all a € {1,...,d} and s € G.

For actions of amenable G, the entropy hy(X,G) coincides with the classical topological
entropy for every 3 [25]. Such an action always has a largest zero-entropy factor (i.e., a zero-
entropy factor such that every zero-entropy factor factors through it), called the topological
Pinsker factor [4]. More generally for sofic G, with respect to a fixed ¥ there exists a largest
factor of the action G ~ X which has entropy either 0 or —oco (note that the value —oo does not
occur for actions of amenable GG). This follows from the fact that the property of having entropy
0 or —oo is preserved under taking countable products and restricting to closed invariant sets.
We say that the action has completely positive entropy with respect to 3. if each of its nontrivial
factors has positive entropy with respect to X.

Unlike in the amenable case, the largest factor with entropy 0 or —oo might have factors with
positive entropy. In fact for every nonamenable G there exist zero-entropy actions of G which
have factors with positive entropy: Take an action G ~ X with hx(X,G) > 0 and an action
G ~ Y which has no G-invariant Borel probability measure, and consider the action of G on
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K := (X xY)][{z} where z is a point on which G acts trivially. Then hx(K,G) = 0 but the
quotient action on X [[{z} satisfies hx(X [[{z},G) > 0.

3. ORBIT IE-TUPLES

Let G ~ X be a continuous action of a discrete group on a compact Hausdorff space. Recall
from the introduction that if A = (A44,...,Ak) is a tuple of subsets of X then we say that a
subset F' of G is an independence set for A if for every finite subset J of F' and every function
w:J—=A{1,...,k} we have Jses 5~ Ay ) # 0.

Definition 3.1. Let A = (Ay,..., Ag) be a tuple of subsets of X. We define the independence
density of A (over G) to be the largest ¢ > 0 such that every finite set F' C G has a subset of
cardinality at least ¢|F’| which is an independence set for A.

Definition 3.2. We say that a tuple & = (x1,...,2) € X* is an orbit IE-tuple (or orbit IE-pair
in the case k = 2) if for every product neighbourhood Uy x - -+ x Uy of @ the tuple (U, ..., Uy)
has positive independence density. Write IE; (X, G) for the set of all orbit IE-tuples of length k.

As Theorem 4.8 below demonstrates, the notation IE; (X, G) is consistent with its use in [23]
when G is amenable.

The equality in the next theorem statement is understood with respect to the identification
of ((z1,...,2x), (Y1, yx)) € X¥ x Y¥ and ((z1,41),..., (zr, yx)) € (X x V).

Theorem 3.3. Let G ~ X and G ~ Y be continuous actions on compact Hausdorff spaces.
Let k € N. Then

IEx(X xY,G) = IEx(X, G) x IE4(Y, G).

Proof. The inclusion IE;x(X X Y,G) C IEx(X,G) x IE,(Y,G) is trivial. To prove the other
direction, it suffices to show that if A = (Ay, ..., Ay) is a tuple of subsets of X with independence
density ¢ and B = (By,...,By) is a tuple of subsets of ¥ with independence density r, then
A x B :=(A; x By,..., A x By) has independence density at least gr. Let F' be a nonempty
finite subset of G. Then we can find a J C F with |J| > ¢|F| which is an independence set for
A. We can then find a J; C J with |J1| > r|J| which as an independence set for B. Then .J; is
an independence set for A x B and |J1| > gqr|F). O

In [23] we defined a tuple = (z1,...,2;) € X* to be an IN-tuple if for every product
neighbourhood Uj X - - - x Uy, of @ the tuple (Uy, ..., Uy) has arbitrarily large finite independence
sets. The following fact is obvious.

Proposition 3.4. Suppose that G is infinite. Then every orbit IE-tuple is an IN-tuple.

We will strengthen this assertion in Theorem 7.1.

4. ¥-IE-TUPLES

Unless otherwise stated, throughout this section G is a countable sofic discrete group, subject
to further hypotheses as appropriate. We suppose G to be acting continuously on a compact
metrizable space X, and p denotes a dynamically generating continuous pseudometric on X
unless otherwise stated.
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In order to be able to define the notion of a sofic IE-tuple as appears in Proposition 4.6, we
will set up our definitions for a general sofic approximation net ¥ = {o; : G — Sym(d;) }, which
is formally defined in the same way as the sequential version.

Definition 4.1. Let A = (A41,..., Ax) be a tuple of subsets of X. Let F' be a nonempty finite
subset of G and 0 > 0. Let o be a map from G to Sym(d) for some d € N. We say that a set
d C{1,...,d} is a (p, F,d,0)-independence set for A if for every function w : § — {1,...,k}
there exists a ¢ € Map(p, I, 6, 0) such that p(a) € Ay, for every a € J.

Definition 4.2. Let A = (A1,..., Ax) be a tuple of subsets of X. Let ¥ = {o; : G — Sym(d;)}
be a sofic approximation net for G. We say that A has positive upper independence density over
> if there exists a ¢ > 0 such that for every nonempty finite set ' C GG and § > 0 there is a
cofinal set of ¢ for which A has a (p, F, 0, 0;)-independence set of cardinality at least gd;. By
Lemma 2.3 this definition does not depend on the choice of p.

For the purposes of Sections 5 and 8, we will consider a variation of the above definition in
which cofinality is replaced by the stronger requirement of membership in a fixed free ultrafilter
§ on N. The resulting notion of positive upper independence density over X with respect to §
will then be used when interpreting the following definition of X-IE-tuples.

By the universal sofic approzrimation net for G we mean the net (o, F') — o indexed by the
directed set of pairs (o, F') where o is a map from G to Sym(d) for some d € N and F is a
finite subset of G, and (¢' : G — Sym(d'), F') = (¢ : G — Sym(d), F) means that d’ > d and
V(' F)|/d > |V (o, F)|/d, where V(w, F) for a map w : G — Sym(c) denotes the set of all
a € {1,...,c} such that o(s)o(t)a = o(st)a for all s,t € F and o(s)a # o(t)a for all distinct
s, teF.

Definition 4.3. Let £ = {0; : G — Sym(d;)} be a sofic approximation net for G. We say that a
tuple € = (21,...,21) € X¥ is a B-IE-tuple (or X-IE-pair in the case k = 2) if for every product
neighbourhood Uj X - - - X Uy, of x the tuple (Uy, ..., Uy) has positive upper independence density
over ¥. We say that « is a sofic IE-tuple (or sofic IE-pair in the case k = 2) if it is a X-IE-tuple
for the universal sofic approximation net ¥. We denote the X-IE-tuples of length k by IEZ (X, G)
and the sofic IE-tuples of length k by IE{(X, G).

Note that TEY (X, G) C IE;*! (X, G) for every sofic approximation net .
We define 3-1E-tuples and sofic IE-tuples of sets in the same way as for points above.

Remark 4.4. It follows from Lemma 3.3 of [23] that a nondiagonal tuple of points in X is a
Y-IE-tuple if and only if it is a X-entropy tuple in the sense of Section 5 in [40]. In particular, if
in analogy with the amenable case we define the action to have uniformly positive entropy with
respect to 3 when every nondiagonal pair in X x X is a Y-entropy pair, then the action has this
property precisely when every pair in X x X is a 3-IE-pair.

We will need the following consequence of Karpovsky and Milman’s generalization of the
Sauer-Shelah lemma [21, 37, 39).

Lemma 4.5 ([21]). Given k > 2 and A > 1 there is a constant ¢ > 0 such that, for all n € N,
if S C {1,2,..., k}b2nd satisfies |S| > ((k — 1)A\)" then there is an I C {1,2,...,n} with
[I| > en and S|; = {1,2,...,k}.

Proposition 4.6. A sofic IE-tuple is an orbit IE-tuple.



INDEPENDENCE 11

Proof. Fix a compatible metric p on X. Let « = (1, ...,x) be a X-IE-tuple and Uy X - - - x Uy, a
product neighborhood of . We will show that the tuple (Uy, ..., U) has positive independence
density over G.

Suppose first that £ > 1. Take 1 < A < k—fl Then we have the constant ¢ > 0 in Lemma 4.5.

Let V1 x- -+ xV}, be a product neighborhood of & such that for some x > 0 the k-neighborhood
of Vj is contained in U; for all 1 < j < k. Then there exists a ¢ > 0 such that for every nonempty
finite subset F' of G and § > 0 there is a cofinal set of ¢ for which the tuple (Vi,...,V)) has a
(p, F, 9, 0;)-independence set g; of cardinality at least qd;.

Let F' be a nonempty finite subset of G. We will show F' has a subset of cardinality at least
(cq/2)|F| which is an independence set for the tuple (Ui,...,Uy). Let § be a small positive
number to be determined in a moment.

Take an ¢ in the above cofinal set with |[W;| > (1 — 0)d for W; := {a € {1,...,d;} : F eile
0;(F)a is injective}. For each w : J; — {1,...,k}, take a ¢, € Map(p, F, §,0) such that ¢, (a) €
Vi) for all a € ;. Then [{a € {1,...,d;} : p(spw(a), pu(sa)) < 62} > (1 — 8)d; for each
s € F and hence |A,| > (1 — |F|0)d; for

Ap={ae{l,...,d;}: p(sp,(a), ou(sa)) < 62 for all s € F}.
Set n = |F|. When nd < 1/2, the number of subsets of {1,...,d} of cardinality no greater

than ndd is equal to ZWMJ (J

less than exp(Bd) for some § > 0 depending on § and n but not on d when d is sufficiently large
with § — 0 as 6 — 0 for a fixed n. Thus when ¢ is small enough and i is large enough, there is

a subset Q; of {1,...,k}J with <(k 1)/\) di\QZ-] > k%l such that the set A,, is the same, say ©;,
for every w € Q, and |9;|/d; > 1 —|F|5. Then

] > klai|<<’f‘kl>k>qdi > gl ((’f _km>M = (k= 1)\,

By our choice of ¢, we can find a subset J; of J; with |J;| > ¢|d;| > cqd; such that every
€:J, — {1,...,k} extends to some w € €.

), which is at most ndd ( 4)» which by Stirling’s approximation is

Writing ¢ for the uniform probability measure on {1,...,d}, we have
/ 213/ sa)d¢(a Z/ 13/ sa)d¢(a)
Win©; sEF sel
|3'
>y —([FI+1)0 ) = (cq — (|F|+ 1)d)|F],
seF

and hence Y .cr 1y (sai) > (cq — (|[F|+1)0 )\F\ for some a; € W; N ©;. Then |J;| > (cq — (|F| +
1)0)|F| for J; :={s € F : sa; € J.}.

We claim that J; is an independence set for the tuple (Ui,...,Us) when § < x2. Let f €
{1,...,k}’i. Since a; € W;, the map J; 7o oi(J;)a; is bijective. Thus we can define & €
{1,...,k}?Ue by ¢ (sa;) = f(s) for s € J;. Extend & to some ¢ € {1,...,k}i. Then we
can extend £ to some w € ;. For every s € J;, since sa; € J; and a; € ©; = A, we have
Pw(8ai) € Vigsa) = Vi(s) and p(spw(ai), pu(sai)) < 61/2 < k. By the choice of k we have
sy (a;) € Ug(s). This proves our claim.

