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Abstract. For a continuous N¥ or Z¢ action on a compact space, we introduce the notion
of Bohr chaoticity, which is an invariant of topological conjugacy and which is proved
stronger than having positive entropy. We prove that all principal algebraic Z actions of
positive entropy are Bohr chaotic. The same is proved for principal algebraic actions of Z¢
with positive entropy under the condition of existence of summable homoclinic points.

Key words: Bohr chaoticity, entropy, principal actions, algebraic dynamical systems, Riesz
products
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(Secondary)

1. Introduction

Bohr chaoticity is a topological invariant introduced in [9] for topological dynamical
systems. For defining this invariant, we recall that a sequence w = (wy)n>0 € £ (N, C)
is a non-trivial weight sequence if
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N—1
1
lim sup — |wy,| > 0. (L.1)
N—o0 N n2=(:) "

A non-trivial weight sequence w is orthogonal to a topological dynamical system (X, T') if

N-1

lim % > waf(T"x) =0 (1.2)

N—o00
n=0
for every continuous function f € C(X) and every x € X.

Definition 1.1. [9] A topological dynamical system (X, T) is Bohr chaotic if it is
non-orthogonal to every non-trivial weight sequence w € £*°(N, C). In other words,
(X, T) is Bohr chaotic if we can find, for every non-trivial weight sequence w € £°(N, C),
a continuous function g € C(X) and a point x € X such that

N-1
lim sup — Z w,g(T"x)| > 0. (1.3)
N—o0 N n=0

Bohr chaotic systems must have positive entropy: for example, almost all (%, %)
Bernoulli sequences taking values —1 and 1 are orthogonal to every topological dynamical
system (X, T') with zero entropy (see [5]). We list some further basic results on Bohr
chaoticity, taken from [9]:

e any extension of a Bohr chaotic topological dynamical system is Bohr chaotic;

e if a topological dynamical system (X, 7') has a non-empty, closed, T-invariant subset
Y € X such that (Y, T'|y) is Bohr chaotic, then (X, T') is Bohr chaotic;

e 1o uniquely ergodic dynamical system is Bohr chaotic (this is generalized by Tal [31]
to systems having at most countably many ergodic measures);
all affine toral endomorphisms of positive entropy are Bohr chaotic;
all systems having an m-order horseshoe, m > 1, are Bohr chaotic. By an m-order
horseshoe K of a system (X, T), we mean a 7" -invariant closed non-empty set K C X
such that the subsystem (K, T™) is conjugate either to the one-sided shift ({0, 1}Y, o)
or to the two-sided shift ({0, 1}%, o);
all subshifts of finite type with positive entropy are Bohr chaotic;

e all piecewise monotone C' interval maps of positive entropy are Bohr chaotic. For
example, the B-shifts with 8 > 1;

e every C'*™9 (8§ > 0) diffeomorphism of a compact smooth manifold admitting an
ergodic non-atomic Borel probability invariant measure with non-zero Lyapunov
exponents is Bohr chaotic.

The reason for the last two classes is that any such system admits a subsystem which is

conjugate to a subshift of finite type of positive entropy [15, 32].

It is interesting to note that for the examples of Bohr chaotic systems constructed in [9],
the sets of points x € X satisfying equation (1.3) are large in the sense that they are of full
Hausdorff dimension. Actually, weighted ergodic averages on typical dynamical systems
would be multifractal and a study on symbolic spaces is carried out in [7].
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In the present paper, we extend the notion of Bohr chaoticity from Z- to Z?-actions and
prove that a large class of algebraic dynamical systems—the so-called principal algebraic
actions—are Bohr chaotic, provided they have positive entropy.

By analogy with equation (1.1), we say that a complex sequence w = (Wp),end €
(°(N?, C) is a non-trivial weight if

) 1
hlfln_)sup N Z |wy| > 0.
o nel0,N—1

Consider a continuous NY- or Z%-action a: n — «" on some compact space X. As in
equation (1.2), say that a (non-trivial) weight (wp),cne 1S orthogonal to the dynamical
system (X, «) if
1
lim > wagle"x) =0 (1.4)

N—oo N4
nel0,N—1}

for every continuous function g € C(X) and every point x € X.
Definition 1.2. If « is a continuous N¢- or Z?-action on a compact space X, we call (X, «)

Bohr chaotic if it is not orthogonal to any non-trivial weight, that is to say, if for any
non-trivial weight w = (wy),,cne, there exist g € C(X) and x € X such that

> wagle"x)

nelO,N—1]4

1
lim sup — > 0. (1.5)

N—oo Nd

Note that if & is a continuous N?-action on X and if (X, &) is the natural extension of
(X, @) to a continuous Z4-action & on a compact space X, then (X, &) is Bohr chaotic
if and only if the same is true for (X, ). Conversely, if a continuous 74 -action is Bohr
chaotic, it is obviously also Bohr chaotic as an N?-action. In view of this last property,
we focus our attention in much of this paper on Bohr chaoticity of Z?-actions, referring to
N¢-actions only where necessary (like in Proposition 3.1 or Example 3.3).

As in the one-dimensional case, one can easily verify the following properties of
continuous Z%-actions (X, ):

(i) if X has a closed, a-invariant subset Y such that (Y, «|y) is Bohr chaotic, then (X, «)
is Bohr chaotic;

(i) if (X, @) has a Bohr chaotic factor (Y, ) (that is, if (¥, 8) is a Bohr chaotic
7% -action and there exists a continuous, surjective, equivariant map ¢: X — Y),
then (X, «) is Bohr chaotic.

In particular, Bohr chaoticity is an invariant of topological conjugacy.

Our main results will be proved by using Riesz product measures borrowed from
harmonic analysis and the main technical tool is the notion of m-goodness.

The paper is organized as follows. In §2, we present algebraic Z?-actions and their
basic properties, state our main results on Bohr chaoticity of principal algebraic Z¢-actions
(Theorems 2.1 and 2.3), and prove that Bohr chaotic algebraic Z%-actions have to have
completely positive entropy (Example 3.2). In §3, we show that zero-entropy Z<-actions
are not Bohr chaotic. Our main tool, Riesz products, is presented in §4 where lacunarity
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of polynomials is discussed. In §5, we prove that any principal algebraic Z?-action defined
by a so-called m-good polynomial is Bohr chaotic (Theorem 5.1). Section 6 is devoted
to the proof of m-goodness for all irreducible polynomials f € R; with positive Mahler
measure, and Theorem 2.1 (for d = 1) is proved there. Theorem 2.3 (for d > 2) is proved
in §7, where we prove a gap theorem (Theorem 7.3) for irreducible polynomials which
admit summable homoclinic points. This gap theorem is of independent interest. In §8, we
speculate briefly on the necessity of our atorality assumptions for our main results and give
some examples of Bohr chaotic principal actions arising from foral polynomials.

2. Algebraic Z%-actions
In this section, we present the principal algebraic Z¢-actions which are our main objects
of study and then state our main results (Theorems 2.1 and 2.3).

An algebraic 74 -action is an action of Z¢ by (continuous) automorphisms of a compact
metrizable abelian group. Algebraic Z?-actions provide a useful source of examples of
continuous Z%-actions with a wide range of properties, both with zero and with positive
entropy, and with or without Bohr chaoticity.

We are interested in a particular family of algebraic Z?-actions, the so-called cyclic
actions. Denote by o the shift-action of Z¢ on T2 given by

o™ (X)n = Xntm 2.1

for every x = (Xu),czd € T2, A cyclic algebraic 7%-action is a pair (X, ay), where
X C TZ! is a closed, shift-invariant subgroup and oy = o|x is the restriction to X of
the shift-action o in equation (2.1).

