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Abstract. We prove structural results for measure-preserving systems, called Furstenberg
systems, naturally associated with bounded multiplicative functions. We show that for all
pretentious multiplicative functions, these systems always have rational discrete spectrum
and, as a consequence, zero entropy. We obtain several other refined structural and
spectral results, one consequence of which is that the Archimedean characters are the
only pretentious multiplicative functions that have Furstenberg systems with trivial rational
spectrum, another is that a pretentious multiplicative function has ergodic Furstenberg
systems if and only if it pretends to be a Dirichlet character, and a last one is that for
any fixed pretentious multiplicative function, all its Furstenberg systems are isomorphic.
We also study structural properties of Furstenberg systems of a class of multiplicative
functions, introduced by Matomiki, Radziwilt, and Tao, which lie in the intermediate zone
between pretentiousness and strong aperiodicity. In a work of the last two authors and
Gomilko, several examples of this class with exotic ergodic behavior were identified, and
here we complement this study and discover some new unexpected phenomena. Lastly, we
prove that Furstenberg systems of general bounded multiplicative functions have divisible
spectrum. When these systems are obtained using logarithmic averages, we show that
a trivial rational spectrum implies a strong dilation invariance property, called strong
stationarity, but, quite surprisingly, this property fails when the systems are obtained using
Cesaro averages.
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1. Introduction
A function f: N — U, where U is the complex unit disc, is called multiplicative if

f(mn) = f(@m) - f(n) whenever (m,n) = 1.

It is called completely multiplicative if the previous equation holds for all m,n € N.
(A completely multiplicative function is bounded if and only if it takes values in Uj; in
our discussion, whenever we state that a general multiplicative function is bounded, we
mean that it takes values in U.) In recent years, extensive effort has been put into the study
of correlations and other statistical properties of bounded multiplicative functions, mostly
motivated by problems surrounding the conjectures of Chowla [5], Elliott [11, 12], and
Sarnak [40, 41]. An approach that, at times, offers advantages is to associate to the class of
bounded multiplicative functions certain measure-preserving systems, called Furstenberg
systems, that encode their statistical behavior. One then uses this new framework, in
conjunction with the machinery of ergodic theory, to extract interesting and often highly
non-trivial conclusions. This has led to some important successes, we refer the reader to
the survey [13] for more details.

A structural result for Furstenberg systems for logarithmic averages of general bounded
multiplicative functions was given in [16, 17]. It asserts, roughly speaking, that their
ergodic components are direct products of systems with algebraic structure (inverse
limits of nilsystems) and Bernoulli systems. Obtaining more refined structural results for
special multiplicative functions, like the Liouville or the Mobius function, has turned
out to be extremely challenging. Although the conjectures of Chowla and Elliott predict
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that Furstenberg systems of these multiplicative functions, and more general bounded
multiplicative functions that satisfy strong aperiodicity assumptions (such as those in [37,
equation (1.9)]), enjoy strong randomness properties, we are still far from being able to
verify this (though see [33, 36-39, 43—46] for progress in this direction). To add to this
mystery, recent work in [23] exhibited examples of bounded multiplicative functions that
have rather erratic and unexpected statistical behavior, ranging from very structured but
non-periodic to completely random, according to the scale of the intervals used to define
their statistics.

In this article, we plan to focus on two classes of multiplicative functions that
complement the notoriously difficult class of strongly aperiodic ones, and our goal is to
obtain a rather complete understanding of their statistical properties by studying their
Furstenberg systems. Let us briefly summarize some of our main results; the reader will
find their exact statements in §2, and further background and explanations regarding our
notation in §3.

Pretentious multiplicative functions. We first focus on the class of pretentious mul-
tiplicative functions (see Definition 3.1), which already exhibit interesting structural
properties. The simplest examples are the Dirichlet characters, these are the periodic
completely multiplicative functions, their non-zero values are always roots of unity, and
their Furstenberg systems are rotations on finite cyclic groups. A particular example is
given by the sequence

x31(n) :==13z41(n) — 13z42(n), neN,

with (a unique) Furstenberg system isomorphic to a rotation on Z/(3Z). Other simple
examples of pretentious completely multiplicative functions can be obtained by assigning
the value —1 to finitely many primes and 1 to the remaining primes. This gives rise
to pretentious multiplicative functions that can be approximated in density by periodic
sequences, and their Furstenberg systems are ergodic procyclic systems, that is, rotations
on inverse limits of cyclic groups. Consider for example the completely multiplicative
function defined by

fFE*pn+) =05 j=1...,p—1, kneZ,

where p is some fixed prime. Its (unique) Furstenberg system is isomorphic to an ergodic
rotation on the inverse limit of the cyclic groups Z/(p°Z), s € N. Things become more
complicated when we assign values different than one on infinitely many primes. If we
define the completely multiplicative function by

1
f(p):=—1 forpeP suchthat Z — < +o0,
pelP’

and f(p):=1 on P\, then f turns out to always be pretentious, but the structural
properties of its Furstenberg systems are less clear. Additionally, things become even more
interesting when f is allowed to take values on the complex unit disc U. For non-zerot € R,
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consider for example the pretentious completely multiplicative function (often called an
Archimedean character), defined by

fn) = n'', neN.

Then f cannot be approximated in density by periodic sequences, it has uncountably many
Furstenberg systems for Cesaro averages, but only one for logarithmic averages, and they
are all isomorphic to the identity transformation on the circle with the Lebesgue measure.
Another interesting example is given by defining f on the primes by (for € R, we let
e(t) = ")

f(p):=e(l/loglog p), peP,

which leads to a completely multiplicative function that pretends to be 1, but does not
have convergent means. We can also get mixed behavior, with all previous aspects present,
while still maintaining our pretentiousness assumption. For instance, this is the case when
we define the completely multiplicative function on the primes by

f(p):=p" - x31(p)-e(1/loglog p), peP.

For more examples, see §3.2.1. For general pretentious multiplicative functions, it is not at
all clear if their Furstenberg systems always have rational discrete spectrum or even zero
entropy and, in fact, examples of multiplicative functions in the MRT class (see Definition
2.3) seem to indicate otherwise. It is these and related, more refined questions that we
answer in this article.

In Theorems 2.7, 2.8, we show that all Furstenberg systems of pretentious multiplicative
functions f: N — U, for Cesaro or logarithmic averages, have rational discrete spectrum,
and any two Furstenberg systems of a fixed f are isomorphic. (This is not a property
shared by general bounded multiplicative functions. For example, every element of the
MRT class of multiplicative functions that is studied below has a wide variety of pairwise
non-isomorphic Furstenberg systems, the structure of which differs sharply depending
on whether we use Cesaro or logarithmic averages. This is well illustrated in Theorems
2.18, 2.19, 2.20.) Furthermore, we show that these systems are ergodic exactly when
the multiplicative function pretends to be a Dirichlet character, in which case, the
multiplicative function has good subsequential approximations in the Besicovitch norm
by periodic sequences. Our results complement those in [1, 8], where rational discrete
spectrum was established for a restricted class of pretentious multiplicative functions, see
Theorem 2.6 below. Theorem 2.11, together with Theorem 2.1, enable us in several cases
to identify the spectrum of all Furstenberg systems of pretentious multiplicative functions,
and we show that n'’ is the only one that has trivial rational spectrum. Lastly, in Theorem
2.12, for completely multiplicative functions that pretend to be Dirichlet characters, we
describe explicitly the spectrum of their Furstenberg systems and characterize them up
to isomorphism as rotations on procyclic groups. A rather immediate consequence of the
previous results is the a priori non-obvious fact that if a sequence satisfies the Sarnak or the
Chowla—Elliott conjecture, then so does any of its multiples by a pretentious multiplicative
function (see Theorems 2.15 and 2.16). Some other consequences, regarding existence and
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vanishing of correlations of pretentious multiplicative functions, are given in Theorems
2.13 and 2.14.

MRT multiplicative functions. We study a class of multiplicative functions that lie
in the intermediate zone between pretentiousness and strong aperiodicity. They were
introduced in [37, Appendix B] to give examples of non-pretentious multiplicative
functions with non-vanishing 2-point correlations. They are constructed by imitating
the function n’ on long intervals of consecutive primes, but using different values
of t as the size of the interval grows (the explicit defining properties are given in
Definition 2.3). This class was studied in [23], where Furstenberg systems with rather
exotic and unexpected behavior were identified. In Theorem 2.17, we show that all
MRT multiplicative functions are aperiodic (this was known only for a certain range
of parameters). In Theorems 2.18-2.20, we give structural results for their Furstenberg
systems that complement those in [23], covering a wider range of subsequential limits.
This enables us to show in Theorem 2.19 that in the case of Cesaro averages, a trivial
rational spectrum does not always imply a dilation invariance property known as strong
stationarity, contrasting a result for logarithmic averages that holds for all bounded
multiplicative functions (see Theorem 2.4). Moreover, although unipotent systems feature
in our structural results both in the case of Cesaro and logarithmic averages, the exact
structure in each case is sharply different—in the first case, we show in Theorems 2.18
and 2.19 that we get unipotent systems of fixed level, while in the second case, we get
mixtures of infinitely many unipotent systems with an unbounded number of levels, see
Theorem 2.20.

In the course of proving the previous results, we also establish some structural properties
for general bounded multiplicative functions that are of independent interest.

General bounded multiplicative functions. We study spectral properties of Furstenberg
systems of general multiplicative functions with values on the complex unit disc for
Cesaro and logarithmic averages. In [16], it was shown that for logarithmic averages, the
spectrum of these systems is a subset of the rationals, and here we give some additional
information. In Theorem 2.1, we show that for completely multiplicative functions, the
spectrum is a divisible subset of T. These properties are used to identify the spectrum of
pretentious completely multiplicative functions. Finally, in Theorem 2.4, we show that
if a Furstenberg system for logarithmic averages of a bounded multiplicative function
has trivial rational spectrum, then the system is necessarily strongly stationary (see
Definition 3.10), a property that has very strong structural consequences, some of which
are recorded in Corollary 2.5. As stated before, the MRT class provides examples where
this property fails for Furstenberg systems of multiplicative functions defined using Cesaro
averages.

L1. Notation. WeletN:={1,2,...},Z, :={0,1,2,...}, Ry :=[0, +00), S! be the
unit circle, and U be the closed complex unit disc. With P, we denote the set of prime
numbers.

With T, we denote the one-dimensional torus R/Z, and we often identify it with [0, 1).
We also often denote elements of T with real numbers and we are implicitly assuming that
these real numbers are taken modulo 1.
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Fort € R, we let e(t) := ¥, except in §§8 and 9 (and the related Appendix A), where
it is more convenient for us to let e(¢) := e'’.

For z € C, we denote the real part of z by :i(z).

For N e N, we let [N]:={1,...,N} and if M €[l,+400), we let [M]=
{1,..., | M]}.

We usually denote sequences on N or on Z by (a(n)), instead of (a(n)),eN or (a(n))nez;
the domain of the sequence is going to be clear from the context. Whenever we write (Ng),
we assume that Ny is a strictly increasing sequence of positive integers.

If A is a finite non-empty subset of the integers and a: A — C, we let

1 log 1 a(n)
Euca a(n) .= — an), E,Z,am) = E .
|A] ne D onea 1/n n
neA ne neA

Givena, b: N — C, we write a(n) < b(n) if lim,— ~ a(n)/b(n) = 0.
Throughout the article, the letter f is typically used for multiplicative functions and the
letter x for Dirichlet characters.

2. Main results
In this section, we give precise statements of our main results. To ease the exposition, we
refer the reader to §3 for the definitions of various notions used in the statements.

2.1. Spectral results for general completely multiplicative functions. We start with some
results about Furstenberg systems of general completely multiplicative functions. These
results are of independent interest, but they will also be used subsequently to deduce results
for pretentious multiplicative functions and to contrast results obtained for certain MRT
multiplicative functions.

2.1.1. Divisibility properties of the spectrum. In this subsection, we discuss divisibility
properties of the spectrum (see Definition 3.3) of Furstenberg systems of bounded
completely multiplicative functions. Note that in all cases, we get stronger results when
the Furstenberg systems are defined using logarithmic averages versus Cesaro averages,
and it is not clear if equally strong results can be obtained for Cesaro averages (see a
related question in §2.5).

THEOREM 2.1. Let (X, u, T) be a Furstenberg system of a completely multiplicative

Sunction f: N — U. Let also o € Spec(X, i, T) and r € N such that f(r) # 0.

(1) (Logarithmic averages) If the Furstenberg system is defined using logarithmic
averages, then (o + k)/r € Spec(X, u, T) for some k € {0, ..., r — 1}.

(i1) (Cesaro averages) If the Furstenberg system is defined using Cesaro averages,
then (o« +k)/r € Spec(X, ur, T) for some k € {0, . ..,r — 1}, where (X, ur, T)
is another Furstenberg system of f for Cesaro averages. If (X, u, T) is ergodic, then
we can take (L, = L.
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Remarks.

e The result fails if we assume multiplicativity and not complete multiplicativity. Take
for example f(n) := (=1)"*!, n e N,anda = 1/2,r =2, or f := 1737 — 13z, and
a = 1/3,r = 3. Also, in the completely multiplicative case, the result fails if we allow
f(r) to take the value 0, consider for example the case of Dirichlet characters.

e We caution the reader thatif « = 1/p, p € P, and f(r) # 0, then the previous result
is not going to give us additional values in the spectrum unless p divides r, and it will
give us additional values if r = p (see Corollary 2.3).

o If u =1limg o0 Eyepn, 877 ¢, then in part (ii), we can take p, = limg o ]Ene[,NU
8rn ¢ for any subsequence N; of Nj for which the previous weak-star limit exists,
where we think of f as a point in UZ.

Theorem 2.1 is proved in §4.1. The key idea is to study the action of the maps 7, defined
in equation (10), on eigenfunctions of the system, and show that in the case of Furstenberg
systems of completely multiplicative functions, non-zero functions are mapped to non-zero
functions by t,. This is a consequence of Lemma 4.2, which we combine with Lemma 4.1
to prove Theorem 2.1.

Definition 2.1. A subset A of T is called divisible if for every @ € A and r € N, there exists
o’ € Asuchthata = ra'.

For example, the sets {m/2k: m=0,...,2"x— 1, ke N} and Q N [0, 1) are divisible,
and any non-trivial divisible subset of T has to be infinite.
The following is an immediate consequence of the previous result.

COROLLARY 2.2. Let f: N — U\ {0} be a completely multiplicative function.

(i) (Logarithmic averages) The spectrum of any Furstenberg system of f for logarithmic
averages is a divisible subset of T.

(i) (Cesaro averages) The combined spectrum of all Furstenberg systems of f for Cesaro
averages is a divisible subset of T. The same property holds for the spectrum of any
fixed Furstenberg system of f as long as the system is ergodic.

Remark. If f is completely multiplicative but is allowed to take the value 0, then the result
fails; consider for example f to be a non-trivial Dirichlet character. The result also fails if
is not allowed to take the value 0 but is only assumed to be multiplicative, see the examples
given in the first remark after Theorem 2.1.

Note thatif« = Ooro = m/n and (r, n) = 1, then the content of Theorem 2.1 is empty.
However, if « = 1/p and r = p* for some s € N, then we do get non-trivial consequences
as the next result shows.

COROLLARY 2.3. Let (X, u, T) be a Furstenberg system of a completely multiplica-
tive function f: N — U and suppose that 1/p € Spec(X, u, T) for some p € P with

f(p) #0.
(i) (Logarithmic averages) If the Furstenberg system is defined using logarithmic
averages, then q/p* € Spec(X, u, T) foreverys e N, q € {0, ..., p* —1}.
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(i) (Cesaro averages) If the Furstenberg system is defined using Cesaro averages, then
q/p® € Spec(X, ups, T)foreverys e N,q € {0, ..., p* — 1}, where (X, Lps, T)
is another Furstenberg system of f for Cesaro averages. If (X, u, T) is ergodic, then
we can take 1,5 = j for every p € Pand s € N.

Remark. As a consequence, if the rational spectrum of a Furstenberg system of a
completely multiplicative function f: N — {—1, 1} is non-trivial, then it is infinitely
generated. This is not the case for general multiplicative functions f: N — {—1, 1},
see the examples in the first remark after Theorem 2.1—they are given by non-constant
periodic sequences, and hence their Furstenberg systems have non-trivial finite spectrum
(hence are non-divisible).

Proof. We prove the first part. Let s € N. Since f(p) # 0, applying part (i) of
Theorem 2.1 for r := p*, we deduce that (14 kp)/p**t! e Spec(X, u, T) for some
ke{0,...,p*—1}. Since (1 4+ kp, p**!) =1 and the spectrum is closed under multi-
plication by an integer, it follows that ¢/ p® is in the spectrum for all g € {0, . . ., p* — 1}.
Since s € N is arbitrary, we get the asserted statement.

The second part follows by arguing as in the first part and applying part (ii) of
Theorem 2.1. O

Further consequences of these results for the class of pretentious multiplicative
functions will be given in Theorems 2.11 and 2.12 below.

2.1.2. Trivial rational spectrum implies strong stationarity. It turns out that for Fursten-
berg systems of bounded multiplicative functions defined using logarithmic averages, a
trivial rational spectrum has very strong structural consequences. A notable one is strong
stationarity, the dilation invariance property described in Definition 3.10, which also played
a crucial role in the description of Furstenberg systems of general bounded multiplicative
functions in [16].

THEOREM 2.4. If (X, u,T) is a Furstenberg system for logarithmic averages of a
multiplicative function f: N — U, then the following two conditions are equivalent:

(1)  the system has trivial rational spectrum;

(ii)  the system is strongly stationary.

Remarks.

e The implication (ii)) = (i) follows from [28] and holds for general strongly
stationary systems. So the more interesting implication is (i) = (ii), and this makes
use of the fact that f is multiplicative.

e Quite surprisingly, as the examples of Theorem 2.19 show, the result is no longer true
when the Furstenberg systems are defined using Cesaro averages.

Theorem 2.4 is proved in §4.2 and uses the ergodic limit formulae stated in Theorem 4.3,
and a recent result about correlations of multiplicative functions of Tao and Terdviinen [45]
stated in Theorem 4.5.
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Using the previous result and known results about the structure of strongly stationary
systems (see [14, Main Theorem] for part (i) and [16, Proposition 3.12(ii)] for part (ii)),
we get the following structural result for Furstenberg systems of bounded multiplicative
functions that have trivial rational spectrum.

COROLLARY 2.5. Let f: N— U be a multiplicative function and (X, u,T) be a
Furstenberg system for logarithmic averages that has trivial rational spectrum. Then:

(i) the system (X, u, T) has trivial spectrum, is strongly stationary, and almost every
ergodic component is isomorphic to a direct product of a Bernoulli system and an
inverse limit of nilsystems;

(1)  the system (X, u, T) is disjoint from all ergodic systems with zero entropy.

The bulk of this result can also be deduced from [16, Proposition 3.12(ii)] and [17,
Theorem 1.5].

The Liouville function is probably the most noteworthy example of a multiplicative
function for which it is not known whether all its Furstenberg systems have trivial rational
spectrum (the Chowla conjecture predicts that this is indeed the case), that is, it is not
known whether any rational in (0, 1) is on the spectrum of any of its Furstenberg systems
for Cesaro or logarithmic averages.

2.2. Structural results for pretentious multiplicative functions. Our goal in this section
is to give a detailed description of the Furstenberg systems of pretentious multiplicative
functions. See Definition 3.1 for the definition of pretentiousness and related background,
and §3.2.1 for various motivating examples.

2.2.1. A known structural result. We start with a known result that gives substantial
information for a rich class of pretentious multiplicative functions. It follows by combining
[8, Theorem 6] and [1, Theorem 1.7].

THEOREM 2.6. [1, 8] Let f: N — U be a multiplicative function and suppose that there
exists a Dirichlet character x such that the series

1 -
> S = f(p)-x(P)  converges. (1)

peP

Then, f is Besicovitch rationally almost periodic for Cesaro averages, it has a unique
Furstenberg system with respect to Cesaro averages (hence also for logarithmic), and this
unique system is isomorphic to an ergodic procyclic system.

Remarks.

e Note that condition (1) is stronger than saying that f pretends to be x (see Definition
3.1), for x = 1, see Example (viii) in §3.2.1.

e The reader will find results that extend various aspects of Theorem 2.6 to all
multiplicative functions that pretend to be Dirichlet characters in Theorem 2.8 and
Corollary 2.9.

https://doi.org/10.1017/etds.2024.140 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2024.140

10 N. Frantzikinakis et al

When f pretends to be 1 and condition (1) is not satisfied (this is the case in Example
(viii) of §3.2.1), then it follows from [8, Corollary 2] that the mean value of f on some
arithmetic progression does not exist and, as a consequence, f is not Besicovitch rationally
almost periodic. Prior to our work, for such multiplicative functions, it was not clear what
Furstenberg systems may arise, and it seemed plausible that they do not all have rational
discrete spectrum. We show in Theorem 2.7 that this is not the case and in Theorem 2.8,
we give more refined information about their structure.

2.2.2. New structural results. Our first main result applies to all pretentious multiplica-
tive functions and shows that their Furstenberg systems have rational discrete spectrum. It
extends Theorem 2.6, which covers multiplicative functions that satisfy condition (1).

THEOREM 2.7. All Furstenberg systems of pretentious multiplicative functions for Cesaro
or logarithmic averages have rational discrete spectrum. As a consequence, they have zero
entropy and they do not have irrational spectrum.

Remarks.

e The collection of Furstenberg systems of a complex valued pretentious multiplicative
function may depend on whether we use Cesaro or logarithmic averages. This is the
case, for example, when f(n) = nit, ¢ # 0, see the discussion in Example (vi) of
§3.2.1. It is a non-trivial fact though that when f pretends to be a Dirichlet character,
its Furstenberg systems for Cesaro and logarithmic averages coincide, see part (iv) of
Theorem 2.8 below.

e Establishing that all Furstenberg systems of pretentious multiplicative functions have
zero entropy is a non-trivial task on its own. In fact, prior to our work, it seemed
plausible that some MRT functions (see Definition 2.3) were pretentious, in which
case, we would get using [23, Corollary 2.10] that some pretentious multiplicative
function has a Bernoulli Furstenberg system, and hence is of positive entropy.

e It seems likely that this result can also be obtained by studying the formulas for the
2-point correlations given by Klurman in [31]. We opted to take a different approach
to also get the more refined properties stated in Theorem 2.8.

e It is a rather straightforward consequence of results of Klurman in [31] that if
f: N — U is a non-trivial aperiodic multiplicative function, then some Furstenberg
system of f for logarithmic averages has a Lebesgue component (see Corollary C.2
in the appendix), and as a consequence, does not have rational discrete spectrum.
Hence, a multiplicative function that takes values in U is pretentious if and only if
all its Furstenberg systems for logarithmic averages have rational discrete spectrum.
It follows from [33, Theorem 1.2] that a similar equivalence also holds for Cesaro
averages.

Our main result for pretentious multiplicative functions is stated next and gives more
refined structural information about their Furstenberg systems. In what follows, when we
write f ~ g, we mean D(f, g) < +o00 (see Definition 3.1).

