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Abstract. We study mean convergence results for weighted multiple ergodic averages
defined by commuting transformations with iterates given by integer polynomials in
several variables. Roughly speaking, we prove that a bounded sequence is a good universal
weight for mean convergence of such averages if and only if the average of this sequence
times any nilsequence converges. Two decomposition results of independent interest play
key roles in the proof. The first states that every bounded sequence in several variables
satisfying some regularity conditions is a sum of a nilsequence and a sequence that has
small uniformity norm (this generalizes a result of the second author and Kra); and the
second states that every multiple correlation sequence in several variables is a sum of a
nilsequence and a sequence that is small in uniform density (this generalizes a result of the
first author). Furthermore, we use these results in order to establish mean convergence and
recurrence results for a variety of sequences of dynamical and arithmetic origin and give
some combinatorial implications.
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1. Introduction

Since the early 1980s, a lot of effort has been put into the study of the limiting behavior of
multiple ergodic averages. This study was partly motivated by combinatorial implications,
since positiveness properties of such averages imply various far reaching extensions of the
celebrated theorem of Szemerédi on arithmetic progressions. After a long series of partial
results, most notably those in [7, 20, 21, 34, 4345, 52, 60, 62, 66], Walsh [64], building
on previous work of Tao [62], proved the following mean convergence result.

THEOREM 1.1. [64]F Let d,¢,seN, (X, X,u) be a probability space, and

Ti, ..., T;: X — X be invertible commuting measure preserving transformations. Then,
for every Fplner sequence (I})ren of subsets of N, polynomials Di,j: N> 7 i=
1,...,¢ j=1,...,sandfunctions fi, ..., fs € L°(u), the averages
! ‘ m : m
pi,1(n pi,s(
Tl doh (]"[ T, x) ----- fs (]‘[ T, x) (1.1)
nel; i=1 i=1

converge in LZ(M) as k — +o0.

Remark. In [64], the previous result was established under the weaker hypothesis that the
transformations T, . . ., Ty generate a nilpotent group. We believe that our results can be
extended to this more general set-up, but, in this article, we restrict our work to the case of
commuting transformations.

One of the main purposes of this article is to study mean convergence for weighted
versions of the averages (1.1): that is, averages of the form

14

L
o S wa A (T ) s ([T ) a2

nely i=1 i=1

where w: N? — C is a bounded sequence. A sequence w, for which the previous averages
converge for all choices of systems, functions, and polynomials, is called a good universal
weight for mean convergence of the averages (1.2).

When d = 1, examples of good universal weights for some multiple ergodic averages
can be found in [1-4, 18, 25, 29, 31, 46, 68]. Most of these results deal with the case
where £ = 1 and are based on the theory of characteristic factors that was pioneered by
Furstenberg. They depend, crucially, on the work of Host and Kra [44] and subsequent
developments in [45, 52], which, in the case where all the transformations are equal, gives a
characterization in terms of nilsystems of the smallest factor of the system that controls the
limiting behavior of the averages (1.2). Unfortunately, no such characterization is known in
the case of general commuting transformations (but see [8, 9] for related progress), which
is the reason why this method is not applicable for our more general set-up. Moreover,
the method used by Walsh in [64] does not seem applicable to weighted averages and no
general criterion suitable for checking mean convergence of averages of the form (1.2) is
known. We fill this gap by showing, in Theorem 2.2, that a bounded sequence w: N¢ — C

+ The argument in [64] is given for Cesaro averages and d = 1 but the same proof works in this more general
case (see [67] for details).
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is a good universal weight for mean convergence of the averages (1.2) if and only if the
averages

1
_ w(n) - ¥ (n) (1.3)

[ 1| verd

converge for every nilsequence v in d variables and Fglner sequence (Ii)ien in N9,

Furthermore, when one replaces, throughout the averages, (1/1x) D, 1, by the Cesaro

averages (1/N d) Zne[l) N}d» We prove, in Theorem 2.4, that a similar criterion holds for

weak convergence and that a condition somewhat stronger than (1.3) suffices for mean
convergence. Even for single variable sequences, the mean convergence criterion is new
and its proof (strangely) depends on decomposition results for sequences in two variables.

Prior to this work, only the case d = ¢ = 1 was treated (in [18]) for mean convergence,

while, for weak convergence, the case where d =1 and ¢ € N is arbitrary was treated in

[29].

To prove these results, we use the mean convergence result of Walsh as a black box
and two decomposition results of independent interest. These are Theorems 3.9 and 3.10,
which extend similar results for single variable sequences from [46, Theorem 2.19] and
[29, Theorem 1.2]. Roughly speaking, they state the following.

(i)  If the averages (1.3) converge for every nilsequence v : N — C and every Fglner
sequence (Ix)ren in N?, then the sequence w € £°°(N?) is a sum of a nilsequence
and a sequence that has small uniformity norm.

(i) Any sequence of the form

¢ ¢
/ I1 ATy I1 £TP™ 0 dy, neNd
i=1 i=1
is the sum of a nilsequence and a sequence that is small in uniform density.
Regarding the second decomposition, Theorem 2.6 gives more precise information
when the iterates are linear: it implies, for example, that the sequences

/f-T{"f-Tz”f-T{fdu, /f-Tlmf-Tff-T§"+”fdu,

ff~T1"f-T2”f-T3”f dp (1.4)

are 1-step, 2-step and 3-step nilsequences, respectively, modulo small errors in uniform
density (simple examples show that the degree of nilpotency is optimal).

Using the previous criteria, we prove mean convergence results for weighted ergodic
averages with weights given by various sequences of dynamical origin, bounded
multiplicative functions, generalized polynomials and Hardy field sequences (see §§2.2,
2.3, 2.6). We deduce some multiple recurrence results and combinatorial consequences;
showing for example that every set of integers with positive upper density contains
arbitrarily long arithmetic progressions with common difference of the form m? + n?,
where m, n have an odd (or an even) number of distinct prime factors (see Theorems 2.12—
2.14) or m, n are taken from the set {k € N: ||k%| € [1/2, 3/4]}, where a is any positive
non-integer (see Theorems 9.1, 9.5). We also establish multidimensional variants of these
results regarding patterns in positive density subsets of Z¢.
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In the next section, we give the precise formulation of our main results and define some
concepts used throughout the article.

2. Precise statement of main results
2.1. Notation and definitions. ~ We first introduce some notation that is going to facilitate
our presentation.

2.1.1. Ergodic theory. Following, for example, [35] we say that a probability space
(X, X, n) is a Lebesgue space if X can be given the structure of a Polish space (i.e.
metrizable, separable, complete) such that &’ is its Borel o-algebra. Throughout the article,
we make the standard assumption that all probability spaces considered are Lebesgue.

By a system (X, X, u, Ty, ..., T¢) we mean a Lebesgue probability space (X, X, u)
endowed with £ invertible commuting measure preserving transformations._) For 7 =
(n1,...,ng) €2, wewrite T =T/ - - - - T,'. Sometimes, we denote by 7' the action

%
of Z on X and write the system as (X, X', u, T ). In the subsequent work, we generally
omit the o -algebra X from our notation.

2.1.2. Nilmanifolds and nilsequences. Let s € N, G be an s-step nilpotent Lie group
and I" be a discrete cocompact subgroup of G. Then the quotient space X = G/ I is called
an s-step nilmanifold. We prefer to denote the elements of X as points x, y, ..., not as
cosets. The point ey is the image in X of the unit element of G. The natural action of G
on X is written (g, x) — g - x and the unique measure on X invariant under this action is
called the Haar measure of X and is denoted by m .

Let 7y, ..., 7y be commuting elements of G. Fori =1, ..., d let T; be the translation
x— 71 -x by i; on X. Then the system (X,myx, T1,..., Ty) is called an s-step
nilsystem. Nilsystems have been extensively studied and basic properties were established
by Auslander [6], Parry [58, 59], Lesigne [56], Leibman [50, 51] and others.

Definition. [11] If X = G/ T is an s-step nilmanifold, ¥ € C(X) and 71, ..., € G
are commuting elements, then the sequence (\I-f(rln Looo 7::;" “ex))ny,...ngeN is called an
s-step nilsequence in d variables. Also, for notational convenience, we define a 0-step
nilsequence to be a constant sequence.

Remarks.

° In [11] the notion ‘basic s-step nilsequence’ is used for what we call here an ‘s-step
nilsequence’.

o By [50, Paragraph 1.11], the nilmanifold X is isomorphic to a sub-nilmanifold of a
nilmanifold X = G /T, where G is a connected and simply connected s-step nilpotent
Lie group and all elements of G are represented in G. Hence, whenever needed, we
can assume that the group G is connected and simply connected.

In recent years, nilsequences have played a key role in ergodic theory and additive
combinatorics. They form the right substitute for linear exponential sequences needed
to formalize certain inverse theorems which are used in the course of studying various
multilinear expressions in analysis and number theory.
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2.1.3. Fplner sequences and related averages. First, we recall some notions and
introduce some notation.

Notation. We write [N] for the interval {1, 2, ..., N}in N.

Definition. A Fglner sequence in N is a sequence I = (/) jen of finite subsets of N that

satisfies (1 + WAL
lim ———7 —0 for every k € Zd,
j—o00 1]

where A denotes the symmetric difference and I; + k:={n+k: ne [;}.

An example of a Fglner sequence in N is a sequence of intervals whose lengths tend to
infinity. If N; — +o00 and (k;) jen 18 a sequence in N, then I =Kk; + [Nj]d, jeNis
a Fglner sequence in N¢. In all subsequent results and proofs, we can replace the general
Fglner sequences by these particular examples.

Ifa: N > Cisa sequence and I = (/) jen is a Fglner sequence in N9, we let

1
lim Avia(n) ;== lim — a(n),
J

assuming, of course, that the previous limit exists. If the previous limit exists for every
Fglner sequence I, then it is independent of I; we denote its common value with

lim Av a(n)

and say that the averages of a converge. When it is unclear with respect to which variable
we take the averages, we use the notation

lim Avpya(n), lim Avya(n).

Furthermore, we use the notation

limsup |Avy a(n)| := lim sup
Jj—>+00

1
o > am)

l'lEIj

and
limsup |Av a(n)| := sup(limsup |Avy a(n)|),
I

where the sup is taken over all Fglner sequences I = (/;) jen of subsets of N¢.
We use similar notation for limits in L? (1) involving averages of functions ( JSn)nene In
L?(w) and write

lim Avy fn, 1imAv fy, limsup [|Avy fallp2(,), limsup |AV fallz2,

for the corresponding limits, where, in the first two cases, convergence takes place in
L?(w) and, in the last two cases, we use LZ(x) norms in place of the absolute values.
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2.2. Convergence results for uniform averages. First, we give convergence criteria for
weighted ergodic averages which are defined using uniform averages, that is, averages over
arbitrary Fglner sequences in N,

Definition. 1f p;: N¢ — Z,i =1, ..., £, are polynomials, we call the map p : N¢ — Z¢
defined by _p) = (p1, ..., pe) apolynomial mapping from N¥ to Z*. The degree deg(?)
of 7 is max;—1,__¢(deg(p;)).

We first state a strengthening of Theorem 1.1 that will be used frequently in this article.
It is proved in §4.3.

PROPOSITION 2.1. For every d,{,s €N, polynomial mappings ﬁ N? - 7¢,

i=1,...,s, nilsequence 1V : N¢ - C, system (X, u, T1,...,Ty) and functions
f1, ..., fs € L®°(w), the limit
lim AV W(n) . Tﬁ (n> fl """ Tﬁ(n) fS

exists in Lz(u,).
Remark. For d =1 this was proved in [29, §2.4].

Our main convergence criterion for uniform averages is the next result, which is proved
in §7.1.

THEOREM 2.2. Let d, £, s, t € N. Then there exists a positive integer k =k(d, ¢, s, 1),
such that the following holds: if w e £®(N%) is a sequence and, for every k-step
nilsequence \r: NY — C, the limit

lim Av w(n) ¥ (n) exists, (2.1)
then, for every system (X, ., T1, . . ., Ty), functions f1, . . ., fs € L*°(u) and polynomial
mappings ﬁ N¢ 7t i =1,...,s of degree at most t, the limit

lim Av w(m) - T3y 17+ T my fs (2.2)

exists in L2(w). Furthermore, if the limit in (2.1) is zero for every k-step nilsequence
in d variables, then the limit in (2.2) is always zero. Lastly, if the polynomial mappings
ﬁ: N — 7t i =1, ..., s are linear, then we can take k = s.

Remarks.

° For d =€ =1t =1, this result was proved in [46] and, for d=¢=1 and t € N
arbitrary, in [18].

° In Theorem 3.9, we give a characterization using ‘uniformity seminorms’ of
sequences satisfying the hypothesis of Theorem 2.2.

The next result shows that the hypothesis of Theorem 2.2 is necessary in order to have
weak convergence of the averages in (2.2) for all linear polynomial mappings.
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PROPOSITION 2.3. Let d, s € N and w € £°(N¢) be a sequence. Suppose that for every

system (X, u, Ty, ..., Ty), functions fo, ..., fs € L°°(u) and linear forms Z N —
74 i=1,...,s, the limit
lim Av w(n) /fo . Tz(n) fre---- TZ:(“) fedu

exists. Then the limit
lim Av w(n) v (n)

exists for every s-step nilsequence  in d variables.
Remark. For d = 1, this was proved in [29].

Next, for d = 1, we give some examples of sequences of weights in £°°(N) for which
Theorem 2.2 is applicable.

Examples. Let (Y, S) be a minimal uniquely ergodic system with invariant measure v
and, for every s € N, let (Z;, vs, S) be the ‘factor of order s’ defined in [44]. Suppose that,
for every s € N, the factor map 5 : ¥ — Z; is continuous. Then, for every ¥ € C(Y) and
every yo € Y, the sequence w: N — C defined by w(n) := W(S8"yg), n € N satisfies the
hypothesis of Theorem 2.2 [46, Proposition 7.1]. Examples of this type include:
(i) the Thue—Morse sequence, which is the indicator function of those integers that have
an odd sum of digits when expanded in base two (see [46, Proposition 2.21]); and
(i) bounded generalized polynomials (see [46, Corollary 2.23])f. These include
sequences of the form ({ p(n)}),en or (e(p(n)))nen, Where p: N — Z is an arbitrary
generalized polynomial, {x} denotes the fractional part of x and e(r) := €27,

2.3. Convergence results for Cesaro averages. The assumptions of Theorem 2.2 are,
in many cases, too strong to be of use (this is the case for the examples (i)—(v) below)
and we would like to have a criterion that uses convergence assumptions of certain Cesaro
averages instead of uniform averages. We obtain such a result by utilizing tools different
from those used in the proof of Theorem 2.2 (Theorem 2.2 relies on Theorem 3.9 which
necessitates the hypothesis (2.1)). The key new ingredients are decomposition results for
multiple correlation sequences, which are stated in §2.4, below.

THEOREM 2.4. Let d, £, s, t € N. Then there exists a positive integer k =k(d, ¢, s, 1),
such that the following hold.
() Ifw e £®(N?%) and, for every k-step nilsequence - N — C, the limit

lim >~ w(m) y(n) exist (2.3)
im — w(n) ¥ (n) exists, .
N—+o00 N4

ne[N}4
then, for every system (X, u,Ti, ..., Ty), functions fy, ..., fs € L®°(u) and
polynomial mappings ﬁ N 7% i=1,...,s, of degree at most t, the limit

T A generalized polynomial is a real-valued function that is obtained from the identity function and real constants
by using the operations of addition, multiplication and taking the integer part.
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. 1

Jim s S e [ Ty Tpwfdn @
ne[N¢

exists.

(i) Ifw € £°(N?) and, for every k-step nilsequence Y : N*¢ — C, the limit

1 -
lim —— wm) wm’) ¥(n, n’ 2.5
wAm > (m) w(m) Y (n, n') 2.5)

ne[N}4, We[N']4
exists, then, for every system (X, u, T1, ..., Ty), functions fi, ..., fs € L°(u)
and polynomial mappings ﬁ N - 7Z¢ i=1,...,s, of degree at most t, the limit
) 1
Jim Sz 2 v Tywfio T 2.6)
ne[N}¢

exists in Lz(,u).

Furthermore, if the limit in (2.3) (respectively, (2.5)) is zero for every k-step nilsequence
V: N? — C (respectively, y: N — C), then the limit in (2.4) (respectively, (2.6)) is
always zero.

Lastly, in (i) (respectively, (ii)), if the polynomial mappings ﬁ are linear, then we can
take k = s (respectively, k =2s — 1), and if, in addition, £ =s and T3 ) = Y}L[(n) for
i=1,...,s, where Ly, ..., Ls are linear forms spanning a subspace of dimension r,
then we can take k = s — r + 1 (respectively, k =2s — 2r + 1).

Remarks.

° For d = 1, the first part of this result was proved in [29].

° For single variable polynomials, in order to prove Part (ii) of this result, we rely
on decomposition results of correlation sequences involving polynomials in two
variables.

An analogue of Proposition 2.3, with Cesaro averages in place of uniform averages,
holds with the same proof. This implies that the condition (2.3) is also necessary in order
for the limit (2.4) to exist for all linear polynomial mappings.

Sequences w € £%°(N9) that satisfy the hypothesis (2.3) and (2.5) of Theorem 2.4 (but
do not satisfy the condition (2.1) of Theorem 2.2, even for ¢ = 1) include the following.
(i) Any sequence of the form (g(S+; ¥)) cne» Where (Y, v, 81, ..., Sg) is a system

and g € L*°(v), for y € Y belonging to a set of full measure that depends only on
the system and the function g. For d = 1, this was proved in [46, Theorem 2.22] for
hypothesis (2.3) but a similar argument also gives hypothesis (2.5) and works (using
Theorem 3.1) for general d € N.

(i) Any ‘good’ multiplicative function ¢: N — C (see §2.6 and Theorem 8.1). For
d =1, an alternate proof which depends on [30], and thus on deep results from [38]
and [40], was given in [31].

(iii) The indicator function of all vectors of N¢ whose coordinates have an even (or an
odd) number of distinct prime factors; or more generally, the indicator function of
any set S defined as in Theorem 2.12 below (this follows from Theorem 8.1 and the
argument in §8.2).
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(iv) Any sequence of the form (e(Zle nf" Mni,...ngeN, Where ay, ..., aq are positive
non-integers. In this case the limits in (2.3) and (2.5) are always zero (see
Theorem 9.1 and Proposition 9.3). Moreover, for d = 1, we give necessary and
sufficient conditions for a sequence of the form (e(f(n))),en, Where f is a Hardy
field function of at most polynomial growth, to be a good universal weight for mean
convergence of the averages (2.6) (see Corollary 9.2).