Taking d to be small enough, we have |J;| > (cq — (|F| + 1)0)|F| > (cq/2)|F| as desired.
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The case kK = 1 can be established by a simpler version of the above argument that considers
only a single map of the form ¢, and does not require the invocation of the constant ¢ from
Lemma 4.5 and the associated use of Stirling’s approximation. O

For the remainder of this subsection, ¥ = {o; : G — Sym(d;)} is a fixed but arbitrary sofic
approximation sequence.

In the case that G is amenable, the independence density I(A) of a tuple A of subsets of X
was defined on page 887 of [23] as the limit of w4 (F')/|F| as the nonempty finite set F' C G
becomes more and more left invariant, where ¢ 4 (F') denotes the maximum of the cardinalities of
the independence sets for A which are contained in F. A tuple (z1,...,2z;) € X" is an IE-tuple
if for every product neighbourhood Uy X - - - x Uy, of (21, ..., xy) the independence density I(U)
of the tuple U = (Uy, ..., Uy) is positive.

To establish Theorem 4.8 we need the following version of the Rokhlin lemma for sofic approx-
imations, which appears as Lemma 4.6 in [26]. For A > 0, a collection of subsets of {1,...,d} is
said to A-cover {1,...,d} if its union has cardinality at least A\d.

Lemma 4.7. Let G be a countable amenable discrete group. Let 0 <17 <1 and 0 <n < 1. Let
K be a nonempty finite subset of G and § > 0. Then there are an £ € N, nonempty finite subsets
Fi, ..., Fy of G with |KFy \ Fx| < 0|Fy| and |F,K \ Fy| < 0|Fg| for all k =1,...,¢, a finite set
F C G containing e, and an n' > 0 such that, for every d € N, every map o : G — Sym(d) for
which there is a set B C {1,...,d} satisfying |B| > (1 —n')d and

ost(a) = os0¢(a),05(a) # og(a),oc(a) =a

foralla € B and s,t,s' € F with s # &', and every set V C {1,...,d} with |V| > (1 —7)d, there
exist Cq,...,Cp CV such that

(1) for every k =1,...,¢, the map (s,c) — os(c) from Fy, x Cy to o(Fy)Cy is bijective,
(2) the family {o(F1)Ch,...,0(Fp)Cy} is disjoint and (1 — T —n)-covers {1,...,d}.

Theorem 4.8. Suppose that G is amenable. Then IE-tuples, orbit IE-tuples, ¥-1E-tuples, and
sofic IE-tuples are all the same thing.

Proof. By Proposition 4.6, sofic IE-tuples and Y-IE-tuples are orbit IE-tuples. That orbit IE-
tuples are IE-tuples is clear in view of the definition of the independence density I(A) of a
tuple A of subsets of X. It thus remains to show that IE-tuples are both sofic IE-tuples and
Y-TE-tuples.

To prove that IE-tuples are Y-IE-tuples, it suffices to demonstrate that, given a tuple U =
(Un,...,Ug) of subsets of X with I(U) > 0, the tuple U has positive upper independence density
over 3. Set A =I(U) > 0. Let F' be a nonempty finite subset of G and ¢ > 0.

Let n > 0, to be determined. By Lemma 4.7 we can find an £ € N and nonempty finite sets
Fy,...,F; C G such that (i) the sets F1,..., Fy are sufficiently left invariant so that for each
1 =1,...,¢ there is a set J; C F; which is an independence set for U and has cardinality at
least A|F;|/2, and (ii) for every good enough sofic approximation o : G — Sym(d) there exist
Cy,...,Cp C{1,...,d} satisfying the following:

(1) for every i = 1,...,¢ and ¢ € C;, the map s — o5(c) from F; to o(F;)c is bijective,
(2) the family of sets o(F;)cfori =1,...,¢and ¢ € C; is disjoint and (1—n)-covers {1,...,d}.
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Let 0 : G — Sym(d) be a sufficiently good sofic approximation for G for some d € N. For
every h = (hi,...,hy) € [[2; X© take a map oy, : {1,...,d} — X such that

pn(sc) = s(hi(c))

foralli € {1,...,0}, c € C;, and s € F;. We may assume in our invocation of Lemma 4.7 above
that the sets Fi,...,Fy are sufficiently left invariant so that, assuming that n is sufficiently
small and o is a sufficiently good sofic approximation, we have ¢, € Map(p, F, §,0) for every
h € [Tfe; X Write § for the subset {1 Usc.s, Ueec, 0s(c) of {1,...,d}. From (1) and (2) we
obtain

8] = Zuucv}: RG] > 50—y > G

assuming that 7 < 1/2. Now whenever we are given w; € {1,...,k}” for i = 1,...,¢ we can
find, since each J; is an independence set for U, an h = (hy,...,hy) € Hle X% such that
shi(c) € U,,(s) for alli =1,... £ and s € J;. The maps ¢y, for such h then witness the fact that
d is a (p, F, 6, 0)-independence set for U. It follows that U has positive upper independence
density over X. Hence IE-tuples are X-IE-tuples.

The above argument also shows that IE-tuples are sofic IE-tuples, and so we are done.

One can also give the following direct proof that IE-tuples are orbit IE-tuples. It suffices
to show that if A = (A4;,...,Ag) is a tuple of subsets of X and ¢ > 0 is such that for every
nonempty finite subset K of G and € > 0 there exist a nonempty finite subset F' of G with
|[KF\ F| < ¢|F| and a J C F with |J| > ¢|F| which is an independence set for A, then the
independence density of A over G is at least ¢q. Let F} be a nonempty finite subset of G. Let
1> 0 > 0. Take € > 0 be a small number which we shall determine in a moment. Then there
exist a nonempty finite subset F' of G with |F;'F \ F| < ¢|F| and a J C F with |J| > ¢|F|
which is an independence set for A. Set F' = {s € F': Fl_ls C F'}. Taking ¢ to be small enough,
we have |F’| > (1 —0)|F|. Note that the function Y ,cr 15, s has value |Fy| at every point of F”.

Thus
Z Z 1ps(t) = |J N F||Fy).
teJNF’ se€F

We also have

Z Zle Z Z 1r (1) Z‘Fpsﬂ JﬂF)‘

teJNF’ seF sEF te JNF' seF
Therefore we can find an s € F' with
|J N F'||F]

\Fisn (JNF)| >
|F|

> (q = 0)|Fa.

Since F1N(JNF’)s™! is an independence set for A, we deduce that F} has a subset of cardinality
at least (¢—9)|F1| which is an independence set for A. Letting § — 0, we get that F; has a subset
of cardinality at least g|Fi| which is an independence set for A. Therefore the independence
density I(A) of A is at least ¢, and so we conclude that IE-tuples are orbit IE-tuples. O

The surprising fact above is that IE-tuples are orbit IE-tuples in the amenable case. It is clear
however for a Bernoulli action that all tuples are orbit IE-tuples. Notice also that the argument
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above works equally well if in the definition of X-IE-tuples we use positive upper independence
density over X with respect to a fixed free ultrafilter §.

Remark 4.9. The product formula for IE-tuples as defined in the amenable framework was
established in Theorem 3.15 of [23] using a measure-theoretic argument. We can now combine
Theorems 4.8 and 3.3 to obtain a combinatorial proof.

Remark 4.10. The proof of Theorem 4.8 shows that the independence density I(A), as defined
on page 887 of [23] and recalled before the theorem statement, coincides with the independence
density defined in Definition 3.1. We may thus use the notation I(A) without ambiguity to
denote the more general independence density of Definition 3.1.

Remark 4.11. When G is amenable, it is clear from the classical (n, €)-separated set formulation
of topological entropy that the entropy of an action G ~ X is bounded below by the supremum
of I(A)logk over all pairs (k, A) where ¥ € N and A is a k-tuple of pairwise disjoint closed
subsets of X. For Bernoulli actions the two quantities are equal. In the nonamenable case, the
entropy fails in general to be bounded below by sup( 4y I(A)logk, where I(A) is as defined
in Remark 4.10. Indeed an example of Ornstein and Weiss [35, Appendix C| shows that the
Bernoulli action F» ~ {0, 1}f2 over the free group on two generators has Bernoulli factors over
arbitrarily large finite sets of symbols, in which case the supremum is infinite.

We next aim to establish some basic properties of ¥-IE-tuples in Proposition 4.16.
From Lemma 3.6 of [23] we obtain:

Lemma 4.12. Let k € N. Then there is a constant ¢ > 0 depending only on k with the following
property. Let A = (Ay,...,Ay) be a k-tuple of subsets of X and suppose Ay = A1 1 U A1 2. Let
F be a nonempty finite subset of G and 6 > 0. Let o be a map from G to Sym(d) for some
deN. IfasetJCA{l,...,d} is a(p, F,d,0)-independence set for A, then there exists an I C J
such that |I| > c|J| and I is a (p, F, 9, 0)-independence set for (Ai1,...,Ar) or (Aiz2,..., Ax).

From Lemma 4.12 we get:

Lemma 4.13. Let A = (Ay,...,Ar) be a k-tuple of subsets of X which has positive upper
independence density over ¥. Suppose that A1 = A1 U A12. Then at least one of the tuples
(A11,...,Ax) and (A1 2,..., Ag) has positive upper independence density over X.

Lemma 4.14. hx(X,G) > 0 if and only if there are disjoint closed subsets Ay and Ay of X
such that (Ao, A1) has positive upper independence density over X.

Proof. Let p be a compatible metric on X with diam,(X) < 1. Then hx (p) = hx(X,G).
The “if” part is obvious. So assume ks o(p) > 0. Then h§_ (p) > 0 for some & > 0. Set
c= h%foo(p)/l

Take a finite (p, 2¢)-dense subset Z of X. Consider on X the continuous pseudometrics p?,
for z € Z, and p’ given by

p*(z,y) = |p(x,z) — p(y,2),  p'(x,y) = max p°(x,y).

Note that if p(z,y) > 6e for some z,y € X, then p/(z,y) > 2e. It follows that if d € N and ¢
and ¢ are maps from {1,...,d} to X with p(p,1) > 6¢, then pl (p, 1) > 2e.

Take an increasing sequence { F}, },en of nonempty finite subsets of G with union G and a de-
creasing sequence {0y, }nen of positive numbers converging to 0. For each n € N, there is a cofinal
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set I, of i for which one has Ng.(Map(p, Fi,, On, 04), Poo) > €xp(cd;). Then Noo(Map(p, Fr, 0n, 0:), ph) >
exp(cd;) for all i € I,,. For each i € I,, and z € Z take a (pZ,,¢)-separated subset W; . of
Map(p, Fy,, 0p, 0;) of maximum cardinality. Then

Nae(Map(p, Fn, 0, 04), poo) < H Wizl = H Ne(Map(p, Fi, 0n, 03), pao)-
z2€Z z€Z

Thus N.(Map(p, Fy, 8n, i), pac’*) > exp(cd;/|Z]) for some z,; € Z. Replacing I,, by a confinal
subset if necessary, we may assume that z,; is the same, say z,, for all ¢ € I,,. Passing to a
subsequence of {(F),dn)}nen if necessary, we may assume that z, is the same, say 3, for all
n € N.