To describe these actions in more detail, we denote by R; = Z[zfl, e, zzitl] the
ring of Laurent polynomials in the variables zp, . .., zg with coefficients in Z. Every
f € Rq will be written as f =Y, cza fuz" with f, € Z and 2" = Z' - - - 2} for every
n=ni,..., ng) €Z% The set supp(f) = {n € Z¢ | f, # 0} will be called the support
of f, and we set || fll1 =Y ,czd¢ | ful and || flloo = max,cza | ful. Following standard
terminology, we call a non-zero element f € Ry primitive if the greatest common divisor
ged({fu | n € Z%}) of its coefficients is equal to 1, and irreducible if it is not a product of
two non-units in Ry. For example, 2z" is irreducible, but not primitive, while 2(1 4 z") is
neither primitive nor irreducible, for every n € Z4.

Every non-zero f =), ¢ fuZ" € Rq defines a surjective group homomorphism
f0) =2 jpezd fmo™: TZ' — T%. Consider the closed, shift-invariant subgroup

X, = {x e TZ > Xntmfm =0 (mod 1) forall n e Zd} = ker(f (o)) C T,
meZ4
(2.2)
and denote by
afr = O’|Xf (2.3)

the restriction to X ¢ of the shift-action o on TZ’. The dynamical system (X f, ay) is called
the principal algebraic action corresponding to f € Ry.
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Formally we can extend this definition of a principal action (X 7, ay) to include the
case f =0, the zero polynomial in R;. In this case, the definitions in equations (2.2)
and (2.3) reduce to Xy = TZ' and af = o, thatis, (X, ay) is simply the shift action of
7% on T2,

For every cyclic algebraic action (X, ax) with X C TZd, the set

Ix={feRs| X CXy} 2.4)

is an ideal in Ry (which is, of course, finitely generated since the ring R, is Noetherian)
and X = ﬂfelx X 7. Conversely, if I C Ry is anideal, generated by {f(l), o, f<’)}, say,
we denote by (X, a) the cyclic Z¢-action defined by

-
d
X, = ﬂxf=ﬂxf<,-> c T and o =olx,, (2.5)
fel i=1
and write A; for the normalized Haar measure of X;. If the ideal I C Ry is principal,
I = (f), say, we write (X y, ay) instead of (X(r), a(y)) and denote by A s the normalized
Haar measure on X ¢.

2.1. Mahler measure. The topological entropy hyp(ct r) of a principal algebraic action
(X7, ar), f € Rg\{0}, coincides with its measure-theoretic entropy £, f (ay) and is given
by the (logarithmic) Mahler measure of its defining polynomial f:

1 1
hop(ery) = m(f) = /O / log | f (2™, ..., ™) dry - dtg.  (2.6)
0

For polynomials in a single variable (that is, for f € R;), Mahler measure can be
computed using Jensen’s formula: let f(z) = fo + fiz + - - - + fiz" with fo f # 0 and
(complex) roots Aq, . . ., Ag. Then

m(f) =log|fil + Y loglxj| @.7)
JrIajI>1
(cf. [21, p. 597], [29, equation (16.2)], or [33]). The Kronecker lemma [17] states that if a
polynomial f € R; is irreducible, monic, and all its roots have absolute value at most 1,
then f is cyclotomic, that is, for some integer n,
f@Q=®,@:= [] @-emm. (2.8)

1<é<n
ged(€,n)=1

Since Mahler measure is additive in the sense that m(f - g) = m(f) + m(g) for all
f.g € R\ {0}, any f € R;\{0} with m(f) =0 must be a product of cyclotomic
polynomials.

A similar statement is true for multivariate polynomials as well: if f € R\ {0}, then
m(f) = 0if and only if f is a product of so-called generalized cyclotomic polynomials

[ @) = £2"0Dy, (2") - - - Dy, (2")

for some integers my, ..., m, and ng, ny, ..., n, € 74 (121, [29, Theorem 19.5], [30]).
We recall the following properties of cyclic algebraic Z¢-action (X7, ay) (cf. [29,
Ch. 6]).
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e The normalized Haar measure Ay, of X/ is shift-invariant.
If I C Ry is non-zero and principal, I = (f), say, the topological entropy of (X 7, o)
is given by the Mahler measure in equation (2.6) of f; if I C Ry contains at least two
non-zero elements f, g which are relatively prime to each other (that is, without a
non-trivial common factor), then Awp (X7, ay) = 0.

e Ifd > 1,every principal Z?-action (X f» o r) is ergodic (with respect to A ¢); if d = 1,
a principal Z-action (X f, af) is ergodic if and only if f has no cyclotomic divisor.

e For every non-zero and irreducible f € Ry, the following conditions are equivalent:
— Ay ismixing under (X 7, o y);
- hop(Xp,ap) > 0.

2.2. Main results. Our main results are the following theorems which will be proved in
§8§6 and 7.

THEOREM 2.1. Suppose f € Ri\{0} with m(f) > 0. Then the principal algebraic
Z-action (X f, ay) is Bohr chaotic.

For the higher dimensional case, we need an extra condition.

Definition 2.2. [20] A non-zero Laurent polynomial f € Ry is atoral if it is not a unit in
Ry and its unitary variety

U(F) ={(r1, ..., t5) € T | fF(2N, ... &*Tily = ()

of f has dimension < d — 2. This includes the possibility that U(f) = &, which is
equivalent to expansivity of the Z%-action o £ If U(f) has dimension d — 1, f is called
toral.

With this definition, the following is true.

THEOREM 2.3. Suppose that d > 2 and that f € Ry is atoral. Then hyp(Xy, ) >0
and (X ¢, ay) is Bohr chaotic.

We illustrate these definitions with a few examples.

Example 2.4. (Toral automorphisms) We start with a special case: let f = fo+---+
fiz" € Ry with k> 1 and fi = |fo| = 1. Then the principal Z-action Xy, ap) is
conjugate to the toral automorphism (T, A £), where

0 1 0o .. O 0 0
0 0 1 .. 0 0 0

Ar=1 6 0 0 0 1 o |eotwDd (2.9)
0 0 0o .. 0 0 1

—fo—-fi =f2 . =2 —fi2 =Sk

is the companion matrix of f. The map ¢: Xy — T*, defined by

¢(X)=( : )
X—1
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for every x = (x)nez, implements this conjugacy. We conclude that (X ¢, o) and thus
(T*, A y) is Bohr chaotic if and only if m(f) > 0 (cf. equation (2.6)).

Consider now an irreducible toral automorphism T4 : T¥ — T* defined by a matrix
A € GLi(Z). Then the characteristic polynomial f(z) of A is irreducible, and the principal
algebraic Z-action (T%, A ) = (Xy,af) in equation (2.9) is a finite-to-one factor of
(T4, T4). Hence, if (T¥, A ;) is Bohr chaotic (which is the case if and only if (m)(f) > 0),
then (T, Ty) is also Bohr chaotic (as an extension).

If a toral automorphism T4 : TK — Tk with A € GLi(Z) is reducible (that is, has a
proper invariant subtorus V C T¥), then the characteristic polynomial g of T4|y will be a
proper factor of . If g’ is one of the irreducible factors of g (and hence of /), then the system
(Tdeg(s) Ta,,) will be Bohr chaotic if and only if m(g") > 0, in which case both (V, Taly)
and (T¢, T4) will be Bohr chaotic. By varying V over the A-invariant irreducible subtori
of T*, we see that (T, T4) is Bohr chaotic if and only if hop(74) = m(f) > 0.

Example 2.5. (Constant polynomials) Suppose that f = p e N, p > 1, viewed as a
constant polynomial in R;. Then the principal algebraic action (X f, a ) arising from this
polynomial is the shift-action in equation (2.1) on X, :={0,...,p—1/ p}Zd, which is
certainly Bohr chaotic. If p = 1 (or, more generally, if f is a unit in Ry), then X  reduces
to a single point and the Z¢-action « f becomes trivial. By default, (X f, a ) is not Bohr
chaotic.

