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ABSTRACT

This thesis is comprised of two main parts. The first part consists of topics in ergodic
theory. In particular, we deal with variations of van der Corput’s difference theorem, van
der Corput sets, strengthenings of Birkhoff’s ergodic theorem, and a generalization of the
notion of uniform distribution. We show that van der Corput’s difference theorem in Hilbert
spaces and in uniform distribution theory is connected to the ergodic hierarchy of mixing
properties. We show that our strengthening of Birkhoff’s ergodic theorem leads to a variety
of weighted ergodic theorems. We generalize the notion of uniform distribution to that
of uniform symmetric distribution, and obtain applications to measure preserving systems.
We add to the known list of equivalent formulations of van der Corput sets, and answer
some open questions from the literature.

In the second part, which is based on joint work with Richard Magner, we give an
almost complete classification of those m,n € N and a,b,c € Z\ {0} for which the equation
ax 4+ by = cw™z" is partition regular over Z \ {0}. This generalizes the result of Bergelson
and Hindman about the partition regularity of the equation x + y = wz. One of the
key ingrendients in the proof of our result is a partial generalization of the Grunwald-
Wang Theorem. We also prove results of independent interest about ultrafilters ¢ over an
infinite integral domain R for which each A € ¢ has substantial additive and multiplicative

structure.
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CHAPTER 1

INTRODUCTION

1.1 Background

Our story begins in 1916 with a theorem of Issai Schur that was one of the first results in

the field now known as Ramsey theory. We use N to denote the set of positive integers.

Theorem 1.1.1 (cf. [Schl6]). For any finite partition N = J;_; C;, there exists some
1<i<randx,y €N for which x,y,x +y € C;.

Schur had proven this theorem in order to show that the equation 2™ + y™ = 2™
(mod p) is solvable for any prime p. 11 years later Bartel L. van der Waerden proved a

theorem similar in spirit to that of Schur’s involving arithmetic progressions.

Theorem 1.1.2 (cf. [Wae27]). For any ¢ € N and any finite partition N = J;_; C;, there
exists some i and a,d € N for which {a +id}:_, € C;.

These theorems naturally lead us to the notion of partition regularity. Letting P(N)
denote the power set of N, a collection F C P(N) \ {0} is partition regular (p.r.) if
for any finite partition N = J;_; C;, there exist some 1 < i < r and some F € F with
F C C;. In these terms we can see Schur’s theorem as the statement that the collection
F = {{z,y,x + y} | x,y € N} is p.r. Similarly, we can see van der Waerden’s theo-
rem as the statement that for any ¢ € N the collection F := {{a +id}{_, | a,d € N}
is p.r. One of the active areas of research in the field of Ramsey theory consists of
finding p.r. collections of sets. In 1928 Brauer proved a common refinement of Schur’s
Theorem and van der Waerden’s Theorem by showing that for any ¢ € N the collection

7= {{d}u{a+id}i_, | a,d € N} is partition regular (cf. [Bra28]). In 1933 Richard Rado
classified those finite systems of linear equations S for which the collection S is p.r. (cf.
[Rad33]). An exposition of all of these results as well as how to obtain the first three results
as a consequence of Rado’s theorem can be found in [GRS13]. While Rado’s theorem can
intuitively be seen as classifying all p.r. families consisting of finite sets with linear struc-
ture, the situation for polynomial structures remains wide open. This is discussed in more

detail in Chapter 6.1. The purpose of Chapter 6 is to contribute to the understanding of p.r.



families of sets with polynomial structure by providing an almost complete classification of
those m,n € N and a,b,c € Z \ {0} for which the collection F(m,n,a,b,c) of solutions to

the poynomial equation ax + by = cw™2" is partition regular (see Theorem 6.1.1).

Our story takes a turn in 1936 with Conjecture 1.1.4 of Pal Erd6s and Pal Turan. To

continue the discussion we first require some terminology.

Definition 1.1.3. Let A C N. The upper density of A is given by

d(A) :limsup%]Aﬂ 1, ]|, (1.1)

N—o0

Conjecture 1.1.4 (cf. [ET36]). A C N contains arbitrarily long arithmetic progressions if

d(A) > 0.

Conjecture 1.1.4 is a density analogue of van der Waerden’s theorem. While density
results always imply the analogous statements in the context of partition regularity, the
converse is not always true. To see this, we observe that the odd integers have a natural
density of % but contain no set of the form {z,y,z + y}, so the density analogue of Schur’s
theorem does not hold.! It wasn’t until 1952 that Klaus Roth answered Conjecture 1.1.4

in the specialized case of 3-term arithmetic progressions.

Theorem 1.1.5 ([Rot52]). A C N contains infinitely many 3-term arithmetic progressions
if d(A) > 0.

A year later, in [Rot53], Roth further refined Theorem 1.1.5 for even sparser sets A.
Progress on Conjecture 1.1.4 laid stagnant for another 16 years before Endre Szemerédi was
able to extend Theorem 1.1.5 to the case of 4-term arithmetic progressions in [Sze69]. It

then took another 8 years before Szemerédi answered Conjecture 1.1.4 in the positive.

Theorem 1.1.6 (cf. Theorem 1.4 in [Sze75]). A C N contains arbitrarily long arithmetic
progressions if d(A) > 0.

2 years later Harry (Hillel) Furstenberg gave a new, dynamical, proof of Szemerédi’s
Theorem. Consequently, our story takes a turn into the world of measure preserving systems

and ergodic theory.

Definition 1.1.7. A measure preserving system (m.p.s.) (X, B, u,T) is a probability
space (X, B, ) along with a measurable transformation T : X — X satisfying u(T—1A) =
w(A) forall A € A.

nterestingly, if one allows for a broader interpretation of “density analogue”, then such a generalization
of Schur’s theorem is proven in [Ber86].



Furstenberg proved the following multiple recurrence theorem that is equivalent to Sze-

merédi’s theorem.

Theorem 1.1.8 (Theorem 1.4 in [Fur77]). Let (X, #,u,T) be a m.p.s. and B € B with
w(B) > 0. For any integer k > 1 there exists n € N for which

w(BNT"BNT*Bn-..nT~*k1np) > 0. (1.2)

To derive Szemerédi’s theorem from the multiple recurrence theorem, Furstenberg in-
troduced a powerful correspondence principle that now bears his name (Theorem 1.1 in
[Fur77]). We provide a variant of Furstenberg’s correspondence principle that is better

suited for our discussion.

Theorem 1.1.9 (Theorem 1.8 in [Ber96]). If A C N is such that d(A) > 0, then there
exists a m.p.s. (X,B,u,T) and some E € B with u(E) = d(A), such that for any k € N

and any ni,--- ,ni € N we have

dAN(A—n)N---N(A—mp))>uw(ENT ™MEN---NT "™E). (1.3)
It is also worth mentioning that Furstenberg’s multiple recurrence theorem is a gen-
eralization of a classical recurrence theorem of Henri Poincaré. Poincaré proved Theorem

1.1.10 while studying stability in celestial mechanics (see Section 8 of [Poi90] or [Ber00]).

Theorem 1.1.10 (Poincaré recurrence). For any m.p.s. (X, #,p,T) and any A € B with
wu(A) > 0 there exists n € N for which p(ANT~"A) > 0.

We observe that the Poincaré recurrence theorem has the following combinatorial ana-
logue: If A C N is such that d(A) > 0, then there exists n € N for which d(AN(A—n)) > 0.
Both results can be proven by using the pigeonhole principle. Furstenberg and Andras
Sarkozy independently proved refinements of Poincaré’s recurrence theorem and its combi-

natorial analogue by showing that the return time n can be taken to be a perfect square.

Theorem 1.1.11 (Proposition 1.3 in [Fur77]). For any m.p.s. (X, 2B, u,T) and any A € B
with (A) > 0 there exists n € N for which p(ANTA) > 0.

Theorem 1.1.12 (cf. [S4&r78]). If A C N is such that d(A) > 0, then there exists n € N
for which d(AN (A —n?)) > 0.

Furstenberg’s dynamical approach to Szemeredi’s theorem spawned the field that is
now known as Ergodic Ramsey Theory. This has resulted in a multitude of results about

recurrence whose combinatorial analogues still do not have an independent proof. As an
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example, we mention a special case of a result of Vitaly Bergelson and Alexander Leibman
that is a common refinement of the multiple recurrence theorem and the Furstenberg-

Sarkozy theorem.
Theorem 1.1.13 (cf. [BL96]). Polynomial Szemerédi Theorem.

(i) If (X, B, u,T) is a m.p.s. and {p;(x)}r_, C Z[x] is a family of polynomials satisfying
p(0) = 0, then for any E € £ with u(E) > 0 there exists n € N for which

wWENTPWEN... AT P E) > 0. (1.4)

(i) If A C N is such that d(A) > 0 and {p;(z)}_, C Z[z] is a family of polynomials
satisfying p(0) = 0, then there exists n € N for which

d(AN(A—=pi(n))N---N (A= pi(n))) > 0. (1.5)

Many novel tools were needed for the proofs of the multiple recurrence theorem, the
Furstenberg-Sarkozy theorem, and the polynomial Szemerédi theorem. One of those tools
is the van der Corput difference theorem (vdCdt) and its many variations. Johannes
Gualtherus van der Corput introduced the first form of the vdCdt in [Cor31]. To state
the first vdCdt we first require a definition.

Definition 1.1.14. A sequence (z,)22, C [0,1] is uniformly distributed if for any
0<a<b<1 we have

1
im —[{1<n< =b—a. .
Jim S{l<n< N|zp€(ab)}f=b-a (1.6)

Theorem 1.1.15 (vdCdt, Theorem 1.3.1 in [KN74]). If (x,)5; C [0,1] is a sequence
for which (xp4n — )52, (mod 1) is uniformly distributed for all h € N, then (x,)% is

uniformly distributed.

2,00

A classical application of vdCdt is to show that for @ € R\ Q the sequence (n°a)>2,;
(mod 1) is uniformly distributed in [0, 1], which is a fact used in Furstenberg’s proof of
Theorem 1.1.11. In [Ber87] Bergelson introduced several variations of vdCdt for bounded

sequences of vectors in a Hilbert space, one of which we introduce below.

Theorem 1.1.16 (Theorem 1.4 in [Ber87]). Let H be a Hilbert space and (x,)5>; C H a

bounded sequence. If



N

.1
]\}gnoo N nz::l@fn-l-ha Tn) =0 (1.7)

for all h € N, then

1

N
Jim I 3l =0 (18)

The subject of Chapter 2 is to prove new variations of Theorems 1.1.15 and 1.1.16,
and to show that these new variations are connected to the ergodic hierarchy of mixing

properties of a m.p.s. (cf. Definition 2.5.2).

There are many results about recurrence other than Theorem 1.1.11 that are proven
using tools from the theory of uniform distribution. In Chapter 4 we investigate a curious
generalization of the notion of uniform distribution which we call uniform symmetric distri-
bution (Definition 4.1.4) and show that it too is associated with the study of recurrence (cf.
Theorem 4.2.1). We also prove a version of vdCdt using uniform symmetric distribution
(see Theorem 4.2.9).

In order to connect Chapter 3 to our story we will now discuss some other ergodic

theorems. We begin with the mean ergodic theorem of John von Neumann from [Neu32].

Theorem 1.1.17. Let (X, B, 11, T) be a m.p.s., let Up : L*(X, u) — L?(X, 1) be the unitary
operator given by Urf := foT, and let Pr denote the orthogonal projection onto the closed

subspace

I:={ge L*(X,n) | Urg = g}. (1.9)

Then for any f € L*(X, ),

N—-1

. 1 n
Jim Z:jo Ut f = Prf, (1.10)

with convergence taking place in the norm topology.
The mean ergodic theorem played a part in the proofs of many of the multiple recur-

rence theorems mentioned so far. To further illustrate this connection, we observe that

Furstenberg derived Theorem 1.1.8 from a stronger result that we will now state.
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Theorem 1.1.18 (Theorem 11.13 in [Fur77]). If (X, %,u,T) is an ergodic’ m.p.s. and
f e L>®(X,p) is such that f >0 and f is not a.e. 0, then for any k € N,

lim inf

N
N-M—oo N — M 2 /}(f-U%f---U;(k_l)fdu>o' (1.11)

n=M+1

Another classical ergodic theorem was proven by George David Birkhoff in [Bir31].

Theorem 1.1.19. Let (X, %, 11, T) be a m.p.s., and let f € L'([0,1], 1). For a.e. v € X,

we have

lim — > H(T") = £ (a), (1.12)

where f*(z) € LY(X, p) is such that f*(Tx) = f*(z) for a.e. € X and [y f*du = [y fdp.

While Birkhoff’s ergodic theorem is not as commonly used as von Neumann’s ergodic
theorem when studying recurrence, it is still a subject of great interest in ergodic theory.
The subject of Chapter 3 is to prove strengthenings of Birkhoff’s ergodic theorem when
additional assumptions are made about which level of the ergodic hierarchy of mixing the
m.p.s. (X, %, u,T) belongs to.

In Chapter 5 we study notion of van der Corput sets introduced by Teturo Kamae and
Michel Mendes France in [KMF78].

Definition 1.1.20. R C N is a van der Corput set (vdC set) if for any (x,,)7>; C [0, 1]
for which (Tpipn — xn)02, is uniformly distributed for all h € R we have that (xy)3, is

uniformly distributed.

Kamae and Mendes France showed that vdC sets are related to recurrence while Imre
Ruzsa showed in [Ruz84] that vdC sets have connections with harmonic analysis. It was
also shown by Marina Nincevié¢, Braslav Rabar, and Sinisa Slijepcevi¢ in [NRS12] that vdC
sets are connected to a notion of recurrence in Hilbert spaces that they refer to as operator
recurrence (see Definition 5.1.4(v)). We will prove similar results to those just mentioned
for some variations of vdC sets that are introduced in [BL08]. We will also show that
vdC sets have connections with the results of Chapter 2.2 as well as the notion of uniform

symmetric distribution.

2A m.p.s. (X,4%,p,T) is ergodic if the A € % for which u(T *AAA) = 0 also satisfy u(A) € {0,1}.



1.2 Overview

In Chapter 2 we investigate variations of vdCdt in Hilbert spaces as well as the theory of
uniform distribution and show that they are connected to the ergodic hierarchy of mixing
properties. In Chapter 3 we show how Birkhoff’s ergodic theorem can be strengthened
when additional assumptions are made about the mixing properties of the underlying m.p.s.
(X, B, u, T). We do this in the more general set up of Hilbert space-valued functions rather
than complex-valued functions so that the connections with Chapter 2 become clearer.
In Chapter 4 we introduce and study the notion of uniform symmetric distribution. We
also show many ergodic theorems involving uniform distribution have analogues involving
uniform symmetric distribution. In Chapter 2 we add to the known list of equivalent
formulations of van der Corput sets. We also answer some open questions from the literature
regarding van der Corput sets, and we show how they connect to the results from Chapters
2 and 4. In Chapter 6 we give an almost complete classification of those m,n € N and
a,b,c € Z\ {0} for which the equation ax + by = cw™z" is partition regular over Z \ {0}.
Many tools from Ramsey theory and number theory are needed to prove the aforementioned
result. In particular, we prove a partial generalization of the Grunwald-Wang theorem, and
we extend many classical results about ultrafilters over N to ultrafilters over an integral

domain R.



CHAPTER 2

ENHANCEMENTS OF VAN DER CORPUT’S DIFFERENCE THEOREM
AND CONNECTIONS TO THE ERGODIC HIERARCHY OF MIXING
PROPERTIES

2.1 Introduction

In [Cor3l] J. G. van der Corput proved Theorem 2.1.1 which is now known as van der
Corput’s Difference Theorem (henceforth abbreviated as vdCDT).

Theorem 2.1.1 (Theorem 1.3.1 in [KN74)). If (x,)22, C [0,1] is a sequence for which

n=1
(Tpan — xn)22 (mod 1) is uniformly distributed for all h € N, then (x,)5%, is uniformly
distributed.

In Ergodic Theory, the following Hilbertian analogues of Theorem 2.1.1 were introduced

by V. Bergelson in [Ber87] and are of great use.

Theorem 2.1.2. Let H be a Hilbert space and (x,)22; C H a bounded sequence of vectors.

(i) If for every h € N we have

X N

J\}gnoo N7§<xn+h,xn> =0, then hm H— gan =0. (2.1)

(ii) 1If
N

lim li =0, th l — = 2.2

Jim 1]Ian;10p z:: Tpth, Tn)| = 0, then im_ || Z_:lan 0. (2.2)
(iii) If

N |
ngnoo = Z:lh]{fn—?ctlop Z<$n+h,l‘n> =0, then A}E)noo Hﬁnz::lan =0. (2.3)

8



See [Ber96], [BL96], [FLWO06], [EW11], and [Fur81] for some examples of applications
of parts (i), (ii), and (iii) of Theorem 2.1.2 in Ergodic Theory, and see [BM16] for a survey
of modern developments regarding vdCDT and its many variations. We point out to the
reader that item (iii) of Theorem 2.1.2 implies items (i) and (ii), which begs the question
of why one would ever use items (i) and (ii). To answer this question, we will show a
correspondence between the variants of vdCDT appearing in Theorem 2.1.2 and the er-
godic hierarchy of mixing. In particular, we will show that Theorem 2.1.2(i) corresponds to
Lebesgue spectrum (cf. Corollary 2.2.17), Theorem 2.1.2(ii) corresponds to strong mixing
(cf. Corollary 2.2.15), and Theorem 2.1.2(iii) corresponds to weak mixing (cf. Corollary
2.2.11). Using this correspondence we will prove new variants of vdCDT corresponding to
ergodicity (cf. Corollary 2.2.9) and mild mixing (cf. Corollary 2.2.13). We remark that
a connection between forms of vdCDT that do not use Cesaro averages and the ergodic
hierarchy of mixing was already observed in [Tsel6]. We also remark that our methods
apply when taking averages over Fglner sequences (V)72 ; other than ([1, N])R_;, but we

do not pursue this level of generality for the sake of concreteness.

In Section 2.2 we show how one can use a given Hilbert space H to construct a new
Hilbert space 7 whose elements are sequences of vectors from H. We then define various
classes of mixing sequences of vectors from H associated to various levels of the ergodic
hierarchy of mixing (cf. Definition 2.2.5). We show that a sequence of vectors in H is one
of our mixing sequences if and only if it is a mixing element of .7 (cf. Definition 2.2.4)
under a certain unitary operator induced by the left shift. We are then able to prove the
results that are mentioned in the previous paragraph by showing that different variations

of vdCDT produce different classes of mixing sequences.

In Section 2.3 we begin by showing that any of the (possibly unbounded) mixing
sequences appearing in Definition 2.2.5 have Cesaro averages that converge strongly to 0
(cf. Lemma 2.3.1(iii)-(iv)), which is what allows us to conclude that that the results in
Section 2.2 are generalizations of the results appearing in Theorem 2.1.2. We then proceed
to analyze additional properties of these mixing sequences such as which of their weighted

Cesaro averages converge strongly to 0 (cf. Theorem 2.3.9).

In Section 2.4 we obtain applications to the Theory of Uniform Distribution by
strengthening the result of Theorem 2.1.1, and by producing 4 new variants of vdCDT for
uniform distribution that correspond to different levels of the ergodic hierarchy of mixing.
2 of our new vdCDTs (cf. Corollaries 2.4.18 and 2.4.22) have a correspondence to Theorem
2.1.2(ii) and Theorem 2.1.2(iii) like that of Theorem 2.1.1 and Theorem 2.1.2(i). Similar to

what we did in Section 2.2, we define various classes of mixing sequences in [0, 1] (cf. Defi-

9



nition 2.4.6) and show that each of our new vdCDTs for uniform distribution produces one
of these mixing sequences. We also show that each of these mixing sequences are uniformly
distributed along many subsequences (cf. Theorem 2.4.9). Interestingly, we are unable to
find a clear correspondence between Theorem 2.1.2 and mixing sequences in [0, 1] (cf. Re-
mark 2.4.25), but we are able to show that (2,45, 7,)3%; C [0, 1]? is uniformly distributed
for all h € N if and only if (z,,)22; C [0, 1] is sufficiently mixing (cf. Theorem 2.4.26).

In Section 2.5 we review the Ergodic Hierarchy of Mixing for measure preserving
systems (cf. Definition 2.5.2) and show how the mixing sequences from Definition 2.2.5 can
be used to characterize various levels of this hierarchy (cf. Theorem 2.5.3). We then obtain
applications to recurrence in measure preserving systems and give a partial answer to a
question of N. Frantzikinakis from [Fra22]. We conclude this with a generalization of the
main result N. Frantzikinakis, E. Lesigne, and M. Wierdl from [FLWO06].

In Section 2.6 we compare the notions of mixing sequences that we introduce in
Definition 2.2.5 with those introduced in [BB86]. Section 2.7 is a review of basic definitions
and properties of IP-sets and IP* convergence, which are notions that will be used through-
out the paper when discussing mild mixing and rigidity. We also review some properties of

ultrafilters, which will only be used in the proof of Lemma 2.3.6(iii).

2.2 Extensions of van der Corput’s Difference Theorem in Hilbert Spaces

We will now view van der Corput’s Difference Theorem from a Hilbertian point of view that
is different from Theorem 2.1.2. First, we need to construct the new Hilbert space .7# that
we will be working with from a given Hilbert space . We will let || - || and (-, -) denote the
norm and inner product on H while letting || - ||+ and (-, -)» denote the norm and inner

product on 7. We denote the collection of square averageable sequences by

N
SA(H) == {(fu)3s € M | timsup - Y 15 < oo}, (2.4)

n=1

and we denote the collection of uniformly bounded sequences by

UBH) :={(fa)n1 CH | ilé%l\fnl\ < 00} (2.5)

Let (frn)oq, (gn)o>; € SA(H) and observe that

10



N

Z<fna gn)

n=1
1 , 1 ) 3
<{ limsup — f lim sup — g < 00.
(N%O N;H nH) (N%O Nﬂ;l\ nl|

It follows that we may use diagonalization to construct an increasing sequence of positive

) 1
lim sup —
N—oo

1
-1 1 _ 2.6
<timsup = 37 1full - llgnll (2:6)

1
2

integers (Ng)g2, for which

1
qlggo ﬁq ;<xn+ha Yn) (2.7)
exists whenever (z,,)0% 1, (Yn)ozy € {(fn)o1, (9n)52;} and h € N. We can now construct a
new Hilbert space 7 = J((fn)nZr, (9n)nZr, (Ng)gZa) from (fn)ply, (9n)piy and (Ng)gZs
as follows. For all (z,,)02 1, (yn)o2y € {(fn)21, (9n)22,} and h € N, we define

N,
N R
(@ntn)pets Yn)per ) or = qlggo ﬁq z:1<$n+h,yn>- (2.8)
=
We see that (-, -) 4 is a sesquilinear form on ¢ = Spanc ({(fr+n)521 } 721 U{(Gntn) o1 152 1)-
Letting

H" ={(en)s> € SAMH) |V € >0 3 (hy(e))s, € A sit. (2.9)
1
h;gigp N, nz::l llen — hn(€)]|? < €}, and
1
S = {(@n)iZs € SAM) | lim <= > |lznll* = 0}, (2.10)
4 pn=1

we see that 2" /S is a pre-Hilbert space. We will soon see that 7" is sequentially closed un-
der the topology induced by (-, ) (cf. Theorem 2.2.1), so we define .72 (( )1, (9n)221,
(Ng)g2y) = H"]S. We call H((fn)nl1, (gn)nzys (Ng)gZ1) the Hilbert space induced by
((fa)nZ1s (gn)nz1, (Ng)g21), and we may write # in place of 7((fn)nZ1, (9n)nz1, (Ng)gZ1)
if ((fn)nz1s (9n)nz1s (Ng)g2q) is understood from the context.

For (fn)nZ1s (gn)nzy € SA(H) we say that ((fn)pZi, (9n)nz1, (Ng)g21) is a permissible
triple if 77°((frn)n21, (gn)nz1, (Ng)gy) is well defined. Whenever we write 72°((fn)n21, (9n)nz1,
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(Ng)g2y), it is implicitly assumed that ((fn)nl1, (9n)nz1, (Ng)g21) is a permissible triple.
We say that ((fn)nZ1, (9n)nz1; (Ng)g21) is a weakly permissible triple if

li ! S 2.11
qi{goﬁqngl<fn+hvgn> ( )

exists for every h € N. Given (z,,)52; C H for which (z,,)52, € J#", we may view (x,,)22,
as an element of J# by identifying (z,,)72 ; with its equivalence class in .#"/S.

Our applications in sections 2.4 and 2.5 will only require results about U B(#). Nonethe-
less, we are required to work with SA(H) so that we may construct the Hilbert space J#.
To see that this is the case, let us consider the collection of sequences {&,}5_; C UB(C)
given by &y = 0if n # 0 (mod m%) and &, , = m if n =0 (mod m®). We see that

N

lim l Z <£m1,n+h7 gmg,n> (212>

n=1
exists for all mi,ma,h € N, so {{n}oo_; C H# = H(&1,82,(n)s2;). We also see that
1l = 15, 50 € := X021 & € 7\ UB(H).
We will now verify that J# is a Hilbert space by verifying that it is complete.

Theorem 2.2.1. Let H be a Hilbert space and ()51, (gn)o2q € SA(H). Let ((fn)22q,
(gn)n:17(Nq)q:1) be a permissible triple and ¢ = %”((fn)nzl,(gn)nzl,(Nq)gil). If
{(&nm)Sq 15y C A" is a Cauchy sequence, then there exists (£,)22, € " for which

i (JE& N, - Z [€nm — w) =0. (2.13)

In particular, 7€ is a Hilbert space.

Proof. We proceed by modifying the proof of the main result in section §2 of chapter II of
[BF45]. Let (€,)5—; be a sequence of real numbers tending to 0 for which

qli)rgo F Z "gnm gn,kHZ < €m (214>

whenever k& > m. By induction, let Tp = Ny = 0 and let (T3,,)5°_; € N be such that
conditions (i)-(iii) below hold.

12



(i) For every m > 1, every k > m, and every T' > T},

Nt
1
NfT; 1€n: = Enml[* < €m. (2.15)

(ii) For every m > 1 and every k > m

1 i’
EV AN Z an,k - fn,m”2 < €m- (2.16)
N, = N1y, n=Nr,_,+1
(iii) For every m > 1
1 m—1 NTj
N Z Z |1€nj — fn,mHQ < €m- (2.17)

Tm j=1 n=Nrp,_,+1

Now let us define (&,)5%; by &, = &,,m where m is such that N, , <n < Np,.. To
conclude the proof, we note that for m > 1, k > m, and Tp_1 < T < T} we have

Nt
n=1
m—1 NTj k—1 NTj Nt
=3 Y ei—GmlP+Y X lam &l Y [wm &l
j=1 n=Nr,_, +1 j=mn=Nr,_,+1 n=Nr,_,+1
k—1 Nt
<N, €m + Z (NTj - Tj_l)em + Z ||£n,k - gn,m||2
j:m n=1

SNTk,lem + Nréem < 2N7ep,.
]

Lemma 2.2.2. Let H be a Hilbert space and (fn)22 1, (gn)ory € SA(H). If (fn)221, (gn)51,
(Ng)g21) is a permissible triple and 7 = H((fn)p1, (gn)net1, (Ng)g1), then for all M >0

By = {(zn)o2q € | ||zn]| < M V neN} (2.19)
is compact in the weak topology of .

13



Proof. Since

B(M) :={(zn)pzy € A | [|(zn)nzllw < M} (2.20)
is known to be a compact set as a consequence of the Banach-Alaoglu Theorem and Bys C

B(M), it suffices to show that By is closed in the weak topology. To this end, let (z,,)22; €
BS, be arbitrary. We see that there exists € > 0 for which

A:={neN||z,||>M+¢€} (2.21)

satisfies lim sup,_, NL\[l Ny N Al > 0, otherwise the equivalence class of (x,)52 in J#
would contain an element of Bys. Let (M;)o2; be such that limg 00 10 s [1, Mgl N Al > 0,

and let (M,)72; be a subsequence of (M)22; for which

1 L
Fyn)iZy = lim — > (Yn, La(n)zn) (2.22)

—00
¢ 4 n=1

exists for all (y,)02; € . We see that F uniquely extends to a continuous functional on
all of 7. We now see that if (y,,)>2, € Bys then

[E((@n)nZa] = [F(yn)nZy)] (2.23)
Mq Mq
:qlggo M. ;(xm La(n)wy)| — qliH__}O ﬁq ngl@m La(n)zy)

M,
N

> lim fZ La@llen* = Jim 3 > La@lkenl] -l
n=

q—oo M
n=1
M, 1 My
_qlgglonlﬂA Nzall(lzall = [lyall) > lggonl]lA )(M + €)e > 0.
n= n=

O

Remark 2.2.3. Let H be a Hilbert space. Let (fu)plq, (9n)nz; € H and (N,)o2; be such
that ((fn)nZ1, (9n)nz1s (Ng)g21) is a permissible triple. The left shift .S : 7 — 2 defined
by S((2,)521) = (n41)52, for all (z,)22, € H#' extends to an operator on J# that
we again denote by S. Since (S((n)521), S((Yn)o21)) e = (n)221, (Yn)oly) . for all
()22, (Yn)S2, € A, we see that S is a unitary operator on . This allows us to
classify sequences in H that correspond to elements of (#,S) from different levels of the
hierarchy of mixing. Since we naturally have that Z C J¢ and that S preserves uniform
boundedness, we may also consider S as a unitary operator on %. To this end, we begin

by recalling some vocabulary regarding the ergodic hierarchy of mixing.
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Definition 2.2.4. Let H be a Hilbert space, U : H — H a unitary operator, and f € H.

(i) f is an ergodic element of (H,U) if for all g € H we have

N

lim % > (U™ f.g)=0. (2.24)

N—o0
n=1

(ii) f is a weakly mixing element of (H,U) if for all g € H we have

Jim - Z| U"f,g) : (2.25)

(iii) [ is a mildly mizing element of (H,U) if for all g € H we have

IP* — lim (U"f,g) = 0. (2.26)

n—oo

(iv) f is a strongly mixzing element of (H,U) if for all g € H we have

lim (U"f,g) =0. (2.27)

N—o0

If H and U are understood from the context, then we may omit (H,U) and say (for ezample)

that f is a weakly mixing element.
Definition 2.2.5. Let H be a Hilbert space and (f,)52; € SA(H).

(i) (f2)52 is a completely ergodic sequence' if for all weakly permissible triple of the
form ((fn)az1, (gn)nz1s (Ng)gZ1), we have

Nq
Jim E Z lim — nzl frsh,gn) = 0. (2.28)

(ii) (fn)22, is a nearly weakly mizing sequence if for all weakly permissible triple of
the form ((fu)r, (9n)751, (N3 ), we have

1 I 1
g 2o, 5 3 (e g0)| = 0. (2.29)

1See the appendix for a comparison of our definitions of completely ergodic sequences, nearly weakly
mixing sequences, and nearly strongly mixing sequences with the definitions of ergodic sequences, weakly
mixing sequences, and strongly mixing sequences given in [BB86].
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(iii) (fn)32, is a nearly mildly mizing sequence if for all weakly permissible triple of
the form ((fu)nZz1s (gn)nz1, (Ng)g21), we have

N,
. 1 S
IpP* — lim qlggoﬁqéﬁwh,gm = 0. (230)

(iv) (f.)5, is a nearly strongly mizing sequence' if for all weakly permissible triple
Of the form ((fn)n:la (gn)nzl’ (Nq)q:1)7 we have

1
lim lim N, > {fashrgn) = 0. (2.31)

h—o00 q—0
n=1

(v) (fn)2, is a nearly orthogonal sequence if for all permissible triple of the form
((fn)zozb (gn)zozla (Nq)(c;ozl), we have

2
oo Nq
: 2
hZ_O qlilﬁ}oﬁq;:l:(fmmgm < (qlggloN E |9l ) (qllgloN § :llfnll ) (2.32)

Remark 2.2.6. We see that if (f,)52; C H is a nearly weakly (strongly) mixing sequence
if and only if for all permissible triple of the form ((fn)pZ1, (gn)nz1, (Ng)g21), (fn)ny is
a nearly weakly (strongly) mixing element of (J((fn)nZ1, (9n)nz1, (Ng)g21), S). Further-
more, we will see that if U : H — H is a unitary operator, then for all f € H, (U"f)2, is
a nearly weakly (strongly) mixing sequence if and only if U is a nearly weakly (strongly)

mixing unitary operator.

Remark 2.2.7. Nearly orthogonal sequences display mixing properties similar to that of an

orthornomal set {e,}52; in a Hilbert space H. We recall that for all x € H, we have

S (e en)? < Mijz|P, (2.33)

n=1

where M is an upper bound of the sequence {||e,||}72;. We now see that if (f,)0%; C H is
a nearly orthogonal sequence, then for all permissible triple of the form ((f,)>2, (gn)nzl,
(Ng)g21) and A = F((fn)nZrs (9n)nzrs (Ng)gZi), we have

Y (S ((fa)ntn)s (gn)aa)or < MlI(gn)o2a |5 (2.34)
h=1
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It follows that (f)52; exhibits mixing properties similar to that of an orthonormal set of
vectors, however, it should be noted that there exist sets of vectors that are not orthonormal,
but are still nearly orthogonal. For example, if {e,}5°; C H is a bounded orthonormal set
as before, then the sequence (f,)32; given by f, = 3(e, + en41) satisfies equation (2.34)
with M = 2, but is not an orthogonal set.

We are now ready to state and prove some of the main results of this paper.

Theorem 2.2.8. Let H be a Hilbert space and let (f,)52 1 € SA(H). (fn)52; is a completely
ergodic sequence if and only if for all permissible triple of the form ((fn)pZy, (fn)nz1, (Ng)g21)

we have
Nq
Am E Z qlggo ﬁ Z:l foths fn) = 0. (2.35)

Proof. If (f,)52 is a completely ergodic sequence, then the desired result follows imme-
diately. Now let us show that (f,)s2; is a completely ergodic sequence if equation (2.35)
is satisfied. Let (gn)p2y C H and (Ng)g2; € N be such that ((fn)pZ1, (9n)nz1s (Ng)g21)
is a weakly permissible triple. By passing to a subsequence of (Nq)gi
may assume without loss of generality ((fn)pZy, (gn)nz1, (Ng)g21) is a permissible triple,
so may define S = J((fn)pZ1, (gn)nzt1, (Ng)gZ1)- Let S : H# — H denote the unitary
operator induced by the left shift. Let # = . @ .# 1, where .% := {£ € A# | S¢ = £} and
It =cl({€ - S¢ | € € s#}) (cf. Theorem 2.21 in [EW11]). Let (f,)32; = & + & with
& € S and & € S L Noting that .# and . L are invariant under S and that equation

(2.35) can be restated as

1 if necessary, we

H

1
0= lim — Igl((fmh)?f:u (fr)nz1)re (2.36)
~ Jim o 3 S™(fn)2 o0 2.37
= Jim — hZ::l< (fa)nzts (fa)nr) e (2.37)

1 H
= Jim g7 X (187660 + (56 2)r) (2.38)
1 H
=ll&illZ + Jim = > (8", &a)or = [l&1]15 (2.39)
h=1

we see that (f,)3%, € #*. It follows that
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H

R T 1 h 00 00
0= lim ;w ()31, (9n)22) v (2.40)
Nq
= Jim - Z i, ﬁ Z Fashs Gn)- (2.41)

Since (gn)pey and (Ng)g2y were both arbitrary, we see that (f,);2, is a completely ergodic

sequence. ]

Our next corollary can be seen as a generalization of the variant of vdCdt appearing in
page 445 of [BL02].

Corollary 2.2.9. Let H be a Hilbert space and let (z,,)02; € H be a bounded sequence. If
1

limsup lim sup NI
fmoo e (hyn)€[1,H) x[1,N]

(Tnth, zn)| =0, (2.42)
then (z,)22, is a completely ergodic sequence.

and all bounded

sequences are contained in SA(H). O

Proof. Equation (2.42) implies equation (2.35) for any sequence (Ng)o2,

Theorem 2.2.10. Let H be a Hilbert space and let ()02, € SA(H). (fn)e, is a nearly
weakly mizing sequence if and only if for all permissible triple of the form ((fn)o1, (fn)Se1,

(Ng)g21) we have
1 & 1
Bt o "

Proof. If (f,)92 is a nearly weakly mixing sequence, then the desired result follows imme-
diately. Now let us show that (f,)s2; is a nearly weakly mixing sequence if equation (2.43)
is satisfied. Let (gn)pZ; € H and (Ng)o2; € N be such that ((fn)nl1, (9n)nz1, (Ng)g2) is
a weakly permissible triple. By passing to a subsequence of (Nq)gozl if necessary, we may
assume without loss of generality ((fn)nZ1, (9n)nz1, (Ng)g21) is a permissible triple, so may
define 7 = J((fn)nl1, (gn)nzrs (Ng)gly)- Let S @ 7 — H denote the unitary operator
induced by the left shift. From equation (2.43) we see that

lim ZI (SM(()3), (F)2s)oe] =0, (2.44)

H—)oo
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0 (fnin)22; is a weakly mixing element of (J#,U) by Lemma 3 of [R58]. It follows that

N,
1 q
_ h
0= }}1111 E [(S™"((fr)mets (gn)pe) | = hm E |qhm —nE:1<fn+h,gn>|. (2.45)

Since (gn)nZq and (Ng)g2; were both arbitrary, we see that (f,);2; is a nearly weakly

mixing sequence. [

Corollary 2.2.11. Let H be a Hilbert space and let (f,)22; € H be a bounded sequence. If

lim — Z lim sup|—

H—oo H —1 N—oo

Z(fn+h: fn)

-0, (2.46)

then (fn)o2; is a nearly weakly mizing sequence.

Proof. Equation (2.46) implies equation (2.43) for any sequence (Ng)z2;, and all bounded

sequences are contained in SA(H). O

Theorem 2.2.12. Let H be a Hilbert space and let ()52, € SA(H). (fn)S, is a nearly
mildly mizing sequence if and only if for all permissible triple of the form ((fn)51, (fn)o2q,
(Ng)g21) we have

Ny

1
qg% ﬁq z<fn+h7 fn>

n=1

IP* — lim

h—o0

= 0. (2.47)

Proof. If (fn)22, is a nearly mildly mixing sequence, then the desired result follows imme-
diately. Now let us show that (f,,)52 is a nearly mildly mixing sequence if equation (2.47)
is satisfied. Let (gn)pZ; € H and (Ng)gZ; € N be such that ((fn)nl1, (9n)nz1, (Ng)go) is
a weakly permissible triple. By passing to a subsequence of (N, )20 1 if necessary, we may
assume without loss of generality ((fn)nZ1, (9n)nz1s (Ng)g21) is a permissible triple, so may
define 7 = J((fn)pl1, (gn)ne1s (Ng)g2y)- Let S+ # — J denote the unitary operator
induced by the left shift. From equation (2.47) we see that

TP — T (8™ ()30, ()i ] = 0, (2.48)

SO (frntn)22 is a mildly mixing element of (,U) by Lemma 9.24 of [Fur81]. It follows
that

0=1IP* — lim [(S"((fn)2Zy, (gn)nr) 7| (2.49)
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N,
=1IP" — hm | lim N. E (frths Gn)l- (2.50)
q

— 00
—0o0 g n—1

Since (gn)nZy and (Ng)g2, were both arbitrary, we see that (f,);2; is a nearly mildly

mixing sequence. OJ

Corollary 2.2.13. Let H be a Hilbert space and let (fn)o>; C H be a bounded sequence. If

1 N
IP* — lim |1 - o ) =0, 92.51
Jim. lﬁffopzv;lg by [ (2.51)

then (fn)22, is a nearly mildly mizing sequence.