Note that if W is a (pi,e)-separated subset of Map(p, Fy,, dp, 0;), then the set {p(3,-) o ¢ :
@ € W} in £% is (|| - ||co, €)-separated. By [16, Lemma 2.3], there are constants ¢’ and § > 0
depending only on ¢/|Z| and ¢ such that for every n € N and large enough ¢ € I, there are a
tni € [0,1] and a subset Jy,; of {1,...,d;} with |J,,;| > /d; so that for every w : J,,; — {0,1}
there are a ¢, € Map(p, F},, 0n,0;) such that for all a € J,; we have p(3, pw(a)) > t,; + 9 or
p(3, pw(a)) < t,; — 6 depending on whether w(a) = 0 or w(a) = 1. Replacing I,, by a confinal
subset if necessary, we may assume that there is a ¢, € [0,1] such that |t,; —t,| < /4 for
all i € I,. Replacing {F,,d,}nen by a subsequence if necessary, we may assume that there
is a t € [0,1] such that |t, —t| < §/4 for all n € N. Set Ay = {z € X : p(3,2) >t +/2}
and A1 = {o € X : p(3,2) < t—6/2}. Then for every n € N and ¢ € I, the set J,; is
a (p, Fp, 0n, 0;)-independence set for (Ag, A1). Thus (Ag, A1) has positive upper independence
density over 3. O

The following is obvious.

Lemma 4.15. hx(X,G) > 0 if and only if X as a 1-tuple has positive upper independence
density over X.

Proposition 4.16. The following are true:

et (A1,...,Ar) be a tuple of closed subsets o whaich has positive upper independence
1) Let (A Ag) b le of closed subsets of X which h independ
density over ¥.. Then there exists a X-IE-tuple (x1,...,xy) withxj € Aj for all1 < j <
k.
, 18 nonempty if and only if hy(X,G) > 0.
2) IET(X,G) i if and only if hx(X,G) >0
(3) IEY (X, G) \ A2(X) is nonempty if and only if hx(X,G) > 0, where Ao(X) denotes the
diagonal in X?2.
, 18 a closed subset o which 1s tnvariant under the product action.
4IE§XG‘ losed sub f X* which is i ) der th d '
9) Let m: , — (Y, e a factor map. en (m X -+ X , - ,G).
L X,G Y,G) be a f Th IEY (X, Q) CIEZ (Y, G
(6) Suppose that Z is a closed G-invariant subset of X. Then IEZ(Z,G) C IEF (X, G).

Proof. Assertion (1) follows from Lemma 4.13 and a simple compactness argument. Assertion
(2) follows from assertion (1) and Lemma 4.15. Assertion (3) follows directly from assertion (1)
and Lemma 4.14. Assertion (4) follows from the observation that, given a compatible metric
p of X, for any s € G, nonempty finite subset ' of G, and § > 0 there is a &' > 0 such that,
for every d € N and map o : G — Sym(d) which is a good enough sofic approximation for
G, if o € Map(p, {s7 1} U (s71F),d,0), then azo poa,1 € Map(p, F,6,0), where ay is the
transformation = — sz of X. Assertions (5) and (6) are trivial. O
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Remark 4.17. The inclusion in (5) above is an equality when G is amenable, since X-1E-tuples
are the same as IE-tuples by Theorem 4.8. Equality can fail however if G is nonamenable: Take
an action G ~ X with hx(X,G) = —oo and an action G ~ Y with hx(Y,G) > 0. Then
G "~ Y has a nondiagonal >-IE-pair, while the product action G ~ X x Y, which factors onto
G Y via the second coordinate projection, satisfies hy(X x Y,G) = —oo and hence has no
nondiagonal Y-IE-pairs.

Remark 4.18. The analogue for orbit IE-tuples of the localization in Proposition 4.16(1) does
not hold in the nonamenable case. Indeed for any action G ~ X of a discrete group the 1-tuple
X has positive independence density, while the boundary action Fo ~ 0F5 of the free group
on two generators (where OF, consists of infinite reduced words in the standard generators and
their inverses, with the action by left concatenation and reduction) is easily seen not to admit
any orbit IE-1-tuples.

From Proposition 4.16(5) we get the following. As in Theorem 3.3, the inclusion below
is understood with respect to the identification of ((x1,...,z%), (Y1,...,yr)) € X* x Y* and

((':Ul’ y1)> ceey (xk’a yk)) € (X X Y)k
Proposition 4.19. IE7 (X x Y,G) C IEZ(X,G) x IE} (Y, G).

The problem of the reverse inclusion will be taken up in the next section.

For the remainder of this section X is the unit ball of /P(G) for some 1 < p < oo equipped
with the pointwise convergence topology, and the action G ~ X is by left shifts. We will use
some of the above results to compute the sofic topological entropy of this action to be zero when
G is infinite.

Recall from the end of Section 3 that a tuple = (x1,...,7;) € X* is an IN-tuple if for every
product neighbourhood Uy x --- x Uy of x the tuple (Uy,...,Us) has arbitrarily large finite
independence sets. We write IN (X, G) for the set of IN-tuples of length k.

Lemma 4.20. For every k € N the set INi(X, G) consists of the single element (0,...,0).

Proof. Clearly (0,...,0) € IN;(X) for every k € N. Also note that if ® = (x1,...,zx) € INx(X)
then z1,..., 2z € IN;(X). Thus it suffices to show IN;(X) C {0}.

Let z € X with x # 0. Then (tx). # 0 for some t € G. Set r = |(tx).|/2 > 0 and
U={y € X : |y >r} Then U is a neighborhood of ¢z in X. Let F C G be a finite
independence set for U. Then Nyep s~ U is nonempty. Take y € Nsep 8 1U. Then sy € U and
hence |ys—1| = |(sy)e| > r for every s € F. It follows that

[Flr? <3y [P < [lyllh <1,
seF

and hence |F| < r~P. Therefore tz ¢ IN;(X). Since IN;(X) is G-invariant, z ¢ IN;(X). O
Proposition 4.21. Suppose that G is infinite. Then hx(X,G) = 0.

Proof. By Lemma 4.20, Propositions 4.16(2), and Propositions 4.6 and 3.4, we have hx (X, G)
0. Since X has the fixed point 0, we have hx(X,G) > 0. Therefore hx(X,G) = 0.

LI IA
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5. ProbpucT FORMULA FOR IE-TUPLES

In order to hope for a product formula for X-IE-tuples beyond the amenable case, we must
be able to witness independence density in some uniform way, in analogy with the definition of
orbit IE-tuples in Section 3 (see Theorem 3.3). This can be achieved by taking a free ultrafilter
§ on N and requiring that the independence sets in Definition 4.2 exist for a set of i belonging
to § instead a cofinal set of 7. Thus for the purposes of this section we fix a free ultrafilter § on
N and switch to definition of ¥-IE-tuples based on this interpretation of positive density. We
will similarly understand sofic topological entropy to be defined by using an ultralimit over §
in Definition 2.5 instead of the limit supremum. We do not know whether our product formula
results, Proposition 5.1 and Theorem 5.2, hold for the original definitions.

For the first part of our discussion, up to and including Lemma 5.6, G is a countable sofic
group and ¥ = {o; : G — Sym(d;)}{2; a fixed but arbitrary sofic approximation sequence for G.

Proposition 5.1. Let G act continuously on compact metrizable spaces X and Y. Then
hE(X X Y:G) - hE(X7 G) + hZ(Yv G)

Proof. Fix compatible metrics pX and p¥ on X and Y respectively. Define a compatible metric
pxxy on X XY by

XxY((

P 21, 91), (T2, 92)) = p~ (21, 22) + p¥ (y1,92)

for (z1,91), (z2,y2) € X X Y.
Let d € N. Identify (X x Y){d} with X{bdt 5 yil-d} paturally. Note that for all
0, € X ALd} and P, € Yy {L-d} one has

max (p3 (¢, '), p (1, 0)) < p3 Y (0, 0), (', ¥)) < p3 (0, ¢) + py (0, 9).

Let F' be a nonempty finite subset of G, § > 0, and € > 0, and let ¢ be a map from G to

Sym(d). Then Map(pX, F,§,0) x Map(p¥, F,6,0) C Map(pX*Y, F,25,0). Furthermore, for

every (ps,)-separated subset #y of Map(p™, F,d,0) and every (p} ,¢)-separated subset #4 of

Map(pX, F, 8, 0), the set #x x #y is (p?xy,e)—separated. It follows that h%g(pXXY,F, 20) >
%’2(px, F,0) + h%?Q(py,F, 9), and hence hx(X x Y,G) > hx(X,G) + hx(Y, G).

Note that for any (p3,¢)-spanning subset #x of Map(p~, F,d,0) and any (p},¢)-spanning
subset #4 of Map(pX, F,6,0), the set #x x #y is (pgfxy, 2¢)-spanning for (though not neces-
sarily contained in) Map(p*X*Y, F,6,0). It follows that Ny (p**Y, F,6,0) < N.(p*X,F,6,0) x
N.(p¥,F,8,0), and hence h%fQ(pXXY,F, 5) < h%z(pX,F,é) + h%z(pY,F, ). Consequently,
hE(XXY,G) Shg(X,G)—FhE(Y,G). O

The Loeb space and the Loeb measure were introduced by Loeb in [34]. An exposition
can be found in [1]. The Loeb space is the ultraproduct space [[z{1,...,d;}. A subset Y
of TTz{1,...,d;} is called internal if it is of the form [z Y; for a sequence {Y;}ien with ¥; C
{1,...,d;} for all i € N. The collection J of inner subsets is an algebra. The Loeb measure is the
unique probability measure p on the o-algebra B generated by J such that u(Y) = lim; 5 |Y:|/d;
for every internal set Y = [[zY;. For every Z € B there exists a Y € J such that u(YAZ) = 0.

For each d € N, denote by ppamm the normalized Hamming distance on Sym(d) defined by

Prtamm (7, 7') = $|{a € {1,....d} : (a) # 7 (@)}].
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The ultraproduct group [Jz Sym(d;) has a natural action on [[z{1,...,d;} preserving . One
has a bi-invariant pseudometric pz, on [z Sym(d;) defined by pr(7,7") = p({y € [I5{1,...,di} :
Ty # 7'y}). For any 7 = (1);, 7" = (7]); € [[5Sym(d;) with 7,7/ € Sym(d;) for all i € N,
one has pr(7,7') = lim; 5 pHamm (74, 7}). Denote by & the quotient group of [[z Sym(d;) by pr.
Then we may think of & as acting on [[z{1,...,d;} by p-preserving transformations.
The sofic approximation sequence Y. gives rise to a natural group embedding of G into &.
Thus we may think of G as a subgroup of &. Denote by G’ the subgroup of & consisting of
elements commuting with G.
As before, the equality below is understood with respect to the identification of ((x1,...,zk), (y1,...,yx)) €
XEx YR and ((z1,y1),. .., (zr, yx)) € (X x V).

Theorem 5.2. Suppose that the action of G' on ([[z{1,...,d;i}, B, ) is ergodic. Let G act
continuously on compact metrizable spaces X and Y. Let k € N. Then

IEY (X x Y,G) = IEZ (X, G) x IE; (Y, G).
We prove the theorem by way of the following results.

Definition 5.3. Let G act continuously on a compact metrizable space X. Let p be a dynami-
cally generating continuous pseudometric on X. Let A = (Ay,..., Ax) be a tuple of subsets of
X. We say that an internal set Y = [[zY; with ¥; C {1,...,d;} for all i € N is an independence
set for A if for every nonempty finite subset F' of G and every & > 0 the set of all ¢ € N for
which Y; is a (p, F, d, 0;)-independence set for A belongs to §.

From Lemma 2.3 it is easy to see that Definition 5.3 does not depend on the choice of p.

Consistent with our interpretation of the equality in Theorem 5.2, in Proposition 5.4 and
Lemma 5.6 we understand A x B to mean (A; X By, ..., Ay X By) where A = (Ay,..., A) and
B = (By,...,By).