Example 2.6. (The zero polynomial) So far, we have always assumed that the polynomial
f € Ry defining a principal algebraic action (X ¢, af) is non-zero. If we deviate from
this assumption and set f = O (the zero polynomial in Rj;), then equation (2.2) reduces
to Xy = TZd, and oy becomes the shift action o of 74 on T% . For every integer p > 1,
T2’ contains the closed, shift invariant subset X, :== {0, ..., p — 1/p}Zd in Example 2.5.
Since (X, o) is Bohr periodic, the same is true for (X 7, af) = (TZd, o).

Remark 2.7. To prove our Theorems 2.1 and 2.3, we may assume without loss of generality
that the polynomial f in either of these theorems is primitive and irreducible.

Indeed, if f is not primitive, then f = pg for some primitive polynomial g € Ry, and
(X s, ay) has the subsystem (X, a) = o|x,) appearing in Example 2.5. Since (X, )
is Bohr chaotic, the same holds for (X 7, ct r).

Similarly, if f € Ry is reducible and m(f) > 0O, then at least one of the irreducible
factors g of f has positive Mahler measure m(g) > 0. If (X,, ) is Bohr chaotic, the
Bohr chaoticity of (X, ay) follows immediately from Bohr chaoticity of the subsystem
(Xg, ag). For d > 2 in Theorem 2.3, we also note that atorality of a polynomial f € Ry is
inherited by all its irreducible factors.

3. Z4 actions of zero entropy

Before going on to study our Bohr chaotic principal algebraic Z?-actions, we would like
to justify that any continuous N?- or Z?-action with zero topological entropy is not Bohr
chaotic (Proposition 3.1). This is an immediate consequence of the disjointness completely
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positive entropy systems and zero entropy systems. Also, we would like to point out that
principal Z-actions with zero topological entropy are disjoint from the Mdbius function
(Proposition 3.5).

3.1. Zero entropy Z.%-actions are not Bohr chaotic. Consider a measure-preserving N¢-
or Z%-action y on a Lebesgue space (2, i), where €2 is a compact space equipped with
its Borel field. We say that the measure-theoretic system (€2, i, y) has completely positive
entropy if any non-trivial factor of (£2, i, ) has positive entropy. Bernoulli systems have
complete positive entropy. For d = 1, the following result is folklore; for d > 1, we include
a proof for completeness, based on a disjointness theorem due to Glasner, Thouvenot, and
Weiss [12, Theorem 1].

PROPOSITION 3.1. Suppose that (2, i, y) has completely positive entropy, w € Q2 is
a [-generic point, and ¢ € C(2) is a continuous function having zero mean. Then
(@ (y"w)),ene is orthogonal to every zero entropy Ne- or Z%-action (X, «). That is to
say, for every f € C(X) and every x € X, we have

1
lim ~7 Z d(y"w) f(a"x) = 0. 3.1

N—o00
ne[0,N—1]4

In particular, continuous N%- or Z%-actions with zero topological entropy are not Bohr
chaotic.

Proof. Suppose that for some f and some x, there exists a sequence (N ;) tending to infinity
such that

1
C=lim — Y ¢ "w)f@"x) #0.
j—o00o d
J ne[0,N;—114
We can assume that along this sequence (N;), the following weak limits of measures exist:
. 1 ) 1
A= lim — Z 8y-nyX8y-ny, v:= lim — Z Sg—nys

: d : d
—o00 N¢ —oo N¢
/ J ne[O,Nj—l]d / J ne[O,Nj—l]d

where &, and §, denote the point masses at the points @ and x, respectively. Clearly,
the measure A is y Xa-invariant, and the projection of A on X is equal to v. Since w is
wu-generic, the projection of A onto €2 is equal to . In other words, A is a joining of u
and v, where v has zero entropy. Since systems of completely positive entropy are disjoint
from systems of zero entropy by [12, Theorem 1], we obtain that A = uxv. Thus, by the
definition of A and the hypothesis that E, ¢ = 0, we get that

L=E,@¢®f)=Ep-E, f=0,
which is a contradiction. O]

COROLLARY 3.2. Let (X, &) be an algebraic Z%-action which does not have completely
positive entropy (with respect to the Haar measure )y ). Then (X, o) is not Bohr chaotic.
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Proof. If (X, «) does not have completely positive entropy, then [29, Theorem 20.8]
implies that there exists a non-trivial closed, a-invariant subgroup ¥ C X such that the
7% -action arx ,v induced by a on X /Y has zero entropy. Condition (ii) at the beginning of
§3, combined with Proposition 3.1, shows that (X, «) cannot be Bohr chaotic. O

Example 3.3. (Furstenberg’s example) Letd = 2andlet/ = (2 —z1,3 — z2) C R. Then
Xi={x¢€ T% | o0y = 2x, 0@Dx =3y}, so that Xkl = 2k31x(0,0) for every x € X;
and (k,1) € Z*. Since f® =2 —z; and f® =3 — z, are irreducible and relatively
prime to each other, I is a prime ideal, and hence hp (X[, ay) = 0 [29, Proposition 17.5].

If y is a continuous Z>-action on a compact space €2, 1 is a probability measure on 2
with completely positive entropy under y, @ € €2 is a p-generic point, and ¢ € C(£2) has
mean zero, Proposition 3.1 shows that

1

i _ (m,n) man,y _

IVILI)IéO 72 E oy w)h(2"3") =0
(m,n)€[0,N—1]2

foreveryh € C(T) and ¢t € T.
In [11], Furstenberg’s example was defined as the N?-action o on X = T given by

a ™M = 2M3"t (mod 1)

for every (m, n) € N2andt e T.
d . . .
We set © = TN, write the coordinates of every @ = (wp)yene € 2 in the form

wp = (a)f,l), .. .,a)f,d)), and denote by y the one-sided shift-action of NY on
(cf. equation (2.1)). According to Franklin [10], for Lebesgue-almost everywhere
(ae) (B1,...,Bq) with B >1,...,B8;>1, the point B = (Bp)yene € R with

Bn = (ﬁ?‘ (mod 1), . . ., ﬂ:}d (mod 1)) for every n € N7 is Lebesgue-generic for y on
Q. If ¢: 2 — C is the map defined by

() = e2ri @yt

then

copo ng
¢(7/",3) :eZJTl(ﬂl + +ﬁd )

for every n = (ny,...,nq) € N4, By Proposition 3.1, the sequence (¢ (")) end 1S
almost surely orthogonal to all systems of zero entropy. Since Furstenberg’s example (T, «)
described in the preceding paragraph has zero entropy, we obtain the following corollary
of Proposition 3.1.

COROLLARY 3.4. For almost all (81, B2) with By > 1 and B3 > 1,

1 FoRM n
1' 27‘[1(ﬁl -HSZ) 2m3l’lt =0
Jmoyr 2 e 130
0<m,n<N

for every continuous function f € C(T) and everyt € T.
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3.2. Mobius disjointness and principal actions. We have just shown that zero entropy
Z4-actions are not Bohr chaotic. In fact, for principal actions, the result can be strength-
ened. We recall that a topological dynamical system (X, T') is Mobius disjoint if

1 n
lim — E u(k)f(Tkx) =0 forevery f € C(X) and every x € X. 3.2)

PROPOSITION 3.5. A zero entropy principal Z-algebraic action (Xy,ayr), f € Ry, is
Mobius disjoint.

Proof. Since (X 7, o r) has zero entropy, that is, m(f) = 0, the Kronecker lemma implies
that f has the form

@) = £y (") - -+ Dy (™), (3.3)

where mg € Z, nj,mj; €N, j=1,...,k, and &, is the nth cyclotomic polynomial
defined in equation (2.8). One immediately concludes from equation (3.3) that

f@) =ao+aiz+---+ayz"  with |ag| = lay| = 1,

and hence (X s, ay) is topologically conjugate to the toral automorphism (TN, Ty), where
T4 : TV — TV is alinear automorphism with the matrix A = A f—the companion matrix
of f, see Example 2.4. However, toral automorphisms with zero entropy are known to
be Mobius disjoint [23, Theorem 1.1]. In fact, toral automorphisms, and more generally
affine maps of compact abelian groups, are the primary examples motivating Sarnak’s
(still unproven) conjecture that all topological dynamical systems with zero entropy are
Mobius disjoint [28]. O]

4. Riesz product measures on X ¢

In this section, we start on the proofs of Theorems 2.1 and 2.3. As explained in Remark 2.7,
we assume from now on—and without loss in generality—that the polynomial f € Ry
defining our principal action (X ¢, ay) is primitive, irreducible, and has positive Mahler
measure.