THEOREM 2.8. Let f: N — U be a pretentious multiplicative function and (X, u, T) be
a Furstenberg system of f for Cesaro or logarithmic averages.
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(1) If f ~ x for some primitive Dirichlet character x, then (X, u, T) is an ergodic
procyclic system and it is non-trivial if f # 1.

(i) If f ~n'" - x for some t # 0, then (X, ju, T) is a non-ergodic system with rational
discrete spectrum and its spectrum is non-trivial unless f(n) = n'', n € N, for some
t € R. Furthermore, (X, uu, T) is isomorphic to the direct product of the system
(T, mr, id) and some Furstenberg system off = f.n""~y.

(iii) In cases (i) and (ii), any two Furstenberg systems of f for Cesaro or logarithmic
averages are isomorphic.

(iv) In case (i), a Furstenberg system of f for Cesaro averages along (Ny) is well defined
if and only if it is well defined for logarithmic averages, and the two Furstenberg
systems are equal (that is, the corresponding T-invariant measures coincide).

(v) In case (i), every sequence Ny — oo has a subsequence (N;) along which f is
Besicovitch rationally almost periodic for Cesaro and logarithmic averages. In case
(i), there is no sequence Ny — 0o along which f is Besicovitch rationally almost
periodic for Cesaro or logarithmic averages.

Remarks.

e Note that a pretentious multiplicative function belongs to exactly one of the classes
treated in cases (i) and (ii).

e See Proposition 5.6 for additional information regarding a variant of part (v) that does
not require to pass to a subsequence.

Section 6 is devoted to the proof of Theorem 2.8 (Theorem 2.7 is an immediate
consequence) and the proof is completed in §6.3. The argument uses several ingredients:
we start in §5 with some preliminary work that leads to the decomposition result stated in
Lemma 5.4, which in turn implies the subsequential Besicovitch rational almost periodicity
property stated in Proposition 5.5. This basic tool is then exploited in §6 and together with
several arguments of ergodic flavor, leads to the proof of Theorem 2.8.

We deduce from Theorem 2.8 some equivalent characterizations of various classes of
pretentious multiplicative functions. The first one concerns multiplicative functions that
pretend to be Dirichlet characters.

COROLLARY 2.9. Let f: N — U be a pretentious multiplicative function. Then, the

following properties are equivalent:

(i) f ~ x for some primitive Dirichlet character x,

(ii) some Furstenberg system of f for Cesaro or logarithmic averages is ergodic;

(i) all Furstenberg systems of f for Cesaro and logarithmic averages are ergodic
procyclic systems;

(iv) there exists a sequence N — oo along which f is Besicovitch rationally almost
periodic for Cesaro or logarithmic averages;

(v) every sequence Ny — o0 has a subsequence along which f is Besicovitch rationally
almost periodic for Cesaro and logarithmic averages.

Corollary 2.9 is proved in §6.4.
Our second corollary concerns multiplicative functions that are equal to Archimedean
characters.
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COROLLARY 2.10. Let f: N — U be a pretentious multiplicative function. Then, the

following properties are equivalent:

() fm) =n'"neN,forsomet € R;

(ii) at least one Furstenberg system of f for Cesaro or logarithmic averages has trivial
rational spectrum;

(iii) all Furstenberg systems of f for Cesaro or logarithmic averages have trivial rational
spectrum;

(iv) all Furstenberg systems of f for Cesaro or logarithmic averages are identity systems;

(V) limyooo Enepnl £ (1 4+ 1) — £(n)] = 0.

Remark. The equivalence of properties (i) and (v) was established in [31, Theorem 1.8]
in a stronger form that does not assume pretentiousness. We give a different argument for
this equivalence, with an ergodic flavor, but it only works in the pretentious case. The
equivalence of properties (iv) and (v) was established in [23, Proposition 5.1]. So our
original contribution to this corollary is the insertion of properties (ii) and (iii) on this set
of equivalences.

Corollary 2.10 is proved in §6.5.

2.2.3. Spectral results. We give a result that, in conjunction with Theorem 2.1, helps us
identify the spectrum of Furstenberg systems of pretentious multiplicative functions.

THEOREM 2.11. Let f: N — U be a multiplicative function that satisfies f ~ n'' - x for
some t € R and primitive Dirichlet character x with conductor q, and (X, u, T) be a
Furstenberg system of f for Cesaro or logarithmic averages. Then, for every p € P, the
following properties are equivalent:

() 1/p e Spec(X, u, T);

(i) either p | q or f(p*) # p'*' - x(p°®) for some s € N.

Remarks.

o If f~1ands >2, then f(p*) # 1 does not always imply 1/p® € Spec(X, u, T).
Take for example f(n):=1z3z — 13z, n€N. Then, f(3%) #1 and 1/3% ¢
Spec(X, u, T).

e If f is completely multiplicative, f ~ 1, and f(p) ¢ {0, 1}, then combining this result
with Theorems 2.8 and 2.1, we get that g/p°® € Spec(X, u, T) for every s € N and
q €1{0, ..., p° —1}. However, if f(p) = 1,then 1/p & Spec(X, u, T).

The implication (i) = (ii) of Theorem 2.11 is proved in §7.3 and uses the periodic
approximation property of Proposition 5.5 to deduce the result for f from its periodic
approximants. The implication (ii) = (i) is proved in §7.4. It is somewhat more
involved and uses part (i) of Theorem 2.8, and a combination of elementary and ergodic
considerations.

Our next result provides more refined spectral information for multiplicative functions
that pretend to be Dirichlet characters and a complete characterization of the spectrum of
their Furstenberg systems. We will use it to justify various claims we make in the examples
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given in §3.2.1. We assume complete multiplicativity to have Theorem 2.1 available for
us, and explain in the remarks which consequences carry over to general multiplicative
functions.

THEOREM 2.12. Letf: N — U\ {0} be a completely multiplicative function with f ~ x
for some primitive Dirichlet character x with conductor q and (X, u, T) be a Furstenberg
system for Cesaro or logarithmic averages of f. Then, Spec(X, u, T) is equal to the
subgroup A of T generated by {1/p*: p € A,s € N}, where A := {p € P: either p |

qor f(p) # x(p)}

Remarks.

e Since ergodic discrete spectrum systems are isomorphic if and only if they have the
same spectrum, we deduce from part (i) of Theorem 2.8 and the previous result that if
f is as in the statement, then all Furstenberg systems of f are isomorphic to an ergodic
rotation on the procyclic group that is the dual group of the subgroup A defined in the
statement above.

e The conclusion fails for non-completely multiplicative functions, even if they take
values on +1; see the example in the first remark following Theorem 2.11. Another
example is given by the square of the Mdbius function (see Example (v) in §3.2.1).
The conclusion also fails if f is completely multiplicative, but we allow it to take the
value 0, consider for example f := 15741, which has 1/2 but not 1/4 on the spectrum
of its Furstenberg system.

e See the claim in §7.5 for a variant of the inclusion Spec(X, u, T) C A, which holds
for all multiplicative functions that pretend to be Dirichlet characters. Also, our
argument gives that even without complete multiplicativity, Spec(X, u, T) contains
the subgroup A of T generated by {l1/p: p € A}, where A :={p € P: either
plgor f(p*) # x(p*) for some s € N}.

e Using part (ii) of Theorem 2.8 and the previous result, we can explicitly identify
the structure of the Furstenberg systems of any pretentious completely multiplicative
function that avoids the value 0.

We prove Theorem 2.12 in §7.5. We essentially use the divisibility properties of the
spectrum given in §2.1.1, Proposition 6.1, which asserts that in this case, Cesaro and
logarithmic averages can be used interchangeably, and part (i) of Theorem 2.8, which
asserts the ergodicity of the corresponding Furstenberg systems.

2.3. Applications of the structural results. We give some number theoretic conse-
quences of our main results.

2.3.1. Correlations of pretentious multiplicative functions. We start with a vanishing
property for weighted correlations of pretentious multiplicative functions.

THEOREM 2.13. Let f: N— U be a multiplicative function with f ~ x for some
primitive Dirichlet character x with conductor q. Suppose that either:
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(1) « isirrational; or
(i) a=k/p,pel (k,p) =1 ptq and f(p°) = x(p°) for everys € N.

Then,
L
Jim Eycq) e(na) ]"[1 fitn+n)=0 2)
j:
forallny,...,ng € Zand fi, ..., fi €{f, f}
Remarks.

e If f ~n'". x for some t € R and primitive Dirichlet character yx, then a similar result
holds as long as we change the assumption on f in property (i) to f(p*) = p**' - x (p*)
for every s € N.

e If ¢ is irrational, and we replace Cesaro with logarithmic averages, then equation (2)
holds for all bounded multiplicative functions f (see [17, Corollary 1.4]). It is an open
problem whether, in this more general setting, a similar property holds for Cesaro
averages—this is only known for £ =1 [6, 7].

Theorem 2.13 is proved in §7.6.
Our next result establishes existence of certain correlations of pretentious multiplicative
functions.

THEOREM 2.14. Let f: N — U be a pretentious multiplicative function. Ifky, . . . , kg are
integers such that Zi’:l kj =0, then the limit

4

Jim By ]"[1 Flotng) 3)
]:

. . —lk
exists forallny, . . ., ng € Z, where we use the notation f* := f| |for k <O.

Remarks.

e The result fails if we do not assume that Zﬁ':l kj =0, take £ =1, and f any
pretentious multiplicative function that does not have a mean value. It also fails if
we do not assume that f is pretentious: as was shown in [37, Theorem B.1], there exist
aperiodic multiplicative functions f (in fact, all multiplicative functions in the MRT
class should work), for which lim supy_, o |Ese[n] f(n) - f(n+1)| > 0and in [23],
it was shown that lim infy oo |Epeiny f(n) - f(n + 1)| = 0.

e The result was known for £ = 2 and in this case, an explicit formula for the correlations
is given in [31, Theorem 1.5].

Theorem 2.14 is proved in §7.7.
2.3.2. Chowla and Sarnak conjecture. To facilitate discussion, we introduce the follow-

ing notions and refer the reader to Definition 3.9 for the notion of completely deterministic
sequences.
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Definition 2.2. We say that a sequence a: N — U:
(i) satisfies the Sarnak conjecture for Cesaro averages along (Ny) if
lim E,¢n,a(r) wn) =0
k—o00

for all sequences w: N — U that are completely deterministic along (Ny) (see [9]
for the relation of this statement with the original conjecture of Sarnak [41]);
(i)  satisfies the Chowla—Elliott conjecture for Cesaro averages along (Ny) if

lim E,enga®(n+ny)---a“(n+ng) =0 4
k—o00
for all £ € N, distinct ny, ...,ng € Zy,and all €1, . . ., €, € {—1, 1}, where we set

al:=a.

Similar definitions apply for logarithmic averages.

We give two results, which, roughly speaking, assert that if a bounded sequence satisfies
the Sarnak or the Chowla—Elliot conjecture, then so does any multiple of the sequence by
a pretentious multiplicative function. We caution the reader that although these claims are
rather easy to prove when the multiplicative function satisfies Theorem 2.6, a priori, it is
not even clear that such claims are expected to hold for general pretentious multiplicative
functions. In fact, since all MRT functions satisfy the Sarnak and the Chowla—Elliott
conjectures along some subsequence (Ng) (this is a consequence of the main result in
[23]), one has to first nullify the possibility that the MRT class contains a pretentious
multiplicative function, which is a non-trivial task on its own.

THEOREM 2.15. Let a: N — U be a sequence that satisfies the Sarnak conjecture
for Cesaro averages along (Ni), and b:=a - f, where f: N — U is a pretentious
multiplicative function. Then, b also satisfies the Sarnak conjecture for Cesaro along (Ny,).
A similar fact also holds for logarithmic averages.

We prove Theorem 2.15 in §7.8 by making essential use of Theorem 2.7.

THEOREM 2.16. Let a: N — {—1, 1} be a sequence that satisfies the Chowla—Elliott
conjecture for Cesaro averages along (Ny), and b:=a- f, where f: N— U is a
pretentious multiplicative function. Then, b also satisfies the Chowla—Elliott conjecture
for Cesaro averages along (Ny). A similar fact also holds for logarithmic averages.

We prove Theorem 2.16 in §7.9 by making essential use of Theorem 2.7.

2.4. Structural results about MRT multiplicative functions. ~We focus here on a class of
multiplicative functions defined in [37, Appendix B], and which were used to show that the
2-point Elliott conjecture fails for some aperiodic multiplicative functions. It turns out that
this class provides a rich playground on which one can construct examples of multiplicative
functions with rather exotic statistical behavior, resulting in Furstenberg systems with
unexpected structural properties, not to be found within the class of pretentious or strongly
aperiodic multiplicative functions (such as those satisfying [37, equation (1.9)]). Our
goal here is to give an explicit description of their Furstenberg systems for Cesaro and
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logarithmic averages for a wider range of parameters than those dealt with in [23]. As
a consequence, we get further unanticipated properties for such Furstenberg systems,
only to be found on this class of multiplicative functions with ‘intermediate randomness’
properties.

2.4.1. The setting. We reproduce here the definition of the MRT class of completely
multiplicative functions from [23, Definition 3.1].

Definition 2.3. We say that the completely multiplicative function f: N — S! belongs to
the MRT class, or is an MRT (multiplicative) function if the following property is satisfied.
There exist strictly increasing sequences of integers (¢,,), 1 := 1, and (s;,) such that for
each m € N, the following holds:

i) tm < sm+1_ < SI%H-I = Im+1;

(i)  f(p) = p'*m+! for each prime p € (4, tm+11;
(i) | f(p) = pismti| < l/t,i for each prime 1 < p < t,,.

It is shown in [37, Appendix B] that the MRT class is non-empty, and if s,, 41 > e,
then f is an aperiodic multiplicative function. However, this is not a growth assumption that
we impose in our defining axioms, nor is it known whether it follows from these axioms.
However, it is shown in [23] that the axioms (i)—(iii) imply that for every K € N, we have
Sm1/tK — oo.

It is a consequence of [23] that every element of the MRT class has uncountably many
different Furstenberg systems, and depending on the choice of our averaging intervals
[N ], we may get substantially different structural properties, ranging from the identity
system to the Bernoulli system. Our goal here is to give a complete classification of these
Furstenberg systems for Cesaro and logarithmic averages, when, roughly speaking, N,
grows as a fractional power of s,,+1 (that is, lim,,_, oo Ny, /sf; g =c for some 8, ¢ > 0).

We stress that in the structural results that we give below, we fix an arbitrary MRT
function f and describe the structure of different Furstenberg systems of this fixed f for
Cesaro or logarithmic averages, depending on the choice of the sequence Ny, — oo that
defines the Furstenberg system.

The following is a first non-trivial consequence of our results.

THEOREM 2.17. All MRT multiplicative functions are aperiodic (non-pretentious).

This follows at once from Theorem 2.18 (or the structural result obtained in [23]) and
Theorem 2.7, since for every MRT function, not all of its Furstenberg systems for Cesaro
averages have rational discrete spectrum.

2.4.2. Furstenberg systems of MRT functions for Cesaro averages. We first state
structural results for Furstenberg systems of MRT functions defined using Cesaro averages.
In the next subsection, we cover the case of logarithmic averages, which lead to systems
with substantially different structural properties.
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Definition 2.4. For d € Z,, we consider the measure-preserving system (Yz, vg, Sq),
where Yy := T, vy :=mpen, and Sy: T — T+ s the transformation
defined by

Sq(x0, . .., xq) := (x0, X1 +X0, ..., Xq +Xg-1), X0,...,%q €T.

We call it the level d unipotent system.

For d =0, we have Sy(xg) = x9 on T with mt. For d = 1, we have Sj(xg, x1) =
(x0, X1 + x0) on T? with my2, and so on. We introduce these systems to reproduce in
an ergodic setting the correlations of MRT functions given in Proposition 8.4.

Definition 2.5. Givena, b: N — C, we write a(n) < b(n) if lim,_, o, a(n)/b(n) = 0.

We start with a result previously obtained in [23] when N, = Ls’il/ilj and ¢ > 0 is
not an integer (the case ¢ € N is covered by Theorem 2.19). We use somewhat different
techniques to cover the more general case below.

THEOREM 2.18. For d € Zy, let (X, tg, T) be the Furstenberg system for Cesaro
averages of the MRT function f: N — S, taken along the sequence of intervals [N,,] that
satisfies S,L/.gﬂ) < Ny < srln/fl (for d = 0, we simply assume that Spy+1 < Ny < ty41).
Then, (X, g, T) has trivial spectrum, is strongly stationary, and is isomorphic to the

level d unipotent system (T4, mya+1, Sq) given in Definition 2.4.

Theorem 2.18 is proved in §8.3.

Our method of proof is somewhat different than that used in [23], the additional
flexibility of our method enables us to give more refined results and also handle subsequent
problems concerning logarithmic averages. We continue with a case that exhibits different
structural behavior and gives examples of non-strongly stationary systems, a feature not
present in the case of logarithmic averages.

Definition 2.6. For a > 0 and d € Z, let S, 4: T¢t! — T9F! be the transformation
defined by

Sad (X0, - . .5 Xq) = (X0, X1 + ga,a(X0), X2 + X1, ..., Xq +Xg-1), X0,...,Xq €T,

where g4 4: T — Ry is defined by go 4(x) 1= 1/(oed{x}d) for x #0.

This system helps us reproduce the correlations of MRT functions given in
Proposition 8.2 and leads to the following result.

THEOREM 2.19. For a > 0 and d € Z, let (X, a,d, T') be the Furstenberg system for
Cesaro averages of the MRT function f: N — Sl taken along the sequence of intervals

[N, ], where N, := Las;ﬁlj. Then, (X, pta.a, T) has trivial spectrum, it is not always
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strongly stationary (in the sense described in Definition 3.10), and it is isomorphic to the
system (T4, Ma+1, Sq.d), where Sy 4 is taken as in Definition 2.6.

Remarks.

e Note that the previous result contrasts Theorem 2.4, which shows that in the case of
logarithmic averages, all Furstenberg systems of bounded multiplicative functions with
trivial rational spectrum are strongly stationary.

e If we consider logarithmic averages, we will see in Theorem 2.20 that the correspond-
ing system, when N, := Lsrt/flj, is not isomorphic to the level d unipotent system
given in Definition 2.4 but to an infinite ‘mixture’ of such systems.

e For d = 1, taking the limit as « — 0o, we get that the measure 11,1 on the sequence
space converges weak-star to a measure that induces a system isomorphic to the
identity transformation on T with mT. Taking the limit as « — 0", we get a system
isomorphic to that defined by 7 (x, y) = (x, y + x) on T2 with mr2. A similar thing
happens for general d € N; as « — 0+ or « — 00, we get respectively the level d
and level d — 1 unipotent systems given in Definition 2.4. In particular, contrasting
[23], where a countable family of Furstenberg systems was described, here, we give an
uncountable family of explicit Furstenberg systems of f that illustrates the ‘continuous’
transition from the level d — 1 to the level d unipotent system according to the choice
of Ny,.

Theorem 2.19 is proved in §8.3.

2.4.3. Furstenberg systems of MRT functions for logarithmic averages. We describe
structural properties of Furstenberg systems of MRT functions defined using logarithmic
averages. The reader is advised to compare Theorems 2.18 and 2.19 with Theorem 2.20, and
note that for the same choice of sequence of averaging intervals ([N, ]), the structure of the
corresponding Furstenberg systems differs sharply when we use Cesaro versus logarithmic
averages.

Definition 2.7. For d € Z,, let (Y4, vg4, Sq) be the level d unipotent system given in
Definition 2.4. For ¢ > 0, we define the system (Z,, vé, R.), where Z, consists of disjoint
copies of Y;, d > | c], with the corresponding o -algebra, R, is defined to be S; on each
piece Yy, and

Vo= (1 )y ~|—c§: 1t v,
¢= 1)t d d+1)*"

d=Jc]

The motivation for introducing this rather awkward system is that it helps us reproduce
the correlations of MRT functions for logarithmic averages given in Proposition 9.1 and
leads to the following result.

THEOREM 2.20. For ¢ > 0, let (X, u¢, T) be the Furstenberg system for logarithmic
averages of the MRT function f: N — S!, taken along the sequence of intervals [S;:z/-i ]
Then, (X, ¢, T) has trivial spectrum, is strongly stationary, and is isomorphic to the

system (Z., v, Rc) given in Definition 2.7.
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Remark. A similar statement holds if instead of [s;/fr'l], we use any other sequence
[Ls, .1, where (Ly) is a sequence with fractional degree 1/c (see Definition 9.1). We

actually prove the result in this more general setting.

Theorem 2.20 is proved in §9.

2.5. Open problems. We refer the reader to Definition 3.9 for the various ergodic
notions associated with bounded sequences throughout this subsection. We also remark
that although the conjectures below are stated for Cesaro averages, similar conjectures can
be made for logarithmic averages and we find them equally interesting.

In Theorem 2.7, we established that all pretentious multiplicative functions are com-
pletely deterministic for Cesaro and logarithmic averages. We believe that this zero-entropy
property characterizes pretentiousness within the class of all bounded multiplicative
functions.

CONIJECTURE 1. A non-trivial multiplicative function f: N — U is pretentious if and
only if it is completely deterministic for Cesaro averages. (This is not to be confused with
the notion of zero topological entropy, which is stronger. See Example (v) in §3.2.1.)

Remark. Tt is an immediate consequence of [23, Main Theorem] that all multiplicative
functions in the MRT class are not completely deterministic for Cesaro averages or
logarithmic averages.

The structural results in §2.4 suggest that all Furstenberg systems of MRT functions
for Cesaro and logarithmic averages are disjoint from all ergodic zero entropy systems. A
consequence of this would be that all MRT functions satisfy the Sarnak conjecture with
ergodic deterministic weights. Since the MRT class seems to be the most likely place to
look for examples, where the previous property fails, we expect the following to hold.

CONJECTURE 2. Let f: N — U be an aperiodic multiplicative function. Then,
lim E,eny f(n) wn) =0
N—o00
for every w: N — U that is completely deterministic and ergodic for Cesaro averages.

Remark. One could replace w(n) with (F(T"x)), for all uniquely ergodic systems (X, T')
with zero entropy, continuous functions F € C(X) and points x € X.

Note that when we use logarithmic averages, the previous property is known to hold
under a strong aperiodicity assumption on the multiplicative function f [17, Theorem 1.5].
However, even in the case of logarithmic averages, the previous conjecture enlarges the
scope of this result to all aperiodic multiplicative functions. We also remark that without
the ergodicity assumption on the weight, the conjecture is false as is shown in [23,
§5.2]. Lastly, for all totally ergodic weights and logarithmic averages, the conjecture is
known for every zero mean multiplicative function, this follows from the disjointness
of Furstenberg systems of bounded multiplicative functions and totally ergodic systems,
which is a consequence of [16, Proposition 3.12] and [17, Theorem 1.5].
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We also state a conjecture regarding a variant of Sarnak’s conjecture on which we do
not impose any ergodicity assumptions on the weight w. (A similar conjecture was made
independently in [33, Conjecture 2.11].)

CONJECTURE 3. Let f: N — U be an aperiodic multiplicative function. Then, there
exists a subsequence Ny — o0 such that

lim Ene[Nk] f(n) w(n) =0
k— 00
for every w: N — U that is completely deterministic for Cesaro averages along (Ny).