Proposition 5.4. Let G act continuously on compact metrizable spaces X and Y. Let A and
B be k-tuples of subsets of X and Y respectively for some k € N. Then the following hold:

(1) A has positive upper independence density over ¥ if and only if A has an internal
independence set Z with u(Z) > 0.

(2) The set of internal independence sets for A is G'-invariant.

(3) An internal set is an independence set for A x B if and only if it is an independence set

for both A and B.

Proof. Fix a compatible metric p on X which gives X diameter at most 1.

(1). The “if” part is obvious. Suppose that A has positive upper independence density over
Y. Let ¢ > 0 be as in Definition 4.2. Let {F}, },en be an increasing sequence of finite subsets of
G with Upen Fro = G. For each n € N, denote by W), the set of all i € N for which there is a
(px, Fn,1/n,0;)-independence set Z; for A with ((Z;) > q. Also set W, = W)\ {1,...,n —1}.
Then W, € § by our assumption and hence W,, € § for each n € N. Note that the sequence
{Wy }nen is decreasing, and ey Wa = 0.

We define an internal set Z = [[5 Z; as follows. If i € N\ Wy, we take any Z; C {1,...,d;}.
If i € W, \ W41 for some n € N, we take Z; to be a (p, F,,,1/n,0;)-independence set for
A with |Z;|/d; > q. Then Z; is a (p, F,,,1/n,0;)-independence set for A for all n € N and
i € W,. Thus Z is an internal independence set for A. As |Z;|/d; > g for all ¢ € Wj, we have
w(Z) = lim;_,z ((Z;) > q. This proves the “only if” part.
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(2). Let Z = [[5Z; be an internal independence set for A, and let 7 = (7;); € G'. Then
7Z = [[z 7i%i. Let F' be a nonempty finite subset of G and 1 > ¢ > 0. Then the set W of all
i € N for which Z; is a (p, F, d, 0;)-independence set for A is in §. Since 7 € G’, the set V of
all ¢ € N for which maxgcp pHamm(Tflai’s,aiysTfl) < 6% is also in §. Then VN W is in §. For
every i1 € V, ¢ € Map(p, F,9,0;), and s € F one has

-1 -1
p2(asopoT o1 00;s)

—1 —1 —1 —1
<palagopoT, ,poaisoT, )+ pa(pooisoT, ,pOT, 00;s)

< pa(asop,po Ui,s) + (pHamm(Ti Lo 045,045 © 7}‘_1))1/2
<6+ 6 =20,

where oy is the transformation = — sx of X, and hence ¢ o Tl-_l € Map(p, F,26,0;). It follows
that for every ¢ € V. N W the set 1;2Z; is a (p, F, 20, 0;)-independence set for A. Therefore 77 is
an internal independence set for A.

(3). This can be proved using arguments similar to the proof of Proposition 5.1. O

Lemma 5.5. Suppose that I' is a subgroup of & and the action of I' on ([[z{1,...,d;}, B, n) is
ergodic. LetY,Z € B be such that (YY), u(Z) > 0. Then u(Y N7Z) > 0 for some T €T.

Proof. Set r = supp p(Urer 7Z) with F ranging over the nonempty countable subsets of T'.
Then we can find nonempty finite subsets I, Fo, ... of I' such that r = lim, o0 (Urep, 772).
Set W = Upen Fn and Z' = J,ew 7Z. Then W is a countable subset of I" and r = u(Z’). For
every 7' € T' we have u(Z U 7'Z) = w(Urewurw 74) < r and hence u(7'Z \ Z) = 0. Since the
action of I" on ([[z{1,...,d;}, B, u) is ergodic, we conclude that 7 = 1. Thus u(Y) = (Y NZ') <
Srew (Y N7Z), and hence (Y N7Z) > 0 for some 7 € W. O

Lemma 5.6. Suppose that the action of G' on ([Tz{1,...,di},B, ) is ergodic. Let G act
continuously on compact metrizable spaces X and Y. Let k € N and let A and B be k-tuples of
subsets of X and Y, respectively. Suppose that both A and B have positive upper independence
density over . Then A X B also has positive upper independence density over 3.

Proof. This follows from Proposition 5.4 and Lemma 5.5. U

Theorem 5.2 now follows from Proposition 4.19 and Lemma 5.6.

The remainder of this section is devoted to the problem of when the ergodicity hypothesis in
Theorem 5.2 is satisfied. We prove that this happens when G is residually finite and > arises
from finite quotients of G, and also when G is amenable and ¥ is arbitrary. A combination of
results of Elek and Szabo [13, Thm. 2] and Paunescu [36] shows on the other hand that if G is
nonamenable then there is always a sofic approximation sequence ¥ for which the commutant
G’ does not act ergodically.

Let G be an infinite residually finite group, and let {G;};cny be a sequence of finite-index
normal subgroups of G such that ,,en Ui>n Gi = {e}. Then we have the sofic approximation
sequence ¥ = {o; : G — Sym(|G/G;|)} by identifying {1,...,|G/G;|} with G/G; and setting
0i(s)(tG;) = stG; for s, t € G.

Theorem 5.7. Under the above hypotheses, the action of G' on ([Tz{1,...,|G/G;il}, B, 1) is
ergodic.
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Proof. Consider the right multiplication action o’ of G/G; on itself given by o}(sG;)(tG;) =
tsT1G; for s,t € G. Since this commutes with o;, it suffices to show that the action of
[Izoi(G/G;) € G" on ([I5{1,...,|G/Gil|}, B, i) is ergodic.

Let Y; C G/G;. Then, using the £'-norm with respect to the uniform probability measure on
G/qu

1
1G/Gi] Z ‘U;(SGZ)%LA%Z’ = Z Hlffi(SGi)‘di — 1y, 1
¢ sGiGG/Gi SGZ'EG/GZ'
> Yo lotsay, — 1G/Gil - 1y,
SGZ'GG/GZ' 1

=19l - 1¢s6, —1G/Gil -1,

2|G|’Xic|; | <’G/Gi! - w).

Thus there is some s;G; € G/G; with |G/G ||0 (5:Gi)YiAY;| > 2|G‘,3C|7, |< %)

Let Y = [[5Y; be an internal subset of [[z{1,...,|G/Gy|}. Take s;G; € G/G; as above for
each i € N. Set s = (5;G;);. Then

/ 0 (5:G) Y AY,|
Yl < il )
hm2 1-— =2u(Y)(1 — u(Y)).
G\ ~fajar) ~ A=)
If u(o’(s)YAY) =0, then p(Y) = 0 or 1. This finishes the proof. O

Theorem 5.8. Let G be a countable amenable group. For every sofic approximation sequence
Y for G, the action of G' on ([[z{1,...,di},B, ) is ergodic.

The proof of Theorem 5.8 requires several lemmas.

We will use the following terminology. Let (X, ) be a finite measure space and let § > 0. A
family of measurable subsets of X is said to d-cover X if its union has measure at least ou(X).
A collection {A;}ier of positive measure sets is d-disjoint if there exist pairwise disjoint sets
A; C A; such that pu(A;) > (1 — 8)u(A;) for all i € 1.

The following is the Rokhlin lemma for sofic approximations, which is based on the quasitiling
theory of Ornstein and Weiss and appears as Lemma 4.5 in [26]. The statement of the latter
does not contain condition (3) below, but it is not hard to see from the proof in [26] that it can
be arranged.

Lemma 5.9. Let G be a countable discrete group. Let 0 < 0 < 1, and 0 < n < 1. Then there
are an V' € N and x,n"” > 0 such that, whenever e € Fy C Fy C --- C Fy are finite subsets of G
with |(F 1 Fy) \ Fg| < 6|Fy| for k=2,...,, there exist \1,..., \p € [0,1] such that for every
0 > 0, every sufficiently large d € N (depending on ¢), every map o : G — Sym(d) with a set
B C{1,...,d} satisfying |B| > (1 —n")d and

ost(a) = os0¢(a), os(a) # og(a), oge(a) =a

foralla € B and s,t,s' € FyUF, " with s # s', and every set V C {1,...,d} with |V| > (1-0)d,
there exist C1,...,Cp CV such that
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(1) for everyk=1,...,¢ and c € Ck, the map s — os(c) from Fy to o(F)c is bijective,

(2) the sets o(F1)Cy,...,0(Fp)Cp are pairwise disjoint and the family | Jo_,{o(Fi)c : ¢ € G}
is m-disjoint and (1 — 6 —n)-covers {1,...,d},

(3) Yhei llo(Fi)Ckl/d — M| < 6.

Lemma 5.10. Let G be a countable discrete group. Let F' be a nonempty finite subset of G.
For every d € N, every map o : G — Sym(d), every set B C {1,...,d} satisfying

os(a) # oi(a)
for all a € B and distinct s,t € F, every §J C {1,...,d}, and every 0 < A < 1, there exists a
V C B such that |V| > W and |o(F)ang| > A|F| for alla € V.

Proof. Set X ={1,...,d}. Denote by ¢ the uniform probability measure on X. One has

72\0 Jan{| = /Zl (z)

aGB aeB

— [ E tema@)dc@) - [ 5 1male) o)

acB \HaEB

3 1F
> B - /X L Flace)

_ B[ F] |3!
SetV:{aeB:|a(F)aﬂH\>A|F|} Then

LS po(pyanal < PIFL | (B1=90AIF
d d
aEB
Hhus VI-|F| | (1B~ [VDAIF| _ |B|- |F] Al
| B e
a d = d ( )’F|

It follows that
|B|(1 =) —d+ ]|
1—A '

The proof of Lemma 4.4 in [26] shows the following.

V| >

Lemma 5.11. Let (X, ) be a finite measure space. Let 6,m € [0,1) and let {A;}icr be a finite
d-even covering of X by positive measure sets. Then every n-disjoint subcollection of {A;}icr
can be enlarged to an n-disjoint subcollection of {A;}icr which n(1 — d)-covers X.

Lemma 5.12. Let G be a countable discrete group. Let F' be a nonempty finite subset of G,
0<7<1,and 0<n<1/2. Then for every large enough d € N, every map o : G — Sym(d)
with sets By, By C {1,...,d} satisfying |B;| > (5 + 3-22)d and

os(a) # oi(a)

for all a € B; and distinct s,t € F, and every 31,32 C {1,...,d} with |J;| > 7d fori = 1,2,
there exist C; C B; such that

(1) for every i = 1,2, the family {o(F)c: c € C;} is n-disjoint and n{g-covers {1,...,d},
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(2) there is a bijection ¢ : C1 — Ca such that for any ¢ € C1, one has |[{s € F : o5(c) €
J1,05(p(c)) € 23] = (5)*|F.

Proof. Note that for all distinct a,c € {1,...,d} and s € F we have
os(a) # os(c).
Taking A = 7/2 and J = J; in Lemma 5.10, we find a V; C B; such that |Vq|/d >

B NG > (/20220)/ @ T)A AT 2 and [o(F)a N dy|/|F| > 5 for all @ € V.

Observe that

2_
Z\o(F>c|=\Fr~|vlrz|F|.;d:,F|.<1_ 27)d7

ceVy

so that the family {o(F)c}cev, is a 257-even covering of {1,...,d} with multiplicity |F|. By
Lemma 5.11, we can find a set Wi C V; such that the family {o(F)c}eew, is n-disjoint and
ng-covers {1,...,d}. We may assume that |o(F)W1| < n7d/2 4 |F]|.