For the proofs of these theorems, we shall use a class of measures called Riesz products.
First, we will recall the general construction of Riesz product measures on arbitrary
compact abelian groups. Second, we will construct Riesz products on Xy based on
lacunary polynomials in the dual group X r C Ry.

4.1. Riesz product measures. Let X be a compact abelian group with dual group X.

Definition 4.1. [13] An infinite sequence of distinct characters A = (¥)nen = {)0,
Y1, ...} C X is said to be dissociate if for every k > 1 and every k-tuple (ny, no, . ..,
ny) € NF of distinct non-negative integers, the equality

Var Vg * " Yk =
withe; € {-2, 1,0, 1,2} forevery j =1, ..., k, implies that
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Equivalently, A is dissociate if any character in X can be represented in at most one
way as a finite product )/ngll J/rfzz s J/yf,f of elements of A, where all n; are distinct and

g; € {—1,0,1}.

Using dissociate sequences of characters, Hewitt and Zuckermann [13] proposed a con-
struction of interesting probability measures—the so-called Riesz products, generalizing
Riesz products on T constructed by Riesz [27] in 1918. More precisely, denote by Ly the
Haar measure on X. Suppose that:

(1) A = (¥u)n>o0 is a dissociate sequence of characters in X ;

(i1) a = (an)n>o0 is a sequence of complex numbers such that |a,| < 1 for all n.

For any N > 0, denote by ,u(N)
respect to Ax with density

the measure on X which is absolutely continuous with

(N) N

(x) = IIU»+Re%nm@D

=0

dpg
dix

It is not very difficult to show that the sequence of measures (;/.[(,N)) N>0 converges weakly;

the limiting measure p, = limy ,u( ) is called the Riesz product, and we denote it as

(0.¢]
pa = [ [(1+ Re apyn(x)). 4.1)
n=0
The Riesz product u, is absolutely continuous with respect to the Haar measure Ay if
and only if ), la,|> < 0o, and it is singular to the Haar measure Ay if and only if
Yo, lan |2 = oo (see [25, 34]). We will omit dependence of 1, on the sequence A, since A
will usually be fixed.
Since

I+ Redauy(n) =1+ 2 Vn(x) + —Vn '),

the Riesz product p,, associated to the sequences A and a, can be characterized by the
Fourier coefficients i, (y) = f Y(x)duq(x), y € X, as follows.

(a) For any finite set of distinct characters {yy,, Vnys - - - » ¥} C A and any (1, €2, . . .,
8]() € {_l’ O’ 1}k’
ﬁa(yrf]l V;fzz .. k) — a(“?l) r(zSZ) r(lik)’ 4.2)
where a(s) (a,/2), 0, or a, /2, depending on whether ¢ = 1, 0, or —1.
(b) For any character y € X not of the form an Vn2 ynk with €1,€2,...,6; €
{—1, 0, 1} as in case (a) above, one has

Ra(y) = 0. (4.3)

For any two Riesz products u, and wp, it is proved in [25] that u, and w, are
mutually singular if > |a, — b,|? = 0o, and mutually equivalent if > lay — by|? < 00
and sup,, |a,| < 1. For any Riesz product j,, it is proved in [6] that the orthogonal series
3" en(Yu(x) — ay/2) (with ¢, € C) converges juq-a.e. if and only if 3 |c,|> < 0o. Such
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convergence results will be useful to us in the proofs of Theorems 2.1 and 2.3. Riesz
products on T and some generalized Riesz products appear as spectral measures of some
dynamical systems (see [1, 18, 26]). Riesz products are tools in harmonic analysis (see [14,
16, 34)).

4.2. The dual group X r. Before constructing Riesz products on X ¢, let us describe the
dual group of X s (cf. [19, 29]). Every Laurent polynomial with integer coefficients

h(z) = Z hmz™ € Ry

meZ4

defines a character y ) e TZ?, given by

)/(h) (x) == eZni(h,x)

s

where

(h,x) =" hmXm

meZ

d d .

for every x € TZ". Conversely, every character of TZ" is of the form y = ™ for some
h € Ry, so that we may identify TZ’ with R,. Note, however, that the group operation in
R, is addition, whereas in ’]I‘Zd, it is multiplication:

(h+h") _ y(h) (h")

14 14

forall h, h' € Ry. .

Since Xy is a subgroup of ']I‘Zd, every character y(h) € 'H‘Zd, h € Ry, restricts to a
character 7™ € X - From the definition of X  in equation (2.2), it is clear that, for any
two polynomials h, i’ € Rg, 7™ = 7™ if and only if & — h’ is a multiple of /. This
allows us to identify the dual group X  with Ry /(f), where (f) = Ry - f is the principal
ideal in R; generated by f:

X¢ = Ra/(f).
More generally, if I C Ry is an ideal and X is given by equation (2.5), then
X; = Ry/l.

4.3. Lacunary polynomials. ~For the construction of Riesz product measures on X ¢, we
have to take a closer look at dissociate families A C X 7 in the sense of Definition 4.1.

Definition 4.2. Given an integer m € N, we say that a primitive irreducible polynomial
f € Ry is m-good if the following conditions hold.

(C1) The collection of characters

{7 Ine N} c Xy
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is dissociate. Explicitly, this means that any non-zero polynomial of the form g(z™)

where
g) =Y ead"
neZd
with g, € {—2, —1, 0, 1, 2} is not divisible by f.
(C2) Forany k € N/mN?, any two points n # n’ in Z¢, and any non-zero polynomial
of the form g(z) := ), cza €n2" With &, € {—1, 0, 1}, the polynomial

!’
Zmn+k — g +k + g(zm)

is not divisible by f.

For a given principal algebraic action (X r, ar), where f is m-good, Riesz product
measures (L, can be constructed using the countable dissociate collection of characters
A ={p%" | neN? (cf. condition (C1)). Condition (C2) ensures that any shifted
family of characters A = (7@ | n e N} (with k € [0, m — 119 \ {0} being fixed) is
a ug-orthogonal system, as a direct consequence of equation (4.2) applied with k = 2—a
useful property which will help us control the behavior of weighted ergodic averages. As
we will see, the coefficient sequence a will be chosen depending on the non-trivial weight
sequence w.

5. (Xy,ay) is Bohr chaotic when f is m-good
The following theorem will allow us to reduce the proof of Bohr chaoticity of (X s, ar) to
checking the m-goodness of the polynomial f.

THEOREM 5.1. If a primitive irreducible polynomial f € Ry with positive Mahler mea-
sure is m-good, that is, if the conditions (C1) and (C2) hold for some positive integer m,
then (X ¢, ay) is Bohr chaotic.

We begin with a simple auxiliary lemma.