As remarked above, if we do not take subsequential limits, then the asserted convergence
to 0 fails for some aperiodic multiplicative function f [23, §5.2]. If Conjecture 3 is verified
for logarithmic averages along (Ny) for some specific aperiodic multiplicative function f,
then a modification of an argument in [44] would give that f satisfies the Chowla—Elliott
conjecture for logarithmic averages along (Ng). (One has to verify that the implications
Conjecture 1.5 = Conjecture 1.6 —> Conjecture 1.4 in [44] hold with an arbitrary
bounded multiplicative function f in place of A. The first implication works for arbitrary
bounded sequences, so in particular for f. For the second implication, one needs to do
some minor adjustments as in the proof of [15, Theorem 1.7]. Also, both implications work
without any change when the averages Eiloeg[ w7 are replaced by the subsequential averages

E:qoeg[Nk]')

We remark that Theorem C.3 in the appendix offers some support for the last two
conjectures, at least for logarithmic averages.

Although in Corollary 2.2 we have established divisibility of the spectrum when a
Furstenberg system of a non-zero completely multiplicative function is constructed using
logarithmic averages, the corresponding question for Cesaro averages remains open, and it

is not clear to us which way the answer should go.

Question. Let (X, u, T) be a Furstenberg system for Cesaro averages of a completely
multiplicative function f: N — U \ {0}. Is it true that the spectrum of the system is always
a divisible subset of T?

We caution the reader that Corollary 2.2 covers the case of the combined spectrum
of all Furstenberg systems of f for Cesaro averages, and not the spectrum of any fixed
Furstenberg system of f (unless it is ergodic). For pretentious multiplicative functions, the
answer is yes, since as we show in part (iii) of Theorem 2.8 that any two Furstenberg
systems of f for Cesaro or logarithmic averages coincide, so we can use Corollary 2.2.

3. Background
In this section, we gather some notions and basic facts from ergodic theory and number
theory used throughout this article.

3.1. Dirichlet characters. A Dirichlet character x is a periodic completely multi-

plicative function and is often thought of as a multiplicative function in Z,, for some
m € N. In this case, x takes the value 0 on integers that are not coprime to m, and
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takes values on ¢ (m)-roots of unity on all other integers, where ¢ is the Euler totient
function. The indicator function of the integers that are relatively prime to m is called the
principal character modulo m and is denoted by xo,. A Dirichlet character x mod m
may be determined by a character x’ of strictly smaller modulus m’ | m by the formula
x = x - xom- If this is not the case, we say that x is primitive, and its period m is then
denoted by g and is called the conductor of x. Note that x = 1 is the only primitive
Dirichlet character with conductor ¢ = 1, and also the only Dirichlet character that is
primitive and principal. We remark also that for every Dirichlet character x mod m, there
exists a primitive Dirichlet character x’ such that x = x’ - xo.m-

3.2. Pretentious multiplicative functions. Following Granville and Soundararajan
[25-27], we define the notion of pretentiousness and a related distance between
multiplicative functions.

Definition 3.1. If f,g: N — U are multiplicative functions, we define the distance
between them as

1 N
D*(f, ) =) S =9 ()-8 (P)). ©)

peP

We say that:
(i) fpretends to be g and write f ~ g if D(f, g) < +o0;
(ii) fis pretentious if f ~ n'" - x for some ¢ € R and primitive Dirichlet character y;
(iii)  f is aperiodic (or non-pretentious) if it is not pretentious;
(iv) fistrivial if imy_ 00 Eneny | f (n)|?> = 0 (in which case f is aperiodic).

In case (ii), the real number ¢ and the primitive Dirichlet character x (and hence its
conductor ¢) are uniquely determined, meaning, if n’’ - x ~ ni’ . x' for some 1, € R
and primitive Dirichlet characters yx, x’, then t = ¢’ and x = x’ (see for example [35,
Proposition 6.2.3]). It is also known that for every non-zero t € R, we have n'’ % x for
every Dirichlet character x (see for example [27, Corollary 11.4]). Note that for every
Dirichlet character x, there exists a primitive Dirichlet character x’ such that x ~ x’. So
without loss of generality, in our statements, we use primitive Dirichlet characters, which
in some cases offers notational advantages.

It follows from [8, Corollary 1] that a multiplicative function f: N — U is aperiodic
if and only if its Cesaro averages on every infinite arithmetic progression are zero, that is,
limy_ 00 Epeny f(an +b) =0foreverya e N, b € Z.

It can be shown (see [26] or [27, §4.1]) that D satisfies the triangle inequality

D(f,8) =ID(f, h) +D(h, g)
forall f, g, h: N — U. If f takes values on the unit circle, then we always have f ~ f.In

general, it may be that f 7 f, which happens if and only if limy 0o Eneqn |.f (7)]> = 0,
that is, if f is trivial (for a proof, see for example [2, Lemma 2.9]).
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Also, for all f1, f2, g1, g2: N — U, we have (see [25, Lemma 3.1])

D(f1f2, g182) < D(f1, g1) + D(f2, g2).

It follows that if f| ~ g1 and f, ~ g2, then f1 /> ~ g122.

3.2.1. Some examples. To get a sense of the variety of measure-preserving systems that
arise as Furstenberg systems of pretentious multiplicative functions and their spectral
properties, we provide a rather extensive assortment of examples. The terminology
we use is explained in §§3.3 and 3.4. In all cases, the Furstenberg systems can be
taken either for Cesaro or logarithmic averages. The properties recorded in Examples
(1), (i), (iv), (vii), (viii) follow from Theorem 2.12, the properties of Example (iii)
are straightforward, the properties of Example (v) were established in [4] (see also
[41, Theorem 9]), and those of Example (vi) can be found in [23, Corollary 5.5] and
[17, §1.3]. Finally, we remark that Theorem 2.6 does not apply to Example (viii), so in
this case, even showing that all Furstenberg systems have rational discrete spectrum is a
non-trivial task. For the sake of brevity, in the following discussion, when we refer to the
spectrum of a multiplicative function, we mean the spectrum of any of its Furstenberg
systems.

1 fQ@):=-1and f(p):=1 for p #2, and f is completely multiplicative. The
spectrum of f is m/2°, m € Z4, s € N, and it has a unique Furstenberg system,
which is an ergodic procyclic system.

(ii)) More generally, let f(p))=---=f(pe):=—1 and f(p)=1 for
p ¢ {p1,...,pe}, and f is completely multiplicative. Then, the spectrum of
f consists of all integer combinations of the numbers 1/ pl{‘, where k € N,
ie{l,...,¢}, and it has a unique Furstenberg system, which is an ergodic
procyclic system.

(iii)  f := x is a Dirichlet character, or f(n) = (="t or f =123z — 13z. Then,
f has finite rational spectrum and it has a unique Furstenberg system, which is an
ergodic cyclic system.

(iv) f := x is a modified Dirichlet character, defined as in Lemma 7.4, where y is a
primitive Dirichlet character with conductor g. Then, f has a unique Furstenberg
system, which is ergodic and procyclic, and its spectrum consists of all integer
combinations of 1/ pk, k € N, where p € P divides q.

(v) f:=u? is the indicator of the square free numbers. Then, f has a unique
Furstenberg system, which is ergodic and procyclic, and its spectrum consists of
all integer combinations of 1/p?, where p € P. In particular, for any prime p, we
have that 1/p? is on the spectrum of this system but 1/p> is not. We also remark
that this is an example of a multiplicative function that has positive topological
entropy but its unique Furstenberg system has zero entropy.

(vi)  f(n) := n'" for some ¢ # 0. Then, f has uncountably many Furstenberg systems,
all isomorphic to the identity transformation on T with the Lebesgue measure. In
the case of logarithmic averages, it has a unique Furstenberg system, isomorphic
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to the identity transformation on T with the Lebesgue measure. In both cases, all
Furstenberg systems have trivial rational spectrum.

(vii)  f(p) :==e(l/p),or f(p):=1—1/p, p € P, and f is completely multiplicative.
Then, f ~ 1 and f has a unique ergodic procyclic Furstenberg system and its
spectrum consists of all rational numbers in [0, 1). If we change the value of f at a
single prime to 1, say set f(3) := 1, then 1/3 will no longer be in the spectrum, and
the non-zero values in the spectrum will now consist of all rationals p/q € [0, 1)
with (p,g) = 1and (¢, 3) = 1.

(viii)  f(p) :==e(1/loglog p), p € P, and f is completely multiplicative. Then, f ~ 1
but f does not satisfy equation (1), so Theorem 2.6 does not apply. (The reason
for this is that if 6, := 1/ loglog p, p € P, then }_ p(6;/p) < 400, while
> pep(Op/p) = +00.) We have that f does not have a mean value [8, Corollary
2] and hence has several Furstenberg systems, all of which are ergodic procyclic
systems, isomorphic to each other, and their spectrum consists of all the rational
numbers in [0, 1).

It follows from [17, Theorem 1.5] that an irrational number cannot be on the spectrum of

a Furstenberg system for logarithmic averages of any multiplicative function (pretentious

or not) that takes values in U. For pretentious multiplicative functions, an alternative proof

follows from Theorem 2.13, and it also applies to Furstenberg systems for Cesaro averages

(a case not covered in [17]).

3.2.2. Mean values of multiplicative functions. ~We will need the following notion.

Definition 3.2. We say that a sequence A: N — R, is slowly varying if for every
c € (0, 1), we have

lim sup |A(n) — A(N)| =0.
N—oo ne[N¢,N]

For example, the sequence A(n) = log log log n, defined for n > 3, is slowly varying,
but the sequence A(n) = log log n, defined for n > 2, is not slowly varying.

We will use the following result that can be found in the form stated below in [10,
Theorems 6.2 and 6.3]. We will only apply this in the case of pretentious multiplicative
functions.

THEOREM 3.1. (Delange—Wirsing—Haldsz) Let f: N — U be a multiplicative function.
G) If f #n' foreveryt € R, or f ~ n'' for somet € R and f(2°) = =2/ for every
s € N, then

lim EnE[N] f(n) =0.
N—o00

(i) If f ~n' for some t € R and f(2°) # =25 for some s € N, then there exist a
non-zero L € C and a slowly varying sequence A: N — R such that

Enerny f(n) = L Ne(A(N)) + on(1).
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Remarks.

e If f is completely multiplicative, then L is always non-zero since we cannot have
f(2%) = =2/ for every s € N.

e Part (i) also holds for logarithmic averages, this follows using partial summation.
Part (ii) fails for logarithmic averages, take for example f(n) = n'’ for some ¢ # 0,
then the logarithmic averages vanish but not the Cesaro averages (more generally,
the logarithmic averages vanish if f ~ n’’ for some ¢ # 0). However, if t =0
(equivalently, if f ~ 1), then part (ii) continues to hold if we replace E, [y} f (n) with
E,% vy f (). To see this, note that since limy o0 SUP,c[ye vy [A(n) — A(N)| = 0 for
every ¢ > 0, we can use partial summation to deduce the asserted asymptotic for the
averages ]Eiff[ NEN] f(n) forall ¢ > 0. Letting ¢ — 07 gives the result for the averages

1
Enoeg[lv] fm).

3.3. Measure-preserving systems. Throughout the article, we make the typical assump-
tion that all probability spaces (X, X, u) considered are standard Borel, meaning, X
can be endowed with the structure of a complete and separable metric space, and X is
its Borel o-algebra. A measure-preserving system, or simply a system, is a quadruple
(X, X, n, T), where (X, X, u) is a probability space and T: X — X is an invertible,
measurable, measure-preserving transformation. In general, we omit the o -algebra X and
write (X, i, T). The system is ergodic if the only T-invariant sets in X have measure 0
or 1. If f € L°®(u) and n € Z, with T" f, we denote the composition f o T", where for
neN,weletT":=To---oT (ntimes), T" = (T~")", and T = id.

3.3.1. Factors and isomorphisms. A homomorphism, also called a factor map, from a
system (X, X, u, T) onto a system (Y, ), v, §) is a measurable map ®: X — Y, such
that £t o ®~! = v and with S o ® = ® o T valid for p-almost every (a.e.) x € X. When
we have such a homomorphism, we say that the system (Y, Y, v, S) is a factor of the
system (X, X, u, T). If the factor map ®: X — Y is injective on a T-invariant set of
full u-measure, we say that @ is an isomorphism and that the systems (X, X, u, T) and
(Y, Y, v, S) are isomorphic.
The pushforward of p by ® is denoted by @, or o ®~!, and is defined by

/Fd(dJ*/J,):/Foq)d,bL
for every F € L™ (v).
3.3.2. Spectrum, procyclic, and rational discrete spectrum systems. The notion of the
spectrum and the class of systems with rational discrete spectrum play a crucial role in this
article and we define these concepts next.
Definition 3.3. Given a system (X, u, T'), we define its spectrum, and denote it by

Spec(X, u, T), to be the set of & € [0, 1) for which there exists a non-zero g € Lz(u)
such that Tg = e() - g. We call any such g an eigenfunction of the system.
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Hence, o € Spec(X, pu, T) if it is the phase (taken in [0, 1)) of an eigenvalue of the
operator f > Tf, acting on L%(1). We will often identify [0, 1) with T, and using this
identification, we have that the spectrum of a system is always a subset of T that is
closed under multiplication by integers. When the system is ergodic, then the spectrum
is a subgroup of T. We say that e(«) is a rational eigenvalue if @ € Q.

Definition 3.4. We say that the system (X, u, T):
(1) is trivial if there exists xo € X such that Tx = xq for u-a.e. x € X;

(ii) is anidentity if Tx = x for pu-a.e. x € X;

(iii) is cyclic if it is isomorphic to a rotation on a finite cyclic group;

(iv) has trivial rational spectrum if Spec(X, u, T) N Q = {0};

(v)  has rational discrete spectrum if L?(u) is spanned by eigenfunctions with rational
eigenvalues;

(vi) is procyclic if it is an ergodic system with rational discrete spectrum. (Procyclic
systems are often called ergodic odometers in the literature.)

It can be shown that a system has rational discrete spectrum if and only if its ergodic
components are procyclic systems. Also, a procyclic system is an inverse limit of cyclic
systems, and this happens if and only if it is isomorphic to an ergodic rotation on a
procyclic group. Lastly, we remark that procyclic systems are isomorphic if and only if
they have the same spectrum, but this is not the case for (non-ergodic) systems with rational
discrete spectrum.

3.3.3. Joinings and disjoint systems. Following [18], if (X, X, u, T) and (Y, Y, v, S)

are two systems, we call a measure p on (X x Y, X ® ) a joining of the two systems if

p is T x S-invariant and its projection onto the X and Y coordinates are the measures

and v, respectively. We say that the systems on X and on Y are disjoint if the only joining

of the systems is the product measure p x v.

We will use the following well-known facts (the Furstenberg systems of the sequences

a,b: N — U used below can be taken either for Cesaro or logarithmic averages).

(i) All identity systems are disjoint from all ergodic systems.

(i) Bernoulli systems are disjoint from all zero entropy systems.

(iii) Ifa,b: N — U are sequences, then any Furstenberg system (see Definition 3.7) of
the product sequence a - b is a factor of a joining of some Furstenberg system of a
and another Furstenberg system of b.

(iv) The spectrum of an ergodic joining of two discrete spectrum systems is contained in
the subgroup of T generated by the spectrum of the individual systems. (Similarly,
we can define joinings of countably many systems and property (iv) extends to this
more general setting.)

(v) If all Furstenberg systems of a sequence a: N — U are disjoint from all Furstenberg
systems of a sequence b: N — U, then the spectrum of any Furstenberg system of
the product sequence a - b is contained in the subgroup generated by the spectrum
of a Furstenberg system of the sequence a and another Furstenberg system of the
sequence b.
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3.4. Furstenberg systems of sequences. We reproduce the notion of a Furstenberg
system of a bounded sequence and record some basic related facts that will be used later.

3.4.1. Sequence space systems and correlations. ~We start with two preparatory notions.

Definition 3.5. Let X := UZ% and denote the elements of X by x := (x(k))kez. A sequence
space system is a system (X, u, T), where T : X — X is the shift transformation, defined
by (Tx)(k) := x(k + 1), k € Z, and p is a T-invariant measure. We implicitly assume that
X is equipped with the product topology. We let Fp € C(X) be defined by Fy(x) := x(0),
x € X, and call it the Oth-coordinate projection.

Remark. Any probability measure on X is uniquely determined by its values on the set of

cylinder functions {]_[f.:l T"Fj,LeNny,...,ngeZ,Fy,..., Fpel{Fp, Fo}}, since
this set is linearly dense in C(X). Another representation for this set is {]_[f-=1 T"i FO’ s

. — 1k
teN,ny,...,ng€Z,ky,...,ke €Z}, where we use the notation Fé‘ = FOI ! for
k <O.

Definition 3.6. Let ([Ni])ren be a sequence of intervals with Ny — oco. We say that a
sequence a: Z — U admits correlations along ([ Ni]) (or simply along (Ni)) for Cesaro
averages if the limits

4
klggo Enevg l_[ aj(n+nj) (6)
j=1
existforall e N,ny,...,np € Z,and allay, ..., a; € {a, a}.

Remarks.

e Givena: Z — U, using a diagonal argument, we get that every sequence of intervals
([NkD has a subsequence ([N ,é]) such that the sequence a admits correlations for
Cesaro averages along ([N ,2]).

e If we are given a one-sided sequence (a(n)),eN, we extend it to Z in an arbitrary way;
then, the existence and values of the correlations do not depend on the extension.

3.4.2. Furstenberg systems of sequences. If a sequence a: Z — U admits correlations
for Cesaro averages along (Ng), then we use a variant of the correspondence principle
of Furstenberg [19, 20] to associate a sequence space system that captures the statistical
properties of a along (Ny). We briefly describe this process next.

We consider the sequence a = (a(n)) as an element of X. Note that the conjugation
closed algebra generated by functions of the form x — x(k), x € X, for k € Z, separates
points in X. We conclude that if the sequence a: Z — U admits correlations along (Ny),
then, for all F € C(X), the following limit exists:

lim E,¢n, F(T"a).
k— 00
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Hence, the following weak-star limit exists:
wi=lim E,¢n,) 8170 (7)
k—00
and we say that the point a is generic for u along ([Ny]) or (Ng).

Definition 3.7. Leta: Z — U be a sequence that admits correlations for Cesaro averages
along (Ng), and (X, wu, T) be as above.
(1) Wecall (X, u, T), with u given by equation (7), the Furstenberg system of a along
([N ]), or for simplicity (Ny), for Cesaro averages.
(ii) If Fy € C(X) is the Oth-coordinate projection, then Fy(7"x) = x(n) for every

n € Z, and
¢ ¢
Jim Enepu [[ajn+np =/ [[77F;du (8)
j=1 j=1
forall £ e N, ny,...,ng €%, and ay,...,ae € {a,a}, where for j =1,...,¢,

the function F; is Fo, F@ if respectively a; is a, a. Note that the identities (7) and
(8) are equivalent, but it is identity (8) that we will mostly use.

(iii) We say that the sequence a has a unique Furstenberg system if @ admits correlations
on ([N])neN, or equivalently, if a is generic for a measure along ([N]) yen.

Remarks.

e A sequence a: Z — U may have several Furstenberg systems depending on which
sequence of intervals ([ Ni]) we use in the evaluation of its correlations. We call any
such system a Furstenberg system of a for Cesaro averages. For a fixed sequence, these
systems may or may not be isomorphic.

e Since the set of measures defining Furstenberg systems of a is known to be connected
(in the weak-star topology), either it has a single element or it is uncountable.

e We will sometimes use the following fact. If (X, u, T) is a Furstenberg system of
a sequence a: N — U along (Ng), then for every m € N, the Furstenberg system of
the mth power of a along (Ny) is also well defined, and it is a factor of the system
(X, u, T) (the factor map is ®: X — X defined by (®x) (k) := x"(k), k € Z).

Given a bounded sequence, our goal is to obtain structural properties of their Fursten-
berg systems. Ultimately, we would like to completely determine them up to isomorphism
using as building blocks systems with algebraic structure, such as nilsystems, and systems
that enjoy strong randomness properties, such as Bernoulli systems.

Similar notions as in the previous subsection can be defined for logarithmic averages.

Definition 3.8. By replacing Cesaro averages with logarithmic averages in Definitions
3.5-3.7, given a sequence a: N — U and a sequence of intervals ([NVx]) along which a
admits correlations for logarithmic averages, we can introduce Furstenberg systems of a
along (Ny) for logarithmic averages. If (X, u, T) is such a system, then an identity similar
to equation (8) is satisfied with Effeg[ Nl in place of E, ¢, ]. Equivalently,
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T log
po=lim By drmas
where the limit is a weak-star limit.

Remarks.

e If a has a unique Furstenberg system for Cesaro averages, then the same system is the
unique Furstenberg system of a for logarithmic averages.

e In general, the sets of Furstenberg systems for Cesaro averages and logarithmic
averages can be disjoint, as the example of a(n) = n'’, n € N, for t # 0 shows, see
[23, Corollary 5.5] and [17, §1.3].

e FEach ergodic Furstenberg system for logarithmic averages along (Ny) is also a
Furstenberg system for Cesaro averages along a possibly different sequence (N) (see
[22, Corollary 2.2]).

3.4.3. Ergodic and completely deterministic sequences. Using the Furstenberg
correspondence principle, we can naturally associate ergodic notions to bounded
sequences—we record here two that are used in this article.

Definition 3.9. We say that a sequence a: N — U is:
(1) ergodic for Cesaro averages if all its Furstenberg systems for Cesaro averages are

ergodic;

(ii) ergodic for Cesaro averages along (Ny) if all its Furstenberg systems for Cesaro
averages along subsequences of (Ny) are ergodic;

(iii)) completely deterministic for Cesaro averages if all its Furstenberg systems for
Cesaro averages have zero entropy (this notion was originally introduced in [29,
47));

(iv) completely deterministic for Cesaro averages along (Ny) if all its Furstenberg
systems for Cesaro averages along subsequences of (Ny) have zero entropy.

Similar definitions apply for logarithmic averages.

We will use the fact that if a, b: N — U are completely deterministic sequences for
Cesaro or logarithmic averages along (Ng), then so is their product a - b. To see this, use
property (iii) in §3.3.3 and the fact that zero entropy systems are closed under joinings and
factors.

3.4.4. Strong stationarity. Lastly, we define the notion of strong stationarity that was
introduced by Furstenberg and Katznelson in [21], which turns out to be relevant for
the structural analysis of measure-preserving systems associated with non-pretentious
multiplicative functions.

Definition 3.10. A sequence space system (X, u, T) is strongly stationary if

¢ ¢
/ l_[ T Fj du :/ l_[ T™iFjdu )

j=1 j=1
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forall £,r €N, ny,...,ng €Z,and Fy, ..., Fy € {Fy, Fo}, where Fy € L®(u) is the
Oth-coordinate projection. (Equivalently, for every r € N, the dilation map 7,: X — X in
equation (10) is u-preserving.) A sequence a: N — U is strongly stationary for Cesaro
averages if all its Furstenberg systems for Cesaro averages are strongly stationary.

Similar definitions apply for logarithmic averages.

3.5. Besicovitch rationally almost periodic sequences. We will use the following variant
of the classical notion of Besicovitch rational almost periodicity.