List all the subsets of F' with cardinality [|F|7/2] as Fi,..., F, for some n € N, where [z]
for a real number x denotes the smallest integer no less than x. Then we can write Wy as the
disjoint union of sets Wy ; for 1 < j < n such that o(Fj)c C J; for all 1 < j <n and ¢ € Wy ;.
Throwing away those empty Wi ;, we may assume that each Wi ; is nonempty.

For each 1 < j < n, taking A = 7/2 and J = J2 in Lemma 5.10, we find a V5 ; C B such that

|V27j /d Z |'BQ|(1*/\)1/_d;1+|32|/d 2 (T/2+(2*27’)/§2_7/\T))(17)\)*1+T — % and |O_(Fj)am82|/‘Fj’ 2 % fOI'
all a € VQJ'.
We will recursively construct pairwise disjoint sets Ca 1, ..., Cap such that the family {o(F')c :

c € Cyy,1 < j < n}isn-disjoint, and Co; C Vo ; and [|Co ;| = [|W1]/2] for every 1 < j < n,
where |z| for any real number x denotes the largest integer no bigger than x.
Note that

T 2—T
> lo(F)l = |Fl-Vas = 1] G = |7l (1257 )a
ceVa 1

so that the family {o(F)c}cev,, is a 2T _even covering of {1,...,d} with multiplicity |F|. By

Lemma 5.11, we can find a set Wa; C Va1 such that the family {o(F')c}cew,, is n-disjoint and
ng-covers {1,...,d}. Note that

.
(Wo| - [F] 2 o (E)W2,| 2 n5d,
and since the family {o(F')c}.ew, is n-disjoint, we have
1 T
(1) Wil [Pl < (1 =)Wl - [F] < |o(E)W1] <ngd + | F].

Thus

1

Wil [F| < [Waal - |F] + |F,
and hence

1 1
Wa 1| > §\W1! -1> §!W1,1! — 1.

Therefore we can take a subset Ca 1 of Wo 1 with cardinality L%\W“H
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Suppose that we have found pairwise disjoint sets Ca1,...,Cy ) for some 1 < k < n such that
the family {o(F)c:c e Cy;,1 < j <k} is n-disjoint, and € ; C Vo j and [Co ;| = [|W1,4]/2] for
every 1 < j < k. Note that

Z ‘U(F)C| = ‘F| . V27k+1 U U 627]'

c€V2 k1 <<k €2, 1<j<k

T 2—71
> P Vol 2 171 §a= 171 (1257 )a

so that the family {o(F)c _ is a 257-even covering of {1,...,d} with multi-
CEVz’kJrlUUISJSk GQ’J 2

plicity |F|. By Lemma 5.11, we can find a set Wa 41 € Vo 41 \Ui<j<k C2,j such that the family
{U(F)C}CEWMHUUlgjgk ¢, is n-disjoint and n3-covers {1,...,d}. Note that

<\W2,k+1!+ 3 rez,j\)-\F\z a<F>(w2,k+lu U ez,j)

1<j<k 1<j<k

2n%d

Thus, combining with (1), we have

1 1
5 2 Wil [Fl < 5wl |F]
1<5<k+1

- (\wz,mr s reg,j\) ||+ 1F)

1<j<k
1
< (Wenl 3 30 Wusl)-IF1+ 17
1<5<k
and hence
1
Wa ki1] > §|W1,k+1\ -1
Therefore we can take a subset Cy ;11 of Wa 41 with cardinality L%\W1,k+1|J. This completes
the recursive construction.
For each 1 < j <n take a subset Cy,; of Wy ; with cardinality ||[W1 ;|/2]. Set €; = Ui<j<n Cij

for i = 1,2. Take a bijection ¢ : €; — €3 such that ¢(Cy ;) = Cy; for all 1 < j < n. For each
¢ € Cy, considering j such that ¢ € C; ; one has

5 € F: 04(0) € 01,0,(0(6)) € 8o} 2 s € s 0,((0) € B2}
2
> 515> (3) 17

.
(Wal-|F| Z!O(vavl\Zin§d,

Note that

and hence for i =1, 2,

1 1 1
= ¥ leul > ¥ (5Wasl-1) > giwil -2 > gy

1<j<n 1<j<n
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when d is sufficiently large. Since the family {o(F)c: ¢ € C;} is n-disjoint, we get
T T
o(F)Ci| > (1~ )€l - |F| = (L—mnZd > n-d.
O

Lemma 5.13. Let G be a countable discrete group. Let 0 < 7 < 1, and 0 < n < 1/2 with
N1g < 15:, where 7' = T + 2 27 < 1. Then there are an £ € N and ' > 0 such that, whenever
ec N CF, C..-CFEyare ﬁmte subsets of G with \(Fk_le) \ Fi| < |Fy| for k =2,...,¢,
for every large enough d € N, every map o : G — Sym(d) with a set B C {1,...,d} satisfying
|B| > (1 —1n")d and

ost(a) = os0¢(a), os(a) # og(a), oe(a) =a

for alla € B and s,t,s' € F LJF[1 with s # 8, and any J1,d2 C {1,...,d} with |J;| > 7d for
i = 1,2, there exist C;1,...,C;p € B such that

(1) for everyi = 1,2, k =1,...,¢ and ¢ € C;, the map s — os(c) from Fy, to o(Fy)c is
bijective,

(2) for every i = 1,2, the sets o(F1)Cin,...,0(F;)Ciy are pairwise disjoint, the family
U£:1{U(Fk)c tc € @i} is n-disjoint, and (1 —mn) 154 (Fr)Cigl < (1 — 24 +
n)d,

(3) for every k =1,...,£, there is a bijection ¢y, : C1 — Coy such that for each c € Cyy,
one has |{s € Fy, : 05(c) € d1,0s(pr(c)) € d2}| > (5 )?|Frl.

Proof. Set ' = < T . Then Enlﬁ > :
We will recursively construct sets C} 1,...,C; ;¢ in reverse order so that (i ) for every 1 = 1,2 and
1 <k </, the sets o(Fg)Cy,...,0(F,)C; , are pairwise disjoint and the family Ul —p{o(Fr)e
c € €, }is n-disjoint and (£ —k+ 1)7716—covers {1,...,d}, and (ii) for every k = 1,...,¢, there is
a bijection ¢y, : €], — € such that for every ¢ € € ; one has |{s € F : 05(c) € J1,05(¢k(c)) €
D] > (521

Taklng B; =B for ¢ = 1,2 in Lemma 5.12 we find G’ C B for i = 1,2 such that the family
{o(Fp)e : c € €} is n-disjoint and nfg-covers {1,. d} for i = 1,2 and there is a bijection
we: €y — €y with [{s € Fy 1 05(c) € 31,05(pe(c)) € 32}] > (5)%|Fy| for all c € €] ,.

Suppose that 1 < k < ¢ and we have found C; R TR GZ ; € B for i = 1,2 such that the sets
o(Fe41)€ iy, .-+, 0(F)C] , are pairwise disjoint and the family U s {o(Fu)c:c€ €] ntis7-
disjoint and (E—k:)nl%—covers {1,...,d} for each i = 1,2, and there is a bijection ¢; : C} ; — €5 ;
with [{s € Fj : 05(c) € 51,03(<Pj(c)) € J2}| > (3)*|Fs| forall j =k +1,...,L and ¢ € € ;. Set
Oi e = | U —pyr 0(F)C; | /d and By = {c € B : o(Fi)e N (US—pyy o(F))C m.) =0} fori=1,2.

If 1 — 7" —n <30 for some m = 1,2, then we set C; ;, = 0 for each i = 1,2. Then

/

1—T’—77’d_1—7'

d.
3 6

U ot

Jj=k

_gmkd>

| Fj| =

l
> 1€,
=k
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Since the family U?Zk{a(Fj)c :c €} is n-disjoint, one has

l ¢
U oEpei;| = a—n)d 1€, |Fl
=k =k
1—7 1—7 T T
> (1— d> d>nrd>l—k+Dn—d
Z (1 =n)—g—d= —5=d=ped > (= k+1)ng

fori=1,2.
Assume that 1 — 7/ —n' > 30, for every i = 1,2. Let i € {1,2}. For every ¢ € B\ B, we
have o4(c) = o¢(a) for some j € {k+1,...,4},a € C, ;, t € F}, and s € Fy, and hence

Z7j7
V4
—1 /
c=04105(c) = 04-10¢(a) = o4-14(a) € U o(Fy Fj)(fm.
j=k+1

Therefore
14
B\Bir C |J o(F 'F)E;.
j=k+1
Since the family U§:k+1{a(Fj)c :c € €} is n-disjoint we have

1L ¢ ¢
B SRl < Y (=nlEl-le < | | o(F)e;| = bird.
j=k+1 J=k+1 j=k+1
Thus
¢ ¢ ¢
U U(sz_le)e;,j < U U((Fk_le)\Fj)e;,j + U U(Fj) ;]
J=k+1 j=k+1 j=k+1
< > NFF)\Fil €] + 0ikd
j=k+1
¢
< D FELE)\F| - 1€ 5]+ 0ixd
Jj=k+1
¢
< Z |Fj| - |G ] + 0ind
j=k+1
< 30, 1d.
Therefore
¢
Bikl =Bl =B\ Bix| = (1 —7Yd—| |J o(F,'F)e;
j=k+1
> (1—1n)d— 30; 1d
> 7'd.

Taking B; = B, in Lemma 5.12, we find G;,k C B for i = 1,2 such that the family
{o(Fk)e : ¢ € €]} is n-disjoint and nfz-covers {1,...,d} for i = 1,2 and there is a bijection
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or = €y — €y with [{s € Fy, : 04(c) € J1,05(pr(c)) € d2}| > (§)?|Fy| for all ¢ € € 1.k~ Then
for each 7 = 1,2, the sets o (Fy)C},...,0(F,)C; , are pairwise disjoint, the family U]:k{O'( Fj)c:
c € € ;} is n-disjoint, and

¢
UO‘F C

J=k

L

U U(Fj)e;,j

j=k+1
T T T

>p—d+ (0 —kyn—d=({ — k +1)n—d

> e + ( )7716 ( + )7716 ,

j| = o (Pl +

completing the recursive construction.
When d is large enough, take a subset C; j, of 6/1,k for each 1 < k < £ such that

<[ Qe

Set Co = ¢r(Cy ) for each 1 < k < ¢. Since the families Uﬁzl{a(Fk)c tc €@t fori=1,2
are n-disjoint, we have

1—7

o
T d+n(1—n)d.

14

l /
1—7
U o(Fr)Cop| > | o(F)Cik| > (1 —n) 51 &
k=1 k=1
and
14 L —
F; F; —
kL:Jl (Fie)Cop| < kL=J1U k)C1k (1_77 21 +77>d

We are ready to prove Theorem 5.8.

Proof of Theorem 5.8. 1t suffices to show that for any internal sets Y = [[z Y, and Z = [[z Z
with strictly positive measure, there is some s € G’ with ©(Z NsY) > 0. In turn it is enough
to show that there is some A > 0 such that for every finite subset I’ of G and £ > 0 the set of
all n € N for which there is some ¢ € Sym(d,,) satisfying pgamm (¢©0s,0s¢) < € for all s € F' and
% > X belongs to §.