LEMMA 5.2. Let o be a continuous Z%-action on a compact metrizable space X, and
let w = (Wp),cne be a non-trivial weight. Then (X, ) is not disjoint from w = (wy) if
and only if for any k € N¢, (X, a) is not disjoint from the weight % = (i) defined by
Wy = Woik foralln € N9

Proof. Introduce the following notation: for a continuous function ¢ on X, let

SNPC) = Y wap(a"x).

ne[0,N—114

For any k € N and for any x € X, one has

SN+ @ (6) — Sﬁd)(akx)l = ’ Z Wpp (0" x) — Z Wtk (@ x)

nel0O,N+|klloo—11¢ nelO,N—1)¢
< }lloo - 1[0, N + [lklloc — NAk + [0, N — 11)].
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To finish the proof, it suffices to notice that the cardinality of the symmetric difference is

of order O(N4—1). O]
Proof of Theorem 5.1. Fix m € N such that conditions (C1) and (C2) hold. Assume that
w is a non-trivial weight (cf. equation (1.5)). Then for some k € [0, ..., m — l]d , one has
. 1
lim sup Na Z | Wntk| > 0. 6.1
N—o00

n|lmn+ke[0O,N—1]4

Without loss of generality, we can assume k = 0. Otherwise, consider the shifted weight
W = (Wy,) With W, = wy4k. By Lemma 5.2, (X ¢, o) is not disjoint from w if and only if
(X 7, ay) is not disjoint from . Thus, it is sufficient to consider the weight w for which we
can assume that equation (5.1) holds with k = 0. In the following, we consider an arbitrary
such weight.

Step 1. Choice of the function ¢ and the point x. We are going to show that equation
(1.5) holds for ¢(x) = e27¥0 = ¢27{1.x) and for almost all x € Xy with respect to an
appropriately chosen Riesz product measure. Note that for all n € N¢,

¢(oef;-x) — QXrixa _ 2mi(z"x) _ y(z")(x).
Step 2. Choice of the measure. By condition (C1), the collection of characters
A={m=y"" neN
is dissociate. Consider now the following collection of coefficients:
a:={ay, = e ¥V | p e N9},

Since |a,| = 1 for all n, the Riesz product i, in equation (4.1) is well defined.
Step 3. Orthonormality. For each k € [0, m — l]d \ {0}, consider the following collec-
tion of functions:

Fi= "0 @ = g oaf™ @) | n e N,

We claim that for each k € [0, m — 1]¢ \ {0}, Fi is orthonormal in Lz(Xf, Ua). Indeed,

for each n # n’, condition (C2) means that the character corresponding to the polynomial
zmn+k _ zrnn’+k:

mn+k _ mn' +k mn+k T
yETTE 00 =y 00y @ ),

cannot be expressed as a product of characters in A, and hence using equation (4.3) for the
Fourier coefficients of Riesz products, one gets that

mn+k T AW
/ yETD )y @ (x) dpg (x) = g (y @) = 0.
Xy

Since |y(zm"+k) (x)|? = 1 for all x, the orthonormality of Fy is thus proved.
For k = 0, we set

Fo = {y(zm")(x) — %’ |n € Nd}.
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Direct application of equations (4.2) and (4.3) immediately gives that the collection of
functions Fy is orthogonal in L*(X f» Ma), and that

@), 2 lan)* 3 y
ly @) dpug(x) =1— —— == foralln € N%,
Xf 4 4

Step 4. Almost everywhere convergence. Write
SNPC) = Y wap@fx)= Y SN,bW),
nel0,N—14 ke[0,m—114
where
Svab@ = D W@} ).
{n|mn+ke[O,N—1]4}

We claim that for any k € [0, m — 1719\ {0}, one has

1
WSII\‘;,k‘P(X) -0 ug—a.e., (5.2)

and for k = 0, one has

1 1
W(S}G’O(l)(x) -5 > |w,,|) — 0 pg—ae. (5.3)

{n|mne[0O,N—1]4}
Now we write
- 1 (o 1 1
SaSNeW =Sy -5 3wl )+ D0 (wal.
{n|mne[0O,N—1]¢} {n|mne[0O,N —1]4}

If equations (5.2) and (5.3) are indeed true, the first term in the brackets on the right-hand
side converges to O for u,-almost all x € X 7, and the second term does not converge to 0
by equation (5.1). Hence, we will be able to conclude that

1
lim sup W|Sﬁ¢(x)| >0, ug-ae.,

N—oo

and thus, that (X 7, o) is Bohr chaotic.

Finally, to establish equations (5.2) and (5.3), we will use the following multivariate
generalization of the result of Davenport, Erdos, and LeVeque [3] due to Fan, Fan, and Qiu
[8, Theorem 6.1]: suppose that {&; | £ € N} is a collection of measurable complex valued
uniformly bounded functions on a probability space (2, P) such that

> 1
Z — / |Zn|? dP < oo, (5.4)
v Ve

where

1
In=57 D, & Nz

Le[0,N—114

Then Zy — 0as N — oo PP-a.e. on Q2.

https://doi.org/10.1017/etds.2024.13 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2024.13

2948 A. H. Fan et al

In particular, if {£§, | £ € N4} are uniformly bounded and orthogonal in L%($2, P), then
1 2 1 2 C
N/Q|ZN| dP= s D /Xl&zl dP <~
£e[0,N—1]4

and hence equation (5.4) holds for any d > 1.
If we now apply this result to the orthogonal families of bounded functions

FP = {(Wpnk¥ 0 ™) | n e Z4),  ke[0,m— 117\ {0},

and
‘7:(1)1) = {wmn(w oo™ (x) — %) ne Nd}v
we obtain equations (5.2) and (5.3), and hence, we complete the proof. O

6. Bohr chaoticity of (X, ay): the case of d = 1

In this section, we complete the proof of Theorem 2.1 in the case where d = 1: every
principal algebraic Z-action (X f, a r) with positive entropy is Bohr chaotic. Theorem 2.1
will follow from Remark 2.7, Theorem 5.1, and the following result.

THEOREM 6.1. Every primitive irreducible polynomial f € Ry with m(f) > 0 is m-good
for some positive integer m.

The proof of Theorem 6.1 consists of the following three lemmas.

LEMMA 6.2. (Preliminary lemma) Let f(z) = fo+ fiz+ -+ frz" € Z[z] be an irre-

ducible polynomial with r > 1 and fof, # 0. If m(f) > 0, then at least one of the

following statements is true:

(1)  there exists a root of f in C which is not on the unit circle;

(2) there exists a prime p > 2 such that f admits a root A in the algebraic closure @[, of
the field of p-adic numbers Q, such that ||, > 1.

Proof. Suppose r = 1, that is, f(z) = fo + fiz. If the only root of f lies on the unit
circle, then necessarily | fo| = | f1|. The irreducibility of f implies that | fo| = | f1]| = 1,
and thus m(f) = 0 by equation (2.7). Therefore, assuming m(f) > 0O for irreducible f
with deg(f) = 1, we conclude that | fo| # | f1l, and hence condition (1) must hold.

Suppose r > 2 and the roots of f are all on the unit circle, that is, suppose that condition
(1) does not hold. If | f-| = 1, then Kronecker’s theorem [17] implies that all roots of f are
roots of unity, and equation (2.7) shows that m(f) = 0, in contradiction to our hypothesis.
However, if | f| > 1, then

Jr=1 _r-1 fo
f(z)=f<zr+—z +ot ),
' Ir Ir
and Vieta’s formula implies that | fo/ f;-| = | n;e((::f({):o ¢| = 1, that is, that | fo| = | f+|.
Since f is irreducible, f;/f; is not integer for some 1 < j < r — 1. Then there exists a
rational prime p such that | f; /f,|, > 1.LetA;, 1 <i < r,betheroots of f in the algebraic
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closure @p of @, the p-adic rationals. By considering the jth elementary symmetric
polynomials of the roots and once again applying Vieta’s formulas, we get that

1< Bl _ § My k| < (max [A],).
fr o . ! l<i<r
p 1<ij<ip<-<ij<r p
Thus one has [A;|, > 1 forsomei € {1,...,r}. ]

The following key lemma will be used to show that for sufficiently large m, the sequence
of polynomials {z"™"},>0 gives a dissociate sequence of characters of X f.

LEMMA 6.3. (Condition (C1)) Suppose that f = fo+ fiz+---+ frz" € Z[z] has a
root in C or in Q,, (for some p) of absolute value larger than 1. Then for any sufficiently
large m and any D > 0, the polynomials

D
P(z) = Z ejz™  witheg, e1,...,ep € {—2,—1,0,1,2}, (6.1)
j=0
are not divisible by funless eg = €1 =--- =¢€p = 0.