Definition 3.11. Let N — oo be a sequence of integers. Following [1], we say that a
sequence a: N — U is:
(i) Besicovitch rationally almost periodic for Cesaro averages along (Ny) if for every
& > 0, there exists a periodic sequence a.: N — U such that
lim sup Eneqnla(n) —as(m)]* < &
k— 00
(i1)  Besicovitch rationally almost periodic for logarithmic averages along (Ny) if for
every ¢ > 0, there exists a periodic sequence a, : N — U such that
. 1
lim sup Enoég[Nkﬂa(n) — ag(n)|2 <e.
k— 00
If we make no reference to Ny, we mean that the statement holds for every sequence
Ny — o0, in other words, we can replace lim sup;_, o, E,e[n,] with lim supy_, oo Ene[ny,
and similarly for logarithmic averages.

It is easy to verify that if a sequence is Besicovitch rationally almost periodic for Cesaro
(or logarithmic) averages, then it has a mean value on every infinite arithmetic progression
and its correlations for Cesaro (or logarithmic) averages exist. As a consequence, it has
a unique Furstenberg system for Cesaro (or logarithmic) averages. We will use the next
result that gives structural information for Furstenberg systems of such sequences.

THEOREM 3.2. [1, Theorem 3.12] Let a: N — U be a sequence that is Besicovitch
rationally almost periodic for Cesaro averages along some subsequence (Ni). Then:

(i) the sequence a has a unique Furstenberg system (X, u, T) for Cesaro averages along
(Ni);
(i1) the system (X, u, T) is an ergodic procyclic system.

Furthermore, a similar statement holds for logarithmic averages.

The argument in [1] is given only for Cesaro averages, but exactly the same argument
also works for logarithmic averages.

4. General results for multiplicative functions

4.1. Divisibility property of the spectrum—Proof of Theorem 2.1.  In this subsection, we
prove Theorem 2.1. We will need some preparatory results. In particular, it will be crucial
to get some understanding of how the dilation maps 7, which we are about to define, act
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on eigenfunctions of Furstenberg systems of multiplicative functions. This is the context
of Lemmas 4.1 and 4.2. These two lemmas combined enable us to prove Theorem 2.1.

Definition 4.1. Let T be the shift transformation on the sequence space X = UZ.
(i) Forr e N,welett,.: X — X be the dilation by r map defined by

(Trx)(j) = x(rj), J€Z. (10)
It satisfies the commutation relation
Tt =11, (11)

meaning 7 (t,x) = 7. (T"x) for every x € X.
(i) For z € U, we define the map M;: X — X by

(Mzx)(j):=z-x(j), JjeEZ. (12)
It satisfies the commutation relation

TM. = M.T. (13)

LEMMA 4.1. (Proof of [28, Lemma 2.3]) Let (X, T) be the sequence space with the
shift transformation and t.: X — X be the dilation map defined in equation (10). Let
x: X — U be a function, such that for some a € [0, 1), we have x (Tx) = e(a) x(x) for
every x € X. Then,

x(@x) = o) +- - -+ xr-1(x), x€X,

for some X0, ..., xXr—1 that are linear combinations of the functions ¥ ot o T/,
j=0,...,r—1, and satisfy

xk(Tx)=e((a+k)/r) xypo(x), k=0,...,r—1, x € X.

Remark. Note that if X is equipped with the product topology and y is Borel measurable,
then also xy is Borel measurable fork =0, ...,r — 1.

Proof. Fork =0,...,r—1,let xx :=(1/r) Z;;}) e(—j(k +a)/r) x ot o T/. Then,
the asserted properties follow by a direct computation using our assumption and the
commutation relation (11). O]

We caution the reader that when we consider a sequence space system (X, u, T'), we
may have x # 0 (with respect to ) but 7, x = 17,50 = - - - = 7 x,—1 = 0 (with respect
to 1), in which case, the content of Lemma 4.1 is practically empty. (For example, let
= (85, +0x,)/2, where x; :=1o74;,1 =0, 1,and x (x) := L5 (x) — 13 (x), x € X.
Then, x (Tx) = —x(x) for u-a.e. x € X and x # O with respect to ;. However, one easily
verifies that x(taxg) = x(m2x1) =0, and hence x o) = y o 0 T = 0 with respect
to u. Note that the system (X, u, T) is the Furstenberg system of the multiplicative
function f(n) := (—1)"*!, n € N.) For Furstenberg systems of completely multiplicative
functions though, Lemma 4.1 can be combined with the next result that alleviates this
problem, to get interesting consequences.

https://doi.org/10.1017/etds.2024.140 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2024.140

Furstenberg systems of pretentious and MRT multiplicative functions 31

LEMMA 4.2. Let (X, u, T) be a Furstenberg system for logarithmic averages of a
completely multiplicative function f: N — U. Then, for every r € N, we have

Myt <7 - (Tr)ste

Furthermore, a similar statement holds if a Furstenberg system is defined using Cesaro
averages and is ergodic.

Remark. For Cesaro averages, we get the following more explicit result. If we let
o= limg 00 Enerag) 077 ¢ and py := limg o0 Epeprn,) 070 ¢, and we assume that both
weak-star limits exist (which can always be arranged by passing to a subsequence of (Ng)),
then

(Mf(r))*M <7 - (Tr)xlhr-

Proof. 1t suffices to show that for every F € C(X) with F > 0, we have

/Mf(r)F du<r / . Fdu. (14)

Suppose that the Furstenberg system of f is taken along (Ng). Thinking of f as the element
(f (k)) of the sequence space X, we get that u is the weak-star limit

T log ST log
H= klggo Bcing 87 = klingo Bcing/r 8777 (15)
where the second identity holds because of the logarithmic averaging. Note also that for

every z € Candr € N, we have M, F, t, F € C(X), whenever F € C(X).
It follows from these facts and equation (13) that

T log T log
/ My F dp = lim B, gy, ;) (FoMe)(T"f) = lim B, gy, FT M) f)-
Since f is completely multiplicative, we have
My )n) = f(r)f(n) = frn) = (z- ) (n). (16)
Hence, using the commutation relation (11), we get that the last limit equals

. log : log —
kll?;o Ene[Nk/r] Fo,T"f)<r kll)n;o E, v F(o.T"f)=r / o Fdu,

where to get the upper bound, we used that F' > 0 and the elementary estimate (for a(n) :=
F(t,T"f),n €N)

. log : log
klgrgo Ene[Nk/r] a(rn) <r klingo Ene[Nk] a(n),

which is valid for every sequence a: N — R, such that the previous limits exist. This
establishes equation (14) and completes the proof.

Suppose now that the Furstenberg system (X, u, T') is ergodic and p is defined by the
weak-star limit

= lim Epeing 77 p
k— 00
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for some sequence Ny — co. We claim that for every r € N, the weak-star limit below
exists and we have

w= lim E,ecn./r) 877 f. (17)
k— 00

Assuming the claim, we use equation (17) as our starting point in place of equation (15)
and repeat the previous argument verbatim to get the desired conclusion. To prove the
claim, after passing to a subsequence, we can assume that the second limit also exists
(if the identity fails, then it would also fail on a subsequence along which the second
weak-star limits exist). Let 1/ be the measure by this limit (the limit on the right-hand side
in equation (17)). Then, u’ is T-invariant and satisfies 4’ < ru, and hence it is absolutely
continuous with respect to u. Since the system (X, u, T') is ergodic, we deduce that u =
w’, completing the proof of the claim. O

Proof of Theorem 2.1. We prove part (i). By assumption, there exists x € L°°(u) such
that y # O with respect to u and T x = e(o)x. After redefining the function x on a set of
pn-measure 0, we can assume that x is defined for every x € X and satisfies the identity

Xx(Tx) =e(a) x(x) foreveryx € X. (18)

(If Z:={x e X: x(Tx) #e(a) x(x)} and Z' := J,,cz T"Z, then u(Z’) = 0. Define

X = x - 1x\z, then x(Tx) = e(a) X (x) for every x € X and ¥ # O with respect to 1.)
Letr € Nbesuchthat f(r) # 0, let X, := M) X. Note that X, is a T-invariant subset

of X and the map M ¢(y: X — X, is a homeomorphism. We also define ¥ : X — X by

X = X (M%) - 1x,(x),  x €X,

where M ;(lr)x is defined in an arbitrary way on X \ X, (this does not affect the definition
of x (x)).
We claim that 7, ¥ # 0 with respect to . Indeed, we have

w(t-x #0) = ((z)«u) (X #0).

By Lemma 4.2, the right-hand side is at least

1 - 1
;((Mf(r))*,u)(x #0) = ;M(X #0) >0,
where the last equality holds since
Myeiyx(x) = x(M;(lr) oMyipyx) - 1x,(Myyx) = x(x) forevery x € X.

This proves the claim.
Using equations (13), (18), and the fact that 1x, (Tx) = 1y, (x) for every x € X, we get

X(Tx) =e(a) x(x) forevery x € X.
By Lemma 4.1, we have

X (trx) = xo(x) + - - - + xr—1(x) foreveryx € X,
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for some xo,..., xr—1 that are linear combinations of the functions ¥ o7, o T/,
j=0,...,r—1, and satisfy

xk(Tx) =e((a+k)/r) yp(x) forevery x € X,

fork=0,...,r —1.

Since t,x # 0 with respect to u, we have y; 7 0 with respect to u for some
k e{0,...,r — 1}. It follows that (o + k)/r € Spec(X, u, T).

We prove part (ii). If (X, u, T) is a Furstenberg system for Cesaro averages of f
and o € Spec(X, i, T), then, using the remark following Lemma 4.2 and the previous
argument, we get that (o + k)/r € Spec(X, u,, T) for some k € {0, ...,r — 1}. Since
(X, ur, T) is also a Furstenberg system of f, we get the first asserted statement.

Lastly, suppose that that the system (X, u, T') is ergodic. Then, arguing as we did in
Lemma 4.2 to arrive at equation (17), we get that if

p' = lim E,en,/r) 87 f,
k—00

then the weak-star limit exists and u = w’. Then, o € Spec(X, u’, T) and, arguing as
before, we have that (« + k)/r € Spec(X, u), T) for some k € {0, ..., r — 1}. Since
W, = [, the second asserted statement follows. O

4.2. Strong stationarity—Proof of Theorem 2.4. We will also use the following result
from [14, Theorem 6.4] (it follows immediately since the ergodic components of systems
with trivial rational spectrum are totally ergodic).

THEOREM 4.3. Let (X, u, T) be a system with trivial rational spectrum. Then,

t 14
Jim By / [[77"F;du = Jim By / [P F; du
j=1 j=1

forall t,r eN, ke{0,...,r—1}, and Fy, ..., Fp € L°®(u). Equivalently, for every
rational o € (0, 1) N Q, we have

4
Jim Eyep) (e(noc) . f ]_[ TI"F; du) =0

J=1

forall e Nand Fy, ..., F; € L®(w).
We deduce from this the following.

COROLLARY 4.4. Let (X, i, T) be a system with trivial rational spectrum and for some
fixed ¢ € Nand Fy, . .., Fy € L°®(w), let the sequence C: N — U be defined by

£
C(r) ::/ 1_[ Terj du, reN
j=1

If C is the limit of periodic sequences in the uniform norm, then C is constant.
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Proof. By Theorem 4.3, we have that
lim E,¢gye(ra) - C(r) =0 (19)
R—o0

for every @ € (0, 1) N Q. The same also holds for irrational o € (0, 1) since C is a uniform
limit of periodic sequences. Hence, equation (19) holds for all « € (0, 1) and the theory of
Bohr almost periodic sequences implies that C is constant. (This follows from classical
results of Besicovitch [3], which are proved for functions but apply equally well to
sequences. Alternatively, one could use [2, Theorem 2.7] with the uniform norm in place
of the Besicovitch norm.) O]

We will also use the following result of Tao and Terdviinen [45].

THEOREM 4.5. [45] Let fi1, ..., fo: N — U be arbitrary multiplicative functions. Con-
sider a subsequence N — oo along which the limits below exist:

2
. . log .
Cry = tim By, [T fi0e+in)
j=1

for every r € N. Then, the sequence C is a uniform limit of periodic sequences.

We are now ready to prove Theorem 2.4.

Proof of Theorem 2.4. The implication (ii) = (i) is a general fact that holds for all
strongly stationary systems and follows from [28] (the proof is given for ergodic systems,
but the same argument applies for general systems). We prove now the more interesting
implication (i) = (ii), which is a very particular property of Furstenberg systems for
logarithmic averages of bounded multiplicative functions.

Let Ny — oo be the subsequence along which the Furstenberg system (X, u, T) of f
for logarithmic averages is defined. Recall that by Definition 3.10, we have to verify that
identity (9) holds. Let £ € Nand f1, ..., fe € {f, ?},nl, ...,np€Z.ForFy,...,F e
{Fy, Fo}, we define the sequence

C(r) :=f 1£[ T Fjdn, reNl. (20)
j=1
By equation (8), we have
¢
C(r) = lim Evéng [ fitn+rnp. reN,

j=1

where if F; is Fp, Fo, then respectively f is f, ? By Theorem 4.5, the sequence C is a
uniform limit of periodic sequences. Since, additionally, the system (X, i, T') has trivial
rational spectrum, by Corollary 4.4, the sequence C is constant. We have thus established
that identity (9) holds for all £, e N and Fy,..., Fy; € {FO,FO}. Hence, the system
(X, u, T) is strongly stationary. O
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5. Preliminary results for pretentious multiplicative functions

The main goal of this section is to do some preparatory work that will be used in the next
two sections to prove our main structural results for Furstenberg systems of pretentious
multiplicative functions. The main ingredient needed for later use is Proposition 5.5, which
establishes a key subsequential Besicovitch rational almost periodicity property for all
multiplicative functions that pretend to be Dirichlet characters. This fact is proved via
the decomposition result of Lemma 5.4, which in turn follows from the estimate in Lemma
5.3 that we prove in the next subsection.

5.1. Preliminary estimates. ~Our main goal in this subsection is to establish the estimate
in Lemma 5.3, which we were not able to find in the form needed in the literature.
See though [31, Proposition 2.3] and [32, Lemma 2.5] for closely related concentration
inequalities.

LEMMA 5.1. Let f: N — U be a multiplicative function such that f ~ 1. For every
p € P, we can write f(p) =r), e(0)) for somer, € [0, 1] and 6, € [-1/2, 1/2). Then,

1—r 62
Z P < too and Z L < 4o0.
peP peP p

Proof. Since f ~ 1, we have

1 - 0
Lo e
p

peP
From this, we get immediately that the first series converges. If we use this fact and
add and subtract cos(6,) into the numerator of the last series, we deduce that the series
Zpep((l —cos(6p))/p) converges, from which the convergence of the second series
readily follows (we crucially use here that 6, is in [—1/2, 1/2) and not in [0, 1)). O

LEMMA 5.2. Let f: N — S! be a multiplicative function such that for every p € P, we
have f(p*) 1= e(8)) for some 6, € [—1/2,1/2) and all s € N. For N € N, let

0
A(N) := Z L. (1)
pePN[N] p
Then, for some universal constant C > 0, we have
62 loglog N
Eneinil £ (n) — e(AN)I? < C ( o2y &> (22)
p log N
pePN[N]

Proof. For convenience, we use probabilistic language. The reader can translate the
argument to conventional number theoretic language by replacing X, with 6, - 1,7 and
Ey with E, ¢y throughout.
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For a fixed N € N, we consider the finite probability space that consists of the interval
[N] together with the probability measure that assigns mass 1/N to each point in [N]. For
aprime p € [N], we define the random variable X ,: [N] — {0, 6,,} by

X, () 0y if p|n,
n) .=
b 0  otherwise.

These random variables are relevant for our problem because if we let

Sy = Z Xp,

pePN[N]

then from the definition of f on powers of primes and its multiplicativity, we have
fn) =e(Sy(n), nel[N]
Note that if
a(N) :=Eyn(Sn),
then
Enetm| f (1) = e(@(N)[* < 47 Ener| Sy (n) — a(N)? = 4n® - Vary (Sy),  (23)

where to get the first estimate, we used that |e(x) — e(y)| = anfxy e(t)dt| <2m|x —y|.
So, our problem reduces to getting an upper bound for Vary (Sy). We start with some
easy computations that give

0 N
En(Xp) = NP bJ (24)

02
Vary (X,) = Ey(X3) — En(Xp))* < ;”

0, 6, N 1| N N
et =t o -sny o= 52|42 2]

To get the last equality, we assume that p #¢g and use that Eyx(X, X,) =
0p 04/N |N/pq], which follows from the primality of p, g.
Now, let us assume first that all 6, values have the same sign. Then, using the inequality

2423

Covy (X X)<9”9”(1+1>
ovVy , = — — 1.
p q N p q

we get for all p # ¢,

Using these estimates and the identity

Vary(Sx) = Y Vary(Xp)+ Y. Covn(X, - X)),
pePN[N] P.9€PN[N],p#q
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we deduce that

62 1 11
14
+ § 9,,9,]<;+—>.

P pg€PAIN].p#q 1

Vary(Sy) < )

pePN[N

Since 0, € [-1/2,1/2), p € P, we can bound the second sum by Zp,qe]P’m[N],p;tq 1/p,
which in turn is bounded by C; (N/log N) loglog N for some universal constant Cj.
Hence,
0> log log N
Vary (Sy) < Lo —=—. 25
ary(S) < Y. 240G og N (25)
pePN[N]
The bound (22), with a(N) in place of A(N), then follows by combining equations (23)
and (25). To get equation (22), as stated, note that by equation (24),

- 3 4[5

pePN[N] p
and
)
la(N) — A(N)| <
log N

for some universal constant C, > 0.

This completes the proof in the case where all the 6, values have the same sign.

In the general case, we can decompose f as a product fy - f_, where f and f_ are
multiplicative functions defined by

' 0 if6, >0, , 0 if 6 0,
Fepty = SO RO Z 0 g gy O O <
1 otherwise, 1, otherwise,
for every p € P and every s € N. Now, let
Op Op
AyNy= > L and A-(N):== Y L
pePN[N], pebrin, P
0p>0 0,<0

Then, we have for all n € [N],

If(n) = e(AMN))| = | f4-(n) - f—(n) — e(A(N)) - e(A_(N))|
< [fr(n) —e(AL(N)| + | f~(n) — e(A_(N))].

It follows that
EN|f(n) — e(AN)® <2 En|f+ () — e(A+ (V)P +En| [ () — e(A-(N)P),
and we get the conclusion by applying the preceding analysis to f and f_. O

The next estimate will be key for us.
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LEMMA 5.3. Let f: N — S! be a multiplicative function such that f ~ 1. Suppose that
for every p € P, we have f(p*) := e(8)) for some 6, € [—1/2,1/2) and all s € N. Then,
there exist a slowly varying sequence A: N — Ry (see Definition 3.2), defined as in
equation (21), and a universal constant C > 0, such that

2

%
lim sup Byepn)| £ () — e(AN)> < C Y~ L.
N—o00 peP

Furthermore, the last estimate also holds with ]Eiloeg[ N in place of E, c[n] (Without changing
A(N)).

Remark. Recall that, by Lemma 5.1, we have ) peP(GI% /p) < +00. The lemma will be

used when ) le,/p is small, to deduce that lim supy_, o Enenylf(n) — e(A(N))|?is
small.

peP

Proof. We first work with Cesaro averages. In this case, the estimate follows immediately
from Lemma 5.2 and it remains to show that the sequence in equation (21) is slowly
varying. So let ¢ € (0, 1). Using equation (21) and the Cauchy—Schwarz inequality,

we get
16p| 1
sup A — AN = Y L < (By-Cn),
n€[N¢,N] pePN[N¢,N] P
where
0, 1
By:= ) p’ Cvi= D, X

pePN[N¢,N] pePN[N¢,N]

We have ZPGP(Gg/p) < 400 and this implies limy_.oo By =0. We also have
limy_, oo Cy =log(l/c), and hence limy_, (By - Cy) = 0.

Lastly, we deal with logarithmic averages. Let ¢ € (0, 1). Since the sequence A(N) is
slowly varying, it can be treated as a constant on intervals [N¢, N] for N large enough, and
using partial summation, we deduce

92
. 1
lim sup B, ve v | £ (1) — e(AN) P < C Y~ L.
N—o00
peP
Letting ¢ — 0%, we get the desired estimate. O

5.2. A decomposition. If a multiplicative function pretends to be a Dirichlet character,
then it is possible to decompose it into a product of two terms, one is a multiplicative
function for which Theorem 2.6 is satisfied and the other is a multiplicative function that
is approximately constant in density (Lemma 5.3 will allow us to conclude this).
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LEMMA 5.4. Let f: N — U be a multiplicative function such that f ~ x for some
primitive Dirichlet character x. Then, for every & > 0, there exists a slowly varying
sequence Ag: N — Ry such that the following holds. We can decompose f as

f=Ffie fre (26)

where:

1) fie: N — U is a multiplicative function such that

1 R
Y == fie(p)- x(p)) converges ; @7)
peP

(i)  fre: N — Slis a multiplicative function such that

lim sup Eyein| f2.6(n) — e(As(N))]* < e (28)
N—o00
Furthermore, if f ~ 1 and for some po € P we have f(py) = 1 for every s € N, then we
can also ensure that fi . in part (i) satisfies f1.(py) = 1 for every s € N. (This will be
used in the proof of the implication (i) = (ii) of Theorem 2.11 in §7.3.)
Lastly, in part (ii), we can replace E, c[n] with IElnoeg[ N (without changing A¢(N)).

Remark. If f ~ 1, then we can take Ag(N) :=)_ cpn(p, n) Op/P, Where P satisfies
> peP.p=P, (9[2, /p) < &/C and C is the universal constant defined in Lemma 5.3.

Proof. We give the argument for Cesaro averages, the proof is similar for logarithmic
averages since we can use the variant of Lemma 5.3 that covers logarithmic averages.

Suppose first that f ~ 1. Lete > 0. We can write f(p) = rp e(6)) for some r;, € [0, 1]
and 0, € [-1/2,1/2), p € P. Since f ~ 1, we have by Lemma 5.1 that

1— 02
Z Tp < 400 and Z L - 4. 29)
peP peP
Let P. € N be such that
92
Yoo % (30)
peP,p>P; p

where C > 0 is the universal constant defined in Lemma 5.3. We define the multiplicative
function f1.: N — Uby

f*) forp < P, s €N,
(p%) = 31
S1.87) {f(ps) e(—0,) forp> P s €N, GD

and the multiplicative function f>.: N — S! by

s 1 forp < P, s €N,
f2,8(p ) =
e(@y) forp> P, seN
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Then, equation (26) is clearly satisfied and equation (29) implies that equation (27) holds
(with x = 1).

It remains to verify equation (28). If we set 8, := 0 for all primes p < P, then we have
f26(p°) = e(8)) for all primes p € Pand s € N, and by equation (30), we have

02 ¢
Yo L<— (32)
peP p ¢
Combining this with Lemma 5.3, we get that there exists a slowly varying sequence
Ag: N — [0, 1) such that equation (28) holds.
We consider now the general case, where f ~ x for some primitive Dirichlet character
x-Let x: N — U be the multiplicative function defined by

x(p*) if x(p*) #0,
1 if x(p*) = 0.