Set 7 = min(u(Y),u(2))/2, 7 = T + 3= and)\:%. Take 0 < 1 < 1/2 to be a

—T b
177

small number with 7z < , to be determined in a moment. Then the set V of all n € N
satisfying min(]%n|/dn, |Zn|/dn) > T belongs to §. Let £ and ' be as in Lemma 5.13. We may

assume that 7' < /2. Set 6 = i n)g 1247 +5 49/, Let ¢, k, and n” be as in Lemma 5.9. Take
FICF,C---CF, CF CF,C---C Fyto be finite subsets of G containing e such that

(1) |((F£’,)_1Fk) \ Fi| < n|Fy| forall k =1,...,¢,

(2) |(F}_))"*FD)\FL| < s|F}|forallk =2,...,¢ and |F| > (1—n)|F}|forallk =1,...,¢,
where | = {s € F}: Fs C F|}, and

(3) [(Fi- Fx) \ Fi| < |Fy| for all k = 2,...,¢ and |Fy| > (1 —n)|Fg| for all k = 1,...,¢,
where Fj, = {s € F,: Fs C F}.
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Then we have Aq,..., Ay as in Lemma 5.9. When n € V is large enough, one has |B| >
(1 — min(n’,n"))d,, where B denotes the set of all a € {1,...,d,} satisfying

Un,st(a> = Un,san,t(a)7 Un,s(a) 7é Un,s’(a)a Jn,e(a>

for all s,t € (F U Fy) U (F U F,)~! and distinct s,s" € Fy U F[l, and one has C;1,...,Cr C B
for i = 1,2 as in Lemma 5.13 for d = d,,, 0 = 0, J1 = Yn, and Jo = Z,,.

Let i € {1,2}. Set V; = {c € B : 0p(Fh)e N Usey on(Fp)Cix = 0}. Then B\ V; C
Ub—y on((F}) " Fy)€; k. Since the family (Ji_,{on(F))c: ¢ € €;x} is n-disjoint, one has

V4
1BA\Vi| < | | on((Fp) " Fr)Cix
k=1
Y4
< | U on((Fp) " F) \ Fir)Cis| + | U on(Fr
k=1 h=1

on((Fp) T Fi) \ Fi)Ci| +

,Q

IN
ij

k=1
l V4
<D N(ER) T )\ Fil - (€l + U
k=1 k=1
l 0
<Y |l 1Cikl 4+ | U on(Fr)Cin
k=1 k=1
n 0
< ( + 1) U on(Fr)Cix
1=n k 1
1 1-— i
<
T (1-n)? 24 d +1— s

and thus
Vil = B] = [B\ Vi| = (1 - 0)dy.

Take § > 0 with 2nd + 2nd¢’ + 26¢' < n. Taking V = V; in Lemma 5.9, when n € V is large
enough, we find C;;,..., €}, CV; such that

(1) for every k =1,...,¢" and c € €} ;, the map s + 0y, 5(c) from F} to oy, (F])c is bijective,

(2) the sets 0, (F{)C; 1, ..., 00 (F})C; , are pairwise disjoint and the family Ui, {on(F))e

c € €, } is n-disjoint and (1 =6 —n)-covers {1,...,d},
(3) St o (FL)CL il /dn — Akl < 6.
Note that

k=1

For each 1 < k < /', take CG’lk and CQkCG’Qk with

ZAk<—

TL

|C1 k| = 1C5 4| = min(]€Y |, €5 4]).
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Take a bijection ¢} : €], — €5 ,. We have

1
1€kl - [FE] = 1€y 4] - [FY] < 1_n10n(Fé) Lkl = lon(Fg) € 1|

< (1+ 20)|on(Fr) €Y | — lom (F5)Ch 4
< (14 2n) (A, +0)dn — (A — 0)d,,
= (2n\g + 210 + 20)d,,
and similarly [C) ;| - [Fy| — |€ |- [FE| < (2nAg + 200 + 26)d,,. Thus for each i = 1,2 one has
lon(FR) (€ \ CTp)l < 1C7 4 \ Gyl - [FF
= [1€% | - 15| — (€4 k] - [FR]l < 20Xk + 206 + 20)dn,

and hence
A A
U Un(Flé)( ;k \ e;/k) = Z |Un(F12)( ;k \ e;/k:)‘
k=1 k=1
é/
< Z(2n)\k + 2nd + 26)d,,
k=1
< (2n(1 +6) + 206" + 250")d,, < 3nd,,.
Therefore
4 V4 v
U on(FL)C k| > U on(FR)C | — U on(Fy) (€ x \ 1)
k=1 k=1 k=1
> (1_9_77)dn_377dn: (1_0_477)dn
fori=1,2.

Since the families | Ji_,{on(Fk)c : ¢ € C;x} for i = 1,2 are n-disjoint, we can find F; . C F},
with |Fjc| > (1 —n)|Fg| for all i = 1,2, k = 1,...,¢, and ¢ € C;; so that for each i = 1,2,
the sets o, (Fjc)c for ¢ € Uk 1 Ci are pairwise d1s301nt For every k = 1,...,¢ and ¢ € Cyy,
set F, = F1.N Fy g, (o) and F,={seF,: Fs C F,}. Then |F,| > (1—277)]Fk| and |F.| >
|Fl = 20| F| - |[F| > (1= (2 F| + 1)) | Fy|. i i}

Similarly, for every 1 < k < ¢ and c € €7, we find some F; C Fy with [F¢| > (1 — 2n)|Fy|
such that the sets oy, (F!)c for ¢ € (i, CY s, as well as the sets on(ED) gl (c) for ¢ € U, CY or
are pairwise disjoint. Setting F! = {s € F!: Fs C F!'}, we have |F!| > (1 — (2|F| + 1)n)|F}.

Note that

U U el

k=1ceCy g

Y Y R

k=1c€Cy i

zg Z (1= 2IF| +1)n)| Fy|

14

U on(Fr)C1k
k=1

> (1 (2F|+ 1))
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> (1 2|F|+ Ln) (1 —n)

Similarly,

> (1- (2IF| + 1)n)

v ) v
U U oulte Ua
k=1cee], k=1

> (1= (2|F| + 1)n) (1 — 0 — 4n)dy.
Set W = (Uk 1 Ueee, , @ ( e)e ) <Uk 1Ucee” Un(ﬁc/)c>~ Then

/

WI > (1= @F|+ 1n) (1= m) o+ (1= QIF + 1)9)(1~ 6 — dn)d.

Take a ¢ € Sym(dy) such that ¢(oy,s(c)) = ons(pr(c)) for all k = 1,...,¢, ¢ € Cyy, and
s € Fe, and @(on,s5(c)) = ons(pp(c)) forall k =1,..., ¢, c € Cf, and s € Fy. For every s € F,
note that oy, s = w0, s on W, and hence
Wi
dn

<1—(1-@IF|+1)n)1-n)

pHamm(Un,sSD7 (Po—n,s) <1-

1—7

24

—(1=QF|+1)n)(1-60—4n) <e

when 7 is small enough. We also have

lp(Yn) N Zp| > Z Z [{s € F.:on 5(¢) € Ynyons(pr(c)) € Zn}

k= 1c€€1k

¢
> Y ({s € Fi:ons(c) € Yn, ons(pk(c)) € Zn}| — 20| Fi])

k=1 Ceelyk
-
>3 % ((5) 18- 20im )
k=1c€eCq g
72 72 4
=Y g’FM > 5 U on(Fr)Cu
k=1c€Cy 5 k=1
7'2 1—7 21-—7
—(1— — dp, = Ad
8 =n = 24 "7 16 24 " "
when 7 is small enough. OJ

Question 5.14. Does every countable sofic group G admit a sofic approximation sequence X
such that the action of G’ on ([[3{1,...,d;}, B, ) is ergodic?

6. IE-TUPLES AND ALGEBRAIC ACTIONS

By an algebraic action we mean an action of a countable discrete group G on a compact
metrizable Abelian group X by (continuous) automorphisms. The structure of such an action

is captured by the Pontryagin dual X viewed as a module over the integral group ring ZG.
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The ring ZG consists of the finitely supported Z-valued functions on G, which we write in the
form Y .cq fss, with addition (3 ,eq fs8) + seq 9sS) = Dseq(fs + gs)s and multiplication
(Xsea fs8)(Xsea 9s8) = Ysea(Xtea ftgi-14)s.

Given a matrix A in M, (ZG), the left action of G on (ZG)"/(ZG)™ A gives rise via Pontryagin
duality to the algebraic action G ~ X4 := (ZG)"/(ZG)"A. Write A* for the matrix in M,,(ZQG)
whose (i, j) entry is the result of applying the involution (Y ,cqr fs8)* = Sseq fss~ ! to the (5, 1)

entry of A. Viewing (ZG)" as ((R/Z)%)", we can then identify X4 with the closed G-invariant
subset
{iC € ((R/Z)G)n g A" = 0((R/Z)G)n}

of ((R/Z)%)™ equipped with the action of G' by left translation. In the case that A is invertible
in M, (¢1(G)) the action G ~ X4 is expansive, and in fact such actions and their restrictions to
closed G-invariant subgroups constitute precisely all of the expansive algebraic actions [8, Thm.
3.1]. When G is amenable, given an action of the form G ~ X4 with A invertible in M, (¢1(G)),
every tuple of points in X is an IE-tuple (see Lemma 5.4 and Theorems 7.3 and 7.8 in [8]). We
will extend this result in two ways in Theorems 6.6 and 6.7, which demonstrate that in broader
contexts independent behaviour similarly saturates the structure of actions of the form G ~ X4
with A invertible in M, (¢*(G)).

First however we examine orbit IE-tuples in the context of actions G ~ X on a compact
metrizable (not necessarily Abelian) group by automorphisms. It was shown in [8, Theorem 7.3]
that, when G is amenable, the IE-tuples for such an action are determined by a closed G-invariant
normal subgroup of X called the IE group. We now proceed to record some observations showing
that the basic theory of the IE-group from [8] can be extended from amenable G to general G
using orbit IE-tuples. Thus G will be an arbitrary countable discrete group until we turn to the
sofic setting in Theorem 6.7.

The proof of Lemma 3.11 in [23] shows the following:

Lemma 6.1. Let G act continuously on a compact metrizable space X. Let A be a Borel subset
of X, and p a G-invariant Borel probability measure on X. Then A has independence density
at least p(A) over G.

From Lemma 6.1 we immediately obtain:

Lemma 6.2. Let G act continuously on a compact metrizable space X. Let i be a G-invariant
Borel probability measure on X. Then every point in the support of i is an orbit IE-1-tuple.

We now suppose that G acts continuously on a compact metrizable group X by automor-
phisms. From Lemma 6.2 we have:

Lemma 6.3. Every point of X is an orbit IE-1-tuple.

Denote by IE(X) the set of all z € X such that (z,ex) is an orbit IE-pair, where ex is the
identity element of X. The proof of Theorem 7.3 in [8] shows the following.

Theorem 6.4. IE(X) is a closed G-invariant normal subgroup of X. For every k € N the set
IEL(X, G) of all orbit IE-k-tuples is a closed G-invariant subgroup of the group X* and

IEk(XJG) = {(x1y77xky) X1y .., Tk S IE(X)7 Yy € X}
={(yz1,...,yzx) : x1,..., 2 € IE(X), y € X}.
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Now we suppose that X is Abelian. In this case a point x € X is said to be 1-homoclinic if
the function s — @(sx) — 1 on G lies in £1(G) for every ¢ in the Pontryagin dual X. The set of
I-homoclinic points is written A!(X). This set was studied in [31, 32, 38] in the case G = Z4
and in [8] for more general G. From the proof of Theorem 7.8 in [8] we obtain the following.