Proof. Equation (2.51) implies equation (2.47) for any sequence (Ng)g2;, and all bounded

sequences are contained in SA(H). O

Theorem 2.2.14. Let H be a Hilbert space and let ()52, € SA(H). (fn)S, is a nearly
strongly mizing sequence if and only if for all permissible triple of the form ((fn)5 1, (fn)S2
(Ng)g21) we have

n=1»

Ng

]\7L Z(fn—‘rha fn>

n=1

lim lim
h—o00 q—0

= 0. (2.52)

Proof. If (fn)o2; is a nearly strongly mixing sequence, then the desired result follows imme-
diately. Now let us show that (f,)5°; is a nearly strongly mixing sequence if equation (2.52)
is satisfied. Let (gn)pZ; € H and (Ng)gZ; € N be such that ((fn)nl1, (9n)nz1, (Ng)g2) is
a weakly permissible triple. By passing to a subsequence of (Nq)gil if necessary, we may
assume without loss of generality ((fn)pZ1, (9n)nz1s (Ng)g21) is a permissible triple, so may
define 7 = J((fn)nl1, (gn)ne1s (Ng)g21)- Let S+ # — J denote the unitary operator
induced by the left shift. From equation (2.2.15) we see that

Jim (S ((fa)7Z0), (fa)aa) e =0, (2.53)

0 (fn)2, is a strongly mixing element of (#°, S) by Lemma 1 of [R58]. Tt follows that

Ng
0= Tim (8" ((Fu)i0), (90)3)or = Jim Jim <3 (fun n) (2.54)
q

h—o00 g—0
n=1

Since (gn)pey and (Ng)g2y were both arbitrary, we see that (f,);2; is a nearly strongly

mixing sequence. O
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Corollary 2.2.15. Let H be a Hilbert space and let (fr)o>; C H be a bounded sequence. If

=0, (2.55)

lim limsup|—
h—oo N0

N
Z fnJrhvfn

then (fn)2, is a nearly strongly mizing sequence.

Proof. Equation (2.55) implies equation (2.52) for any sequence (Ny)o2;, and all bounded

sequences are contained in SA(H). O

Theorem 2.2.16. Let H be a Hilbert space and let (f,)22, € SA(H). (fn)Se, is a nearly
orthogonal sequence if and only if for all permissible triples of the form ((fn)oeq, (fn)oZq,
(Ng)g21) and all h € N, we have

lim —— > {foshs ) =0. (2.56)
q

Proof. For the first direction, let us assume that (f,,)72; is a nearly orthogonal sequence, let

((fr)oys (fr)oq, ( q)q:1) be a permissible triple, and let =T ((fn)oly, (fr)ol, (Nq)qzl).
Letting M = ||(fn)5%1||# we may apply the definition of nearly orthogonal sequences to

see that

> =M lim Z 1l Z lim — 2 (s F)? (2.57)

{400 Ny

—qlggo* Z [ £all* + qugn . Z (Fashs Fu) P

‘1—1

L
SIS st 3 [ ol 0
h=

Z i LS (i =0 (2.58)

— 00
14 Nqn 1

which yields the desired result.

Let us now proceed to prove the converse. Let (g,,)22; C H satisfy

1
limsup — 2 < 00, 2.59
msup 3 | (2.59)

and let (Ng)o2; be such that
21



1 e
Jim 5 Y (s ) (2.60)

n=1

exists for every h € N. By passing to a subsequence of (Nq)g‘;l if necessary, we may assume
without loss of generality ((fn)nl1, (9n)nz1, (Ng)g21) is a permissible triple, so may define
H = H((fn)nzrs (Gn)nzrs (Ng)g21). Let S : 7 — 2 denote the unitary operator induced
by the left shift. From equation (2.56) we see that

(S™M((fa)olr) (fa)oy) e = 0 (2.61)

for every h € N, so {(fntn)oz1}52, is a bounded orthogonal set of vectors in .7, which
yields the desired result. O

Corollary 2.2.17. Let H be a Hilbert space and let (f,)52; C H be a bounded sequence.

(fn)o2, is a nearly orthogonal sequence if and only if for all h € N we have

1
ngnooﬁgfm,fm:o. (2.62)

Proof. Tt is clear that equation (2.62) implies equation (2.56) which proves the forward
direction of the corollary. We will now prove the reverse direction of the corollary. Let
h € N and (My)g2; € N be such that

M,
R .
qlggo E;(fn+h,fn> exists. (2.63)

By passing to a subsequence (Ng)22; of (M,)72; we may assume without loss of generality
that ((fn)nz1, (fr)nz1, (Ng)g21) is a permissible triple. Since (f,,)72, is a nearly orthogonal

sequence, we see by Theorem 2.2.16 that

Ny My

0= Jim <> (v fu) = Jim 2 S (o fo) (2.64)

360
e 4 n=1 9 n=1

O]

Remark 2.2.18. Theorems 2.2.10, 2.2.12, 2.2.14, and other variations of van der Corput’s
Difference Theorem can all be proven simultaneously by using the main results of [Tsel6]
after ¢ has been constructed. However, the main results of [Tsel6] cannot be used to
prove Theorems 2.2.8 and 2.2.16.
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Theorem 2.2.19. Let U : H — H be a unitary operator and f € H.
(i) (U™f)>, is a completely ergodic sequence if and only if f is an ergodic element of H.

(i) (U™f)22, is a nearly weakly mizing sequence if and only if f is a weakly mizing

element of H.

(iii) (U™f)22 is a nearly mildly mizing sequence if and only if f is a mildly mixing element

of H.

(iv) (U"f)S2, is a nearly strongly mizing sequence if and only if f is a strongly mizing
element of H.

(v) (U™f)o2, is a nearly orthogonal sequence if and only if {U™ f}22, is a set of orthogonal

vectors.

Proof of i. Firstly, we recall that the Mean Ergodic Theorem tells us that

1 hy
lim EZU f = Pf, (2.65)

where P : H — H is the projection onto the subspace of U-invariant elements. It follows
that f is an ergodic element of (H,U) if and only if Definition 2.2.4(i) holds for g = f. We
now see that for all permissible triples of the form ((U"f)5%y, (U™ f)72y, (Ng)521) we have

H—oco H q_>00 N

Ny Ny
lim —Z lim LZ Urthy ung) = hm —Z lim —Z U'f, f)  (2.66)
n=1 =1

= lim_ Ezwhf ). (2.67)

It follows from Theorem 2.2.8 that f is a weakly mixing element of (#,U) if and only if

(U™f)>2, is a completely ergodic sequence. O

Proof of ii. We see that for all permissible triples of the form ((U" )52, (U" f)521, (Ng)g21)

we have

Ny H Ny
1 1
n+h n : : h
lim E qhm %1 (U™ f,U f>|— lim hEZIqhm N, ngﬂ(l) f,f)‘ (2.68)
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| H
= lim — "f, ). 2.
i g 2 0" ) (2.69)
It follows from Lemma 3 of [R58] and Theorem 2.2.10 that f is a weakly mixing element of
(H,U) if and only if (U™ f)52; is a nearly weakly mixing sequence. O

Proof of iii. We see that for all permissible triple of the form ((U™ f)5%;, (U™ f)7%, (Ng)g21)

we have

N, N,
* . . 1 - n+h n * . : 1 - h
P = i Jim L 0TRU f>‘—ﬂ° ~ i g LW 270)
=IP* — lim [(U"f, )], (2.71)
h—00

so by Theorem 2.2.12 and Lemma 9.24 of [Fur81], f is a mildly mixing element of (H,U) i

f
and only if (U" )52, is a nearly mildly mixing sequence. O

Proof of iv. We see that for all permissible triple of the form ((U™f)52;, (U™ f)72y, (Ng)g21)

we have

N, N,
: : 1 - n+h n 1 - h
hlggoqlggo E;(U the U f)‘ lggo lim 0\ ;(U £, f>‘ (2.72)
= lim [(U"f, f)|. (2.73)
h—o0

so by Lemma 1 of [R58} and Theorem 2.2.14, f is a strongly mixing element of (H,U) i

f
and only if (U"f)$2, is a nearly strongly mixing sequence. O

Proof of v. We see that for all permissible triple of the form ((U" f)721, (U™ )51, (Ng)g21)

we have

Ny

> | lim L St ur ) f
h=1 qp

o0

-2

Ny 00
1m—z (U, f) Z (UMF, 2 (2.74)

We now see from Theorem 2.2.16 that (U™ f)52, is a nearly orthogonal sequence if and only
if {U"f}o2, is an orthogonal set of vectors. O
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The following lemma shows us why we have had to work with subsequences (V)22

when taking limits instead of just using limit supremums.

Lemma 2.2.20. If {f,}°2, C H is any sequence for which

o
limsup — < 00,
ma 315
then there exists (gn)oey € UB(H) for which

N

) 1
limsup |— Z<fn+hagn>’ = thUP ~ Z I fnll;
N

N—o0 n=1 n 1

for every h € NU{0}.
Proof. Let (Ny)72, be such that
1N 1 M
limsup — foll = lim — Inll-
s 3 fall = Jim 35l
By passing to a subsequence, we may assume without loss of generality that

L 1
P < J—

Let p : N> = N be any bijection. For Nompy <1 < Nyonpy+1, let gn =
h € N be arbitrary, and note that

an

1
hmsup— Z [| frll = hmsup

n 1

N
Z fn—l—hu gn

p(m,h)+1

Z (frths gn)

> lim
Np(m,h)—i—l n=1

m—ro0

Np(m,n) Np(m,h)+1

Z (frths gn) + Z || frtnll

n=1 n:Np(mJ,)%»l

1
= lim
M= Np(m,h)+1

- 1 (ihm Np(g:mh)
> lim ———— an—i—h” - <fn+h79n>
m—0o0 Np(m,h)+1 n:Np(m,h)+1 n=1
1 No(m,h)+1 9
> Tim ——— [ fninll = ——— thUP | fnll-
m=00 Ny(m,h) n; " (m, h) Z "
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(2.75)

(2.76)

(2.77)

(2.78)

. Now let
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2.3 Properties of Completely Ergodic, Nearly Weakly Mixing, Nearly Mildly
Mixing, and Nearly Strongly Mixing Sequences

In this section we will demonstrate the difference between Theorems 2.1.2, 2.2.8, 2.2.10, and
2.2.12 by examining properties of completely ergodic, nearly weakly mixing, and nearly
mildly mixing sequences. To this end, we will also introduce the notions of invariant,
compact, and rigid sequences (cf. Definition 2.3.2) motivated by the corresponding notions

in ergodic theory.
Lemma 2.3.1. Let ‘H be a Hilbert space.

(i) Let (fn)o21, (gn)pey € SA(H) and let

(#n)nZ1 € Spanc({(farn)nZins U {(gnsn)nii }ils)- (2.80)

(a) If (fn)oy and (gn)5e, are completely ergodic sequences, then (x,)0%; is also a

completely ergodic sequence.

(b) If (fn)22, and (gn)se; are nearly weakly mizing sequences, then (x,)5%; is also

a nearly weakly mixing sequence.

(c) If (fn)22y and (gn)52, are nearly mildly mizing sequences, then (x,)5%, is also
a nearly mildly mixing sequence.
(d) If (fn)2y and (gn)S, are nearly strongly mizing sequences, then (x,)52 is also

a nearly strongly mizing sequence.

(i7) Let (fn)o, € SA(H) and let {(gnm)oeq ooy € SA(H) be a family of sequences for
which

N
. . 1 2
Jim (llj?jfop N n§:1 . = gnml| ) =0. (2.81)

(a) If (gnm)o>y s a completely ergodic sequence for all m € N, then (f,)2>, is also

a completely ergodic sequence.

(b) If (gnm)ozy is a nearly weakly mizing sequence for all m € N, then (fy)5e; is

also a nearly weakly mizing sequence.

(¢) If (gnm)oeq is a nearly mildly mizing sequence for all m € N, then (f,)52; is

also a nearly mildly mizing sequence.

(d) If (gnm)p>q is a nearly strongly mizing sequence for all m € N, then (f,)52, is

also a nearly strongly miring sequence.
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(iii) If (frn)oe, € UB(H) is a completely ergodic sequence, then

Jim ann (2.82)

() If (fn)22, € SA(H) is a completely ergodic sequence, then

. 1
Jim 11 3 full = . (2.83)

Items (i) and (ii) can be interpreted as statements that the set of ergodic, weak mixing,
mild mixing, and strong mixing elements of 7 = J((fn)n21, (9n)nz1, (Ng)gZ1) are each
closed linear subspaces of 7. The proofs of all items of (i) and (ii) are routine and therefore
omitted. While it is clear that (iv) implies (iii), we still give a separate proof of (iii) since
it is similar in spirit to the classical proofs of any of Theorems 2.1.2(i)-2.1.2(iii). A proof
of (iv) can be obtained in a similar fashion, but we use the machinery of Section 2.2 to
provide an alternative perspective. Yet another proof of (iv) can be obtained by using the

methodology of the proof of Lemma 3.2.6.

Proof of (iii). Let (fn)22; C H be a completely ergodic sequence that is uniformly bounded
in norm by 1. Let (My)22; € N be any sequence for which

i (|- 3 £l (2.84)
11m -_— .
q—00 qu:1 n

exists, and let (Ng)g2; be a subsequence of (M,)g2, for which ((fn)5Zq, (fn)nz1s (Ng)g21)
is a permissible triple. Let € > 0 be arbitrary and let K > % be such that

1 L
NqH };;<fn+hafn> <€, (285)

whenever H > K and N, > N(H). Letting H = K?, we see that

qlgon—zfnn?—hm||—zfn|r2 hm||fz LS ulf (289

qnl

<qll>r§oﬁ zle an—i—h” - qllmo N H2 Z Z <fn+h17fn+h2>

n=11<hy,ho<H
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1 1 ooH—h) &
=gt m, > (qup)Re(Z<fn+h, fa)) (2.87)

_H+ZH<HOO

Z NH Z fn+h>fn

oK +1 =l 9
< ¥ + — lim

t 1 Ny
> H t:;rl H g0 hgl NqH ngl<fn+h7fn>

J2K 41 2H - K —1)e T
=T g H K2 =0

Proof of (iv). Let (My)72, C N be any sequence for which

] Il%fll (2.88)
qlglo quzl n ’

exists, and let (Ny)g2; be a subsequence of (M,)72, for which ((fn)pZq, (fn)nz1s (Ng)g21)
is a permissible triple. Let 52 = J((fn)pl1, (fa)ntr, (Ng)g2y), let S @ S — 2 be
the unitary operator induced by the left shift, let 7 = {{ € 7 | S¢ = &}, and let
P : 5 — 51 be the orthogonal projection. Since (f,)52; is a completely ergodic sequence
we see that it is an ergodic element of (7, S), so P(fn)n:1 = (0)72,. By the Mean Ergodic

Theorem we see that

lim — Z Sh (fadner = P(fa)nzr = (0)521. (2.89)

H—oco H

We would like to perform a calculation similar to that in the first line of (2.86), but since we
are now working with unbounded sequences we need to be more careful. More specifically,

we would like to show that for any H € N we have

1 H

N,
R QA
Jun [l 3 Al —qlgglollfz Sl (2:90)

qnl

To this end, let us assume for the sake of contradiction that for some H € N, some ¢ > 0,

and some subsequence (N,)o2; of (N;)22; we have

| /\

H
Z ((H=h+Dfn I < Z||qu n] (2.91)

th

»Q\
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for all ¢ € N. It follows that

(fr)ntallr = lim = Z [1fall* > lim *Z [P (2.92)

o 25 fig
2 i HNQ(; ;™ = J58, 7

(Nge)* = oo,

which yields the desired contradiction and shows that equation (2.90) is true. Now let € > 0
be arbitrary and observe that for sufficiently large H € N we have

€ 2|l= ZSh ()il = Il( an+h 1|5 = lim fZH an+h||2

Y

2
2N ZI\IanMII) > (lggoN Z ||an+h||> (2.93)

v

N 2
1 q
lim ||— lim ||—
qggoll Z an+h|\) (qggo||Nqnzlfn+hH)

2
= Jim, Hf Z fn+hH)
O
Definition 2.3.2. Let H be a Hilbert space, U : H — H be a unitary operator, and f € H.
(i) f is an invariant element of (H,U) if Uf = f.

(ii) f is a compact element of (H,U) if (U™f)>2, is precompact in the norm topology
of H. FEquivalently, f is a compact element if for all € > 0, there exists K € N for
which

sup min ||Umf Uk f|| < e (2.94)
meNI<k<

(iii) f is a rigid element of (H,U) if f is in the norm closure of (U™ f)22,. Equivalently,
f is a rigid element if there exists (kpm)oo_; C N for which

lim [|[U*f — f|| =0. (2.95)
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If (H,U) is understood from the context, then we may say that f is an invariant, compact,

or rigid element.
Definition 2.3.3. Let H be a Hilbert space and (cp)22, € SA(H).

(i) (cn)22, is an invariant sequence if

hm = Z l[ent1 — cnl|* = (2.96)

(ii) (cn)S2 is a compact sequence?® if for all € > 0 and all permissible triples ((c,)2 4,

(cn)nzts (Ng)g21), there exists K € N for which

2

i By 32 =l < 297

(iii) (cn)oe; C H is a rigid sequence if for all permissible triples ((cn)oeq, (cn)oZq,
(Ng)gy) there exists (km)pr—y € N for which

mlgnooqgrgo — Z | — (2.98)
Remark 2.3.4. We see that (f,)s2, € SA(H) is an invariant (compact, rigid) sequence if
and only if for all permissible triple of the form ((fn)721, (9n)n1; (Ng)g21), (fu)ply is an
invariant (compact, rigid) element of (J((fn)pZ1, (gn)ne1, (Ng)gZ1)s (fn)nzq,S). Further-
more, we see that if U : H — H is a unitary operator and f € H, then (U"f)>2, is an
invariant (compact, rigid) sequence if and only if f is an invariant (compact, rigid) element
of (H,U). It is also worth noting for the reader who reads Section 2.6 that the defini-
tions appearing in Definition 2.3.3 could be named “nearly invariant sequences", “nearly
compact sequences", and “nearly rigid sequences" since the definitions use Cesaro averages.
We choose to simplify the names and omit the word 'nearly’ since the notions of invariant,
compact, and rigid sequences of vectors in a Hilbert space are not currently being used

elsewhere.

We will now recall the classical compact-weak mixing decomposition of a Hilbert space
for use in some of the upcoming proofs. An initial form of this result traces back to the
work of B. Koopman and J. von Neumann [KN32| (see also Theorem 2.3 in [Ber96]) while
the result in its full generality was obtained by K. Jacobs [Jac56], K. de Leeuw, and I
Glicksberg [LG61] (see also Chapter 2.4 in [Kre85] and Example 16.25 in [Eis+15]).

2This definition was motivated by Definition 3.13 in [MRR19].
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Theorem 2.3.5 (Jacobs-de Leeuw-Glicksberg Decomposition). Given a Hilbert space H
and a unitary operator U : H — H let

He:={£ € H | & is a compact element of H} and (2.99)
Hum = {6 € H | £ is a weakly mizing element of H}.

We have that H = He D Him.-

Theorem 2.3.6. Let H be a Hilbert space and suppose that either ()51, (cn)oe; € SA(H)
or (zn)pZy, (en)nZy € UB(H).

(i) (zn)5%, s a completely ergodic sequence if and only if for all invariant sequences

(cn)22, we have

N
1
lim — > —0. 2.1
N 7 2 (e en) =0 (2.100)

(i) (xn)5 is a nearly weakly mizing sequence if and only if for all compact sequence

(cn)22, we have

|
i — = 0. 101
N%N;@n,c@ 0 (2.101)

(iii) If (x,)5% is a nearly mildly mizing sequence if and only if for all rigid sequences

(cn)pey we have

N
Jim n;@;n, cn) = 0. (2.102)

We begin by observing that for all 3 statements the forwards direction for (x,)5,

(cn)o2, € SA(H) implies the forwards direction for (x,)5 1, (¢n)52, € UB(H), but the

backwards directions need to be addressed separately.

Proof of (i). For the first direction let us assume that (x,)52; € SA(H) is a completely
ergodic sequence and (¢, )52, € SA(H) is invariant. Let (My)o2; € N be such that

1 Y
Jim > {@n,cn) (2.103)

4 p=1
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exists. Let (Ng)g2; be any subsequence of (Mg)g2, for which ((2,)521, (cn)nZqs (Ng)g21)
is a permissible triple, and let J = J((xn)521, (en)ply, (Ng)g21)- Since (x,)52, is a

completely ergodic sequence and (c,)52; is an invariant sequence, we see that

H—oco H

Nq
0= lim 72}5207 Z (TpthsCn)
n=1

Nq
- i 3 e

1 & 1 1
=, 2 iy 2 ) = Jim 5 D (o)
=1 n=1 n=1
1
=, 5, 2 (e

For the next direction, let us assume that (x,)52; satisfies equation (2.100) whenever
(cn)py is an invariant sequence. Let (N,)o2; be such that ((zn)pZy, (Tn)nZy, (Ng)g2y) is
a permissible triple and let 7 = 7 ((zn)521, (Tn)nty, (Ng)g21). Let S @ # — H denote
the left shift unitary operator, and by the Mean Ergodic Theorem we see that

(cn)peq = lim — Z S ()82, (2.104)

H—)oo

is the projection of (x,)5%; onto the subspace of elements of .7 that are invariant under
S. If follows that

0 = {(cn)nly, (zn)nle)r = ((en)nn, (en)aa)or = |l(cn)na |2 (2.105)

Since (Ng)22

o1 was arbitrary, the desired result follows from Theorem 2.2.8.

Lastly, we observe that if (2,,)5%; € By then & S 7 (2,44)2% € By for all H € N, so
by Lemma 2.2.2 we see that (¢, )52 ; € By, hence the desired result holds if (x,,)5% 1, (¢n )02, €
UB(H). O

Proof of (ii). For the first direction let us assume that (z,)52 is a nearly weakly mixing

sequence and that (c,)p2; is compact. Let (My)g2; € N be such that

1
qlggo ﬁq nz::l<xn7 Cn) (2‘106)
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exists. Let (Ng)g2; be any subsequence of (Mg)z2; for which ((@5)521, (cn)nly, (Ng)g2y) is
a permissible triple and let 2 = € ((x,,)02 4, (cn)n 15 (Ng)g21). Since ()52

mixing element of 7 and (c,)52; is a compact element of J#, we see as a consequence of

o1 1s a weakly

the Jacobs-de Leeuw-Glicksberg Decomposition that

0 =((@n)nz1, (cn)nzr)or (2.107)
1 Y 1 M
= lim — 7;(%, cn) = Jim A n;@n, Cn)- (2.108)

Since (M,)g2; was arbitrary, the desired result follows.

Now let us show that if (z,)22; C H satisfies equation (2.101) whenever (¢,)22; C H is
a compact sequence, then (a:n)nzl is a nearly weakly mixing sequence. Let (Ng)g2; C N be
such that ((zn)5Zq, (Tn)nl1, (Ng)g21) is a permissible triple. Let 7 = J((w5)521, (Tn)nl1,
(Ng)g21) and let 7 = A2 ® Hym be the Jacobs-de Leeuw-Glicksberg Decomposition of 2
with respect to the shift map S. Let (2y,c)0%; € J2 and (2 wm)ne1 € Fpm be such that

(xn)oy = (@ne)pzy + (@n,wm)pei- We see that

0 = (((Zn,c)nets (@n)nzr) e = ((Tn,c)nets (Tn,e)net + (Tnwm)pe1) 2 (2.109)

= (((Tn,c)ne1s (@ne)ne1) o = |[(Tnc)ne 1H9f (2.110)

It follows that (2,)5% 1 = (Zn,wm)peq-

It only remains to show that the desired result holds when (z,,)5;, (¢n)22, € UB(H).
To this end, we first recall that (c,)pe; is in the weak closure of {(zp4p)ne;}pe (cf.
Theorem 2.25 in [BM10]). We now see that if (x,)52, € By then (x,41)52, € By for all
h € N, so by Lemma 2.2.2 we see that (¢,)5; € By C UB(H). O

Proof of (iii). For the first direction let us assume that (z,)5%; is a nearly mildly mixing

sequence and (c,)9%; is rigid. Since (¢,)5; is rigid, let (kn,)5°_; be such that

N
. o1 2
im A}g%o N nEZI llentk,, — cnl|® = 0. (2.111)
Now let (M,)52; € N be any sequence for which
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Jim_ A > {@n, cn) (2.112)

exists, and let (N;)g2; be any subsequence of (M,)72, for which

1 Ja
LT ;(wn% Cn) (2.113)

exists for every h € N. We see that

Nq N‘I
0= hh_}rrgo qll)rglo E;(ajn+h,cn> = ngnco qlggo ﬁqnz::l(xmrkm,c@ (2.114)
N, N,

> lim | lim, N, ;<wn+km> Crthy, )| = lmM qlggoﬁq ;<xn+km, Cnthy — Cn)| (2.115)

1
> qlggoﬁq;@mcm

1 Ng 1 1 Ng 1
— lim ((qlggom >, ||$n+km”2)§(qlggoﬁ > Nenttn, — cn!|2)2> (2.116)
n=1 4 pn=1

1 1 M

— qlgrgoﬁq;(xn,cn> = qlg%oﬁq;<xn,cn> . (2.117)

Since {M,}o2; was arbitrary, the desired result follows.

For the next direction let us assume that (x,,)° ; is not a nearly mildly mixing sequence.
We will use some knowledge about idempotent ultrafilters that is discussed in Section 2.7.
Let (Ng)g2; € N be such that

N,
T T
IP* — lim lim N Z<$n+h,$n> # 0. (2.118)

h—00 q—00
n=1

Let € > 0 and (v;):2; € N be such that
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1
q

n=1

Let p € BN be an idempotent ultrafilter for which FS(v;)?2; C p. Let 5 = 7((2n)02,
(Zn)pZ1, (Ng)g2y)- Since B :={Z € 7 | e < ||Z|[,r < |[(#n)521]]#} is compact in the weak

topology, let £ € B be such that

Z=p— lim (Tpin)peq- (2.120)
h—o00

Let S : 2 — ¢ denote the unitary operator induced by the left shift. To see that & is a
rigid element of (.7, S) we observe that

& — S"Z||p = (& — S"%, & — S"E) 4 (2.121)
=T, %) — (&, 8" E) o — (S"%, %) + (S"E, S"E) 4
=2||Z|| » — 2Re((S"%, &) ), hence

p— lim =z — $"&|l = p— lim (/||| — 2Re((S"2,2).r))

=2|[Z[|r — 2Re((p — lim §"Z,7),p) = 2/[Z|| — 2Re((Z, &).) = 0.

It now suffices to take (¢,)52; = & and observe that

N,
. 1 2 0o ~ _ 0o . h 0o
Jim 5 S fonscal| = ()i horl = [(@n)iEap = fim S @] (2422

— 00

Lastly, we observe that if (z,)22, € By then (x,4)22, € By for all h € N so by
Lemma 2.2.2 we see that (¢, )52, € By, hence the desired result holds if ()02, (cn)52; €
UB(H). O

Remark 2.3.7. To see why we require that (,)02 4, (¢,)22, € SA(H) or (2,)52 1, (cn)524 €
UB(H), let us consider the sequence (z,,)22, € SA(C) given by

(2.123)

m ifm*—m<n<m?®+m
Ty = )
0 else

We see that
35



1 2
hmsup— Z |z, |? = M%OO Y T 2 Z 2m - m? =3 <o (2.124)

—00

It is also clear that (z,)22, is an invariant sequence by construction, so it cannot be a
completely ergodic sequence. However, for any (¢,)22; € UB(C), there is a representative
(c;)go , in the same equivalence class as (c,)%; for which ¢, = 0 whenever m* —m < n <

m* + m, so

N N
1 1 ,
i, 2 fomen) = i 3 o) =0 212

Lemma 2.3.8. Let H1,Ha, and Hsz be subsets of Hilbert spaces® and let - : Hi X Ho —
Hs be a bilinear map for which ||fi - fallus < Clfillu, || f2lln, for some C > 0 and any
(fl, fg) € Hy X Ho. Let (fn 1) —1 € UB(’H1) and (fn 2) —1 € UB(%Q)

(1) If (fn1)o2q and (fn2)22, are invariant sequences, then (fn1- fn2)oe, is an invariant

sequence.

(75) If (fu1)szr and (fn2)pey are compact sequences, then (fn1 - fn2)pet s a compact
sequence.

(155) If (fn1)oey s a compact sequence and (frn2)5%; is a rigid sequence, then (fn1-fn2)o2,

s a ’f’Zg’Ld sequence.

For the proofs of items (i)-(iii) we will assume for the sake of convenience that (fy1)52

and (f,2)52; are both uniformly bounded in norm by 1.

Proof of (i). We see that

3We will be applying this lemma to multiply sequences ()52, and (y.)32; where (y,)5%; is either a
bounded sequence of complex numbers or a bounded sequence of vectors in L™ (X, u). L*(X, ) is not a
Hilbert space, and L?(X, i) is not closed under multiplication, which is why we have this strange set up.
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. 1

lim sup N > ol faga - frtr2 = fat - fa2lli (2.126)
N—o00 n—=1
N

1
<thUP*Zan+11 Jn+12 — frt11 fn?”’)—lg (2.127)

N—oo 7L1

—i—hmsupf Z | fn1,0 - fr2 — foa- anHHg

n 1

<limsup — ZCQ|’fn+11HH1||fn+12 fn2ll3, (2.128)

N—o0

—|—hmsup ZC || froy1,1 —

<C? hmsup — Z || frs1,2 — +C? hm sup — Z || frt11 — fn,l”%{l =0

nl nl

(2.129)
0

Proof of (ii). For i € {1,2,3} let S; : H; — H; denote the left shift unitary operator as in
Remark 2.2.3. Let (M,)72; C N be such that ((fn,1 - fo2)nZ1, (fa1 - fr2)nsrs (Mg)gdy) is a
permissible triple. Let (Ng)g2; be a subsequence of (M)22; for which ((fn,1)5%1, (fn2)nZ1,
(Ng)g2y) is also a permissible triple. For i € {1,2,3} and (gn)pZ; € H; let

N
1 q
2 _ 2
1(gn)nzillli = qlggo N, nz::l gnll3, - (2.130)

We also note that a sequence (f,,)0%, C H; is compact if and only if {S#(f,)32,}52, is
precompact in the topology of UB(#H;) induced by the seminorm ||| - [||;. When we give
UB(H1) x UB(H2) the product topology, we see that

{(S1 % S2) (a1 Fa2)ei 15y € (ST X S5 (Fnts Fu2)5 Y hoyene (2.131)
:{S{‘(fn,l)?zl}iil X {SS(fn,z)ZOzl}Z‘;p

so {(S1 x Sa)"( Tnis fn2)o1 152, is also precompact in the product topology. Recall that
the product topology on UB(H1) x UB(Hz2) is induced by the seminorm ||| - |||4 given by

(. )nzrs (Fr2)nZallla = 1 )nZ 4 11 (fn2)nZa 2 (2.132)
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Since {SH(fu1 - fn2)3 1152, is the image of {(S1 x S2)"(fn1, fn2)22 15, under -,
it suffices to show (with abuse of notation) that - : UB(H1) x UB(H2) — UB(H3) is
continuous. To this end, let € > 0 be arbitrary and let (gn1,0n,2)n01, (€n1,€n2)0eq €
UB(H1) x UB(Hz2) be such that [[|(gn,1,9n.2)521 — (€n1,en2)nz1lll4 < &5, where

W = max(sup ||gn1]|,sup |len2|])- (2.133)
neN neN

‘We now see that

11(gn.1 - gn2)nZs = (en - en2)nZallls (2.134)
<I1(gn.1 - gn2)nZ1 = (gn.1 - en2)nZallls + [[(gn1 - en2)nZe = (en1 - en2)nZallls

<WO[[(gn.2)nz1 = (en2)nZalll2 + WOl[(gn1)nZr — (en)nallh < e
O

Proof of (iii). The idea behind the proof is to first show that any compact sequence and
any rigid sequence are both rigid along a common sequence of integers, then to show that
any two rigid sequences that are rigid along a common sequence have a product that is also
rigid. We begin by showing that for all e > 0 and all permissible triples ((fn1)521, (fn,1)5021,
(Ng)g2y) the set

N,
R
Ri(©) = (€N | Jim = 3 [lfuns = futlP < €} (2135)
9 n=1

is IP*. Let 7 = J((cn)pi, (cn)nzr, (Ng)g2y and let S = ¢ & Hm be the Jacobs-de

Leeuw-Glicksberg Decomposition of .77 with respect to the unitary operator S induced by
the left shift. Since (fy,1)52, is a compact sequence we see that (f1)52, € J%. Since J&

is also known to be the closure of the span of the eigenfunctions of S, let 1, -+ ,Zx be
eigenfunctions of S with corresponding eigenvalues of A1, - -, Ax such that
K €
|(fa)ozs = D cilillr < 3 (2.136)
i=1
with c1,--- ,cx € C. Since the set Ry(e) := {h € N | ||Z; — N&i||» < 3%‘01‘} is IP* (cf.

Lemma 2.7.5), and Ra(e) C Rj(e€), we see that Rj(e€) is indeed IP*.

Let ((fa1 - fa2)nzs (f1 - fa2)nzy, (My)g2y) be a permissible triple and let (Ng)22, C
(Mg)g2y be such that ((frn,1)n21, (fr2)nz1, (Ng)gy) is also a permissible triple so that we
may set S = J((fn1)n21, (fa2)nz1s (Ng)g21). Let (km)pr—1 € N be such that

m=1
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lim Z | frthm2 = fa2ll? < (2.137)

2m’

and observe that we may use the triangle inequality to show that for any k € FS(ky,)00_,,

1
< SarT

lim Z fsrz - (2.138)

a—o0 N,

Since Ri(6) is IP* for any 6 > 0, let (v;);2; be such that vy C Ry(27 My FS(k ) e M1
for all M € N. Letting

W = max(sup |[furllsup [[£zll) (2.139)
neN neN

we now see that for all M € N we have

qlggo ﬁ Z HfN-HJM 1 fn+U1\17 fn,l ) fn,QH%-Lg (2'14())

= lim — Z | fntons,1 * Frtonr.2 = fut - Fo2llg (2.141)
1 i

<2qlggo AT Z an"rUM 1 fn+’UM, f'fl+UM:1 ’ fn72H’2}{3 (2'142>
n=1

S R
+2 lm Zl | forronrt  fo2 = fo1 - Fnlli,

Nfl
<2 lim — Z W2C?|| frsvps 2 — (2.143)
Nq 212
4AW2C
+2 hm ~ Z W202||fn+vM, fn,lH%—[l < oM
O

Theorem 2.3.9. Let H be a Hilbert space, ()72, € UB(H), and (¢,)32, € UB(C).

(i) If (x0)02 is a completely ergodic sequence and (c,)22, is an invariant sequence, then

(cnpn)o, is a completely ergodic sequence.

(i) If (xn)52 € H is a nearly weakly mizing sequence and (cp)3, is a compact sequence,

then (Cnﬂ?n)n:1 s a nearly weakly miring sequence.
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(ii3) If (z)22, is a nearly mildly mizing sequence and (cp)o>; s a rigid sequence, then

(enn)22 is a nearly weakly mizing sequence.

(iv) In each of (i), (ii), and (iii), we have that

N
) 1
A}gnooﬂﬁnz::lcnwnﬂ = 0. (2.144)

Proof of i. Let (£,)22, € UB(H) be any invariant sequence. By Lemma 2.3.8(i) we see

that (¢6,)0% is an invariant sequence, so we see from Theorem 2.3.6(i) that

N I N
0= A}gnoo N ;@nﬁn, Tp) = A}gnoo N ;(fn, CnTn)- (2.145)

o0

Since (&,)22; was arbitrary, we deduce from Theorem 2.3.6(i) that (¢, )52, is a completely

ergodic sequence. O

Proof of ii. Let (&,)02, € UB(H) be any compact sequence. Since (¢,)5; is a compact

n=1
S

sequence, by Lemma 2.3.8(ii) we see that (¢,£,)52; is a compact sequence. Since ()52,

is a nearly weakly mixing sequence, we see from Theorem 2.3.6(ii) that

N N
o1 _ .1
0= ]\}gréo N nEZI(cnﬁn, Tp) = ]\;I—Igo N nE:1<§n, CnTn)- (2.146)

Since (£,)52; was an arbitrary compact sequence, we deduce from Theorem 2.3.6(ii) that

(cnmp)o is a nearly weakly mixing sequence. O

Proof of iii. Let (£,)02, € UB(H) be any compact sequence. Since (¢,)52; is a rigid
sequence, by Lemma 2.3.8(iii) we see that (¢,£,)52, is a rigid sequence. Since (z,)52; is a

nearly mildly mixing sequence, we see from Theorem 2.3.6(iii) that

R I P g
0= A}gnoo N nz::l(xn, &) = A}gnoo N nzz:l(cnacn,@. (2.147)

Since (&,)5%; was an arbitrary compact sequence, we deduce from Theorem 2.3.6(ii) that

(cnmp)o2; is a nearly weakly mixing sequence. O

Proof of iv. Since any of the sequences produced in parts (i), (ii), and (iii) are uniformly

bounded and completely ergodic sequences, it suffices to apply Lemma 2.3.1(iii). ]
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Theorem 2.3.10. Let (X, %) be a measurable space, u : B — [0,00] a measure, H =
LY(X, p), and (2n)72y, (yn)ozy € UB(H) satisfying suppen |[ynl]oo < oo.

(i) If (xn)5y is a completely ergodic sequence and (yn)o>; s an invariant sequence, then

(YnTn )92y is a completely ergodic sequence.

(i) If (x0)52 is a nearly weakly mizing sequence and (yn)22, is a compact sequence, then
)

(YnTn)S2y is a nearly weakly mixing sequence.

(iii) If ()22, is a nearly mildly mizing sequence and (y,)5>; is a rigid sequence, then

(Ynxn)o 1 is a nearly weakly mizing sequence.

(iv) In each of (i), (ii), and (iii), we have that

hm ||— Z YnTn|| = (2.148)

Proof. The proof of Theorem 2.3.10 is identical to that of Theorem 2.3.9 after realizing
that L2(X, ) is a Hilbert space in which multiplication and complex conjugation are well
defined, and that the inner product satisfies (x,yz) = (27, 2) for all z,y,z € L*(X,pu). O

2.4 Applications to Uniform Distribution

2.4.1 Preliminaries

In this section we will often be working with sequences of complex numbers. Recalling that C
is a Hilbert space when equipped with the inner product (z1, z9) = 21232, we will freely use the
definitions of sections 1 and 2 in this context. For example, a sequence of complex numbers
(cn)o2; is a nearly strongly mixing sequence if it satisfies item (4) of definition 2.2.5 and
(cn)22; is a compact sequence if it satisfies definition 2.3.3. Furthermore, throughout this
section we will use m? to denote the d-dimensional Lebesgue measure, and we may in some
instances write exp(z) in place of €2™* to increase readability if the expression replacing
x is particularly long. Given vectors k = (ki,--- ,kq) € Z% and & = (z1,--- ,24) € [0,1]¢
we may write (/Z, ) = kix1 + -+ + kqry. Before Discussing new results let us recall the

definition of uniform distribution in [0, 1]¢ as well as some of its characterizations.

Definition 2.4.1. (2,)%%; C [0,1]¢ is a uniformly distributed sequence if

sup lim —|{1 <n<N |z, €B}Y-miB) =0. (2.149)
BeRN—)oo

where R denotes the collection of open rectangular prisms in [0,1]%. (2,)%, is totally

uniformly distributed if for all a,b € N the sequence (Tgn14)0>; is uniformly distrbuted.
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Theorem 2.4.2 (Weyl’s Criterion). Given (2,)3%; C [0,1]%, the following are equivalent.
(i) (xn)5% is uniformly distributed.

(ii) for all k € Z2\ {(0,--- ,0)}, we have

1 X
lim 3 emithan) =, (2.150)

n=1

(i) for all f € C([0,1]%), we have

1 B d
ngnooﬁnz:: flzn) = /[O’l]d fdm?. (2.151)

We now record some definitions and facts regarding the notion of discrepancy. The
discrepancy of a sequence is a measure of how far away the sequence is from being uniformly
distributed. We will be intuitively thinking about the discrepancy of a sequence (z,,)22; C

[0,1]% as the norm in a Hilbert space H whose vectors are sequences in (y,)5%; C [0, 1]¢.