We introduce this variant of x because it can be inverted. Since x (p) = x (p) for all but
finitely many primes p, we have f := f - x ~ 1. The previous case gives a decomposition

f = fl,s : fZ,a,

where fl,g satisfies property (i) with x = 1, and fz,g satisfies property (ii) for some slowly
varying sequence A, : N — R,. It follows that

f = fl,e . f2,e’

where fi1, 1= f],e -x and fo, = f},e. Then, f>, clearly satisfies property (ii). Also,
f.e(p) x(p) = f],e(P) for all but finitely many primes p, and hence fi, satisfies
property (i) for this x.

Lastly, suppose that f ~ 1 and for some po € P, we have f(py) =1 for every s € N.
Then, e(6p,) =1 and by equation (31), we have fi.(py) =1 for every s € N. This
completes the proof. O

x(p’) =

5.3. Besicovitch rational almost periodicity along a subsequence. The goal of this
subsection is to show that if a multiplicative function pretends to be a Dirichlet character,
then it has strong rational almost periodicity properties, in the sense described in
Propositions 5.5 and 5.6.

For the purpose of studying Furstenberg systems of pretentious multiplicative functions,
we will only use Proposition 5.5, which is better adapted to our needs.

PROPOSITION 5.5. Let f: N — U be a multiplicative function such that f ~ x for some
primitive Dirichlet character x. Then, there exist periodic sequences f,,: N — U, m € N,
such that every sequence Ny — 0o has a subsequence N; — oo for which the following
holds. For every m € N, there exists a,, € [0, 1) such that

lim sup(Ey,c(ny)|f () — e(am) - frn (> + Effwk/]lf(n) —e(em) - fum)?) < 1/m.

k—o00
(33)
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In particular, f is Besicovitch rationally almost periodic for Cesaro and logarithmic
averages along (Ny).

Remark. We stress that although the choices of «,, depend on the subsequence (N;), the
choice of the periodic sequences f,, depend only on f and on m. Also, one could use in
place of the periodic sequences f, the multiplicative functions f1 1/, defined in Lemma
5.4 (for ¢ := 1/m). These functions satisfy equation (27), and moreover, if for some pg € P
we have f(p;) =1 for every s € N, then we can also ensure that f;, satisfies f,,, (py) = 1
for every s € N.

Proof. For ¢ >0, let f = f1.- f2 be the decomposition given by Lemma 5.4 for the
slowly varying sequence (A (N)). Using a diagonal argument, we can find a subsequence
(N;) of (Ni) such that the limit limg_ o e(A1;,(N})) exists for every m € N. Let
o, € [0, 1) be such that

e(ay) = lim e(A1/u(N}), meN.
k— 00
Then, equation (28) implies that
. 2 log 2 2
lim sup(, e vy f2,1/m (1) — eem) | +E 5o [ f21/m (1) — e(@m)[?) = —
k—o00 k m

for every m € N. Since f = f1,1/m - f2,1/m and f1,1/m is 1-bounded, we deduce that

o 2
lim Sup(Ene[N,iﬂf(n) —e(am) - fl,l/m(n)|2 + ELS[N,Q]lf(n) —e(am) - fl,l/m(”)|2) = Z

k— 00

for every m € N. The sequences f1,1,,, satisfy property (27), and hence they are Besicov-
itch rationally almost periodic for Cesaro averages by Theorem 2.6. It follows that there
exist periodic sequences f,;,: N — U, such that

. 1
lim sup(Enerny| fin (1) = fr1/m P + Bl ) = fraym @) < —.

N—o00

Combining the above, we get the asserted estimate with a multiple of 1/m in place of 1/m.
Lastly, note that the choices of f1,1/, and f,, do not depend on the subsequence N/, but
only on f and on m. This completes the proof. O

Next, we give a similar result that avoids passing to subsequences. It is of independent
interest and not needed for any other result in this article.

PROPOSITION 5.6. Let f: N — U be a multiplicative function such that f ~ x for some
primitive Dirichlet character x, and Ny — o0 be a sequence of integers such that the limit

lim K,y f(n) - x(n)  exists.
k— 00

Suppose that f(2%) - x (2%) # —1 for some s € N. (The condition is always satisfied if f is
completely multiplicative.) Then, for every ¢ > 0, there exists o € [0, 1) such that

lim sup Eneq, | f () — e(atz) - fo(m)|* < &

k— 00
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for some periodic sequence f.: N — U that depends only on f and &, and not on the
subsequence Ny. Furthermore, a similar statement holds if in the assumption and the

conclusion, we replace Eyc[n,) with E:feg[ NI

Proof. We first give the argument for Cesaro averages. For ¢ > 0, let f = fi. - f2, be
the decomposition given by Lemma 5.4 for the slowly varying sequence A,: N — R,
that satisfies

lim sup Eneqni| fre (7) — e(Ac(N)* < e. (34)

N—o00

Using that fj . and x are 1-bounded, we deduce

lim sup [Epeqn,) £ (1) - x (1) — e(Ae(N) - Bueng fre(n) - x ()] < e.
k— 00
Let L :=limg_ o0 Enepnv,y f(n) - x(n) and L := limg 00 Enerng) f1,e(n) - x (n); the first
limit exists by our assumption, and the second because f, satisfies equation (27);
hence Theorem 2.6 is applicable. Furthermore, since f -x ~ 1 and we do not have
f(2% - x(2%) = —1forevery s € N, Theorem 3.1 gives that L # 0. It follows that

lim sup |e(— A (Ni)) — Le/L|*> < e/|L|.

k—o00

Hence (since |e(—A¢(Ng))| = 1), there exists o € [0, 1) such that

lim sup |e(A¢ (Np)) — e(ee)|* < 4e/|L|%.
k— 00
Using this, the identity f = f1. - fa,¢, the fact that |L| < 1, and again the estimate (34),
we get

lim sup Eyeqn| f () — e(@e) - frem < 10g/|L].
k— 00
The sequences fi . satisfy property (27), and hence they are Besicovitch rationally almost
periodic for Cesaro averages by Theorem 2.6. The result follows easily from this.

The proof is similar for logarithmic averages since we can use the variant of Lemma
5.4 that covers logarithmic averages and, also in the case of logarithmic averages, we get
that L # 0 by the variant of Theorem 3.1 that covers logarithmic averages (see the second
remark following the theorem). O

6. Structural results for pretentious multiplicative functions

The goal of this section is to prove Theorem 2.8, which is the main structural result
for Furstenberg systems of pretentious multiplicative functions given in §2.2.2. In §6.1,
we do some preparatory work that enables us, for multiplicative functions that pretend
to be Dirichlet characters, to work interchangeably with Furstenberg systems defined
using Cesaro or logarithmic averages. In §6.2, we show that certain correlation limits of
multiplicative functions that pretend to be Dirichlet characters exist, and conclude that all
Furstenberg systems of such multiplicative functions for Cesaro or logarithmic averages are
isomorphic (a property that we will later extend to all pretentious multiplicative functions).
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In §6.3, we use these preparatory results in conjunction with other ergodic considerations
to conclude the proof of Theorem 2.8.

6.1. Cesaro and logarithmic correlations agree when f ~ x. The goal of this sub-
section is to show in Proposition 6.2 that if a multiplicative function pretends to be a
Dirichlet character, then we can use interchangeably Cesaro and logarithmic averages in
the definition of its Furstenberg systems. This is a consequence of the following correlation
identity.

PROPOSITION 6.1. Let f: N — U be a multiplicative function such that f ~ x for some
primitive Dirichlet character x. Then,

4 l
- kj log kj _
Jim By [T 90 +n) =By [T @+n)i=0 (35)
j=1 j=1
forall e N, ny,...,ng ki, ..., k¢ €Z, where we let fk = 7|k|f0rk < 0.

Remark. The result fails if f = n't ¢ # 0,and £ = 1, k1 = 1. In this case, the logarithmic
averages converge to 0, but the Cesaro averages behave like N /(1 + it). It can actually
be seen that it fails for all completely multiplicative functions that satisfy f ~ n'! for some

t #0.
Proof. Arguing by contradiction, suppose that the conclusion fails. Then, for some choice
of e N,ny,...,ne, ki, ..., k¢ € Z,there exists Ny — oo along which the difference of

the averages in equation (35) is bounded away from zero. By Proposition 5.5, there exists
a subsequence (N ,i) of (Ng), such that for every m € N, we have

tim sup (B (1) — g () > + By [ () = g ()P < 1/m - (36)

k—o00

for some periodic sequence g, : N — U. Since equation (35) clearly holds when we
replace f with the periodic sequence g,,, using equation (36), we deduce that equation
(35) also holds for f as long as we average over the sequence of intervals [N;]. This
is a contradiction, since we have assumed that along the sequence (Ng), the difference
of the averages in equation (35) is bounded away from zero, and (N}) is a subsequence
of (Ng). O

We immediately deduce the following.

PROPOSITION 6.2. Let f: N — U be a multiplicative function such that f ~ x for
some primitive Dirichlet character x. Let also Ny — o0o. Then, the Furstenberg system
of f for Cesaro averages along (Ny) is well defined if and only if it is well defined for
logarithmic averages along (Ni), and the two Furstenberg systems are equal (meaning the
corresponding T-invariant measures agree).

Proof. Suppose that the Furstenberg system of f for Cesaro averages is defined along the
sequence (Ny) (the argument is similar if we assume it is defined for logarithmic averages).
Then, Proposition 6.1 implies that the Furstenberg system for logarithmic averages is also
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well defined along (Nj) and the measures that define the two Furstenberg systems coincide,
since they agree on all cylinder functions defined in the remark after Definition 3.5. O

6.2. Correlation limits and isomorphism when f ~ x. The goal of this subsection is
to show in Proposition 6.4 that different Furstenberg systems of a fixed multiplicative
function that pretends to be a Dirichlet character are isomorphic. This is a consequence
of the correlation identities stated in the following lemma.

LEMMA 6.3. Let f: N— U be a multiplicative function such that f ~ x for some
primitive Dirichlet character x. If Ny — 00 and Nyp — 00 are sequences, then there
exist subsequences (N,i’l) and (N,i’z) and a € [0, 1), such that the following holds. For all
LeNandny,...,ng, ki, ...,k €7, both correlation limits below exist and we have

4 4
Jim Eyeyy, [ @ HY04n = tim By [] Y040, 6
j=1 j=1

where we let f* .= 7|k| for k < 0. A similar identity also holds for logarithmic averages.

Remark. More generally, if f ~ n'’ - x for some ¢ € R and primitive Dirichlet character
X, then we get a similar result with the identity (37) replaced by the identity

¢ ¢
Jim B T[990 = fim By [T 00,
j=1 j=1
(38)

where t' := —r - le.:] k;. To see this, use equation (37) for the multiplicative function
f-n~ ~ x together with the fact that lim,_, oo ((n + h)!* — n") = 0 for every h € N.

Proof. We give the argument for Cesaro averages; a similar argument applies to logarith-
mic averages.

By Proposition 5.5 (and the remark following it), for every m € N, there exist periodic
sequences f,, subsequences (N,i,l) of (Ng,1) and (N,;z) of (Nk2), and a1y, a2, € [0, 1),

such that
lim sup Eeqy; 11f (1) = e(@im) - fu > < 1/m (39)
k— 00 i
and
lim sup E,eqn; 11 £ (1) = e(@am) - fu > < 1/m. (40)
k—o00 ’

(Note that the function f;, is the same in both cases.) By working with further subse-
quences of (N, 11,1) and (N, 11’2) along which the sequences e(« ) and e(c2,,) converge, we
can assume that equations (39) and (40) hold with e(«;) in place of e(c1 ) and e(cr2) in
place of e(a,,) for some ay, ax € [0, 1). We let

o= —a. (41)
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Using a diagonal argument, we can find further subsequences that we denote again by
(N ,2’1) and (N,;z) such that all the correlation limits in equation (37) exist. Using equations
(39) and (40), we see that it suffices to verify equation (37) with f(n) replaced by e(«) -
fm(n) on the first average and by e(«2) - fi, (n) on the second average. Taking into account
equation (41), it suffices to verify that

¢ ¢
. kj ki
kllg)lo Ene[N,:,]] l_[l fmj (n+ l’lj) - ]E"E[Nli,z] 1_[] fm/ (n+ i’lj) =0
j= j=
for all £ € N and ny,...,ne ki, ..., ke € Z. Since the sequence f;, is periodic, both

averages have limits and these limits coincide, therefore, the asserted identity follows. [

PROPOSITION 6.4. Let f: N — U be a multiplicative function such that f ~ x for some
primitive Dirichlet character . Then, any two Furstenberg systems of f for Cesaro or
logarithmic averages are isomorphic.

Remark. With substantial additional effort, the result will be extended to arbitrary
pretentious multiplicative functions in the next subsection, where we prove part (iii) of
Theorem 2.8.

Proof. By Proposition 6.2, we have that Furstenberg systems for Cesaro and logarithmic
averages coincide, and hence it suffices to treat the case of Cesaro averages. Let (X, u, T')
and (X, i/, T) be two Furstenberg systems for Cesaro averages taken along the sequences
Ni.1 — oo and Ni 2 — oo, respectively. Using Lemma 6.3 and equation (8) to translate
equation (37) into identities for the two Furstenberg systems, we get that there exists o €
[0, 1) such that

¢ ¢
/ [17% e - Fo)s dp = [ [T Ey aw “2)
j=1 j=1
holds for all £e€N and ny,...,ne, ki,...,k; € Z, where as usual Fy is the

Oth-coordinate projection. This easily implies that the two systems are isomorphic with the
isomorphism given by the map M,): X — X defined by equation (12). Indeed, M ()
is bijective, satisfies the commutation relation (13), and since Fyo M) = e(@) - Fo,
equation (42) implies that i’ = (Mp(a))«M. (the two measures agree on the linearly dense
subset of C(X) given by the cylinder functions, see remark after Definition 3.5). O

6.3. Proof of Theorems 2.7-2.8. Theorem 2.7 is an immediate consequence of Theorem
2.8, so we focus on the proof of the latter.

6.3.1. Proof of part (i). Let f ~ x for some primitive Dirichlet character x. Suppose
that the Furstenberg system is defined using Cesaro averages along the sequence (Ng).
By Proposition 5.5, there exists a subsequence (N,i) of (Ng) such that f is Besicovitch
rationally almost periodic for Cesaro averages along (N;). By Theorem 3.2, the system
(X, u, T) is an ergodic procyclic system.
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It remains to prove that if f # 1, then the system is non-trivial. Suppose first that
f ~ 1.Since f # 1, thereexist p € Pand s € Nsuch that f(p*) # 1. Then, Theorem 2.11
applies and gives that 1/p € Spec(X, u, T). However, if f # 1, then the conductor g of
the primitive Dirichlet character x satisfies ¢ > 1. Then, for every p € P with p | g, we
have by Theorem 2.11 that 1/p € Spec(X, u, T). In either case, we get that the system is
non-trivial.

A similar argument applies to logarithmic averages since Proposition 5.5, Theorems 3.2
and 2.11 also apply to logarithmic averages. Alternatively, we can use Proposition 6.4,
which implies that in this case, Furstenberg systems taken with respect to Cesaro and
logarithmic averages coincide.

6.3.2. Proof of part (ii). We give all the arguments for Cesaro averages. The proof
carries over to logarithmic averages, since we have proved variants for all the results needed
for logarithmic averages.

Before embarking on the proof of the various claims, we do some preparatory work.
Let f ~ n'! . x for some t # 0 and some primitive Dirichlet character x, and suppose that
(X, u,T)is a Furstenberg system of f for Cesaro averages, defined along the sequence
(Ng). Then, f = f -n'’, where f := f-n~ ~ x. Upon passing to a subsequence (N})
of (Ny), we get that the Furstenberg systems of the sequences f and n'’, taken along (N,
are both well defined. We denote the Furstenberg system of f along (Np) by (Y, v, )
(Y := UZ and S is again the shift map) and recall that, by part (i), it is isomorphic to an
ergodic procyclic system. Furthermore, by [23, Corollary 5.5], for ¢ # 0, the Furstenberg
system of n'’ along (N;) defines a continuous measure on X that is supported on the
diagonal set {(z)rez: z € S'}, on which T acts as an identity. Hence, the Furstenberg
system of nit can be identified with the system (Z := st a, id), where A is a continuous
measure on S! (in fact, X is equivalent and not equal to the Lebesgue measure, but we shall
not use this). Since f = f - n’, it follows that the system (X, u, T') is a factor of a joining
of the systems (Y, v, §) and (Z, X, id), with factor map

n(y,2) =M, (y), yeV, zeS!, (43)

where M, (y)(k) :=z - y(k), k € Z. (We will make use of the form of 7 only at the end
of our argument to get the product structure of the measure p). Since the two systems are
disjoint, we obtain that

(X, u, T) is a factor of the direct product of (¥, v, S) and (Z, A, id). 44)

After this preparation, we are now ready to prove the claimed properties.

Rational discrete spectrum. Since both systems (Y, v, S) and (Z, A, id) have rational
discrete spectrum, so does their direct product. By equation (44), the same holds for
X, u, T). )

Non-trivial rational spectrum. We show that if f 7 1, then the spectrum of the
Furstenberg system (X, u, T) of f is non-trivial (hence, if the spectrum is trivial, then
f(n) =n'", n €N, for some t € R). Arguing by contradiction, suppose that it is trivial.
Then, since it has rational discrete spectrum, it is an identity system. Moreover, as remarked
above, the Furstenberg system of n ' is an identity system. Since f = f - n~", we deduce
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that the Furstenberg system (Y, v, §) of f is a factor of a joining of two identity systems,
and thus, it is an identity system. This contradicts part (i), which implies that since f ~ X
and f # 1, the system (Y, v, §) has non-trivial spectrum (since it is a non-trivial ergodic
procyclic system).

Non-ergodicity. (Although a different proof for this fact can be given using the ‘product
structure’ result proved later in this subsection, we choose to also give this shorter and more
direct argument.) We show that the system (X, w, T) is non-ergodic. We first reduce to the
case where x = 1. Since the non-zero values of x are roots of unity of fixed order, there
exists ¢ € N such that x? ~ 1. Then, the Furstenberg system of f¢ along (N}) is also well
defined and ergodic if (X, u, T') was ergodic (since it defines a factor of (X, u, T), see
the second remark after Definition 3.7). Moreover, f9 ~ nidt . x4 ~ pidt. So, it suffices
to show that the Furstenberg system of f¢ along (N;) is non-ergodic. Furthermore, by
considering £24 in place of £ if needed, we can assume that f(2) # —2'. Thus, we have
reduced matters to the case y = 1 and f(2) # —2/'.

Recall that we have f = f - n'’, where f = f -n~% and hence f ~ 1 and f(2) # —1.
Moreover, equation (44) holds. We want to show that the system (X, u, T) is non-ergodic,
so arguing by contradiction, suppose that it is ergodic. Then,

im By lim B,y fOn+n) - Fom) = | lim B,y S @45)

(By equation (8), this is equivalent to the identity limy_ oo Ene[ng f T"Fy -Fodu =
|[ Fod w|?, which holds by the von Neumann ergodic theorem.) Using the disjointness
of the Furstenberg system of (n'') and ( f (n)), we get that the right-hand side equals

. it2 . 3 2
|kli>n;o IEme[Nli] m”| . |kli>rl;>10 ]EmE[Nli] f(m)| .

However, for every n € N, we have lim,,_, oo (m + n)i" . m~" = 1, and hence the left-hand
side in equation (45) equals

. . ~ = . = 2
ngnoo Enern klin;o Emevyy fm +n) - f(m) = Iklingo Epernyy fm)I7,

where the last identity follows as before from the ergodicity of the Furstenberg system of
f along (N;) that was proved in part (i) of Theorem 2.8. Combining the above identities,
we deduce that

: it)2 : 3 2 : 3 2
|Jim By m 1 Jim By FomP = |im Bpeqpg fomP.
Since f ~ 1 and f(2) # —1, by Theorem 3.1, we have limy_, oo Eme[N’Q] f(m) # 0, and
hence the previous identity implies that
| lim By m'' = 1.

However, one easily verifies (see the remark after Proposition 6.1) that this can only happen
if t = 0, which is a contradiction.

Product structure. Recall that equation (44) holds and our plan is to use it to apply
Proposition B.1 in the appendix. To this end, we need to verify the following.
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Claim. There exists at least one z € S! such that the measure v is not invariant under M, .

Arguing by contradiction, suppose that the claim fails. Then, for every F € C(Y), we
have

/F(z~y)dv=/F(y)dv foreveryzeSl.

Let Fy be the Oth-coordinate projection on ¥ = U%. Applying the previous identity for
F := Fy",m € N, and using that Fo(zy) = z y(0) = zFp(y), we deduce

(zm—l)/Fg”dv=0 for every z € S!.

Hence, f F(’)" dv = 0 for every m € N. Recall that (Y, v, §) is the Furstenberg system for
Cesaro averages of f along the sequence (N;). We deduce using equation (8) that

klim Epern) ( f(m)™ =0 foreverym € N. (46)
— 00

Since f ~ x for some Dirichlet character x, there exists ¢ € N such that f4 ~ 1.
Furthermore, by considering 2¢ in place of ¢, if needed, we can assume that F(2)1 £ —1.
Keeping these two facts in mind, we get that equation (46), for m := g, contradicts
Theorem 3.1, which claims that we cannot have a vanishing subsequential limit in this
case. This completes the proof of the claim.

Hence, Proposition B.1 in the appendix gives that there exists r € N such that the
system (X, u, T') is isomorphic to (¥, v, S) x (S‘, Ay, id), where A, is the pushforward of
the continuous measure A by z — z". (If f(n) = nt - X, where x := 14741 — lagzy3, then
r = 2 and the group G that appears in the proof of Proposition B.1 is equal to {—1, 1}.)
Lastly, note that since A, is a continuous measure, and any two identity transformations on
Lebesgue spaces with continuous probability measures are isomorphic (see for example
[30, Theorem 17.41]), the system (Sl, Ay, id) is isomorphic to the system (T, mr, id). This
completes the proof.

6.3.3. Proof of part (iii). Suppose that f ~ ni’ .y for some non-zero ¢t € R and
primitive Dirichlet character x. Let (X, p1, T) and (X, u», T) be two Furstenberg systems
of f for Cesaro or logarithmic averages (not necessarily both taken using Cesaro or
logarithmic averages). Using part (ii), we get that for i = 1, 2, the system (X, u;, T) is
isomorphic to the direct product of the system (T, mr, id) and the system (X, ,uf, T),
which is some Furstenberg system of f := f - n~% (with respect to Cesaro or logarithmic
averages). Since f ~ x, by Proposition 6.4, we have that the systems (X, M/l, T) and
(X, /L/z, T) are isomorphic. Combining the above, we get that the systems (X, u1, T') and
(X, w2, T) are isomorphic. This completes the proof.

6.3.4. Proof of part (iv). Follows immediately from Proposition 6.2.

6.3.5. Proof of part (v). In case (i), the asserted property follows from Proposition 5.5.
In case (ii), suppose that there exists a sequence Ny — oo along which f is Besicovitch
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rationally almost periodic for Cesaro or logarithmic averages. Upon passing to a subse-
quence, we can assume that the Furstenberg system of f for Cesaro or logarithmic averages
along (Ny) is well defined. Then, by Theorem 3.2, this system is ergodic. This contradicts
the non-ergodicity established in part (ii).