(v) The indicator function of any set of the form

S:={n1,...,ngeN: || fin)| €lar, b1l, ..., I far) | € laa, bal},

where 0 <a; <b; <1/2, ||x|| :=d(x, Z) and f; are Hardy field functions of at
most polynomial growth that stay away from polynomials (this follows from
Proposition 9.3 and an approximation argument that uses the estimate (9.1)).
Furthermore, the set S is good for multiple recurrence and mean convergence and
the L2 () limit

1

JmsawE 2 Teh s T
neSN[N]4

is equal to the limit obtained when S is replaced by N (see Theorem 9.5).

2.4. Multiple correlations in ergodic theory. Multiple correlation sequences are well
studied objects in ergodic theory and form an indispensable tool in the study of various
multiple ergodic averages. For single variable sequences, structural results have been
obtained in [11, 29, 53, 54, 57]; we extend some of these results to sequences in several
variables. These extensions turn out to be key for the proof of the convergence criterion
given in Theorem 2.4. Our argument follows closely the method used in [29] to obtain
similar results for single variable sequences; but some refinements obtained (for example
Theorem 2.6) require new methodology.

Notation. For a bounded sequence a : N¢ — C, we let

1/2

llall2 := (limsup Av |a(n)|2) 2.7)

Definition. A bounded sequence a: N¢ — C is an approximate s-step nilsequence in d
variables if, for every ¢ > 0, it admits a decomposition as a = ag + der, Where:

(i) ag: NY— Cisan s-step nilsequence in d variables with ||ag;||co < ||@||c0; and

(i) laell2 <e.

The subscripts ‘st’ and ‘err’ are used to indicate ‘structured’ and ‘error’, respectively.
In §6.2 we show the following theorem.

THEOREM 2.5. Let d, ¢, s,t € N. Then there exists a positive integer k =k(d, ¢, s, t)

such that, for every system (X, u, Ty, ..., Ty), functions fy, ..., fs € L>=(u) and
polynomial mappings ﬁ N 7 i=1,...,s, of degree at most t, the sequence
a: N4 — C, given by

aw = [fo- Ty fie T fodi. med 8)

is an approximate k-step nilsequence in d variables.

https://doi.org/10.1017/etds.2016.19 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2016.19

Weighted multiple ergodic averages 91

Furthermore, if the polynomial mappings ﬁ, e ﬁz are linear, then we can take
k=s.

Remark. For d = 1, this result was proved in [29].

The degree of nilpotency provided in the last part of Theorem 2.5 is not always optimal.
In §6.3, we establish the following improvement for particular correlation sequences.

THEOREM 2.6. For d, €N, let (X, u, Ty, ..., Tp) be a system, fo, ..., fe € L®(w)
be functions and L1, . . ., Ly: N4 — 7 be linear forms spanning a space of dimension r.
Then the sequence a: N — C, given by

L L
a(n) .= /f() . T1 l(n)fl ..... T[ l(ll)f(Z dM’ ne Nd,
is an approximate (£ — r + 1)-step nilsequence in d variables.

Remark. Examples of sequences for which this theorem applies and gives the optimal
degree of nilpotency are the three sequences in (1.4).

A crucial ingredient in the proof of the previous two decomposition results is
Theorem 3.10, which gives a characterization involving uniformity seminorms of
approximate nilsequences. Furthermore, the proof of Theorem 2.6 uses a structural
result for the generalized Kronecker factor of a not necessarily ergodic system that is of
independent interest (see Theorem 5.2).

Lastly, we give an interesting corollary of Theorem 2.5. For d € N, we consider various
subsets of £°°(N?). The first is the set

Ny :={(¥y(m))yene ¥ is a nilsequence in d variables}.

With MCgpo1 we denote the set that contains all sequences of the form

<f fO . Tl_ﬁ(n)fl ..... TI_z;(n)fS dﬂ)

neNd
for arbitrary systems (X, u, T1, ..., T¢), functions fy, ..., fy € L®°(u), polynomial
mappingsﬁ, e, Z: 79 — 7t and ¢, s € N.

We also denote by MCqjin the set of multiple correlation sequences defined, as above,
using linear polynomial mappings only.

THEOREM 2.7. For every d € N, the sets Ny, MCgin, MCqpol are subspaces of £>° (N?)
and

Ng = MCqjin = MCpol,
where the closure is taken with respect to the seminorm ||-||2, which was defined in (2.7).
2.5. Multiple correlations for sequences in N¢ and Z?V. We use the decomposition

results of the previous subsection in order to deduce similar results for multiple correlations
of bounded sequences in N,
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Definition. Let A be a finite collection of bounded complex valued sequences in ¢
variables and I = (/;) jen be a Fglner sequence in N*. We say that the collection A admits
correlations along L if, forevery s e Nand all hy, ..., hy € N¢, the limit

N
lim Avir [ [ 2;(k+h))
j=1

exists, where, for j =1, ..., s, the sequence b; or the sequence E belongs to A.

Combining Theorem 2.5 with the correspondence principle stated in Proposition 6.4
below, we deduce the following statement.

THEOREM 2.8. Let d, ¢, s,t € N. Then there exists a positive integer k =k(d, ¢, s, t)
such that the following holds: if ay, ..., as: 7' — C are bounded sequences admitting
correlations along a Fplner sequence I in N* and p;: N¢ - Z!, i=1,... s are
polynomial mappings of degree at most t, then the sequence b: N¢ — C, defined by

s
b(n) :=lim A1 [ Jai(k + 7i ), neN’,
i=1
is an approximate k-step nilsequence in d variables.
Moreover, if the polynomial mappings are linear, then we can take k = s — 1.

If A is a finite set, we let E,ca := (1/|A]) }_,c4- Decomposition results of a similar
nature also hold in the finite world. For example, the following theorem is true.

THEOREM 2.9. Let d, ¢, s,t € N. Then there exists a positive integer k =k(d, ¢, s, t)
such that the following holds: for every € > 0 there exists a k-step nilmanifold X =
X, ,s,t,¢e) such that, for every N €N, finite sequences ay, ..., as: Zf\, —C of
modulus at most one and polynomial mappings ﬁ N7 i=1,...,s, having
integer coefficients and degree at most t, the sequence b: N¢ — C, defined by

N

bm) =By g [ai(k+ 7). neZf, 2.9)
i=1
admits a decomposition of the form b = by + ber where:
(i)  bg: N4 — C is a convex combination of k-step nilsequences defined by functions on
X with Lipschitz norm at most one; and
(i) Enez;’vwer(“” =e
Furthermore, if the polynomial mappings are linear, then we can take k =s — 1.

Remark. It is important that the nilmanifold X and the Lipschitz norm of the function
defining the nilsequence are independent of N € N.

2.6. Applications to arithmetic. Next we give some applications with number theoretic
and combinatorial flavor.
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Definition. A function ¢: N — C is called multiplicative if
¢(mn) =¢(m) ¢(n) whenever (m, n) = 1.
It is called completely multiplicative if this relation holds for all m, n € N.
We say that a multiplicative function ¢: N — C that is bounded by one is good if the
limit

1
lim —
N—>+oo N

N
> ¢lan+b) (2.10)
=1

exists foralla e N, b € Z.. It is called aperiodic if all these limits are equal to zero.
For d € N, a function ¢: N? — C is called multiplicative if it is of the form
¢(ni,....ng) =¢1(n1) - - a(ng), ni,...,ng €N

for some multiplicative functions ¢;: N— C,i=1,...,d, which we call the
components of ¢. We call a multiplicative function ¢: N¢ — C good if all its component
functions are good and aperiodic if at least one of its component functions is aperiodic.

By a classical result of Wirsing [65], every real-valued multiplicative function that is
bounded by one is good. A result of Haldsz [42] allows us to characterize good and
aperiodic multiplicative functions. Let P be the set of primes. A Dirichlet character is
a periodic completely multiplicative function which takes the value one at one.

Notation. [36] If ¢y, ¢»: N — C are multiplicative functions, bounded by one, we define
D(¢1, ¢2) € [0, +o0] by

1 R
D@1, 27 =} — (1 =R DEP)):

peP

Remark. Note thatif |¢1] = |¢2| = 1, then D(¢1, ¢2)* = > per (1/2p) 1§1(p) — d2(p)I*.
The next result can be deduced from [27, Theorem 6.3].

THEOREM 2.10. Let ¢: N — C be a multiplicative function that is bounded by 1. Then ¢
is good if and only if, for every Dirichlet character x, we either have:
()  D(¢ x, n'') =400 for every t € R; or
(i) forsomet e R, D(¢y, n't) < oo and X(2)k¢>(2k) = ikt forall k € N; or
(i) > ep 1/P(1 — @ (p)Xx(p)) converges.

Moreover, ¢ is aperiodic if and only if either the condition (i) or (ii) is satisfied for every
Dirichlet character .

For a more complete discussion of these notions, see [31, §2.5]. The next result is
proved in §8.1.

THEOREM 2.11. Let deN and ¢: NY - C be a good multiplicative function.

Then,for every £, s €N, system (X, u, T1, ..., Tp), functions fi, ..., fs € L®°(un) and
polynomial mappings ﬁ N 7t i=1,...,s, the limit
. 1 ..
NETOO N Z ¢(n) - Tﬁ(n)fl ----- T3 ) fs existsin L7(w). (2.11)
ne[N]¢

Furthermore, if the multiplicative function ¢ is aperiodic, then the limit is equal to zero.
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Remarks.

) This result and its consequences below were proved in [31] for d = 1 using a deep
structural result for multiplicative functions from [30]. The current argument relies
on the convergent criterion of Theorem 2.4 and uses much softer number theoretic
input (we only use Theorem 8.1).

. Conversely, if for d =¢ =5 =1 the averages in (2.11) converge weakly, then
examples of periodic systems show that ¢ has to be good, and if the averages in
(2.11) converge weakly to zero, then ¢ has to be aperiodic.

° Similar statements, with similar proofs, hold if, in (2.11), we use averages of the
form (1/(Ny - - - Ny)) ZHE[NI]X,__X[NQ,] and take the limit as Ny, ..., Ny — +o00.
A similar comment applies for the next two results.

Definition. For a € Z4 and b € N we let S, ; consist of those n € N whose number of
distinct prime factors is congruent to @ mod b.

We can also define S, , by counting prime factors with multiplicity; then all results
stated below continue to hold with similar proofs. The next result is proved in §8.2.

THEOREM 2.12. Letd € N, a;, ci € Zy, b eN,i=1,...,d and let
S = (Say,b; +c1) X X (Saypg +Ca)- (2.12)
Then, for all £,s €N, polynomial mappings ﬁ ce E:: N — 7t system
(X, u, Ty, ..., Tp) and functions f1, ..., fs € L°°(w), the limit
|Sﬂ[ ]d Z l(n)fl """ Tl—iz(n)fs
neSN[N]4

exists in L*>(w) and is equal to the limit obtained when one replaces S with N¢.
Remark. 1t follows, from our argument, that limy_, 40 |[S N N]d /Nd (]_[ —1 b~ L
In §8.2, we deduce from this result the following multiple recurrence statement.

THEOREM 2.13. We use the notation of Theorem 2.12 and assume, in addition, that

Di 7 (0) = 0 fori=1, , . Then, for S as in (2.12), for every A € X with u(A) > 0,
) 1
Nll)l’_l;_loo SOV Y wANT AN NT o A)>0.

neSN[N4

Lastly, we give some combinatorial implications of the previous multiple recurrence
result. We define the upper Banach density d*(E) of a set E C Z' by d*(E) :=
lim sup|7|_, 400 |E N I|/|I|, where the limsup is taken over all parallelepipeds I C
7' whose side lengths tend to infinity, and we define the lower natural density as
liminfy .o |[EN[—N, N]Z|/(2N + Dt Using a modification of the correspondence
principle of Furstenberg ([33], proved as in [12]), we deduce, from Theorem 2.13, the
following result.
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THEOREM 2.14. We use the notation of Theorem 2.12 and assume, in addition, that
ﬁ(O) = _0) fori=1,...,s. Then, for S as in (2.12) and for every set E C 7' with
d*(E) > 0, the set

neS:d*(EN(E—-pim)N---N(E = Ps(n))) >0}

has positive lower natural density.

Applying this for d =2, a; =2, by =0o0r 1, ¢; =0 and ﬁ(nl, ny) = i(n% + n%) for
i=1,...,s, we obtain the refinement of Szemerédi’s theorem, which was mentioned
towards the end of the introduction.

2.7. Open problems. When all the maps Ti,..., Ty are powers of the same
transformation and d = 1, a strengthening of Theorem 2.5 holds which shows that the
error term can be taken to converge to zero in uniform density (see [11, 53-55]). It is not
clear whether a similar result holds for arbitrary commuting transformations, even when
d =1, £ =2, and the polynomial mappings are linear.

Problem 1. Let (X, u, Ty, T») be a system and fy, fi, fo € L°(u). Is it true that the
sequence a: N — C, defined by

a = [fo- T AT} fudie. mel,
can be decomposed as a = ag; + der, Where ag is a uniform limit of 2-step nilsequences
and ||aer|l2 = 0?
When 75 = le this is shown to be the case in [11, 54, 55].
Theorem 2.4 shows that condition (2.3) is sufficient for weak convergence of the
averages in (2.6), but we needed the stronger hypothesis (2.5) in order to guarantee mean
convergence. This is probably an artefact of our proof.

Problem 2. Show that condition (2.3) is sufficient for mean convergence of the averages
in (2.6).

When d = 1 and all the maps T1, . . ., Ty are powers of the same transformation, this is
shown to be the case, in [18, Theorem 1.3].

In Theorem 2.5, even in seemingly simple cases, it is not clear what the optimal
dependence of k on d, ¢, s, t is, even when the polynomial mappings are linear. It is
expected (but we are unable to verify this) that this optimal dependence can already be
inferred from the case where all the 71, . . ., Ty are powers of the same transformation (a
case which is much more tractable using the theory of characteristic factors). We record
here a relevant open problem.

Problem 3. Let (X, u, T1, Tz) be a system and f, g, h € L° (). Show that the sequence
a: N2 = C, defined by

a(m, n) := /f -T"Tyg-T{'T,"hdpn, m,neN,
is an approximate 1-step nilsequence in two variables.

When T, T, are powers of the same transformation, this can be verified by an argument
similar to the one used in the proof of Theorem 2.6. Note, also, that Theorem 2.5 gives
that the sequence a is an approximate 2-step nilsequence in two variables.
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2.8. Notation and conventions.  For the convenience of the reader, we gather here some
notation used throughout the article.

° We denote the set of positive integers by N, the set of non-negative integers by Z
and the set of non-negative real numbers by R .

For N € N, we denote the set {1, ..., N} by [N].

With £°(N9), we denote the space of all bounded sequences a: N¢ — C.

If A is a finite set, we let E,,c4 := (1/]A]) ZneA.

We write C: C — C for the complex conjugation.

and ||x|| denotes the distance between x

If x is a real, e(x) denotes the number ¢27*

and the nearest integer.
Givend € N, we write n = (ny, . . ., ng) for a point of 74.
) We typically use the letter ¥ to denote nilsequences.

3. Uniformity seminorms and decomposition results

In this section, we extend to sequences in £*° (Nd) some results established in [46] and [29]
for sequences in £°°(N). The statements and the proofs are analogous and we only give
the necessary definitions and sketch the main steps of the proofs.

Some definitions and notation. ~We write C: C — C for the complex conjugation; then
Ckz =z, if k is even, and C*z = 7, if k is odd. We let [k] := {0, 1}* and [k*] := [k] \ {0}.
Elements of [k] are written as € = (eq, ..., €). We let |€| :==€| + - - - + €. Elements
of (N9)¥ are written as h = (hy, ..., hy), whereh; e N? fori =1, . .., k. For h € (N9)¥
and € € [k], welete - h:=¢ejh; + - - - + ethy € N9,

3.1. The definition of the seminorms. ~ We follow [46, §2].
We say that a finite or countable family F of bounded sequences in £°°(N?) admits
correlations along a Fglner sequence I = (/;) jery in N if the limit

m
lim Avy 1 (]—[ bi(n + hi))

i=1

exists foreverym € N, allhy, ..., h, € N9 and all sequences by, ..., by € E”(Nd) such
that either b; or b; belongs to F fori =1, ..., m. We remark that, from every Fglner
sequence I, we can extract a subsequence I’ so that a given family of sequences admits
correlations along I'.

Suppose that the sequence a € £°°(N) admits correlations along I. Then, for k € N and
h=(hy, ..., h) e (N)¥, we write

Corry(a; h) := lim Avp 1 < ]_[ Cl¥lam + ¢ - 1_1))
€[]

and

. 1 172k
||a||1,k:=<Hngm 3 CorrI(a;l_1)> .

hy,...hee[H]
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In [46, Proposition 2.4] it is shown that, for d = 1, the previous limit exists and is non-
negative; the proof is similar for general d € N. Furthermore, the map a +— |la|l1« is
subadditive ([46, Proposition 2.5] for d = 1): that is, if the sequences a, b, and a + b
admit correlations along I, then ||a + b|lrx < |lallr.x + |1D]l1k-

For a € £ (N%), we define

lallyk ey := supllalirx,
I

where the supremum is taken over all Fglner sequences I in N¢ for which the sequence a
admits correlations. Then the map a — ||a|yx ) is @ seminorm on £°(N9); we call it
the uniformity seminorm of order k of a.

3.2. Interpretation. Next, we interpret the previous definitions and results in dynamical
terms. We use a variant of Furstenberg’s correspondence principle that enables to transfer
results from ergodic theory to results about bounded sequences of complex numbers. We
follow the method used in [46, §6.1] when d = 1; similar arguments work for general
d € N and we summarize them here. For notational convenience, we restrict to the case
where the family F contains only a single sequence a: N¢ — C; the general case being
completely similar. Let D be the closed disk in C of radius ||a||« and let D' be endowed

with the product topology and with the natural shifts 77, . . ., T, given by
(Tix)(n1, ..., ng) =x(ny, ..., 0i—1,n; + 1,041, ..., ng)
fori =1, ..., d, where we use the notationn = (ny, . .., ng) € Z% and x = (x(M))pezd €

DZd. We define the continuous function f: D% C by f(x) := x(0). Furthermore, we
define the point w in D% by w(n) :=a(n) forn € N9 and w(n) = 0 otherwise. Then

f(Taw) =am), mneN’,

Let X be the closed orbit of w under 71, ..., Ty. Then (X, T1, ..., Ty) is a topological
dynamical system and w is a transitive point of this system, meaning that it has a dense
orbit in X.