Definition 2.4.3. Given a sequence (x,)N_; C [0,1]¢, the discrepancy of (x,)3, C [0,1]¢
is denoted by Dy ((x,)N_,) and given by

1
Dy ((z)N_1) := sup VL En <N |2 €B} - md(B)|, (2.152)
BeR

where R denotes the collection of all rectangular prisms contained in [0, 1]d. For an infinite

sequence ()5, C [0,1]4, we let

D((x)7L1) = limsup D ((z5)521), (2.153)
N—o0
and we let
o) 0o . N,
D((zn)nz1: (Ng)g21) = lim D, ((zn)nls), (2.154)

provided that the limit exists. The Isotropic discrepancy of (z,)N_, C [0,1]? 4s

1
Iy =sup| {1 <n < N |z, € C} —mC)| (2.155)
cecl N

where C denotes the collection of all open convex subsets of [0, 1]%.
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It is worth noting that a sequence (z,,)%%; C [0, 1] is uniformly distributed if and only
if D((2,)2%;) =0 (cf. Theorem 2.1.1 in [KN74]). Our next result compares Dy and Jy.

n=1

Theorem 2.4.4 (Theorem 2.1.6 in [KN74]). For all (z,)Y_; C [0,1]¢, we have

-

D((en)y) < In((@n))y) < (4d7 + 1) Dy ()N, (2.156)

Theorem 2.4.5 (Erdés-Turdn-Koksma). For z1,z2,---,zx € [0,1]%, we have

), (2.157)

1

L arirann)
N

3 2
DN(1'173727"',Q?N)S(2)(1(R+1+ Z

o<lirim<r ™)

where m(r) = H?Zl max(1, |r;|) for (ri,re, -+ ,1q) € 7.2,

2.4.2 New Notions in the Theory of Uniform Distribution
Definition 2.4.6. Let (z,);2; C [0,1]% and let C = {f € C([0,1]* | [ig ja fdm® = 0}.
(i) (z,)52, is an e-sequence if for all f € C, (f(xy))pe; is a completely ergodic sequence.

(ii) (x,)02, is an wm-sequence if for all f € C, (f(xn))52; is a nearly weakly mizing

Sequence.

(7i7) (xn)02 is an mm-sequence if for all f € C, (f(x,))52, is a nearly mildly mizing

sequence.

(iv) (zn)52, is an sm-sequence if for all f € C, (f(zn))oL, is a nearly strongly mizring

sequence.
(v) (x,)52; is an o-sequence if for all f € C, (f(zy))5%; is a nearly orthogonal sequence.

Lemma 2.3.1(iii) and Theorem 2.4.2(iii) show us that every e-sequence is a uniformly
distributed sequence. Furthermore, we see that every wm-sequence is an e-sequence, every
mm-sequence is a wm-sequence, every sm-sequence is a mm-sequence, and every o-sequence
is a sm-sequence. An application of Lemma 2.3.1(i)-(ii) shows us that for items (i)-(iv)
of Definition 2.4.6 it suffices to check that (e?™%n)> . is a sufficiently mixing sequence
instead of checking for all f € C, but we will see in Theorem 2.4.28 that the same is not
true for item (v). In Lemma 2.4 (3.1) of [Far21], it is shown that if ([0, 1], 2,m,T) is a
weakly (strongly) mixing measure preserving system (cf. Definitions 2.5.1 and 2.5.2), then
for p-a.e. x € [0,1], (T"x)22, is a wm-sequence (sm-sequence). We will also see in the

coming subsections how e-sequences, wm-sequences, mm-sequences, and sm-sequences arise
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from variants of van der Corput’s Difference Theorem as well. The case of o-sequences will
also be examined (cf. Theorem 2.4.26). Before doing so, we will show that e-sequences,
wm-sequences and mm-sequences are uniformly distributed along many subsequences in

order to further illustrate how they are stronger properties than uniform distribution.

Definition 2.4.7. For a sequence of natural numbers A = (ny)3, let

1 1N
d(A) lﬂlglof N\{l <n< N |ne A} l}\rfn_glof 321 1a(n), and (2.158)
1 1N
d(A) :=limsup —=|[{1<n< N |ne A} =limsup — La(n). 2.159
(4) = timsup I ne A =tmp S L4 (2159)

d(A) is the natural lower density of A and d(A) is the natural upper density of A.
If d(A) = d(A), then we let d(A) denote the common value which is the natural density
of A.

Definition 2.4.8. Let B = (b;)52; C N be a strictly increasing sequence satisfying d(B) >
0.

(1) B is a invariant sequence if

d(BA(B — 1)) = 0. (2.160)

(2) B is a compact sequence if for all e > 0, there exists k € N for which

ai}é% 1£?Kd((3 +m)A(B+k)) <e. (2.161)

(3) B is a rigid sequence if for all € > 0, there exists k € N for which

d((B +np)AB) < e. (2.162)

We see that if (bj)52, is an invariant, compact, or rigid sequence, then (1p(n))pL; is an
invariant, compact, or rigid sequence (of complex numbers) respectively. The converse need
not be true since we have simplified the definition of invariant, compact, and rigid sequences
of natural numbers through the use of limit suprememums rather than checking a condition
along a collection of subsequences. The condition that d(B) > 0 intuitively tells us that the
sequence will not be identified with 0 when we pass from H to F (or in this section, from

C to a Hilbert spaces of sequences of complex numbers).
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Theorem 2.4.9. Let (2,)2%; C [0,1]? and (ng); C N be sequences.

(1) If (zn)py is an e-sequence if and only if for any invariant sequence (ng)72 1, (Tn, )5y

s a uniformly distributed sequence.

(11) If (xn)52 is a wm-sequence if and only if for any compact sequence (ng)3>y, (Tn, )7,

s a uniformly distributed sequence.

(11t) If (xn)52; is a mm-sequence if and only if for any rigid sequence (ng)iy, (Tn, )72,

s a uniformly distributed sequence.

Proof of the backwards directions. Let us first consider the case in which (z,)52, is an e-
sequence. Let m € Z?\ {0} be arbitrary, and note that (e>™™®n)> | is a completely
ergodic sequence. Letting B = (n)?2,, we see that (1p(n));2; is an invariant sequence,
so by Theorem 2.3.6(i) we see that

1 .
271 n : 2 n
0= Jim |3 )| = Jim ) 3 e (2169
ni€[1,N]
. d(B) ZK omi
> 1 TIMTn,
- K1—>oo K k:le *

If ()22, is a wm-sequence (sm-sequence) then we repeat the above argument with the
use of Theorem 2.3.6(ii) (Theorem 2.3.6(iii)) in place of Theorem 2.3.6(i). O

Proof of the forwards directions. The proof of this direction is much longer than the pre-
vious direction, so we will only give a complete proof for (ii). We will then outline the
modifications needed to adapt the proof for (ii) to a proof for (i) and (iii). We begin with

a useful lemma.

Lemma 2.4.10. For a sequence ® = (Ng)o2y C N let Ap := {A C N | 14 is a compact
element of 7 (14,14,®)}. If a sequence (c,)o>, € UB(C) is compact, then for any se-
quence (Mg)g2q C N, there is a subsequence ® = (Ng)g2y for which (c,)52, can be approx-
imated arbitrarily closely by elements of Spanc ({14 | A € As}) C H, where H is a Hilbert

space containing J((cn)nly, (cn)n1, (Ng)g21) as a closed subspace.

Proof of Lemma 2.4.10. By Lemma 3.3.1, let X be a compact metric space, S : X — X
a continuous map, F' € C(X) and x € X a point for which F'(S™(z)) = ¢,. Let v be any
weak™ limit point of {M%I Zi\i‘zl sk (z) ne1 and let @ = (Ng)g2, be a subsequence for which
{N%] Zg:ql 5Sk(l,)}j’l°:1 converges to v in the weak* topology. Letting U denote the unitary
operator induced by S and H = L?(X, 1), we see that F' € H,. since (c,)3; is a compact
sequence. Let K denote the g-algebra of the Kronecker factor H,, let € > 0 be arbitrary,
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and let M = ||F||oc. Let Ly = {c € C | Re(£) € N} and Ly = {c € C | Im(£) € N}. Since
v is a probability measure, at most countably many members of {F~1(L; + t)}iefo,) and
of {F~1(Ly + ti) }4e[0,) have positive measure, so t1,t2 € [0,€) be such that v(F~((L1 +
t1) U (Lg + t2i))) = 0. Let {4;}2Z, be an enumeration of the connected components of
((Ly 4 t1) U (Lo + t9i))° that contain some z € C with |z| < M. For 1 <i < H, let a; € A;
be arbitrary, and note that for g(y) = 22, ailp-104,)(y) we have |[[F—g|ly < [|[F—gl[oc <€
and F~1(A;) € K for each 1 <i < H. Let E; = {n € N | S"(z) € F~!(4;)}, and note that

1 ul
lim sup N Z len — Zai]lEi(n)|2 (2.164)
N—oo “¥q i=1

Nq
= limsup Y |F(5"(x)) — g(S" @) = ||F ~ gll% < &

N—oo q p—1

It remains to check that E; € Ag for each 1 <4 < H. Since 1lp-1(4,) € K for each
1 <i< H,let K; € N be such that

i kE_ t)12
teh 12k2K, Mp-ray 087 = Lpray o S < e (2.165)

Recalling that X is a compact metric space and {F~1(A4;) ;L is a collection of open sets,

we see that

Ny

1
sup min limsup — 1g,(n+k)—1g(n+1t 2 2.166
up in o - 3 1s(n+K) L+ 1) (2.166)

N,

1 q
=sup min limsup — Lpo1oay(S™F(2) = Lpo1o a0 (S™TH(2))]?
sup | i limsw Nqnz::1| F10a,)( (7)) = Lp-104,)(S" ()]

: k t112
=sup min ||1p-1.4y08" —Llp—14 0S5 < €.
tell\]) 1<khS K, 1g (Ay) F-1(4;) 1%

O]

We now return to the proof of the forwards direction of (ii). We see from the comments
after Definition 2.4.6 that (z,)32

% s a wm-sequence if and only if for any k € Z4\ {0}

the sequence (e?7*#n)>C is a nearly weakly mixing sequence, so let us fix some k €

74\ {0}. Due to Lemma 2.3.6(ii), it now suffices to show that (627”']3'3””)Oo

o°_1 is orthogonal

to all compact sequences (cp);2y € UB(C). Let (Mg)g2; € N be any sequence for which
((e?mik-en)oo | ()%, (My)g2, is a weakly permissible triple and let € > 0 be arbitrary.
Let ® = (Ng)e2y1, Ao, and H be as in Lemma 2.4.10. Let g = S s1p, be such that
[|[(cn)o2—glln < eand E; € Ag foreach 1 <i < H. Foreach 1 <1i <m,let E;; = E;U2N,
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and E;» = E; N (2N + 1), and note that d(E;1),d(E;2) > % To see that E;; and E; 9 are
compact sequences, let € > 0 be arbitrary, and let K; € N be such that

m — > |1 —1 - 2.1
sup | min NgnOONZ\ 5, (n+k) E(ner)|<2 (2.167)

We now see that for j € {1,2} we have

iy 211 & ' 2.168
;‘gg,l<f£<12KN5anZ|Ew+> By (ntm)| < e, (2.168)

k even

so E;1 and E;» are indeed compact sequences. Letting E;; = (n; k)5, for (i,j) €
[1, H] x [1,2], and recalling that (n)$2; C N is a compact sequence, we see that

N

1
limsup | — Z e2miF- Yre,| < e+ hrn sup\ Z 2nik. tng (2.169)
<e—|—2\sz\hmsup] Ze%’kwﬂl (n)]
i=1

—c 4 Z |si] hm sup ]— Z e2rit “n(1g,,(n) + 1g,,(n) —1)]

H

N N N
<e+ Y |si|limsup — ( Z T g ()| + D e g ()| + > 62””{'“’”0
n=1 n=1

i=1 N—o0 n—1

H
1
=€+ E |si|limsup—<| E 2T |

ni,l,ke[LN]

N
+ Z ezmt.wnm” + Z e27rit-wn’) —c

ni,gykE[l,N] n=1

Since € > 0 was arbitrary, the desired result follows.

To prove items (i) and (iii), we work with the o-algebra of of invariant sets and the o-
algebra of sets that share the same rigidity sequence as (¢,)02; (cf. Proposition 2.1 of
[Ber+14]) respectively. We also replace the use of Lemma 2.3.6(ii) with that of Lemma
2.3.6(i) and 2.3.6(iii). Lastly, It is clear that if F; are invariant sequences then Ej, :=
E; U (Upean[n?, (n+1)? = 1) and Ej , := E; U (U,ean_1[n?, (n 4 1)? — 1) are also invariant
sequences satisfying d(E ), d(E] 5) > tand 1p, = lg +1p,—1 If E; is a rigid sequence,
then we recall that F; is rigid along the IP-set generated by its rigidity sequence, hence we

are still able to deduce that F; 1 and E; 2 are rigid sequences. O
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2.4.3 An Ergodic van der Corput Difference Theorem

Before we can properly state the analog of Corollary 2.2.9 we need to recall some basic

definitions and theorems regarding the uniform distribution of doubly indexed sequences.

Definition 2.4.11. (Tym)nm)yenz < [0, 1]¢ is uniformly distributed if for every open

rectangular prism R C [0,1]¢, we have

1
li — 1, N] x [1, M] | pm —u%(R)| = 0. 2.1
Jim st]bng\NMH(n,m) € [L,N] X [1,M] | 2um € R} - p(R)| =0.  (2.170)
Theorem 2.4.12. (Z(ym))(nm)enz C [0, 1]¢ is uniformly distributed if and only if for every
keZ\{0,--,0)}, we have

1 27 (K, )
Z e wn,m
NM (m,n)€[1,M]x[1,N]

lim  sup =0. (2.171)

K—oo N,M>K

Theorem 2.4.13. If ()52, C T is such that (Tpin — Tn)nn)ene s uniformly distributed,

then (z,)22, is an e-sequence.

We see that Theorem 2.4.13 is an immediate corollary to Corollary 2.2.9, Lemma
2.3.1(i)-(ii), and Theorem 2.4.12. We also note that for & € R\ Q the sequence (na)$2,
satisfies Theorem 2.4.13 and is consequently an e-sequence. We will now construct in exam-
ple 2.4.14 an e-sequence that is not totally uniformly distributed. Since any wm-sequence
is totally uniformly distributed as a consequence of Theorem 2.4.9(ii), the sequence in ex-
ample 2.4.14 is an example of an e-sequence that is not a wm-sequence. One can also use

Theorem 2.4.18 of the next section to show that (na)S; is not a wm-sequence.

Remark 2.4.14. Let o € R\Q be arbitrary and let L : [0,1) — [0, %) denote the map x — %x
Let us consider the sequence (y,)5; given by y2,, = L(2na) and yon—1 = L((2n — 1)a) + 1
for all n € N. We see that (y,)22 is not totally uniformly distributed by construction.
Now let us show that (Yntn — Yn)(n,n)ene is uniformly distributed. First, we note that

L(ha) if h is even and na € [0,1 — ha)
L(ha) + % if his even and na € [1 — ha, 1)
Ynth — Yn = . (2.172)
L(ha) + 3 ifhis odd and na € [0,1 — ha)
L(ha) if h is odd and na € [1 — ha, 1)

We remark that for each h € N, the sequence (y,1n — yn)oe, takes on exactly 2 values.
Now let £ € N and ¢ > 0 both be arbitrary and consider the functions
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fi(z) =1 - x)eka(x) + 2e2mR(L@)+3) and (2.173)
f2(,f[,’) = (1 — x)e27m‘k(L(m)+%) + erT(’ik}L(af:).

We see that fi(z) 4+ fa(x) = 0 if k is odd and fi(z) = 2™+ if k is even, so fol (fi(z) +
f2(z))dz = 0 regardless of the value of k. Since (2ha)5°, and (2ha — @)32; are uniformly
distributed, let Hy € N be such that

€ > and € >

/fl diE—folQha

1 A
/ folw)da — thlfg(Qha—a) (2.174)
whenever H > Hy. Since (na)SS; is uniformly distributed, we see that D((na)2 ) = 0,
so let Ny € N be such that Dy ((z,))_;) < € for all N > Ny. We now see that if N, H >
max(Ho, Ny), then

N 2H
2NH‘nZ:1hZ:1 e(2mik(Ynsn — yn))‘ (2.175)
QNH‘ Z exp(kf(yn+h - yn)) + Z eXp(k(yn+h - yn))
he(1,2H] né€(l,N] né€(l,N]
h even na€l0,1—ha) na€[l—ha,l)
(2.176)
+ Y| Y ek )+ Y ek — ) ||
he[12H]| ne[l,N] nell,N]
h odd na€l0,1-ha) na€[l—ha,l)
1
= H\ >.  expkL(ha)+ D exp(k(L(ha) + 3)) (2.177)
he(l,2H] n€[l,N] n€[l,N]
h even na€l0,1—ha) na€[l—ha,l)
1
+ > > exp(k(L(ha) + 5)) + Y. exp(kL(ha)) ’
he[l,2H] n€(l,N] n€(l,N]
h odd na€l0,1—ha) na€[l—ha,l)
1 1
<de + ﬁ‘ Z ((1 — ||ha||)exp(kL(ha)) + ||hal|exp(k(L(ha) + 2))) (2.178)

he(l,2H]

h even

+ X (@~ lihalDexp(h(L(ha) + 3) + [Ihalexp(kL (ha) )|
he[l,2H]
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N

H
=4e + %‘ ;((1 — ||hal||)exp(kL(2ha)) + ||ho||exp(k(L(2ha) + ))) (2.179)

d 1
+ 3 (1= Ihalljexp(R(L(2ha — a) + ) +[|hallexp(kL(2ha — a)) )|
h=1

<be+ %‘ /01 fi(z)dx + /01 fz(x)dac‘ = Be. (2.180)

Example 2.1. Let o € R\ Q be arbitrary, and consider the sequence (y,)>2; C T given by
yn = ma for (7)) <n < (™) D). (yn)2, is a sequence that is totally uniformly distributed
in [0, 1] but is not an e-sequence. In fact, for every f € C([0,1]) and a,b € N, (f(Yan+b))o1
is an invariant sequence. We leave it as an amusing exercise for the reader to show by direct
computation that (Yn4+n — Yn)n,n)en is not uniformly distributed.

2.4.4 Weak, Mild, and Strong Mixing van der Corput Difference Theorems

We will require the following technical lemma that relates strong Cearo averages and natural

density for use in some of the upcoming proofs.

Lemma 2.4.15. For a bounded sequence of nonnegative real numbers (z,)32,, we have

1
lim - > e — LI =0 (2.181)

if and only if for every e > 0 we have

d{h e N | |z, — L| <€}) =1. (2.182)
We also require a definition analogous to that of a permissible triple from Section 2.2.

Definition 2.4.16. Given a family {(z,1)2%1 152, of sequences in [0,1]¢ and an increasing
sequence (Ng)g2y C N, we define ({(znn)nz1}iZ1, (Ng)g21) to be a permissible pair if for
all h € N D((zn,n)n1, (Ng)g21) is well defined.

Theorem 2.4.17. For (2,)3%; C [0,1]% the following are equivalent:
(i) (xn)52, is a wm-sequence.

(i) For all uniformly distributed (y,)%, C [0,1]% and (Ng)g21 €N for which

{(@ns Ynan)nZa 1521, (Ng)g2y) is a permissible pair, we have

1

H
i 57 3 Dl smsn)iss (V) =0 (2.183)
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(iii) For all (Ng)g2y € N for which ({(xn, Tnin)nly 1oz, (Ng)g1) s a permissible pair, we

have

1

H
Jim hZ:le«xn, Tnth)nets (Ng)g2y) = 0. (2.184)

w) For all (N,)°21 C N for which ({(xpin — Tn)o2q1172, (Ng)S21)) s a permissible pair,
q/q=1 + n=1Jh=1 q/q=1

we have
1 H
Jim h; D((#nn — xn)521, (Ng)g21) = 0. (2.185)

Proof. We will first show that (i) implies (ii). Let (y,)52; C [0,1]% and (Ng)o2; € N be

as in (ii). We will show that equation (2.183) holds by using Lemma 2.4.15. Let € > 0 be
arbitrary, and let R € N be such that

3 2

§)d(T+1 (2.186)

(

€
) < 3
Let A={reZ4t® |0 < ||r|j < R& 7, =0V 1<i<d;.}and B={reczht®|0<
[|[7]lc < R} \ A. Since (y,)52; is uniformly distributed, we note that for all » € A and
h € N, we have

N, N,
1 - 27 (r,(x - i
O (TnYntn)) | — T | 27i((Tdy 415 Ty +do )sYnth) | —
qlggo ; Z:le qlgglo ) Z:le 1 1+d2 0. (2.187)
n= n—=

For each » € B, we note that (62”“(7"1’7"2""’T’d)7x">)%°:1 is a nearly weakly mixing sequence.
By Lemma 2.4.15, let

N/
. I &

S?“ == {h S N | qli)ngo ﬁ Z eXp(<(T1’ e ,Td1)7$n>)exp(<(7"d1+1, e 77’d1+d2),yn+h>)
9 n=1

€
< R 2.188
2(%)d1+d2(2R+ 1)d1+d2 } ( )

where (V)92 is any subsequence of (N,)o¢; for which all of the limits defining S, exist.
Since d(S,) = 1 for every r € B, we see that for S := N,epS, we also have d(5) = 1.

Furthermore, for every h € S and r € B we have
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< c . (2.189)

lim 2(%)d1+d2 (2R.|_ 1)d1+d2

q—0o0

N, Z exp((7; (Tn, Yn+n)))

We now see from Theorem 2.4.5 that h € .S, we have

D ), (N)E0) = Jin, Doy (s o)) (2.190)
< I (3)d1+d2 2 + Z 1 1 g;: 2mi(r,(Tn Yn+n)) (2.191)
< lim (= — e T In .
q—00" 9 R+1 O<|Mm<R m(r) Né =
1 s
< € + lim — 3 d1+d2 (Z + Z) Z 27i(r,(Zn,Ynth)) <e, (2.192)
2 a=o0 N 2 rcA reB q n=1

which concludes the proof that (i) implies (ii).

To show that (ii) implies (iii) it suffices to show that (ii) implies the uniform distribu-
tion of (xy,)52,. Let (yn)52; C [0,1] be an arbitrary uniformly distributed sequence and
let (N, ) 1 € N be arbitrary. By passing to a subsequence of (INg)o2 =1 if necessary, we may
assume Wlthout loss of generality that ({(zn,Yn+n)nlytheys (Ng)gZ1) is a permissible pair.
We observe that if R C [0,1]% is an open rectanglular prism, then R x [0,1] is an open
rectanglular prism in [0, 1191, so D((2pn, Yn+n)1, (N, Joz1) = D((zn)niqs (Ng)g2y) for all
h € N. By Lemma 2.4.15 and the assumptions of (ii) we see that for each € > 0 there exists
h € N for which € > D((2n, Ynt+n)nzr; (Ng)gZ1) = D((zn)ny, (Ng)g21), which concludes
the proof that (ii) implies (iii).

Now let us show that (iii) implies (iv). Let T : [0,1]2% — [0,1]% be the map defined by

T(fL’l, o Xdy s Xdy 41y 7m2d1) — ('Idl-i-l_mla Tdi42— X2, " ,CL’le—l’dl) (mOd ]-) (2193)

If BCIo, 1]d1 is an open rectangle, then 77! B is a union of at most F open convex set in
[0,1]%¢, where F € N is independent of B. It follows from Theorem 2.4.4 that for all open

rectangle B, we have

D((#n4h — @n)pz1; (Ng)gZ1) < F - J((@n, Tntn), (Ng)gZ1) (2.194)
F(4(dy + d2)? + 1)D((n, @ 1), (Ng)32y) T,
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so the desired result follows from Lemma 2.4.15.
Lastly, we prove that (iv) implies (i). Let € > 0 and k¥ € N both be arbitrary. Let

g(z) =321 ¢ilp,(z) be a step function for which ||e*™** — g(z)||x < § and ||g(z)||oc < 1.
For each h € N, let v, = D((Tn4n — Tn)pzy, (Ng)gZ1). We see that for h € H, we have

Ny

. 2wk (Tt h—Tn) E 1 _

[ < 5+ fim | 3 sl =) (2195

2 a7\ Ng im0

€ m
<s 4 3 (B + z el = 5+ Z i +1 [ gf)da] < e+ 3 fab

=1 =1
From equation (2.185), we see that
Ng 1

lim — ] 2Tk Tn 1 h 2mikTn | < lim — =ec. (2.196
Hgnoo quﬁrgo nzl € _Hgnoo ;(E—FZ‘CA’WZ) ‘ ( )

Since € > 0 was arbitrary, Theorem 2.2.10 shows us that (e27*#n)> . is a nearly weakly

mixing sequence. Since k € N was also arbitrary, the desired result follows from Lemma

2.3.1(1)-(ii). O
Corollary 2.4.18. Let (2,)52; C [0,1] be a sequence for which
Jim Z D((€pn — 12)22,) = 0. (2.197)
Then (x,)5, is a wm-sequence.
Theorem 2.4.19. For (2,)3%; C [0,1]% the following are equivalent:
(i) (x,)5%; is a mm-sequence.

(ii) For all uniformly distributed (y,)%>; C [0,1]% and (Ng)g21 €N for which

{(@ns Ynan)nlr }olys (Ng)gy) is a permissible pair, we have

1P — lim D, ynen)ir, (Ng)32) = 0. (2.198)
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(iii) For all (Ng)g2y € N for which ({(xn, Tnin)nly 1oz, (Ng)g1) s a permissible pair, we

have

IP* = lim D((wn, )i, (N)2s) = 0. (2.199)
—00

(iv) For all (Ng)g2y €N for which (({(zn+n —2n)nl1 721, (Ng)gl1)) is a permissible pair,

we have

IP* — lim D((p+n — @n)pe1, (Ng)oZq) = 0. (2.200)

h—o0 g=1
The proof of Theorem 2.4.19 is almost identical to that of Theorem 2.4.17 so we omit
it.

Corollary 2.4.20. Let (x,)5, € [0,1] be a sequence for which

IP* — lim D((zpyn — Tn)peq) = 0. (2.201)
h—o00
Then ()52, is a mm-sequence.
Theorem 2.4.21. For (x,)3%; C [0,1]% the following are equivalent:
(i) (xn)9%, is a sm-sequence.

(i3) For all uniformly distributed (y,)%, C [0,1]% and (Ng)g21 €N for which

({(@ns Ynan)nza 1521, (Ng)o2y) is a permissible pair, we have

lim D((, Ysn)3r (N)32) = O. (2.202)

h—o0

(i4i) For all (Ng)o2y € N for which ({(xn, Tnin)nly a1, (Ng)g21) s a permissible pair, we

have

lim D((@n, Tnsn)3%y, (Ng)22,) = 0. (2.203)

h—o00 a=1

(i) For all (Ng)32y € N for which ({(%nh —zn)nZy }izy, (Ng)g21)) s a permissible pair,

we have

T D((nn — 20)31, (Ng)321) = 0. (2.204)
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The proof of Theorem 2.4.21 is almost identical to that of Theorem 2.4.17 so we omit
it.

Corollary 2.4.22. Let (x,)52 1 € [0,1] be a sequence for which

lim D((zpn — 2n)o2q) = 0. (2.205)
h—o0
Then (x,)0 is a sm-sequence.

Now let us compare the results of this subsection to another similar result from the

literature.

Definition 2.4.23. A sequence of natural numbers B = (ny)3>, is a Besicovitch Almost

Periodic Sequence if for all € > 0, there exists ay,--- ,ar € [0,1] and ¢1,--- , ¢ € C for
which
1 Y b ,
li =S - 2T < e, 2.206
lf\?_f’;lopz\r;’ B(n) ;cje | <e (2.206)

Theorem 2.4.24 (cf. Theorem 4.4 in [BM16]). If (z,,)02; C [0,1] is a sequence for which
(Tpph — @)%y s uniformly distributed for every h € N, then for all Besicovitch Almost

Periodic Sequences (ng)i2 1, (xn, )72 is uniformly distributed.

Remark 2.4.25. Theorem 2.4.24 can also be deduced from section 4 of [DMF74]. Noting
that any Besicovitch Almost Periodic Sequence of complex numbers is a compact sequence,
and that any compact sequence of complex number is a rigid sequence, Theorem 2.4.9
shows us that Corollaries 2.4.18, 2.4.20, and 2.4.22 are each generalizations of Theorem
2.4.24. However, the astute reader may have noticed that we have yet to mention nearly
orthogonal sequences in this section despite the apparent connection between the hypotheses
of Theorems 2.1.2(i) and 2.4.24 with Corollary 2.2.17. The reason for this is that a sum of
nearly orthogonal sequences is not necessarily a nearly orthogonal sequence, so we do not
have an analogue of Lemma 2.3.1(i)-(ii) for nearly orthogonal sequences. Nonetheless, we

may prove some Theorems in this direction as well.

2.4.5 Uniform Distribution and Orthogonality in Hilbert Spaces

Theorem 2.4.26. (z,,)3%; C [0,1]¢ is an o-sequence if and only if for each h € N,

(T, Tpyn) C [0,1)2¢ ds uniformly distributed.
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Proof. For the first direction, let us assume that (2, Zp+n)ne; is uniformly distributed in
[0,1]2? for all h € N. We see that for all k1, ko € Z¢ that are not both (0,0, ---,0) and any
h € N we have

1 2mi((k1 Y+ (k2
: - T T Tnth)) —
]\}lm n§:1 e 0. (2.207)

Now let f € C([0,1]¢) satisfy Jio, 1 fdm? = 0 and let (c)jeza be the Fourier coefficients of
f. Let € € (0, || f||oo) be arbitrary, and let K be such that

1f@) = Y a7 <e (2.208)
ke[ K, K]

Noting that c(g,... 0y = 0, we see that for all h € N we have

lim
N—o0

(2.209)

N
% Z ( Z ck€27ri<k,mn+h) )( Z Cke—Qwi(k,xn>)

§3€Hf||oo + ]\}im
- n=1 ke[-K,K]4 ke[-K,K]4

1 Y :
LS gy gt

n=1

=3¢l flla+ D lim = 3¢l[f]oo-

N—o0
k1,ko€[—K,K]4

Since € > 0 was arbitrary, we are done with the first direciton. For the reverse direction,
let us assume that (x,)5%; is an o-sequence. We will first show that (z,4n — xn)02; is
uniformly distributed for all h € N. To this end, let & € Z?\ {(0,0---,0)} and h € N both
be arbitrary and note that (e27(»#n))>_is a nearly orthogonal sequence. Let (Ng)g2y be

any sequence for which

L
lim — Y e2milk@nin=an) 2.210
Jm > (2210)
n=1
exists. By passing to a subsequence of (Nq)z(;il if necessary, we may assume without loss
of generality that ((e2™k@n))oo (e2mi(kan))o0 (Ng)g21) is a permissible triple. Since

(e2mken))o0 g a nearly orthogonal sequence it follows from Theorem 2.2.16 that

N,
1 & ;
1i L 27 (K, h—Tn) _ 0 2.211
Jim 53 ’ —
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from which it follows that (z,4+n — Tn)pe; is indeed uniformly distributed for all A € N.
Now let h € N be arbitrary, let k1, ko € Z% be such that k; and ks are not both (0,0, --- ,0)
and let (N;)o2; € N be such that

N,
TR L (CERFECEN) (2.212)

— 00
q Nqn !

exists. If k1 or k2 is (0,0,---,0), then the limit in equation 2.212 is 0 since the o-sequence
()52 is uniformly distributed, so let us assume that neither of k; and ks are (0,0,---,0).
Note that for all ¢ € C we have that (e2™F1.2n) 1 ce2milk2,7n))%0 | ig a nearly orthogonal

sequence since (z,)°2 is an o-sequence, so we once again see from Theorem 2.2.16 that

N,
1 O omilky o ‘ ; ;
— T JLnth) 2mi(ka,Tpin) —2mi(k1,xn) | =,—2milke,Tn)
0= qhﬁrgo N, qz:l( + ce )(e + ce ) (2.213)
N,
1 q q .
1 27i(k1,Tp4+h—Tn) 1 2mi(k2,Tn4h—Tn)
= oy, o Jim - e
1 1
+ec lim — ZeZM( k2, xpntn)—(k1,Zn)) +¢ lim — Ze2ﬂ'l (k1,@n4n)—(k2,2n))
q—oo N it qg—oo N, it
| N N,
. 2mi((k2,zn4n)—(k1,2n)) 2mi((k1,@ngn)— <k2@n>)
cqlggoge +qugrolo qz:le (2.214)

Letting A(c) represent the quantity in (2.214), we observe that

0=A(1) —1A(7) (2.215)
1 Ja 1 Ja
— q]i}rgo — Z e2mi((k2,2npn)—(k1,2n)) 4 qlggo = Z e2mi((k1,2ngn) = (k2,20))
= )
Ny
1 - 2mi((k2,Zntn)—(k1,2n)) li . 2mi((k1,2n4n)—(k2,2n))
(zqg& Z “igm Ze
Nq
o 27r’L k/‘g,wn+h>+<fk}1,1’n>)
=2 qll)lglo 231 e .
9 g=

Since (k1, ko) — (—k1, ko) is a bijection from Z2? \ (Zd x {(0,---,0)}U{(0,---,0)} x Zd>
to itself, we see that (zy, Z,14)52; is uniformly distributed for all h € N. O]

We would now like to that the sequences produced by Theorem 2.1.2 need not be o-
sequences. To this end, we first require Lemma 2.4.27. While this Lemma 2.4.27 is well
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known, we use it repeatedly in the proof of Theorem 2.4.28, so we include a proof for

the sake of completeness. For the rest of this section we will freely use the fact that if

S
n=1

p(x) = apa™ + -+ + a1z + a9 € Rlz] has q; irrational for some ¢ > 1, then (p(n))
(mod 1) is uniformly distributed (cf. Theorem 1.3.2 in [KN74]).

Lemma 2.4.27. If p(x) = apa™ + --- 4+ a1z + ap € Rlz] is a non-constant polynomial for

which a; s irrational for some ¢ > 1, then

lim —262””’ Lon(n) = lim 72627”1’(" lon_1(n) = 0. (2.216)

N—oo N -1 N—oco N —1

Proof. We observe that ¢i(n) := p(2n), g2(n) := p(2n — 1) € R[z| are non-constant poly-
nomials with at least 1 irrational coefficient other than their constant coefficients. It now

suffices to see that

= 2mip(n _ = s 27rzq1 (n) _
J&E)noo Z e ) Lon(n 5 ]\}1_13100 z:l =0, and (2.217)

lim —Ze%”" Ion—1(n) = = lim —Z 2miga (n

N—oco N
]

Theorem 2.4.28. There exists a sequence (x,)52 1 such that (Tpip — Tn)52, s uniformly

distributed for every h € N, but (z,)22; is not an o-sequence.

Proof. Let a € R\ Q be arbitrary and consider the sequence (1,,)2; defined by z, = na

(mod 1) if n is odd and z,, = 2(n — 1)%a (mod 1) if n is even. To see that (z,,)%; is not
an o-sequence, it suffices by Theorem 2.4.26 to show that (zp,Zn+1)52; is not uniformly
distributed in [0, 1]2. To see that this is the case, we note that

N

1
]\}1_13(1)0— E exp((2, —1) - (@, Tpt1)) = ]\}1_1[}1(1)0— glexp (225, — Tpt1) (2.218)
|
1 2 2 2 2
—]\}gréo i E (]lgN_l(n)exp@n a—2n“a) + lon(n)exp(d(n — 1)°a — (n+ 1) a))

n=1

= lim — Z (]]-QN n) + Lon(n)exp((3n? — 10n + S)a)) = % # 0.

N—>oo

We will now show that (z,1p — ,)52; is a uniformly distributed sequence for every
h € N. If h € N is even then let h = 2k’ and note that for all k¥ € N we have
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Jim_ % nﬁ:l 2™ ik(@nin=2n) (2.219)
1 N
= lim — n; (ﬂgN(n)exp(k(Q(n +h =12 =2(n - 1))
+ Tow1(n)exp(k((n + 1')? = n?)a))
1 N
— lim ,; (ﬂgN(n)exp(k(éLh/n —dn + h'%)a)

+ lon_1(n)exp(k(2h'n + h’z)a)) =0,

SO (Tptn — Tn)oe; is uniformly distributed for every even h. If h € N is odd then let
h = 2h' + 1 and note that for all ¥ € N we have

1 EN: 2mik(x -
1 n+h CCn)
]\}lm — (& (2220)

N

- lim. % nz::l (Lan(m)exp(k((n + B +1)> —2(n — 1)*)a)

+ Lo (m)exp(k(2(n + 1)? — n?)a))

N—oo

N 2 2
= lim N nz::l (ILQN(n)eXp(k:(—n +2h'n+ 6n + h'* + 20" — 1)a)

+ Ton—1(n)exp(k(n® + 4h'n + 2h2)a>) -0,

SO (Tpth — Tn)52 is uniformly distributed for all odd h as well. O

We also note that (., Z,44)5% is uniformly distributed in [0,1)? for all h > 2, but we

omit the proof of this fact since we do not need it.

Definition 2.4.29. Fork € N, a function g : [0,00) — R which is (k+1)-times continuously
differentiable is a tempered function of order k if the following hold.

(1) g%tV (x) tends monotonically to 0 as x tends to infinity.

; (k+1) _
(2) Jim g (x) = 0.
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Theorem 2.4.30. Let g : [0,00) — R be a tempered function of order k that is (k+2)-times
continuously differentiable for some k > 1. Furthermore, suppose that there exists B > 0

for which limsup |zg*+2) (z)| < B.
n—oo

(i) If a € R\Q, then (g9(n+h)a, g(n+h),g(n)a, g(n))>2, (mod 1) is uniformly distributed
in T for all h € N. In particular, (g(n)a, g(n))SS; (mod 1) is an o-sequence in [0, 1]

and (g(n))s2; (mod 1) is an o-sequence in [0, 1].

(it) For alla € R and h € N we have that (|g(n+h) |, [g(n)]|a)pe; (mod 1) is uniformly

distributed in its orbit closure.

Proof of (i). We begin by verifying that (g(n+h)a, g(n+h), g(n)a, g(n))se; (mod 1) is uni-
formly distributed in [0, 1]* for all h € N. To this end, let (ay,az,as,as) € Z*\ {(0,0,0,0)}

be arbitrary so that we may show

1N
lim — E exp(aig(n + h)a + asg(n)a + asg(n + h) + asg(n)) = 0. (2.221)
N—oo N el

It now suffices to show that ((a1a+ ag)g(n+ h) + (asa+aqs)g(n))se; (mod 1) is uniformly
distributed in [0, 1], which will follow from showing that h(x) := (a1a+a3)g(z+h)+ (asa+
as)g(x) is a tempered function. We begin by observing that

WD (2) = (ara+ ag)g®HD (@ + h) + (aza + ag)g™* D (z) — 0, (2.222)

T—00

so condition (1) of Definition 2.4.29 holds. To see that condition (2) is also satisfied we
consider 2 cases based on whether or not (aj, as) = (—az, —a4). For our first case we assume
that (a1,a3) # (—az, —a4) and by the Mean Value Theorem let ¢ = ¢(x) € (z,z + h) be
such that

g + ) — g (@) = g2 (c). (2:223)

‘We now observe that

D)) (2.224)
=|(ara + a3)xg* V) (2 4 h) + (aze + ag)zg* T (2)]

|(a1c + ag)x(g(k+1)(ac +h) — g(k+1)(x)) + (a2 + ajae + ag + a3)x9(k+1)(3¢)‘

(
[(a1a + a3)zg* T (¢) + (aze + ara + ag + az)zg* ) (2)]
(

v

(asax + ara + ay + a3)xg® Y (z)| — |(ara + a3)B| e OO
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For our second case we assume that (aj,a3) = (—ag, —a4) and observe that h(z) =
(ara+a3)(g(x+h) —g(x)) is a tempered function of order (k — 1), hence (g(n+ h)a, g(n +
h), g(n)a, g(n))Se is uniformly distributed in T4 for all h € N.