Theorem 6.5. Suppose that X isa finitely generated left ZG-module. Then A'(X) C IE(X).
From Theorem 6.5 and [8, Lemma 5.4] we obtain:

Theorem 6.6. Letn € N, and let A be an element of M,,(ZG) which is invertible in M, ({*(G)).
Then for the action G ~ X 4 one has IE(X4) = Xa.

Now we let G be a countable sofic group and ¥ = {o; : G — Sym(d;)}$2; a sofic approximation
sequence for G.

Theorem 6.7. Letn € N, and let A be an element of M, (ZG) which is invertible in M,,(¢*(Q)).
Consider the action G ~ Xa. Then, for each k € N, every k-tuple of points in X is a X-1E-
tuple.

Before proceeding to the proof of Theorem 6.7, we give an application to a problem of
Deninger. For an invertible element f in the group von Neumann algebra LG of a count-
able discrete group G the Fuglede-Kadison determinant is defined by detgg f = exp tr(log | f])
where tr is the canonical trace on £LG. In [10, Question 26] Deninger asked whether detgg f > 1
whenever f € ZG is invertible in ¢*(G) and has no left inverse in ZG. An affirmative answer
was given by Deninger and Schmidt in the case that G is residually finite and amenable [11,
Cor. 6.7] and more generally by Chung and the second author in the case G is amenable [8,
Corollary 7.9]. Using Theorem 6.7, Proposition 4.16(3), Theorem 7.1 in [25], and the argument
in the proof of Corollary 7.9 in [8], we obtain an answer to Deninger’s question for all countable
residually finite groups:

Corollary 6.8. Suppose that G is residually finite and that f is an element of ZG which is
invertible in (1(G) and has no left inverse in ZG. Then detgg f > 1.

Let n € N. For A = (Aij)lgi,jgn € Mn(gl(G)), we set

1Al =" [lAglh-

1<ij<n
For (ai,...,a,) € R, we set ||(a1,...,an)|loo = maxi<j<n |aj]. For &: {1,...,d} — Z", we set

[€]loc = max [[£(5)][oo-

1<j<d

Denote by P the natural quotient map (R")¢ — ((R/Z)™)%. Denote by p the canonical metric
on R/Z defined by
p(t1 + Z,te + Z) := min |t; — ta —m].
meZ

By abuse of notation, we also use p to denote the metric on (R/Z)™ defined by
p((ar, ... apn), (b1,...,by)) = 1r£]a§xnp(aj, b;).

Via the coordinate map at the identity element of G, we will think of p as a continuous pseudo-
metric on ((R/Z)")%.
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Lemma 6.9. Let n € N, and let A be an element of M, (ZG) which is invertible in M, (¢1(G)).
Consider the action G ~ X 4. Let F' be a nonempty finite subset of G and let M,§ > 0. For
every d € N, good enough sofic approximation o : G — Sym(d), and & : {1,...,d} — Z" with
1€lloe < M, if we define h: {1,...,d} = (ZM)% and ¢ : {1,...,d} — X by

(h(a));-1 = &(ta) for allt € G

and
p(a) = P((h(a))(A*)7h)
then ¢ € Map(p, F,6,0).

Proof. Since (A*)™! € My(¢}(@)), there exists a nonempty finite subset K of G such that for all
21,22 € (Z™)% such that ||21]/0o, ||22]lcc < M and 21, 22 coincide on K, one has ||(z1(A*)™1), —
(22(A*) Helloo < §/2, which implies that p(P(z1(A*)™1), P(22(A4%)71)) < 6/2.

Denote by A the set of all a € {1,...,d} satisfying t(sa) = (ts)a for all t € K~! and s € F.
When o is a good enough sofic approximation for G, one has |A| > (1 —(§/2)?)d. Let a € A and

s € F. Then
s(p(a)) = P((s(h(a)))(A*)™)

p(sa) = P((h(sa))(A")71).

and

For every t € K1 one has

(s(h(a)))i-1 = (h(a))s-11-1 = &((Es)a) = &(t(sa)) = (h(sa))e-1.
Thus, by the choice of K, we have p(s(¢(a)), ¢(sa)) < 6/2. Note that ((R/Z)") has diameter
1 under p. It follows that

pa(sp(-), p(s) < ((6/2)° + 1= [A]/d)"/? <6.
Therefore ¢ € Map(p, F, 4§, 0). O
We are ready to prove Theorem 6.7.

Proof of Theorem 6.7. Denote by A(X4) the set of homoclinic points in X4, i.e., the points
x € X4 such that sz converges to the identity element as G 2 s — co. By [11, Thm. 4.6] (see
also [8, Lemma 5.4 and Prop. 5.2]), A(X4) is dense in X 4. By Proposition 4.16(4) it suffices to
show that every k-tuple of points in A(X4) is a X-IE-tuple.

Let = (z1,...,x) be a k-tuple of points in A(X4). Then for each 1 < j < k there is a
zj € (Z™)Y such that ||zj|le < ||All1 and z; = P(z;(A*)7Y).

Let Uy x - - - x Uy, be a product neighborhood of  in X*. Since the map from bounded subsets
of (Z™)¢ equipped with the pointwise convergence topology to X4 sending z to P(z(A*)™1) is
continuous [11, Prop. 4.2], there is a nonempty finite subset K of G such that for every 1 < j <k
and z € (Z™)¢ with ||z]|eo < ||Al1 and z|x = zj|k, one has P(z(A*)~1) € U;.

Let F' be a nonempty finite subset of G and § > 0. Let d € N and let ¢ be a map from G to
Sym(d). Denote by A the set of all a € {1,...,d} such that sa # ta for all distinct s,¢ € K.
When o is a good enough sofic approximation for G, we have |A| > d/2. Let J be a maximal
subset of A subject to the condition that the sets K~ la for a € J are pairwise disjoint. Then
A C (o(K71)"to(K~1)d, and hence |A| < |K|?||. Therefore |J| > d/(2|K|?).

We claim that J is a (p, F, §, 0)-independence set for U = (Uy,...,U) when o is a good
enough sofic approximation for G. Let w be a map from {1,...,d} to {1,...,k}. Define ¢ :
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{1,...,d} = Z" by &(ta) = (2(e))-1 for all a € J and t € K1, and £(b) = 0 for all b not in
K~'3. Then we have h: {1,...,d} — (Z")% and ¢ € Map(p, F,d,0) defined in Lemma 6.9 for
M = ||A||l; when o is a good enough sofic approximation. Let a € J. For any ¢t € K~!, one has

(h(a))i-1 = &(ta) = (Zu(a))e-1-

By the choice of K we have ¢(a) = P(h(a)(A*)™!) € U,(4)- This proves our claim, and finishes
the proof of the theorem. O

7. ORBIT IE-TUPLES AND UNTAMENESS
Let G be a countably infinite group acting continuously on a compact Hausdorff space X.

Theorem 7.1. Let k € N and let A be a k-tuple of subsets of X. Suppose that A has positive
independence density over G. Then A has an infinite independence set in G.

Proof. Denote by ¢ the density of A over G.

Let F} be a nonempty finite subset of G. Take s1,s9,... in G such that setting F,+1 =
F, UF,s, for all n € N one has F,, N F,;s, = 0 for all n € N.

Let n € N. Take an independence set E,, of A contained in F,, with |E,| > ¢|F,|. We will

construct, inductively on m, nonempty finite subsets Fg 2/, and Eﬁff ) of G for all 1 <m<k<n
and ) € G for all 1 < m < n such that

(1) Fm_F and E{") = E,;

(2) t n? 1s equal to either e or s;.! for each 1 < m < n;

(3) F F7§H)1 kt%) and F,(,fgn =Fyforalll<m<k<n;
(4) E = E! J)rlt(n) for each 1 <m < n;

(5) |E NEM| > q[FT| forall 1 <m <k <n.

To start with, we define F;ﬁg and E according to (1). If |E7(Ln) N Fu-1| > q|Fn-1], we set
tfgl = e. Otherwise, since ]EY(Ln) N F(n)| > q|F7§nn)\ and Fﬁ”,? = F,, is the disjoint union of

F,_1 and F,_15,_1, we must have |ET(L N Fn_18p—1| > q|Fn—15n—1|, and we set 151(1 )1 = snll

Defining F( )1 pforn—1<k<nand E( )1 according to (3) and (4) respectively, we have

that (5) holds for m = n — 1. Next if |E 1N FEy o] > q|F,—2|, we set t( )2 = e. Otherwise,
( )

el = = F,,_1 is the disjoint union of F,_o and

F,,_95,—2, we must have ]E( )1 N Frn—28n—2| > q|Fn—25n—2|, and we set tgl"_)Q = s;b. Defining

Fi )Qk forn —2 < k < n and E( )2 according to (3) and (4) respectively, we have that (5)

n

since |En) F( i1l = ‘I‘ ln 1| and F,

holds for m = n — 2. Continuing in this way, we define Fﬁl L, Eﬁ:f ), and tgf) satisfying the above
conditions.

Note that if £’ is an independence set for A in G, then E’s is an independence set for A in
G for all s € G. By induction on m, we find easily that E(n) is an independence set for A in
G for all n € N and 1 < m < n. Also note that for any 1 < m < k < n, ol L depends only on

Fy ﬂE,FC ). In particular, for any fixed k& € N the number of sets appearing in Fl( k) for all n > k is
finite. Thus we can find a strictly increasing sequence n; < ng < ... in N such that for any fixed
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k € N the sets Fl(:?) and EY”) N Fl(:?) do not depend on [ > k. Set F = UkeN(EYb’“) N Fl(z,’“))
Since |E§n’“) N FI(T,LC’“)] > q|F1(T,L€k)| = q|F}| = q|F1|2F! for every k € N, the set E is infinite. For
evey k € N one has

(B 0 ) G = (B 0 )

— E%”kﬁ-l) N Fl(jz;k+l)

— EM™ nF.

Thus the sequence {Efnk) N Fl(j,lc’“)}keN is increasing. Since the family of independence sets for

A in G is closed under taking increasing unions, we conclude that E is an independence set for
A in G. Il

Recall that that a tuple (x1,...,2%) € X kis an IT-tuple if for every product neighbourhood
Up X+ x Uy of (x1,...,xx) the tuple (Uy,...,Uy) has an infinite independence set [23].

Corollary 7.2. Every orbit IE-tuple of the action G ~ X is an IT-tuple.

Write C'(X) for the Banach space of continuous complex-valued functions on X with the
supremum norm. The action G ~ X is said to be tame if no element f € C'(X) admits an
infinite subset J of G such that, for s ranging in J, the family of functions  — f(s~'z) in C(X)
is equivalent to the standard basis of ¢!, meaning that there is a bijection between the two
which extends to an isomorphism (i.e., a bounded linear map with bounded inverse) between
the closures of their linear spans [15, 27]. The action is tame if and only if there is no nondiagonal
IT-pair in X x X [23, Prop. 6.4]. Thus from the above corollary we see that a tame action has
no nondiagonal orbit IE-tuples.

8. Y-IE-TUPLES AND LI-YORKE CHAOS

Let G be a countably infinite sofic group and ¥ = {o; : G — Sym(d;)}32, a sofic approximation
sequence for G. We fix a free ultrafilter § on N and use it in the definitions of sofic topological
entropy and Y-IE-tuples, as in Section 5.