Let I=(lj)jen be a Fglner sequence in N¢ for which the sequence a admits
correlations. Let i be a w*-limit point for the sequence of measures

1 :
I Z (Sana J eN.

|I]| ne]_/
Then p is a probability measure on X, invariant under 71, ..., Ty and, by construction,
foreverym e N, all 1, ..., n, €{0, 1} and all hy, ..., h, € Z¢,
m m m
lim Avp 1 (l_[ Cha(n + h,-)) =lim Avp 1 <l_[ chi Th[,f(Tna))> = / H C"Th, fdu.
i=1 i=1 i=1
In particular, for h = (hy, ..., hy) € (N9,

Corrp(a: by = | ] C'¥'Tenfdp
k]
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and thus

lalle = ISk,
where ||| - [ll,..x is the seminorm on L*°(u) defined in [44] in the ergodic case and in [19]
in the general casef. We recall the definition and some properties of these seminorms in

Appendix A. Note, also, that if i/ : N > Cisa nilsequence of the form (P (Tpx))pend,
then v admits correlations along every Fglner sequence I and

IV ILe = 1V gk ey = 19N ks (3.1

where the last seminorm is defined with respect to the action of 7T, n € N4, on X. From
the properties (A.1) and (A.4), we deduce

limsup |Avy a(n)| < lla]lr1, (32)
k . 1 ok
lalfby = Jim =2 > lowa @l kel (3.3)
he[H]4

where opa(n) :=a(n + h) for h, n € N¢,
Then (see [46, Proposition 4.5] ford = 1)

lallykmey = sup [(wall[p

 invariant probability measure on X

= sup [(walllp (3.4)

¢ invariant ergodic probability measure on X

where the last equality follows by using the ergodic decomposition of the measure .

3.3. Tools. For an ergodic system (X, u, T'), the structure theorem of [44] links
the seminorms ||| - |||, x with the factors of the system (X, u, T) that are (k — 1)-step
nilsystems. This result was generalized to Z?-actions by Griesmer [41, Lemma 4.4.3 and
Theorem 4.10.1] and an alternate proof, based on finitestic inverse theorems, was recently
given by Tao [63, Remark 4]. We record an immediate corollary of this result that is more
convenient for our purposes.

THEOREM 3.1. ([44] for d = 1, [41, 63] for general d) Letd, ke N, (X, u, T1, ..., Ty)
be an ergodic system, f € L°(u) and € > 0. Then there exists a (k — 1)-step nilsystem
Y,v, T, ..., Ty), afactor map w: X — Y and a continuous function ® on Y such that

[Plloc <l flloo and I f = Pomllur=<e.

The next result can be considered as a strengthening of the correspondence principle of
Furstenberg. We recall that a topological dynamical system (Y, T1, ..., Ty) is distal if,
forall y #y' €Y, infycpa dy (T, ¥, Tny’) > 0, where dy is the distance on Y defining its
topology. It is known that every nilsystem is distal [6].

PROPOSITION 3.2. ([46, Proposition 6.1] for d =1) Letd €N, (X, Ty, ..., Ty) be a
topological dynamical system, w € X be a transitive point and | be an invariant ergodic

T The seminorms were defined for a single transformation but the properties we use extend immediately to the
case of several commuting transformations.

https://doi.org/10.1017/etds.2016.19 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2016.19

Weighted multiple ergodic averages 99

measure on X. Moreover, let (Y, Ty, . .., Ty) be a distal topological dynamical system, v
be an invariant measure on Y and w: X — Y be a measure theoretic factor map. Then
there exists a point yo € Y and a Fplner sequence 1 = (1) jen on N9 such that

Zf(an)g(TnYO) /f gomdp

]~>+OO |I |
forevery f € C(X) and every g € C(Y).

The important point in this statement is that we do not assume that the map 7 is
continuous. The proof is exactly the same as in the case of a single transformation. The
following theorem states the classical property of distal systems that we use.

THEOREM 3.3. [5, Ch. 5] Letd e Nand (Y, Ti, ..., Ty) be a distal system. Then, for
every y1 € Y and every sequence (m;);cy with values in N%, there exists yy € Y and a
subsequence (m));cn of (m;);en such that Tyy yo converges to yi.

From Theorem 3.1 and the discussion of §3.1 we deduce the following proposition.

PROPOSITION 3.4. [46, Proposition 6.2 for d =1] Let d, k€N, a € E"O(Nd) be a
sequence and let ¢ > 0. Then there exists a Fplner sequencel = (1;) jen and a (k — 1)-step
nilsequence V1 in d variables such that the sequences a and a — 1 admit correlations

along I and
lallie > llallgrpey — &, 1¥illoo < llalloc and lla — Yillie <e&.
Proof. As explained above, there exists a system (X, 71, . .., Ty), a transitive point w €

X and a continuous function f on X such that a(n) = f(T,w) for every n € N?. Note
that then ||a||cc = || f]lco. Moreover, by (3.4), there exists an invariant ergodic probability
measure p on X with || fllxx > llallyx ey — €.

Let the nilsystem (Y, v, T1, ..., Ty), the factor map 7 and the function ® be defined
as in Theorem 3.1. Let o be the measure on X x Y which is the image of u under the
map id x w. This measure is ergodic under the product action and thus admits a generic
point (x1, y1). Since w is a transitive point of X, there exists a sequence (m;) N in
N¢ such that Tm;® — xi. By Theorem 3.3, substituting a subsequence for the sequence
(m;) jeN, we can assume that there exists a point yo € Y such that Tm]. yo — y1 and thus
(T x T)mj (w, x0) = (x1, ¥1). Since the point (x, y1) is generic, substituting, again, a
subsequence for (m;) ey and defining the Fglner sequence I by 7; =m; +[j]¢, j € N,
we obtain that the sequence of probability measures

T Z 8Taw X 0Tpyg,  J EN

| /| nel;
on X x Y converges weak* to a probability measure o. Let the nilsequence | be defined
by ¥1(m) := ®(Tyo), m € NY. We have [1]loc < [®llos < I/ loc = llalloc. By applying
the preceding discussion to the product system on X x Y, for the point (w, yg) (the
Fglner sequence I and the function given by F(x, y) = f(x)), we obtain ||la|lrx = | Fllls k-
Letting G(x, y) = f(x) — ®(»), gives lla — ¥illix = IGllox. By the definition of o
and of the seminorms ||| - [l[x, we have ||| Flllo.x = IIl flllx,x and, by the definition of &,
NGlloxk =l f — P omlllux < e. This completes the proof. O
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3.4. Anti-uniformity. We introduce certain classes of sequences that are asymptotically
approximately orthogonal to k-uniform sequences; in Theorem 3.1 we give a
characterization of such sequences in terms of (k — 1)-step nilsequences.

Definition. Let a € £%°(N9).
° We say that the sequence a is strongly k-anti-uniform if there exists a constant C > 0
such that, for every b € £ (N9),

limsup [Av a(n) bm)| < C||blly qydy- (3.9

In this case, we write ||a||*l‘]k (NY) for the smallest constant C such that (3.5) holds.
° We say that the sequence a is k-anti-uniform if, for every ¢ > 0, there exists C =
C(e) = 0 such that, for every b € K“(Nd),

limsup |Av a(n) b(m)| < Cl[blly ey + €l1Blloo-

PROPOSITION 3.5. ([46, §5] ford = 1) Letd, ke N, (X, Ty, ..., Ty) be an ergodic (k —
1)-step nilsystem and let f. € C(X) for € € [k*]. Then the limit
. 1
O = lim > [ feTenr (3.6)

hy,...heel0, ) ec[k*]

exists for every x € X and the convergence is uniform in x € X (and hence ® € C(X)). If
x0 € X and a € £ (N?) is the sequence defined by

am) ;= ®(Tyxo), ne Nd,

then a is strongly k-anti-uniform and

lalfegay < TT Wfelle < [T I felioo.

ecfk*] eefk*]

Sketch of the proof. The first part of the result is proved in [46, Corollary 5.2].

To prove the second part, let b € EOO(Nd) and I = (I;) jen be a Folner sequence such that
b admits correlations along I. We use (3.6) for x := Ty xo, take the averages forn € /; and
exchange the limits in j and in H; this can be achieved because of the uniform convergence
in (3.6) (see [46, Theorem 5.4]). By an iterated use of the Cauchy—Schwarz inequality (this
is estimate (12) in [46]), we obtain that

limsup |Avy a(n) b(m)| < [|b]lrk - 1_[ Il felllk- (3.7

e€k*]
Taking the supremum over all Fglner sequences I in the left-hand side, we obtain the
announced bound. For d = 1 the details can be found in [46, §5.4]; the proof for general
d € N is similar. 0O

Let (X, T1, ..., Ty) be a (k — 1)-step nilsystem defining the nilsequence v : N - C.
By [46, Proposition 5.6] (see also [19, Proposition 3.2]), the linear span of the functions
defined as in (3.6) is dense in C(X) with the uniform norm. By Proposition 3.5, the
sequence v is a uniform limit of strongly k-anti-uniform sequences. We deduce the
following corollary.
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COROLLARY 3.6. Every (k — 1)-step nilsequence is k-anti-uniform.
Remark. Alternatively, this follows by combining Propositions 4.2 and 6.1.

For d =1, the first statement of the next Proposition is [46, Theorem 2.16] and the
second statement is [29, Theorem 2.1].

PROPOSITION 3.7. Letd, keN, a e Z“(Nd) be a sequence and § > 0. Then there exists
a Fplner sequence 1 = (1) jen such that the following hold.
(1)  There exists a (k — 1)-step nilsequence ) : N? — C such that

V2l kay <1 and  limsup |Avpa(m) Y2 (m)| > [lall ey — 6.

Moreover, if b € Eoo(Nd) is a sequence that admits correlations along a Fglner
sequence J, then

limsup |Avy y2(m) b@)| < [1blly x. (3.8)
(i) If llallee <1, then there exists a (k — 1)-step nilsequence y3: N¢ — C such that

. k
I¥3lleo <1 and limsup [Avi a@m) ¥3 ()| = llallf ga, — 8-

(N9)

Proof. Let the (k — 1)-step nilsequence ¥ : N¢ — C and the Fglner sequence I be given
by Proposition 3.4 for an & > 0 that will be specified later. Then a — 1y admits correlations
along I and

la —Yille <& IYille = lallyrey — 26 and  [[Y1lleo < llallco- (3.9

The sequence 1 has the form ¢ (n) = ®{(Tyxp), n € N4, for some (k — 1)-step ergodic
nilsystem (X, u, 71, ..., Ty), point xo € X and function ®; € C(X) with ||P|c0 <
lalls. For x € X, we define the function ® on X as in Proposition 3.5, taking f, := Cldla,
for € € [k*]. Then ® € C(X) and [ ® &y dp=[|®1]|2,. Let ¥3: N’ — C be the
nilsequence defined by

Y3(n) := O (Tyxo), ne N,

If we assume that ||a||oc <1, then ||P1|lco <1, and thus || ®|lsc <1 and ||P3]lcc < 1. By

unique ergodicity of (X, w, T1, ..., Tg),
. k k
lim Avy ¥1 (n) ¥3(n) =/ ) Ddu =P, = ll¥ilf, by G.1)

k k
> (lallyt ey —26)% 2 llal e e, —8/2,
by (3.9), if ¢ is chosen sufficiently small. Moreover, since a — i1 admits correlations
along I, by (3.7),
. k__
limsup [Avy ¥3() (a — y))| < lla — i ik 19115, <& <68/2,

by (3.9), if ¢ < §/2. Combining the last two estimates we get Part (ii).
We move now to the proof of Part (i). First, notice that, using Proposition 3.5 and (3.1),
we get that

* 2k_1 2k_1
W31y < M " = 191130 -
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Moreover, if the sequence b € £>°(N?) admits correlations along a Fglner sequence J, then
(3.7) and (3.1) give

. k_ k__
limsup |Avy y3m) b@)| < [1bllyx P 2 = 160y 191170 -

w,k
Defining
Vo= (W) v
2 .= 1 Uk (NY) 3,
we deduce that ||y, ||”[‘Jk ) < 1 and estimate (3.8) is satisfied. Furthermore, as before, we
get

. k k_
tim Ave Y1) Yo 0) = 191 e oo, / IV ey = 1 s iy = Nallge ey = 8/2,
by (3.9), if ¢ < /4. Using (3.7) and (3.1), we get

2k—1
D]l

. Ll k
limsup |Avi ¥2(m) (@ — YD) )| < lla = Y1 ik ——=— = lla = i llx < & <8/2,
1 "Uk (N9)
by (3.9), if ¢ < /2. Combining the last two estimates finishes the proof of Part (i). O

COROLLARY 3.8. Let d, k € N and a € £>°(N?) be such that the averages of a(n) v (n)
converge to zero for every (k — 1)-step nilsequence ¥ : N® — C. Then llall yxpay = 0.

3.5. Regular sequences and their structure. Next, we introduce certain classes of
sequences for which we are able to prove the two decomposition results of this section.

Definition. Letd € N, k € Z.. We say that a sequence a € £*°(N?) is k-regular if the limit
lim Av a(n) ¥ (n)
exists for every k-step nilsequence v : N¢ — C.

Remarks.
. Every nilsequence is k-regular for every k € N.
° The product of two k-regular sequences may not be k-regular.

THEOREM 3.9. ([46, Theorem 2.19] for d =1) Let d, k € N and a € £ (N?) be a

sequence. Then the following are equivalent.

1) ais (k—1)-regular.

(i) For every § > 0, the sequence a can be written as a = W + u, where ¥ is a (k — 1)-
step nilsequence with || | o < llallco, and ||ullyx ey < 6.

Proof. The implication (ii) = (i) is a simple consequence of Corollary 3.6 and the fact

that the product of two nilsequences is a nilsequence and thus has convergent averages.
Now, we establish the converse implication. For § >0, let ¢ := 1 and I be as

in Proposition 3.4, with ¢ :=3§/2. Then |la — ¥|[1x <§&/2. Since a=1v¢ + (a — ¥), it

T Let a(n) := e(nk+]a), neN, where« e R\Q and b:=a - Z}C:J:O 1[22k 22k The sequences a, b are k-

regular for every k € N, but the sequence a - b is not even O-regular since the averages 1/N Zr}:j:] a(n) b(n) do
not converge as N — +00.
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remains to show that [|a — ||k ey < 8. Suppose that this is not the case. Then Part (i)
of Proposition 3.7 provides a Fglner sequence J and a (k — 1)-step nilsequence ¥, with

limsup |Avy(@(n) — ¥ () Y2 = la — ¥ llyke) — 8/3 = 25/3.

Since a is a (k — 1)-regular sequence and Yy is a (k — 1)-step nilsequence, the sequence
(a — V)Y, has convergent averages. We deduce that

[lim Avy (a(n) — ¥ (m)) Yo (m)| = [lim Avy (a(n) — ¥ (n)) Yo ()| > 28/3.
On the other hand,

lim Avy (a(m) — ¥ (m)) Y2(m)| < lla — P llLe =6/2,

where the second estimate follows from our data and the first estimate follows from the
estimate (3.8), since the sequence a — ¥ admits correlations along I. Combining the
above, we get a contradiction. O

3.6. The structure of regular anti-uniform sequences. The next result gives
a characterization of regular anti-uniform sequences in £*°(N?). Assuming the
multiparameter inverse theorem of Proposition 3.7, its proof is identical to the proof of
Theorem 1.2 in [29], where the case d = 1 was treated; we only sketch the main idea of
the proof below.

THEOREM 3.10. ([29, Theorem 1.2] for d =1) Let d,k € N and a € £ (N?) be a
sequence. Then the following properties are equivalent.

(1) ais (k — 1)-regular and k-anti-uniform.

(1) a is an approximate (k — 1)-step nilsequence.

Idea of the proof. The implication (ii) = (i) follows from Corollary 3.6 and the fact that
a product of two nilsequences is a nilsequence, and hence a regular sequence.

We explain now the main idea of the converse implication. Let a € £°°(N9) be (k — 1)-
regular and k-anti-uniform. Let N be the linear space of (k — 1)-step nilsequences in d
variables and let H be the linear span of N and a. Then it follows from our (k — 1)-
regularity assumption and Theorem 3.9 that, for all ¢, ¢’ € H, the averages of c(n) ¢ (n)
converge and we write {c, ¢’) for this limit. We remark that ||c||% ={c, c).

If the space H endowed with the ‘scalar product’ (-, -) was a Hilbert space and N was a
closed subspace, then we could define v to be the orthogonal projection of @ on \. Then
(@ — ¢, ¢') =0 for all ' € N and Corollary 3.8 would imply that [|a — ¥ ||k gy = 0.
Since, by assumption, a is k-anti-uniform, we deduce that ||a — ¥ |, = 0: that is, a is a
(k — 1)-step nilsequence plus a sequence that converges to zero in uniform density. In
our present set-up, there is lack of completeness, so we choose Y to be an ‘approximate
orthogonal projection’, in the sense that ||a — /||, is sufficiently close to the distance of a
to NV, and we obtain the announced decomposition, using Part (i) of Proposition 3.7. For
the details, see the proof of Theorem [29, Theorem 1.2], which contains a proof for d = 1
under the assumption of strong k-anti-uniformity (it is called k-anti-uniformity there); the
same argument works without change for general d € N under the weaker assumption of
k-anti-uniformity. O
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4. Correlations are regular sequences

The goal of this section is to show that modulo small £*°-errors, nilsequences can be
represented as multiple correlation sequences, and then use the mean convergence result
of Walsh (Theorem 1.1) in order to show that multiple correlation sequences are regular
sequences.

4.1. Producing nilsequences as correlations. The argument we use below is analogous
to the one used in [29] to handle single variable nilsequences.

LEMMA 4.1. [37, Lemma 14.2] Letd, k € Nand X = G/ T be a (k — 1)-step nilmanifold.
Then there exists a continuous map P: X* — X such that

P(hg -ex, h’g-ex,...,hkg-ex)=g-ex forallg, heG. (4.1)

Remark. The resultin [37, Lemma 14.2] gives P(gl", hgT, hzgl", e, he_lgF) = hlgF.
Inserting 1 ~%g in place of g, then 2! in place of & and rearranging coordinates, we get
4.1).