6.4. Proof of Corollary 2.9. To establish the equivalence of properties (i), (ii), and (iii),
we argue as follows. The implication (i) = (iii) follows from part (i) of Theorem 2.8.
The implication (iii) = (ii) is obvious. The implication (ii) = (i) follows from part
(i1) of Theorem 2.8.

To establish the equivalence of properties (i), (iv), and (v), we argue as follows. The
implication (i) = (v) follows from the first assertion in part (v) of Theorem 2.8.
The implication (v) = (iv) is obvious. The implication (iv) = (i) follows from the
second assertion in part (v) of Theorem 2.8.

6.5. Proof of Corollary 2.10. The implication (i) = (v) is obvious. The implica-
tion (v) = (iv) is simple and follows from [23, Corollary 5.5] and [17, §1.3]. The
implications (iv) = (ili)) == (ii) are trivial. It remains to establish the implication
(il) = (i). Namely, we want to show that if some Furstenberg system of f for Cesaro
or logarithmic averages has trivial rational spectrum, then f(n) = n'’, n € N, for some
t € R. This follows from part (ii) of Theorem 2.8.

7. Spectral results for pretentious multiplicative functions and applications
In this section, we prove Theorems 2.11-2.16.

7.1. Necessary conditions for spectrum. The next result gives a necessary condition that
often helps us decide when a certain number belongs to the spectrum of some Furstenberg
system of a bounded sequence. Furthermore, it gives an identity that we will use to prove
Theorem 2.13 when we happen to know that this number is not in the spectrum.

PROPOSITION 7.1. Let (X, u,T) be the Furstenberg system for Cesaro averages
of a sequence a: N — U taken along a sequence (Np). If o € (0,1) is such that
o & Spec(X, u, T), then

¢
Jim Enepy e(—na) ]_[1 aj(n+nj) =0 47
]:
forall £ eN, ny,...,ng €N, and ay, . ..,ay € {a,a}. A similar statement also holds

when we consider logarithmic averages.

Proof. Arguing by contradiction, suppose that the conclusion fails for some ¢ € N,
ny,...,ng €N, and ay, ...,ap € {a,a}. Using van der Corput’s lemma (the variant
needed follows from [34, Lemma 3.1]), we get

4 V4
Jim Eer) e(—ha)(kl_i)rgo Enern l_[l aj(n+nj) 1_[1 aj(n+h+ ”ﬂ) # 0.
J= J=
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(Note that all the limits as k — oo exist because a is assumed to admit correlations along
(Nk)). Using equation (8) to translate this equation to the Furstenberg system, we get that

lim Ejerm e(—ha)fF.T”qu;éo,
H—oo

where F := Hﬁ':l T"i F; for some F; € {Fy, Fo} and Fy is the Oth-coordinate projection.
(The existence of the limit follows by applying the mean ergodic theorem to an appropriate
product system.) This implies that « is on the spectrum of (X, u, T'), in fact,

G := lim Ejcp)e(—ha) Thf,
H— o0

where the limit is taken in L2(u), is a non-zero e(a)-eigenfunction. This contradicts our
assumption o & Spec(X, u, T) and completes the proof. (Alternatively, one can argue that
if the conclusion fails, then we get a non-trivial joining of the system with the rotation
by « on the circle. Now, if the limit in equation (47) is non-zero, then the conditional
expectation (with respect to the Furstenberg system in the joining) of the eigenfunction
(on the circle) corresponding to « is non-zero. Hence, « belongs to the spectrum of the
system (X, u, T).) O]

The following simpler condition often suffices to deduce that a certain rational number
belongs to the spectrum of a Furstenberg system of a bounded sequence (we caution the
reader though that the condition is far from necessary).

COROLLARY 7.2. Let (X, u,T) be the Furstenberg system for Cesaro averages of
a sequence a: N — U taken along Ny — oco. Suppose that for some q >?2 and
ref{0,...,q— 1}, we have

lim (E,e(n, /q) algn + 1) — Eyepng) a(n)) # 0.
k—00

Then, p/q belongs to the spectrum of (X, u, T) for some p € {1, ...,q — 1}. A similar

statement holds for logarithmic averages, and in this context, we can replace ]Eiloeg[ Ne/ql
. log

with ]Ene[Nk].

Proof. Our assumption is equivalent to
lim Enepyy (1 — g g () a(n) # 0. (48)
k— 00

Upon substituting the identity

q—1 .
q qu-‘rr(n) = Z e<p : z q r)

p=0

in equation (48), we deduce that

lim E,cn; e( —n- E) an) #0
k— 00 q

for some p € {1,...,q — 1}. It follows from Proposition 7.1 (we only need to appeal to
the £ = 1 case) that p/q is in the spectrum of the system. O
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7.2. Preparation for the proof of Theorem 2.11. If x is a primitive Dirichlet character
with conductor g, then it has a unique Furstenberg system, which is periodic with minimal
period g, and its spectrum is spanned by multiples of 1/q. The next result shows that if
f ~ x for some primitive Dirichlet character x, then the spectrum of every Furstenberg
system of f is at least as large as the spectrum of the Furstenberg system of x.

PROPOSITION 7.3. Let (X, i, T) be the Furstenberg system for Cesaro averages of
a multiplicative function f: N — U that satisfies f ~ x for some primitive Dirichlet
character y with conductor q > 2. Then, for every p € P with p | q, we have 1/p €
Spec(X, u, T).

Proof. We assume that the Furstenberg system is defined along a sequence (Ny) and by
passing to a further subsequence, we can assume that the Furstenberg system of all other
multiplicative functions defined subsequently are also taken along (Nk).

Suppose first that ¢ = p* for some p € P. Since f ~ x, we have f-x ~ 1. If
F(2%)x(2°) # —1 for some s € N, then by Theorem 3.1, we have

lim sup |Eqeqn,y f(n) - x ()| > 0.
k—o00
Since yx is a primitive Dirichlet character with conductor ¢ > 1, it is non-principal and, as
a consequence, has mean value zero. Since y is periodic with period ¢, using its Fourier
expansion in Z,, we deduce that

lim sup |Eyern) f(n) -e(n-r/q)| >0
k— 00

for some r € {1, ...,q — 1}. It follows from Proposition 7.1 that r/q € Spec(X, u, T),
and since ¢ = p* and the spectrum is closed under integer multiplication, we deduce
that 1/p € Spec(X, u, T). Suppose now that f(2°) - x(2%) = —1 for every s € N. Then,

x(2) # 0, and hence p # 2. Weletf =y f ~ X, thenf X ~ 1 and (f xXQ2) =
0 # —1, and the previous case glves that 1/p belongs to the spectrum of the Furstenberg
system of f along (Ny). Since f = 177+1 - f, the Furstenberg system of f along (Ny)
is a factor of a joining of the Furstenberg system of f along (N), which by Theorem 2.8
is an ergodic procyclic system, and the Furstenberg system of 1,7, which is periodic
with period two. It follows that 1/p is an integer combination of 1/2 and elements in
Spec(X, u, T). Since p # 2, we deduce that 1/p € Spec(X, u, T).

We consider now the general case where ¢ is not a prime power (our assumption that x

is primitive is crucially used here). If g = plf‘ . plzz, £ > 2, is the prime factorization of
g, then it is a standard fact that x can be decomposed as x = 1 - - - x¢, where x1, ..., X¢
are primitive Dirichlet characters with conductors pll“, e, p’,vf"', respectively. Note that

then f -1 - - Xe—1 ~ Xe, and by the first case, we get that 1/p, belongs to the spectrum
of the Furstenberg system of f -1 - - - x¢—1 along (Ny), which is a factor of a joining
of the system (X, u, T'), which by Theorem 2.8 is an ergodic procyclic system, and
the Furstenberg system of x7 - - - x¢y—1. We deduce that 1/p, is an integer combination
of elements of the form 1/ pf", i=1,...,¢—1 (these elements span the spectrum
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of X1 ---%¢=1), and elements in Spec(X, u, T'). Since p; # pg for j=1,...,£—1,
it follows that 1/p,; € Spec(X, u, T). Similarly, we get that 1/p; € Spec(X, u, T') for
i =1,...,¢— 1. This completes the proof. O

We will also need the following simple fact.

LEMMA 7.4. If x is a primitive Dirichlet character with conductor q > 2, we define the
completely multiplicative function X on prime numbers p by

x(p), ptq,

x(p) =
L plg.

Then, x has a unique Furstenberg system (X, u, T) and for py € P, we have 1/pg €
Spec(X, w, T) if and only if po | q.

Proof. The uniqueness of the Furstenberg system of y will be established in the second
part of the proof. For the moment, we assume that (X, u, T) is some Furstenberg system
of x.

Since x ~ x and x is a primitive Dirichlet character with conductor ¢ and pg | ¢, we
have by Proposition 7.3 that 1/pg € (X, u, T).

Suppose that pg € PP is such that pg 1 ¢, we shall show that 1/pg & Spec(X, u, T). We
define the multiplicative function

c ) X(m) if g™ {n,
Am(@M) =
" 0 if g | n.
One easily verifies that x,, is periodic with period ¢™; hence it has a unique Furstenberg
system with spectrum a subset of the subgroup generated by 1/4™, and

mli—>moo H]{/n—fol:;p Ene[N]|X~m (n) — X~ (n)| =0.
By [1, Lemma 3.17], ¥ has a unique Furstenberg system, and it is a factor of a joining of
the periodic systems generated by x,,, m € N. Hence, Spec(X, u, T) is contained in the
subgroup {j/q™: j=0,1...9™ —1,m € N} of T. Since pg 1 g, we deduce that 1/pg ¢
Spec(X, u, T), completing the proof. O

Lastly, we will use the following elementary fact.

LEMMA 7.5. Let G1, Gy be subgroups of T consisting of rational numbers. If p € P
satisfies 1/p & G for j = 1,2, then 1/p does not belong to the subgroup generated by
G and G».

Proof. We argue by contradiction. Suppose that 1/ p belongs to the subgroup generated by
G and G;. Then, for j =1, 2, there exista;, b; € Nsuchthata;/b; € G;, (aj, bj) =1,
and such that 1/p = a1 /b1 + a/b>. Since 1/p does not belong to the subgroup G and
we also have ay/b; € G| and (a1, b1) = 1, we easily deduce that p does not divide b;.
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Similarly, we get that p does not divide b,. However, we have b1b, = p(a1b> + ab1), and
hence p divides either b; or by, which is a contradiction. This completes the proof. O

7.3. Proof of the implication i) —> (ii) of Theorem 2.11. By Proposition 6.2, Fursten-
berg systems for Cesaro and logarithmic averages coincide, so we only explain the
argument for Cesaro averages. Suppose that the Furstenberg system (X, u, T') is taken
along the sequence Ny — oo.

Before proceeding further, let us make the following simple observation. Suppose
that p1, ..., px € P, s1,..., st € N, and define the multiplicative function f by setting
f(p)) =a;yeUfori=1,...,kands =1,...,s;,and f(p’) := 1 forall other prime
powers. Then, f(n) is completely determined from the knowledge of all remainders of n
modulo pis"H,i =1,...,k, and hence

k
f: N — U is periodic with period 1_[ pfi+l. (49)
i=1

In our argument below, we will approximate f by periodic multiplicative functions of the
previous form and deduce properties for f from those of its periodic approximants.

Suppose first that f ~ 1 and po € IP is such that f(pj) = 1 for every s € N. Our goal
is to show that 1/pg & Spec(X, u, T).

By Proposition 5.5 (see the remark following the result), there exist a subsequence (N;)
of (Ny) and constants «;, € [0, 1), m € N, such that

lim sup E,eqn;y| £ (2) = e(@m) - fu()* < 1/m, (50)

k— o0

where f,,: N— U, m € N, are defined as in Lemma 5.4 (for ¢ := 1/m) and satisfy
property (i) of Lemma 5.4 (with x := 1). Furthermore, since f(py) = 1 forevery s € N,
we can also assume that

fm(py) =1 foreverym,s e N. (51)

Moreover, since for m € N the sequence f;, satisfies equation (27) with x = 1, as shown
in the proof of [8, Lemma 4] (we crucially use here that f ~ 1), we have (in fact, we could
replace lim sup;_, o, ]Ene[N,:] with limy 00 Eyepng)

lim sup B, epy| fin () = fr, ()1 < 1/m, (52)

k—o00

where for every m € N, the multiplicative functions f,,: N — U are defined by

Sm(p*) forp <ry,s €N,

1 for all other prime powers,

fn(P*) =

for r,, € N sufficiently large that we can arrange to form an increasing sequence. Note that
equation (51) implies

fm(py)) =1 foreverym,s e N. (53)
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Let f,;l’l : N — U be multiplicative functions defined by

o) = fn(P®) forp <rm,s <1,
i 1 for all other prime powers.
Then, equation (53) implies that
Jmi(py) =1 foreverym,l,s € N. (54)

Combining equations (49) and (54), we get that for every m,l € N, the sequence
n > f, (n) is periodic with period Py =[] I+1. Arguing as in the proof
of [8, Lemma 4], we get

p<rm.p#po P

tim sup By f (1) = S, > < 1/m (55)
— 00
for [, € N sufficiently large that we can arrange to form an increasing sequence.
Combining equations (50), (52), (55), we get

lim Tim sup Byl £ (7) = e(@m) - fry, (M)I* = 0. (56)

m—o0 k— 00

Now, for every m € N, the sequence (e(a;,) - fr:l,l (n))nen is periodic with period

m

Py, = l_[ pl’”H.

P<I'm:P#P0

Hence, the spectrum of its Furstenberg system (X, @, T') is contained in the subgroup
G, of T generated by 1/Py,. Since po does not divide P,,, we have that 1/pg € G,. In
summary,

Spec(X, um, T) C Gy, and 1/py ¢ G, foreverym € N. (57)

Note also that because (r,,) and (I,,,) are increasing sequences, we have that P, divides
Py+1, and hence (G,) is an increasing sequence of rational subgroups.

By equation (56) and [1, Lemma 3.17], the system (X, u, T') is a factor of a joining
of the periodic systems (X, u;,, T), m € N. Hence, Spec(X, u, T) is contained in the
subgroup generated by the sequence of subgroups Spec(X, pm,, T), m € N (see remark
(iv) at the end of §3.3), which in turn, by equation (57), is contained in the subgroup
generated by the increasing sequence of rational subgroups G,,, m € N. By equation (57),
we have that 1/pg € G,, for every m € N, and hence 1/pg & Spec(X, u, T).

Next, we deal with the case where f ~ x for some primitive Dirichlet character x with
conductor ¢ > 2. Let po € P be such that pg { g and f(py) = x (p;) for every s € N. Our
goal is to show that 1/pg & Spec(X, u, T). We take x asin Lemma 7.4 and let f := f - x.
Then, f ~ 1 and f (py) =1 for every s € N (we used that po { ¢ here). Hence, by the
previous part, we have that 1/ pg does not belong to the spectrum of the Furstenberg system
of f taken along a subsequence (N ) of (N). Furthermore, by Lemma 7.4, it follows that
1/po does not belong to the spectrum of the (unique) Furstenberg system of k. Since
f= f - X (we used that | x| = 1 here), arguing as before, and using Lemma 7.5, we get
that 1/po € (X, u, T). This completes the proof.
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Finally, to deal with the case f ~ ni’ . x for some ¢ € R and primitive Dirichlet
character x, we can combine the previous part with part (ii) of Theorem 2.8. Alternatively,
given the previous part, one can get a more direct proof by arguing as in §7.4.4 below.

7.4. Proof of the implication (i) =—> (i) of Theorem 2.11. 'We assume that f ~ x for
some primitive Dirichlet character y with conductor g and we have either p { g or f(p*) #
x(p*) for some p € P and s € N. Our goal is to show that 1/p € Spec(X, u, T). We do
this in three steps. The bulk of the proof is contained in the first step, where we work under
the additional hypothesis f ~ 1 and f(2°°) # —1 for some 59 € N. In the second step, we
use the first one to cover the complementary case f ~ 1 and f(2°) = —1 forevery s € N.
Finally, in the third step, we use the first two steps to cover the general case f ~ n'’ - x for
some ¢ € R and primitive Dirichlet character .

74.1. The case f ~ 1 and f(2%) # —1 for some sy) € N. We assume that f ~ 1 and
f(2%) # —1 for some sp € N, which is in addition to our hypothesis that f(p*) # 1
for some s € N. Note first that since f ~ 1, Proposition 6.2 implies that the Furstenberg
systems of f for Cesaro and logarithmic averages coincide. So, we only have to treat the
case of logarithmic averages, and this turns out to offer a substantial advantage since it
enables us to replace limg_, oo IELOEg[ Ne/p] with limy_s oo ELoeg[ N throughout.

So, let (X, u, T) be a Furstenberg system of f for logarithmic averages taken along
the sequence Ny — oco. Note that then, the limit L := limg_, E}lo eg[ Nl f(n) exists and
since f ~ 1 and f(2%) # —1 for some 59 € N, we get by Theorem 3.1 that L # 0 (see the
remarks following the theorem).

Arguing by contradiction, suppose that 1/p ¢ Spec(X, u, T). By Corollary 7.2, this
implies

L = 11m ]E [N fpn+j) = hm IEnG[Nk f(n) foreveryje{0,...,p—1}.
(58)

Using these identities, our goal is to show that f(p*) = 1 for every s € N, which would
contradict our hypothesis.
For convenience, we use the convention

l lo,
nOGgN a(n) := hm Enf (N.] a(n)

whenever the limit exists. In what follows, we will use the following basic property of
logarithmic averages. If a: N — U is such that the limit limg_, o Ezoeg[ Nel a(n) exists, then

we also have that the limit limy_, o ]En clpN @ (n) exists and the two limits are equal. Using
this fact to justify the first identity below and equation (58) to justify the second, we get

LOEN fn)=— i,oégN f(pn) + — Z ELOEgN f(pn+j)

log p—1
—IE f(pn)+ L - ——.
p neN p
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Repeating this process one more time to evaluate (1/ p)En oN S (pn), we get

(8} 1 O O .
SE S = SR (P + Z E°% F(p(pn+ )

1 10 p—1 f(p)
= SES @I L s

where to get the second identity, we used that f(p(pn+ j)) = f(p) f(pn+ j) for

j=1,..., p—1andequation (58). Combining these two identities gives
! o p—1 f(p)
noéng()__noeng( ”)+L p < p )

Repeating this process M — 2 more times, we deduce

M-1 s
Buen £ = it fpMm + 1 ot Y D,

Letting M — oo gives

LZEneNf(n)zL-p_l-Zf(ps).

Since L # 0, we deduce that

o0 s 1
»ie_ (59)
s=1

Since Z?i](l/Ps) =1/(p—1) and R(f(p°®)) € [—1, 1], comparing real parts in equa-
tion (59), we get N(f(p*)) =1 for every s € N. Since f(p*) € U, we deduce that
f(p*) = 1forevery s € N, completing the proof in this first case.

74.2. The case f ~ 1 and f(2°) = —1 for every s € N.. We assume that f ~ 1 and
f(2%) = —1forevery s € N. Let p € P be such that f(p*) # 1 for some s9 € N and our
goal is to show that 1/p € Spec(X, u, T). Suppose that the Furstenberg system of f for
logarithmic averages is taken along Ny — oo.

We first show that 1/2 € Spec(X, u, T). Since f(2°) = —1 for every s € N, by
Theorem 3.1, we have limy_, oo IELOGg[ Nl f(n) = 0. However, the multiplicative function

fi=f -l (60)

also satisfies f ~ 1, and in addition satisfies f(2) # —1. Hence, Theorem 3.1 gives that
for a subsequence (N ,2) of (Ni) along which the next limit exists, we have

. log x T log T log
07 0 Baeny 700 = 00 Bucyy FCn 4D = 0 By FC2 4D,
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where the last identity holds because we use logarithmic averages. Hence,
. log : log
Jim B £+ 1) Jim B S0

Since (N,i) is a subsequence of (Ny), Corollary 7.2 implies that 1/2 € Spec(X, u, T).

Suppose now that p # 2, we will show that 1/p € Spec(X, u, T). We define again
the multiplicative function f as in equation (60). It satisfies f ~ 1 and f(p®) # 1,
together with f(2) # —1. So, by the case treated in §7.4.1, we have that if (X, fi, T) is the
Furstenberg system of f along a subsequence (N;) of (Ni), then 1/p € Spec(X, ji, T).
Now, notice that since f = f - 12741, we have that (X, i, T') is a factor of a joining of
the system (X, u, T), which is an ergodic procyclic system by part (i) of Theorem 2.8,
and the ergodic rotation on two elements. Hence, 1/p belongs to the subgroup spanned
by Spec(X, u, T) and 1/2. Since (X, u, T) is ergodic, Spec(X, u, T) is a group, and
as we showed just above, 1/2 € Spec(X, i, T). Combining these facts, we deduce that
1/p € Spec(X, u, T).

74.3. Thecase f ~ x. Wenow treat the case where f ~ x for some primitive Dirichlet
character y with conductor g. If p € P satisfies p | g, then by Proposition 7.3, we have that
1/p € Spec(X, u, T). So it remains to show that if p € P is such that p { ¢ and f(p*) #
x (p*0) for some sg € N, then 1/p € Spec(X, u, T). Suppose that the Furstenberg system
(X, u, T) of f for logarithmic averages is taken along Ny — oo.

We define the multiplicative function

f=rx

Since f ~ x, we have f ~ 1. Furthermore, since f(p*) # x(p*) and |x(p*)| = 1, we
have f (p*) # 1. Hence, if (N}) is a subsequence of (Ni) along which the Furstenberg
system (X, fi, T) of f for logarithmic averages is defined, the case treated in §7.4.2 implies
that 1/p € Spec(X, i, T).

Since f = f - X, the system (X, &, T') is a factor of a joining of the system (X, u, T)
and the Furstenberg system of y, the first is an ergodic procyclic system by part (i) of
Theorem 2.8 and the second is a periodic system with period ¢g. Hence, 1/p belongs to the
subgroup generated by G| := Spec(X, u, T) and theset G2 :={j/q: j=0,...,q9 — 1}.
Note that G, G, are rational subgroups of T and since p 1 g, we have 1/p ¢ G,. To
conclude the proof, we note that if 1/p ¢ G, then since we also have 1/p & G2, we get
by Lemma 7.5 that 1/ p does not belong to the subgroup generated by G and G, which is
a contradiction. We deduce that 1/p € G| = Spec(X, u, T), which completes the proof.

74.4. The case f ~n'' - x. Assuming the previous case, the result follows easily by
part (ii) of Theorem 2.8, but we give a more direct argument below.

Suppose that f ~ n'’ . x for some t # 0 and primitive Dirichlet character x with
conductor ¢. Let p € P be such that either p | g or f(p*) # p'*' - x(p*) for some s € N
and our goal is to show that 1/p € Spec(X, wu, T'). Suppose that the Furstenberg system
(X, u, T) of f for Cesaro averages is taken along N — oo, the argument is similar for
logarithmic averages.
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Let f:= f-n"'. Then, our assumptions imply that f ~ x and either p | q or
f(ps) # x (p®) for some s € N. Hence, if (N,é) is a subsequence of (Ny) along which
the Furstenberg system (X, &, T') of f for Cesaro averages is defined, the case treated in
§7.4.3 implies that 1/p € Spec(X, i1, T).