The fact that (g(n)a,g(n))s2; (mod 1) is an o-sequence now follows from Theorem

2.4.26. Similarly, after noting that the uniform distribution of (g(n+ h),g(n))%2; (mod 1)

n=1
is implied by that of (g(n + h)a, g(n + h),g(n)a, g(n))se; (mod 1), we may again use
Theorem 2.4.26 to see that (g(n))>2; (mod 1) is an o-sequence. O

Proof of (ii). Let us first consider the case in which a = % for coprime 7, s € Z\ {0}. Since

r and s are coprime, it suffices to show the desired result for o = % Since %g(m) also

satisfies the hypoteses of Theorem 2.4.30, we see from part (i) that (1g(n))52; (mod 1) is
1

an o-sequence, hence (1g(n + h),1g(n))22, (mod 1) is uniformly distributed in [0,1]* for

all h € N. It now suffices to observe that (1|g(n+ h)],[g(n))] (mod 1) = (£, %) if and
only if (tg(n + h), 1g(n)) (mod 1) € [£, H1) x [£, 114,

We now consider the case in which @ € R\ Q and proceed as in the proof of
Lemma 5.12 from [BHKO09]. We observe that for any (aj,az2) € Z? \ {(0,0)} the function

f(x1,xe, w3, 24) = exp(aix; — a1z2a + agxrs — azrga) is a Riemann Integrable function

oS
n=1

on [0,1]*, hence we use the uniform distribution of (g(n + h)a, g(n + h), g(n)a, g(n))
(mod 1) to see that

N
Jim 3 explarlon + o+ aslg(m)]e (2.225)
N
= A}gnoo % nzz:l f((g(n + h)a,g(n+ h),g(n)a,g(n)) (mod 1)) (2.226)
= fdE = 0. (2.227)

O]

Theorem 2.4.31. If p(z) = apx™ +---a1x +ag € R[x] is a polynomial of degree 2 or more

o0

such that a; is irrational for some i > 2, then (p(n))se; (mod 1) is an o-sequence.

Proof. We see that for any (a,b) € Z?\ {(0,0)} we have that ap(n + h) + bp(n) € R[z] has
at least one irrational coefficient other than its constant coefficient, and is consequently a
uniformly distributed sequence modulo 1. It follows that (p(n),p(n + h))52; (mod 1) is
uniformly distributed in [0, 1]? for all A € N, so the desired result follows from Theorem
2.4.26. O
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2.5 Applications to Measure Preserving Systems

Definition 2.5.1. Given a probability space (X, B, u) a measurable transformation T :
X — X is called measure preserving if p(T~1A) = p(A) for all A € . A measure
preserving system (m.p.s.) is a tuple (X, B,u,T) in which (X, %, 1) is a probability
space and T : X — X is a measure preserving transformation. For a m.p.s. (X, %A,u,T)
and f € L*(X,p) we have Tf(x) := f(Tx) and note that T : L*(X,p) — L*(X, p) is a
unitary operator. A m.p.s. (X,%B,u,T) is rigid if for every f € L*(X,pu) there exists
(ng)eey €N for which T" f k:z f in the strong topology.

We now wish to prove a theorem that demonstrates how the various notions of mixing
sequences in Definition 2.2.5 can be used to characterize different levels of the ergodic

hierarchy of mixing for a m.p.s., which we will now review.
Definition 2.5.2 (The Ergodic Hierarchy of Mixing). Let X = (X, %, u,T) be a m.p.s.

(i) X is ergodic if for every A € B we have

lim — Z (T AN A) = pu(A)?. (2.228)

N—oo N

(ii) X is totally ergodic if (X, B, u, T™) is ergodic for all n € N.

(iii) X is weakly mixing if for every A € 2 we have

lim — 3" |u(T AN A) — p(A)? = 0. (2.229)

(iv) X is mildly mixing if for every A €  we have

IP* — lim u(T7"ANA) = u(A)>. (2.230)

n—oo

(v) X is strongly mizing if for every A € B we have

lim p(T7"ANA) = (A2, (2.231)
Theorem 2.5.3. Let X = (X, B, u,T) be a m.p.s.
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(i) X is ergodic if and only if for every A € B we have that (Lp-ng — p(A))S2, is a

completely ergodic sequence.

(ii) X is weakly mizing if and only if for every A € 2 we have that (1p-n 4 — u(A))22 is

a nearly weakly mizring sequence.

(iii) X is mildly mizing if and only if for every A € % we have that (Lp-ny — p(A))S%; is

a nearly mildly mixing sequence.

(iv) X is strongly mizing if and only if for every A € B we have that (1p-ny — pu(A))52,

s a nearly strongly mixing sequence.

Proof. We first make the key observation that for all h € N we have
lim > (Lo — i(A), Igong — (A)) = (Lo g — a(A), Tt — () (2:232)

— u(T™MAN A) - p(A).

To prove item (i) we observe that

LN
Jm = Z A}E}noo N Zl Lp-n-ng — p(A), Ip-na — p(A)) (2.233)

lim — T™"ANA) - pu(A)?
= lim — Z p(T"ANA) = pu(A)?,
so Theorem 2.2.8 tells us that X" is ergodic if and only if (17-n )02 is completely ergodic
for every A € Z. The proofs of items (ii), (iii), and (iv) are similar and just replace the use
of Theorem 2.2.8 with that of Theorems 2.2.10, 2.2.12, and 2.2.14 respectively. O

We will now provide a partial answer to a question that was asked by N. Frantzikinakis
in [Fra22]. The question involves the notion of zero entropy which we have yet to discuss.
We only require the reader to know that every rigid m.p.s. has zero entropy. We note that

another answer is forthcoming in [FH].

Question 2.5.4 (cf. Problem 2 in [Fra22]). Let (X, %,u) be a probability space and let
T,S : X — X be measure preserving transformations. Suppose that the m.p.s. (X, B, u,T)
has zero entropy and f,g € L>=(X, u).
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(i) Is it true that the averages

1 N
: - n ¢ . qp(n)
J\}lm N ng 1T f-SPg (2.234)

converge in L*(X, u) when p(n) =n or p(n) = n??
(ii) Is it true that for every A € 2 with u(A) > 0 there exists n € N such that
WANTANSPMA) > 0 (2.235)
when p(n) =n or p(n) = n??

Theorem 2.5.5. Let (X, %, 1) be a probability space and let T,S : X — X be measure
preserving transformations. Suppose that the m.p.s. (X, B,u,T) is rigid, and that the
m.p.s. (X, B, u,S) is totally ergodic. Let (k)22 C N be a sequence for which ((kp+n—Fkn)o
(mod 1))92, is uniformly distributed for all € R\ Q and h € N.

(i) If f,g € L=(X,p) are such that [y gdu =0, then (T™f - S¥2 )2, is a nearly weakly

n=1

mizing sequence in L*(X, j1).

(ii) For any f,g € L*>°(X, u) we have

1

N
: - n £ . Qkn —
Jim 7 32T -8ty = Bl Iz (2.236)

where Iy = {A € B | T'A = A} is the o-algebra of T-invariant sets and with

convergence taking place in L*(X, ).

(Z’LZ) IfAl,AQ,Ag € A then

: 1 al —-n —k : 1 al —n
ngnOON;M(Al NT "AyN S~k Ag) = M(Ag)ngnOON;u(Al NT"Az). (2.237)

(i) If ((kptn — kn)a)se, is uniformly distributed in its orbit closure for all o € R then
(i)-(iii) hold when (X, B, u,S) is ergodic.

For the proofs of (i)-(iv) all limits of sequences of vectors in L?(X, u) will be with respect

to norm convergence in L?(X, ).
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Proof of (i). We will use Corollary 2.2.17 to show that (S*7¢)2, is a nearly orthogonal
sequence in H. Since ({(S™g, g))o2

o°_1 is a positive definite sequence we may apply Bochner’s

Theorem and pick some positive finite measure v on [0, 1] for which 2(n) = (S™g, g) for all
n € N. Since (X, %, 11, 5) is totally ergodic and [ gdp = 0 we see that v(Q N [0,1]) = 0.
We note that for all h € N we have

N N

Jim ;<S’“ﬂ+hg, Shg) = Jim_ % ;w’“nwkng, 9 (2.238)
1 N
:/1 lim i i 62m(kn+h_kn)md1/(:v) =0,
0 N—oo N 7

where the last equality follows from the fact that ((k,p — kn)) (mod 1) is uniformly

distributed for all « € [0,1] \ Q and v»(Q N [0,1]) = 0.

el
Since (X, %, u,T) is rigid, let (ng)72; € N be such that 7" f v f and observe that

lim lim —ZHT"*”kf T'f|l = Jim [|T"f = fI| =0, (2.239)

k—oo N—oo N

so (T™f)S, is a rigid sequence in UB(L?(X, u)). Since every nearly orthogonal sequence is
a nearly mildly mixing sequence, we apply Theorem 2.3.10(iii) to see that (T™f - S*»g)22

is a nearly weakly mixing sequence. O

Proof of (ii). Let f,g € L*°(X, ) be arbitrary. Let ¢’ = g — [y gdp so that [y ¢’du = 0.
We deduce from part (i) that (T™f - S*n¢')>° | € UB(L%*(X,p)) is a nearly weakly mixing

sequence, hence we apply Lemma 2.3.1(iii) to see that

1
lim — S T"f.Skq = 0. 2.240
im N; f g ( )

We also see as a consequence of the Mean Ergodic Theorem that

lim —ZT”f/ gdp = E[f |IT]/ gdy. (2.241)

N—oco N

It follows that

65



: 1 n kn
]\}%N;T f-S"g (2.242)
N
. n kn - n
= lim — ZT - Stng'+ lim T f/ gdp = E[f!IT}/ gdp

O]

Proof of (iii). By considering f = 14, we recall that we have shown in the proof of (i)
that (T"14,)52 1 = (Lp-—na,)52 is a rigid sequence. It is clear that (14,)52, is a compact
sequence, so by Lemma 2.3.8(iii) we see that (L4, - Ip—ng, )52 = (La,ar—na,)ne is &
compact sequence. Applying part (i) with f =1 = Ix and g = 14, we see that (S*21 4, —

1(As))oe, is a nearly weakly mixing sequence. It now follows from Lemma 2.3.6 that

N
!
0= lim — D (Lg-rnay — 1(As3), Ly, ar-na,), (2.243)

N—oo
n=1

from which we deduce that

N
1
p(As) lim — Zlu (ALNT"Ap) = lim — z_:lm(Ag), La, A7 a,) (2.244)
1 N
. .
:]\}I_I}})O *sz::l@ls kn Ags LA AT nAy) = A}gnoo — zjlu (A1 NT AN S A3).

O]

Proof of (iv). Since items (ii) and (iii) were proven as a result of item (i), it suffices to only
show that item (i) in this new situation. To this end, it suffices to repeat the proof of (i) and
observe that the measure v given to us by Bochner’s Theorem now satisfies v({0,1}) =0
instead of v([0,1] N Q) = 0. Nonetheless, we see that the last equation of (2.238) will still

hold since

N
1 A
li - 27i(kpyn—kn)T _ )
Jim e + 0, (2.245)
n=1
for all z € (0,1). O
Remark 2.5.6. Firstly, we observe that if (k,a)S%; (mod 1) is an o-sequence for every
a € R\ Q, then ((kptn — kn)a)22; (mod 1) is uniformly distributed for all such « as a

consequence of Theorem 2.4.26. Theorem 2.4.31 shows us that we can take k,, = p(n) where
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p: Z — 7 is a polynomial of degree at least 2. It turns out that we can also take k, = |n”|
where 8 € (1,00) \ N or k, = [n%log?(n)| as examples satisfying (iv) as is implied by
Theorem 2.4.30. We note that Corollary 1.7 of [Fra22] does not apply to k, = |n?log?(n)].

Let us now recall a result of N. Frantzikinakis, E. Lesigne, and M. Wierdl (Theorem 1.4
and Corollary 4.4 of [FLW06]).

Theorem 2.5.7. Let k > 2 be an integer and o € R be irrational. Let R = {n € N | n*a €
33}
(i) If (X,AB,n) is a probability space and Ty,Ta, -+ ,Tr—1 : X — X are commuting

measure preserving transformations, then for any A € A with u(A) > 0, there exists
n € R for which

WANT " ANT,"AN - NTA) > 0. (2.246)

(ii) There exists a m.p.s. (X, %AB,u,T) and a set A € B satisfying p(A) > 0 such that for
all n € R we have

WANTANT AN NT7FA) > 0. (2.247)

Our next theorem strengthens the conclusion of Theorem 2.5.7(i). It is worth noting
that the example of a m.p.s. (X, %, u,T) satisfying Theorem 2.5.7(ii) from [FLWO06] has

zero entropy.

Theorem 2.5.8. Let k > 2 be an integer and a € R be irrational. Let R = {n € N | n*a €
[%, %]} Let (X, B, u) be a probability space and S,Ty,To,-- ,Tp—1 : X — X commuting
invertible measure preserving transformations for which (X, %, u,S) is rigid. For any A €
P with u(A) > 0, there exists n € R for which

WANSTANT " ANT, "AN---NT " A) > 0. (2.248)

Proof. We remark that our proof is essentially the same as that in [FLWO06] other than
the fact that we use Corollary 2.2.17 in place of Theorem 2.1.2(i). We begin with a useful

proposition.

Proposition 2.5.9. Let k € N, (X, B, i) be a probability space, and Ty, -+ ,Tp—1: X — X

be commuting measure preserving transformations. Let p(z) € Rxo[z] have degree at least
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k and an irrational leading coefficient, and let g : T — C be a Riemann integrable function

satisfying [r g(x)dx = 0. For any fi,--- , fu—1 € L>(X, 1) the sequence

(T AT fo -+ T foma9(p(n))) 2, (2.249)

is a nearly orthogonal sequence.

Proof of Proposition 2.5.9. By Lemma 2.3.1(i)-(ii) and standard approximation arguments
we see that it suffices to prove the desired result for g(x) = €2 with m € N. We now
proceed by induction on k. For the base case of k = 1, we observe that (n*a)%; is an
o-sequence by Theorem 2.4.31, so (e2™P(")> | ¢ UB(C) is a nearly orthogonal sequence,
hence (1xe2™P(M)> . ¢ UB(L?(X,u)) is also a nearly orthogonal sequence. We now
proceed to the inductive step and will show that the desired result holds for k£ + 1 assuming
that it holds for k. Let a, = TP 1T f2- - T fr.e>™PM) g, = TP fifi, T, = T,TT ", and

observe that for each h € N we have

N

Jim Zl<an+h, an) (2.250)
= lim — / T7 g1 p T3 gon - - Thgp e merth=pm) gy,

N—)oo
= lim — / g8 gan - Tp grpe?mEEER=pM) gy = 0,

N—>oo N

where the last equahty follows from the inductive hypothesis and Lemma 2.3.6. The fact

that (a,)22, is a nearly orthogonal sequence now follows from Corollary 2.2.17. O

Returning to the proof of Theorem 2.5.8, we observe that g(z) = Ili’%](:v) —lisa

Riemann integrable function satisfying [} g(z)dz = 0. We also observe that (1 4ng-n )52 €
UB(L?(X, p) is rigid. Since the nearly orthogonal sequence in equation (2.249) with f; = 14

for all ¢ is also a nearly mildly mixing sequence, it follows from Lemma 2.3.6(iii) that

lim — Z WANS ANT"ANTy "AN - N TP A)e?mmnte =, (2.251)

N—oco N

for any m € N. We now see that

lim sup — Z 1 FOu(ANSTANT " ANT, "AN---NTP A) (2.252)

§
N—o0 4

l
(3

=lim sup — Z ,uAﬂS "TANTy"ANT, AN NI A) >0

N—oo
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where the last inequality follows from the multiple recurrence of Furstenberg and Katznelson
[FK78]. O

2.6 Comparison of Notions of Mixing Sequences

In this section we will compare our definitions of completely ergodic, nearly weakly mixing,
and nearly strong mixing sequences with those of ergodic, weakly mixing, and strongly

mixing sequences appearing in [BB86].

Definition 2.6.1 (cf. Definition 1.1 in [BB86]). A bounded sequence (fn)o>, C H is
strongly mizxing if and only if for all € > 0 there exists K € N such that for all m € N
the inequality |{fn, fm)| > € has at most K solutions n.

Theorem 2.6.2. Let (f,)s2; € H be a bounded sequence. If ()52, is a strongly mizing

sequence then it is also a nearly strongly mixing sequence.

Proof. Let us assume for the sake of contradiction that (f,,)5; is a strongly mixing sequence
but not a nearly strongly mixing sequence. Without loss of generahty, we may assume that
(fn)n2y satisfies || f,|| < 1forall n. Let (Ng)g2; € Nbesuch that ((fn)pZy, (fa)nZi, (Ng)o21)
be a permissible triple. Since (fy,)52; is not a nearly strongly mixing sequence, by Theorem
2.2.14 there exists € > 0 and (hy)72; € N for which

N,
. 1 &
e < qlggo Nq n§:1<fn+hk>fn> > h—{goN § | fn+hk7fn>‘ (2‘253)

for every k € N. Since (f,)>2, is a strongly mixing sequence, let K € N be such that for
all m € N the inequality |{fn, fm)| > § has at most K solutions in n. For each k € N, let

By = {n € N | [{furn fu) = 5} (2.254)

By passing to a subsequence of (N,)o2; if necessary, we may assume without loss of gener-
ality that

1
Jim > 1p,(n (2.255)
q n=1

exists for every k € N. We see that
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N,
1 &

€ < lim F E :|<fn+hkafn>| (2'256)
qd pn=1

q— 00

1
Sq&%N( Z |<fn+hkafn>|+ Z |<fn+hkafn>|)
q

n€BN[1,N] n€BEN[1,Ng]
1 Ja €
< Jim, S (1 + 500~ 1,00 )
1 €
=5 iy, 2 ), henee
N,
1 & € €
qggoNq; B’“(n)_Q—e_Q

Let M € N be such that 3M6 > K, and let @ be such that

Nq
1 9¢
n yJ M Z 22
g 2 s bl 2 g (2.257)

for every 1 < k < M. We see from equation (2.257) that

9MNQ6

> (ot Fd| = =5 (2.258)
(n,k)€[1,Ng|x[1,M]
We see from the definition of K that
Ng M .
> [ Frtts o) = D0 3 W fnhs )] < Z(K+ (M=K)3)  (2:259)
(nk)€[1,Ng]x [1,M] n=1k=1
€ 3MNQ6 MNQE 8MNQ6
=KN M — K)Ng= <
@t Woz <=5 T3 10
which contradicts equation (2.258) and yields the desired result. O

Luckily, it is much easier to construct an example of a sequence (f,)52; C H that is
nearly strongly mixing but not strongly mixing. To see that this is the case, let H be any
infinite dimensional Hilbert space and let (e,)$2; be an orthonormal basis of H. We see
that (e,)s2; is certainly a strongly mixing sequence so it is also a nearly strongly mixing
sequence. Let (f,)52; be defined by f,, = ey if n = 2™ for some m € N and f,, = e, for all
other n. We see that (f,)52; is not a strongly mixing sequence but still satisfies equation

(2.52) and is therefore a nearly strongly mixing sequence by Theorem 2.2.14.
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Definition 2.6.3 (cf. Definition 3.2 in [BB86]). A bounded sequence (f,)o>; C H is weakly
mixing if and only if for all §,¢ > 0 there exists L € N such that for every N > L and
m € N the inequality |(fn, fm)| > € has at most 0N solutions n with 1 <n < N.

Theorem 2.6.4. Let (fn)o2; € H be a bounded sequence. If (fn)o2; is a weakly mizing

sequence then it is also a nearly weakly miring sequence.

Proof. Let us assume for the sake of contradiction that (f,,)52 is a weakly mixing sequence
but not a nearly weakly mixing sequence. Without loss of generahty, we may assume that
(fn)nZy satisfies || f|| < 1forall n. Let (Ng)g2; € Nbesuch that ((fn)pZy, (fa)nZi, (Ng)o21)
be a permissible triple. Since (fy,)22; is not a nearly weakly mixing sequence, by Theorem
2.2.10 and Lemma 2.4.15 there exists € > 0 and (hy)32; € N with d((hg)2,) > 0 for which

< lim — Z | fn+hk7fn>‘ (2‘260)

< 1
e < lim |— PN,

qg—oo| N,

Ny
Z fn—l—hk;fn

for every k € N. Since (f,)52; is a weakly mixing sequence, let L € N be such that for all
m € N the inequality [(fy, frm)| > § has at most N solutions in n. For each k € N, let

B = {n €N | [{fatny, fu)| > g}. (2.261)

By passing to a subsequence of (N,)o2; if necessary, we may assume without loss of gener-
ality that

1 Ja
Jm, N, 7; 1p,(n) (2.262)

N,
) 1 €
Jim_ N, 7; Lp(n) = 5. (2.263)

Let M € N be such that 3%6 > K, and let @ be such that Ng > L, hé” 50 Vg, and

Ng
1 9¢
nthes Jn)l 2 15 2.264
for every 1 < k < M. We see from equation (2.264) that
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> [ (frthys fn)| 2 9]\41]0\@6. (2.265)

(n,k)€[1,Ng|x[1,M]

We see from the definition of L that

Nq M
Z ’fnJrhk?fn ZZ fnJrhk,fn (2266)

(n,k)€[1,No] x [1,M]
NQ hy M

Ny M
= > Z\ Farnms Fdl D0 D W fathes fo)
n=1

n= NQ—h]V[+1 k=1

NQ—hM €
< M M-M hy M
<X (35 + (1 =195 + by
€ €, € 5S¢ € 9MNge
=M(Ng—hpy)(z+1—=2)z)+hyM < MNg— + MNg— <
(N = han)(§ + (1= £)5) +harM < MNQ + MNgas < 2005,
which contradicts equation (2.265) and yields the desired result. O

We will now construct an example of a nearly strongly mixing sequence that is not even

a weakly mixing sequence. We first need to recall one more Theorem from [BB86].

Theorem 2.6.5 (cf. Theorem 3.1 in [BB86]). A bounded sequence (f,)52, is weakly mizing
if and only if for all sequence A = (ng)3>, with d(A) > 0 we have

k
. 1
Jim I 2 foll =0 (2.267)

For an example of a nearly strongly mixing sequence );’f ; that is not even a weakly

(f
27in? Oc)
Jnz

mixing sequence, note that for all « € R\ Q, (e is a nearly strongly mixing
sequence by Theorem 2.2.14. Furthermore, (n?a (mod 1)

2.4.22, so it is also uniformly distributed. It follows that for

1 is a sm-sequence by Theorem

- 1
A={neN| |2 _1| < 5) (2.268)

we have d(A) > 0. Letting A = (ny)72,, we see that

1 4
( lim Ze%mka = lim fZRe(e%mia) > (2.269)

k—)oo k



S0 (62””2");‘5’:1 is not a weakly mixing sequence by Theorem 2.6.5. It is interesting to note
that nearly strongly mixing sequences exist in finite dimensional Hilbert spaces, but weakly

mixing sequences do not.

Definition 2.6.6 (cf. Definition 3.1 in [BB86]). A bounded sequence (fn)o>, C H is
ergodic if and only if

1 J
Jim, 571 3 full = (2.270)

As a result of item (iii) of lemma 2.3.1 we see any any completely ergodic sequence is
also an ergodic sequence. For an example of an ergodic sequence that is not completely

ergodic consider (f,)52,; C C given by

1,-1,1,1,-1,-1,1,1,1,—1,—1,—1,--+1,-++ , 1, =1, -+ ,—1,--- (2.271)

It is clear that (f,)52; is an ergodic sequence that is also an invariant sequence. To see
that (f)n2; is not a completely ergodic sequence we use the invariance of (f,)52; to see
that

H N

N
1 1
i) m o = lim — > lim - =1. 2.272
Hlj}{l)o H Z Ngrflxa N 2 gn+hagn> Hljgo H ~ ngéo N n:1<gnvgn> ( 7 )

It follows from Theorem 2.2.8 that (f,)52; is not a completely ergodic sequence.

2.7 IP Sets and Ultrafilters

Definition 2.7.1. Given a set S the collection of finite subsets of S is denoted by Py(S).

Given (n)p2, C N the set of finite sums of (nk)p2y is FS(ng)ily = {>Xkea Mk }aer;mv)-
A C N is an IP-set if FS(nk)32, € A for some (n)3>; € N. B C N is an IP*-set if
AN B # () whenever A is an IP-set.

Definition 2.7.2. Given a Hausdorff topological space X and a sequence (z,)2>; C X we
have that

IP* — lim z, ==z, (2.273)
n—oo
if v € X is such that {n € N | x, € U} is an IP*-set for every open neighborhood U of x.
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Definition 2.7.3. Let P(N) denote the power set of N. p C P is an ultrafilter if it satisfies

the following conditions:
(i) 0 & p.
(ii) If A€ p and B D A then B € p.
(iii) If A, B € p then AN B € p.
(iv) For every A C N we have that either A € p or A° € p.
If p only satisfies properties (i)-(iii) then p is a filter.

See [HS12] for a comprehensive introduction to ultrafilters and some of their applica-
tions. We will only review a some facts about taking limits along filters for use in the proof
of Theorem 2.3.6(iii). To this end, let X be a Hausdorff topological space, p C P(N) a
filter, and let x,x1,x2, -+ ,xn, -+ € X be such that for every open neighborhood of U of x
we have {n € N | 2, € U} € p. In this situation we write p — lim, ,ooz, = z. If X is a
compact Hausdorff topological space p is an ultrafilter then for any x1,z9, -+ ,2n, - € X

there exists a unique x € X for which p — lim,, o , = .

IP-sets are related to a special type of ultrafilter known as an idempotent ultrafilter.
Since we do not wish to discuss the fine details of the algebra of ultrafilters, we omit the
classical definition of idempotent ultrafilter in favor of the following equivalent definition:

An ultrafilter p C P(N) is an idempotent ultrafilter if for every compact Hausdorff

topological space X and every sequence x1,x2,: - ,Tn, - € X we have
P AP~ MG, Tngm =0l 2. (2.274)

Another important fact that we will use is that for any sequence (nj)32; C N there exists
an idempotent ultrafilter p for which FS(ng)32, € p (cf. Theorem 5.12 in [HS12]).

We conclude this section with a proof of a well known lemma that is used in the proof
of Lemma 2.3.8(iii).

Definition 2.7.4. A C N is a Bohrg-set if there exists K € N, A, -- ,Ax € S', and
e>0suchthat {heN||1-AN|<eV1<i<K}CA.

Lemma 2.7.5. If A C N is a Bohry-set then A is IP*.
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Proof. Let k € N, Ay, -+ ,Axg € SY, (ng)$2; C N, and € > 0 all be arbitrary. It suffices to
find n € FS(ny)32, for which [1 — A\}| < eforall 1 <i < K. Let s; = Z{::l ny, for all
jEN. Let R={(c1,--+,cx) € CK | |e;] <1V 1<i< K} and observe that R is totally

bounded, so there is some N € N for which (X;j, - ,)\%)é\f:l C R contains 2 distinct points
(AL, A2 and (A2, -+, A72) whose distance is at most €. Since
S 5; 55 S5 Sjo—S;j Sjo—S;
62‘()‘1J27"'7)\[é2)_()\1jla"'7A[él) :‘()‘1J2 “7"'7)\1?2 ]1)_(17"'11)7 (2275)
it remains only to observe that s, —s;, = ng:jl-‘rl ni € FS(ng)i2 . O
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CHAPTER 3

POINTWISE ERGODIC THEOREMS FOR HIGHER LEVELS OF MIXING

This chapter uses filters and filter convergence (cf. Definition 2.7.3) to obtain generalizations
of the results in [Far21| for Hilbert space-valued functions and other levels of the ergodic

hierarchy of mixing.

3.1 Introduction

In this section we establish the notation that we use, review some known results related
to Birkhoff’s Ergodic Theorem and state the main theorems of this chapter. The main
results will be proven for Hilbert space-valued functions (cf. Section 3.2), but we will
discuss them in this section for complex-valued functions for the sake of concreteness. We
remark that some vector-valued ergodic theorems have previously been obtained in [Cha62]
and [HSTT78|, but our results are of a different nature (cf. Corollary 3.3.6). Whenever we
discuss a measure preserving system (m.p.s.) (X, %, u,T), X will be a measurable space,
# will be a o-algebra of subsets of X, p will be a probability measure on (X, %) and
T : X — X will be a measurable transformation satisfying u(A) = u(T~1A) for all A € Z.
When we work with the Hilbert space L?(X, u1), we will let U : L2(X, ) — L?(X, u) denote
the unitary operator given by U(f) = foT. When we work with a m.p.s. of the form
([0,1], B, u, T), we will assume that £ is the completion of the Borel o-algebra. We say

that two sequences of complex numbers (z,,)52; and (y,)5; are orthogonal if

1

N
lim — Yn, = 0. 1
Nlinoo N ngl Tnln 0 (3 )

The classical ergodic hierarchy of mixing properties for a m.p.s. is introduced in Definition
2.5.2, so let us instead introduce a different version of the ergodic hierarchy of mixing
through the use of filters..

Definition 3.1.1. Let (X, %,u,T) be a m.p.s. and let p C P(N) be a filter. The m.p.s.
(X, B, 1, T) is p-mixing if for all A, B € B we have p—limy_ooitl(ANT"B) = u(A)u(B).
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Remark 3.1.2. We see that if p = pp is the filter of sets with natural density 1 (cf. Definition
2.4.7) then we recover the notion of weak mixing. If p = pp~ is the filter of IP*-sets (cf.
Definition 2.7.1) then we recover the notion of mild mixing. If p = p. is the filter of cofinite
sets then we recover the notion of strong mixing. We may also obtain notions of mixing
other than those of Definition 2.5.2 by considering filters such as idempotent ultrafilters.
Interestingly, the notions of ergodicity, K-mixing, and Bernoullicity cannot be recovered
from an appropriate choice of filter p. Let us now examine some of the existing pointwise

ergodic theorems to develop some context for our generalizations.

Theorem 3.1.3 (Birkhoff, [Bir31]). Let (X, %,u,T) be a m.p.s., and let f € L*([0,1], u).

For a.e. x € X, we have
lim ~ 3" f(1") = *(a), (3.2)

where f*(x) € LY (X, u) is such that f*(Tx) = f*(x) for a.e. v € X and [, f*du= [, fdu
for every A € & satisfying A = T~Y(A). In particular, if T is ergodic, then for a.e. x € X

we have
1N
ngr(l)oﬁzf(T x) :/deu- (3.3)

Remark 3.1.4. Birkhoff’s Ergodic Theorem can be interpreted as follows. Given an ergodic
m.p.s. (X,%,p,T) and f € LY(X, ) satisfying [y fdp = 0, the sequence (f(T"z))s2; is

orthogonal to the constant sequence (1)22

o 1. Since the transformation 7" can be viewed as

acting on the sequence (f(7"x))s2; by a left shift, and the sequence (1)5°; is invariant
under the left shift, Birkhoff’s Ergodic Theorem is an instance of the duality between
ergodicity and invariance. The Wiener-Wintner Theorem is a generalization of Birkhoff’s

Ergodic Theorem for weakly mixing systems and has a similar interpretation.

Theorem 3.1.5 (Wiener-Wintner,[WW41]). Let (X, %,u,T) be a m.p.s. and let f €
LY (X, p). There exists X' € B with n(X') = 1, such that for every x € X' and any \ € C
with |\ =1 the limit

exists. Furthermore, if T is weakly mizing, then

N _{0 iFA#£1
Sxfdu ifa=1
77



Remark 3.1.6. The Wiener-Wintner Theorem can be interpreted as follows. Given a
weakly mixing m.p.s. (X, %, u,T) and f € L'(X, ) satisfying [y fdu = 0, the sequence
(f(T™x))o; is orthogonal to any Besicovitch Almost Periodic Sequence (y;,)22; (cf. Def-
inition 2.4.23). Recalling that we can view T as acting on (f(7"x))>; by a left shift and
that any Besicovitch Almost Periodic Sequence (y,)52; has a pre-compact orbit (under a
topology that has not yet been specified) under the left shift, the Wiener-Wintner Theorem
is an instance of the duality between weak mixing and compactness. The purpose of this
chapter is to generalize Birkhoff’s Ergodic Theorem, the Wiener-Wintner Theorem, and to
prove new pointwise ergodic theorems through the use of dualities similar to the previously
mentioned ones. To do so, we first require some definitions analogous to those in Definition
2.2.5.

Definition 3.1.7. Let ‘H be a Hilbert space.

(i) The collections of averageable sequences A(H), uniformly averageable sequences UA(H),

and uniformly bounded sequences UB(H) be given by

A(H) ::{(azn)fle CH| li]{[nsupif Z ||zn|| < oo}, (3.6)

—00 n=1

UA(H) ::{(:cn)go:l EAM) |Ve>03I M >0 st
1 N
lim sup - > llzallLja, 5 21(n) < €}, and

n=1

UB(H) :={(fu)ps S H | sup [Ifull < oo.
neN

(i) For an increasing sequence (Ng)o2y C N, (zn)5ly € A(H), and (yn)p>; € UB(H) we
say that ((rn)521, (Yn)nz1, (Ng)g21) is a weakly permissible triple if

1 Qo
Jm N, ;<$n+h7yn> (3.7)

exists for all h € N,

(ii7) (xn)p>y € A(H) is fully ergodic if for all weakly permissible triples ((xn)5% 1, (Yn)oZ1,

(Ng)g21) we have

1 Ng

H
. . 1
A, 7 2 fun 5 2 (s o) =0, (38)
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(iv) If p C P(N) is a filter, then (z,)02, € A(H) is almost p-mixing if for all weakly

permissible triples ()31, (yn)s (Ng)S2y) we have

N,
1 q
P fim i, 2 (e v) =0 (89)

(v) (y)221 € UB(H) C A(H) is invariant if for all weakly permissible triples ((yn)o1,
(Yn)nz1, (Ng)gZy) we have

qhﬁrgo ﬁ Z ||yn+1 - yn” =0. (3'10)

Equivalently, (y,)52; € UB(H) is invariant if

i sup Z g s1 — yml| = 0. (3.11)

(vi) If p C P(N) is a filter, then (yn)o>; € UB(H) C A(H) is almost p-rigid if for all

weakly permissible triples ((yn)nl1, (Yn)nz1, (Ng)g21) we have
1 N
p- lingoqlglglofgllyn+h—yn\l =0. (3.12)

We refer the reader to Lemma 2.2.20 to see why we have to work with the inconvenient
notion of weakly permissible triples. We remark that the sequences appearing in Definition
3.1.7(i)-(ii) are intuitively the same as the sequences appearing in Definition 2.2.5. The
main difference is that in Chapter 2 we were working with Hilbert spaces such as L?(X, 1)
which required square averageable sequences, but in this chapter we seek pointwise ergodic
theorems for functions in L!'(X,x) which require averageable sequences. While A(H) is
the natural generalization of SA(#H), we will see that sequences produced by our pointwise
ergodic theorems actually reside in UA(H), and this observation will be crucial for our
applications. We also observe that the definition of invariant sequences here coincides with
that in Definition 2.3.2 for elements of UB(#). Now let us examine some of the dualities
that arise from Definition 3.1.7.

Lemma 3.1.8 (cf. Lemma 3.2.4). Suppose that (z,,)72, € UA(C) and (y,)5>; € UB(C).
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(i) If (z)22 is fully ergodic and (y,)5%, is invariant then

1
lim N nz TnTn = 0. (3.13)

(ii) Suppose that p1,p2 € P(N) are filters such that for every Ay € p1 and Ay € pa we
have Ay N Ag # 0. If ()22 is p1-mizing and (y, )5, is pa-rigid then

N
.1 _
A}l_rgo N nEZI TnYn = 0. (3.14)

Theorems 3.1.9 and 3.1.10 are corollaries of two of the main results of this chapter and
are generalizations of the Birkhoff Pointwise Ergodic Theorem and the Wiener-Wintner

Theorem respectively.

Theorem 3.1.9 (cf. Theorem 3.3.5 in Section 3). Let (X, B, u,T) be an ergodic m.p.s.
and let f € LY(X,p) satisfy [y fdu = 0. For a.e. x € X, (f(T™x))°2, is a fully ergodic

sequence.

Theorem 3.1.10 (cf. Theorem 3.3.8 in Section 3). Let p C P(N) be a filter, let (X, B, n,T)
be a p-mizing m.p.s., and let f € L*(X,pu). For a.e. x € X, (f(T™x))2, is almost

P-mizTing.

Since (1)72; is an invariant sequence, Remark 3.1.4 and Lemma 3.1.8 show us that
Theorem 3.1.9 is a generalization of Birkhoff’s Ergodic Theorem. Similarly, we let p;
denote the filter of sets of natural density 1, ps the filter of Bohrg sets, and observe that
every Besicovitch Almost Periodic Sequence is po-rigid, so Remark 3.1.6 and Lemma 3.1.8
show us that Theorem 3.1.10 is a generalization of the Wiener-Wintner Theorem. To see
that the class of po-rigid sequences is strictly larger than the class of Besicovitch Almost
Periodic Sequences it suffices to note that every invariant sequence (such as x, = y,, for
all () <n < (" ), where (y,,)3_, is arbitrary) is po-rigid, but not every Besicovitich
Almost Periodic Sequence is invariant (consider z,, = (—1)™). The next main result of this
paper is an analogue of Theorem 3.1.9 for strongly mixing measure preserving systems.
To give context to the last main result of this chapter let us consider Proposition 3.1.11,
which gives a partial converse to Birkhoff’s Ergodic Theorem. Proposition 3.1.11 is well

known and an easy consequence of the Dominated Convergence Theorem.

Proposition 3.1.11. Let (X, 2, u,T) be a m.p.s. If for every f € L>(X, ), there exists
Ap € B such that u(Ay) =1 and for every x € Ay we have
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R R
lim —nz::lf(T ) —/dem (3.15)

N—oo N
then T is ergodic.

Proposition 3.1.12 is a converse to the Wiener-Wintner Theorem in the same fashion

that Proposition 3.1.11 is a converse to Birkhoft’s Ergodic Theorem.

Proposition 3.1.12. If for every f € L>(X, n) with [y fdp =0 there exist a set Ay C X
satisfying pw(Ay) = 1 and for every x € Ay equation (3.5) is satisfied, then T is weakly

miTing.

Proof. Let us recall that an ergodic m.p.s. (X, %, u,T) is weakly mixing if and only if
L?(X, i) has no non-constant eigenfunctions with respect to U. Since any m.p.s. (X, %, u,T)
satisfying the hypothesis of Proposition 3.1.12 also satisfies the hypothesis of Proposition
3.1.11 we may assume without loss of generality that (X, %, u,T) is ergodic. Now let
(X, %,u,T) be a m.p.s. that is ergodic but not weakly mixing and let f € L?(X, u) be an

eigenfunction corresponding to an eigenvalue A # 1. We see that for a.e. x € X we have

N
0= Jim >SN = 1) (3.16)
hence f = 0. O

Theorem 3.1.13 is a converse to Theorem 3.1.10 in the same way that Propositions
3.1.11 and 3.1.12 are converses for Birkhoff’s Ergodic Theorem and the Wiener-Wintner

Theorem respectively.

Theorem 3.1.13 (cf. Theorem 3.3.10 in Section 3). Let p C P(N) be a filter and (X, B, u, T)
a m.p.s.Pfor every f € L>®(X,pn) with [y fdu = 0 there exist a set Ay C X satisfying
w(Ayr) =1 and for every x € Ay we have that (f(T"x)),2, is a p-mizing sequence, then
(X, B, u,T) is p-mizing.

3.2 Hilbert Space Preliminaries

3.2.1 Spaces of Hilbert Space-Valued Functions

Whenever we discuss a Hilbert space H, it is naturally endowed with the strong topology.
Consequently, the o-algebra Z(H) of measurable subsets of H that we want to work with
is the completion of the Borel g-algebra. We will assume here that the reader is familiar
with the Bochner integral for vector valued functions (cf. [Yos95] Section V.5 or [Cohl13]
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Appendix E). Given a measurable space (X, %), a function f : X — H is strongly mea-
surable if it is a measurable function whose range is separable. We will be working with
strongly measurable functions in this chapter since Corollary E.3 of [Coh13] tells us that the
set of strongly measurable functions is a vector space, while Exercise E.2 tells us that the
set of measurable functions need not be a vector space. Given a probability space (X, &, u)
and some 1 < p < oo, we let LP(X, i, H) denote the collection of strongly measurable func-
tions f : X — H for which we also have that || f||y € LP(X, n). We will let (-, )y and || -||x
denote the inner product and norm of H respectively so that we may use (-,-) and || - || for
the norm and inner product of L?(X,u,H). The inner product of L?(X, u,H) is given by
(fr9) = [x{fr g)ndu. If (X, %, u,T) is a m.p.s., then we let U : L*(X, u, ") — L*(X, u, H)
be the unitary operator induced by T, which is given by Uf = foT. Let Cy([0,1]) denote
the set of continuous functions f : [0,1] — H.

Lemma 3.2.1. Let ([0,1], 2, 1) be a probability space and let H be a Hilbert space. For
each 1 < p < oo, Cy([0,1]) is dense in LP([0, 1], u, H).