PROPOSITION 4.2. Letd, k € Nand y: N — C be a (k — 1)-step nilsequence. Then, for
every € > (0, there exists a system (Y, v, S, ..., Sqg) and functions Fy, ..., F, € L*(v),
such that the sequence b: N — C, defined by

k d
b(n) :=/ ]_[(]—[ Sff'"")Fj dv, n=ni,...,ng)eN, (4.2)
j=1 Y=l
where £; =k!/j for j =1, ..., k, satisfies
I — b”eoc(Nd) <e.

Proof. The sequence ¥ : N — C has the form

d
l/f(n)zqz(]_[ ol -ex>, n=(n,...,ng) €N,
i=1

for some (k — 1)-step nilmanifold X = G/I', commuting elements 7y, ..., ty of G and
function ¥ € C(X). Let ¢ > 0. As remarked after the definition of the nilsequence in
§2.1.2, we can assume that the group G is connected.

Fori=1,...,d, let gi € G be such that gl{‘! = 1; (such elements exist since G is
connected, and hence divisible). Let m = (my, ..., my) € N9, Using Lemma 4.1, with
g:= ]_[fl:1 g;‘!"" and h := ]_[fl:1 g"" and writing H = W o P, we have H € C(X*) and we
obtain

d d d
V(n) = H(((H glfni+k!n,-)’ (1_[ gi2mi+k!ni>’ o <l_[ gl{cmi+k!ni)) . €Xk>
i=1 i=1 i=1

for all m and n € N?. Letting

ai::(gi,giz,...,gf)eGk, i=1,...,d,
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averaging with respect to m € N¢ and using the equidistribution results for sequences on
nilmanifolds (see [56] or [50]), we get that, for every n € N9,

d d
vor= im e (1) (1)
m i=1 i=1

e[M]4
d
kln; ~m ~mg
(1)) ot e
i=1
d d d
= /~ H((H gf!"i>-x1, <1_[ g;‘!n’)-xg, e (H gf!"i>-xk) dmy(xi, ..., Xp),
Y i=1 i=1 i=1
where Y is the closure of the sequence {&1’” ----- &:7" cexk:mi,...,mg € N}in X* and
my is the Haar measure of this sub-nilmanifold of XK. Fori = 1,...,d, let :S‘; Y >7Y
be the translation by &;. Note that (17 , my, §1, ceey S;d) is a nilsystem.
The continuous function H on X* can be approximated uniformly by linear
combinations of functions of the form f1 ® - - - ® fi, where f; € C(X) for j =1, ..., k.

Since finite linear combinations of sequences of the form (4.2) have the same form (see the
proof of Theorem 2.7 in §6.6 below), it remains to show that any sequence v’ : N¢ — C,

given by
k d
9.
¥’ (n) :=/~ I1 f,((]'[ gﬁ""'>-xj) dmy(xi.....x0), n=(n, ... ng)eN,
Yol i=1
has the form (4.2). To this end, for j =1,...,k, let F; € C(X*) be given by F;(X) :=
fi(xj) for X = (x1, ..., x) € X*. Recall that Cj=k!/jfor j=1,..., k. Since §;X =
a;x = (g, giz, R gl'f))?, i=1,...,d, the jth coordinate of the element (]_[,f‘{:1 S;.ejni)kv
is ngl:l giﬂjni xj = Hf’zl gl{dn,- -xj and thus, for j =1, ...k,
d ' d
otini \~ n;
Fj((l_[SiJ )x):f/(l_[gf" ~xj'>, niy,...,ng €N.
i=1 i=l
Therefore,
k d '
¥’ (n) =/~ I F,((]‘[ Sln’"’))?) dmy®), n=(ni,...,ng) €N,
Yol i=1
This completes the proof. O

4.2. Proof of Proposition 2.3. Letd, s € N and w € £*°(N?) satisfy the hypothesis of
Proposition 2.3. Let ¢ be an s-step nilsequence in d variables.

We set k:=s + 1. Let ¢ > 0 and let the system (Y, v, S1, ..., Sg) and the functions
Fi, ..., Fr € L®(v) be as in Proposition 4.2. Letting h; := F; 11, for j =0, ..., s, the
sequence b: N — C, defined by (4.2), can be rewritten as

s
b(n) = [ ho - l_[ S(Zj“—el)'nhj dv, ne Nd.
j=0

https://doi.org/10.1017/etds.2016.19 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2016.19

106 N. Frantzikinakis and B. Host

By hypothesis, the averages of w(n) b(n) converge. Since |b(n) — i (n)| is uniformly
bounded by ¢, the oscillations of the averages of w(n) ¥ (n) are uniformly bounded by 2¢.
Since this holds for every ¢ > 0, the averages of w(n) ¥ (n) converge, which completes
the proof. O

4.3. Proof of Proposition 2.1. By Proposition 4.2, it suffices to prove that the limit
llm Av b(n) Tﬁ (n) fl """ TF? (n) fS

exists in Lz(,u) for every sequence (b(n)),cne, defined as in (4.2).
By Theorem 1.1, the limit

k d s
lim Avy (1_[ Fj (1—[ Sfj"iy> . l—[ Sm (Tp-;n(n)X))
m=1

j=1 i=1

exists in L2(v x ). Taking the integral over ¥ with respect to v we obtain the announced
result. -

5. The structure of systems of order one

In this section, we prove a structural result which is going to be used in the proof of
Theorem 2.6 in the next section. Here we work only with systems (X, u, T7') with a single
transformation. We denote the o -algebra of T-invariant subsets of X by Z(7T') and write
the ergodic decomposition of x under 7 as

u= / My din(x),

where for p-almost every x € X, the measure ji, is invariant and ergodic under 7" and the
map x > ji, is invariant under 7. Let f € L'(u). Then, for u-almost every x € X, the
function f is defined /1, -almost everywhere and belongs to L' (1, ); the map x [fdux
is measurable with respect to Z(T'), and

E.(f 1 Z(T)(x) = ffdux for p-almost every x € X,

which means that, for every set A € Z(T),

[ ran= [ ( frans) anco.

The factor Z; is defined in Appendix A.2 and reduces to the Kronecker factor for
ergodic systems.

Definition. We say that a system (X, i, T') has order one if Z1 = X.

Throughout this section, we work only with systems of order one. Generalizing
the construction of a Fourier basis of a compact Abelian group, our goal is to
construct a ‘relative orthonormal’ basis for systems of order one consisting of ‘relative’
eigenfunctions. This is the context of Theorem 5.2, below.
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5.1. Relative orthonormal basis.

Definition. A relative orthonormal system (with respect to the T-invariant o-algebra

Z(T)) is a countable family (¢;) jen of functions belonging to L?(w) such that:

O Eu(e; |2 | Z(T)) has value zero or one j-almost everywhere for every j € N; and

(i) Eu(dquk | Z(T)) =0 p-almost everywhere for all j, k € N with j # k.

The family (¢;) jen is a relative orthonormal basis if it also satisfies:

(iii) the linear space spanned by all functions of the form ¢;, is dense in L?(w), where
j € Nand ¢ € L®(u) varies over all T-invariant functions.

We do not make the apparently natural assumption that £, (|¢; 12| Z(T)) = 1 p-almost
everywhere, as there does not exist, in general, a relative orthonormal basis satisfying this
additional condition (consider a system with ergodic components given by rotations on
cyclic groups of different order). This creates a few minor complications in the statements
and the proofs below. We remark that the definition allows some of the elements of the
base to be identically zero. This explains why we can assume, without loss of generality,
that all relative orthonormal systems are countably infinite, and thus indexed by N.

Definition. Given a relative orthonormal system (¢;) jen and f € L2(w), we let
fi =Eu(f¢; | I(T), jeN.

If (¢;) jen is a relative orthonormal basis, we say that the T-invariant functions f;, j € N,
are the coordinates of f in this basis.

Example 5.1. On T2 with the Haar measure mry2, let T: T2 — T2 be given by T'(x, y) =
(x, ¥y +x). Then (e(jy)) jez is a relative orthonormal basis for Lz(mTz). The coordinates

(fj)jez of a function f € Lz(mTz) are given by f;(x) := f fx, y)e(—jy)dy, jeZ.

We remark that if || |70,y <1, then || f;llzoc(u) <1 for every j € N. We will use,
repeatedly, that condition (i) implies the identity

fi=1Ff -]EM(|¢]~|2 | Z(T)) pn-almost everywhere, j e N; (5.1
in particular, f;(x) = 0 p-almost everywhere on the set where E(|¢; |2 | Z(T))(x) = 0. We

remark, also, that for p-almost every x € X for every j € N, we have the identities

i) = f fdidus and E(fPITTN@ = 1f12,

Next, we establish a relative version of the Parseval and Fourier identity and give
necessary and sufficient conditions for a relative orthonormal system to be a relative
orthonormal basis.

PROPOSITION 5.1. Let (X, i, T) be a system with ergodic decomposition =
f My dpu(x) and let (¢}) jen be a relative orthonormal system for L2(w).
(i)  Forevery f € L*(u) and for u-almost every x € X, the series

Pfi=)" [, (5.2)

jeN

converges in L*(iy) and
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2 _ 2 2 _ 2 2
IPfITaq, =2 1F5@F and 1f15a0, = 1Pfa,., + If = PFlga,
jeN
(5.3)
(ii) (@) jen is a relative orthonormal basis if and only if, for every f € L%(w) and for
w-almost every x € X, the series (5.2) converges to f in L*(iy). In this case,

112, = Z |fj(x)>  p-almost everywhere. (5.4)
jeN

(iii) (¢;)jeN is a relative orthonormal basis if and only if, for every f € LQ(M),

1120 = D M1 (5.5)

jeN

Proof. We prove (i). Let f € L?(u); then f € L?(uy) for u-almost every x € X. Recall
that [ |¢;1? dix =E,(I9;1* | Z(T))(x) € {0, 1} for n-almostevery x € X. Let Ex = {j €
N: f |<;>j|2 dux =1}. Then for p-almost every x € X, the functions (¢;) jcg, form an
orthonormal system in the Hilbert space Lz(ux) and, viewing f as an element of Lz(ux),
the functions (f;) ek, are the coordinates of f in this system. Note, also, that by (5.1),
fi =0if j ¢ Ey. This establishes (i).

We prove (ii). Suppose, first, that, for every f € L*(u) for p-almost every x € X
we have Pf = f u,-almost everywhere. It follows that the series in (5.2) converges to
f in L*(w). Therefore, f belongs to the closed linear subspace of L?(x) spanned by
all functions of the form ¢;vr, where j € N and y» € L°(u) varies over all T-invariant
functions. By definition, (¢;) jen is a relative orthonormal system.

Now we establish the converse implication. Suppose that (¢;);en is a relative
orthonormal basis and let f € Lz(u). For p-almost every x € X, the function P f, defined
by (5.2), satisfies [ Pfd:_jd,ux = f; for every j €N, and hence E, ((f — Pf)¢Tj|
Z(T)) =0 and f(f — Pf) ¢_j$du =0 for every T-invariant function ¥ € L°°(u).
Therefore, the function f — Pf is orthogonal in L?(u) to the linear space spanned by
all functions of the form ¢;vr, where j € N and y» € L°(u) varies over all T-invariant
functions. Thus f — Pf =0, by hypothesis. Inserting f in place of Pf in (5.3) gives
identity (5.4).

We prove (iii). If (¢;)jen is a relative orthonormal basis, then (5.5) follows by
integrating the identity in (5.4) over X with respect to u. To prove the converse
implication, let f € Lz(u). Using (5.5), inserting the first identity of (5.3) in the second
and integrating over X with respect to u, we deduce that f = Pf for u-almost every
x € X. Hence, Property (iii) of the definition of a relative orthonormal basis is satisfied. O

5.2. Relative orthonormal basis of eigenfunctions.

Definition. Let A € L (1) be a T-invariant function and ¢ € L°°(u). We say that ¢ is an
eigenfunction with eigenvalue A if:

(i) |¢(x)| has value zero or one for p-almost every x € X;

(i) A(x) =0 for pu-almost every x € X such that ¢ (x) = 0; and

(iii)) ¢ oT = A - ¢ u-almost everywhere.
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The role of Property (ii) is to avoid ambiguities. Note, also, that Property (iii) does not
imply anything about the value of A(x) at the points x € X where ¢ (x) =0.

Property (iii) gives that, for w-almost every x € X such that ¢(x) #0, we have
¢ (T~ 'x) # 0 and thus |¢ (x)| = |¢ (T~ 'x)| = 1, by Property (i) above, and |A(x)| = 1, by
Property (iii). On the other hand, for p-almost every x € X such that ¢ (x) =0, we have
&(T~'x) =0, by Property (iii), and A(x) = 0, by Property (ii). Therefore, the function |¢|
is T-invariant and

Pl = [A]. (5.6)

Next, we state the main result of this section and we prove it in §5.4.

THEOREM 5.2. Let (X, u, T) be a system of order one. Then L*(i) admits a relative
orthonormal basis of eigenfunctions.

Remarks.

° It is true, and not difficult to prove, that if a system has a relative orthonormal basis
of eigenfunctions, then it has order one.

° For ergodic systems, Theorem 5.2 is well known, but it is not easy to deduce
the general case from the ergodic one. The reason is that, although the ergodic
components of a system of order one are ergodic rotations (Proposition A.1), we
cannot simply ‘glue’ together their eigenfunctions, because of measurability issues.

Example 5.2. For the system described in the Example 5.1, (e(jy))jez is a relative
orthonormal basis of eigenfunctions with eigenvalues (e(jx)) jez.

The next proposition will be used in the proof of Theorem 2.6.

PROPOSITION 5.3. Let (X, u, T) be a system of order one with ergodic decomposition
p= [ pydp(x). Suppose that (¢ i) jeN is an orthonormal basis of eigenfunctions and
that f € L (), and let (f}) jen be the coordinates of f in this base. Then, for p-almost
every x € X,

NG 0= 1fiGI*  p-almost everywhere. (5.7)
jeN

Remark. After integrating (5.7) over X with respect to u, it follows, from (A.3), that
I 2= el £l

In the proof of Proposition 5.3, we will use the following basic fact.

LEMMA 5.4. Let (X, u, T) be a system, let (¢;) jen be a relative orthonormal system
of eigenfunctions and let (M) jen be the corresponding eigenvalues. Then, for ji-almost
every x € X, Aj(x)Ax(x) # 1 forall j, k e Nwith j #k.

Proof of Lemma 5.4. Note that the set A = {x: Aj(x)Ax(x) =1} is T-invariant and the
function 14¢ quk is T-invariant, by Part (iii) of the definition of an eigenfunction, and thus
equal to zero, by Part (ii) of the definition of a relative orthonormal system. On the other
hand, for ;1-almost every x € A, |¢; (x)qm| =1, by (5.6). Thus, u(A) = 0 and the claim
follows. O
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Proof of Proposition 5.3. By Part (ii) of Proposition 5.1, for pu-almost every x € X,
f=Y_fi-¢
jeN
where f; = / f¢_j dii, and the convergence takes place in LZ(u,). It follows that, for
pn-almost every x € X and for every n € N,

T"f-F= > M fifidj i
J.keN

where convergence takes place in L' (1 ). Using this, identity (5.1) and that f ¢ dek di, =
0 for j, k € N with j # k, we deduce that, for y-almost every x € X,

/ T"f - Fdue=>Y 2f1%
jeN
Note that, by (5.4), the above series converges absolutely for p-almost every x € X.
Hence, for p-almost every x € X,

2
’/ T"f - Fdue| = > a0 "1fiPIfl
Jj.keN
Averaging in n € N and using that, by (A.2),
4 1 al ?
= lim — T"f-fd
N 2= Jim Zl / fefdux .
n=
we obtain, for p-almost every x € X, that
N
4 _ : EYAN 2 2
0T e n = 'Z (Ngrgooﬁ > 040 ) PP,
j.keN n=1

where the interchange of limits is justified because ) jken | fi 1| fx|? converges j-almost
everywhere, by (5.4).
If j # k, since |A;Ax] < 1and A ;A # 1, by Lemma 5.4, for y-almost every x € X,

N
1 —
li — Aid)t=0.
NiToo N HX_;( i)

Suppose now that j = k. For p1-almost every x € X, the following holds: if A (x) = 0, then
¢;j(x)=0,by (5.6), and f;(x) =0, by (5.1). If A;(x) #0, then |1 (x)| = 1, by (5.6) and

Part (i) of the definition of an eigenfunction. In both cases, |1 ; (x)[*"| f; (x)|* = | f; (x)|*.
Combining the above we get (5.7). O

5.3. A Borel selection result. The proof of Theorem 5.2 needs some technical
preliminaries. We will need the following selection theorem of Lusin—Novikov.

THEOREM 5.5. (See, for example, [49, Theorem 18.10]) Let X, Y be Polish (i.e. complete,
separable, metric) spaces and P C X x Y be a Borel set such that every vertical section
P, ={y: (x,y) € P}isacountable set. Then the vertical projection A of P on X is Borel
and there exists a Borel function f: A — Y such that f(x) € Py for every x € A.
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PROPOSITION 5.6. Let X, K be Polish spaces and F: X x K — R be a bounded Borel
function. Suppose that, for every x € X, the set

P, ={yeK: F(x,y) >0}

is countable and
T(x) = Z F(x, y) < +00. (5.8)
yePx
Let N (x) := | Px| € [0, +00]. Then there exists a sequence (t;) jeN of Borel maps X — K
such that, for every x € X, the values tj(x), 1 < j <1+ N(x), are pairwise distinct and
Py={tj(x): 1 <j <N}

Remarks.

° The condition j < 1 + N(x) means that j < N(x) if N(x) < +o0 and j is arbitrary
if N(x) = +o0.

° Note that if P, = ¢, then the values of #;(x) are not determined by the statement.

Proposition 5.6 is a consequence of the next lemma.
LEMMA 5.7. Let F, K, X be as in Proposition 5.6 and, for x € X, let

S(x) :=sup F(x,y).
yek

Then there exists a Borelmap t: X — K such that F (x, t(x)) = S(x) for every x € X.

Proof of Lemma 5.7. Note that (5.8) implies that this supremum S(x) is attained. Let X’
and C be the Borel o-algebras of the spaces X and K, respectively.

We first claim that the function S is Borel. Indeed, let s > 0. The set {(x, y) €
X x K: F(x,y) > s} belongs to X ® KL and has countable fibers. By Theorem 5.5, its
projection on X belongs to X'. Since this projection is the set {x € X : S(x) > s}, the map
S is Borel.

Form e N, let

Am={(x,y) e X x K: F(x,y)>(1-2"")S(x)}.

Then A,, belongs to X ® K, the projection of A, on X is onto and this projection is
countable to one. By Theorem 5.5, for every m € N, there exists a Borel map #,,,: X — K
such that (x, #,,(x)) € A, for every x € X: that is,

F(x, ty(x)) > (1 —27")8(x) forevery x € X.