Let G ~ X be a continuous action on a compact metrizable space. Let p be a compatible
metric on X. We say that (z,y) € X x X is a Li-Yorke pair if

limsup p(sz,sy) >0 and liminf p(sx,sy) = 0.

G3s—00 G3s—00
where the limit supremum and limit infimum mean the limits of SUPseq\ F p(sx,sy) and
inf e\ p p(sT, 5y), respectively, over the net of finite subsets I of G. Note that the defini-
tion of Li-Yorke pair does not depend on the choice of the metric p. We say that the action
G ~ X is Li-Yorke chaotic if there is an uncountable subset Z of X such that every nondiagonal
pair (z,y) in Z x Z is a Li-Yorke pair. These definitions adapt those for continuous N-actions,
which have their origins in [30]. In that setting Blanchard, Glasner, Kolyada, and Maass showed
that positive entropy implies Li-Yorke chaos [3]. The following theorem demonstrates that, in
our sofic context, positive topological entropy with respect to some sofic approximation sequence
implies Li-Yorke chaos (cf. [23, Thm. 3.18]).
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Theorem 8.1. Suppose that k > 2 and x = (z1,...,x1) is a X-1E-tuple in X* with zy,...,z;
pairwise distinct. For each 1 < j <k, let A; be a neighbourhood of xj. Then there exist Cantor
sets Z; C Aj for j =1,...,k such that the following hold:

(1) every nonempty finite tuple of points in Z :=\J; Z; is a L-1E-tuple;

(2) for all m € N, distinct y1,...,ym € Z, and Y}, ...,y., € Z one has

lim inf =0.
Uminf max p(syi, y;) =

We now set out to prove Theorem 8.1. We begin with the following lemmas.

Lemma 8.2. Let k > 2 and A = (Ay,...,Ax) be a tuple of closed subsets of X with positive
upper independence density over . For each j =1,...,k let U; be an open set containing A;.
Let E be a finite subset of G. Then there exists an s € G\ E such that the tuple A’ consisting
of A; N sflUj foralli,j =1,...,k has positive upper independence density over X.

Proof. Take 1 < A < % Then we have the constant ¢ > 0 in Lemma 4.5. Take a g > 0 such
that for every nonempty finite subset F' of G and 6 > 0 the set Vs of all ¢ € N for which A has a
(p, F, 9, 0;)-independence set of cardinality at least gd; is in §. Take a finite subset W of G such
that cq|W| > 8 and for any distinct s, € W one has s7't ¢ E. When 0 < |[W|?x < 1/2 the

number of subsets of {1,...,d} of cardinality no greater than |[W|?kd is equal to ZUW‘ ] (]),
which is at most ’W’2/§:d(‘w‘2’{ 4)» which by Stirling’s approximation is less than exp(fd) for some
B > 0 depending on k but not on d when d is sufficiently large with 5 — 0 as k — 0. Take
cq/(2]W1[?) > k > 0 such that for any 1 < j < k and z € X \ U; one has p(z,4;) > /s and
for all sufficiently large d € N the number of subsets of {1,...,d} of cardinality no greater than
|W|?kd is at most (ﬁ)qd.

Let F be a nonempty finite subset of G and § > 0. Set F/ = FUW and §' = min(d, k). Let
i € N be such that A has a (p, F’, ¢, 0;)-independence set J; of cardinality at least gd;. For
cach w € {1,...,k}% take a ¢, € Map(p, F', &', 0;) such that ¢, (a) € Ay, for every a € J;.
For each w € {1,...,k}%, there is some A, C {1,...,d;} with |[A,| > (1 — |W|?0')d; such that
plou(0i(s)a), sgu(a)) < Vo for all s € W™IW and a € A,. By the choice of s, when i is large
enough there is a subset €; of {1,...,k}% with <(k 1)/\) di\Qi| > kldil such that the set A, is
the same, say ©;, for every w € ;, and |©;]/d; > 1 — |W|?§’ > 1 — cq/2. Then

0] > ki3 ((’“‘kl”)qdi S g (“f‘km)w (b= 1.

By our choice of ¢, we can find a subset J; of J; with |J| > ¢|d;| > cqd; such that every map
J: — {1,..., k} extends to some w € Q;. When i is large enough, one also has |[W;| > (1—cq/4)d;
for the set

= {a e{1,...,d;} : ((os(s))Loi(t))(a) = os(s™ ) (a) for all s,t € W
and o;(s)(a) # a for all s € W1V \ {e}}.

Note that |[W; N ©; N J;| > cqd;/4 and every map W; N ©; N J, — {1,...,k} extends to some
w € Q.
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Denote by 7 the maximum of |o;(s)(W; N©;NJ;) No;i(t)(W;NO;NJ)|/d; for s,t ranging over
distinct elements of WW. Then for each s € W there is a subset Y; 5 of o;(s)(W; N ©; N J}) with
cardinality at most 7|W|d; such that the sets (o;(s)(W; N ©;NJL))\ T s for s € W are pairwise
disjoint. It follows that

> loils)Win©; N F)| < nWPdi + | | ((i(s)(Wi N ©; N ) \ Tis)
seW seWw
< n|W|d; + d;.
On the other hand, we have
> o) (Wi n©; N F;)| = W+ [W; N ©; N 3J;| > [Wleqd; /4 > 2d;.
sew

Thus n > 1/|W|2. Then we can find some distinct t;,t, € W with |o;(t;)(W; N ©; N g5 N

o (1) (Wi N ©; N 31| > dy/[W]2. Set s; = .. Then s; € W-1W\ {e}, and
(Wi N ©; N F;) N (0i(s:)) " (Win©; N T}
=|W;NnO;NJ) Noi(s)(W; NO; NG|
=|o;(t;)(W; N O; NT;) Noy(t;)(W; Nn©; N T
> d; /W2

Take a maximal subset Z; of (W;N0;NJ5) N (0i(s;))"H(W;NO;NJ.) subject to the condition that
for any a € =Z;, neither o;(s;)(a) nor (o;(s;))~1(a) is in Z;. Then =; U oy(s;)=; U (0:(si)) 1= 2
(Wl noe;N H;) N (O'Z'(Si))_l(wi noe;N H;) It follows that ‘El‘ > |(W7, ne;N 3;) N (O’Z'(Si))_l(wi N
0;Nn3)|/3 > d;/(3|W|?). Note that Z; and o;(s;)=; are disjoint subsets of W; N ©; N 7.

Let & = (£1,&) @ i — {1,...,k}?. Define a map ¢ : Z; Uoi(s;)Z — {1,...,k} by
&(a) = &(a) and & (04(s;)(a)) = &(a) for all @ € Z;. Extend & to some w € ;. Then
¢u € Map(p, F,6,0;), pu(a) € Ay = Ag (o) and ¢u(0i(5i)(a) € Ay(oy(si)(a)) = Aga(a) for all
a € Z;. For any a € Z;, since p(pu(0i(si)a), sipw(a)) < V&' < \/k, by the choice of x we
have sipu(a) € Ug,(q), and hence p,(a) € Ag (q) N SZIU@(Q). Therefore Z; is a (p, F, 0, 04)-
independence set of cardinality at least d;/(3|W?) for the tuple consisting of A4; N s;'U; for all
Li=1,... k.

There is some sps € W'W \ {e} such that the set of i € Vi g for which s; is defined and
s; = sps lies in §. It follows that we can find an s € W1W \ {e} such that for any nonempty
finite subset F' of G and § > 0 there are some nonempty finite subset F' of G and § > 0 with
F C F and § > 6 such that Sps = S Then the tuple A’ consisting of A; N s_lUj for all
l,j =1,...,k has upper independence density at least 1/(3|W|?) over X. From the choice of W
we have s ¢ F. O

From Lemma 8.2 by induction on m we have:

Lemma 8.3. Let k > 2 and A = (Ay,...,Ax) be a tuple of closed subsets of X with positive
upper independence density over 3. For each j =1,...,k let U; be an open set containing A;.
Let E be a finite subset of G and m € N. Then there exist s1,. .., Sy, € G\ E such that 8;13j ¢ F
for all distinct 1 < i,j < m and the tuple A’ consisting of A; N sflUw(l) N---N s;lew(m) for all
1<i<kandwe{l,...,k}"™ has positive upper independence density over ¥.
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We are ready to prove Theorem 8.1.

Proof of Theorem 8.1. We may assume that the A; are closed and pairwise disjoint. Take an
increasing sequence Fq1 C Fo C ... of finite subsets of G with union G. We shall construct,
via induction on m, closed nonempty subsets A, ; of X for 1 < j < k2" with the following
properties:

(a) A1 =Ajforall 1 <j <k,

(b) for every m > 2 and 1 < i < k:2m72, Ap,—1,; contains exactly k2" of the Ay, ;i for
1<j <k,

(c) for every m > 2 and map v : {1,....k2" '} = {1,...,k*" "} there exists a ty €
G\ Ey,—1 such that t, A, ; C m forall1 <j < ka_l, where Up,—1,;, = {z € X :
plx, Am—1,) <27 ™01} forall 1 <i < k2" and 6,,_1 = min p(x,y) for x,y ranging
over points in distinct A,,_1 ;,

(d) when m > 2, diam(A,, ;) <27 forall1 <j < K2

(e) for every m, the sets A,, ; for 1 < j < k2" are pairwise disjoint,

(f) for every m, the collection {A,,; : 1 < j < k2m_1}, ordered into a tuple, has positive
upper independence density over X.

Suppose that we have constructed such A,, ; over all m. Properties (b), (d) and (e) imply that

Z = (Nmen U?inlkl A, j is a Cantor set. Property (a) implies that Z; := Z N A; is also a Cantor
set for each 1 < j < k. Condition (1) follows from properties (d) and (f). Condition (2) follows
from properties (c) and (d).

We now construct the A,, ;. Define A;; for 1 < j < k according to property (a). By
assumption properties (e) and (f) are satisfied for m = 1. Assume that we have constructed A, ;
forallj=1,... ,k2m*1 with the above properties. Set n = 1+(k2m*1)k2m. By Lemma 8.3 we can
find s1,...,s, € G\ E,, such that the tuple consisting of A, ;N sflUm’w(l) N---N s;lUmvw(n) for
alll1 <i< k2" andw € {1,... K2 }™ has positive upper independence density over ¥. Take
a bijection ¢ : {1,..., kail}{lf“’ka} —{2,...,n}. Foreach~v: {1,... ., k2" } = {1,..., k" '},
oo Forall 1 < ij < k", define wy; € {1,....k%" '}" by wi;(1) = j and
wii(p(7) = v((i— 1)k 4 ) for all v € {1, .. k2" HLk*"} and set A ietyem 4y =
A ﬂsl_lUm,wiyj(l) n-- -ﬁsglUm,wm(n). Then properties (b), (c), (e) and (f) hold for m+ 1. For
each 1 < j < k%" write Apmt1; as the union of finitely many closed subsets each with diameter

set ¢, = S

no bigger than 2=+ Using Lemma 4.13 we may replace Ap+1,; by one of these subsets.
Consequently, property (d) is also satisfied for m + 1. This completes the induction procedure
and hence the proof of the theorem. O

Corollary 8.4. If hy(X,G) > 0 for some sofic approximation sequence . then the action is
Li-Yorke chaotic.
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