Proof. First we consider the case that f has a root in C of modulus larger than 1. For any
polynomial g, we introduce the notation

pg = max{|z| | g(z) = 0}.

Without loss of generality, we may assume that ep # 0 and consider the reduced
polynomial

D
P(z) = Z sjzj,
j=0

such that P(z) = ﬁ(z’"). Clearly, pp = pp.
However, using the Cauchy bound on the roots of polynomials, one gets that

€j

&D

pp <1+ max <3,

j=0.....D—1

and hence pp < 3!/ Choose an integer M > 1 large enough such that 31/M < P (this

is possible because py > 1). Thus for allm > M, we have pp < pr. However, if P(z) was
divisible by f, we would have o < pp, thus arriving to a contradiction.

If f has a root in @p (for some prime p) of absolute value larger than 1, the same
argument works with | - | replaced by | - | ,. Indeed, suppose ¢ is a root of f with [{], > 1.
If f|P, then ¢ is also a root of P, so one has

D—1

& : g
el P=1e"P =] Y ~he™| < max g™ 5(, max |~ )|c|’,’:<D*”.
20 ED p j=0,...D—1 | €p p j=0,...D—1 | €p p
Thus arriving at a contradiction. O
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LEMMA 6.4. (Condition (C2)) Suppose that f(z) = f,z" +-- -+ fiz+ fo € Z[z] has
a root in C or in @p (for some prime p) of absolute value larger than 1. Then for all
sufficiently large integers m, any integer k with 1 < k < m, every D > 0, and all arbitrary
(D + D)-tuples e = (eq, . . .,ep)and 8 = (8o, . . ., 8p) in {—1,0, 1}PTL the polynomial

D D
Q@)=Y e = 87"t (6.2)
j=0 =0

is not divisible by funless Q(z) = 0, that is, unless all € j and §; are equal to zero.

Proof. Assume Q is divisible by f. We treat the complex case first. Namely, assume ¢ € C
is such that f(¢) =0 and R = |¢| > 1. Without loss of generality, we may assume that
lep| + |16p| > 0. We distinguish two cases.

Case I. §p # 0. If the polynomial Q(z), defined by equation (6.2), is divisible by f, then
Q(¢) = 0, in other words,

D D—1
SpcmPH = Z g™ — Z 5j§mf+k_ (6.3)
=0 Jj=0

It follows that
D-1 RD+Dm _ 1 RDm _

D
mD+k mj mj+k _ . pk
R SZ:OR —i—Z(:)R = T RS
and hence = =
R™ Rk
RF < +

As m — 00, the right-hand side of this inequality converges to 1, but the left-hand side
remains equal to R* > 1. If m is large enough, our assumption that Q is divisible by f leads
to a contradiction.

Case Il. §p = 0 but ep # 0. In this case, we have

D—1 D—1
ept™P ==Y e Y 50mtE, (6.4)
=0 j=0
It follows that
1 Rk RF+1 R 141
1 < <

R 1 R 1 R _1- R -1

Since R > 1, the last inequality is violated for all sufficiently large m, and we again
arrive at a contradiction with our assumption that Q is divisible by f.

In the p-adic case, the argument is simpler because of the non-archimedean triangle
inequality [¢ + &, < max(|¢|p, |£],). Indeed, from equation (6.3), we get that |§|’I§’D+k <
|£1%P (impossible), and from equation (6.4), we get that [¢[7'P < |§|771(D_1)+k (equally
impossible). O

Proof of Theorem 2.1. By Remark 2.7, we may assume that the polynomial f(z) = fo +
-« -+ fr7" € Z[z] is primitive, irreducible, and has positive Mahler measure (cf. equation
(2.7)). If f has a root in C of absolute value larger than 1, Lemmas 6.3 and 6.4 show
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that f is m-good for some m € N (in fact, for all sufficiently large m). An application of
Theorem 5.1 completes the proof of Theorem 2.1 in this case.

If all complex roots of f have absolute value < 1, and if ¢ is a root of f, we denote by
k = Q(¢) the algebraic number field generated by ¢ and write Pk for the set of places
(or valuations) of k. If |¢|, is the absolute value of ¢ at a place v € Pk, then our last
assumption implies that ||, < 1 for every infinite place v € Py. Since the product formula
for algebraic number fields shows that [, p lClv =1, we either have that |¢|, = 1 for
every v € P, or that there exists a finite place v € Px with |¢], > 1. In the first case, ¢
is a root of unity, which makes f cyclotomic and m(f) = 0, contrary to our hypothesis.
In the second case, we can once again use the Lemmas 6.3 and 6.4 to show that f is
m-good for all sufficiently large m, and Theorem 5.1 completes the proof of Theorem 2.1 as
above. O

7. Bohr chaoticity of (X r, ay): the case of d > 2

This section is devoted to the proof of Theorem 2.3 for d > 2, which will again be based
on Theorem 5.1. As before, we assume that the polynomial f € R; is primitive and
irreducible.

7.1. Homoclinic points of atoral polynomials in Ry and the gap theorem. For every
t € T, we set

t|| = min |t — ¢g].
Il = min |t — g1

Definition 7.1. A point x € Xy is homoclinic (or, more precisely, homoclinic to 0) if
limy, — o0 [l Xz || = 0. A homoclinic point x € X 7 is summable if ), ;allxn| < o0.

The existence of non-zero summable homoclinic points of (X ¢, af) is equivalent to
atorality of the polynomial f.

THEOREM 7.2. [20] If0 # f € Ry, the following conditions are equivalent:
(1)  the principal algebraic action (X y, o y) has a non-zero summable homoclinic point;
(2) the Laurent polynomial f is atoral in the sense of Definition 2.2.

For a principal algebraic Z¢-action (X f»or), the existence of summable homoclinic
points has a number of important consequences (cf. [19]): it implies positivity of entropy
and very strong specification properties of the action, and it guarantees the coincidence of
entropy with the logarithmic growth rate of the number of periodic points of « s (that is,
of points in X y with finite orbits under o y—cf. [19, 20]). Somewhat surprisingly, it also
plays a role in the gap theorem stated below, which will imply conditions (C1) and (C2) in
Definition 4.2.

We remark in passing that some of these consequences of atorality also hold for toral
polynomials, but with considerably harder proofs and/or weaker conclusions—cf. e.g., [4]
or [20]). However, it is not known if specification or gap properties hold in the toral case.

To state the gap theorem referred to above, we consider, for any non-empty subset
S C Z% and any integer H > 1, the set P(S, H) C Ry of all Laurent polynomials with
support in S and coefficients bounded in absolute value by H:
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P(S,H)={v € Rq|supp(v) €S and [vle = H}.

Foreveryn = (n1, . ..,ng) € Z4, we set |n| = max{|ni|, . . ., |ng|}. Then the following
is true.

THEOREM 7.3. (Gap theorem) Suppose that g € Ry is primitive, irreducible, and atoral.

For every H > 1, there exists an integer m > 1 with the following property: for every pair
of sets S, S’ C 7% with distance

d(S,S) ;= min

eS,n'e

= n'l| = m,
n

N

and for every v =73, .sus Vnz" € P(SUS’, H) which is divisible by g, the restriction

ofvito S,
vs =Y vpz", (7.1)
neS
is also divisible by g.