If x is such that S(x) =0, then ¢, (x) =0 for every m € N. If not, then F(x, t,(x)) >
S(x)/2 for every m € N and thus the set {t,,(x): m > 1} contains at most 2% (x)S(x) ™!
distinct elements. It follows that, for every x € X, the sequence (f,, (x))meN is eventually
constant. The limit value 7 (x) of this sequence is therefore well defined, is a Borel map
from X to K and satisfies F'(x, #(x)) = S(x). This completes the proof. O
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Proof of Proposition 5.6. We build, by induction, the family of Borel maps ¢;: X —
K, jeN. Lett;: X - K be given by Lemma 5.7. We have that F(x, t;(x)) =0 if and
only if Py is empty, that is, if N(x) = 0. We define

0 ifr=1(x),

F(x,t) otherwise,

Pl :={t: F'(x,1) >0} forxceX.

F'(x,t):=

The function F’ is Borel and, for every x € X for which Py is non-empty, this set is the
disjoint union of P, and {t;(x)}. We replace the function F with F’, and Lemma 5.7
providesamap #: X — K. Iterating, we obtain a sequence (¢;) jen of Borel maps X — K
that satisfy

Fx,t1(x)) = F(x, 2(x)) = - - - = F(x, 1;(x)),
F(x,tj(x)) =0if and only if j > N(x),
if N(x) > jthentj1(x) ¢ {r1(x), ..., t;(x)},
F(x, tjr1(x) = sup{F(x, H:te{nx), ..., tj(x)}}.

We have {tj(x): 1 <j < N(x)} C Px and we claim that equality holds. Suppose that
this is not the case and let t € Py \ {t;(x): 1 < j < N(x)}. Then, by construction, #;(x) >
t for j < N(x) and thus o (x) > N(x)¢. It follows that N(x) is finite. By construction,
Htj(x): 1< j<N(x)}|=N(x)=|Px|, which is a contradiction. This completes the
proof. O

5.4. Proof of Theorem 5.2. In this subsection we use a different presentation of the
ergodic decomposition of a system that is more convenient for our purposesf. Recall that
we assume that (X, X, u) is a Lebesgue space. It is well known (see, for example, [35,
Theorems 8.7 and A.7]) that there exists a Lebesgue space (Y, ), v), a measure preserving
map 7 : X — Y thatsatisfiesm o T =7, Z(T) = ) up to w-null sets and, fory € ¥,
a probability measure @, on X such that the following hold.

(i) Themap y — u, is Borel, meaning that, for every bounded Borel function on X, the

function y — [fdu, is Borel.
(i) For every bounded Borel function on X,

E.(f | @(T)x) = /fdun(x) for j1-almost every x € X.

(iii) For v-almost every y € Y, the measure 11y, on X is concentrated on 7 1({q y}) and is
invariant and ergodic under 7.
Taking the integral in (ii), we obtain

MZ/ My dv(y).
Y
By density,

T The measures /4y of the top of §5 are written as uz(y) here.
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(iv) for feL'(w), feL'(uy) for v-almost every y €Y, || fllL1 =f||f||L1(My)
dv(y) and the equality in (ii) remains valid.
Lastly, since our standing assumption, in this section, is that the system (X, i, T') has
order one, by Proposition A.1,
(v) for v-almost every y € Y, the system (X, uy, T) is an ergodic rotation.
We first prove the following intermediate result.

LEMMA 5.8. Let (X, i, T) be a system of order one and f € Lz(u). Then there exists a
relative orthonormal system of eigenfunctions (¢;) jen such that

f=)Y Eu(fé; 1T(T)) - ;. (5.9)
jeN
where convergence takes place in L*(j1).
Moreover, for every j €N, the eigenfunction ¢; belongs to the smallest closed T-
invariant subspace of L*> () containing the set { f¢: ¢ € L) is T-invariant).

Remark. For notational convenience, the orthonormal system we build below is indexed
by Z instead of N.

Proof. We can assume that f is a Borel function defined everywhere. The set Yo of y € ¥
such that p, is invariant under T is Borel and has full measure. Since the map y
”f”Lz(uy) is Borel, and since f||f||iz(uy) dv(y) = |1 fllz2(u) < +00, the set ¥; of points
y € Yy such that f € L2(,uy) is Borel and has full measure. Substituting Y7 for Y, we are
reduced to the case where the measure .y is T-invariant and f € Lz(uy) forevery ye Y.
Since (Y, ), v) is a Lebesgue space, we can assume that Y is a Polish space and ) is its
Borel o-algebra.

For y € Y, we write oy for the spectral measure of f with respect to the system
(X, wy, T); it s the finite positive measure on T defined by

Gy (n) :=/T"f.7duy, nel.

For v-almost every y € Y this measure is atomic because (X, uy, T) is a rotation. For
every t € T and every y € Y, the limit

N
1
Fy.0= lim Zl &y(n) e(—nt)
n=

exists and
F(y, 1) =oy({t}).

Since, for every n € N, the function 7" f - 7 is Borel, we get that the map y — o’}(n) is
Borel on Y. Thus, the function F satisfies the hypothesis of Proposition 5.6 for the Polish
space Y x T. Henceforth, we use the notation of this propositionand letz;: ¥ — T, j € N,
be the Borel maps obtained. For j € Z,, let

Aji={yeY:Ny)>jl={reY:o,({r;(»} >0},
Aj(y):=14;(y) e(tj(y)) for yeY.
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For ye Aj, jeZy, Aj(y) € Py: that is, oy({t;j(y)}) >0. By the Wiener—Wintner
theorem, the limit

Y= lim Zf(T"x)x @)

exists in L?(w) (and for p-almost every x € X). We remark that if v(A;) =0, then the
function v/; is equal to zero p-almost everywhere, and the same holds for the functions 6
and ¢; defined below. For v-almost every y € A,

_ 1 Y _
75, = gim 25" [ 51 Fdu 00
n=1

N— 400
1 N
= im ’; oy (=) A" = oy ({t; (M. (5.10)

Furthermore, for j € Z, the function v; satisfies

Y (Tx) = () A ((x)). (5.11)

It follows that || is T -invariant. Expressing |v; % as

lY;I>=6;or forsomed; € L¥(Y, v), (5.12)
a similar computation gives

2
0;(y) = / il dpy = lim N2 Z f T"f - T" fdpy - 2j()" 2 ()
m, ne

=oy({t;(»}) >0 for v-almost every y € Aj. (5.13)

We let

i(x) = [y ()| (x) forx e m (A,
7 o forx ¢ w1 (A)).
It is immediate to check that ¢; is an eigenfunction for the eigenvalue A ;. By construction,
fori # j, we have A; (x) # A (x) for u-almost every x € X, except when ;(x) = A;(x) =
0: thus A;(x)A;(x) #1 u-almost everywhere. On the other hand, E,, (¢,~¢_j | Z(T)) =
rirjEu(¢igj | Z(T)). Therefore,
E. (¢ -q5_j|I(T)) =0 foralli#j, i,j€Zs.
Furthermore, for every j € Z, by the definition of the ¢, E, (|9 |2|Z(T)) takes the values
zero or one. Hence (¢;) jez., is arelative orthonormal system.
Next, we establish identity (5.9). Arguing as in Part (iii) of Proposition 5.1, it suffices
to show that

11320 = D IBL(f - &7 | T2, (5.14)
JELy
Using the definition of the function ¢; and then (5.12) combined with (5.13), we get
2 2
> /f-qﬁjduy = > 1y Wign lz/f Uy dpy
JEZy JjE€Zy
) Ll |
- u,@)—‘/fw/fj d,
()
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By (5.10), for v-almost every y € Y, the last sum is equal to

YoM {mh =Y oy({ti(mh =0,(T) =6,(0) = / |fPdpy,

JELy J€EL4
where we used the definition of the set A; to get the first identity and, to get the second
identity, we used the defining property of the maps ¢, j € Z, and that, for v-almost every
y € Y, the measure oy is atomic. Integrating the established identity over Y with respect
to v, we obtain (5.14).

Finally, the last claim of the lemma follows by the construction of the functions v; and

¢; for j € Z. This completes the proof. O

We are now ready to complete the proof of Theorem 5.2.

End of proof of Theorem 5.2. Let (fi)ren be a dense sequence in Lz(u). Forevery k € N,

we build, by induction, a countable family F; of functions in L?(x) such that, for every

keN:

i) F1U---U Fisarelative orthonormal system of eigenfunctions; and

(i1) the function f; belongs to the closed subspace H; of L2(/1,) spanned by all functions
of the form ¢ w, where ¢ € F1U---UF; and w € L*(u) varies over all T-
invariant functions.

For k =1, the result is given by Lemma 5.8 with f = fj. Suppose that the result holds
for k € N; we shall show that it holds for k 4+ 1. We can decompose fi41 as

fxy1 =g+ f where g € Hy and f L Hy.

The space Hj is invariant under multiplication by bounded 7 -invariant functions and thus
E.(f - h | Z(T)) = 0 for every h € Hy. On the other hand, every ¢ € Fj U - - - U F is an
eigenfunction, and thus, by definition, T ¢ belongs to the space Hy. It follows that Hy is
invariant under 7" and thus

E(T"f- h|Z(T)) =0 foreveryn € Nandevery h € Hy. (5.15)

Applying Lemma 5.8 to the function f, we obtain a relative orthonormal system Fj 41 =
(¢)) jen of eigenfunctions such that f belongs to the closed linear span of all functions
of the form ¢;w, where j € N is arbitrary and w € L®(u) varies over all T-invariant
functions. Moreover, for every j € N, ¢; belongs to the smallest T-invariant subspace
of L?(u) containing all functions of the form fw, where w varies over all T-invariant
functions in L°°(u). Hence, by (5.15), for every j € N and every h € Hy, E, (¢; “h
Z(T)) =0; this holds, in particular, for all functions 2 belonging to Fj; U - .- U Fy.
Therefore, F1 U - - - U Fy U Fg41 is a relative orthonormal system.

The closed subspace of L?() spanned by functions of the form ¢ w, where ¢ € F; U
<« UFr U Fpy1 and w € L°(u), varies over all T-invariant functions, contains f and g,
and thus fi41. This completes the induction.

We choose an enumeration of the countable set F := | ;2 ; Fk and write it as (¢}) jeNs
then (¢}) jeN is a relative orthonormal system. The closed subspace of L?(u), spanned by
all functions of the form d)} w, where j € N and w € L® (), varies over all T-invariant
functions, contains the functions fj for every k € N, and thus is equal to L2(,u). Hence,
(qb}) jeN is a relative orthonormal basis of eigenfunctions, which completes the proof. O
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6. Decomposition of correlation sequences
In this section, we prove the decomposition results stated in §§2.4 and 2.5.

6.1. Anti-uniformity in norm. We start with some preparatory results. The main tool
in verifying anti-uniformity properties is the following inner product space variant of a
well-known estimate of van der Corput (for a proof, see [10]).

VAN DER CORPUT LEMMA Let d € N, H be an inner product space, let £ : N — H be
a bounded sequence and let 1 be a Fplner sequence in N¢. Then

) . 1 )
limsup | Avy £n[|* < 4limsup — )" limsup |Ava1 (¢nsh. £n)l.
H—+o00 H he[H ]

PROPOSITION 6.1. Letd, ¢, s, t € N. Then there exists a positive integer k =k(d, £, s, t)

such that, for every system (X, u, Ty, . .., Ty), functions fi, ..., fy € L°°(u) bounded
by one, polynomial mappings ﬁ, ceey ﬁ;: N? — 7 of degree at most t and sequence
w € £2°(N?),

limsup [|Av w(n) T ) f1 -+ -« - T% my fsll L2y = 4llwll et vey -

Furthermore, if the polynomial mappings are linear, then we can take k = s.

Sketch of the proof. Let I = (I;) jen be a Fglner in N, After passing to a subsequence,
we can assume that the sequence w admits correlations along I. It suffices to show that

limsup [|Avy w(m) - T5 oy f1 -+ - - - T5 my fsll 2y = Hlwlink+1

for some k = k(d, ¢, s, t). To verify this, one applies an inductive argument, often called
PET (polynomial exhaustion technique) induction, introduced by Bergelson in [10]. Each
step uses the van der Corput lemma in L? (i), invariance of the measure under some of
the transformations and the Cauchy—Schwarz inequality. The details are similar to several
other arguments in the literature (see, for example, the proof of [32, Lemma 3.5]) and so
we do not give the proof.

In the case of linear polynomials, it can be shown, by induction, on s € Z that one can
take k = s; for s = 0, the statement is trivial and the inductive step can be carried out as
the inductive step in the proof of Theorem 2.6, below. O

6.2. Proof of Theorem 2.5. By Theorem 3.10, it suffices to show that the sequence
a: N - C, given by

a(n) := /fO'TH(n)fl ..... T;:(n)fs du, neNd,
is k-regular and (k + 1)-anti-uniform for some k € N that depends only on the integers

d,f,s,t. The regularity is given by Proposition 2.1 and the anti-uniformity by
Proposition 6.1. O
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6.3. Proof of Theorem 2.6.  We start with some preparatory results.

LEMMA 6.2. Let d, £ €N and Ly,...,Li: N9 > 7 be linearly independent linear
forms. Then there exists a constant C := C(d, Ly, . .., L¢) such that the following holds:
if (X, u, Th, ..., Ty) isasystemand fo, ..., fo € L(u) are functions bounded by one,
then s
lim Av [ fo- TP ™ fiee o T ™ fy du‘ <C min il .o (61
<i<

Proof. We first note that the limit on the left-hand side of (6.1) can be rewritten as
¢
lim Av (/(fo ® fo) - [ [(Ti x THH ™ (fi © fi) d(ue x m)
i=1

and thus exists, by Theorem 1.1. Therefore, in (6.1), we can restrict to averages taken on
the cubes [N]4, N € N: that is, it suffices to obtain bounds for the limit
2

fo-TF ™ g 7™ fy du (6.2)

1

lim —
N—+oc N4 Z
ne[N¢

Next, we claim that it suffices to consider the case where d = £. Indeed, since the
linear forms are linearly independent, d > £ and, if d > ¢, then there exist linear forms

Ley1,...,Lg: N¢ — 7 such that the linear forms Ly, ..., Ly are linearly independent.
Then applying the d = £ case of the result for this set of linear forms and the functions
fos - -+ [y, defined by f/:= fi fori=0,...,Land f/:=1fori=£4+1,...,d, we
get the a_s)serted estimate. Henceforth, Xe assume that d = £.

Let L: N?— N be defined by L (n):=(Li(n), ..., Lym)), neN?. Since the
linear forms Li, ..., Ly are linearly independent, the linear map _L) 13) injective.
Furthermore, there exists a positive integer M = M (Ly, ..., Ly) such that L ([N 1% c

[-MN, MN? for every N e N. This easily implies that the limit in (6.2) is bounded by

: 1
amt i e 2 [ a

ne[-N, N4

=@BM)¢ lim

d
Jin o Y[R [la < (e dxw.
e ne[—N,N|¢ i=1

[

By the ergodic theorem, the last limit is equal to
d
oo TTEh @ 1@ x 1) d x oL
i=1
Fori =1, ..., d, this quantity is bounded by
JE(fi ® Fi | (T % T)) | 12y = Wi ® Tzt < W FillGs

where we used that all the functions are bounded by one and the estimate (A.5). This
completes the proof. O
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PROPOSITION 6.3. Letd, { e Nand L, ..., Ly: N¢ — 7 be linearly independent linear
forms. Then, for every ¢ > 0, there exists a constant C :=C(d, Ly, ..., Ly, &) > 0 such
that the following holds: if (X, u, Ty, ..., Ty) is a system and fy, . .., fo € L*(u) are

functions bounded by one, then, for every sequence w € £>°(N?),

limsup = Cllwlly2mey + €llwlloo-

6.3)

Av (w(n) . /fO X TlLl(n)f1 _____ TeLg(n) £ d,u)

Remark. This proves that the correlation sequence defined by the integral is 2-anti-uniform
with constants C that do not depend on the functions fy, ..., f¢ as long as they are
bounded by one. This condition is essential in the proof of Theorem 2.6, and Theorem 5.2
is key in establishing the condition.

Proof. Let ¢ € (0, 1), w e £°(N%) and I = (Ij)jen be a Fglner sequence in N4, By
passing to a Fglner subsequence, we can assume that w admits correlations along I.
By the defining property of the factor Z; (see §A.2), |Ifi —E.(f]

Z1(X, w, T)lp12=0fori=1,..., £ Hence, by Lemma 6.2, the lim sup in (6.3)
remains unchanged if we replace each function f; with E,(f; | Z1(X, u, T;)). Therefore,
we can, and will, assume that fori =1, . . ., £, the function f; is measurable with respect
to Z1(X, u, T;). Fori =1,..., ¢ let u = f Wix diu(x) be the ergodic decomposition of
the system (X, u, T;).

By Theorem 5.2, for i =1, ..., £, the space L2(21 (X, u, T;), n) admits a relative

orthonormal basis (¢;,j)jen such that ¢; ; is an eigenfunction of (X, u, T;) with
eigenvalue A; ; for j € N. We write (f;, ;) en for the coordinates of f; in this base. We
recall that f; ; is invariant under 7; and that

fij =Bu(fi b1 | T(T)).

Then || fi jllLew < 1foralli, j € N. Moreover, by part (ii) of Proposition 5.1,

Eu(fil* | Z(Ty)) = Z |fi.j1%,  u-almost everywhere, (6.4)
jeN
fi=Y_ fijdijs 6.5)
jeN

where convergence in (6.4) is pointwise and in (6.5) is in L?(w) and in Lz(u,-,x) -almost
everywhere.
Fori =1, ..., ¢, we separate the series (6.5) in two parts. For x € X, we let

Ei(x):={j eN: |fi,j(x)|2 Zeloi},
gi(x):= Y fij()ij(x) and h;:=fi —g.