Since f := f-n~', the system (X, /i, T) is a factor of a joining of the system
(X, u, T) and the Furstenberg system of n~’. The first system is an ergodic procyclic
system by part (i) of Theorem 2.8 and the second is isomorphic to an identity transforma-
tion in T by [23, Corollary 5.5]. Hence, the two systems are disjoint, and since the second
system has trivial spectrum, it follows that Spec(X, ji, T) is contained in Spec(X, u, T).
Since 1/p € Spec(X, t, T), we deduce that 1/p € Spec(X, u, T), which completes the
proof.

71.5. Proof of Theorem 2.12. Since f ~ yx for some primitive Dirichlet character y
with conductor g, Proposition 6.2 implies that Furstenberg systems of f for Cesaro and
logarithmic averages coincide. We are going to work with logarithmic averages to have
part (i) of Corollary 2.3 available to us.

The inclusion Spec(X, u, T) C A follows from the following stronger fact that applies
to general multiplicative functions that pretend to be Dirichlet characters.

Claim. Let f: N — U be a multiplicative function such that f ~ x for some primitive
Dirichlet character x with conductor g. If

A = {p € P: either p | g or f(p°*) # x(p°*) for some s € N}

and A is the subgroup generated by {1/p*: p € A, s € N}, then Spec(X, u, T) C A.

Let us see how we prove the claim. Since, by the first part, (X, u, T) is an ergodic
procyclic system, Spec(X, u, T) is a subgroup of the rationals in T. Any such subgroup
is generated by elements of the form 1/p* for p € P and s € N (see for example [42]).
By Theorem 2.11, if p & A, then 1/p & Spec(X, u, T), and hence 1/p* & Spec(X, u, T)
for every s € N. Combining the above facts, we deduce that Spec(X, u, T) is contained
in the subgroup generated by elements of the form 1/p* for p € A, s € N, that is,
Spec(X, u, T) C A. This proves the claim.

So, it remains to establish the inclusion A C Spec(X, u, T). Since f ~ x and
for p € A we either have p | g or f(p) # x(p), Theorem 2.11 implies that 1/p €
Spec(X, u, T) for every p € A. Using this, our assumption that f(p) # 0, and the
fact that f is completely multiplicative, we deduce from part (i) of Corollary 2.3 that
1/p* € Spec(X, u, T) for every p € A and s € N. By part (i) of Theorem 2.8, the system
(X, u, T) is ergodic, and hence its spectrum is a subgroup of T. Combining the above, we
get A C Spec(X, u, T), which completes the proof.

7.6. Proof of Theorem 2.13. By Proposition 7.1, it suffices to show that under the stated
assumptions, we have o & Spec(X, u, T) for every Furstenberg system (X, u, T') of f for
Cesaro averages. In case (i), this follows from the fact that « is irrational and Spec(X, u, T)
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contains only rational values, which is an immediate consequence of Theorem 2.7. In case
(i1), this follows from Theorem 2.11.

7.7. Proof of Theorem 2.14. 'We use Lemma 6.3, in its more general version mentioned
in the remark after the lemma, and follow the notation there. Note that since Zﬁ':l kj =0,

in equation (38), we have ' = 0 and ]_[1;=1 (e(a))*i = 1. The result then follows from the
fact that a sequence a: N — U is convergent if any two subsequences of a have further
subsequences whose difference converges to 0.

7.8. Proof of Theorem 2.15. Suppose that a: N — U satisfies the Sarnak conjecture
for Cesaro averages along (Ng), and b =a- f, where f: N — U is a pretentious
multiplicative function. Let w: N — U be a completely deterministic sequence along
(Ng). By Theorem 2.7, the sequence f is completely deterministic. It follows from the
remark made after Definition 3.9 that the sequence f - w is also completely deterministic
along (Ng). Hence, our assumption on a gives that

k‘EBO Enerng a(n) f(n) wn) = 0.

This shows that the sequence a - f satisfies the Sarnak conjecture for Cesaro averages
along (Ng) and completes the proof. A similar argument works for logarithmic averages
since Theorem 2.7 also applies to this setting.

7.9. Proof of Theorem 2.16. Suppose that a: N — {—1, 1} satisfies the Chowla—Elliott
conjecture for Cesaro averages along (N;), and b=a- f, where f: N— U is a
pretentious multiplicative function. It suffices to show that

kl_i>nolo Eneing (@ H)Pn+ny)---(@- f)m+ng) =0

for all ¢ € N, distinct ny,...,ng €N, and €1,...,¢, € {—1, 1} (recall our notation
f_1 = ?). If this fails, then for some £ € N, distinct ny, ...,n; € Zy,and €y, ..., € €
{—1, 1}, we have convergence to a non-zero constant, along a subsequence (V, ,é) of (Ng)
on which the Furstenberg systems of a and f are well defined. Our assumption implies that
the Furstenberg system of a along (N}) is Bernoulli and by Theorem 2.7, the Furstenberg
system of f along (N;) has zero entropy. (Crucially here, we use that a takes values in
{—1, 1}, if a took values on the unit circle we would have to assume that equation (4) holds
forall €q, ..., €, € Z not all of them 0.) Hence, the two systems are disjoint. This implies
that the correlation along (N;) of a - f that we assumed to be non-zero, is equal to the
product of the individual correlations of a and f, and hence it is zero since a satisfies the
Chowla—Elliott conjecture along (N;). This is a contradiction. A similar arguments works
for logarithmic averages since Theorem 2.7 also applies to this setting.

8. Furstenberg systems of MRT functions—Cesaro averages
In this section, we will prove structural results for Furstenberg systems of MRT multiplica-
tive functions (see Definition 2.3) when these systems are defined using Cesaro averages.
In particular, we will prove Theorems 2.18 and 2.19.

Throughout this section and the next one, we use the convention e(t) = e' fort € R.
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8.1. Correlations of MRT functions for Cesaro averages. We will use the following
result from [23, Lemmas 3.2 and 3.3] to rewrite correlations of an MRT multiplicative
function in a convenient form.

LEMMA 8.1. Let f: N — S! be an MRT multiplicative function. Following the terminol-
0gy in Definition 2.3, let N,;, — oo with Ny, < ty+1, m € N. Then,
- |n € [Nt | f(n) —n"mit| > 11|
lim

m— 00 I\

=0.

We also have the same conclusion when we consider the logarithmic density of the set
{n € [Nnl: | f(n) —n'mst| > 11},

Remark. The argument was given in [23] for the standard density, but it also applies for
the logarithmic density.

Let (N,,) be a strictly increasing sequence of integers with t,, < N,,, < t;,4-1. In the
computation of the correlations of the function f on the interval [N,, ], the previous lemma
allows us to replace f(n) with n**+! = e(s,41 log n). We deduce that

¢ ¢
m]LmOO E,en,,] 1_[ fk./ n+nj) = mlilnoo Enen,1 e(sm_H < Z kj log(n + n]))> (61)
j=1 j=1

holds for all £ € N, ki, ..., k¢, n1,...,ne € Z. Depending on how we choose N,, in
relation with s,,4+1, we get different Furstenberg systems. In the following subsections,
we will use this formula to compute the correlations of all MRT multiplicative functions
for various choices of N,, and determine the structure of their corresponding Furstenberg
systems for Cesaro averages. This will lead to a proof of Theorems 2.18 and 2.19.

8.1.1. The case N,, := Lasrln/flj.

tions of an MRT function when we average over intervals [V, ] that satisfy N, = |as
for some d € Z and « > 0. This is the context of the next result.

The goal of this subsection is to compute the correla-
1/d
m+1J

PROPOSITION 8.2. Letaw > 0,d € N. Foreveryf e N ky, ..., ke, ny1,...,ng € Z, letiy
be the minimum i € Z4 such that Zﬁ‘:l kjn’j # 0 and iy := +o00 if no such i exists. Then,

L . .
0 if 0<ip<d,
lim E 1/d fkj(n-i-n') = ¢ d
m—o0 " nelas, (] Jljl P GaaeZ= " axif i > d,
where

Goa(x) :=e(1/(@?x?)) forx € (0,1).

Remark. Note that the function defined by x — e(1/ (ozxd)) = ¢!/ (@’x?) for x # 0, and,
say, 0 — 0, is Riemann integrable in [0, 1], since it is bounded and Riemann integrable on
[a, 1] for every a € [0, 1].

Proposition 8.2 is an immediate consequence of equation (61) and the next result.
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LEMMA 8.3. Leta >0, d € N. For every L € N, ky,...,ke,n1,...,n¢ €7, let iy be
the minimum i € Z such that Zf-:l kjng. # 0 and ig := +o00 if no such i exists. Then,

14
Jim B ey e<N< > kjlog(n + n,-)))

j=1
0 if 0<ip<d,
= ¢ .
S Gaatn == 5" dx i iy > d,
where
Goa(x) :=e(1/(@’x?)) forx € (0, 1).
Proof. Let

¢
A = ]vlgnoo ]Ene[(le/d] 6<N< Z k] 10g(n + nj)))

Jj=1
For convenience, we approximate log(n + a) with log n plus a polynomial. Since

d i

i a

log(n +a) —logn — E (=1} 1; < Mdil
i=1 N

foralln > My,

we have

lim max N =0

d i

. a

log(n +a) — lo —§ —Hi—1=
N ey g(n +a) gn (=D "y

i=1

for every ¢ € Ry such that 1/(d + 1) <c < 1/d. So, to compute A, we can replace
log(n + n;) with log n — Z;jzl(—l)i_ln;/ni throughout. Hence,

14 d 14
A= Jim S (¥ Xt togn+ 0 ko))
j=1 i=1 j=1

Suppose first that ig < d. Then, Z§=1 k jn;" # 0 and by combining Corollary A.4 (it
applies for this ig since N'/¢ < N1/90) and Lemma 6.3, we get that A = 0.
Suppose now that ig > d. Then, Zﬁ‘:l kjni. =0fori =0,...,d—1,and

A= lim E, i e(KN/n?),
N—o00

where

K=Y kni. (62)

j=1
Then,

A= lim B,y e(Ka~4(laN" | + (N9 /n?),
—00
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where €(N) € {0, 1}. Note that the error we make by replacing (laNVe | + e(N))? with
(LeNY?})? is bounded by CN@=D/4 for some C > 0, and this is much smaller than n¢ for
n € [N¢, N/ whenever 1/d — 1/d* < ¢ < 1/d. We deduce that € (N) can be ignored in
the computation of the above limit without affecting the value of A. Hence,

A= lim E, oy e(Ka[aNY]9/nd),

N—o00

where K is as in equation (62). More conveniently,
A= lim By e(Ka N9 /n?),
N—oo

assuming that the last limit exists, which is something we shall prove shortly. The last limit
can be rewritten as a limit of Riemann sums

lim Epeqn) (Gaa(n/N)K,
N—oo

where Gy 4: (0, 1] — S! is the Riemann integrable function in the statement. Hence,

1
A= f (Gara ) dx.
0
This completes the proof. O

8.1.2. The case srll/fﬁl) < Np < s,:/fl. The goal of this subsection is to compute

the correlations of an MRT function when we average over intervals [N,,] that satisfy
srln/ﬁﬂ) < Ny < s,ln/fl for some d € Z . This is the context of the next result.

PROPOSITION 8.4. Letd € Z be fixed. If d = 0, suppose that sy+1 < Ny, < tyy+1, and if

deN, supposethatsrln/ﬁﬂ) < N, < Sl Foreveryl e N ky,...,ke,n1,...,n0 €7,
let iy be the minimum i € Z such that le-:l kjns. # 0 and ip := 400 if no such i exists.
Then,
‘ if0<ip<d
lim By, fYitn+n;) = -
lm, Bne [ PN i =

j=1
Proposition 8.4 is an immediate consequence of equation (61) and the next result.

LEMMA 8.5. Let d € Z+ be fixed. Suppose that the sequence (Ly) of positive integers
satisfies N < Ly if d =0, and NY“4tD < Ly < NY4 if d e N. For every £ €N,
ki,...,ke,ny, ... ,ng €7, let iy be the minimum i € Z such that Zﬁ':l kjni. # 0 and
ig := 400 if no such i exists. Then,

¢ . .
. 0 if0=<io=d,
lim E el N kilo n—l—n-))):

m Bnery) < (Z j log( j ) i o> d.

Jj=1
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Proof. Letd € Z4 and A be the limit we aim to compute. As in the proof of Lemma 8.3,
we start by approximating log(n + a) with log n plus a polynomial. Since

d i
i-19 a
log(n +a) —logn — Z(—l) s < s foralln > My,
i=1 N
and NV/@+D < 1 we have
d

lim max N =0

N—o00 n€l[cLy,Ly]

i—lai
log(n +a) — logn — Z(—l) =

i=1

for every positive ¢ € (0, 1). So using Lemma A.3, we get that to compute A, we can
replace log(n +n;) with logn — Z?Zl(—l)i_ln;/ni throughout. (This is a trivial but
crucial reduction that does not work for logarithmic averages and leads to different
correlations and Furstenberg systems.) Hence,

¢ d ¢
o ' it i
A_Nh_r)noo]E,,e[LN]e(N<2;kj 10gn+21:( 1)! X;k]n;n l)) (63)
j= i= j=

We also get a similar identity with d + 1 in place of d.

Suppose first that igp < d. We have Zﬁ':l k jnl]f) # 0 and we get by combining identity
(63) with Corollary A.4 (it applies for this ig since Ly < NV and hence Ly < N1/i)
and Lemma 6.3 that A = 0.

Suppose now that iy > d. Then, Zi’:l kjnj. =0fori=0,...,d. In this case, using
identity (63) with d + 1 in place of d, we have

A= lim E,ez,)e(K N/n®th,
N—o00

where K := (—1)¢ Z‘;-:l kjn‘;H. Our growth assumption N!'/@+1 < [y implies that
for all ¢ € (0, 1), we have

lim max (N/n¢th=o0.
N—o00 nelcLy,Ly]

It follows that

lim Enefery,Ly) ¢(K N/n%t) =1

N—o00
for all ¢ € (0,1). Hence, A =1 by Lemma A.3. (This last conclusion fails badly for
logarithmic averages, which is the reason why similar computations for logarithmic
averages lead to very different expressions.) This completes the proof. O

8.2. Ergodic models of MRT functions for Cesaro correlations. Having computed
the correlations of MRT functions for certain ranges of the parameter N,,, we would
like to identify simple measure-preserving systems and functions that reproduce these
correlations. When we manage to do this, it will be an easy matter to show isomorphism
between this system and the Furstenberg system of the MRT function.
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8.2.1. The case Ny, := Lasj/flj.. The next lemma identifies systems and functions that
reproduce the correlations of MRT functions when N,, := |as ,L/flj.

LEMMA 8.6. For a« > 0 and d € Z, let (T9+1, Sa,d, mra+1) be the system given in
Definition 2.6. Let also F: T¢t" — S! be defined by

F(xo,...,xq) = e(xq).

For every £ €N, ky, ..., k¢, ny1,...,n¢ €7, let ig be the minimum i € Z4 such that
Zle kjn', # 0 and iy := +00 if no such i exists. Then,

/ ]i[ SolyFY dmepasy = {01 S gond l:f(,)i o= (64)
i Jo Gaa)==14" dxif iy > d,
where
Gaa(x) :=e(1/(@?x)) forx € (0,1).
Proof. Forx = (x0,...,xq) € T4+ direct computation gives that

d—1

F(Sg 4%) = €< > <:.l>xd—i + (Z) ga,d(xo)>, neN.
i=0

Hence, for x € T¢+!, we have

L d—1
[TFY 6o = e( Y -xd_,) (Gaa(x0)),
j=1 i=0

where
l 0.
= ki), i=0,....,d

Note that c; =0 fori =0,...,d — 1 ifandonlyif2§=1 kjn; =0fori=0,...,
d — 1, equivalently when ip > d, and in this case, we have c¢; = Zle k jnj! . It follows

e M
that the integral in equation (64) is equal o fj (Gya(x))==1“1() dx if iy > d, and is
equal to 0 otherwise, that is, when iy < d. This completes the proof. O

8.2.2. The case s;/ﬁﬂ) < Ny < s;/fl. Repeating the computation in the proof of

Lemma 8.6 with the function xg in place of g, 4(xo) gives the following result.

LEMMA 8.7. Ford € Z4, let (TdH, Sa, mra+1) be the level d unipotent system given in
Definition 2.4. Let also F: T4t — S be defined by

F(xo, x1, ..., xq) := e(xq).
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For every £ €N, ki, ..., ke, n1,...,n¢ €7, let ig be the minimum i € Z4 such that
Zf-:l kjn’j % 0 and i := 400 if no such i exists. Then,

4 . .
) 0 0< <d,
/llSZ’kamedH: l.f._l()_
il 1 if ip > d.

8.3. Furstenberg systems of MRT functions for Cesaro averages. We are now ready
to prove our main results regarding Furstenberg systems of MRT functions for Cesaro
averages.

Proof of Theorem 2.19. We first show that the system (X, py.q4, T') is isomorphic to the
system (T, mpast, Su.a).

Recall that X =UZ. Let Fy: X — S! be the Oth-coordinate projection and
F: T¢t! - S! be as in Lemma 8.6. Combining Proposition 8.2 with Lemma 8.6, we

deduce that
¢ e
mILmOO ]Ene[ots,ln/jl] l_[ fHn +n./) = / l_[ Sot,/dF ! dm?l‘d"'l'
j=1 j=1
Hence,
¢ L ¢
/ [ 7 Fy ditea = / [ SulyF dmpa (65)

j=1 j=1

holds forevery £ e N, ky, ..., ke, n1,...,n¢ € Z.

Next, we define the map ®: T¢+! — X by

D(y) = (F(Shg¥nez, vy € T,

We clearly have ® o Sy 4 = T o ®. Moreover, a direct computation shows that the map @
is injective. Lastly, since F = Fp o @, identity (65) implies that

L 4
/ [177Fy dpaa = / [1 77 Fy dnpasi o™,
j=1 j=1

Hence, iy, g = mya+1 o &1, since a linearly dense subset of C(X) has the same integral
with respect to the two measures (see second remark after Definition 3.5). This establishes
the asserted isomorphism.

Since the system (']I‘d+1, mya+1, Se,q4) has trivial rational spectrum, so does the system
(X, MHa.d> 7).

To prove that the system (X, (q,q4, ) is not strongly stationary, it suffices to show that

/Fo-TFodmé/Fo-TfFodu

https://doi.org/10.1017/etds.2024.140 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2024.140

66 N. Frantzikinakis et al

for some r € N. Equivalently, by applying equations (65) (for £ =2, n1 =0, na =r,
ki = —1, ky = 1) and (64), it suffices to show that for fixed o, d we have

1 1
/ e(l/(oedxd)) dx # / e(r/(adxd)) dx
0 0

for some non-zero r € Z. Direct computation shows that this is the case, for example, when
a=d=1landr=2. N

Proof of Theorem 2.18. 'We combine Proposition 8.4 with Lemma 8.7, and argue as in the
proof of Theorem 2.19. O

9. Furstenberg systems of MRT functions—Logarithmic averages

In this section, we will prove structural results for Furstenberg systems of MRT multi-
plicative functions (see Definition 2.3) when these systems are defined using logarithmic
averages. In particular, we will prove Theorem 2.20. In the case of logarithmic averages,
the correlations of MRT functions turn out to be different than those for Cesaro averages,
and this leads to substantially different Furstenberg systems.

9.1. Correlations of MRT functions for logarithmic averages. The main goal of this
subsection is to give in Proposition 9.1 an explicit description of the correlations for
logarithmic averages of MRT functions when we average over sequences of intervals that
grow as fractional powers of s,,+1, a notion that we define next. Again, using Lemma 8.1,
our starting point is the following identity:

¢ ¢
. 1 . . 1
Jim 55 TT 0 = tim B (s (3 4 ogn 0 ). (66)
j=I j=1
which holds for all £ € N, ky, . .., kg, ny, ..., ng € Z. As in the case of Cesaro averages,
depending on how we choose N, in relation with s,,+1, we get different Furstenberg
systems, and the next notion will help us identify which sequences N,, give rise to which
systems.

Definition 9.1. We define the fractional degree of a sequence of positive real numbers
Ly — 400 tobe

. log Ly
lim ——
N—oco log N
if the limit exists (could be +00).
Remarks.
e Note that
0 if Ly < N® forevery e > 0,
. logLn o .
lim =1{ce(0,+00) if N°¢ <Ly < N foreverye > 0,
N—oo log N . d
400 if N¥ <Ly foreveryd € N.
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o If ¢ € (0, +00), then the sequence (N¢) has fractional degree c. More generally, the
same holds for the sequence (N¢(log N )"+ L;V) for every b € R and every (L},) with

/ C

Ly < N°¢.
PROPOSITION 9.1. Let N, := s;/i] for some ¢ > 0. For every £ €N, ki,..., kg
ni,...,ne €7, let iy be the minimum i € Z, such that Zf»:l k]n’/ # 0 and ig := 400

if no such i exists. Then,

0 if 0<ip<ec,
mh_)mooE [Ny Hf (n+nj)=11-c/ip if ¢ <ip< o0,
j=l1 1 if ip = 4o0.

Furthermore, the same identity holds if (L) is a sequence of positive real numbers with
fractional degree 1/c and Ny, := L

Sm+1°
Remark. By taking c¢ := 1/2 (or any other ¢ < 1), we get the following non-vanishing
property of the 2-point correlations of f:

lim Eo o) fot =

m—oo nE

for every non-zero h € Z.
Proposition 9.1 is an immediate consequence of identity (66) and the next result.

LEMMA 9.2. Let (Ly) be a sequence of positive real numbers with fractional degree
1/c for some c € (0, 400). For every £ € N, ki, ..., ko, n1,...,ng €Z, let iy be the
minimum i € Zy such that Zf‘:l kjni- # 0 and iy := 400 if no such i exists. Then,

if 0<ip<c,

¢
hm ]EnE[L ( <ij log(n +nj)>> =31-c/ip if ¢ <ip < oo,
=1 1 if ip = +oo.

Remarks.

e For example, if A is the value of the limit on the left-hand side, then for ¢ € [1, 2)
(in which case, Ly has fractional degree in (1/2, 1]), we have A = 0 if either
Zézl kj #0 z)r Zﬁ‘:] kjnj # Oe(since 21'0 <1 5 c); we .have A=1-¢/2 if
Y j=t1kj=23 ;1 kjnj=0and} ;_, kjn; # 0 (since c < ip = 2), and so on.

e Note that the limit A remains the same if we replace ny, ..., ng with rny, ..., rng,
for every r e N and £ € N, ny ...,n, € Z. Hence, the Furstenberg system of the
multiplicative function that has such correlations is strongly stationary. This is
unlike the case of Cesaro averages, where for Ly := N Vk | eN, we got that the
corresponding correlations given in Lemma 8.6 were not dilation invariant.

Proof. To have a specific example in mind, in the course of the proof, the reader may find
it convenient to assume that Ly = N /¢ where ¢ > 0. We denote by A the limit of the
averages we want to compute.
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We shall use the following basic estimate that follows by applying the Taylor-Lagrange
theorem for the function log x. For everya € Ry, d € N, and My > 0, we have

d 1
log(n +a) — logn — Z(—l)’_l% foralln > My. (67)

i=1

a
- d+1
My
The utility of this approximation is that it enables us to connect various exponential sums
that appear below to those treated in Corollary A.6.