For the proof of Theorem 7.3, we consider the algebra ¢!(Z¢, R) of all functions
v: n— v, from Z¢ to R with |[v]; = Y nezd lvn| < 0o, furnished with its usual
multiplication (or convolution) (v, w) + v - w and involution w — w*, given by

v-w)y = Z UnWn—m = Z Un—-mWm, (7.2)
meZ4 meZ4
and
Wi = Wopm (7.3)

for every v, w € Zl(Zd, R) and m, n € 74 If we denote by El(Zd, 7)) C El(Zd, R) the
set of all integer-valued elements of £!(Z¢, R) and identify every it = 3, .« hnz" € R4
with the element (h,,),c7¢ € ¢(Z4, 7)), we obtain an embedding

Ry =£'Z,7) c 'z, R)

in which the multiplication (%, h’) — h-h’ of Laurent polynomials extends to the
composition in equation (7.2) in 2! (Zd, R). In fact, the multiplication (v, w) — v - w in
equation (7.2) is also well defined for w € 2! (Zd ,R)yand v € Zoo(Zd, R), the space of all
bounded sequences (v,),,c7« in the supremum norm ||v||ec = SUp,cz¢ |vnl, and

[v-wleo < lvllcollwli

for all w € £1(Z4, R) and v € £°(Z4, R).
The shift action & of Z¢ on £°°(Z4, R), defined exactly as in equation (2.1) by

(0_'m Vn = Umin (7.4)

for every m € Z4 and v € £°°(Z4, R), extends to an action w > w(&) of £1(Z%, R) on
£2°(Z¢4, R) by bounded linear operators with

w() = Z W™ : 074, R) — £2°(Z4, R)

meZd
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for every w € eN(Z4, R). Equation (7.4) implies that
W@ =Y wm@E™ V=) Wntmin = W* - V),
meZ4 meZ4
so that
w@)v=w* v (7.5)
for every w € ¢! (Z?,R) and v € £°(Z%, R) (cf. equation (7.3)).
We define a surjective group homomorphism : £°(Z4¢, R) — TZ! by setting
n(v)n = vp (mod 1) (7.6)
for every v = (Vn)pcz« and n € Z¢. Note that 1) is shift-equivariant in the sense that
nod"=0o"on
for every n € 74 more generally, if w € Ry = Kl(Zd, 7)), then

now@) =w(o)n. (1.7)

For every x € ’]I‘Zd, there exists a unique point x* € (—%, %]Zd C £°(Z4, R), called the
lift of x, such that

n(x*) = x. (7.8)

Let g = ) ,cz4 8nZ" € Ry be the Laurent polynomial appearing in the statement of
Theorem 7.3 and set

f=g"=) gz ™
neZd

Since U(f) = U(g), f is again atoral and has non-trivial summable homoclinic points by
Theorem 7.2.

LEMMA 7.4. Forevery x € ’JI‘Zd, the following is true:

(1) x € Xy if and only if f(5)x* € €°(Z4,7Z), that is, x*. f* € t>(Z%, Z) (cf
equation (7.5));

(2) x is a non-trivial summable homoclinic point of ay if and only if x* € Nz4, R,
h=x*. f* e (2%, 7) = Ry, and h is not divisible by * in Ry.

Proof. (1) Suppose that x € TZ. By equation (7.7), we have

n(f(@)x*) = fom@x®) = flo)x.

So, x € X, thatis, f(o)x = 0 if and only if f(5)x* € £>°(Z, 7).

(2) If x is a non-trivial summable homoclinic point of « #, then x* e ¢1(Z4, R), and part
(1) of this proof implies that h = x* - f* € £1(Z¢, Z) = Ry. If h were divisible by f*,
thatis, if x* - f* = h . f* forsome h € Ry, then (x* — h) - f* = 0 and [22, Theorem 2.1]
would imply that x*=hand x = r](x#) = n(h) = 0. This violates our conditions on x.
The converse is obvious. O
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Proof of Theorem 7.3. Since f = g* is atoral, there exists a non-trivial summable
homoclinic point x € X 7. Let x* € £1(Z4, R) be the lift of x (cf. equation (7.8)), and
let h = f(&)x* = x*. f* € Ry (cf. Lemma 7.4). Since x* € £!(Z4, R), there exists an
integer R = R(x, f, H) such that

# 1
Z x| < =—=————.
2H| flh

Inl=R
For every non-empty subset S C Z¢, we set

Br(S)={neZ?|dn,S) = min |n —n'|| < R).
n'eS

Let S, S’ C Z4 be two subsets of Z¢ with distance d(S, S’) > 3R. Suppose that a
Laurent polynomial v € P(SU &', H) is divisible by f*, that is, that v = ¢ - f* for some
¢ € Ry. Then:

G v-x*e Ry
(i) supp(v-x*) C Br(S) U Br(S).
Indeed, item (i) follows from Lemma 7.4(2):

vexf=(p- ) xt=¢ (fFxH=9¢-heRy

because both ¢ and & belong to R;. For item (ii), we note that every n ¢ Br(S) U Br(S’)
satisfies that d(n, S U S’) > R. Then v,_,; = 0 for all m with ||m|| < R, and hence

# #
[CREME ‘ > xhvum

meZ4

#
<lvleo D Ixhl<H-

lm|>R

1t
2H(fllh — 2

Since (v - x*),, € Z by item (i), it follows that (v - x*), = 0.
Let ¢ be the restriction of v - x to Bg(S), and let vs and vg be the restrictions of v to
S and &', respectively. Then ¢ € Ry by item (i), and we claim that

1
1Y —vs - x*lloo < =, (7.9)
< 720 f
that is, that
# 1 d
[V — (Vs - X )pl| < for every n € Z°. (7.10)
20 £l
Indeed, if n € Br(S), then d(n, Br(S’)) > R, and hence
1 1
l(vs - x*)nl = UmXi_ | < 0]l Ix§l < H - = . (711)
o= |2 vmtim o D I 2HIfI~ 2IfIh

meS'’ l€l=R

Since ¥, = (vs - x%), + (vs - x¥),, it follows that

—_ . # — ;. #
Y — (Vs - X )l [(vsr - x")nl < 2171h
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by equation (7.11). However, if n ¢ Bg(S), then

I 1
Y omxy_)| < H- = :
2 2HI7T 2171,

[V — (vs - Xl = |(vs - x")ul| =

This proves equation (7.10) for every n € Z<.

Since both vs-x*. f* =vg-h and ¢ lie in Ry, we have that (Y —vg - x%)-
f* € Ry, but the smallness of the coordinates of ¥ — vs - x* in equation (7.10) implies
that (¥ — vs - x*) - f* = 0. Thus, we have proved that ¥ - f* = vs - x*. f* =vg - h,
where £ is not divisible by f* (cf. Lemma 7.4(2)). As g = f* is irreducible, we have
proved that vs is divisible by g, as claimed in the statement of this theorem.

This completes the proof of Theorem 7.3 with m > 3R. O

7.2. The conditions (C1) and (C2): divisibility by f of lacunary polynomials. ~ According
to Theorem 5.1, to prove Theorem 2.3, it suffices to prove that any irreducible and atoral
polynomial f € R; is m-good for a sufficiently large m € N. Now we are going to prove
this and finish the proof of Theorem 2.3.

Theorem 7.3 has an immediate corollary which implies that any atoral polynomial is
m-good for sufficiently large m.

COROLLARY 7.5. Suppose that f € Ry is irreducible and atoral, and that |supp(f)| > 1.
Then there exists, for every H > 1, an integer m > 1 with the following property: for any
set S € 7% which is m-separated in the sense that

|k —n| >m foranypairk,n €S, k #n,

no non-zero polynomial g € P(S, H) is divisible by f.

Proof. For H > 1 and f fixed, choose m as in the statement of Theorem 7.3 (that is,
m > 3R in the proof of that theorem). Consider an arbitrary m-separated set S and any
non-trivial polynomial v =), .5 va2" € P(S, H).

If |supp(v)| = 1, then v cannot be divisible by f, since |supp(f)| > 1 by assumption.
Assume therefore that [supp(v)| > 2, and that v is divisible by f. Since for any r € supp(v),
the sets

T ={n}, T =supp()\ (n}

have distance at least m and hence, by Theorem 7.3, the restriction of v to 7, that is,
v = v,2" must be divisible by f, which is impossible, v is not divisible by f. O

The condition that |supp(f)| > 1 in Corollary 7.5 is obviously necessary: the poly-
nomial f =2 is obviously irreducible and atoral, and divides 2g for every g € Ry
(irrespective of whether g is m-separated or not).