JEEi(x)

By (6.4) and since all functions are bounded by one,

|E;i(x)| < E_IOi p-almost everywhere, g |l Loo() < s_loi, i=1,...,¢4. (6.6)
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Furthermore, since f; ; are T;-invariant, E;(T;x) = E;(x) p-almost everywhere and the
set A; j ={x € X: j ¢ E;(x)} is invariant under T;.

hi = Z 1a,; fij &ij
jeN
and thus the coordinates of the function /; in the base (¢;, ) jen are the functions 14, ; fi. ;-
By Proposition 5.3, we obtain

AN, 2 =D a0 fijI*
jeN
= Z |fi,j(x)|4 u-almost everywhere, i =1,...,£¢. (6.7
JEEi(x)
Therefore,
AillF, 0 = / AT, i 2 die
— [ ¥ sl dese [ Y1n0P duse,
JEEi(x) JjeN
where we used (A.3) in the appendix to get the first identity, (6.7) to get the second identity,
the definition of the sets E;(x) to get the first estimate and (6.4) combined with the fact

that the functions f; are bounded by one to get the last estimate.
Let C be the constant defined in Lemma 6.2. Combining this lemma with the preceding

estimates we deduce, form =1, . .., £, that
m—1 12 2
limsup Avy ffo . (H T,-L"(“)gi) e @, ( I T,»L"(“)fi> du‘
i=1 i=m+1
m—1 )
<C [T 8il3eqe - Ml . p < Ce™2 1065107 < 02,
i=1

Using the Cauchy—Schwarz inequality and telescoping, we obtain

4 4
Avl(w(n) /fo.l_[TiLi(n)fl_ d,U«—w(n)/fO'HTiLi(n)gi d,u)‘
i=1 i=1

< 2C"%¢||w || 0o.

limsup

On the other hand, using the definition of the functions gy, . . ., g¢ and recalling that,
fori=1,...,£¢and j €N, the function ¢; ; is a T;-eigenfunction with eigenvalue A; ;,
we get

¢ 14
/ fo- TT1 ™ g dn = f > fo [l A 1 du
i=1

J1€EEL, ..., je€Ey i=l

£
- / Yo G [ MM A,
i=1

J1EEY, ..., je€Ey
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where
¢
e =S [ | Fri - Piii-
i=1
Since for p-almost every x € X we have, by (6.6), that |E; (x)| < e 0 fori=1,...,¢,
. C+1
we deduce that, for w-almost every x € X, the sum contains at most e~ 10" terms.
Moreover, since L1, ..., L, are linear, using the van der Corput lemma on C and the

fact that the functions g, ... j, are bounded by one, we have the pointwise estimate

1

< 4limsup —
N H—>+£ H4 Z
he[H|¢

L 2
Aviwm) - [ ] A"

i, ji
i=1

limsup lim Avp 1 w(n +h)w(n)

1 _
<4 lim —7 3 llonw Wl

H— 400 he |
< 4wllf, < 4jw|?
= w 12 = w Uz(Nd)’

where we used (3.2) and (3.3). Combining the above estimates, we deduce that the left-
hand side of (6.3) is bounded by 2610 ||w/ 2 e + £C"/?€]|w|oc. This completes the

proof. O
End of proof of Theorem 2.6. We can assume that the functions fy, ..., f¢ are bounded
by one. Furthermore, we can extract a linearly independent subset of r elements of
{L1, ..., L¢}; hence, after reordering the linear forms, we can assume that the first r

ones are linearly independent.
Let k := ¢ — r + 1. In order to prove that the sequence a: N¢ — C, defined by

a(n) = /fo . TlL‘(“)fl ..... TELZ(n)f@ du, meN¢,

admits a decomposition of the announced type, it suffices, by Theorem 3.10, to show that
it is k-regular and (k + 1)-anti-uniform.

The regularity follows from Proposition 2.1.

Next, we verify (k + 1)-anti-uniformity. Let C = C(d, L1, ..., L,, €) be the constant
defined by Proposition 6.3. We can assume that C > 1. For fixed d € N, we will prove, by
induction on k € N, that if the functions fy, ..., f; are bounded by one, then, for every
e > 0and every w € £°(N%) with ||w||e = 1,

limsup [AV a(m) w(n)| < 4C by g, + 467>

It will then follow that the sequence a is (k 4 1)-anti-uniform with anti-uniformity
constant C' :=4C(d, L1, ..., L,, %szk_l).

For k = 1, the statement follows from Proposition 6.3.

Suppose that k > 2 and that the statement holds for k — 1. Let ¢ > 0 and w € £>°(N%).
Let also I = (/;) jen be a Fglner sequence in N¢. By passing to a Fglner subsequence, we
can assume that w admits correlations along 1.

Composing with T[L“(n), we rewrite the sequence a: N? — C ast

—L —L L —L Lo_
a(n) Zf T( ((n)fo 3 T@ (’,(n)Tl l(n)fl ..... T( K(n)Te_ll l(n)fl—l . ff dﬂv ne Nd.

F This maneuver is necessary; a direct application of the van der Corput lemma produces a weaker estimate
involving a seminorm of order k + 2.
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Using the Cauchy—Schwarz inequality and that || f¢ || oo (,) < 1, we get that

limsup |Avy a(n) w(n)|* < limsup [|Avy &3, W (6.8)
where £ : N — L2() is defined by
En = w(n) . TZ*LZ(U) fO . TK*LZ(H) TlLl(n) fl ..... TK*LZ(H) TZ:Llé—l(n) fefl» ne Nd.

Using van der Corput’s lemma in L2 (i) for the sequence &, we obtain that the right-hand
side of (6.8) is bounded by

4 lim sup — T Z limsup |Avp 1 (én+h, &n)l- (6.9)
H—+o00 he[H ]

Recall that cpw(n) = w(n + h) for all h, ne N¢. A simple computation gives that, for

every h € N9,
1
77 2 nene ) = ﬁ >~ onw(m) - w(m)
J nel; ] nel;
~ ~ L _ ~
x f Fow T Fin o TSP sy dp, (6.10)
where fin =T, ™7™ £ F for j=0,.... ¢~ 1and Ly:=0.
Note that, for every h e N¢, the sequence (w(n+h) w(n)),ne admits correlations
along I and that || f nllzc <1 for j =0, ..., £ — 1. The expression on the right-hand

side of (6.10) is thus of the type studied, with (£ — 1) in place of £. Hence, the induction
hypothesis applies and gives that, for every h € N¢,

. k—2

limsup |AVn 1 (§n+h. §n) <4 C Jonw - wipx +4'/2

It is important, for the last part of the argument, that the constant C is independent of the
parameter h. Combining the above, we deduce that the expression (6.9) is bounded by

16 C limsup — > [lonw - Wk + 16 1/27°
H—+00 he[H]d

2
<16 C lim sup( Z lonw - wlif k) + 16 81/2k—z
H— 400 he[H]

k—2
=16 C |lwllfyy + 16672,
where the last identity follows from the inductive property (3.3) of the uniformity
seminorms. Putting together the previous estimates and taking square roots, we get the
announced bound. This completes the induction and the proof. O

6.4. Proof of Theorem 2.8. We use the variant of Furstenberg’s correspondence

principle, which we have already used in §3.1 for a single sequence. In the case of several
sequences, it is proved in a similar fashion and gives the following proposition.
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PROPOSITION 6.4. Let £,s e N and ay, ..., ay: 7t — C be bounded sequences such
that the family F ={ay, ..., as} admits correlations along the Fplner sequence 1 in
N¢. Then there exist a topological dynamical system (X, Ty, ..., Ty), where Ty, ..., T¢
are commuting homeomorphisms, functions fi, ..., fs € C(X) and a Borel probability
measure | on X that is T;-invariant fori =1, ..., £, such that

N
/Tn—>1f1 ~~~~~ T fs dp =1lim Avg x (l_[ ai(k—l-ﬁ?))

i=1

for every nr, ..., ezt
Combining this with Theorem 2.5, we immediately deduce Theorem 2.8. O

6.5. Proof of Theorem 2.9. We start by recalling the definition of the Gowers norms
in Z4,.

Definition. Let d, N € N and f: Zﬁ{, — C be a function. For every h € Zﬁ,, we write
fa(m) := f(n+h), neZ4. ForseN, we denote by ”f”US(Z‘,{,) the Gowers U* (Z4))-
norm of f that is defined inductively as follows: we let

£z ) = [Bueza £ )] = Ey peze £ @) Fn+ )2,
and, for every s > 1, we let
1/ sz = Enezg 1 - Tl g 0>
For d = 1, the next result is deduced in [47, §3.1] from the inverse theorem for the
Gowers norms in Zy [40]. A multidimensional extension of this inverse theorem was
established in [17, 61] (for an alternate proof see [63]) and the argument in [47, §3.1]
allows us to deduce the following result.

PROPOSITION 6.5. ([47, 8§3.1]ford =1) Letd, k e N, C > 0and € > 0. Then there exists
a k-step nilmanifold X such that the following holds: if N e Nand a: Z?’V — C satisfies

|En62%a(n) b(m)| < C”b”Uk“(Z;(,) foreveryb: Zy — C, (6.11)

then we have the decomposition a = ag + aer where:

(1) ag is a convex combination of k-step nilsequences defined by functions on X with
Lipschitz norm at most one; and

(i) Epez lae(m)] <.

It follows, from the previous result, that, in order to complete the proof of Theorem 2.9,
it suffices to show that the sequence b: Z?’V — C, defined by (2.9), satisfies the property
(6.11) for some k € N and C > 0 that depend only on the integers d, ¢, s, t. This can be
verified directly with C = 1 by using a PET-induction argument (as in [32, Lemma 3.5])
and the estimate |I[*]neZ5fva(n)|2 < Eheztfv |Enez%a(n + h) a(n)|, but it turns out to be
simpler to deduce (6.11) directly from Proposition 6.1 as follows.

For fixed N € N, we interpret b: Z‘I{, — C as a periodic sequence in N¢, and note that
b can be represented as

b(n) :/ T Ty fsdp, meN’,
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where X := va, W is the Haar measure on X and, fori =1,...,s, fi:=a; and T; is
the measure preserving transformation on va (with the Haar measure) that shifts the ith
coordinate of an element of Z’f\, by one and leaves the other coordinates unchanged. Notice,
also, that if the sequence c: N — N is N-periodic on every coordinate direction, then

lim Ave(n) =B,z cm) and fellyeze, = lellge g,

for every k € N. Keeping all these in mind and using Proposition 6.1, we deduce that the
estimate (6.11) holds with C =4 for some k =k(d, £, s, t), and we can take k = s if the
polynomial mappings are linear. This completes the proof of Theorem 2.9. O

6.6. Proof of Theorem 2.7.  First, we check that Ay is a linear subspace of £>°(N¢). For
i=1,2,let (¢;(n)),cne be a k;-step nilsequence given by ¥; (n) = W; (]_[‘j:1 rl.'?} ex;),
where X; = G;/T; is a k;-step nilmanifold and t; € G;. Then, for k := max(kq, k3),
their sum is the k-step nilsequence (\I'(]_[fl:l rl."i “ex)n,..ngeN, Where X := X x
X2 =(G1 x G2)/(T'1 x I'2), W(x1, x2) := W1(x1) + ¥2(x2), ex := (ex,, ex,) and 7 :=
(t1,j, o) forj=1,...,d.

Next, we show that the space MCgpor is linear; a similar argument works for the space

MCyiin. Leta: N — C be given by

a(n)=/f0-T?1<n)fl """ Ty fsdu, meN’,

for some system (X, w, T, ..., Ty), functions fo, ..., fs € L°°(n) and polynomial
mappings P, . .., Dy : N¢ — ZE. Also, let a’: N? — C be defined by a similar formula,
with ¢ in place of ¢, (X', u', T}, ..., th/’) in place of (X, u, T1, ..., T¢), s’ in place of

= —/> d A — — / ’ o[, N 3
Sy Ploes Pyt 7% — 7Z° in place of p1, ..., ps andfo,...,fs,eL (u”) in place of
fo, ..., fs. We define a system (Y, v, S, ..., Seye) by letting Y be the disjoint union
XWX of Xand X', v = %(,u + ') and defining the transformations Sj, ..., Sp1¢ Of Y
by

Silx:=T; and Sj|x:=Id forl=<j<{,
Sjlx :=1d and Sj|X/:=TJf ford <j<t+17.

We also define the polynomial mappings a), e Es): N4 - 7+ and
- 7. N4 ZK+Z’
Gl Gyt — as

G ) = (pii(@), ..., piem),0,...,0) forl<i<s,

—

gi(m) :=(0,...,0,p; (), ..., p;,m) forl<i<y'

RN
We also let %) = q(’) :=0. Finally, we define the functions g; € L*°(v), 0 <i <=, and
g €L®(v),0<i<s"by

gi = IXf, + 1y, and gl{ =1x + lX’fi/'
Then

N s/
1
/ _ / d
/Y ili([) Sgm8i i|70| SZ(n)gi dv=(am+dm), neN.

This completes the proof of the linearity of the space MCq pol-
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The inclusion Ny C MCqin follows from Proposition 4.2. The inclusion MCqjin C
MCqpor is obvious. The inclusion MCgpol c Ny follows from Theorem 2.5. This
completes the proof of Theorem 2.7. O

7. Convergence criteria for weighted averages
In this short section, we use the machinery developed in the previous sections in order to
prove the convergence criteria stated in §§2.2 and 2.3.

7.1. Proof of Theorem 2.2. Let d,¢,s,teN, (X,u,T,...,Ty) be a system,
f1, ..., fs be functions in L*°(u) and ﬁ N > 7Zf i=1,...,s be polynomial
mappings of degree at most . We can assume that || fi|| g < 1fori=1,...,s.

Leté > 0andk =k(d, ¢, s, t) be given by Proposition 6.1 and suppose that the bounded
sequence w: N? — C is k-regular. As remarked there, if all the polynomials are linear,
then we can take k = s. By Theorem 3.9, the sequence w can be written as w = ¢ + u,
where v is a k-step nilsequence in d variables and u € £°(N?) satisfies ol it ey < 8.
By Proposition 2.1, the limit

lim Av ¢ (n) - T3 m) Sroo- T3 m) fs
exists in Lz(,u) and, by Proposition 6.1, for every Fglner sequence I = (/) jen,

llm”AVI u(n) . Tm(n) fl """ T;?(n) fS ”LZ(M) < 48.

It follows that, for all sufficiently large j, j’ € N, the difference between

1
|I_j| u(n) T;T}(n)fl """ Tﬁ(n)fs (7.1)
nelj

and the similar average on /; has a norm in L%(11) bounded by 85. Therefore, the
averages (7.1) form a Cauchy sequence and thus converge in LZ(11).

Furthermore, if we assume that the averages of w(n)y (n) converge to zero for every
k-step nilsequence ¥ in d variables, then, by Corollary 3.8, [|wl|yxwe) =0 and the
averages (7.1) converge to zero in L2(1), by Proposition 6.1. This completes the proof. O

7.2. Proof of Theorem 2.4. Letk =k(d, ¢, s, t) be as in Theorem 2.5 and the sequence
a: N — C be defined by

a(n) = /fO'Tﬁ(n)fl ..... Tﬁ?(n)fs du, ne N

By Theorem 2.5, a is an approximate k-step nilsequence in d variables and, by
hypothesis (2.3), the averages (2.4) converge. This proves Part (i) of Theorem 2.4.
Furthermore, we deduce that if the averages (2.3) converge to zero for every nilsequence
¥ in d variables, then the averages (2.4) converge to zero.

Next, we prove Part (ii). Let k = k(2d, £, 2s — 1, t) be as in Theorem 2.5 and let the
sequence b: N x N? — C be defined by

b(n, n) = / Trmf1-- - T3 m) fs.T?l(n,)?l ..... Tz(n,)ﬂ di, n,n eN,
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By Theorem 2.5, the sequence b is an approximate k-step nilsequence in 2d variables.
Hence, by hypothesis (2.5), the averages

1
vaya 2 2 wmw) b, )

ne[N]4 n’e[N']¢

converge to some limit L when N and N’ tend to +o00. Let Ny be such that the difference
between this average and L is bounded in absolute value by & for all N, N’ > Nj.
Expanding the square

1
N 2 O Trmfie 5wy fs
ne[N]4
1 2
/
—ya 2 WO T fie Tra bf
ll’E[N’]d L=(w)

we obtain four terms of this form with alternate signs, and thus this square is bounded by
4e. Hence, the averages in (2.6) form a Cauchy sequence in LZ(M) and thus converge.
This proves Part (ii) of Theorem 2.4. As above, if the limit (2.5) is zero for all k-step
nilsequences ¥ in 2d variables, then the limit (2.6) is equal to zero.

In order to get the last part of Theorem 2.4, we argue as before and use the last parts of
Theorems 2.5 and 2.6. O

8. Applications to arithmetic weights
In this section we prove the main results stated in §2.6.

8.1. Proof of Theorem 2.11. Theorem 2.11 follows immediately using the next result,
which shows that hypothesis (ii) of Theorem 2.4 is satisfied.

THEOREM 8.1. Letd € Nand let ¢p: N — C be a good multiplicative function. Then, for
every nilsequence : N¢ — C, the limit

li l E ¢ m) Y (m) (8.1)

im _ n) ¥ (n .
N1, Ng—+400 Np - -+ Ny N[N Trex [Ny

exists. Moreover, if the multiplicative function ¢ is aperiodic, then the limit is equal to zero

for all nilsequences  in d variables.

Remarks.

° One can also deduce variants of the previous result that deal with polynomial
sequences on nilmanifolds; indeed, any such sequence can be represented as a linear
sequence on a different nilmanifold [51, §2.11].

° The case where d = 1 can be deduced from [30, Theorem 6.1] but, due to the finitary
nature of the statement in [30], the argument used there is vastly more complicated.

We prove Theorem 8.1 in §8.3.
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8.2.  Proof of Theorems 2.12 and 2.13. For b € N, we let ¢ be a root of unity of order
b and let f}, be the multiplicative function defined by £}, (p*) = ¢ for all primes p and all
k € Nt. Note that

b—1
1 . .
Lo, =73 (/). neN. (8.2)
j=0
It can be seen, using Theorem 2.10 (see [31, Proposition 2.10]), that, for j =1, ...,b — 1,
the multiplicative function f/ is aperiodic.
Let
Vai=Tymfi T /. meN.

Recall that S := (Sq, .5, +€1) X - -+ X (Sgy.6, + ca). Using (8.2), we get that the averages
2V
neSN[N]4

are asymptotically equal (meaning that the relevant difference converges to zero in L%(1))
to the averages

~7 2 H Zg 4T (f, (1)) Vater 8.3)

ne[N]d i= 1 j=0

where ¢ :=(c1, ..., ¢4) and, as usual, ny, ..., ng denote the coordinates of the vector
ne N, Since, fori =1,...,dand j =1, ..., b; — 1, the multiplicative function fb],- is
aperiodic, we get that, for j; € {0, ..., b; — 1},i =1, ..., d, the multiplicative function
(ni,...,ng) —~ ]_[?Zl(fbi ()% is aperiodic unless j; = - - - = j; = 0. Keeping this in

mind, expanding the product in (8.3) and using the second part of Theorem 2.11, we
deduce that the averages (8.3) are asymptotically equal in L?(i) to the averages

Furthermore, the previous argument, applied for V;, := 1, n € [N]¢, gives that

d
) IS N[N 1
1 = 11—
NiToo Nd U b;

Combining the above, we deduce that the difference
: > g 3V
1S N[N "N "
neSN[N 9 ne[N]4

converges to zero in L?(u). Using this, in conjunction with Theorem 1.1, completes the
proof of Theorem 2.12.