Proof. We may use Proposition E.2 and Theorem E.6 of [Cohl3] to deduce that f is a
norm limit of simple functions in LP(X, u, H). Consequently, it suffices to show that if f is
a simple function then f can be approximated arbitrarily closesly by elements of Cy ([0, 1]),
and by linearity it suffices to further assume that f = £1 4 for some A € & and £ € H. Let
€ > 0 be arbitrary. Since any Borel measure p on [0, 1] is regular, let K C A be a compact
set for which p(A\ K) < € and let A C U be an open set for which u(U \ A) < e. By
Urysohn’s Lemma let g : [0,1] — [0, 1] be a continuous function for which g(K) = {1} and
g([0,1]\ U) = {0}. The desired result follows after observing that

1f —&9llp = /[0 . [1&l2 - 1A = gldp < [€][2p(U\ K) < 2[[]l3e. (3.17)

)

O

Lemma 3.2.2. Let (][0,1], %, 1) be a probability space and let H be a Hilbert space. If
f:[0,1] = H is a measurable function for which ||f|| € L*(X, ), then for a.e. € X we
have that (f(T"x))>2, € UA(H).

Proof. Since ||f(z)||% € L'(X, i), Birkhoff’s Ergodic Theorem shows us that for a.e. z €
[0, 1] we have

1 N
I = f, 1@l = Jim 3 5] (3.18)

so (f(T™x))>2, € A(H) for a.e. z € X. For each k € N let M}, be such that
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1
o IE@ et ()d(e) < (3.19)

Another application of Birkhoff’s Ergodic Theorem shows us that

1

: 1 al n mn
B2 Jo @t pnan @) = Jin S AT poan(T7) (320

N I A
= lim NZHf(T )|l L) a3 > M, (),

N
— 00 n—1

so (f(T"x))>2, € UA(H) for a.e. z € X. O

3.2.2 Properties of Fully Ergodic and Almost p-Mixing Sequences

Lemma 3.2.3. Let H be a Hilbert space. If (z)22, € UA(H) and (yn)5>, € UB(H) is
such that

1 N
1. Y i 21
Novso N nz::l lyn|| = 0, then o
T
1. Y o 22
NE)IIOO N 7;<$nayn> 0 (3 )
Proof. We may assume without loss of generality that ||y,|| <1 for all n € N. Let ( Mq)gi X
be any sequence for which
1 M

exists. Let (INg)o2; be a subsequence of (M,)2; for which ((74)5%1, (Yn)nZ1, (Ng)gy) is a

weakly permissible triple. Now let € > 0 be arbitrary and let M > 0 be such that

N,
N ¢
lim = > Ljja >0 ()] |2al] < 5 (3.24)
4 p=1

q—00 2

We now see that
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1 Y 1 X
lim N Z(xn,yn> < hrn sup — Z lznll - [ynl| (3.25)
4700 Ng n=1 qn 1
1 L
<hmsup* D Ljeatism )|zl - [ynl| + hmsupf > Leati<m ()12l - [|ynl]
g—o0 n=1 n=1
1 X 1 Ja
<hmsup — Z 211z, >0 ()| ]] + hmsup— Z Mllyn|| < €
q—o0 n=1 q n=1

Lemma 3.2.4. Let H be a Hilbert space and suppose that (x,)2, € UA(H).

(i) (x4)52 4 is fully ergodic if and only if for every invariant (y,)2>, € UB(H) we have

-
A}gnoo N ;(:Un, Yn) = 0. (3.26)
(i) If (x0)5%; is fully ergodic and (¢p)5%; € UB(C) is invariant, then (cnxy)o, is fully
ergodic. If H = L*(X,p) for a positive o-finite measure u, then we may also allow
for (cn)52, € UB(H).

(iii) Let p1,p2 C P(N) be filters such that for every A; € p; and As € pa we have AjNAg #
0. If (xn)22 is almost p1-mizing and (yn)22, € UB(H) is almost pa-rigid then

N
Jim ;@n, Yn) = 0. (3.27)

(iv) Let p C P(N) be an idempotent ultrafilter (cf. Page 74). (zn)3%, is almost p-mizing
if and only if for every almost p-rigid (yn)2>, € UB(H) we have

|
lim — =0. 2
NgnooN;<x"’y”> 0 (3.28)
(v) Let p C P(N) be an idempotent ultrafilter. If (x,)22, is almost p-mizing and (¢,)52 €
UB(C) is almost p-rigid, then (cpxn)SS, is almost p-mizing. If H = L*(X,p) for a

positive o-finite measure i, then we may also allow for (¢,)22, € UB(H).
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Proof of (i). For the first direction let us assume that (x, )52 is fully ergodic. Lemma 3.2.3

shows us that

N,
. I &
qhigo Ny nZ:1<$nv Yn+1 — Yn) = 0. (3.29)

Since (xy,)52; is fully ergodic we see that

Nq
0= f}inoo* Z lim 77121 Tty Yn) (3.30)
Nq . 1 H ' 1 Nq
- Z - Jim 3 (o) = fim 3 i e 3 (o)
1 Nq 1 L
= i 5, 2w = Jim e 3 o)

For the next direction, let us assume that equation (3.26) holds for every invariant
(yn)224 € UB(H). For the proof of this direction we will assume familiarity with Chapters
2.2 and 2.3. Let (2,,)521 € UB(H) be arbitrary, let (M;)22; € N be any sequence for which
(Tn)nz1s (2n)nz1, (Mg)g2y) is a weakly permissible triple. Let € > 0 be arbitrary, and let
M > 0 be such that

Mq
€
lim — Z Lo o0 () ]| < 5. (3.31)

q*)OO

Let (Ng)g be any subsequence of (Mj)e2; for which (14, 1<as(7)Tn )51, (20)521, (Ng)g2)
is a permissible triple. Letting .7 denote the induced Hilbert space, let us write (2,,)22; =
(Yn)22 1 + (€n)52, where (y,,)52; € UB(H) is invariant and (e,,)52; € UB(H) is completely
ergodic. We may assume without loss of generality that ||y,||,||en|] < 1 for all n. We now

see with the aid of the previous direction that

Mq Nq
}}gnoo — Z qll)rgo — nz:l Tyths Zn) I}l_I}Iloo — Z qlglc}o — z_:l Tyths Zn) (3.32)
1 1 N
— }}gnoo — Z qlg& N, 2—21 Tpth,En) hm — Z qlggo N, nzh;l(xn, en—h)
L
<e+ }}gnoo — Z lim lm Mn§1<1|zn||SM(n)$n,€n—h> = €.
O
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Proof of (i1). If (yn)o2; € UB(H) is invariant then (¢,y,)52,; is also invariant by Lemma
2.3.8(i). From part (i) we see that

N 1 Y
lim == (enTn,yn) = lim <> (20, Eyn) =0, (3.33)

N—oo N—o0
n=1 n=1

so we conclude from part (i) the desired result. The proof when H = L?(X, u1) is identical
since L?(X, 1) has an inner product arising from complex conjugation and multiplication.
O

Proof of (iii). We may assume without loss of generality that ||y,|| < 1 for all n € N. Let

(My)g2; be any sequence for which

1 &
qlgrgo A ;(:pn,yn) (3.34)

exists. Let (V)2 be a subsequence of (M,)2, for which ((74)5%1, (Yn)nZ1, (Ng)gy) is a
weakly permissible triple. Now let € > 0 be arbitrary and let M > 0 be such that

Ng

1 €
1 3 S Ve ow el < 5 (3.35)
Since (x,,)52 is almost p;-mixing and (y,)52; is almost po-rigid let A; € p; and Az € po

be such that

N,
. 1 &

qhanolo N, T;<$n+h,yn) < eforall h € Ay, (3.36)
let M > 0 be such that

Jim_ ﬁ Z L, 152 (1) || < €, (3.37)
and let

€
qlggof Z [ Ynin — ynll < Y for all h € As. (3.38)

We now see that for h € Ay we have
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Ng Nq

1 1
lim == > (@nyn — yon)| < limsup 7= D [l - [l — yn-nl (3.39)
e 94 n=h+1 qn 1
Nq
<limsup — > Lo ar ()]l - 1190 = ynonll
oo Vg _p
1 N
+limsup 7 Ly, jj<ar ()|l - 190 — ynnl]
a0 9 n=h+1
1 L N
<hm:upf 22]]'||$n||>M( NIES] +hmsup— ZM||yn+h — ynl| < 3e.
e qn 1

We now see that for h € A1 N Ay we have

Ny 1 Ny
qlggo 7q ngl<xna yn> qlggo F %—1(%”, yn> (340)
1 1
< qlggo F §1<xnv Yn — yn7h> ﬁ ; LTny Yn— h
1 M 1 e
<qll>rgo Fq n%l Han : ”yn Yn— hH + hIIl ﬁ §1<$n+ha yn> < Ade.
L]

Proof of (iv). We see that the forwards direction is a consequence of part (iii), so we proceed
to prove the backwards direction. For the proof of this direction we will assume familiarity
with Chapters 2.2 and 2.3. Let (z,);2; € UB(H) be arbitrary, let (M;)22; € N be any
sequence for which ((zn)5%1, (2n)nz1, (My)g2,) is a weakly permissible triple. Let € > 0 be
arbitrary, and let M > 0 be such that

n=1

1 Mg €
1 3 Bl < 5 (3.41)
n—

Let (INg)g2 be any subsequence of (M,)o; for which (14, 1<ar(7)%n )51 (20)521, (Ng)g21)
is a permissible triple. Letting .7 denote the induced Hilbert space, let us write (2,)52; =
(Yn)o2y + (en)p, where (y,)22, € UB(H) is almost p-rigid (i.e., the projection onto the
p-rigid factor) and (e,)52; € UB(H) is almost p-mixing. In particular, if S : 5 — S is
the unitary operator induced by the left shift, then p — lim,,_,,, S™ = P, where convergence
takes place in the weak operator topology and P is an orthogonal projection satisfying

p — lim,, oo S"P = P. We have that (y,)5%; = P(z,)52,. We may assume without loss of
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generality that ||y,||, ||en|| < 1 for all n. We now see with the aid of the previous direction

that
1 Mq Nq
P‘JL%&%ME B 2al| =Pl i g 0 e ) (342)
1 1 X
=P~ hll_)Iqugrgoﬁ D (wntns en)) =P = hlinc}oqll{gloiq > (@nrenn)
n=1 n=h+1
1
Setp—|lim lim e 3 (Lo cn (n)an. enn) =
n=h+1
O

Proof of (v). If (yn)22; € UB(H) is almost p-rigid then (¢,y,)52; is seen to also be almost

p-rigid as a result of the following calculations.

Ny

1
p— lim lim < Z |t hYnth — Caynl| (3.43)
Nq 1 N

<p— lggo qlggo N Z |[CnthYn+n — Cothynll +p — hli_)rgo qg% Fq nz::l |[CrrnYn — Cnynl|
1 I 1

<p— lim lim — Z M|[ynin = ynll +p— lim lim — Z M|cpin — cn| =0,

where M is an upper bound for |¢,| and ||y,||. From part (iv) we see that
N N
Jim E@nxm yn) = Jim nz::l@cn, Cayn) = 0, (3.44)

so we conclude from part (iv) the desired result. The proof when H = L?(X, u1) is identical
since L?(X, ;1) has an inner product arising from complex conjugation and multiplication.
O

Remark 3.2.5. To see why we needed the assumption that (x,)52,; € UA(H) rather than
just (zp,)52, € A(H) consider the sequence in A(C) given by

m if n =m?2
Tp={-m ifn=m2+1. (3.45)
0 else
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We see that

N
lim sup N Z |zp| =2 < 0. (3.46)

N—oo n=1

Furthermore, due to the telescoping nature of (z,)52; we see that for all H € N we have

hm LSUD Z | Z Tnan| =2 < oc. (3.47)
n 1 h=1

We now see that if (y,)22, € UB(C) is uniformly bounded in norm by 1 and ((z,)32

n=1»

(Yn)nz1, (Ng)g21) is a permissible triple, then

lim 1 lim — Z an+h,yn (3.48)

Nq
lim — h — x
Hooo H Z nzl nths Yn)| = H—oo H =00 Ny “= '~

P
_ R < — =
I}l—rgqulggON ;1' h21$n+h| g g =0

50 (5,)52 is a fully ergodic sequence. However, if we take the invariant sequence ()5,

given by y, = 1if n #m? 4+ 1 and y, = —1 if n = m? + 1, then

N

lim % > (@n, yn) =2 #0. (3.49)

N—oo
n=1

This should be compared with the fact that Theorem 2.3.6(i) applies to all elements of

SA(H) without any additional uniformity assumptions.

Lemma 3.2.6. If H is a Hilbert space and (x,)5; € UA(H) is either a fully ergodic

sequence or an almost p-mizing sequence for some filter p C P(N), then

lim ||—an|\ = 0. (3.50)

N—oo

Proof. Let us assume for the sake of contradiction that for some € > 0 and (Ny)72; € N we

have

lim \|f Z Tn|| > e (3.51)

q—o0
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By passing to a subsequence of (Nq)gil if necessary we may assume without loss of generality
that

1 Ny
. L =11 _
qlgrglo ||Nq 7; Tn|| + N, |~ 0. (3.52)
For ¢ € N let
1 Nq 5/
=L S o andeg = (3.53)
9 n=Ng_1+1 5q

Now consider the invariant sequence (y,,)3>; € UB(H) given by y,, = &, for Ny <n < Nyi1.
We see that

1 X 1 Y N, — N
im — 3 —lim — Y _ iy Ng = No—1y 0
q]ig'go Nq n_1<$n7yn> - qll)rglo Nq K 1+1<$n7€q> - qll)rglo 4 ngH 2 67 (354)
- Ny

which contradicts Lemma 3.2.4 after recalling that any invariant sequence is also an almost

p-rigid sequence for any filter p C P(N). O

The requirement that (z,)52; € UA(H) is an artifact of our method of proof. Lemma
2.3.1(iv) intuitively suggest that we only need (x,)52; € A(H), and we will see that this is
indeed the case in Lemma 3.2.7. Even though Lemma 3.2.7 is more general, Lemma 3.2.6
has a more aesthetic proof in the author’s opinion. Either of the proofs of Lemma 3.2.6

and 3.2.7 can be used to give an alternative proof of Lemma 2.3.1(iv).

Lemma 3.2.7. If H is a Hilbert space and (x,)52, € A(H) is either a fully ergodic sequence

or an almost p-mizing sequence for some filter p C P(N), then

N
. 1
Jim I 3wl =0, (3.55)
n=1
Proof. We will intuitively proceed in the same fashion as we did in the proof of Lemma 3.2.6,
but we will need to use a stronger notion of invariance to overcome the problems illustrated
in Remark 3.2.5. More specifically, we begin by showing that if (y,,)5°; € UB(H) satisfies

Jim [y 11 — yn|| = 0, then

N

) 1
]\}l_rfloo N ngl<xn7 Yn+1— Yn) = 0. (3.56)
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To this end, it suffices to note that for any ¢ > 0 we have

, 1 X 1 Y
lim sup < > (@ Yna1 — yn)| < hm HSUD Z [l - |[Ynt1 — ynl| (3.57)

N—oo n=1 n=1
|
<elimsup — Znl|-
meup 3 o
Let (yn)p2; € UB(H) satisty nlg)goﬂynﬂ Yn|| = 0, let (My)o2; be any sequence for which

My

_ 1
qlggo E nz::l<$n7 Yn) (3.58)

exists, and let (IVy)g2; be a subsequence of (My)g2; for which ((zn)52q, (Yn)ni1s (Ng)g21)

is a weakly permissible triple. If (x,)%2 is fully ergodic we see that

Nq
0= lim — Z lim 7; Tty Yn) (3.59)
Ny Ny
- f}gnoo H Z qlggo ﬁq nzh;d(xm Yn—h) = J}EHQO H Z qlggo Fq n:zh;l@m Yn)
1 Nq | M
= Jim, g Do) = Jim g 3 ey,
n=1 n=1
If (z,,)52 is almost p-mixing we see that
1 Ny Ng
0=p= Jlim Jim 57 2 @nengn) =p = Jim Jim g D @utnon) (360
1 N 1 N | M
=P hh—>I20 qli{go Fq nzl<xna yn> = qlglolo Fq ngl<xna yn> = qlggo ﬁq ;(xnv yn)'

Now let us assume for the sake of contradiction that for some € > 0 and (IVy)o2; € N we

have

lim H— Z Tnll > €. (3.61)

q—o0

By passing to a subsequence of (N;)o2 g—1 We may assume without loss of generality that

Ng-1+q—-1
. 1 1 Nq,1 +q— 1
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For ¢ € N let

1 N ¢/
=~ Y, apand§ =L (3.63)

q /
Nq n=Ng_1+q S

Now consider the sequence (y,)22; € UB(H) given by y, = %éq_l + ééq for n = Ny +i
with 0 <4 < g and y,, = §; for Ny +¢q < n < Ngy;. Since li_)m ||Yn+1 — yn|| = 0 we see that
n—oo

Ny Ng

1 1 Ny — Ny
0= lim — = lim — = lim —L—2—||¢/|| > ¢, (3.64
L T;@n,ym L n:gl+q<$nafq> Jm =Gl = 6 (3.64)
which yields the desired contradiction. O

3.3 Main Results

Lemma 3.3.1 will allows us to view bounded sequences of Hilbert space vectors as dynami-

cally generated sequences.

Lemma 3.3.1 (cf. Lemma 3.26 of [MRR19]). Let ‘H be a Hilbert space and let (an)5>; C
UB(H). There exists a compact metric space Y , a continuous map S : Y — Y, a continuous
function F :'Y — H, and a pointy € Y with a dense orbit under S such that a,, = F(S™(y))
for alln € N.

Proof. We may assume without loss of generality that ||a,|| <1 for alln € N. Let B C H
denote the closed unit ball endowed with the weak topology and let X’ = BY endowed with
the product topology. Since B is a compact metric space we see that X’ is also a compact
metric space. Let S : X — X denote the left shift. Let F : X’ — H denote the projection
onto the first coordinate, which is seen to be continuous. Let = (a,)22; € X', and let
X = cl({S"x}52,). Since X is a closed subset of X’ we see that X is also a compact metric

space, and it is clear that x has a dense orbit in X by construction. ]

Lemma 3.3.3 allows us to convert correlations of sequences to inner products of functions
in a Hilbert space, which will then permit us to use Hilbert space Theory to analyze our

correlations. Before stating Lemma 3.3.3, let us recall the definition of a generic point.

Definition 3.3.2. Given an ergodic m.p.s. ([0,1],%8,u,T), x € [0,1] is generic if for

every continuous function f :[0,1] — C we have

R R
lim —nz::lf(T r) = /[071] fdpu. (3.65)

N—oo N
A well known consequence of Birkhoff’s Ergodic Theorem is that a.e. © € X is generic.
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Lemma 3.3.3. Let ([0,1],%4,u,T) be an ergodic m.p.s., let x € [0,1] be generic, and let
‘H be a Hilbert space. Let (yn)22, € UB(H) and let f : Cy([0,1]) both be arbitrary. Let
U : L*([0,1], p, H) — L*([0, 1], 4, H) be the unitary operator induced by T. Let (Ng)o2; € N

be any sequence for which

1
lim = > (AT, yn) (3.66)

— 00
q q =

exists for each h € N. Then there exists g € L?([0,1], u,H) for which

N,
1 q
: n+h .\ h
qhm N, nEZIf(T )n = (U"f,9) (3.67)

Proof. By Lemma 3.3.1, let Y be a compact metric space, let F € C(Y), y € Y, and
S:Y — Y be such that y,, = F(S™y). Let v be any weak™ limit point of the sequence

L -
(N Z 5T":£,S"y) 5 (368)

9 k=1 g=1

and let (M)g2; C N be such that

1
vV = qll)rgo ﬁq ngl 5T”:):,S”y- (369)

Let f,F € L?*([0,1] x Y,v,H) be given by f(z,y) = f(z) and F(z,y) = F(y). Let
Vi L2([0,1] x Y, v, H) — L?([0,1] x Y, v,H) be the unitary operator induced by 7' x S. We
note that if h € L%(]0, 1] x Y, v, H) is a continuous function for which h(z,y) = k(x) for some
k € L%([0,1],,H), then the genericity of x shows us that for any continuous functional
p:H — C we have

1 N
nd :/ hydv = lim > p(h(T"w,S" 3.70
p(/[o,l}xY V) [0,1]xyp( Jdv NgnooNnglp( (T"z, 5%y)) (3.70)

1 N
= lim — k(T :/ k)dp = kdp), h
Jim N;p( (T"z)) o p(k)dp = p( o 1), hence

/ hdv = / kdp. (3.71)
[0,1]xY [[0,1]

Since Lemma 3.2.1 tells us that the continuous functions are dense in L2(X, u, H), we see

that equation (3.71) holds even when h and k are not continuous. Let fi be the probability
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measure on ([0,1] x Y, B ® &) given by ji(B x A) = pu(B)14(y) for all B € # and A € &.
Since we may identify L?([0,1] x Y, fi) with the functions in L2([0, 1] x Y, v, H) of the form
h(z,y) = k(x), let P : L?([0,1] x Y,v,H) — L*([0,1] x Y, i, H) denote the orthogonal
projection. Let § = PE, and let g € L?([0,1], #) be such that §(z,y) = g(x). Since f and F
are continuous functions we see that (f(T"-), F(-)) : [0,1] x Y — C is a continuous function,

so for all A~ € N we have

1 1 M _
Jim e U, g = i e 3 (), P (3.72)
:/ <Vhf7 F)'de = <Vhfa F)l/ = <Vhf7§>l/ = <Uhfvg>u'
[0,1]xY

O]

Lemma 3.3.4. Let ([0,1],B,u,T) be an ergodic m.p.s. and let H be a Hilbert space. For
each generic point x € [0,1] and each f € Cy([0,1]) with [i ) fdp =0, (f(T"x Doy is a

fully ergodic sequence.

Proof. Let f € Cy([0,1]) and (y,)p2; € UB(H) both be arbitrary. Let (Ng)g2; C N be
such that (f(T"x);2 1, (Yn)nz1, (Ng)g21) is a weakly permissible triple. By Lemma 3.3.3,
let g € L*([0,1], 1, 1) be such that

Ng
Jim S ST s = (UPF g) (373)
4 pn=1

Letting U : L?([0, 1], u, H) — L?([0, 1], u, H) denote the unitary operator induced by T, we
see that U is ergodic. It follows that

N, H
1
n+h : h
lim E qhm ng 1 f(I"™"x), yn)y = lim hE:1<U f,9), =0. (3.74)

O]

Theorem 3.3.5. Let ([0,1], 8, u,T) be an ergodic m.p.s., let H be a Hilbert, and let f €
LY([0,1], u, H) satisfy f[o,l] fdp = 0. For a.e. x € [0,1], (f(T"x)),2; is a fully ergodic

sequence.

Proof. Let € > 0 be arbitrary, and by Lemma 3.2.1 let g € Cy([0,1]) satisty ||f —g|[1 < €
and f[o 1] gdp = 0. Let X C [0,1] be a set of full measure for which Birkhoff’s Ergodic
Theorem holds for the real-valued function ||f — g||» along every z € X. We now see that
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lim *an (70) =gl = | IS =gl =1f —glh <. (375)
Now let (yn)p2; € UB(H) be uniformly bounded in norm by 1. Since a.e. z € X is a
generic point we may use Lemma 3.3.4 to further refine X to another set of full measure
X', such that for every z € X', (g(T"x)),, is a fully ergodic sequence. We see that for
any z € X’ and any permissible triple (f(T"x)5%1, (Yn)nl1, (Ng)g21), we have

N,
1 q
+h
}}gréog Z lim |+ Z: FT™ ), yn) (3.76)
_ . n+h
< Z}g&\ Z g e) )|+ e =
Since € > 0 was arbitrary, we see that (f(7T™z))>., is a fully ergodic sequence. O

Corollary 3.3.6. Let ([0,1], B, u,T) be an ergodic m.p.s., let H be a Hilbert space, and let
f e LY[0,1],u,H). For a.e. x € [0,1] we have

lim 72 f(T™z) = o fdu, (3.77)

with convergence taking place in the strong topology. Furthermore, if f[o 1] fdu = 0, then

for a.e. x €0,1] we have

N

lim Hi S e f (T7)]| = 0, (3.78)

N—o0 ot
where (cp)32, € UB(C) is any invariant sequence.

Proof. We see that f' := f — f[o 1y fdp satisfies f[o 1 f'du = 0, so by Theorem 3.3.5 we see
that (f/(T"x))22, is a fully ergodic sequence for a.e. z € X. By Lemma 3.2.2 we see that

n=1

(f'(T7x))5; € UA(H). By Lemma 3.2.6 we see that for a.e. € X we have

: 1 al / n : 1 al n
0= Jim |l 30Tl = Jim I 32T - /M fu. (3.79)
The latter half of the Theorem is a consequence of Lemmas 3.3.4 and 3.2.4(ii). O
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We observe that the first half of Corollary 3.3.6 can also be derived as a consequence of
the main result of [Cha62] for f € LP(]0,1], u,H) if p > 1 (see also [HST78]).

Lemma 3.3.7. Let ([0,1],%,u,T) be an ergodic m.p.s., let H be a Hilbert space, and
let p C P(N) be a filter. For each generic point x € [0,1] and each continuous function
f:[0,1] = H with f[o’” fdpu =0, (f(T"x)),~ is a p-mizing sequence.

Proof. Let f € C3([0,1]) and (yn);2; € UB(H) both be arbitrary. Let (Ny)52; € N be
such that (f(T"x);2q, (Yn)nz1, (Ng)g21) is a weakly permissible triple. By Lemma 3.3.3,
let g € L2([0, 1], u, H) be such that

Ng
Jim - (AT ), g = (U1, ) (350
4 pn=1

Letting U : L?([0, 1], u, H) — L?*([0, 1], u, H) denote the unitary operator induced by T, we
see that U is p-mixing. It follows that

N,
1 q
p— lim lim — Z(f(T"+hx), Yn)y = p — lim (U"f,g),, = 0. (3.81)
h—o0

h—00 =00 Ny =

O]

Theorem 3.3.8. Let p C P(N) be a filter and let ([0,1], B, u, T) be an p-mixing m.p.s., let
H be a Hilbert space, and let f € L'([0,1], u, H) satisfy Jo) fdw = 0. For a.e. z € [0,1],

(f(T™x))y2, is a p-mizing sequence.

Proof. Let € > 0 be arbitrary, and by Lemma 3.2.1 let g € C([0,1]) satisty ||f —g|[1 < €
and f[O,l] gdp = 0. Let X C [0,1] be a set of full measure for which Birkhoff’s Ergodic

Theorem holds for the real-valued function ||f — g||» along every z € X. We now see that

1

N
Jim 7 3 () = T = /m 1F = gllwdu = I1f — glls <e. (3.82)

Now let (y,)22, € UB(H) be uniformly bounded in norm by 1. Since a.e. z € X is a
generic point we may use Lemma 3.3.7 to further refine X to another set of full measure
X', such that for every z € X', (¢9(T"x)),- is a p-mixing sequence. We see that for any

x € X' and any permissible triple (f(T"2)p2 1, (Yn)n1, (Ng)g21), we have
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N
p— lim lim ’NL Z(f(T”Jrhx),yn) (3.83)

h—00 q—00
n=1
1
<|p— lim lim ’ﬁ Z(g(T"*hx),yn) +e=¢e.

h—o00 q—0
n=1

Since € > 0 was arbitrary, we see that (f(7™x)),- is a almost p-mixing sequence. O

We state our next corollary in the language of probability since the Strong Law of
Large Numbers is an ubiquitous result in probability that is analogous to Birkhoft’s Ergodic
Theorem. We recall that p. C P(N) denote the cofinite filter.

Corollary 3.3.9. Let H be a Hilbert space and let (X,)52; be an i.i.d. sequence of strongly
measurable H-valued random variables with E[X;] = 0. (X,,)22 is almost surely an almost

Pe-mizing sequence. In particular, we almost surely have

o1
Jim [ > e Xl = 0, (3.84)

n=1

where (¢,)2%, € UB(C) is any rigid sequence.*

Proof. Let (Q,F,P) denote the underlying probability space. Since (X,)52; is i.i.d., we
may assume that there exists a probability preserving transformation 7" : 2 — € that is
Bernoulli for which we also have X,, = X1 oT™. Since any Bernoulli system is also strongly
mixing we may apply Theorem 3.3.8 to see that (X,)02, is almost surely a p.-mixing
system. The astute reader may have observed that we need not have (2, F) = ([0, 1], %),
but Theorem 3.3.14 shows that this is not an issue. The latter part of the corollary follows
from Lemmas 3.2.4(v) and 3.2.6. O

Our next result shows that Theorem 3.3.8 characterizes almost p-mixing systems.

Theorem 3.3.10. Let p C P(N) be a filter and (X, B, u,T) a m.p.s. If for every f €
L>®(X, ) with [y fdu = 0 there exists a set Ay € A satisfying u(Ay) = 1 and for every
x € Ay the sequence (f(T"x))s2, is almost p-mizing, then (X, #,u,T)) is p-mizing.

n=1

Proof. Let A, B € % both be arbitrary. Let X’ C X be a set of full measure, such that
for any 2 € X’ and all h € N we have that (15(T"x) — u(B))>,, (1a(T™z) — pn(A))>2

n=1» n=1

'Here we are referring to rigid sequences as in Definition 2.3.2, which is equivalent to (c,)3%; being
almost p-rigid for some filter p. We also remark that (cn)n=; is almost p-rigid for some filter p if and only
if it is almost g-rigid for some idempotent ultrafilter g.
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and (]le;L(A)mB(T"x) —w(T~"(A) N B)>ZO:1 are p-mixing sequences. Lemma 3.2.6 shows

us that for any x € X', we have

Jim N Z 1p(T"z) = u(B) and (3.85)
i N Z Lp—n(ayng(T"e) = w(T~"(A) N B) (3.86)

for every h € N. We now see that for any = € X', we have

p— lim p(T™"(A)NB)=p— lim lim —Z Lp-n(aynp(T") (3.87)
h—o00

h—o00 N—oo N
N
=p — lim lim —ZJIT nay(T"z)1p(T"x)

h—oco N—oo N —1
—p— lim lim =3 1A(T" ) 1p(T"
== Jim Jim Zl J18(T"2)
1 N
=p— lim lim NZ(]lA(T""'hx)—u(A))ILB(T":E)

h—o00 N—00 -1

+p—11m hm—zlu )1p(T"x)

h—00 N—oo N

=0+ lgnooﬁ Zu )J1p(T"z) = p(A)u(B).

Now let us consider Theorem 3.3.11, which is a corollary of Proposition 3.1.11.

Theorem 3.3.11. Let p C P(N) be a filter and (X, B,u,T) a m.p.s. If for every f €
L>®(X, ) with [y fdu = 0 there exists a set Ay € A satisfying u(Ay) = 1 and for every
x € Ay the sequence (f(T"x))s> is fully ergodic, then (X, %,u,T)) is ergodic.

It is natural to ask if Theorem 3.3.11 can be improved by reducing the class of test
functions f to a proper subset of L®°(X, i) since we are using a stronger assumption on the
pointwise orbits of f than we did in Proposition 3.1.11. A natural candidate in the case of

= [0, 1] would be C(]0,1]). Our next theorem shows that this is not the case even if we

further strengthen the assumptions on the pointwise orbits of f.

Theorem 3.3.12. Let p. C P(N) be the cofinite filter. There exists a non-ergodic m.p.s.
([0,1], Z,m,T) such that for a.e. v € X and every f € C([0,1]) the sequence (f(T"x))7,

is almost p.-mizring.
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Proof. Let m be Lebesgue measure. Let S : [0,1] — [0,1] be any strongly mixing trans-
formation. Let I} € % be such that 0 < m(l; NU) < m(U) for any open interval U (cf.
[Kir72]). Let I = If, and note that 0 < m(Iz) < 1 and m(IaNU) > 0 for any open interval
U. We will now show that for j € {1,2} there exists measures v; : & — [0, 1] supported
on I; for which v1(I; NU) := m(U) for every open interval U. Firstly, we note that if
Up,Us C [0,1] are open intervals for which m(U;) # m(Uz), then there exists nonempty
open intervals Us, Uy, Us for which U; = UsUUy and Us = U, UUs up to one missing point.
Furthermore, we see that m(Us) # m(Us), so

viI; NU) = vj(I;NUs) +v(I; NUs) # vi(I1; N Us) +v;(1; N Us) = vi(I; N U2), (3.88)

so each v; is a well defined map. Furthermore, we see that the maps v; induce outer

measures v by

Vi(E) =inf{> vj(ENU,) | {Un}2, is a cover of E by open intervals}. (3.89)

n=1
Since each v} is a Carathéodory outer measure, we see that each v; is a well defined measure
on A (cf. Section 12.8 of [Roy88]).
By Theorem 15.5.16 of [Roy88] let ¢; : I; — [0, 1] be a measurable isomorphism satis-
fying v; = ¢.m. Let T : [0,1] — [0, 1] be given by

1 . (3.90)

¢y~ (S(g2(x))) ifxcly
Since m(I1) ¢ {0,1} and T'(I1) = I, we see that T is not ergodic. Now let f € C([0,1])
satisfy fol f(x)dm(x) = 0 and note that f € L'([0,1],v1) N LY(]0,1],2). We see from the

construction of v; and vy that

T(z) = {¢f1(5(¢1(g¢))) ifzel

/ fdv = / fdvs = fdm =0, (3.91)
[0,1] [0,1] [0,1]

so Theorem 3.3.8 shows us that for a.e. = € I U Iy = [0,1] the sequence (f(T"x))>2, is

n=1

almost p.-mixing. O

Remark 3.3.13. We observe that in the proof above we could have taken .S to be a Bernoulli
transformation, but we chose not to do so since we did not discuss any properties of the
pointwise orbits of f € L'(X,u) for a Bernoulli m.p.s. (X,%,u,T). We will conclude
this section by deducing that Theorem 3.3.5 and Theorem 3.3.8 hold for arbitrary measure
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preserving systems as a consequence of Theorem 3.3.14. For the proof of Theorem 3.3.14 we
will be using vocabulary and notation from chapter 15 of [Roy88| that we will not discuss

here.

Theorem 3.3.14. Let (X, %,u,T) be a m.p.s., let H be a Hilbert space, and let f €
LYX,p,H). There exists a m.p.s. ([0,1],28,m,S) and f € L'([0,1],m,H) such that for
a.e. © € X, there exists y = y(x) satisfying f(T"z) = f(S"z).

Proof. Since the range of f is separable, let {Uj}72; be a basis for subspace topology on
closure of the range of f. Let & denote the o-algebra generated by {{f~1(Ug)}?2,}. We
see that &7 is a countably generated o-algebra with respect to which f is measurable. By
Carathéodory’s Theorem (cf. Theorem 15.3.4 of [Roy88]) there exists an isomorphism @ of
<, p>into < L/ AN, m >, where .Z is the Lebesgue o-algebra on [0, 1], m is Lebesgue
measure and .4 C . is the o-algebra of null sets. By Proposition 15.6.19 of [Roy88], let
¢ : X — [0,1] be a measurable transformation for which pu(¢~1(B)A®~(B)) = 0 for every
B e o).

By Proposition E.2 of [Cohl13] let {f,}>>, be a sequence of simple functions that con-
verge pointwise a.e. to f. For each n € N let {§n,k}£(:”1 denote the range of f,, and
let A, = fn_i,({fnk}) We may now define f, = Z,i(:”l §nkla(a,,) and observe that
fnod = f, ae. forall n € N. Since f, converges pointwise a.e. to f € LYX, p,H), we
see that f, converges pointwise a.e. to some f € LY([0,1],m,H) satisfying fop=7Ff
a.e. Now note that ® o T-1 o ®~! is a o-isomorphism of ®(&/) to itself, so another
application of Proposition 15.6.19 of [Roy88| yields a map S : [0,1] — [0,1] for which
S~YB) = ®(T~1(®~1(B))) for every B € ®(«/). Noting that ¢~1 0o S~ and T~ ! o ¢!
are the same o-homomorphism, we can use the uniqueness portion of Proposition 15.6.9 of
[Roy88] to see that So¢ = ¢oT. It follows that for some X' C X with p(X’) = 1 we have
that S™(¢(z)) = ¢(T"(x)) and f(S™(é(x))) = f(T™(x)) for all n € N and all z € X, so it
suffices to take y = y(z) = ¢(x). O

3.4 Conjectures and Questions

One way in which we can try to generalize Theorem 3.3.8 when p = pp is the filter of sets

of natural density 1, is motivated by the following Theorem of Bourgain.

Theorem 3.4.1 (Theorem 1 in [Bou89]). Let (X, %,u,T) be a m.p.s. and let p(x) be a
polynomial with integer coefficients. If f € L" (X, u) for some r > 1, then

Lo
im — p(n)
A}gl(l)o ,;:1 f(TP" ) (3.92)
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exists for a.e. x € X. Furthermore, if T is weakly mizing, then

lim 72 f(rrt / fdu (3.93)

N—oco N
fora.e. v € X.

Theorem 3.4.1 shows us that Birkhoft’s Ergodic Theorem holds along polynomial subse-
quences if the underlying transformation 7' is assumed to be weakly mixing. This naturally

leads us to ask if some form of Theorem 3.3.5 holds for polynomial subsequences.

Question 3.4.2. If (X, %, u,T) is a weakly mizing m.p.s., p(z) a polynomial with integer
coefficients and f € L"(X, p) with r > 1 is such that [y fdu =0, then is (f(T?"™x)), an
almost pp-mizing sequence for a.e. x € X ? What can be said for other levels of mixing?
What can be said for elements of L" (X, u, H)?

We see that if (z,,)22; is an almost p-mixing sequence of complex numbers, and (yn)52>;
is another sequence of complex numbers for which d({n € N | z,, # y,}) = 0, then (y,,)52, is
also p-mixing. In particular, if (z,,)02 is pp-mixing, and (y, )52, is given by y, = x,, when
n is not a square and y, = 1 when n is a square, then (y,)5°; is also a pp-mixing sequence,
but (y,2)52, is the constant sequence, so Question 3.4.2 does not follow immediately from
Theorem 3.3.8. It is well known (cf. [Ber87]) that if (X, %, u, T') is a weakly mixing system,
then for any f,g € L?(X, 1) we have

lim 7Z| U™ f,g) /deu/ngM =0. (3.94)

Combining this fact with Lemma 3.3.3 allows us to prove Proposition 3.4.3, but does not

immediately help us resolve Question 3.4.2.

Proposition 3.4.3. Let (X, B, u,T) be a weakly mizing m.p.s., let H be a Hilbert space,
and let f € LY (X, u,H) satisfy [y fdp = 0. For a.e. x € X, any (y,)>>, € UB(H), and
any (Ng)g2y for which (f(T"x)52 1, (Yn)nz1, (Ng)g21) is a weakly permissible triple, we have

1 I 1 Y )
. : +h _
f};“;oﬁhil Jm, 5 LT ) 00) | =0, (3.95)
= n—

We also see that Lemma 3.3.3 suggests we do not need the m.p.s. ([0,1], 4, u,T) in
Theorem 3.3.5 to be weakly mixing. In particular, if we work with L2(]0,1], 1) instead of
LY([0,1], i), then it seems that we only need f € L%(]0,1], u) to satisfy
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S QA _
Jim 300" ) - [ g [ gau = o0, (3.96)

for every g € L?([0,1], ). However, it is not obvious as to whether or not this is the case.
In the proofs of Theorems 3.3.5 and 3.3.8, we approximated f by continuous functions, and
every element of C([0,1]) C L?([0, 1], u) satisfying equation 3.96 is the same as the m.p.s.
([0,1], B, u, T) being weakly mixing. This leads us to Conjecture 3.4.4.

Conjecture 3.4.4. Let (X, B, u,T) be a m.p.s., let H be a Hilbert space, and let p C P(N)
be a filter, and let f € L*(X, u, H) satisfy

. n _
p— lim ({U"f,g) =0 (3.97)
for every g € L*(X, ). Then (f(T"x))2, is an almost p-miving sequence for a.e. x € X.

In light of Chapter 2, we observe that if f € L?(X, u,H), then (f(T"x))%%, € SA(H)
for a.e. x € X. It is natural to ask if we further assume that (X, %, u,T) is ergodic if
(f(T™z))22, is a completely ergodic sequence, but Remark 2.3.7 shows us that it is not
obvious whether or not a fully ergodic sequence in SA(H) is also a completely ergodic

sequence. This leads us to our last question for this chapter.