COROLLARY 7.6. Suppose that f € Ry is irreducible and atoral, and that |supp(f)| > 1.
For all sufficiently large m > 1 and everyk € [0, m — 11\ {0}, nov € P(mZ? U (mZ4 +
k), 1) with v # 0 is divisible by f.
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Proof. Put H =1 and let m > 6R, where R is the number appearing in the proof of
Theorem 7.3. Suppose v € P(mZ¢ U (mZ? + k), 1) is a non-trivial polynomial divisible
by f. Consider the decomposition supp(v) = Sy U S; where

So = supp(v) NmZ4, S = supp(v) N (mZ4 + k).

Both sets Sp, St are m-separated, as subsets of mZ4 and mZ4 + k, respectively.

We claim that for any n € S, there exists n’ = n’(n) € S| such that d(n, n’) < 3R.
Otherwise, there exists n € Sy such that d(n, S;) > 3R so that d(n, supp(v) \ {n}) > 3R.
Then, by Theorem 7.3, the restriction of v to {nr}, that is, +z", is divisible by f, which is
impossible. Similarly, for any n’ € Sy, there exists n € Sy such that d(r, n’) < 3R. Thus,
the support of v is a union of distinct pairs:

supp(v) = | {m, n'},

neS()

where the distance within each pair is at most 3R.
Given a pair {n, n’}, consider the decomposition of supp(v):

S={n,n}, S =supp)\S.

The fact that m > 6R implies d(S, S’) > 3R. Indeed, d(n,S’) = d(n, n*) for some
n* € 8§ and

dn,n*) >m if n* € Sp;
dn,n*) >d@m',n*)—d@n',n)>m—-3R ifn*cS.

It follows that d(n, S’) > 3R. Similarly, d(n’, S’) > 3R.
Applying Theorem 7.3 to S and S’, we conclude that the restriction of v to S = {n, n'},
that is,

US = vﬂzn + Un/zn,’ Un, Uﬂ/ € {_1’ 1},
must be divisible by f, which is impossible, since vg is of the form
+z"(1+7z%, mez? eeN,

and hence is a product of a unit (+z™) and a generalized cyclotomic polynomial (1 + z%),
and thus must have zero Mahler measure m(vs) = 0. This implies that m(f) =0, in
violation of Theorem 7.2. O

Proof of Theorem 2.3. Since Remark 2.7 allows us to assume without loss in generality
that the polynomial f € Ry is primitive and irreducible, the proof of Bohr chaoticity under
the additional assumption of atorality of f is now complete.

Indeed, if |supp(f)| = 1, atorality implies that we are in the situation of Example
2.5 with p > 1, so that (X, ay) is Bohr chaotic. If |supp(f)| > 2, Corollary 7.5 for
H =2 and Corollary 7.6 show that conditions (C1) and (C2) are satisfied. Therefore,
Bohr chaoticity of (Xr,ay) for irreducible atoral polynomials f € Ry follows from
Theorem 5.1. O
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8. Concluding remarks: toral polynomials

We have shown that a principal Z-action is Bohr chaotic if and only if it has positive
entropy. A principal Z%-action, d > 1, is shown to be Bohr chaotic if it has positive
entropy and is atoral. We believe that the atorality assumption (equivalently, existence of a
non-trivial summable homoclinic point) can be removed.

Irreducible toral polynomials come in two flavors: those for which X ; has no non-trivial
homoclinic points (cf. e.g., [19, Example 7.1]), and those for which X y has no summable
homoclinic points, but uncountably many non-zero homoclinic points v € X y with the
property that v* - f* € f*Ry (cf. e.g., [19, Example 7.3]; for notation, we refer to equation
(7.8)). Unfortunately, none of these latter homoclinic points can be used in our proof of the
gap theorem (Theorem 7.3), since the key Lemma 7.4 is not valid in this case.

Remarkably, for toral examples of the kind illustrated in [19, Example 7.1], we can still
prove Bohr chaoticity by using Theorems 5.1 and 6.1.

THEOREM 8.1. Let g € Ry be an irreducible polynomial with positive Mahler measure
and with all roots of absolute value 1, and define f € Ry by f(z1, ..., zq) = g(z1). Then
(X f, ay) is Bohr chaotic.

Remark 8.2. There exist infinitely many distinct irreducible polynomials g € R; with
the properties required in Theorem 8.1. To see this, we follow a short note from
math.stackexchange.com [24].

Let ¥ be a totally real algebraic number all of whose conjugates ¥ = 9, 92, ..., 9,
have absolute values strictly less than 2 (to find such a @, take any totally real algebraic
number and divide by a big integer). Assume also that ¢ is not itself an algebraic integer.
Let B be a solution to the equation

B+1/B =0

All the conjugates of ¢ are, by assumption, real numbers in the interval (—2, 2). This forces
all the conjugates of 8 to be complex numbers of absolute value one—which is what we
want. Moreover, 8 will not be a root of unity, since otherwise, ¥ would be an algebraic
integer. Then B is a root of the polynomial

-
h(x) = l_[(x2 —Oix + 1).
i=1
Clearing denominators in /, one gets the desired polynomial g. It will be irreducible,
because, by looking at infinite places, [Q(8) : Q(¥)] = 2.
For example, 9 = 1/2 yields g =2z — 142, 9 = —6/5 yields g = 5z% — 6z + 5,
9 = 1/+/2 yields g = 2z* + 3z% 4 2, etc.

Proof of Theorem 8.1. Since g with m(g) > 0 is m-good for some sufficiently large m by
Theorem 6.1, f(z1,...,zq4) = g(z1) is also m-good, but now viewed as a polynomial in
d-variables. Indeed, if f(z) = g(z1) divides a non-trivial polynomial / of the form

h(z) =) ea2™

neZd
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with &, = &1, ns,...ng) € {—2, —1,0, 1, 2}, then by rewriting / as

,,,,,

h(z) = Z < Z 8(n|,nz,...,nd)Z’1nm>Zr2nm .. Z?nd

(n2,....ng)€Z4~1 “ni€Z

. mny mng
=. Z hnz ..... nqg (Zrln)zz te Zd 5

we conclude that g(z;) must divide all polynomials hy, . ., (z]'), some of which are
non-zero. Since g(z1) is m-good, the resulting contradiction proves that condition (C1)
is valid for f. For the proof of condition (C2), we can proceed similarly.

Theorem 8.1 now follows from Theorem 5.1. O

Theorem 8.1 obviously applies only to an extremely restricted class of toral polynomials.
A more interesting example of an irreducible toral polynomial with positive entropy in [19,
Example 7.3] is given by the polynomial

1 1
f@i,z2)=3—-z21———22——.
71 22

The unitary variety of f is a smooth real-analytic curve
. . 1 3 1 1
u — 27{15’ 2mit = -1 ({7 _ 2 L —— <s< -1

f {(e e 5 €0 5 — cos 2ms cSs=¢
Moreover, U(f) is connected and has curvature bounded away from zero. As explained
in [19, Example 7.3], one can use this fact to prove the existence of probability measures
supported on U(f) whose Fourier transforms (as functions on S¢ = Z?) vanish at infinity.
By translating this information back to the system (X s, ar), one obtains uncountably
many homoclinic points x € X s satisfying

|xp| < Ll forall n € 72
1+ n|2
Unfortunately, none of these homoclinic points can be used in our proof of the gap theorem
(Theorem 7.3), since they are not summable.
It would be interesting to see whether one can prove the gap theorem for f =3 —
71 — (1/z1) — z2 — (1/z2) directly, using some elementary methods, or establish Bohr
chaoticity of X s by some other means.
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