1 In order to get results when the set S, ; is defined by counting prime factors with multiplicity, we define the
completely multiplicative function f;, by f3( pk) = ¢k for all primes p and all k € N.
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Using the previously established identity for f; :=14,i=1,...,d, where Ae X isa
set of positive measure, we deduce that

. 1
s L HANT AN N T g
neSN[N4

) 1

- NETOO ~7 Z WANT AN NT 5 A)>0,
ne[N¢

where the positiveness of the last limit follows from the multiparameter polynomial

Szemerédi theorem [13, Theorem 0.9]. This proves Theorem 2.13. O

8.3. Correlations of multiplicative functions with nilsequences. In this subsection, we
prove Theorem 8.1 for d = 2; the general case is identical to this one modulo changes in
notation. We begin with some preliminaries.

8.3.1. Some classical facts about commutators.

LEMMA 8.2. Let G be a group and i, j € N. Then the commutator map (g, h) — [g, h]
maps G; X Gj to Giyj. Moreover, it induces a bi-homomorphism from (G;/G;11) X
(Gj/Gjt1) 10 Gitj/Gitjy1.

Sketch of the proof. The first statement follows by induction from the classical three
subgroups lemma.

Let H, K,LCG and N be a normal subgroup of G. If [[H, K], L]C N and
[[L, H], K] C N, then [[K, L], HIC N.

The second statement follows from the identity

[xy, zZ1=x[y, z2lx ' - [x, 2l =[x, [y, 2] - [y, 2] - [x, 2] forallx,y,zeG. (8.4)

O
LEMMA 8.3. Let G be a group, HD . H® gnd Q(l), e, Q(D be normal subgroups
ofGGH=HY ..... H® and Q0 =0W ..... 0®. Then the commutator group [H, Q]

is the product of the groups [HV, QW] fori=1,..., kand j=1, ..., L.

Proof. All the groups [H®, /)] are normal and included in [H, Q], and thus it suffices
to prove that [H, Q] is contained in the product of these groups. If h; € H® for
i=1,2and g e Q(]), it follows, from (8.4) and from the normality of [H(‘), Q(])], that
[hihy, gl e [HD, QW]-[H®, D], This proves the result in the case k =2, £ =1.
The result for k arbitrary and £ = 1 follows by induction on k. The result for k, ¢ arbitrary
follows by exchanging the roles of H and Q. O

8.3.2. Some reductions. ~We prove Theorem 8.1 for d = 2. Recall that i is an s-step
nilsequence in two variables defined by

Y(ni,ny) =W ()" 5)% -ex), ni,meN,
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where X = G/ T is a nilmanifold, ¥ € C(X) and 71, 72 are two commuting elements of
G. It is known [51, 56] that the closure X’ of {r]''7? - ex: nj, no € N} in X is a sub-
nilmanifold of X. Substituting X’ for X, we can assume that {t;''7;? - ex : ny, np € N} is
dense in X; it then follows, by [51, Theorem 1.4], that it is equidistributed in X.

We can assume, without loss of generality, that G is spanned by the connected
component of the unit element and the elements 71 and 7. This implies that all commutator
subgroups G;, i > 2 are connected (see, for example [11, Theorem 4.1]).

Suppose that s > 2 and that G is s-step but not (s — 1)-step nilpotent. Then the group
K := G;/(Gs NT) is a finite dimensional torus, sometimes called the vertical torus [38],
and acts freely on X. We denote this action by (u, x) — u - x for u € K5 and x € X.
Let f(\s be the dual group of Kj, that is, the group of continuous group homomorphisms
from K to the circle group S L 1f, for some X € a, the function ¥ € C(X) satisfies
W(u-x)= x(u)¥(x) for every u € K5 and x € X, then it is called a nilcharacter of X
with vertical frequency . The linear span of nilcharacters is dense in C (X) for the uniform
norm. Therefore, it suffices to prove (8.1) when the function W defining the nilsequence
¥ is a nilcharacter.

If the vertical frequency x of W is the trivial character of Kj, then the function W
factorizes through the quotient of X under the action of this group. This quotient is the
(s — 1)-step nilmanifold X' = G/(G,TI") = (G/G,)/((I' N G,)/Gy). Writing t{, 7} for
the images of 71, 72 in G/ Gy, ¥ (n1, n2) = V(7" ;" - exr) for some ¥’ € C(X).

Iterating this procedure, we reduce matters to considering the following two cases: (i)
X is a 1-step nilmanifold, and (ii) X is an s-step nilmanifold for some s > 2 and W is a
nilcharacter with vertical frequency x # 1.

If (i) holds, then X is a compact Abelian group and we can further reduce matters to the
case where W is a character of X. Then the average in (8.1) can be rewritten as

N1 N>
<i D i) e(nm)) : (i > o) e(nzrz)> (8.5)
Ny N, .

ni=1 np=1

for some #{, t, € R and good multiplicative functions ¢1, ¢»: N— C. If 1 or t; is
irrational, then the limit is equal to zero, by a Theorem of Daboussi [22] (see also [23, 24]).
If both 71 and #, are rational, then the limit exists since, by hypothesis, the multiplicative
functions ¢ and ¢, are good. Furthermore, this limit is equal to zero if either ¢ or ¢ is
aperiodic, that is, if ¢ is aperiodic.

Hence, it suffices to consider case (ii): that is, we can assume that X is an s-
step nilmanifold for some s > 2 and W is a nilcharacter with vertical frequency x # 1.
Replacing X with its quotient by the kernel of x, we are reduced to the case where G = S!
and W has vertical frequency one: that is,

V(- -x)=uW¥(x) foreveryxeXandueGszsl. (8.6)
Therefore, it suffices to prove the following proposition.

PROPOSITION 8.4. (Theorem 8.1-nilcharacter form) Let X =G/ be an s-step
nilmanifold for some s > 2. Suppose that Gy =S, W € C(X) satisfies (8.6) and that
71, To are two commuting elements of G such that the sequence (r;”t;z exX)ny,nreN
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is equidistributed in X. Then, for all multiplicative functions ¢1, ¢2: N — C that are
bounded by one,

1
D i) a(n2) ¥(r]' 1y ex) =0.  (8.7)

. WN
Ni,Ny——+o0o IN1INp
n1€[N1], n2€[N2]

We proceed now to establish Proposition 8.4.

8.3.3. A variant of Katdi’s lemma. We use a two-dimensional variant of a result of
Katai ([48], see also [22]); we omit its proof since it is identical to its one-dimensional
version modulo changes in notation.

PROPOSITION 8.5. Let Py e N, ¢1, ¢p2: N— C be multiplicative functions bounded by
one and let a € £>°(N?). Suppose that

lim Y. alpini pano) a(ping, pyna) =
Ni,Na—+o0o0 N1Np ’ 1= 22
n€[N1], n2€[N2]

for all distinct primes p1, p2, p}, p5 > Po. Then
1
¥ Y i) ¢a(na) a(ny. ny)| =0

2 nielNi 1, naelNa]
where the sup is taken over all ¢, ¢ : N — C that are multiplicative and bounded by one.

lim sup
Ni,Ny——4o00 é1.92

8.3.4. The nilmanifold Y. In the subsequent work, pi, pa, pj, p) are fixed distinct
primes. By Proposition 8.5, in order to prove Proposition 8.4, it suffices to show that

1
lm e 3w e U e =0, (89)
b 2 nretnilmelns]

where W satisfies (8.6). We let

Y _{(rplnl P ey, rlpl ltzpz *lex): nl,ngeN} Cc X x X.
Then Y is a sub-nilmanifold of X x X and, by [51, Theorem 1.4], the 2-variable sequence
above is equidistributed in Y. Writing my for the Haar measure of Y, the limit in (8.8) is
equal to

/\mmﬁaﬁmwuwu (8.9)
Hence, it remains to show that thli/s integral is zero.
Let H be the smallest closed subgroup of G containing I' x I" and the shift elements
/", rlpi) and (¢£2, tzpé). We claim that
Y=H/ xTI).
Indeed, by the definition of H and Y, H - (ex, ex) D Y. Furthermore, by the remark
following [50, Theorem 2.21], Y = H1 (ex, ex) for s/ome closed subgroup H; of G x G

containing the shift elements (rl Ty 1) and (2, pz). Since Y is compact, H; N (I" x
I') is cocompact in H; and thus H; := H; - (I" x I) is a closed subgroup of G. Since
H, is a closed subgroup that contains the shift elements and I' x I', H, D H, and hence
H - (ex,ex) C Hy-(ex,ex)=H; - (ex, ex) =Y. Therefore, H - (ex, ex) =Y, which
implies that Y = H/(I" x I''). This proves the claim.
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8.3.5. Projection on the Kronecker factor. ~We denote by Z the compact Abelian group
G/(GyT') and let m: X — Z and p: G — Z be the natural projections. For i =1, 2,
let o; := p(t;) and let Z; be the closed subgroup of Z spanned by «;. Since {11"‘1';2
ex: ni, ny € N} is dense in X, {a)'ay? -ex: ni, ny € N} is dense in Z and Z = Z; Z,.
Fori =1, 2, we let
GO = p~H(Z).
Then G is a closed subgroup of G containing I" and G2, and hence is normal in G, and
G=G6"G?.

Let
W:=(p x p)(H)= (7 x 7)(Y).

By the definition of Y, W is the closure in Z x Z of

n n pin1_phna
{(oz{71 10152 Piex, o)y -ex):ing, ny €N}
and thus
W={(zf'z§2,z1 zzz) 21 €271, 22 € Za). (8.10)

8.3.6. Starting the induction. Fori=1,2, let gi € GY). Then, by (8.10),

(p x p)(gt! ,gll) eW and (px p)(gd’ ,gzz) ew.

We have (p x p)(H) =W, the kernel of p x pis (G2 x Go)(I' x M) and ' x I' C H.
Thus
&, gt )€ H(Gy x G2) and (&5 ,gzz) € H(G2 x G2).

Fori=1,2,leth; e G¥. By (8.4),
(H(G2 x G2))2 C H2(G3 x G3)

and thus

[l g, (0 AT, 1l gy, (W2 )] and (82, g0, (22, hE%)]
belong to H>(G3 x G3). By Lemma 8.2, these elements are equal modulo G3 x G3 to

2 2 ’o! 2 2

([g1, M171, [g1, 1]1P1), (g1, halP'P2, [g1, ha]P1P2) and  ([g2, h2]"2, [g2, h2]P?),
respectively. _ ) .

Henceforth, for i =1, 2, we denote (G(i))z by G;'). For u, v € Gy, (uv)’t = uProvPi
mod G3 and (uv)/’g2 = 4?7 Pt mod G3 and thus the set

L:={uc Ggl): (up%, up/lz) € Hy(G3 x G3)}

is a subgroup of G(l) By the previous discussion, for g1, h; € G, the set L contains
[g1, 1] and thus it is equal to Gg). Hence,

(upi ul’iz) € H)(G3 x G3) foreveryu € Gg).
In the same way,
(upg, uﬁéz) € H)(G3 x G3) forevery u € G(z),

(uPrr2, up/lpé) € Hy(G3 x G3) forevery u € GV, g?1.
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8.3.7. The induction. By induction on r, we show the following lemma.
LEMMA 8.6. For2<r <sandiy, ...,i €{l, 2}, let

si=Nj:1<j<ri;=i}l fori=1,2,
G Utsnsir) . — [G(il)’ [G(iz)7 o [G(ir—l)7 G(ir)] ...11CG,.

5 . s] S Is] Ispy
Then, for every u € G- (uPr P2 yPr P2") € Ho(Grgq X Grgt).

Proof. For r =2, this was proved in the preceding subsection and the inductive step is
proved by the same method. O

In the subsequent work, we only use this lemma for » = s.

8.3.8.  Conclusion of the proof. = We argue by contradiction. Suppose that

I:= / W(x) W(x")dmy(x, x") #0.

Recall that G, = S! and that W satisfies (8.6).

Letiy,...,ige{l,2}ands; =|{j: 1< j<s, ij=i}|fori =1, 2. Since G is s-step
nilpotent, the subgroup G, is trivial. Hence, by Lemma 8.6, for every u € G-,
(u“’Tl pgz’ ul’/ls1 p;SZ) € H;. Therefore, the measure my is invariant under translation by
(ul’fll’éz, ul’/lsll’;z). Hence,

/s] 15y

) - Is] 15y ’ ’ 51 s2_
I= [ YuPr?P2 . x) Wl P27 . x"Ydmy(x, x")=uPr P2 =P1 P27 . ],
S| s /5] 15y . . . ) . .
Thus u?1 P2 =P1 P2~ =1 for every g € GU+is) | Since GU1--+) is a subgroup of the
torus G and py, p}, p2, p5 are distinct primes, it follows that the group G (115 s finite.
Furthermore, since G = GV G@, using Lemma 8.3 and induction, we have that the

group Gy is the product of the groups GU1+) for iy, ..., is € {1, 2} and thus is finite,
which is a contradiction since G = S!. This completes the proof of Proposition 8.4 and
hence of Theorem 8.1. O

9. Applications to Hardy field weights

9.1. Hardy field functions. Let B be the collection of equivalence classes of real-valued
functions defined on some half-line [c, +00), where we identify two functions if they agree
on some half-line. A Hardy field H is a subfield of the ring (B, +, -) that is closed under
differentiation. A Hardy field function is a function that belongs to some Hardy field.
An example of a Hardy field consists of all logarithmic-exponential functions, that is,
all functions defined on some half-line [c¢, +00) by a finite combination of the symbols
+, —, X, :, log, exp operating on the real variable ¢ and on real constants. Examples
include functions of the form r¢(log r)” for every a, b € R. An important property of
Hardy field functions is that we can relate their growth rates with the growth rates of their
derivatives. The reader can find further discussion about Hardy fields in [14-16, 28] and
the references therein.
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Let f be a Hardy field function. We say that it:
(1)  has at most polynomial growth if f(t)/t™ — 0 for some m € N;
(ii) stays away from polynomials if | f(t) — p(t)|/ logt — o0 for every p € R[¢]; and
(iii) is asymptotically polynomial if f(t) — p(¢t) — 0 for some p € R[¢].
For our purposes, the key property of Hardy field functions that stay away from
polynomials is that they satisfy Lemma 9.6, below. Examples of such functions include:
. t* where a is a positive non-integer;
° t%(log t)b, where a > 0 and b € R \ {0}; and
° t* + (log 1)?, where a e R and b > 1.

9.2. Convergence and recurrence results. The main result of this section is the
following theorem.

THEOREM 9.1. Let d €N and let fi, ..., fg be Hardy field functions with at most
polynomial growth that stay away from polynomials. We define the sequence w: N — C
by

d
w(n) ::e<z fi(ni)), n=(ny,...,ng) eN.

i=1

Then for every system (X, u,Ti,...,Tp), functions Fy,..., Fse L®(u) and
polynomial mappings ﬁ N7z i=1,...,s,
. 1
yim Nd Y wm) Ty Fi-- Iy Fs =0,
ne[N|¢

where the limit is taken in LZ(M).
Remark. Related work for pointwise convergence when d = £ = s = 1 appears in [26].
Using the d = 1 case of the previous result, we deduce, in §9.3, the following corollary.

COROLLARY 9.2. Let f be a Hardy field function with at most polynomial growth. Then
the sequence w: N — C, defined by w(n) :=e(f(n)), n € N, is a good universal weight
for mean convergence of the averages (2.6) if and only if either f is asymptotically
polynomial or f stays away from polynomials.

Theorem 9.1 follows, immediately, from Part (ii) of Theorem 2.4 and the next result.

PROPOSITION 9.3. Let d e N and let f1, ..., fq be Hardy field functions with at most
polynomial growth that stay away from polynomials. Then, for every nilsequence
Vv: N C,

d
. 1 B
lel/{/rjl_)m Ni--- Ny Z e(Z fi(ni)) Y(m) =0.

ne[N]x--x[Ng] i=1

We prove Proposition 9.3 in §9.3.
Next, we give some applications. Note that, for0 <a <b < 1/2and ¢ € [0, 1),

Lo (2D = 1o, (@) 4+ Lj1—p, 1—a) ().
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Since 1. 41(¢) is Riemann integrable for all ¢, d € R with 0 < ¢ <d < 1, for every ¢ > 0,
there exist (1-periodic) trigonometric polynomials P;, P> with zero constant terms such
that

Pi(t) —e <1jea)t) = (d —c) = P2(1) +¢, t€[0,1]. 9.1
Using Proposition 9.3, with 27k; f; in place of f; for k; € Z not all of them zero, for
i=1,...,d, wededuce the following corollary, using the estimate (9.1).

COROLLARY 9.4. Let d €N and let fi, ..., fq be Hardy field functions with at most
polynomial growth that stay away from polynomials. Let a;, bi € R with 0 <a; < b; <
1/2,i=1,...,d,and

S:={(1.....na) eN": | finD € lar, bil. . ... I fana)| € laq. bal}-

Then, for every nilsequence v: N C,
lim 1
N 1S [N]d D, V= lim Nd 2 .

neSN[N]4 ne[N]
We also deduce the following mean convergence and multiple recurrence result.

THEOREM 9.5. Ler S C N be as in Corollary 9.4. Then the density d(S) of S is

(T 26 — a))~" and

(1) the sequence w :=1g is a good universal weight for mean convergence of the
averages (2.6) and the limit of these averages is equal to the limit obtained when

w:=d(S); and
(ii) for every d,t,s €N, polynomial mappings ]7}, ce E;: N — 7% with zero
constant term, system (X, u, Ty, ..., Ty) and set A € X with u(A) > 0,
i 1
Gim =g D0 s pANT 5 AN N T 4) > 0. 9.2)

ne[N¢

Proof. If f is a Hardy field function of at most polynomial growth that stays away from
polynomials, then the sequence (f (n)),en is uniformly distributed mod 1 (see [15]). The
statement about the density of S follows from this fact.

Using Theorem 9.1, with 27k; f; in place of f; for k; € Z not all of them zero, for
i=1,...,d, and the estimate (9.1), we deduce Part (i).