Question 3.4.5. If H is a Hilbert space and (x,)52, € SA(H) is a fully ergodic sequence,
is it also a completely ergodic sequence? What if we assume that (z,)02, is given by
x, = f(T"x) for some ergodic (X, A, u,T) and f € L*(X, u, H)? What can be said about
other levels of mixing?
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CHAPTER 4

UNIFORM SYMMETRIC DISTRIBUTION

4.1 Introduction

A sequence (r,)s2; C Z is an ergodic sequence if for any a € R the sequence (r,a)5;
(mod 1) is uniformly distributed within its orbit closure. Such sequences are named er-
godic sequences because it is well known that the Mean Ergodic Theorem holds along such
subsequences. To be more precise, we have the following Theorem as a consequence of the

main result of [BE74].
Theorem 4.1.1. For R = (r,)52; C Z the following are equivalent.
(i) R is an ergodic sequence.

(i) If H is a Hilbert space, and U : H — H is a unitary operator, then

1 N
lim — Y U™ =P, (4.1)

N
— 00 n=1

where convergence takes place in the strong operator topology, and P : H — H 1is the

projection onto the largest U-invariant subspace of H.

(iii) For any ergodic invertible m.p.s. (X, %A,u,T), and any A, B € B, we have

N
1

lim — ANT™B) = u(A)u(B). 4.2

NgnooNn;u( NT™ B) = p(A)u(B) (4.2)

It is natural to wonder if Theorem 4.1.1(iv) has an equivalent symmetric form using a

single A € %. To better understand what is meant, let us consider for example the following

well known result about equivalent characterizations of ergodic measure preserving systems.

Theorem 4.1.2 (cf. Theorem 1.23 in [Wal75]). Let (X, %, u,T) be an invertible m.p.s.
We have
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lim — Z W(ANTA) = p(A)? (4.3)

N—oco N

for all A € Z if and only if we have

lim — Z wW(ANT"B) = u(A)u(B) (4.4)

N—oco N
for all A, B € A.

In particular, the principal of various levels of the ergodic hierarchy of mixing having
equivalent characterizations of a symmetric nature is the basis of Chapter 2. We say that
(rn)se; C Z is a semi-ergodic sequence if for any ergodic invertible m.p.s. (X, %, u,T)
and any A € # we have

lim — Z w(ANT"A) = p(A)>. (4.5)

N—oco N —1

In light of Theorem 4.1.2 and Chapter 2 we would hope that semi-ergodic sequences and
ergodic sequences are the same, but we will show in this chapter that this is not the case.

Notably, we have the following theorem as one of the main results of this chapter.
Theorem 4.1.3 (cf. Theorem 4.2.1). For (r,)22, C Z conditions (i)-(iv) are equivalent.

(i) (A) For every irrational o € T, and every U C T that is a finite union of open

intervals for which U = —U, we have
lim —|{1<n<N | rna € U} = pu(U). (4.6)
N—oo N

(B) For every integer ¢ > 1, we have

( n)évzl NgN _ 1
(a) ]\}gnoo N N q7
N . . 9
~>oo
(rm)asa N(@N+4) 1
(c) A}gnoo ~ =4 (if q is even).

(ii) For any real-Hilbert space Hg, and any unitary operator U : Hgr — Hg, and any
f € Hg, we have
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N

lim S W f) = ||PSI (4.7)

where P : Hr — Hp is the projection onto the largest U-invariant subspace of H.
(iii) (rn)se; is a semi-ergodic sequence.
Item (iA) of Theorem 4.1.3 naturally leads us to the following definition.

Definition 4.1.4. A sequence (x,)22, C [0, 1] is uniformly symmetrically distributed

if for any finite union of open intervals U C [0,1] satisfying U =1 — U we have

1
lim N\{1§n§N|xn€U}\:m(U). (4.8)

N—oo

One of our results is an analogue of Weyl’s criterion (cf. Theorem 2.4.2) for uniformly

symmetrically distributed sequences.

Theorem 4.1.5 (cf. Theorem 4.2.8). For a sequence (z,)5>; C [0,1] the following are

equivalent:
(i) (x4)5% is uniformly symmetrically distributed.

(i) For all f € C([0,1]) satisfying f(z) = f(1 — z) we have

lim e Z f(zy) = /01 f(z)dx. (4.9)

(iii) For all k € N we have

|
lim — 274 = 0. 4.1
N%N;cos( mwikzy) =0 (4.10)

We also observe this curious result relating uniform symmetric distribution to van der

Corput’s difference theorem.

Theorem 4.1.6 (cf. Theorem 4.2.9). If (z,)22, C [0,1] is such that (Tpin — Tn)o2; S

uniformly symmetrically distributed for all h € N, then (x,)52 s uniformly distributed.
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4.2 Main Results

Theorem 4.2.1. For (r,)22, C Z conditions (i)-(iii) are equivalent.

(i) For every a € R, (rna)fey is uniformly symmetrically distributed within its orbit

closure. More explicitly,

(A) For every irrational o € T, and every U C T that is a finite disjoint union of

open intervals for which U = —U, we have
lim —\{1<n<N | rna € U} =m(U). (4.11)
N—oo

(B) For every integer ¢ > 1, we have

N
_ 1
(a) lim (GORSHATA N

N—o00 N q’
N . .
n)n— — 2
(b) Jim (rn)p=1 0 ((qN]J\;J)U(qN N _2
— 00
(rani N(@N+4) 1
(c) ]\}gr(l)o N =4 (if q is even).

(i) For any real-Hilbert space Hg, and any unitary operator U : Hg — Hg, and any
f € Hgr, we have

1 N
Jim e S = PP, (412)

where convergence takes place in the weak operator topology, and P : Hr — Hp is the

projection onto the largest U-invariant subspace of H.
(iii) (rp)o is a semi-ergodic sequence.

Proof. We will first show that (iii) implies (i). Assuming that (iv) holds, let us first verify
that (iB) holds. Let ¢ € N be arbitrary, and consider the ergodic m.p.s. ({1,2,---,q}, 8, u,
T'), where £ is the discrete o-algebra, u is normalized counting measure, and T is the shift
given by T'(z) =z + 1 (mod ¢). Considering A = {0}, we see that

1 N

2= n{0)? = lim Z u({0} N T {0}) = Z Loni(ra). (4.13)

which shows that (iBa) holds. Considering B = {0, j} for j # 0, £, we see that

’27
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4 ) 1
s 2 = im — AT 0. 4.14
Z ©({0,45}) Jm n§:1u({0,1} Nn1T™{0,5}) (4.14)
N
1 2 1 1
= ]\}glcl)o N n§:1: <q1qN(Tn) + 614N+j (rn) + gqu—j (Tn))v

which in conjunction with (iBa), shows us that (iBb) holds. Lastly, if ¢ is even, considering
{0, 2} shows us that

4 _ d\\2 _ 1 al q Tn q
o —M({Ovi}) —]\}%N;M({Oai}mT {0,5}) (4.15)
1 X2 2
= tim 5 3 (Gl + 21y,

which in conjunction with (iBa), shows us that (iBc) holds, hence (iB) holds.

To see that (iA) holds, let & € R\ Q be arbitrary. Consider the linear functional p :
C([0, 1])* that is defined as follows: For f(z) € C([0, 3]), let f(x) € C(T) be the unique even
function that agrees with f(z) on [0, 1]. Consider the ergodic m.p.s. (T, %, m,T), where
2 is the Lebesgue o-algebra, m is Lebesgue measure, and 7' is given by T'(x) = x + «. For
x € (0,3), let Uy = (0,2), f2(y) = Ljo4)(y)(x — |y]), and note that m(U, NT"U,) = fo(na).
We now see that for any z € (0, %), we have that

/Tfm(y)dy = =m(U,)* = lim Z w(Us N T (U,)) (4.16)
=1
S h

Since A == {f2(y)} (0, Hu {3} is a collection of continuous functions that separates points
on [0, %] and vanishes nowhere, the Stone-Weierstrass Theorem tells us that the linear
combinations of elements of A are dense in C([0,1]), which is identified with the even
functions of C(T). It follows that for any f € C([0, 3), we have

/ f(y)dm(y /f Ydy = Jim 72]3 e (4.17)

Now let U' C (0,3) be an open interval and let U = U’ U (—=U’). We see that if fi, fo €
C(]0,1]) are even functions for which 0 < f; < 1y < fa, then
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L 1 & 1
= 1li — < li — <n< .
/0 fi(z)dz &%N;fl(r”a)*z\}g%oNHl*n*N | rna € U} (4.18)

1 & 1
< lim — E fa(rna) :/ fo(x)dx.
n=1 0

~ Nooco N

The desired result follows after using the continuity of the Lebesgue measure to see that

1 1
m(U) :sup{/o fil@)dz | 0< fi < 1y} :inf{/o fol@)dz | 1y < fo). (4.19)

Let us now show that (i) implies (ii). Since (iA) holds, we see by linearity that for any even

step function f, and any irrational o € T, we have

1o
Jo sy = Jim 537 fra) (4.20)

Since even Riemann integrable functions can be uniformly approximated by even step func-
tions, we see that the equation above holds for any even Riemann integrable function, such
as cos(2mikx). Let Hg be a real-Hilbert space and let U : Hr — Hp be a unitary operator.
Since ((U™f, )52 is a positive definite sequence we may use Bochner’s Theorem to pick

a positive measure v on T for which o(n) = (U™f, f) for all n € Z. Since ©(n) is a real

number for all n, we see that

v(n) :/eQ“ide:/cos(anx)dV (4.21)
T T

for all n € N. Furthermore, since cos(z) is an even Riemann integrable function, and (iA)
holds, we see that for all z € [0,1] \ Q, we have that

N

. 1
A}gnoo N n;l cos(2mrpx) = 0. (4.22)

Similarly, we see that for z = £ € ([0,1] N Q) \ {0} we may use (iB) to see that

N Py _ %
A}gnoo N nz::lcos(%rrng) = Z cos(2mr—) = 0. (4.23)

We now see that
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1 N

lim NZ<UT"f f)= lim —Z/ a7 (4.24)

N—oo N
n=1

= lim — Z / cos(2mrpx)dy(x) = lim — Zcos 27rpx)dy(x)

T N—oo N

_ /T Loy (x)dv(x) = v({0}) = | PfII*,

which yields the desired result.

Let us now show that (ii) implies (iii). Let (X, %, u,T) be an arbitrary ergodic i.m.p.s.,
let Hg = L?(X,p) (i.e., the real valued elements of L?(X,u)), and let U : Hr — Hg be
given by Uf = f o T~!. We now see that for any A € 4, we have

Tn 1 al Tn _ 2 _ 2
lim —Z,u ANT™™A) = lim NZ(IA,U 1a) = ||PLl4]|* = pn(A)~. (4.25)

N—)OO 1 N—o0 n=1

O

In order to better compare and contrast semi-ergodic and ergodic sequences in the next

section, we require some preliminaries about semi-averaging and averaging sequences.
Definition 4.2.2. Let (r,)52, C Z.

(i) (), is an averaging sequence if for any invertible m.p.s. (X, %, u,T) and any
A, B € A the limit below exists.

lim — Z w(ANT™B). (4.26)

N—oco N =

(ii) (rn)o; is an semi-averaging sequence if for any invertible m.p.s. (X, A, u,T) and

any A € A the limit below exists.

1 n
lim N;u(AﬂT A). (4.27)

Theorem 4.2.3. For (r,)22, C Z conditions (i)-(iii) are equivalent.

(i) For every a € T and every f € C(T) the limit below exists.

lim — Z flrpa). (4.28)

N—oco N —1
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(i) For any Hilbert space H and any unitary operator U : H — H the limit below exists

in the strong operator topology.

lim — Z U (4.29)

N—oo N

(iii) (rn)S2 is an averaging sequence.

Proof. Let us first show that (i) implies (ii). Let f € H be arbitrary. By the Spectral
Theorem (cf. Theorem B.4 in [EW11]) there exists a measure v on T and an isomorphism
S : Spanc{U"f}22, — L*(T,v) for which S(U"f) = ™. We now see that

N
lim % Y Utf=5" ( Jim Z 2mm’> (4.30)
where the existence of the limit on the righthand side in L?(T, v) follows from the Dominated
Convergence Theorem.

To see that (ii) implies (iii), it suffices to consider Hg = L?(X, ) and f = 1 4.

Let us now show that (iii) implies (i). Let a € T be arbitrary and consider the m.p.s.
(T, 8, m,T) where m is the Lebesgue measure and T(z) = z + a. Let 0 < z,y < %
be arbitrary and observe that for f.,(2) = Ly—gyta)(2)(x — |2 —y|), A = (0,7), and

B = (y,y + x) we have

N

.1 -
A}l_lgoﬁng:l m(ANT™B) h_r)réoﬁ E fw,y Tn Q). (4.31)
Since A = {f2,y(2)}, ye(0,2) Y {1} is a collection of continuous functions that separates
) 1)

points on T and vanishes nowhere, the Stone-Weierstrass Theorem tells us that the linear

combinations of elements of A are dense in C(T). Since

. 1
lim N Z f(rpa) (4.32)

exists for all f € A, it exists for all f € C(T) as a result of linearity and standard approxi-

mation arguments. ]

Theorem 4.2.4. For (r,)22, C Z conditions (i)-(iii) are equivalent.
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(i) For every a € T and every f € C(T) satisfying f(z) = f(—=x) the limit below exists

lim — > Nf(rna). (4.33)

(ii) For any real-Hilbert space Hgr and any unitary operator U : H — H the limit below

exrists.

lim % S U™LLf). (4.34)

(iii) (rn)52 4 is a semi-averaging sequence.

Since the proof of Theorem 4.2.4 is similar to that of Theorems 4.2.1 and 4.2.3 we
omit it. We would now like to investigate sequences analogous to ergodic and semi-ergodic
sequences in the more restricted setting of weakly mixing systems. Theorem 4.2.5 provides
the desired analogy to ergodic sequences and Theorem 4.2.6 provides the desired an analogy
to semi-ergodic sequences. We omit the proof of Theorem 4.2.5 since it is analogous to that
of Theorem 4.2.6.

Theorem 4.2.5. If R = (r,)2, is a sequence for which (rn,a)22, has an asymptotic

distribution function for all but countably many o € T, then the following are equivalent.

(i) For all but countably many o € T, the sequence (rna)3, is uniformly distributed in

its orbit closure.

(ii) For any Hilbert space H, and any unitary operator U : H — H with continuous

spectrum, we have

A .
ngnOONn;U =0, (4.35)

with convergence takes place in the strong operator topology.
(iii) For any weakly mizing m.p.s. (X, B,u,T), and any A, B € A, we have
1

N
Mm nZ::l ANT™B) = p(A)u(B). (4.36)
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(iv) For any weakly mizxing m.p.s. (X, B,u,T), and any A, B € A, we have

lim % S (ANT™B) — p(A)u(B)| = 0. (4.37)

e}

Theorem 4.2.6. If R = (r,)2, is a sequence for which (r,a)22, has an asymptotic

distribution function for all but countably many o € T, then the following are equivalent.

(i) For all but countably many « € T, the sequence (r,a)22 is uniformly symmetrically

distributed in its orbit closure.

(ii) For any Hilbert space H, and any unitary operator U : H — H with continuous

spectrum, we have

N

lim % S {UT™f, fy =0, (4.38)

N
— 00 n=1

(iii) For any weakly mizing m.p.s. (X, B,u,T), and any A € B, we have

o1 Y r 2
Jim = nZ::l p(ANT™A) = pu(A)>. (4.39)

(iv) For any weakly mizing m.p.s. (X, B,u,T), and any A € B, we have

N
1
lim — ANT™A) — u(A)? = 0. 44
Jim oy S HANT™ )~ (4% =0 (4.40)
Proof. Let us first show that (i) implies (ii). Let Hg,U, P, and f be as in (ii). Since
(U™f, /)52 is a positive definite sequence we may use Bochner’s Theorem to pick a
positive measure v on T for which 2(n) = (U"f, f) for all n € Z. Since »(n) is a real

number for all n, we see that

v(n) :/e%imdyz/cos(%rinm)dy (4.41)
T T

for all n € N. Since U has continuous spectrum, we see that vy has no atoms. Let
¢ C T\Q be the countable collection of « for which (r,, )22 ; is not uniformly symmetrically
distributed. Since v(%) = 0, we see that
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N N

. 1 o1 l A
ngnooﬁnzw f = Jm, 37 (1.42)
_]\}1_1}100 N Z / exp(—2minx)dvy(x) = ]\}gnoo N Z / cos(—2minx)dvy(x)
= lim — / cos(—2minx)dv / lim — cos(2minx)dv
= Jim Z » yavg(@) = [ Jim Zl Jivy (2)

:/W 1oy (x)dvg(z) = 0.

Next, let us show that (ii) implies (iii). Let (X, %, i, T) be an arbitrary weakly mixing
m.p.s., and let Hg = L?(X, u1). Since T is weakly mixing, we see that U = Uz has continuous
spectrum when restricted to L3(X,p) = {f € L*(X,u) | [y fdu = 0}. We now see that for
A€ B wemay let f=14— u(A) € L to obtain the desired result.

Now let us show that (iii) implies (i). It is only for this implication that we need to use
the assumed structure of (r,)72 ;. We note that if (X, B, u,T) is a weakly mixing i.m.p.s.,
and A, B € £ are disjoint, then

2u(A)u(B) = u(AU B)? — u(A)? — u(B)? (4.43)
N
_]&gnw]t;m(m UB)NT™(AUB)) — p(ANT™ A) — (BN T™ B))
N
= Jim_ % nz::l (W(ANT™A) + (AT B) + u(BAT™ A)

+p(BNT™"B) = f(ANT™A) = w(BNT™B))

: 1 al T T
_]\}gnooﬁg(u(AﬁT B) + u(BNT™A)).

One consequence of this, is that for any f € L&(X, u), (2) holds. To see this, let us first
consider the case in which f = Z%zl ¢m1la,, is a simple function. Recalling that Uy Lis

also a unitary operator we see that
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N

. 1 —Tn al —Tn
ngnooﬁ,;q’UT f) = lim < Z:: P McjckmlAj,UT 1a,) (4.44)
B Z <ngnoozc]ck (A; NT™ Ag) + (AkﬂTT"Aj))>
1<]<k<M

+Z lim 72@\ p(A; NI A)

M
- ¥ zcjcMAj)u(Ak)+Z|cj|2u(Aj)2=/X|f\2du=HPf||2-

1<j<k<M j=1
Now let € denote the set of a € T\ Q for which (r,a)2°
distributed and let us assume for the sake of contradiction that ¥ an uncountable set. We
see from the definition of € that

o°_, is not uniformly symmetrically

N .
C\Q={aecT\Q| A}gnoo N nzzjl cos(2mirpa) # 0}. (4.45)
Let
={aec?\Q| hm sup = Z cos(2mirpa) > 0}, and €~ =€\ €. (4.46)
n 1

We note that € and €~ are Borel measurable sets, and that at least one of them is
uncountable. Let us first consider the case in which ¢+ is uncountable. Since €7 is
an uncountable Borel set, we see that is a measurable isomorphism S : €T — [0,1] (cf.
Theorem 1.2.12 in [Par67]), so there exists a continuous Borel probability measure v that
is supported on €. By the Gaussian Measure Space Construction, there exists a weakly
mixing i.m.p.s. (X, %, u,T), and a Gaussian element f € L(X, u) for which (f,URf) =
v(n) (cf. Chapters 3.11 and 3.12 of [Gla03]). We now see that

N

1
0= ([, sdup? = IPSIF = Jim > (/.U f) (4.47)

n=1

1N
:A}gnooNZ/exp —2mirpx)dv(z) = NZ/COS —27irpx)dy(x)

= limsup — Z / cos(2mirpz)dy(z) > [ limsup — Z cos(2miryx)dv(x)

N—o0 T N—oo
1N
:/ hmsup—Zcos 2mirpx)dv(z) > 0,
At N—ooo n=1
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which yields the desired contradiction. The case in which €~ is uncountable instead of €™
is handled similarly.

Lastly, it is clear that (iv) implies (iii), so it only remains to show that (iii) implies (iv).
We recall that (X, A, u, T) is weakly mixing if and only if (X x X, B B, ux u, T xT) is

weakly mixing. We now see that for any A € & we have

lim — Z w(ANT™A) = u(A)? and (4.48)

lim —Z,u (ANT™A)? = lim —Zuxu (AxA)N(T™ xT™)(A x A))

N—oco N

lim — Z l(ANT™A) — u(A)?| = 0.
=1

O]

Theorem 4.3.4 shows us that the assumption that (r,a)52; have an asymptotic distri-
bution function for all but countably many o € T is a nontr1v1al assumption, and naturally

leads to the following question.

Question 4.2.7. Does there exist a sequence ()22, C Z satisfying Theorem 4.2.6 but not
Theorem 4.2.5%

Theorem 4.2.8. For a sequence (z5,)22, C [0, 1] the following are equivalent:
(i) (xn)5%; is uniformly symmetrically distributed.

(i) For all f € C([0,1]) satisfying f(x) = f(1 — z) we have

Jim Z f(zn) / f(@ (4.49)
(iii) For all k € N we have

lim — Z cos(2mikzy) = 0. (4.50)

N—oco N —1

115



Proof. To see that (i)=-(ii), we observe that if U C [0, 1] is a finite union of open intervals
for which U =1 — U, then

N

lim — 3 1y(e,) = m(U) = 01 1y (2)dz. (4.51)
n=1

The desired result now follows from the fact that any f € C(T) satisfying f(z) = f(—z) can
be uniformly approximated by linear combinations of step functions 1 satisfying 1y (x) =
1y (—x). It is clear that (ii)=>(iii), and the fact that (iii)=-(ii) follows from linearity and the
fact that any f € C(T) can be uniformly approximated by linear combinations of elements
from {1} U{cos(2mikx)}32 . Let us now show that (ii)=(i). Let U C [0, 1] be a finite union
of open intervals for which U = 1 —U. Let € > 0 be arbitrary and let K C U and U C W be
a compact set and an open set respectively for which m(W \ K) < e. Let fi, fa € C([0,1])
be such that fi(z) = fi(1—z), fa(z) = fao(1—x), fi(x) =1forx € K, fi(z) =0 for z ¢ U,
fi(z) € (0,1) for x € U\ K, fo(x) =1 for z € U, fo(x) =0 for x ¢ W, and fo(z) € (0,1)
for x € W\ U. We now see that

/ fi(z)dx = lim —Zfl () <hm1nf—\{1<n<N]xn€U}| (4.52)

N—oco N —1

1
<hmsup—\{1<n<N\a:n€U}]< hm —ng Tn) / fo(x

N—oo

The desired result now follows from the observation that

‘/01 fi(z)dz — m(U)‘ + ’/01 fo(x)dr —mU)| <m(U\ K)+m(W\U) <e.  (4.53)
O

Theorem 4.2.9 is our last result for this section shows how the notion of uniform sym-
metric distribution can be used to obtain a new variation of van der Corput’s difference

theorem.

Theorem 4.2.9. If (z,)52; C [0,1] is such that (Tp4+n —xn)52 is uniformly symmetrically
distributed for all h € N, then (x,)5%; is uniformly distributed.

Proof. Our proof is a slight modification of the classical proof of van der Corput’s Difference
Theorem. Let £k € N and € > 0 both be arbitrary. Let D € N be larger than %, and note
that

116



N N D

1
lim sup |— exp(2mikx = limsup |—— exp(2mikx 2 4.54
mowp ;3 exp(erikan) sl 3 exp2niken) (454)

1
<lim SUPN E \— E exp(2mik, 1 q)|?
n=1 d 1

=lim sup — Z Z exp(2mik(Tntd, — Tntdy))

Nooo N7 D di,da=1

N
1 1

=— + limsup — Z =3 Z (exp(2mik(Zpsdy, — Tntdy))
D N—oo N7 D 1<d1<da<D

[y

+ exp(27mik(Tntdy — Tntdy)))

1 N
=5 + limsup — Z Z 2c08(27k(Tntdy — Tntdy))
N=oo ¥ p=1 1<d1 <d2<D
1 1 1
SB + 2 Z lim sup N Z 2c08(27k(Tntdy — Tntdy)) = 5 <€

1<d; <de<D N—
O

Theorem 4.2.9 can be interpretted as the statement that in order for (x,)5%; to be
uniformly distributed, it suffices for the set of distances appearing in (z,+n — 5 )52 to be

uniformly distributed for all A € N. We are naturally led to the following question.

Question 4.2.10. Does there exist a sequence (x,,)02, C T such that (Tpin — Tn)o2 IS
uniformly symmetrically distributed for all h € N but is not uniformly distributed for some
heN?

In light of Chapter 2.4 we are also led to the following question.

Question 4.2.11. If (x,)5%; C [0, 1] is such that (T, 1p—x,)5 s uniformly symmetrically
distributed for all h € N, is (z,)22, an o-sequence? Are there analogues of Theorems 2.4.13,
2.4.18, 2.4.20, and 2.4.22 for uniform symmetric distribution?

4.3 Examples

Theorem 4.3.1.

(i) If (rp)>, C Z is a semi-ergodic sequence, then for any m.p.s. (X, %,u,T) and any
A€ B we have
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lim — Z WANT™A) > p(A)2 (4.55)

N—oo N

(ii) There exists a sequence (ry)p>q C Z that is not semi-ergodic, but for every m.p.s.
(X, B, u, T) and every A € B we have

lim % ST uWANT™A) > p(A)>. (4.56)

Proof of (i). Let {pe}ecr denote the set of ergodic T-invariant probability measures on X.
By the Ergodic Decomposition, let v be the probability measure on F, such that for any
A € A, we have

A) = /E He(A(e). (4.57)

We now see that

P ([ e < [ p(ayvie) (4.58)

T : 1 al —T
= EngnO;ZueAmT ) Un&iﬁoN;/EM“T A)

O

Proof of (it). 1t suffices to take r, = 2n. To see that (r,)52, is a semi-ergodic sequence,
we see that (n)2°
(i) to see that

is an ergodic sequence, so for the m.p.s. (X, %, u, T?) we my apply part

n=1

lim *ZM ANTmA) = lim 72;1 AN (TH™A) > p(A)2. (4.59)
=1 =1

To see that (r,)02; is not a semi—ergodic sequence, it suffices to consider the system
(Z)2Z, p, B,T), where p({0}) = p({1}) = § and T(z) = 1 — =. O
Theorem 4.3.2. There exists a semi-ergodic sequence that is also an averaging sequence,

but not an ergodic sequence.
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Proof. Let oo € R\ Q be arbitrary, consider S = {n € N | na € [0,3)}, and let S = (s,,)52

n=1*

Since (s,a)22; is not uniformly distributed in T, we see that (s,)22; is not an ergodic

sequence, so let us now show that it is a semi-ergodic sequence by verifying that Theorem
4.2.1(i) is satisfied. To do this, we will first check part (iA) of Theorem 4.2.1 by showing

that for any irrational 5 € T the sequence (r, )52 is uniformly symmetrically distributed.

o0

If @ and § are Q-linearly independent, then the uniform distribution of (n(a,3))52; in

T? implies that (s,3)°%; is uniformly distributed in T, so it suffices to consider the case
b= o= p%a, where %a may represent any of the g elements z € T satisfying ¢z = «. For
eachn € N, let L,, : T — T denote multiplication by n. We see that snga € U if and only if
sn%a € Lljl(U), but L 1(U) is symmetric, and pu(U) = u(L;l(U)), so it further suffices to
consider the case = %a. We now need the following claim before we can finish the proof

of the main Theorem.

Claim. If U C T, then

1 1 _ 1
{se S| saan}:{neN | n;anﬁqu([O,g))}. (4.60)

Proof of the claim. We see that if s € S is such that séa € U, then Lq(s%a) = sa € [0, %),

S0 s%a e Un Lo, %)), which yields one of the inclusions. To see the reverse inclu-
sion, let n € N be such that n%a e Un L;l([O,%)), and note that na = Lq(n%a) €
Lo(U A L7100, 1)) € Lo(L; ([0, 1)) = [0, ), son € 8. O

Returning to the proof of Theorem 4.3.2, we see that

d({s €S| s;a cU}) = d(ls)d({n EN | n;a e Un L, %))}) (4.61)
—2d({n e N | n;a eUnL; (o, %))}) — 2u(U N L;1((0, %)))
(U N L (0, 5))) + nl(~(U A L (10, )
(U 0 L0, 5))) + w(~U N~ L5 (0, 1))
(U A L0, 5))) + (U N L0, 5))
(U 1 L7 (0, 5))) + (U 0 L (5, 10) = u(U 0 L (0,1))

=u(UN[0,1)) = n(U),

so Theorem 4.2.1(iA) is satisfied.
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Next, we will check part (iB) of Theorem 4.2.1 by showing that if B € QNT, then
(sn2)nZy is uniformly distributed in its orbit. It suffices to show that (sn)n 1 is uniformly
distributed modulo ¢. To see that this is the case, we note that for any r € [0,q), we
have (gn + r)a € [0, 3) if and only if na € L;([o, 3 - ra) Since M(L_l([O, ) —ra) =
([0, 3)) = &, we see that d({n € N|(gn+r)a € [0,2)}) =%, s0d(n e Njna € [0,5)& n=r
(mod ¢)}) = 2q’ which shows us that d(n € S|n=r (mod q)}) %.

Now that we have shown (s,,)5%; is a semi-ergodic but not ergodic sequence, it only
remains to show that it is an averaging sequence. We note that the claim tells us that for

any 0 <z < 1and £ €Q\ {0}, the limit below exists.

lim —\{1<n<N | snla € [0,2)}]. (4.62)
N—o0 q

Since (s,0)5%; is uniformly distributed within its orbit closure for all 5 that are rationally
independent from «, we see that Theorem 4.2.3(i) is satisfied, so (s,)52; is an averaging

sequence. ]

Remark 4.3.3. We see that the construction above can be generalized as follows to provide
a family of examples of semi-ergodic sequences that are also averaging sequences, but not
ergodic sequences. Let {U; } *, be a collection of open intervals in T, such that m(U 1(U;U
-U;)) =1, and {U; } L, U{-U; } ', is a collection of mutually disjoint sets. Then for any
irrational o € T, the sequence {n € N | 3 j s.t. na € U;} is semi-ergodic and averaging,

but not ergodic.

Theorem 4.3.4. There exists a semi-ergodic sequence ()22 C Z that is not an averaging

sequence. Moreover, the set of a € T for which

N
lim — Z sin(27mir, ) (4.63)

N—ooo N
does not exist s uncountable and dense in T.

Proof. Our proof is motivated by the proof of Theorem 11 in [ET57]. Let (o), C
T\ Q be dense in T. Let (3,)52; be an enumeration of (ay)32

infinitely many times. We will inductively define a sequence of positive integers (t;)72 4,

o2, in which each «, occurs

and subsequently define 7, for n € [tg,tx+1). For the base case, let t; = 1. For the inductive

step, we recall that (nf;);2,, is a uniformly distributed sequence, hence

1 tp+N 1 92
Jim n;k Isin(2mn ;)| = /0 jsin(2)|do = = (4.64)
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so let tx11 be such that ¢t > 5y, and

tp+1—1
1 k+1

Z |sin(27nS)| >

n=tg

(4.65)

3=

thr1 — g

Let s € N be such that 8y = a4, and suppose that this is the wth time that a; has occured
so far. For n € [tg, tr11), let

. {(1)’”"‘171 if sin(2mn ) > 0 (1.66)

(—=1)¥n else

We see that the sequence ()2, is a semi-ergodic sequence since it satisfies Theorem

4.2.1(1). To see that ()22, is not an averaging sequence we will show that Theorem

4.2.3(i) is not satisfied. We note that for each k € N, we have

1 th41—1 1 tht1—1 te—1
e sin(27r,0k)| > |——— sin(27r,0r)| — ——— 4.67
AT X SR 2y A - g ()
tpr1—1
1 trp — 1 t —1 t, — 1
tet1 — 1 net, tet1 — 1 7T(tk+1 - 1) tet1 — 1
b — b — by — 1) . b1 — ti — m(ty — 1) JAeT
m(tgsr — 1) ki1 T
In particular, if the value of w corresponding to k is odd, then
thp1—1
1 4 —
—— Z sin(27ry, By) > W, (4.68)
tk+1 —1 =1 T
and if the value of w corresponding to k is even, then
thg1—1
1 4—
—— Z sin(27ry, Br) < — T (4.69)
tk+1 -1 ne1 s

By the continuity of sin, for each k € N, let I, be an open interval centered at S, such that
for any v € Iy, we have

1 tg+1—1 1 tp41—1 4—n
_ sin(2mr - sin(2rrpa)| < 4.70
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Let £ = Ny_; U2, Ik, and note that (ay,);e; € E, so E is a dense G, which must be

uncountable. Moreover, for each v € E, we have that

1 & 4—m
limsup — » sin(27r,y) > , and (4.71)
N—o0 an::l ( " ) 27
N
Coe ] : 4—7
l}&l&f N nglsm(%'rn’y) < — 5
O
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CHAPTER 5

VAN DER CORPUT SETS

5.1 Introduction

We will assume that the reader of this section is familiar with van der Corput’s Difference
Theorem (cf. Theorem 2.1.2), and for our results involving nearly mixing sequences we
will assume that the reader is familiar with Chapter 2.2. A natural way in which we can

improve van der Corput’s Difference Theorem is through the notion of van der Corput sets.

Definition 5.1.1. R C N is a van der Corput set (vdC set) if for any (x,,)5>; C [0,1]
for which (Tpipn — xn)22, is uniformly distributed for all h € R we have that (xy)3%, is

uniformly distributed.
Interestingly, vdC sets have many equivalent characterizations.
Theorem 5.1.2. For R C N the following are equivalent.
(i) R is a vdC set.

(ii) If (xn)0, is a sequence of complex numbers of norm 1 satisfying

N
.1 _
A}l_rgo N ;:1 TpthTn =0 (5.1)

for all h € R, then

1 N
lim — = 0. 2
i, 7 2 an =0 62)

(iii) For any Hilbert space H, any unitary operator U : H — H, and any f € H satisfying
(U"f, f) =0 for every r € R, then

o1 X
ngnool\N;U fll=0. (5.3)
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(iv) For any m.p.s (X, %B,u,T) and any f :€ L*(X,u) satisfying (ULf, h) = 0 for every
h € H, then [y fdu=0.

(v) If p is a probability measure on T for which fi(r) =0 for all r € R, then u({0}) = 0.

(vi) If p is a probability measure on T for which ji(r) = 0 for all 1 € R, then p is

continuous.

(vit) For each € > 0 there exists a trigonometric polynomial P : T — [—€,00) such that

P(n)=0ifneZ\ (RU—-R) and P(0) = 1.

(viii) If H is a Hilbert space and (xy,)32, € SA(H) satisfies

R
lim N Z<l’n+h7$n> =0, (5.4)

N—oo
n=1

for every h € R, then

. 1
Jim, 155 3 anll = (5.5)

Proof. The fact that (vii)=-(i) was first shown in [KMF78]. The equivalence of (i), (ii),
(v), and (vii) can be deduced from [Ruz84], and another exposition of these equivalences
is given in [BLO8|. It is clear that (viii)=-(ii), and the fact that (i)=-(viii) can be deduced
from Theorem 5.1.9. It is clear that (vi)=-(v), and to see that (v)=-(vi) it suffices to
observe that if u; is the measure given by u(E) = p(E + t), then p({0}) = p({t}) and
fis(n) = ¥ fi(n). The equivalence of (i) and (iii) can be deduced from [NRS12] after
an application of the mean ergodic theorem. It is clear that (iii)=(iv), and the fact that
(iv)=-(i) can be deduced from the fact that (iv) implies item (iv) of Theorem 5.1.3. O

The first main result of this chapter is to add to the list of characterizations of vdC
sets. We remark that our additional characterizations relate to those of Theorem 5.1.2
in the same way that uniform symmetric distribution relates to uniform distribution, and
that a few of them were already observed in [Ruz84|. For a measure p on T we define the

measure i by fi(E) = u(—F) for all measurable £ C T.
Theorem 5.1.3 (cf. Theorem 5.2.2). For R C N the following are equivalent.
(i) R is a vdC set.

(i) If ()02, C [0,1] is such that (Tp+n — Tn)32, is uniformly symmetrically distributed

for all h € R, then (x,)02 is uniformly symmetrically distributed.
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(iii) If (xn)oe, C [—1,1] is such that

1

N
A}i_r}noo N ngl TpphTy =0 (5.6)

for all h € R, then

1
lim N nz:: xn = 0. (5.7)
(iv) If u is a probability measure on T for which u = i and fi(h) = 0 for all h € R, then
1({0}) = 0.

(v) If u is a probability measure on T for which p = i and fi(h) = 0 for all h € R, then
1§ continuous.

(vi) For each € > 0 there exists a trigonometric polynomial P : T — [—€,00) of the form
P.(z) = "N, a, cos(2minz) such that P.(n) =0 if n € Z\ (DU —D) and P(0) = 1.

vii) For any sequence of unit vectors (x,)°% C R? satisfyin
Y seq n=1 ying

-
A}gnoo N nz::l<xn+h, Zn) =0, (5.8)

for every h € R, we have

1

N
lim — =0. .
S DI 59

Another interesting feature of vdC sets is their relationship with sets of recurrence.

Definition 5.1.4. Let R C N.

(i) R is a set of measurable recurrence if for every m.p.s. (X, %,u,T) and every
A € B with u(A) > 0 there exists r € R for which

w(ANT™1A) > 0. (5.10)
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(ii) R is a set of strong recurrence if for every m.p.s. (X, B,u,T) and every A € B
with pw(A) > 0 we have

limsup u(ANT™"A) > 0. (5.11)
"R

(i) R = ()% is a set of averaging recurrence® if for every m.p.s. (X, %B,u,T) and
every A € B with u(A) > 0 we have

|
lim sup N Z wANT™A) > 0. (5.12)

N—oo n=1

(iv) R is a set of nice recurrence if for every m.p.s. (X, B,u,T), every A € A with
w(A) > 0, and every e > 0 there exist infinitely many r € R for which

WANTTA) > p(A)? — e (5.13)

(v) R is a set of operator recurrence if for any Hilbert space H, any unitary operator
U:H — H, and any x € H with Px # 0 (where P : H — H is the orthogonal
projection onto ker(U — I)), there is some r € R for which (U"x,x) # 0.2

In [KMF78] it is shown that any vdC set is a set of measurable recurrence, and in
[NRS12] it is shown that vdC sets are in fact equivalent to sets of operator recurrence (Use
the Mean Ergodic Theorem and Theorem 5.1.2(iii)). In [Ruz82] Ruzsa asked whether or not
every set of measurable recurrence is also a vdC set and Bourgain answered this question
in the negative in [Bou87]. In order to continue this line of results we need a few more

definitions of generalizations of vdC sets using the form of Theorem 5.1.2(ii) when H = C.
Definition 5.1.5. Let R C N.

(i) R is an enhanced van der Corput (vdC) set if for any sequence of complex

numbers (yn)o2, of modulus 1 satisfying

=0, (5.14)

lim lim sup
r7—00 N—00

1 N
Y Z Yn+rYn
N n=1

!We are using the definition from [BLO08] which differs from the definition in [BH96] since we are using
a lim sup rather than a lim.

2Qur definition differs from that in [NRS12] since we use U” rather than U™", but the definitions are
equivalent since U~ is also a unitary operator.
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we have
1 N
1\;5%0 N nglyn =0. (5.15)

(i) R is a density van der Corput (vdC) set if for any sequence of complex numbers

(Yn)o2y of modulus 1 satisfying

1 ¥ 1 &
lim — Y lim sup|— Tnl =0 5.16
Jim Mﬂ; im sup N;ymrmyn : (5.16)
we have
1 N
A}gréoﬁ;yn = 0. (5.17)

(iii) R is a nice van der Corput (vdC) set if for any sequence of complex numbers

(Yn)S21 of modulus 1 we have

N 2

1
Nzyn

n=1

< lim sup lim sup

r—=00  N—oo
reER

lim sup
N—00

. (5.18)

1 N
N Z YntrYn
N n=1

In [BLO8] it is shown that every enhanced vdC set is a set of strong recurrence and that
every density vdC set is a set of averaging recurrence. It is also asked whether or not every
nice vdC set is a set of nice recurrence, and one of the main results of this chapter is to

answer this question in the positive.
Theorem 5.1.6 (cf. Theorem 5.2.4). Every nice vdC' set is a set of nice recurrence.