Case 1 (ig <c). If ip <c, we claim that A =0. Let ¢ > 0. We also take ¢ <
1. We apply equation (67) for d.:=[l/¢], a:=nj, j=1,...,¢ and use that
limN_mo(N/M;ffH) =0 for My := N¢. We get that

Zk logn+Z( 1)i- Ian n "':

lim  max
N—o00 ne[N¢ LN]

Using this and the estimate ]Ellfeg[ N 1[1,ne1(n) < &, we get that for

¢ de ¢
Ag = 11m Ene[LN] e( (Z kj logn+ Z(—l)"l Z kjnlj n_l)),
j=1 i=I j=1

we have
|A— Al <e.

So, to show that L =0, it suffices to show that for every ¢ > 0, we have A, =0.
Equivalently, it suffices to show that (for every ¢ > 0)

¢ de ¢
Jim B2 e(V( Xk togn 30 Ykt ) ) =o.
j=1 i=1 j=1
Recall that the defining property of iy implies that Zf‘:] kjni. =0fori =0,...,ip— 1.

Since ¢ > iy and the fractional degree of Ly is 1/c (so positive in particular), we have
NY < Ly < N1/)+¢ for some y > 0 and every ¢ > 0. Hence, Corollary A.6 applies
and gives A = 0.

Case 2 (ip > ¢). Weclaimthat A = 1 — ¢/ ig if ig is finite and L = 1 if i) = +00. Suppose
first that i is finite.
We decompose

A=A+ Ay,

where

~

Ap:= lim Ene[m 1[1,N./,-0](n)e<1v<2kj log(n—i-nj)))
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and

¢
log
Ay o= lim Es yie Lo 1)) e< (Z k;j log(n +n,~))>.
j=l1
(Note that since Ly has fractional degree 1/c > 1/ig, we have N/ < Ly and the
logarithmic averages over [Ly] and [N 1/¢] coincide.)

Case 2a (Computation of A1). We claim that A; = 0. Indeed, we have

14
.1
A =c-i 'leloo]Ee[Nl/m ( (ijlog(n+nj)>)

Jj=1
and by Case 1, the last limit is 0.

Case 2b (Computation of A»). It remains to show that A, = 1 — ¢/ip. For ¢ > 0 such that
1/ip+¢ < 1/c,let

l
1
Agg = lim Enoengq Ly vighe yi/eg () e(N< Z k;j log(n + nj)>>. (68)
j=1

Since Ay = lim,_, g+ Az, it suffices to compute A . for these values of ¢ > 0.

We apply equation (67) for d :=ip—1 (which is >0 since ip > 1), a =n;j,
j=1...,¢ and My := NYiote for ¢ small enough so that My < Ly. Note that
since limN_wo(N/M]‘f,H) = 0, we have

in—1 i
14
lim max  Nllogn4+a) —logn— Y (=)i7'=|=0.
N—oo ne[N'/iO'*'g,LN] ; nt
(If ip = 1, the sum over i is empty.) For j =1,...,¢, we apply these identities for

a = n;j, multiply them by k;, and add them up. We deduce using the defining property
of i (Zle k/n; =0fori =0,...,ip— 1) that

lim max
N—oo nE[Nl/i0+6,L

Zk log(n +nj)| =

j=1

Hence,

lim max
N—o00 nE[Nl/i0+E,LN]

¢
e(N ij 10g(n+nj)> — l‘ =0.

j=1

If we combine this with equation (68), we get (we use here that the fractional degree of
Ly is 1/c and the fact that we use logarithmic averages)
1 ;
Az = lim E,ff[LN Lyijigre () = 1 —¢/io — ce.

Hence, Ay = lim,_, g+ Az = 1 — ¢/ip. This completes the proof of the Case 2 when i is
finite.
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If ip = 400 (in this case, A = A»), then the previous argument gives for every ip € N
the following identity:

£
lim Ene[LN 1[N1/j0’LN](n) e(N( Z kj log(n +nj)>) =1-c/jo.

N—o00 ;
j=1
Letting jo — +oo gives that A = A> = 1, as required. O

9.2. Ergodic models of MRT functions for logarithmic correlations. ~As was the case
in §8.2, our goal is to identify simple measure-preserving systems and functions that
reproduce the correlations in the number theory setting obtained in Proposition 9.1. With
a bit of guesswork, we get that the systems in Definition 2.7 help us do the job; in fact, the
next lemma motivated their definition.

LEMMA 9.3. Letc > 0. Ford > |c], let (Y4, v4, Sq) be the level d unipotent system given
in Definition 2.4 and Fy: Tt — S! be defined by

Fi(xo,...,xq) :=e(xq).

Let also the system (Z., v., R.) be as in Definition 2.7 and G, € L*°(v)) be defined by

o0
= Z 1y, - Fy.

d=|c]

Lastly, for every £ € N, ki, ..., kg, ny,...,ng € Z, let iy be the minimum i € Z such
that Z’;:l kjn9 # 0 and iy := 400 if no such i exists. Then,

¢ ) 0 if 0<ip=<ec,
/HR?]GchVéZ 1 —c/ig if ¢ <ip < o0,
=1 1 if ip = 4o0.

Proof. We have that

t
f]‘[RZ-/GC-’ v, = (1— )CLLJ+c > (———) Ca,
j=1 d+1

d=[c]

where ford € Z, we let

¢
Cd = / 1_[ SZ/F;(/ dUd.
j=1
By Lemma 8.7, we have

0 if 0<ip<d,
Cy =
1 if ig > d.

The asserted identity follows by combining the previous identities and simple direct
computation. O
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9.3. Furstenberg systems of MRT functions for logarithmic averages. Combining the
previous results, it is now easy to prove our main result regarding the structure of
Furstenberg systems of MRT functions for logarithmic averages.

Proof of Theorem 2.20. 'We combine Proposition 9.1 with Lemma 9.3, and argue as in the
proof of Theorem 2.19. O
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A. Appendix. Exponential sum estimates

In this appendix, we gather some simple facts and exponential sum estimates used in the
proofs of the results regarding the structure of Furstenberg systems of MRT multiplicative
functions.

A.l. Cesaro averages. The next result is an immediate consequence of [24,
Theorem 2.9].

THEOREM A.l. (Kuzmin—van der Corput) Letq > 2 be aninteger and c € (0, 1). Suppose
that Cy, C are constants (depending on q and c only) and h € C1([1, +00)) be a function,
such that for some L, M > 0, we have

CiML7T < max W) <CoML™"
x€[cL,L]

forr =1,...,q. Then, there exists a positive constant C3, depending only on c, C1, C;
(and not on L, M), such that

|Eneper.1y e(h(n)] < C3((M/LHYC + 1/M),

where Q :=4.21"2 _ 2,

We are only going to use the following consequence that applies to a special class of
functions g appearing in our arguments.

COROLLARY A.2. Let g(x) :=cp logx + Zf:l cix™! for x e Ry. Let also ig be the
minimum i € {0, ..., k} such that c¢; # 0. Then, for every ¢ > 2 and c € (0, 1), there
exists a constant C. 4 4 such that the following holds. If L > 0 is large enough (depending
only on c, q, g), then for every N > 0, we have

|Eneer.1] (N ()] < Ceg o (N/LITON/C 4 pio)/ N,

where Q :=4.21"2 _ 2,

https://doi.org/10.1017/etds.2024.140 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2024.140

72 N. Frantzikinakis et al

Proof. Let N > 0,c > 0,and hy(x) := Ng(x). We have

k
h%)(x) = N( Z Ci Cr xir>
i=0

for every r € N for some non-zero constants co, . . ., Ck,-. Bounding the derivatives of
the function inside the parenthesis (which does not depend on N), we get that there exist
Lo € Nand Cy, C; > 0, depending only on c, g, r but not on N, such that for all L > Ly,
we have (we also use the defining property of i( here)

Ci NL™7" < max |h%)(X)| < Cy NL70r
x€[cL,L]

for r =1,...,q. Using Theorem A.l for h := hy and M := NL™, we get that the
asserted estimate holds for all L > L. O

LEMMA A.J3. Let Ly — o0 be a sequence of positive integers. For N €N, let
an: [Ly] — U be finite sequences such that for every small enough ¢ > 0, we have

lim E,epery,Ly) an(n) =0.
N—o00
Then,
lim Ene[LN] aN(n) =0.
—00
Remark. We crucially use here that (1/Ly) Zne[l’c Ly lan(m] <c¢ and this converges to

0 as ¢ — 0T. An analogous property fails for logarithmic averages, so this convergence
criterion cannot be used for logarithmic averages.

Combining the above, we get the following qualitative result that we will use in
subsequent sections.

COROLLARY A4. Let g(x) =cop logx + ZLI cix~' be non-zero and iy be the mini-
mumi € {0, . . ., k}suchthat c; # 0. Let also (L) be a sequence of positive real numbers
that satisfies NV < Ly < N0 for some y > 0. Then,

lim E,czy) e(N g(n)) =0.
N—o00
Remark. 1f iy = 0, then our only growth assumption is NV < Ly for some y > 0.

Proof. Let ¢ € (0, 1). Choose g > 2 such that (g + ip)y > 1. Using Corollary A.2 and
our growth assumption on Ly, we get that

lim IE:ne[cL;\/,LN] e(N g(n)) =0.

N—o0

We deduce from this using Lemma A.3 that the asserted convergence to 0 holds. O
A.2. Logarithmic averages. The next lemma will enable us to deduce convergence

results for logarithmic averages of variable sequences from corresponding results for
Cesaro averages once we have some additional uniformity.
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LEMMA A.5. For N € N, let L be a sequence of positive integers that satisfies NV < Ly
for some y > 0, and let ay: [Lny] — U be finite sequences. Suppose that for all small
enough c, § > 0, we have

lim sup |Eke[en,n) an (k)] = 0. (A1)

N=00 8, L0
Then,

Jim Eve, anm = 0. (A.2)

Proof. We first note that our assumption (A.1) implies

lim sup |Exefn) an (k)| = 0. (A.3)

N=00 118, L1

Indeed, one immediately verifies that the difference between the two expressions is
bounded by a function of ¢ that converges to 0 as ¢ — 0.
Note also that to show equation (A.2), it suffices to show that for all small enough § > 0,
we have
. log _
ngnoo Ene[L’SN,L}V_‘S] ay(n) =0. (A.4)
Indeed, because of the logarithmic averaging, the difference between this limit and that in
equation (A.2) is bounded by a function of § that converges to 0 as § — 0.
Now let ¢ > 0 and § > 0 be small enough. Equation (A.3) implies that there exists Ng
such that for N > Ny, we have

sup  |Egepny an (k)] < e. (A.5)

nelLy, Ly
Using partial summation, we get for N > Ny that
n

3 “Nn(”)su 3 %va(k)§2+ >

nelLd Ly nelLd Ly k=1 nelLd Ly

where the last estimate follows from equation (A.5). Note also that since NV < Ly, we
have limy_ Zne[L?V,L}V_a] (1/n) = +o00. We deduce that

log

ann)| < e.
nE[L‘;V,L}\f‘SJ N( )| =

lim sup |E

N—o00

Since ¢ is arbitrary, this implies equation (A.4) and completes the proof. O

COROLLARY A.6. Let g(x) :=co logx + Zle ¢ix~" be non-zero and iy be the mini-
mumi € {0, ..., k}suchthat c; # 0. Let also (L) be a sequence of positive real numbers
that satisfies NY < Ly < NY0O*e for some y > 0 and for every € > 0. Then,

. 1
Jim B eV gm) = 0.
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Remarks.

e Ifip =0, then our only growth assumption is NV < Ly for some y > 0.

o If ¢ €(0,1/ip], then the assumptions are satisfied when Ly := N¢ or Ly :=
N€¢log N. If ip =0, then the assumptions are satisfied when Ly = N€¢ for all
c € (0, +00). Note that by Corollary A.4, if we use Cesaro averages, then a
similar result holds for ¢ € (0, 1/ip), but not for ¢ = 1/ip. For example, although

limy— o0 By e(N/n) = 0, we have limy .o Enern) e(N/n) # 0.

Proof. Let ¢ € (0, 1) and § > 0 be arbitrary. Let ¥ > 0 be such that NV < Ly. Choose
g > 2 such that (¢ + ig)yd > 1 and ¢ > 0 such that (1 + £)(1 — §) < 1. Using Corollary
A.2 and our growth assumption on Ly, we get that there exists a constant C, 4 such that
for all large enough N, we have

sup  |Exefenn) e(Ng(n)| < Ceg(N/NUTOYHI/Q 4 NUAFU=0) /)

) 1-8
LanfLN

where Q := 42972 — 2if iy > 1, and a similar estimate with 1 in place of NU+8)(1=9) jf
ip = 0. Since (g +ig)yd > land (1 +&)(1 — ) < 1, we get

lim sup  |Exepen,n) e(Ng(n))| = 0.

N—o0 Ly, <n<L!?
Applying Lemma A.5, we deduce

. 1
Jim B8 eV gn) =0

completing the proof. O

B. Appendix. Factor of a product erg x id
In this appendix, we prove an ergodic result that was used in the proof of part (ii) of
Theorem 2.8.
Our setting is the following. We consider two systems (Y, v, S) and (Z, A, id), where:
e Y:=U% §:Y — Y is the shift map, and v is an ergodic S-invariant probability
measure;
e Z:=S!, and A is an arbitrary Borel probability measure on S'.

For z € S', we recall that M, : ¥ — Y denotes the coordinatewise multiplication by z
(M y)(k) == (z-y(k)), kel (B.2)
We define the factor (X, u, T) of the direct product (Y, v, S) x (Z, A, id) as follows:
X:=U%? and T:X — X is also the shift map,
and the factor map 7 : ¥ x S' — X is given by
w(y,z) =M (y), yeY,zeS, (B.3)
where M, is as in equation (B.2), and

ni=m(v®2A) (B.4)
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is the pushforward of the product measure v ® A by the factor map 7. Using the previous
notation and assumptions, we have the following result.

PROPOSITION B.1. Suppose that there exists z € S' such that the measure v is not
invariant by M,. Then, there exists r € N, such that (X, u, T') is isomorphic to the direct
product (Y, v, S) X (Z, A, 1d), where X, is the pushforward of > by z — 7".

Proof. Our plan is as follows. We first define the positive integer » € N that appears in the
conclusion of our statement and then to each x € X, we associate unique elements y € Y
and z € Z such that M;(y) = x. Once this is done, we prove that the map ®: X — Y x Z,
defined by ®(x) := (¥, "), is the required isomorphism.

Definition of r. Let

G :={z € Z: v isinvariant by M,}. (B.5)

Since G is a closed subgroup of S! and by assumption G # S', there exists » € N such
that

G={t k=o0,...,r—1)},

where ¢, is an order r root of unity.
Definition of y(x) and 7(x). Using the ergodicity of the measure v and the fact that the
map M, preserves C(Y), we deduce that for v-almost all y € Y and for all z € Z, we have

lim E,envy Sp,sny = (Mp)xv,
N—o0

where (M;).v denotes the pushforward of v by M. It follows from this and equations
(B.3), (B.4), that for u-a.e. x € X, the following limit exists:

My = lim IEne[N] Snx,
N—o00

and for v ® A-a.e. (y,2) € ¥ x Z, we have up, () = (My)«v. Next, for p-a.e. x € X, we
let

Hy = {weS": (My-1)suy = v}.
Then, for v ® A-a.e. (y,z) € Y x Z, using equations (B.3) and (B.4), we get
Hy,y) ={w € st (M -1)xv = v} = zG.

This establishes that for v ® A-a.e. (y,z) € Y x Z, the set zG is uniquely determined by
the element x := M,(y) € X. Hence, for u-a.e. x € X, we can define

Z(x) := the unique element of zG that has argument in [0, 277 /7).

Let us justify that the map x — Z(x) is measurable. There is a Borel subset Xy C X of
full « measure on which x — . is Borel measurable, and such that for all x € X, y is
of the form (M,),v for some z € S!. Set

Sh={e®):0<6 <27/r} cS..
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Then, the graph of x — z(x), x € X, is the preimage of {v} by the Borel map (x, z) —
(M ~1)spix, (x,2) € Xo X S}. So this graph is Borel measurable in X X S}, and by [30,
Theorem 14.12], the map x — Z(x) is Borel measurable. We also set, for x € Xo,

Sl(x) = MZ(X)—I()C) eY.
Definition of ®. We define the map ®: Xy — Y x Z as follows:
O (x) := (Y(x), Z(x)"), (B.6)

where r € N, y(x) € Y, Z(x) € Z are defined as above. The map & is measurable and we
are going to show next that it establishes an isomorphism between the systems (X, u, T')
and (Y, v, S) x (Z, A, id).

® is an isomorphism. We have to establish the following three claims.

Claim 1. ® is injective.

Note that for n-a.e. x € X, we have

X = Mz (¥(x)). (B.7)

Replacing if necessary X by a smaller Borel set (but still of full measure), we can assume
that the above identity and equation (B.6) hold on Xj. Suppose that ®(x) = ®(x’) for
some x, x" € Xo. Then, y(x) = y(x') and Z"(x) = 7" (x’). Since both Z(x), Z(x’) have
argument in [0, 27 /r), we deduce that Z(x) = Z(x"). Then, equation (B.7) gives that
x = x’, which establishes that the map ® is injective on Xj.

Claim 2. Wehave ®o T = (S x id) o ®.
Equivalently, using equation (B.6), it suffices to verify that for u-a.e. x € X, we have
(3(Tx), 2 (Tx)) = (Sy(x), 2" (x)). (B.8)
Since ury = [y, we have
Z(Tx) = Z(x)
and
Y(Tx) = Mz(y-1 (Tx) = SMz()-1(x) = Sy(x).
Combining these two identities, we get equation (B.8).

Claim 3. We have &, u =v ® A,.

Note first that for v ® A-a.e. (y,2) € Y x Z, we have Z(Mz(y))_1 =z 'w for some
w € G, an r-root of unity depending only on z, and

Y(M(y) = Mz, (yyy-1: () = My (y).
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Since w € G, we get by equation (B.5) that for a fixed z € Z, the pushforward of v by
y = y(M,(y)) is still v. This means that, for all f € C(Y), we have forall z € Z,

/Yf(i(Mz(y))) dV(y)=fo(y) dv(y).

However then, integrating the above identity with respect to z, we get

/ FGG) dp(x) =/ </ F (M (y)) dv(y)) d)»(Z)=/ F ) dv(y),
X V4 Y Y

which shows that the pushforward of © by x +— y(x) is also v.
Let us consider now the pushforward of p by x + z(x)". Observe that for v ® A-a.e.
(y,2) € Y x Z, we have z(M,(y))G = zG, and hence

M) =7".

Therefore, for an arbitrary continuous g € C(S'), we have
/ gEM)") du(x) = f §EM (y)") d(v ® 1) =/ 8(@") di(z) =/ 8(2) dir(2).
X YxZ z z

We conclude that the pushforward of u by the map x — z"(x) is A,.

Combining the above, we have that the measure ®,u is a joining of (¥, v, S) and
(Z, Ay, 1d). Since, by assumption, the system (Y, v, S) is ergodic and the system (Z, A, id)
is an identity system, the two systems are disjoint. Hence, ®.u = v ® A,, as required. [

Our argument gives that r depends only on v and the factor generated by the map x +—
Z(x) from (X, u, T) to (Z, A, id) is non-trivial (in which case, (X, u, T') is non-ergodic)
if and only if A is not concentrated on the group of r-roots of unity. This is always the case
if A is a continuous measure.

C. Appendix. Ergodic consequences of a result of Klurman
In this last appendix, we justify some remarks made immediately after Theorem 2.7 and
Conjecture 3.

The next result follows immediately from an argument given by Klurman [31] and
crucially uses results about 2-point correlations of Tao [43]. We sketch the argument for
completeness.

PROPOSITION C.1. [31, Proof of Lemma 4.3] Let f: N — U be an aperiodic multiplica-
tive function. Then, there exist N — o0 such that

Jim. JEff[Nk] fm)- f(n+j)=0 foreveryjeN. (C.3)

Remarks.

e As shown in [37, Theorem B.1], some aperiodic multiplicative functions may have
non-vanishing 2-point correlations (see also the remark following Proposition 9.1).

e More elaborate arguments of [33] give stronger results, see for example Theorem 1.2
therein.
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Proof. We first claim that for every m € N, there exists a subsequence (N k)ien Of
(Ni)keN (Which also depends on f) such that

. 1 e yany . .
kli{go ]EVIOEg[Nm,k] f(n) ’ f(n + J) = 0 fOrJ = 17 cee, M

Indeed, suppose that the conclusion fails. Then, there exist m € N, ¢ >0, and
No = No(m, &), such that for all N > Ny, we have

|Eizoég[1v] f@) - fn+ jy)l =€

for some jy € [m]. This fact, combined with the argument used to prove the second part of
[31, Lemma 4.3] gives, without any change, that f is pretentious, which is a contradiction.
Using the previous claim, we get that for every k£ € N, there exists Ny € N such that

! - . .
By SO0 - fn+ DI <1/k forj=1,... k

Furthermore, we can assume that the sequence (Ny)reN is strictly increasing. The result
follows. O

COROLLARY C.2. If f: N — U is a non-trivial aperiodic multiplicative function, then at
least one of its Furstenberg systems for logarithmic averages has a Lebesgue component.
In fact, if Fy is the Oth-coordinate projection, on some Furstenberg system (X, u, T) of f,
we have

/Fo T'Fydu =0 foreveryjeN. (C4)

Proof. Using equation (8), we see that Fy # 0 (u-almost everywhere) is equivalent to
Enen | f()|> # 0, which in turn is equivalent to the non-triviality assumption for f.

Let (Ni) be the subsequence given by Proposition C.1. Pick a subsequence (N;)
along which f admits correlations for logarithmic averages and let (X, u, T) be the
corresponding Furstenberg system of f. Then, equations (8) and (C.3) imply that equation
(C.4) holds. O

By combining Corollary C.2 with the main argument in [17], we deduce the following
subsequential variant of the logarithmically averaged Sarnak conjecture for ergodic
weights that applies to all aperiodic multiplicative functions (for multiplicative functions
that satisfy stronger aperiodicity properties, [17, Theorem 1.1] covers a more general
result).

THEOREM C.3. Let f: N — U be an aperiodic multiplicative function. Then, there exists
a subsequence Ny — 00 such that for every deterministic, ergodic sequence w: N — T,
we have
. log _
kll)rglo EnE[Nk] f(n) wn)=0.
Remark. As remarked in [23, §5.2], there exists an aperiodic multiplicative function
f: N — S! and a non-ergodic deterministic sequence w: N — U such that the averages

Eiloeg[ N f(n) w(n) do not converge to 0 as N — 00. So passing to a subsequence is needed
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if one wants to allow w to be an arbitrary deterministic weight sequence (not necessarily
ergodic). However, see Conjectures 2 and 3 for variants that use relaxed assumptions.

To prove Theorem C.3, one works with the subsequence Ny — oo provided by
Corollary C.2 and repeats the proof of [17, Theorem 1.1] given in [17, §5.1]. The point
is that Corollary C.2 serves as a substitute for the 2-point correlation result of Tao [43]
(the latter is not applicable to all aperiodic multiplicative functions).
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