To prove Part (ii) we use Part (i) for f1 = - - = f; = 14, multiply by 14 and integrate
with respect to 1. We deduce that the limit in (9.2) is the same as the one obtained when
the constant sequence d(S) takes the place of 15. The asserted positiveness then follows
from the multiparameter polynomial Szemerédi theorem [13, Theorem 0.9]. O

9.3.  Proof of Proposition 9.3 and Corollary 9.2.  We start with some preliminary facts.
Our assumptions on the functions fi, ..., fz are used via the following lemma.

LEMMA 9.6. Let f be a Hardy field function that stays away from polynomials and
satisfies f(t)/t™ — 0 as t = 400 for some m € N. Let k > m be an integer. Then there
exist real numbers an with ay — 0, polynomials qn € R[t] with deg(qn) < k, positive
integers Ly with Ly /N — 0 and L’I‘V|ocN| — +00, such that

F(N +n)=nfay + gn(n) + ons1oo(1), ne[Ly].
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Proof. This follows by noticing that the proof of [28, Lemma 3.5] applies to all k£ € N with
k > m and then following the argument in the proof of [28, Lemma 3.4]. O

In the proof of Proposition 9.3, we use some quantitative equidistribution results from

[38]. We record here some relevant notions.

° If G is a nilpotent group, then g: N — G is a polynomial sequence if it has the
form g(m) =[]}_, rl.p"("), where, for i=1,...,s, 1€ G and p;: NY - 7 are
polynomials. The degree of the polynomial sequence (with a given representation)
is the maximum of the degrees of the polynomials py, ..., ps.

° For Ny, ..., Ng €N, we say that the finite sequence (g(m) - ex)ne[N,]x--x[Ny] 1S
8-equidistributed in the nilmanifold X if, for every Lipschitz function ¥: X — C

with ||[W]|Lipx) < 1 and /X Vdmy =0,

‘Nl; Z Y(gm)-ex)| <4.

Na e xixiva

° An infinite sequence (g(n) - ex)pene 18 equidistributed in X if, for all ¥ € C(X)
with f x Y dmx =0, (note that the averages below are uniform)

lim Av W (g(n) - ex) =0.

It is totally equidistributed in X if the sequence (1p,x...xp,(M) - g(N) - ex)neN is
equidistributed in X for all infinite arithmetic progressions Py, ..., P; C N.

. The horizontal torus of the nilmanifold X = G/ T" is the compact Abelian group Z :=
G/(G,IM). If G is connected, it is a finite dimensional torus. A horizontal character
is a continuous group homomorphism G — T. It factors through the horizontal torus
and induces a character n: Z — T; when G is connected, it is of the form t — k - t,

where k € Z°, t € T%, s := dim(Z). In this case, we define ||n|| := ||K||;: that is, the
sum of the absolute values of the coordinates of k. . ‘
° If p: N¢ — T has the form p(nl,...,nd)zzjl ’’’’’ G %t jdn{1~--n(]id,, we
define
Ipllcoorn 1x--x[Ng] == max N Nyl

(12 Ja) #(0,...,0)

) If X = G/T is a nilmanifold, then y is a rational element of G if y* € T for some
keN.
We will use the following quantitative equidistribution result.

THEOREM 9.7. ([38, Theorem 8.6] and [39]) Let X := G/ T be a nilmanifold with G
connected and simply connected, d, t € Nand ¢ > 0. There exists M == M(X, d, t, &) >0
such that the following holds: for all Ny, . .., Ny € N greater than M, if g: NY — G is a
polynomial sequence of degree t and (g(M) - ex)ne[N]x---x[Ny] IS N0t e-equidistributed in
X, then there exists a non-trivial horizontal character n such that

O<lnll=M and |noglconx-xing <M.

Remark. For every horizontal character n, the sequence 1 o g is a polynomial sequence in
T of degree at most 7.
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We will use the following elementary result which is a two-dimensional variant of [28,
Lemma 3.3].

LEMMA 9.8. Let a € £°(N?) be such that

1
lim am)=0 9.3
N,N'—+o0 LNLév/ Z , ( ) ( )
ne(N+[LyDx(N'+[L,D

for some sequences of positive integers (L N)NeN, (L/N)NeN that satisfy Ly /N — 0 and
Ly/N — 0as N — 4o00. Then

1

lim a(n) =0.

N,N'—+o00 NN’ Z (n)
ne[NIx[N']

Proof. Let the sequence of positive integers (k;);cn be defined by k1 :=1, ki1 :=ki +
Ly, i € N and, similarly, let the sequence (k});en be defined by k| :=1, k;H =k + L;d’
i e N.For N e N,letiy :=max{i € N: k; < N}and i) :=max{i e N: k] < N}. Then the
rectangles (k;, ki1] % (k;,, kl/.,+1], where i € [iy — 1] and i’ € [i}, — 1], have the form
(k, k+ L] x (k', k' + L7,] and, together with a leftover set E_y’, form a partition of the
rectangle [N] x [N']. The set Ey -’ is contained in the union of the rectangles [N] x
(N’ — L;d , N']land (N — L, » N1 x [N'] and, since k;,, < N and kz{}\, <N’,,

NG

|Ey.n’|l <N max(Ly) + N max(Ly).
k<N’ k<N

Since Ly/N, L)y/N — 0 as N — 400, we get that |[Ey n/|/(NN') - 0 as N, N' —
+00. Using this, the fact that a : N> — C is bounded and our assumption (9.3), we deduce

that
i gy Y e dm oY am=0
im am)= lim a(m)=0.
N,N'—+00c NN’ k,k'—+o00 LkL;(/
ne[N]x[N'] ne(k,k+Li]x (K K'+L},]
This completes the proof. O

Proof of Proposition 9.3. We give the proof for d =2; the proof in the general case is
analogous.
Suppose that the nilsequence v has the form

Yn,n)=W("t"ey), n,n €N,

for some nilmanifold X = G/ T', commuting elements 7, T’ € G and function ¥ € C(X).
By a remark made in §2.1.2, we can assume that the group G is connected and simply
connected. Moreover, we can assume that W is a Lipschitz function with || W || jpx) < 1.
By the infinitary factorization theorem [38, Corollary 1.12] (the same argument works
for sequences in several variables), the sequence g: N> — G, defined by g(n, n’) :=

/ .
"™ n,n’ € N, can be factorized as

gn,ny=¢'mn,n)ym,n), n,neN,

where:
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° g': N> — G is a polynomial sequence on a closed, connected and simply connected
subgroup G’ of G such that X’ := G'/(G’ N T') is a nilmanifold;

° the sequence (g'(n, n') - ex/)n wen is totally equidistributed on X’; and

° the sequence (y (n, n’) - ex)n.nen is periodic and y (n, n’) is a rational element of G
for every n, n’ € N.

Then, for some r € Nand all (i1, i) € {0, ..., r — 1}2, the sequence (y (n, 1) - ex)n.n'eN

is constant in the set rN2 + (i1, i2); say that it is equal to y;, ;, - ex for some rational

element y;, ;, in G. After partitioning N? as a union of such sets, we are reduced to

showing that

lim
N,N'—+o0o NN’

Yo elfrn+in+ frn’ +i2)

ne[N1,n'e[N']
xW(g'(rn+i1, rn’ +i2)vi,.i, -ex) =0
for all (i, i) €{0,...,r — 1}2. Notice that, if & is a Hardy field function of at most
polynomial growth that stays away from polynomials, then, also, ¢ — h(kt 4 ) has the

same property for all k € N and [ € Z. Hence, it suffices to show that if f, f satisfy the
assumptions of Proposition 9.3, then

lim
N,N'—+oc0 NN’

Yo e(fm+ £ (g, n)y -ex) =0, 9.4)

ne[N],n'e[N’]

where g’: N2 — G’ is such that the infinite polynomial sequence (g'(1, n') - ex)p.neN is
equidistributed on X’ and y is a rational element of G.

Let (Ly)neN, (L?V) NeN be sequences of positive integers that will be specified later;
for the moment we only assume that Ly, L;v — +oo and Ly/N, L;V/N — 0 (we will
also impose condition (9.8) later). Using Lemma 9.8, we see that it suffices to show that

im > e(f(N +n)+ f(N'+n)
N,N'—+o0 LNLN/
ne[Ly].n'€[Ly]

xW, (g, (N +n, N' +n')-ex) =0, 9.5

where g, = vy~ !¢’y is a polynomial sequence on G, = y~!'Gy and ¥, € Lip(X) is
defined by Wy, (g - ex) ;=W (yg -ex) for g € G.

In order to prove (9.5), we need to first gather some data. First, we claim that, for
N, N’ € N, the finite sequence

(&' (N +n, N +n') - ex)nelLylnelL

is 8 nv-equidistributed on X’ for some 8y > O that satisfy §y y» — Oas N, N — +o0.
Indeed, if this is not the case, then there exists § > 0, Ny,, N,, = 400 and W, € Lip(X’)
with || Wy, lLipxy < 1 and [y, W, dmy =0, such that

1
—_— > W, (gn,n)-ex)|>8 forallmeN. (9.6)

Ly, Ly
N =N (N Ly DX (Nfy H Ly D

By the Arzela—Ascoli theorem, a subsequence of W, converges uniformly to some Wy €
Lip(X’) with IWollLipcxy < 1 and fX, Yo dmy = 0. Then (9.6) is satisfied for an infinite
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number of m € N with Wy in place of W,, and §/2 in place of é. Since Ly,,, Ly; — +00,
((Nm + [Ln,, D) X (N, + [Ln;, D)men is a Fglner sequence in NZ? and we deduce that

lim Av Wo(g'(n, n') - ex) #0.

This contradicts our assumption that (g'(n, n’) - ex),.wen is equidistributed in X'
From the aforementioned equidistribution property, we deduce, using [30,
Corollary 5.5], that the finite sequence

(g;,(N +n, N' +1n) - ex)nelLylnelLy]

is SQJ’N,—equidistributed, where SEV’N, — 0 as N, N — 400, on the nilmanifold X;/ =
G, /T, where ') :=T NG,

We move now to the proof of (9.5). We apply Lemma 9.6 for the functions f, f/ and
we get sequences (Ly)yen, (Ly)nen satisfying the conditions in the lemma for some
k, k" € N such that k, k' > deg(g,,). After ignoring negligible errors, we deduce that, in
(9.5), we can replace the finite sequences (f (N + n))ne(zy and (f'(N' + n/))n/E[L;v,] by
finite polynomial sequences (py (n))nefr ] and (p’N/(n/)),,/E[L/N,], where

pnn) =rfay +ann),  p)=n*al, + ¢4 ()), n.n’,N,NeN, (9.7)

for some real numbers ay, o)y satisfying ay — 0 and o), — 0, and polynomials gy, g}, €
R[#], N € N, that satisfy

deg(gn) <k, deg(qy) <k, and L¥jan|, L5 lal| — +oo. (9.8)

We claim that the finite polynomial sequence
(pn(n), py ('), g, (N +n, N' +n') - eX)nelLyln'elL),] 9.9)
is 8;(,7N,—equidistributed in the nilmanifold T? x X;, where (SX,’N, —0as N, N - +o0.

Arguing by contradiction, suppose that this is not true. Then there exists § > 0 such that

the sequence (9.9) is not §-equidistributed in T? x X ; for some Ny, N, — +00.
(9.10)
The horizontal torus of the nilmanifold X ;/ has the form T® for some s € N. Then the
horizontal torus of the nilmanifold T x X/, is T2 x T*. Let 7: G — T* be the natural
projection on the horizontal torus of X ;, and let ry n: N2 — T° be the polynomial
sequence defined by ry y'(n, n') := n(gj/, (N +n, N' +n’)). Then

deg(ry. /) < min(k, k') forevery N, N' € N. (9.11)

By Theorem 9.7, we deduce that there exists M > 0 and k,,, k;n ez, k;,/, € Z* such that,
for those N, N/" for which (9.10) holds and are greater than M,

0 < lkm| =+ lky, | + ikl < M 9.12)
and
lkm p,, (1) + k;nP;v;” (") +kyy - TN, (1 n/)”C"o([LNm]x[L;V/ n=M. (9.13)

m
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If k,, =k, =0 for an infinite number of m € N, then &/, is non-zero for an infinite
number of m € N and, using [30, Lemma 5.3], we get a contradiction from the fact
that the sequence (g, (N +n, N' +n’) - ex)ne[LN],n/E[L;w] is 8 y,-equidistributed on the
nilmanifold Xj’,, where S;V’N, —0as N, N - 4o0.

Suppose, next, that k,,, # 0 for a infinite number of m € N. Using (9.13) (note that the
polynomials py and pp depend on different variables) in conjunction with (9.7), (9.8),
(9.11), we obtain that

L]jvm lkman, || <M for an infinite number of m € N.
Since oy — O and 1 < |k,,,| < M, we get that ||k, an, || = |knan,, | > |an, | for an infinite
number of m € N. We deduce that
Llj‘vm lay,, | <M for infinitely many m € N.
This contradicts (9.8). The argument is similar if ), # 0 for an infinite number of m € N.
Hence, the finite polynomial sequence (9.9) is 8}(, yv-€quidistributed in the nilmanifold
T x X ;, where 8}(, y —~>0as N, N " — 4+00. We deduce that the limit in the left-hand

side of (9.5) is equal to

/ e(t) -e(t) - Fy(x) mezxX/y =0,
where the last identity follows because mip2, x;, =mp2 X mx; . This completes
the proof. O

Proof of Corollary 9.2. Let f be a Hardy field function of polynomial growth. We
consider the following three cases.

If f stays away from polynomials, then the conclusion follows from the d = 1 case of
Theorem 9.1 and the corresponding averages converge to zero in L% (j1).

Suppose, next, that f is asymptotically polynomial, that is, f(z) — p(t) — 0 for
some p € R[z]. In this case, the mean convergence of the averages (2.6) follows from
Proposition 2.1 and the well-known fact that sequences of the form n > e(p(n)) are
nilsequences.

Lastly, suppose that f = p + g for some polynomial p € R[¢] and Hardy field function
g that satisfies |g(¢)] — +o0 and [g(¢)| < Clogt for some C > 0 and all sufficiently
large r e R;. Let p(¢) = Zf:o it reR, forsome £ e Nand «f, ..., ap € R. Fori =
1, ..., ¢, we consider the commuting transformations 7;t :=¢ + «;, t € T, acting on T
with the Haar measure m, and the function 2 € L°°(mT) defined by h(t) :=e(—1),t € T.

Then
N

N ¢
% > e(fn) h(l_[ Ti”lt> = e(—1 + ap) % Y e(g(n)) forevery NeN, teT.
n=1 i=1 n=lI

By [28, Proof of Theorem 3.1] (see, also, [16, Proof of Theorem 3.3]), we get that the last
averages do not converge as N — +o0o. Hence, the sequence n — e(f(n)) is not a good
universal weight for weak convergence of averages of the form (2.6), even when s = 1.

If f is any Hardy field function and p € R][¢] is any polynomial, then it is known that
the limit lim,_, y oo (f(t) — p(¢))/ log t either exists or else is +00. Hence, every Hardy
field function with at most polynomial growth is covered in one of the previous three cases
and the proof is complete. O
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A. Appendix. Seminorms on L*°(u) and related factors

Let (X, u, T1, . .., Tp) be a system. We recall, here, the definition and some properties
of the seminorms ||| - [|lx on L% (u) and of the factors Z; defined in [44] for the ergodic
case and in [19] for the general case. These two papers deal only with the case of a
single transformation, the generalization to the case of several commuting transformations
is analogous and is given below.

A.l. The seminorms ||| - |llx. We write Z (7‘)) for the o-algebra of sets invariant under
all transformations 71, . .., T;. For f € L*°(u), we define
—
A= EL(f TZCT DI 20 (A.1)

and, for k € N, we let

2k+1

. — sk

Il £llleg1 == (Lim Avo [l f - T3 £ I (A2)

where, as usual, we use the notation 7+ = ]_[f:l Tl."i for 77 = (ny, ..., ng). By induction,
If Ml <N fllzeeqey forevery k € N.

In case of ambiguity, we write ||| fll,.,x or |||f|||—T> ke If u= f Wy dp(x) is the ergodic

decomposition of @ under 7‘), then, for every f € L°°(u) and every k € N,

I = f A2, 4 dp). (A3)

For f € L*° (), by (A.1),
| [£au| <nsm. (A4)

Writing 7") X 7") for the Z¢-action on X x X induced by Ty x Ty, ..., Ty x Ty,

W @TIG 7 0, = IBuxu(f @ T IZ(T x THIE

xu,1 (X )
2

= lim Av; ‘ / f- Tﬁ?d | by the ergodic theorem

. — —
< limsup AV 1B, (f - T3 f | Z(T D72,

= limsup Av-> || f - T—n>7|||27 u

_ 4
= 171

.1

, by(A)and(A2).

By induction, using the relation (A.2) for the measures u x u and u, we deduce that, for
every k e N,

r 2
1 @ Fll7 7 g S NI (A5)
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A.2. The factors Z;. For k € Z,, the factor Z; of X is characterized by the property
for f € L), Eu(f|2x) =0 ifandonlyif ||f[lx+1=0.

Equivalently,
L®(Z, n) = {f € L™(u): /f -g dp =0forevery g € L(u) with [ glllx+1 = 0}.

In case of ambiguity, we write Z; (X, u, 7‘)).
We say that (X, u, T) is a system of order k if the o-algebra Zj coincides with the
o-algebra X, or, equivalently, if ||| - |||x+1 is @ norm on L ().

PROPOSITION A.1. Let (X, u, 7‘)) be a system of order one and let yu = f Uy din(x) be

—
the ergodic decomposition of u under T . Then for j-almost every x € X, the system
(X, uyx, T) is isomorphic to an ergodic rotation on a compact Abelian group.

Remark. It is not hard to show that the converse also holds.

Proof. Since (X, X, u) is a Lebesgue space, there exists a countable sequence (f;;),eN
of bounded Borel functions (defined everywhere) that is dense in Ll(,u) and in L! (tx)
for every x € X. By [19, Corollary 3.3], there exists a Borel set X; C X with
w(X1) =1, such that, for every x € X; and every n € N, the function f;, belongs to
L®(Z1(X, [y, T)_Z- For x € X1, it follows, by density, theE)every fe Ll(ux) belongs to
L'(X, 2 (Xix’ T)). The o-algebras X and Z1(X, uy, T ) coincide up to uy-null sets
and (X, uy, T ) is a system of order one for p-almost every x € X. It is well known that
an ergodic system of order one is isomorphic to an ergodic rotation on a compact Abelian
group, and the proof is complete. O
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