While the methods of Theorem 2 of [KMF78] can be modified to attain this result, we
will provide a slightly more constructive proof. We remark that it is still open as to whether
or not there exists a set of strong recurrence or a set of nice recurrence that is not a vdC

set. Before discussing our next result we require some more definitions motivated by item
(vi) of Theorem 5.1.2.

Definition 5.1.7. Let R C N.
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(i) R is a FC" set if every positive measure p on T satisfying

rli_{go a(r) =0 (5.19)
rER

s continuous.

(ii) R = (rm)°_, is a density FC" set if every positive measure u on T satisfying

1

M
Jim mZZI |i(rm)| =0 (5.20)

is continuous.®

(iii) R is a nice FCT set if every positive measure u on T we have

Sup |a(r)| > n({0}). (5.21)

In [BLO8] it is shown that every nice FC™ set is a nice vdC set and it is asked whether
or not the converse is true. We answer this question in the positive as part of our next
result.

Theorem 5.1.8 (cf. Theorem 5.2.5). For R C N the following are equivalent.
(i) R is a nice FCt set.
(ii) R is a nice vdC set.

(iii) For every Hilbert space H, every unitary operator U : H — H, and every f € H, we
have

sup [(U" f, )| = [IPfI?, (5.22)
reR

where P is the projection onto the subspace of U-invariant elements.

$We observe that our definition differs from Definition 7 of [BLO0S] since we use |fi(7, )| instead of fi(r.m ).
This is because N does not satisfy Definition 7 of [BLO8] as seen by letting x be a point mass at any point
of T other than 0. It is for this reason that we believe Definition 7 of [BLO8] has a typo.
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(iv) For any positive measure u on T we have

sup [a(r)]* > > p({t})?, (5.23)
r€R te A

where A C T is the set of atoms of .

(v) For every Hilbert space H, every unitary operator U : H — H, and every f € H, we

have

sup [(U" f, ) > ||Pf11%, (5.24)
reR

where H = He @ Hym is the Jacobs-de Leeuw-Glicksberg decomposition (cf. Theorem
2.8.5) and P, is the orthogonal projection of H onto H..

We remark that Theorem 5.1.8 has a symmetric analogue similar to Theorem 5.1.3, but
we do not state it here for the sake of brevity. The next set of main results of this chapter
connect vdC sets to the notion of weak mixing from the ergodic hierarchy of mixing. They
are similar in spirit to items (iv) and (v) of Theorem 5.1.8. We remind the reader that we
will be assuming familiarity with the notion of nearly mixing sequences in a Hilbert space
‘H from Definition 2.2.5 when discussing Theorem 5.1.9. Theorem 5.1.10 is equivalent to

Theorem 5.1.9 and does not require any knowledge about nearly mixing sequences.

Theorem 5.1.9 (cf. Theorem 5.2.6). Let R C N, H be a Hilbert space, and (y,)5, €
SA(H).

(i) If R is a vdC set and

N
Hm — > (Ynsrs Yn) =0 (5.25)

for allr € R, then (yn)22, is a nearly weakly mizing sequence.

(ii) If R is an enhanced vdC set and

=0, (5.26)

lim lim sup|—
T’*)OO N—00

N
Z yn—i-r’ yn

then (yn)2; is a nearly weakly mizing sequence.
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(iii) If R = (rp)o%, is a density vdC set and

N

lim — Z lim sup|— Z(ynJrrmayn)

=0, (5.27)

then (yn)%; is a nearly weakly mizing sequence.

(iv) In (i) and (iii) is is possible for (yn)oe, to be a rigid sequence. In particular, (yn)oe;

need not be a nearly mildly miring sequence.

Theorem 5.1.10 (cf. Theorem 5.2.9). Let R C N, H be a Hilbert space, U : H — H a
unitary operator, and let x € H. Let H = He ® Hym be the Jacobs-de Leeuw-Glicksberg
decomposition and let P. be the orthogonal projection of H onto H..

(i) If R is a vdC set and (U"z,z) =0 for all x € R, then P.x = 0.

(ii) If R is an enhanced vdC set and

. ” o
TlLrgO<U z,x) =0, (5.28)
rER

then P.x = 0.

(iii) If R = (ry,)S%, is a density vdC set and

1
lim — Y (U'mz,x) =0, (5.29)

then P.x = 0.

(iv) In (it) and (i) it is possible for x to be a rigid element of (H,U). In particular, x
need not be a mildly mixing element of (H,U).

Our last result is similar to the previous 2 results in the context of uniform distribution.
We remind the reader that we will be assuming familiarity with the notion of wm-sequences

from Definition 2.4.6 when discussing Theorem 5.1.11.

Theorem 5.1.11 (cf. Theorem 5.2.10). Let R C N, (z,)%2, C [0,1], and let D be the

measure of discrepancy discussed in Definition 2.4.3.

(i) If R is a vdC set and (Tpir — Tn)pey 5 uniformly distributed for all r € R, then

(xn)52 1 is a wm-sequence.
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(i) If R is an enhanced vdC set and

Th_{goﬁ((wn+r — Tn)p=1) =0, (5.30)
rER

then (x,)5% is a wm-sequence.

(iii) If R = (ry,)%, is a density vdC set and

lim —— mz D((psr,, —n)S2;) =0, (5.31)

then (x,)0, is a wm-sequence.

w) In (17) and (ii1) (x,)22; need not be an mm-sequence. In fact, it is possible to have
I d 1 d b In f bl h
(f(zn))o2y be a rigid sequence for all f € C([0,1]) satisfying fol f(z)dz = 0.

5.2 Main Results

We begin with a useful lemma about positive definite sequences.
Lemma 5.2.1. Let o be a positive measure on T.

(i) If w is discrete then there exists an ergodic m.p.s. (X, B, u,T) that is isomorphic to
a rotation on a compact abelian group and a f € L*(X,p) for which fu(n) = (U™ f, f)
for alln € N.

(ii) If p is continuous then there exists a weakly mizing m.p.s. (X, %,u,T) and f €
L3(X, p) for which fu(n) = (U™f, f) for all n € N.

(iii) There exists an ergodic m.p.s. (X, B,u,T) and a f € L*(X,u) for which fi(n) =
(U™f, f) for alln € N.

Proof of (i). Let A C T denote the support of . Consider g = (a;)aea € TA, let X
denote the closure of {¢g"},cz, let Z denote the Borel o-algebra restricted to X, and let v
denote the normalized Haar measure on X. Let T : X — X be given by Tz = gz, and note
that (X, g) is a minimal group rotation, so (X, %,r,T) is an ergodic m.p.s. For a; € A
we see that fj(x1, -+ ,x;,---) = e*™% € L*(X,v) is an eigen function for the eigen value
e?™5 . We now see that for f := >a;ea/1({a;}) fj and any n € N we have

Wrrg) = [ 3 nlaghem et 2 dy(@) = 30 e u{a;)) = jln) (5.32)

ajEA a]‘EA
O
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Proof of (it). This is a consequence of the Gaussian measure space construction as discussed
in Chapters 3.11 and 3.12 of [Gla03]. We refer the reader to Chapter 1.4 of [Jan97] to
see why the considerations of [Gla03] for real-valued Gaussian processes are also valid for

complex-valued Gaussian processes. O

Proof of (ii7). We remark that (iii) is not an immediate consequence of the Gaussian mea-
sure space construction since a Gaussian measure space is ergodic if and only if it is weakly
mixing, both of which occur if and only if the spectral measure is continuous. Let y = pg+ e
where p4 is a discrete measure and p. is a continuous measure. Using parts (i) and (ii),
for k € {d,c} let (Xg, By, vk, T)) be an ergodic m.p.s. and let fi € L?(Xy, ;) be such
that tix(n) = (U} fi, fi) for all n € N. Since (X, A, v.,T;) is aso weakly mixing, we see
that (Xg X X¢, By @ Beyvg X Ve, Tq x T¢) is an ergodic m.p.s. Consider fd(a:,y) = fa(x)
and f.(z,y) = f.(y) and observe that f := f; + f. € L*(Xy X Xe,vg X V). Since pi is

continuous, we see that [ x, Jedpe =0, hence

(Ua @ Uo)" for i) = (/ Uﬂﬂ@h)(/ fadua) =0, and (5.33)

(Ua@Ue)" fu, fe) = (/ uUn fddud> (/ fcduc> _

We now see that for all n € N we have

(U3 fa fa) + (Ua @ Ue)™ fa, fe) (5.34)
+ ((Ua @ Ue)" fes fa) + (UL fes fe)
)-

= fia(n) + fic(n) = fi(n

(Ua@U)"f. f) =

O
Theorem 5.2.2. For R C N the following are equivalent.
(i) R is a vdC set.
(ii) If (xn)52, C [—1,1] is such that
lim — Z TpinTn =0 (5.35)

N—oo N

for all h € R, then

lim — Z x, = 0. (5.36)

N—oco N
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(iii) If (xn)oe; C [0,1] is such that (Tpin — Tn)32 is uniformly symmetrically distributed

for all h € R, then (x,)22 is uniformly symmetrically distributed.

(iv) For any m.p.s (X, %, u,T) and any real-valued f € L*(X,p) satisfying (ULf, f) =0
for every h € H, then [ fdu=0.

(v) If u is a probability measure on T for which p = i and fi(h) = 0 for all h € R, then
n({03) = 0.

(vi) If w is a probability measure on T for which p = i and fi(h) = 0 for all h € R, then

1§ continuous.

(vii) For each € > 0 there exists a trigonometric polynomial P. : T — [—€,00) of the form
P.(z) = "N, a, cos(2minz) such that P.(n) =0 if n € Z\ (DU —D) and P(0) = 1.

(viii) For any sequence of unit vectors ()%, C R? satisfying

-
]\}gnoo N ngl@zn_m, Zn) =0, (5.37)

for every h € R, we have

N
Nhinoo% 2_:1 T, = 0. (5.38)
Proof. We begin by observing that p = fi if and only if ji(n) = [ cos(2piinz)dx for all
n € N. In light of this observation, the equivalence of (i), (v), and (vii) was shown by
Ruzsa in [Ruz84]. It is clear that (v)=-(vi), so we will now show that (vi) implies item (vi)
of Theorem 5.1.2 in order to deduce that (vi)=-(i). To this end, we observe that if p is a
probability measure on T and we let v = %(/H— fi), then v is a probability measure for which
v = . We see that u is continuous if and only if v is continuous, and that ©(n) = Re(ji(n))
for all n € N, from which the desired result follows.

It is clear that (i)=(iv) and (i)=-(ii) in light of Theorem 5.1.2, so we will now show
that (ii)=(v). Let p be as in (v) and recall that fi(n) € R for all n € N. By Lemma 5.2.1
let (X,%,v,T) be an ergodic m.p.s. and f € L?(X,v) a real-valued function for which
({U™f, f) = p(n) for all n € N. By Birkhoff’s ergodic theorem let X’ € % be such that
v(X') =1 and for every 2z € X’ we have

N
lim ;fn}::l f(TVrz) f(Tnx) = /X URffdv = (k) (5.39)

N—oo
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for all £ € N, and

lim lz f(T"z) = /X fdv. (5.40)

We see that for all h € R and x € X’ we have

lim — Z f(T™rhe) f(Trz) = fi(h) = 0, hence (5.41)

N—oco N

/X fv = Jim < nz::l F(Tz) = 0

It now suffices to observe that

u({O}):/]l{O}d,u:/ lim Ze%mxdu— hm —Z/ X gy, (5.42)
T T
N

N—oo N
1 1 Y
= ngnooﬁgﬂm) = Nli;nmﬁ;wnf, f)={Jim — ZlU”f,

= ([ gdvep)y = ([ ravy? =

We will now show that (viii)=-(iii). Let (z,)32; be as in (iii) and let k£ € N be arbitrary.
Let y, = (cos(2mikxy,), sin(2mikax,)) for all n € N and note that for each h € R we have

N

Jim 3 e (5.43)
N
= lim 1 Z (cos(2m'kxn+h) cos(2mikxy,) + sin(2wikaz,,4p) sin(27ri/<:xn))
N—oo N el
|
= A}gnoo i nz::l cos(2mik(zpin — xn)) =0,

where the last equality follows from Theorem 4.2.8. We now see that

R N
(0,0) = hm — Z Yn = ]\}1_I>noo N ;(Cos(ka‘xn),sm(2mk:xn)),

so we have shown that (x,)52; is actually uniformly distributed.

We will show that (iii)=(viii) by using ideas similar to those in [Ruz84]. Let S' = {z €
C | |z] = 1}. Let us recall that R? as a real-Hilbert space is isomorphic to C under the
inner product (a,b) = % (ab + ab). Let (y,)32; C S! be a sequence for which
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N
1 X1
i N > % o Wn+h¥n + Fnrnyn) =0, (5.44)

for every h € R. Furthermore, we see that by replacing (y,)52, with (cy,)52; for some

c € C, we may assume without loss of generality that

hm sup —| Z Yn| = hm sup —] Z Re(yn)| (5.45)

n=1 n=1

Let e : T — S! be the map given by e(r) = exp(2miz). Since we will mostly be using
exponential funtions in this proof, we remind the reader that e(x) + e(—z) = cos(2miz).
Let (£,)52, be a sequence of independent random variables from T to T, with e(&,) having
density function 1+ 3(yne(z) + Yne(z)). We see that for any n € N, we have that

/T e(6n())dz = /T (1+ %(yn%+y7e(x)))e(x)dx 3 (5.46)

We also see that for any n € N, and j € Z \ {—1,0, 1}, we have that

[ elignte)) = [+ 5 (nel@) + Fre(@))e(ade = 0. (5.47)
T T

We now see from the strong law of large numbers, that for some B C T of full Lebesgue

measure, and every x € B, we have that

N | N
Z e(n(z)) = B Z Yn + o(N), hence (5.48)
n=1 n=1
Ty ] T
Jin ol 3 56l o) +ela(@))] = 5 Jim Z (v + )

Furthermore, we see that for h € H and j € N, we have that

N

Jo D elirina) = J6ala)) + e(—soina) + senla))) (5.49)
=1

:§< ([ etibnn@nin) [ e(-sgataNda) + ([ e(-itune)i)( [ etita)in))

n
1N e
ZZ 1 (YnsnUn + Unynyn) ifj=1
0 ifj>1

=o(N
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For each j,n € N and h € H, let Yop;(2) = e(jénn(®) - jén(2)) + e(—iénsn(@) +jén()),
and note that Var(Yj, ) < 4. We see that Y}, and Y}, are independent whenever
lm —n| > h, so let Ay = {(n,m) € [1,N]?2 | |m —n| > h}, and note that |Ay| >
N(N —2h —1). We now see that for any N € N, we have that

A i(nnw:) - / Vin(y)dy) Pdo (550
= Z / G, (T /Y,nh Y)dy)(Yjmn(x /Ymh Ydy)d

1<n,m<N

S ([ i)~ [ Vinritnie) ([ Gonsl) = [ Vimalildyyic)

(nvm)eAN

+ Y 4

(n,m)€AS,

<4(2h +1)N

<

We now see from a standard Borel-Cantelli argument that for Lebesgue-a.e. x € T we have

. 1
Jim Z = Jim | Yiatw)dy =0, (5.51)

for every j,n € N and h € H. We now see that for some A € T of full Lebesgue measure,
the sequence (&, () — &n(2))02, is uniformly symmetrically distributed for every h € H,
50 (& ()22, is also uniformly symmetrically distributed for x € A. Letting x € AN B be

arbitrary, we now see that

1 ¥ 1 1 1
Jim anzj yn| = ngnoolﬁg Re(yn)| = ngnoolﬁr; 5 (U + 7)) (5.52)
~ T N|Z (€@ = 0.

Lastly, we will show that (viii)=-(i) by showing that (viii) implies item (ii) of Theorem
5.1.2. Let ()22 be as in item (ii) of Theorem 5.1.2. We may view (z,)5; as a sequence
of unit vectors in R? by identifying a + bi with (a,b) and by observing that (z,y)g: =
%(a@ + 7y) = Re(2y). It now suffices to observe that for all h € R we have

1 N
lim — Z(:cn_,_h, Tn)R2 = Re( lim — Z TpthTn) = 0. (5.53)

N—o0 o N—oco N —1
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In order to show that every nice vdC set is also a set of nice recurrence, we first need
to recall a classical result of Weyl ([Wey14], [Wey16]).

Theorem 5.2.3 (Theorem 1.4.1 in [KN74]). If (a,)22, is a sequence of distinct integers,

then (anx)o>; is uniformly distributed in T for a.e. x € T.
Theorem 5.2.4. Every nice vdC set is a set of nice recurrence.

Proof. We will prove the contrapositive. Let S C N be a set that is not a set of nice
recurrence. Choose a m.p.s. (X, %, u,T) and some B € £ for which

S:=supu(BNT*B) < u(B)* (5.54)
s€S

We will now use a standard argument to go from the setting of measure preserving systems
to the setting of subsets of N with positive natural density. Let € X be such that Birkhoff’s
Ergodic Theorem holds for all f € {1g~7-np}n>0 when evaluated along the orbit of x and
let A:={neN|T"z € B}. We see that

d(A) :1\}5’%0*213 (T"x) = u(B), and (5.55)
N
d(Aﬁ(A—m))—]\}gnoo—Z]lB (T"2)1g(T™ ")

= lim 7211,5” mp(T"z) = u(BNT ™B) for all m € N.

N—oco N 1

By Theorem 5.2.3, there exists a € [0,1] such that (n’a)necac, (— n2a)neAcm(A_S),((n +
s)%a Q) peAn(Ac—s)s ((2ns+s?)a Q)peAen(ac—s) are all uniformly distributed in T, for every s € S,

whenever they are infinite sequences. Let us now consider the sequence (z,)5%; C T given
below.
0 ifne A
Ty = (5.56)
n?a if n € A°

We now see that for any s € S we have that

0 ifne AN(A—ys)
—n’a ifne (A—s)nA°
Tnts — Tp = . (5.57)
(n+s)%a ifne An(A°—s)

(2ns +s%)a ifn € A°N (A —s)

137



Let k € N be arbitrary, and let y,, = exp(2mikx,,) for all n € N. We use the fact that (45—

Tn)ne(A—s)nAes (Tnts = Tn)neAn(Ac—s)s (Tnts — Tn)neaen(ac—s) are all uniformly distributed
if they are infinite sequences to obtain equation (5.59) in the calculations below.

hm |— Z YntsUn| (5.58)
1 _ _
= ]\}gn N Z Yn+sYn + Z Yn+sYn
Y heAn(A—s)N[1,N] ne(A—s)NA°n[1,N]
+ Z YntsYn + Z Yn+sUn
neAN(Ac—s)N[1,N] neAen(Ac—s)N[1,N]
1
< lim |— Z exp(2mik(Tpts — xn))
N=eo ’N neAN(A—s)N[1,N] ‘
1
+ lim N Z exp(2mik(zp4s — xn))‘
N=oo LV (A= s)mAen[1,N]
1
+ lim N Z exp(2mik(zp4s — a:n))‘
N=oo LV An(Ac—s)[1,N]
1
+ lim N Z exp(2mik(Tn4s — xn))‘
N=oo LV e Aen(Ar—s)[1,N]
= lim > if=dan@-s)<s (5.59)
N=oo neAN(A—s)

Since (@ )neae is uniformly distributed in T we see that

1 Y o

i ‘

lim sup Tim_ Z_: yn+syn’ <S<d(A) (5.60)
SES

1 1 2
=( lim — =| lim — Yn + lim — Y
<NHOONn€Am[1 N] ) ‘NHOONneAﬂ[ N] ' N%“NneAczm:u,N} n’
T IR
= lim ’NZyn
n=1

)
N—oo

so S is not a nice vdC set. O
Theorem 5.2.5. For R C N the following are equivalent.

(i) R is a nice FCt set.

(i) R is a nice vdC' set.

(iii) For every Hilbert space H, every unitary operator U : H — H, and every f € H, we
have
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sup [(U” f, )| = | PfII?, (5.61)
reR

where P is the projection onto the subspace of U-invariant elements.

(iv) For any positive measure u on T we have

sup () > 3 n({t})* (5.62)
teA

where A C T is the set of atoms of .

(v) For every Hilbert space H, every unitary operator U : H — H, and every f € H, we

have

sup [({U" f, )| = | Pef1?, (5.63)
reR

where H = He @ Hym is the Jacobs-de Leeuw-Glicksberg decomposition (cf. Theorem
2.8.5) and P, is the orthogonal projection of H onto H..

Proof. In [BLO8] it is shown that (i)=-(ii), so let us now show that (ii)=-(iii). By the
spectral theorem (Theorem B.4 in [EW11]) let p be a positive measure on T for which
fu(n) = (U™f, f) for all n € N and u({0}) = ||Pf||> where P is the orthogonal projection
onto the space of U invariant vectors. By Lemma 5.2.1 there exists an ergodic m.p.s.
(X,%,v,T) and (by abuse of notation) f € L?(X,v) for which (U"f, f) = j(n) for all
n € N and u({0}) = ||Pf||* = ([x fdv)?. By Birkoff’s ergodic theorem we see that for a.e.

z € T we have

N
(Uf, f) = /T Ulffdu = Jim % n}; f(T™rhe) f(Tnz) for all h € N, and (5.64)

/fdz/— lim —ZfT”

from which the desired result is immediate.
It is clear that (iv)=-(i), so we will now show that (i)=-(iv). Let u be a positive measure

on T, let A C T denote the set of atoms of u, and let v = p * i. We see that

v({0h) = Y u{thalt}) =D u({thu(—{-t}) = >_ u({t})* and (5.65)

t1+t2=0 teA teA
p(n) = fi(n)i(n) = |i(n)|* for all n € N.
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Since R is a nice FCT set we see that

sup | a(r)[* = Sug\ o(r)| = v({0}) = Y p({t})*. (5.66)

reR re tcA

The fact that (iii)=(i) is an immediate consequence of Lemma 6 of [NRS12]. It is
clear that (v)=-(iii), so we will now show that (i)=(v). By the spectral theorem (Theorem
B.4 in [EW11]) let u be a positive measure on T for which there exists an isomorphism
S : L2([0,1], n) = H satisfying S(e?™*) = U"f for all n € Z. Let A C [0,1] denote the
set of atoms of u, and for each t € [0,1] let P, denote the orthogonal projection of H onto
the space of eigenfunctions with eigenvalue e*™. We observe that ||P;f||?> = u({t}) for all
t € [0,1]. It now suffices to observe that

o
sup(U" f, )| = sup/ AT du(x) = supu S out)z= DoIPfI (5.67)

reR reRJ0 tcA teA

> Y IBAI? = PSP

teA

Theorem 5.2.6. Let R C N, H be a Hilbert space, and (y,)2>, € SA(H).

(i) If R is a vdC set and

1
lim N > (Untroyn) =0 (5.68)

N—o00 1
for allr € R, then (yn)22, is a nearly weakly mizing sequence.

(i) If R is an enhanced vdC set and

lim limsup|—
r—00
R N—oo

N
Z Yntr, Yn)| = 0, (5.69)

then (yn)S; is a nearly weakly mizing sequence.

(iii) If R = (ry,)%, is a density vdC set and

lim — Z lim sup|—

N
Z yn—f—r,myn - 07 (570)

then (yn)S; is a nearly weakly mizing sequence.
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(iv) In (i) and (iii) is is possible for (yn)oey to be a rigid sequence. In particular, (yn)oe;

need not be a nearly mildly miring sequence.

Proof. We will first prove items (i)-(iii). Let (V)72 be any sequence for which

N,
N
7(h) = lim ;(ymm Yn) (5.71)

exists for all h € N. Since (v(h));2, is a positive definite sequence, by Bochner’s Theorem
let p be a positive measure on T for which fi(h) = y(h) for all h € N. In each of (i)-(iii) we
conclude that p is a continuous measure by using Theorem 5.1.2(vi) for part (i), Theorem
5.2.7(i) for (ii), and Theorem 5.2.7(ii) for (iii). Since p is continuous we may use Wiener’s

Theorem to see that

o1& . 1&
0= lim —> [ah)*> | Jim — > |i(h)] (5.72)

H—oco H — H—o0 el
1
— lim —|lim —
A g7, ;(ymh,yn) ,

so Theorem 2.2.10 tells us that (y,)22; i a nearly weakly mixing sequence.

While we can give a direct proof of (iv), it would be much more cumbersome than a
direct proof of Theorem 5.1.10(iv) (Theorem 5.2.9(iv)) which we do provide. Consequently,
we will deduce part (iv) from Theorem 5.1.10(iv). To this end, it suffices to observe that if
((Yn)nz1s (Yn)pzrs (Ng)g21) is a permissible triple, 7 = J((yn)pZ1: (Yn)ners (Ng)g21), and
S : H — I is the unitary operator induced by the left shift, then (y,)52; is a mildly
mixing (rigid) element of (7, S) for all (N,)2; C Nif and only if (y,);2; is a nearly mildly

mixing (rigid) sequence. O
Before proving our next main theorem, we require the following preliminary results.
Theorem 5.2.7 (cf. Theorems 2.1 and 3.6 in [BLO08]). Let R C N.
(i) R is an enhanced vdC set if and only if it is a FCt set.
(i) R is a density vdC set if and only if it is a density FCT set.
Lemma 5.2.8. Let R C N.
(i) If d(R) =1 then R is a density vdC set.

(ii) If for each D € N there exists r1 < ro < --- < rp € N for which r, — rp, € R for all
1<m<n<D, then R is a nice vdC set.

141



Proof of (7). Due to Theorem 5.2.7(ii) it suffices to show that R is a density FC* set. For
t € T let y; be the measure given by p;(E) = pu(E +t) and recall that ji;(n) = e~ 2™ fi(n).
It now suffices to observe that for R = (r,,)5°_; with d(R) =1 and ¢ € T we have

lim —Z\m (rm)| = lim *Z\Mt )| = lim ‘*ZW ‘ (5.73)

M—oco M
1 X 1 .
= Jim | 2 L) = | [ pm 2 ey ()|

| /T 1oy (2)dpue ()| = 1 ({0}) = p({t}).
OJ

Proof of (ii). We remark that our proof is very similar to the classical proof of Theorem
2.1.2(i). Let (up)22; be a sequence of complex numbers of norm 1, and let € > 0 be
arbitrary. Let D € N be such that 1 <€ and let 1y <rg < --- <rp € N be such that
Tm—Tm € Rforalll <m<n<D. Wenowseethat

1 & 1 &1
limsup \N Z un|? = limsup ]5 Z N Z Upiry|? (5.74)

< hm sup — Z \— Z un+rd\ = hm sup D2 Z Z Untrg, Untry,
n=11<d;,do<D

N

1 1
SE Z lim sup ’N Z Untrg, un+,,«d2\
1<dq,do<D N0 n=1
dy#dy
Letting
1 X
M= max limsup|— U U 5.75
1<d1.dy<D N—>oop|N Z n+rq; n+7"d2| ( )
dyF#dy n=1
N

= max limsup E U —ry U
1<d1,d2<D  N—soo |N 7y —ra; Tl
n=1
dy#do

we conclude from (5.74) that

1 D-1
1 — < 4+ MT—= h 5.76
111\;13;10p| Eﬁ un|” < 5 + M—5—, hence (5.76)
M > D li |1 EN: 2 1 >1 | §Nj 2
11m su -— u — 1msu -— U — €.
~D-1 N_wop N n=1 " D - p n 1 "
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O]

Theorem 5.2.9. Let R C N, H be a Hilbert space, U : H — H a unitary operator, and let
x €H. Let H=He P Huwm be the Jacobs-de Leevw-Glicksberg Decomposition and let P be
the orthogonal projection of H onto He.

(i) If R is a vdC set and (U"xz,x) =0 for all x € R, then Pz = 0.

(ii) If R is an enhanced vdC set and

. . _
Tlér%(U z,x) =0, (5.77)

then Px = 0.

(iii) If R = (ry,)S2; is a density vdC set and

lim — > U™z, x) =0, (5.78)

then Px = 0.

Proof. We will first prove items (i)-(iii). Since ((U "z, 2))5%, is a positive definite sequence,
by Bochner’s Theorem let p1 be a positive measure on T for which ji(h) = (U~ "z, x) for all
h € N. In each of (i)-(iii) we conclude that p is a continuous measure by using Theorem
5.1.2(vi) for part (i), Theorem 5.2.7(i) for (ii), and Theorem 5.2.7(ii) for (iii). Since p is

continuous we may use Wiener’s Theorem to see that

1 1 ’ A
— L ~ 25 . L ~ — L — .
0 I}ﬂoﬂ};\ﬂ(hﬂ > (I}%H};M(W) }}%H};W z,7)| (5.79)

SO0 T € Hwm.

We can now prove item (iv). Let X := (X, %, u,T) be any weakly mixing m.p.s. that
is not mildly mixing and let f € L?(X,p) be any rigid function satisfying [y fdu = 0.
The assumption that f is rigid is only for the sake of concreteness since our argument can
be applied to any weakly mixing element of (L?(X, ), Ur). Since X is weakly mixing, we
see that the equation in item (iii) is satisfied when R = N, and N is a density vdC set by
Lemma 5.2.8(i), so it only remains to verify that item (iv) holds for (ii). Since X is weak

mixing, we see that for each k € N the sets
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Rei= {neN|[U"f.) < 3} (550)

satisfy d(R,,) = 1. We will now inductively construct a sequence (ny)7>, for which ny, —
nk, € B¢ for all k1 > kg. For the base case let n; € R; be arbitrary. For the inductive step,
assume that ny,--- ,n; have been chosen, and note that d(Ry, +nj) =1 forall 1 <j <k,

so for

k
By == RN [ (Ri + nj)), (5.81)
j=1

we have d(By) = 1. Since By # 0, let ngy1 € By be arbitrary, and note that for any
1 < j <k we have ng41 —nj € R;. We see that R = {ng, —ng, | k1 > ky > 1} is a nice
vdC set by Lemma 5.2.8(ii). We recall that every nice vdC set is also an enhanced vdC
set. It now suffices to observe that for k1 > ko > 1 we have [(U™ 1 ™ f f)| < ﬁ, so the

equation in item (ii) is satisfied for the R that we have constructed. t

Theorem 5.2.10. Let R C N, (x,)%, C [0,1], and let D be the measure of discrepancy
discussed in Definition 2.4.5.

(i) If R is a vdC set and (Tpir — Tn)pey 5 uniformly distributed for all r € R, then

(xr)52 is a wm-sequence.

(ii) If R is an enhanced vdC set and

rli)rgoﬁ((xn-i-r — n)pe1) =0, (5.82)
r€ER

then (z,)22, is a wm-sequence.

(iii) If R = (ry,)S2; is a density vdC set and

lim —— mz D((nsr,, —n)S2;) =0, (5.83)

then (x,)0% is a wm-sequence.

w) In (i) and (1ii) (x,)S2, need not be an mm-sequence. In fact, it is possible to have
n=1
(f(zn))2y be a rigid sequence for all f € C([0,1]) satisfying [, f(x)dz = 0.
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Proof of (i). For each k € N and r € R, we see that

N
0= lim — Z 2mik(Tnr=an) — iy — ! Z ?mikTnr g2mikan (5.84)

N—oo N —1
so by Theorem 5.2.6(i) we see that (e?™ 1) | is a nearly weakly mixing sequence. Since

k € N was arbitrary, we see that (z,,)52; is a wm-sequence. O

Proof of (ii) and (iii). Let € > 0 be arbitrary and let v, = D((Zn4r — )2 ;). We argue
as we did in the proof of (iv)=-(i) in Theorem 2.4.17 to see that for all k € Nand r € R we

have

lim sup — 7 Z 2Tk @nar=an) < ¢ 4ok, €)yy (5.85)

N—oo n=1

Depending on whether we are proving (ii) or (iii), we see that

N
1 : —_—
lim limsup|— E 2 ikTntr o2mikTn | < ¢ or
T—>00 N—00
reER =

(5.86)

lim — Z lim sup|— N Z 2kt ry o2mikin

<e.

n=1

Since € > 0 is arbitrary, we may apply Theorem 5.2.6(ii)-(iii) to see that (e2™*n) | is

a nearly weakly mixing sequence. Since k € N was arbitrary, we see that (x,)%2, is a

n=1

wim-sequence. ]

We suspect that in items (i) and (iii) of Theorem 5.2.10 that the sequence (z,)2%
need not be a mm-sequence, and may in fact be such that (f(x,))5%; is a rigid sequence for
any f € C([0,1]) satisfying fol f(x)dx = 0. We would like to show this by taking a weakly
mixing m.p.s. (X, %, u,T) that also has a nontrivial rigid factor, and setting x,, = T"z for
some generic x € X. The reason that we are currently unable to make use of these ideas is

due to technicalities that are hinted at by Question 3.4.5.
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CHAPTER 6

ON THE PARTITION REGULARITY OF ax + by = cw™2"

This chapter is the result of a collaboration with Richard Magner during the last year
of his Ph.D. at Boston University. I had obtained many of the results in sections 3, 5,
8, and 9 on my own, but the results of section 4 that I knew I needed were out of my
reach. Consequently, I contacted Richard for help since he is a specialist in the area. Our
discussions also gave rise to sections 6, 7, and some improvements to section 8. At the
time of the writing of this thesis this chapter has been submitted for publication. We ask
the reader who wishes to cite results from this chapter of the thesis to cite them from the

published version so that Richard Magner may also receive credit for his contributions.

6.1 Introduction

We say that an equation is partition regular over S if for any finite partition S = (J;_; C;,
there exists some C; containing a solution to the equation. One of the first results about
partition regular diophantine equations is the celebrated theorem of Schur ([Sch16]), which
established the partition regularity of  +y = z over N. Schur’s student Rado ([Rad33])
classified which finite systems of linear homogeneous equations are partition regular over
N. Since it is not known whether or not the equation z? 4+ y? = 2? is partition regular over
N, we are still far from achieving a classification for which systems of polynomial equations
are partition regular. One of the first results in this direction is a theorem of Bergelson
([Ber96], page 53), which shows that the equation x — y = p(z) is partition regular over N
for any polynomial p(z) € Z[z] which satisfies p(0) = 0. While the result of Bergelson shows

that the equation z — y = 22

is partition regular over N, Csikvari, Gyarmati and Sarkozy
([CGS12]) showed that the equation = + y = 22 is not partition regular over N, and asked
whether the equation x4y = wz is partition regular over N. Their question was answered in
the positive, independently by Bergelson ([Ber10], Section 6) and Hindman ([Hin11]). Both
proofs make use of ultrafilters and the algebra of the Stone-Cech compactifation. More
examples of partition regular polynomial equations can be found in [DNLB18]. Results
regarding necessary conditions for a polynomial equation to be partition regular over N can

be found in [BLM21] and [DNLB18].
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The polynomial equations mentioned so far have a simple form, but the proofs of their
partition regularity properties are quite specific to these cases. Since there is currently no
unified theory for the partition regularity of polynomial equations, any class of equations
whose partition regularity is known may provide insight towards such a theory. In this
paper, we give a partial classification of the partition regularity of equations of the form

n

ar + by = cw™z", where a,b,c € Z \ {0} and m,n € N are parameters, and z,y, z, w are

variables. Theorem 6.1.1 is the main result of this paper. Before stating Theorem 6.1.1, we
note that we remove 0 when considering partition regularity over a ring R in order to avoid
trivial solutions. We also recall that any equation which is partition regular over a set S
(such as N) is also partition regular over any set Sy that contains S; (such as Z \ {0}), but

the converse is not true in general.
Theorem 6.1.1. Fiz a,b,c € Z\ {0} and m,n € N.

(i) Suppose that m,n > 2.

(a) If a+b# 0, then the equation

ar + by = cw™z" (6.1)

is not partition regular over Z \ {0}.

(b) If a+b =0, then equation (6.1) is partition reqular over N.

(ii) If one of 2, c, or a—‘“’ is an nth power in Q, then the equation

ar + by = cwz" (6.2)

a+b
or =

is partition regular over Z\ {0}. If one of & is an nth power in Q>q, then

c’c’

equation (6.2) is partition reqular over N.

(iii) Assume that equation (6.2) is partition regular over Q\ {0}.1

a n 1S 0 en one o , , or “=2 isann power tn Y.
)} dd, th ab opath th in Q
n 8 even, en one o , , or =2 4s an power 1n Y.
b) If n#4,8 th a b op ath Zth in Q
C n s even, en eitner one o , , or 2 is a square m , or )= ) 18
T th ith ab a+b Q b acb .

a square in Q.

!To give a converse to part (i) of Theorem 6.1.1 we would assume that equation (6.2) is partition regular
over N or Z\ {0}. The assumption that equation (6.2) is partition regular over Q\ {0} is weaker than either
of the previous assumptions since N C Z\ {0} C Q\ {0}.
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To prove item (i)(a) we use one of the Rado conditions for polynomial equations that is
proven in [BLM21], and we will show that item (i)(b) is an easy consequence of the partition
regularity of the equation z —y = z". To prove item (ii) we use ultrafilters similar to those
that were used in [Ber10] and [Hinl1]. To prove item (iii) we use the classic partitions that
were used by Rado in [Rad33] when determining necessary conditions for a finite system of
linear homogeneous equations to be partition regular. In order to demonstrate that these
classic partitions yield our desired results, we are required to prove Theorem 6.1.2, which
is a partial generalization of the criteria of Grunwald and Wang for when a € Z is an nth
power modulo every prime p € N ([Gru33],[Wan48],[Wan50]). In order to state Theorem
6.1.2 we define the following notation. If p € N is a prime and 7, s € Z are such that p{ s,

then £ =rs~! (mod p).
Theorem 6.1.2 (cf. Corollary 6.4.2). Let o, 5,y € Q\ {0}.
(i) Suppose n is odd and «, 3,7 are not nth powers; or
(ii) Suppose n is even, o, 3,7 are not gth powers, and « is not an §th power if 4 | n.

Then there exists infinitely many primes p € N modulo which none of o, 8,7 are nth powers.

b

c?

and v = aTH’. Since

We remark that we will apply Theorem 6.1.2 to a = ¢, =
a = 3+, the condition that at least one of «, 5, and  not be an §th power if 4 | n is
automatic by Fermat’s Last Theorem when n > 8. We would also like to apologize to the
reader for using p to denote ultrafilters, generic polynomials, and primes in N. Thankfully,
we do not have any proofs or statements that simultaneously make use of an ultrafilter, a
generic polynomial, and/or a prime, so the meaning of p will be clear from the context.

The structure of the paper is as follows. In Section 6.2 we provide a statement of Rado’s
Theorem and briefly review some facts about the usage of ultrafilters in Ramsey Theory.
A major goal of this section is to quickly familiarize the reader who is inexperienced with
Ramsey Theory with enough basic knowledge of ultrafilters that they will be able to use
as a blackbox the special kinds of ultrafilters introduced in Theorems 6.2.8 and 6.6.1. In
Section 6.3 we prove items (i)(b), (ii), and (iii)(a-b) of Theorem 6.1.1 as Corollary 6.3.2,
Theorem 6.3.5 and Corollary 6.3.10 respectively.

The main result of Section 6.4 is Theorem 6.1.2. Since our proof of Theorem 6.1.2
already requires us to work in finite extensions of (Q, we also prove a similar result as
Lemma 6.4.7 in the more general setting of rings of integers of number fields. We then
prove item (iii)(c) of Theorem 6.1.1 as Corollary 6.4.9, and we conclude the section with
Lemma 6.4.10 which is an analogue of Theorem 6.1.2 for 2 variables.

In Section 6.5 we prove item (i)(a) of Theorem 6.1.1 as Theorem 6.5.1. We also deter-

mine the partition regularity of some equations of the form azx + by = cwz" which are not
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already addressed by Theorem 6.1.1 through the use of Lemma 6.5.14. In Section 6.6 we
investigate the partition regularity of az 4 by = cwz™ over general integral domains R and
attain results analogous to Theorem 6.1.1 while using methods very similar to those used
in Section 6.3. In Section 6.7 we investigate the partition regularity of systems of equations
of the form a;z; + bjy; = ciw;z',1 < i < k over integral domains R and attain results that

support Conjecture 6.1.3.

Conjecture 6.1.3 (cf. Conjecture 6.8.6). Let ay,--- ,a, b1, -+ ,bg,c1,--- e, € Z\ {0}
and n € N. The system of equations

ary + by = cwizl
agwa + bayo = cowgzy

) (6.3)
arTr + bryr = crwizy

is partition regular over Z \ {0} if and only if

I .= ﬁ{ai bi ai""bi} (6.4)

) )
i=1 C; C; C;
contains an nth power in Q.

In Section 6.8 we state some conjectures and examine some equations and systems of
equations whose partition regularity remains unknown. We also elaborate on the distinction
between partition regularity of a polynomial equation over N instead of Z\{0} by considering
some illustrative examples of polynomial equations over Z[v/2].

The main purposes of Section 6.9 is to give a thorough proof of the existence of the
ultrafilters in Theorems 6.2.8 and 6.6.1 as Theorem 6.9.12 and 6.9.18 respectively. To this
end, we begin the section with a detailed introduction to the theory of ultrafilters and its
applications to semigroup theory. While the ultrafilter that we use in Theorem 6.9.12 is
the same as the ultrafilter used in [Berl0] and [Hinl1] (cf. Remark 6.9.13), an analogous
ultrafilter need not exist over a general integral domain R. Consequently, we prove Corollary
6.9.26 and Theorem 6.9.28 to obtain a characterization of the integral domains R which

possess an ultrafilters analogous to the one in Theorem 6.9.12.

6.2 Preliminaries

In this section we review some facts and useful tools in the study of partition regular

equations.
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Definition 6.2.1. Given a set S, a ring R, and functions fi,---, fr : S™ — R, the system

of equations

fi(zy, - ,xn) =

Hlos ) - o

Jo(@, - an) = 0

is partition regular over S if for any finite partition S = J;_; C;, there exists 1 <ig <r
and x1,--- , Ty € Cj, which satisfy (6.5). If the set S is understood from context, then we

simply say that the system of equations is partition regular.

Definition 6.2.2. Let R be an integral domain with field of fractions K. A matrizc M €
My, xn(R) satisfies the columns condition if there exists a partition Cy,--- ,Cy of the

column indices such that for 8; =3 ;cc, ¢; we have
(i) 51 =(0,---,0)T.

(i) For alli > 2, we have

5; € Spang{c; | j € Cp, 1 <4 < i} (6.6)

The columns condition was used by Rado to classify when a finite system of homoge-

neous linear equations is partition regular.

Theorem 6.2.3 (Rado, [Rad33]). Given M € M,,xn(Z), the system of equations
Mz, ,x,)T =0 (6.7)
is partition regular over N if and only if M satisfies the columns condition.

Corollary 6.2.4. For ay,--- ,as € Z, the equation

a1x1 + - +asrs =0 (6.8)
is partition regular over N if and only if there exists ) # F C [1,S] for which Y ;cpa; = 0.

Rado also characterized which finite, not necessarily homogeneous, linear systems of

equations are partition regular.
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Theorem 6.2.5 (Rado, [Rad33]). Given M € My, xn(Z) and (by,--- ,by) € Z", the equa-

tion
M(xla"' 7$n)T == (bla"' 7bn)T (69>

is partition regular over Z if and only if equation (6.9) admits an integral solution in which

T1 =3 =" " =Tp.

We point out to the reader that in Theorem 6.2.5 it is possible to only obtain partition
regularity in a trivial sense. For example, since (z,y) = (0,0) is the only solution the system

of equations

— y:

0
, (6.10)
— 2y =0

we see that the system is not partition regular over Z\ {0} even though it is partition regular
over Z. As we will see in Section 6.5, Corollary 6.2.4 and Theorem 6.2.5 can be used in
conjunction to determine whether or not a single linear equations is partition regular over

N or Z in a nontrivial fashion.

Theorem 6.2.6 (Bergelson, [Ber96], page 53). If p(x) € Z[z] satisfies p(0) = 0, then the

equation x —y = p(2) is partition reqular over N.

The theory of wltrafilters has been very useful in the study of Ramsey theory and
partition regular equations. We briefly recall some basic facts here and give a more detailed

introduction in Section 6.9.

Definition 6.2.7. Given a set S let P(S) be the power set of the S. p C P(S) is an
ultrafilter over S if it satisfies the following properties:

(i) 0 ¢ p.

(ii) If A€ p and A C B then B € p.
(iii) If A, B € p then AN B € p.

(iv) For any A C N, either A € p or A° € p.
BS denotes the space of all ultrafilters over S.

It is often useful to think about 55 as the set of finitely additive {0, 1}-valued measures
on the set S. For now, we only require the following facts about ultrafilters. First, we see

that for any finite partition of S = |J;_; C; and any ultrafilter p, there exists 1 < ig < r
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for which C; € p if and only if i = iy. In fact, for any A € p and any finite partition
A = i_; Cy, there exists 1 < ig < r for which C; € p if and only if ¢ = ig. Secondly, we
note that if p is an ultrafilter, A € p and B ¢ p, then A\ B = AN B¢ € p. Lastly, we

require the existence of a special kind of ultrafilter.

Theorem 6.2.8 (cf. Theorem 6.9.12). There exists an ultrafilter p € BN with the following

properties:

(i) For any A € p and ¢ € N, there exists b, g € A with {bg’ §=0 C A.

(ii) For any A € p and h,¢ € N, there exists a,d € N for which {hd} U{ha +id}:__, C A.
(iii) For any s € N, we have sN € p.

The proof of Theorem 6.2.8 requires more technical knowledge about ultrafilters. Since
this technical knowledge is not needed in Sections 6.2-6.8, we defer the proof of Theorem
6.2.8 to Section 6.9.

6.3 On the Partition Regularity of ax + by = cwz"™ over N and Z \ {0}

The purpose of this section is to prove items (i)(b), (ii), (iii)(a), and (iii)(b) of Theorem
6.1.1. We begin by proving item (i)(b) of Theorem 6.1.1 since it is an easy consequence of

the knowledge from the existing literature.

Lemma 6.3.1. Ifa,s € N and p(x) € Z[z] satisfies p(0) = 0, then the equation

ax — ay = p(z) (6.11)
is partition reqular over sN.

Proof. Given a partition sN = [J;_; C;, we let N = |J;_;(C; N asN)/as be a partition of N.
By Theorem 6.2.6, we see that there exists 1 <ip < r and z,y,z € (Cij,NasN)/as for which

r—y=ca" ts"" L (6.12)

The desired result in this case follows from the fact that asz, asy, asz € C;, and

a(asz) — a(asy) = c(asz)" 1. (6.13)
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Corollary 6.3.2 (Item (i)(b) of Theorem 6.1.1). For any a,c € Z \ {0} and m,n,s € N

the equation

ar —ay = cw™z" (6.14)

is partition regular over sN.

“+n

Proof. A consequence of Lemma 6.3.1 is that the equation ax — ay = cz™™" is partition

regular over sN, so the desired result follows from taking w = z. O

We now provide a simple lemma that will not be used later on in the paper, but helps

provide some context for items (ii) and (iii) of Theorem 6.1.1.

Lemma 6.3.3. Given a,c € Z\ {0} and n € N, the equation

ar = cwz" (6.15)
is partition regular over Q\ {0} if and only if % is an nth power in Q.

A short proof of Lemma 6.3.3 can be obtained through the use of Theorem 3 of [LR20]
by viewing Q \ {0} as a Z-module. We choose to give a slightly longer proof since it
familiarizes the reader with techniques that will be used repeatedly throughout the rest of
the paper. We recall that for a prime p € N, v, : Q \ {0} — Z is the p-adic valuation and
is given by vp(é) = k such that p does not divide the numerator or denominator of ép‘k
after simplification.

Proof of Lemma 6.3.3. For the first direction, let us assume that ¢ is not an nth power in
Q, and let p be a prime for which n { v,(2). Let Q\ {0} = U;=; C; be the partition given
by

C— {é €Q\ {0} | vp(é) —i (mod n)}. (6.16)

We see that if w, x, z € Cj, for some 1 < iy < n, then

vp(azx) — vp(cwz") = vp(%) + vp(x) — vp(w) — nuy(z) = vp(%) #0 (mod n), (6.17)

so we cannot have ax = cwz".
For the next direction, let us assume that ¢ = ()" for some coprime u,v € Z\ {0}.
Let p be an ultrafilter satisfying the conditions of Theorem 6.2.8 and let Z \ {0} = U/_; C;
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be a partition. By condition (i) of Theorem 6.2.8, we see that for every A € p, there exists

x,w,z € A for which x = wz™. We observe that

(C; N uZ )\ {0}) (6.18)

SRS

vZ\ {0} = U
i=1

is a partition, so we may assume without loss of generality that o(C1 NuZ\ {0}) € p. It
follows that there exists z,w,z € C; NuZ \ {0} for which

v v v c
(ux) (uw)(uz) =z (u) wz —wz' = az = cwz (6.19)
The desired result folows after recalling that Z \ {0} C Q \ {0}. O

Our next result, Lemma 6.3.4, is the basis for proving item (ii) of Theorem 6.1.1. While
Lemma 6.3.4 is an immediate corollary of Theorem 2.11 of [DNLB18], we decide to give an
independent proof for the sake of completeness and to further familiarize the reader with

methods that will be used later on in this paper.

Lemma 6.3.4. Let p € BN be an ultrafilter satisfying the conditions of Theorem 6.2.8. For
any A € p, a,b € Z\ {0} and n € N, the equation

axr + by = cwz" (6.20)
has a solution in A if c € {a,b,a + b}.

Proof. Let

A'={ve A|v=wz" for some z,w € A}. (6.21)

Since A € p, to see that A’ = A\ (A\ A’) € p it suffices to observe that A\ A’ ¢ p because
A\ A’ does not satisfy condition (i) of Theorem 6.2.8. Our first case is when ¢ = a + b, and

in this case we let x € A’ be arbitrary and let w, 2 € A be such that z = wz". Since

ax + bx = cx = cwz", (6.22)

we see that x,z,w, z is a solution to equation (6.20) coming from A. For our second case
it suffices to consider ¢ = a since the case of ¢ = b is handled similarly. By replacing a, b, c
with —a, —b, —c if necessary, we may assume without loss of generality that a > 0. Observe
that A/, := A’NaN € p since A’,aN € p and consider
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A" = {x1 € Al | there exists zo € A} satisfying x1 +)\% € AL,V X e [—bl,|b]]}. (6.23)

Since A/, € p, to see that A” = A \ (A \ A”) € p it suffices to observe that A, \ A” ¢ p
because A/, \ A” does not satisfy condition (i) of Theorem 6.2.8 with (h,¢) = (¢,b). Now
let 1 € A” be arbitrary and let 2o € A/, be as in equation (6.23). then we observe that

axi + bxra = a(x; + b%). (6.24)

Since x1 + 0% € A’, so we may pick w,z € A for which 21 + %2 = wz". In this case we

observe that

axy + bxe = c(x1 + bﬂ) = cwz", (6.25)
a
so 1, T2, w, z is a solution to equation (6.20) coming from A. O

Theorem 6.3.5 (Item (ii) of Theorem 6.1.1). If a,b,c € Z\ {0} and n € N are such that

one of ¢, c, or a—‘”’ is an nth power in Q>, then the equation
azr + by = cwz" (6.26)
is partition regular over sN for any s € N. If one of ¢, E’ or H’ is an nth power in Q, then

equation (6.26) is partition regqular over sZ\ {0} for any s € N.

Proof. Let d € {a,b,a+ b} be such that % = (%)™ with u,v € Z. We see that if d = 0, then
a = —b and the desired result follows from Lemma 6.3.1 after taking w = 2. Let us now
assume that d # 0, so we also have that u # 0. Using Lemma 6.3.4 we see that if p € SN
is an ultrafilter satisfying the properties of Theorem 6.2.8, then for any A € p there exists
w,x,y,z € A for which

ax + by = dwz". (6.27)

We now consider the cases of ¢ € Q™" and » € Q separately. If 7 € Q* and sN = JI_, C;

is a partition, then

vsN = U (Ci NusN) (6.28)
is also a partition. Similarly, if * € Q and sZ \ {0} = U;—, C; is a partition, then
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vsN = U (Z(C’l NusN) N ’USN> (6.29)
1=1

is also a partition. In either case, since vsN € p, there exists 1 < i < r for which
2(Ci NusN) NwsN € p, so there exist w, z,y, z € Cj; NusN for which

v (% (Y v v
— b(—y) =d(—w)(—2)" by = d(—=)"wz" = " 6.30
a(2a) +b(Ly) = dCw)(E2)" = v+ by = d(2) 0" = cws (6:30)

A particularly aesthetic result arises when we set n = 1 in Theorem 6.3.5.

Corollary 6.3.6. For any a,b,c € Z\ {0} the equation

ar + by = cwz (6.31)
is partition regqular over Z\ {0}.

Remark 6.3.7. It is interesting to note that the equation x 4+ y = —wz is partition regular
over Z\ {0} as a consequence of Theorem 6.3.5, but not over N due to sign obstructions. We

3

are currently unable to determine whether equations such as 2z — 8y = wz° are partition

regular over N since there are no sign obstructions preventing the partition regularity.

Now that we have proven (ii) of Theorem 6.1.1, we are ready to state Theorem 6.3.8,
which will be a crucial tool in our efforts to prove item (iii) of Theorem 6.1.1. The techniques
that we use to prove Theorem 6.3.8 are similar to techniques used in [BLM21], [DNLB18§],
and [Rad33], to show that certain equations are not partition regular over N. We note that

if p € N is a prime and 7, s € Z are such that p { s, then we define £ = rs~! (mod p).

Theorem 6.3.8. Given a,b,c € Z\ {0} and n € N, the equation
axr + by = cwz" (6.32)

is not partition regqular over Q\ {0} if there exists a prime p > max(|a| + |b|, |c|) for which

<, %, and “T‘H’ are not nth powers mod p.

Proof. Let p > max(|a| + ||, |¢|) be a prime for which a,b, and a + b are not nth powers
modulo p. Let x : Q\ {0} — [1,p — 1] be given by

= x(z) (mod p). (6.33)
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Note that for all r, s € Z we have x(rs) = x(r)x(s) (mod p) and for all nonzero —p < r < p

we have r = x(r) (mod p). We also see that for all , s € Z we have

x(r) +x(s) (mod p) if v,(r) =vp(s) and r+s#0 (mod p)
x(r+s) = x(s) (mod p)  if vy(r) > vp(s) . (6.34)
> v,

x(r) (mod p) if vp(s) > vy(r)

Let Q\ {0} = Uf;ll C; be the partition given by C; = x~1({i}). Let us assume for the sake
of contradiction that there exists d € [1,p—1] and w, z,y, z € Cy satisfying equation (6.32).

We now have 3 cases to consider. If v,(z) = v,(y), then we see that

0 # (a+b)d = x(a)x(z) + x(b)x(y) = x(az +by) = x(cwz") = cd™™"  (mod p) (6.35)

— (a+bct=d" (modp), (6.36)

which yields the desired contradiction in this case. For our next case we assume that

vp(x) < vp(y) and note that

0 # ad = x(a)x(z) = x(az + by) = x(cwz") = cd™™  (mod p) (6.37)

— ac”'=d" (mod p), (6.38)

which once again yields a contradiction. Similarly, in our final case when v,(x) > v,(y) we

have
0# bd = x(b)x(y) = x(az + by) = x(cwz") = cd™™  (mod p) (6.39)
— bel=d" (mod p), (6.40)
which once more yields a contradiction. O

Lemma 6.3.9 (cf. Corollary 6.4.2). Let n be odd and suppose that o, 3,y € Q are not nth
powers, or let n be even and suppose that o, 3, € Q are not 5th powers with at least one
not 2th power if 4 | n. There exist infinitely many primes p € N for which o, 3, and v are

simultaneously not nth powers modulo p.
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Corollary 6.3.10 (cf. Theorem 6.1.1(iii)(a-b)). Letn € N and a,b,c € Z\ {0} be such that

a b atb gre nth powers in Q, orn # 4,8 is even and none of

either n is odd and none of ¢, 2, **

2, %, or aTH’ are 5th powers in Q. Then the equation
ar + by = wz" (6.41)
is not partition regular over Q\ {0}.

Proof. By Theorem 6.3.8 it suffices to construct a prime p > max(|a| + |b|, |c|) for which

a b a+b
none of £, 7, or “2

we may use Lemma 6.3.9 to show that the desired prime p exists. Next, we see that if
b atb

c’ ¢

are perfect nth powers modulo p. Firstly, we see that if n is odd, then

n = 2m with m odd, then none of ¢, are mth powers by assumption, so we may once

again use Lemma 6.3.9 to find the a prime p > max(|a| + |b|,|c|) for which none of 2,2,

ajb a b atb are nth powers mod p since

are mth powers mod p. We note that none of ¢, 2, 47

or

m|n, so p is the desired prime in this case. Lastly, we see that if 4|n and n > 12, then

7 = 3, so by Fermat’s Last Theorem, at least one of ¢, %, or “T“’ is not an Jth power in Q,
so we may once again use Lemma 6.3.9 to show that the desired prime p exists. O

6.4 A Variant of the Grunwald-Wang Theorem

In this section we assume that the reader has had an introduction to algebraic number
theory. Specifically, we assume familiarity with the content appearing in chapters I, II,
and IV of [Lan94] and the Chebotarev Density Theorem. The main goal of this section
is to prove Lemma 6.3.9 as Corollary 6.4.2. The reader willing to take the existence of
such primes on faith can safely skip this section and the algebraic number theory content
appearing here. We first handle the odd exponent case as some aspects of the argument are
simplified and very general. Afterwards, we add a few details to handle the even exponent
case.

We briefly recall some of the concepts we will need. We call K a number field if it is a
finite field extension of Q. We write Ok for the ring of integers of K, which is the integral
closure of Z in K. This is a Dedekind domain, so nonzero ideals factor uniquely into a
product of prime ideals.

Given an extension of number fields L/ K, one can ask how a prime ideal p C Ok factors
in Or. We have pOy, = qf" - - - qg° for some prime ideals q; C Of. Recall that e(q;/p) := e;
is the ramification degree of q; over p and f; = f(q;/p) := [Or/q; : Ok/p| is the inertia
degree of q; over p. We say p is unramified in Op, or just in L, if e; = 1 for all 4. It is a
fact that only finitely many prime ideals of Ok are ramified in L.

These invariants are bounded via the following classic formula:
g
[L:K]=) efi (6.42)
i=1
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In the case L/K is Galois, we have all of the e;’s and f;’s are equal, so in fact e; and f;
both divide [L : K].

To compute these numbers in practice, one uses modular arithmetic and factoring poly-
nomials. The process can be summarized as follows. Suppose L = K(«) with a € Op.
Then Ok[a] C Of and both are finite free Og-modules of rank [L : K], so [Of, : Ok|a]]
is finite. If the residue characteristic of p C Ok does not divide [Of : Ok|[a]], then the
factorization behavior of p in O can be detected by factoring the minimal polynomial of
o mod p.

More precisely, let f(z) € Ok[z] be the minimal polynomial for a. Then, under the

divisibility assumption above, we have
pOL =ai' - qy? <= [f(z) = q(2)” -+ gg(2x) mod p (6.43)

and deg(qi(z)) = f(q:/p). Hence for all but finitely many p C Ok, its factoring behavior
in Oy, is detected by factoring f(z) mod p.

When L/K is Galois with group G, there is an important relationship between the
arithmetic and algebra of the fields expressed via Frobenius elements. Suppose q¢ C Of,

divides p C Ok. Then there exists a unique Froby/, € G defined by the property
Frobg,(7) = 2% mod q (6.44)

where ¢ = #Or/p. If q and q" are primes dividing p in O, then Frob, /p and Frobg /, are
conjugate. Conversely, for every o € G in the conjugacy class of Frobg/,, there exists q
dividing p so that o = Froby /,. Thus we can speak of a well-defined Frobenius conjugacy
class Frob, C G. When G is abelian, Frobenius elements associated to primes in K are
therefore well-defined.

In order for this to be useful to us, we need a way to construct primes with given

Frobenius elements. The major tool for achieving this is the Chebotarev density theorem.

Theorem 6.4.1 (Chebotarev Density Theorem). Let L/K be a Galois extension of number
fields. Let C C G = Gal(L/K) be a fixred conjugacy class. Then the natural density of
primes p C K with Frob, € C is given by #C/#G, i.e.

iy 7P € O : #0k/p < w,andFroby € C} _ #C
e #{p € O : #0x /p < x} #G

Fix n > 1. We turn our attention to studying the polynomial 2™ — a for a € Ok and

(6.45)

its factoring behavior modulo various primes in Q. Suppose a € O is not an nth power.

Suppose and a = a? for a € Ok (¢,) With d | n maximal. Set m = n/d. Consider the
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diagram of fields:

L = C(a'/™)

|
C= K(Cn)
.

™ is an arbitrary root of the polynomial

where ¢, is a primitive nth root of unity, and «!/
™ —a. We will show the field L is a well-defined radical extension of C using the following

lemma.

Lemma 6.4.1 ([Lan02] Theorem V1.9.1). Let k be a field and a € k nonzero. Assume for
all primes p | n, we have a & kP and if 4 | n, then a ¢ —4k*. Then z" — a is irreducible in

From here we deduce the following.

Lemma 6.4.2. The polynomial ™ — « is irreducible over C. In particular, the field L

above is a well-defined radical extension of C, and [L : C] = m.

Proof. By maximality of d, we see for all primes p | n we have a ¢ CP, so the polynomial
x™ — « satisfies the first criteria of Lemma 6.4.1, and the polynomial is irreducible as long
as 4 { n. In the case 4 | n, we check a ¢ —4C*. Suppose otherwise. Then a = —44* for
some 3 € C. But since 4 | n and ¢, € C, we have /=1 =, € C, s0 a = ({4 -2- %)%, and
a = (¢4-2-B?)?? contradicting maximality of d. In either case, we find 2™ — « is irreducible.

For the statement on degrees, we use Kummer theory. Recall this tells us that since
C contains all mth roots of unity, extensions of the form C(a!/™)/C are cyclic of degree
equal to the order of a in C*/C*™. But we have just showed that « is not a dth power

for any d | m, so its order in this group is m. O

Remark 6.4.3. The key idea of our argument is as follows. We will use density arguments
to produce a prime ideal p in the ring of integers of C' = K((,) modulo which 2™ — « has
no root. Given such a p, the going down theorem provides a prime ideal of Ok with the
same property. In fact, if we can bound the density of such p well enough, then repeating
with b and ¢ can yield a density bound on the set of prime ideals p where at least one of
a, b, c are nth powers. If this density is less than 1, then the lemma will be established in
that case.

The setup is as follows. Let a = ae;b = 8%; and ¢ = % with the d’s maximal. Set

ma = n/d,, etc. Let p C Og. Then we have 2™ — a has a root mod p if and only if 2™ — «
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has a root mod p, and (with finitely many exceptions for p) the density of such p correspond
to the density of p splitting in L, = C(a'/™e). By the Chebotarev density theorem, the
latter is given by 1/[L, : C].

Let 0, := 1/[Lq : C] = 1/m, and similarly define ¢, and d.. As mentioned, if d,40p+3d. <
1, then there must exist a prime (infinitely many, in fact) in C' where none of a, b, ¢ are nth
powers. Unfortunately this sum can very well be at least 1 or more, so we will devote most
of the rest of this section handling those cases.

First, we gather some results to rule out the case that d, = 1, at least when K = Q and
many other cases. We recall a fact about the interplay between roots of unity and radical
extensions, due to Schinzel. Since Lemmas 6.4.4 and 6.4.5 are generic, we will omit the

subscripts and just write m, d, and L in their statements and proofs.

Lemma 6.4.4. Let wy, be the number of roots of unity in a field F of characteristic 0.
Suppose =™ — o is irreducible over F. Then F(a'/™)/F is an abelian Galois extension if
and only if o™ = ™ for some B € F.

Proof. See [V80]. O
This provides us with our first serious condition on d,, by restricting the degree [L : C].

Lemma 6.4.5. Let w,, be the number of nth roots of unity in K. Suppose m = [L:C| =1

with the notation as above. Then
a“r = k" (6.46)
for some k € K.

Proof. Because C/K is a cyclotomic extension, it is abelian. But since m = 1, we have
a'/™ = o € C. Hence K(a'/")/K is abelian. By Lemma 6.4.4, we then have a¥» = k™ for
some k € K. O

In particular, we can control the size of m by the assumptions we make on «, and hence
a, in K. We will carry the details out towards the end of the proof of the main lemma. For

now, we investigate the density of primes where both a and b are nth powers.

Lemma 6.4.6. Let m, and my be as in Remark 6.4.3. The density of primes in K ()

where both a and b are nth powers modulo is given by at least 1/(mg - mp).

Proof. Since both C(a'/™a)/C and C(8Y/™)/C are Galois extensions, their composite field

C (al/ ma 31/ ™) is Galois over C' and has degree at most my - mp. The primes where both

m mp

5 have roots modulo correspond to those with trivial Frobenius element in
G = Gal(C(a!/™ma, g1/™) /C). By Chebotarev, these have density 1/#G > 1/(mgq-mp). O

z™Me — and x
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We can now prove the main existence result.

Lemma 6.4.7. Let K be a number field and w,, the number of nth roots of unity in K. Let
a,b,ce Og.

(i) Suppose n is odd, and that a“™ is not an nth power in O, and similarly for b,c; or

ii) Suppose m is even, and a,b,c satisfy the same conditions as in (i), but a®**" is also
(ii) Supp : b, Y ;

not an nth power.
Then there exists infinitely many primes of K modulo which none of a, b, ¢ are nth powers.

Proof. Recall that C = K((,) and L, = C(a!/™a). Let d,; be the density of primes of C
modulo which both a and b are nth powers. By Lemma 6.4.6, we have ., > 1/(mq - mp).
Similarly we write d,4 . for the density of primes modulo which all three are nth powers.
Also let A be the density of primes modulo which at least one of a,b, ¢ is an nth power.

We want to use inclusion-exclusion to bound A. We have
A= 5a + 5b + 50 - 5a,b - (5b,c - (50,,0 + 6a,b,c-

Suppose without loss of generality that d, . is minimal among the densities for the possible

pairs. Then 45 < dq,c, SO We have

A < g+ dp+dc — 5a,b — e, (6.47)
<1/mg+1/my+1/me—1/(mg - my) — 1/ (my, - me), (6.48)

using the bound from Lemma 6.4.6. We now split into cases based on the parity of n.

(i) We handle the case when n is odd first. We see by our assumptions and Lemma 6.4.5,
we have mg, mp, me. > 1. Since m, = [L, : C] must divide n and n is odd, we have
Mg, My, Me > 3. So then A <1/3+1/3+1/3—-1/9-1/9=7/9< 1.

(ii) When n is even, there are few more exceptional cases for (d4, dp, ) which we handle
now:
o (1/k,1/3,1/2), 3 <k < 6: From our bound above, we get

111 1 1 2 1
Aot b vttt 21 4
=% T3%v9 6 3T w < (6.49)

o (1/k,1/2,1/2), k > 3: From our bound above, we get

1 1 1 1 1 1
< — — _— - — — = e . .
A< +s+5-7-5 =3/4+-<1 (6.50)
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e (1/2,1/2,1/2): This case is genuine cause for concern. For example, it is possible
to have 3 quadratic extensions of a field where every prime in the base splits in at
least one of them (consider Q(v/a), Q(v/d), and Q(v/ab)). However, we rule this
out by the additional assumption on a. Suppose m, = 2 so that §, = 1/2. Then

2 — a)f(z) for some f(z) € C[x], we are justified in writing

o = a®*™. We have K ((a®)'/")/K is abelian since K((a?)'/") = K(a) C C, and

C/K is abelian as it is a cyclotomic extension. Applying Lemma 6.4.4, we see

that

since 2" —a = (x

a?m = k" (6.51)

for some k € K, contradicting the original assumption on a.

e Otherwise, we have already d, + dp + 0. < 1, so we get A < 1.

In all cases we obtain that the density of primes p where at least one of a, b, c is an nth
power modulo p is less than 1, so there exists a set of primes of positive density where none

are nth powers. ]

In the case K = Q, this specializes to a more pleasant form. We examine an equally
pleasant generalization for «, 8,7 € Q rather than a, b, c € Z as demanded by the applica-
tions from Section 6.3. We remind the reader that if p € N is a prime and r, s € Z are such
that p{ s, then £ =rs™! (mod p).

Corollary 6.4.2. Let o, 3,7 € Q.

(i) Suppose n is odd and «, 3,7 are not nth powers; or

(i) Suppose n is even, o, 3,7 are not g5 th powers, and « is not an th power if 4 | n.
Then there exists infinitely many primes p € N modulo which none of «, 8,y are nth powers.

Proof. Let ¢ € N be such that for o/ := ", 8/ := "3, and v := "y we have o/, 3',+ € Z.
Since w,, = 1 when n is odd and w, = 2 when n is even we may apply Lemma 6.4.7 to
find infinitely many primes p € N for which o/, 8/, and + are noth nth powers modulo p.
If p € N is a prime for which p{ ¢, then o/ is an nth power modulo p if and only if « is an
nth power modulo p, and similarly for 3’ and 4. It follows that there are infinitely many

primes p for which «, 8, and ~ are also not nth powers modulo p. O

Remark 6.4.3. When working over Q, as long asn # 4,8, when specialized to our situation
where ¢ = a+b, the condition that one of the three numbers not be an % th power is automatic
by Fermat’s Last Theorem.

Now we give a few more remarks about the subtleties that arose in this proof, and what

obstacles prevent pushing it further, both over Q and for general number fields K.
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(1)

(ii)

(iii)

(iv)

It could happen that x™ — a has a root mod all primes p C Ok even though a is not an
nth power. For example, this happens when K = Q; the polynomial 28 — 16 has a root
mod p for all primes p € Z, but 16 is not an 8th power. The Grunwald- Wang theorem
says that if x™ — a has a oot mod p for all primes p, then n must be even of a special

form, determined by K. This is ruled out above since 16 is a perfect 8/2 = 4th power.

Even if one were to exclude the situation arising in the Grunwald- Wang theorem, it is
possible that (™ — a)(z™ — b) could have a root mod p for all primes p, despite neither
factor having this behavior. We consider 3 such examples when K = Q, each of which
also suggests the necessity of the conditions in item (ii) of Lemma 6.4.7 and item (ii)
or Corollary 6.4.2.

(a) The polynomial (x'? — 35)(x'? — B%) has this feature for any B € N, because
(2 +3)(x® — B) has a root mod p for all p € Z. The problem here is that z'? — 36
has a quadratic factor, which lives inside Q(C12). In the language above, this
means that e = 1, so the density argument won’t work. (cf. [HLS14])

(b) Since 8 — 16 = (x* — 4)(z* + 4) and 2® — 16 has a root modulo p for any prime
p €N, one of 4 and —4 is a 4th power modulo p.

(¢) Since 36 is a fourth power modulo p for any prime p % 13 (mod 24) and 9 is a
fourth power modulo p for any prime p = 13 (mod 24), we see that (x*—36)(z*—9)

has a root modulo p for any prime p € N.

For general K, one imagines it only gets harder to determine whether ™ — a has a
factor whose splitting field lies in a cyclotomic extension. The proof above implies that
if K doesn’t have many roots of unity, then there are mild conditions on a,b,c to get

the existence of the desired prime.

When K doesn’t have unique factorization, we lose some of the power afforded by
Lemma 6.4.5 because we cannot ensure that if a® = b¥, then a is a perfect y/(x,y)th
power. We can pass to ideals generated by a and b, and use the fact that O is
Dedekind, so its ideals satisfy unique factorization. But this only says that the ideal
generated by a is a perfect y/(x,y)th power, and this need not imply a has the same
property. For example, if K = Q(v/=5) and p = (2,1 + v/—5) C Ok, then p?> = (2),
but 2 # o2 for any a € Ok.

When K has lots of units, it can also be difficult to deduce a is a perfect y/(x,y)th
power given a® = bY. For example, the ideal generated by (—4) in Z is the square of
the ideal (2), but —4 is of course not a perfect square. It’s possible one could say more
here by trying to control the units of Ok, but this seems a bit intimidating and not of

immediate interest.
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We see that Corollary 6.4.2 is not useful when n = 2 or n = 4, so we will address the
case of n = 2 separately and observe the implications that it has for the case of n = 4.
We first require a lemma for constructing primes modulo which certain numbers are not

squares.

Lemma 6.4.8. Suppose that o, 5,7 € Q are not squares, and afvy is also not a square.

There exists a prime p € N for which «, 3, and v are not squares modulo p.

Proof. Suppose on the contrary that no such prime exists. Let (%) be the Legendre symbol

and let S, g be the set of primes p for which

3)-(0)--

By our assumption, we have (%) = 1 for all p € S, since otherwise we would have
produced a prime with the desired features. Using similar notation for the other pairs, we

«

see that S, 5 M Sg~, = @ because for primes p in the first set, we have (5) = —1 but for p

in the second set we have (%) =1.

Thus the density of S := S, 3U S5, US, o > 3/4 as the density of each S, 3 is at least
1/4 by Quadratic Reciprocity. But for each p € S, we have

(f”) _1 (6.53)

Hence a set of primes of density > 1/2 split in the extension Q(v/afv). But by Quadratic
Reciprocity, the set of primes which split in a degree 2 extension has density 1/2. Thus we
have [Q(v/afB7) : Q] = 1, so we must have a7 is a square in Q, contradicting the original

assumption. ]

Corollary 6.4.9 (cf. Theorem 6.1.1(iii)(c)). If a,b,c € Z\ {0} are such that 2, g, ch-b’ and

(2)(2)(2F) are not squares, then for any n € N the equation

ax 4 by = cwz™" (6.54)
is not partition reqular over Q.

Proof. We want to use Theorem 6.3.8, so we produce a prime satisfying the conditions
there. In particular, we want a prime p such that a := 2,8 := %, and v := “TH’ are not
perfect squares in Z/pZ. Noting that «, 3,7, and af~v are not squares in Q, we see that

the existence of our desired prime p is a consequence of Lemma 6.4.8. 0

We may also use Lemma 6.4.8 to obtain a strengthening of the special case of Corollary
6.4.2 in which there are 2 variables instead of 3, which will be of use in Section 6.7 when

we determine necessary conditions for some systems of equations to be partition regular.
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Lemma 6.4.10. Let o, € Q and n € N. Suppose that one of the following conditions
holds:

(i) 41n and neither of o, B are nth powers.
(ii) 4|n and neither of o, B are §th powers.
Then there exists infinitely many primes p € N modulo which neither o, 5 are nth powers.

Proof. We begin by proving the desired result for item (i) and observe that the only case
not handled by Corollary 6.4.2 is when n = 2m with m odd and at least one of «, 8 is an
mth power. Suppose o = ™. Write 8 = y? for d maximal. By similar density arguments
as before, the only edge case is when d = m, otherwise the sum of densities of primes where
at least one is an nth power will be strictly less than 1. In the case d = m, since m is odd,

we see that

3)-G)=()-0)

Letting v = a = = and 8 = y, we see that none of a, 3,7, or a8y = &?f are squares in Q,
so by Lemma 6.4.8 there exists infinitely many primes p such that x,y are not squares mod
p, and thus «, 8 are not nth powers mod p.

To see that the desired result holds for item (ii) we consider the cases of n # 4 and
n = 4 separately. When n # 4, we let v € Q be any element that is not a jth power and
apply Corollary 6.4.2. When n = 4, we see that neither of o or 8 are squares, so by item

(i) there exists infinitely many primes p € N modulo which neither of a, 8 are squares. [J

We observe that Item (ii)(b) of Remark 6.4.3 tells us that for any prime p and odd num-
ber m, one of 4™ and —4™ will be a 4mth power modulo p, which justifies our assumptions

in item (ii) of Lemma 6.4.10.

6.5 Reduction to the Case min(m,n) =1

The main purpose of this section is to show that the equation ax + by = cw™z" is not
partition regular over Z \ {0} if a,b,c € Z\ {0}, a + b # 0, and n,m > 2. Afterwards, we
will show that the equation ax + by = cwz™ is not partition regular over Z \ {0} for some

values of a, b, ¢, and n that are not already addressed by Theorem 6.1.1.

Theorem 6.5.1 (cf. Theorem 6.1.1(i)(a)). If a,b,c € Z\ {0} and n,m € N are such that
a+b#0 and n,m > 2, then the equation

ax + by = cz"w™ (6.55)

is not partition regular over Z \ {0}.
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In order to prove Theorem 6.5.1 we will use item (1) of Theorem 2.19 of [BLM21]. We

now review the definitions necessary to state and use this result.

Definition 6.5.2. Given a polynomial P € Z[xy,--- ,xy], we let Supp(P) denote the
collection of o € N} for which

Pz, an) = > cax™ (6.56)
a€Supp(P)

Example 6.1. If P(z,y) = 2% + y2, we have Supp(P) = {(2,0), (0,2)}.
Example 6.2. If P(z,y, z) = xyz + 1, we have Supp(P) = {(0,0,0),(1,1,1)}.
Example 6.3. If P(w, x,y, z) = wr+y+22, we have Supp(P) = {(1,1,0,0), (0,0,1,0), (0,0,0,2)}.
Definition 6.5.3 (cf. Def. 2.6 in [BLM21]). Let ¢ : Z" — Z be a positive linear map, i.e.
¢ (ar,r an) =t + - o
with t1, -+ ,tn, € Np.

e If ¢ is a finite coloring of N, then we say that ¢ is c-monochromatic if {t1,--- ,t,}

is c-monochromatic,

o IfPEZxy, - ,xyp], and (My,--- , My) is the increasing enumeration of ¢(Supp(P)),
then the partition of Supp(P) determined by ¢ is the ordered tupe (Jo,--- ,Jy),
where J; = {a € Supp(P) : p(a) = M;}.

Definition 6.5.4 (cf. Def. 2.7 in [BLM21]). A Rado partition of P € Z[xi,--- ,xy]
is an ordered tuple (Jo,--- ,Jg) such that, for every finite coloring ¢ of N, there exist in-
finitely many c-monochromatic positive linear maps ¢ : Z"™ — Z such that (Jo,--- ,Jy) s
the partition of Supp(P) determined by ¢.

Definition 6.5.5 (cf. Def. 2.8 in [BLM21]). A Rado set for P € Z[x1, - ,xy] is a set
J C Supp(P) such that there exists a Rado partition (Jo,--- ,Jg) for P such that J = J; for
some i € {0,1,---, ¢}

Definition 6.5.6 (cf. Def. 2.13 in [BLM21]). An upper Rado functional of order m for
PeZlxy, -,z is a tuple (Jo, -+, Jo,dg, -+ ,dm—1) for some £ > m and dy,- - ,dpy—1 €
N such that, for every finite coloring c of N and for every r € N, there exist infinitely many
c-monochromatic positive linear maps ¢ : Z" — Z, (a1, ,Qn) — tiag + -+ + thay, such
that (Jg,--- ,Jo) is the partition of Supp(P) determined by ¢, and if (My,--- , My) is the
increasing enumeration of ¢(Supp(P)), then M; — My, = d; fori € {0,1,--- ,m — 1}, and
My, —M; >r foriec{m+1,--- (}.
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Definition 6.5.7 (cf. Def. 2.16 in [BLM21]). A polynomial P(x) =", cax® € Z[x1,- - , Tp]
satisfies the maximal Rado condition if for every q > 2 there exists an upper Rado func-

tional (Jo,- -+, Jo,do, -+ ,dm—1) for P such that, setting d,, = 0, the polynomial

m
w) = qui Z cqw!® (6.57)
a€cJd;

1=0
has a real root in [1,q].

Theorem 6.5.8 (cf. Theorem 2.19 of [BLM21]). Fiz P € Z[x1, - ,xy,]. If the equation

P(x1,--+ ,x,) = 0 is partition reqular over N, then P satisfies the maximal Rado condition.
We are now ready to begin proving Theorem 6.5.1.

Lemma 6.5.9. Ifa,b,c € Z\ {0} and n,m € N are such that a+b # 0 and n,m > 2, then

the equation

ax + by = cw™z" (6.58)
is not partition reqular over N.

Proof. Let us fix a,b,n,m € N with n,m > 2. We will begin by showing that the poly-
nomial P(w,z,y,2) = cz"w™ — ax — by does not have any upper Rado functional of or-
der m > 1. From there it will be relatively simple to verify that P does not satisfy
the maximal Rado condition. To this end, let us assume for the sake of contradiction
that (Jo,---,Jp,do, -+ ,dm—1) is an upper Rado functional of order m for P. Note that
Supp(P) = {(m,0,0,n),(0,1,0,0),(0,0,1,0)} = {M{, M, M}}. By considering all possible
orderings of the set {M{), M7, M4} and the definition of dy, we see that for any finite coloring

c of N there exists infinitely many c-monochromatic positive linear maps
(a1, ag, ag, aq) = t1aq + o + t3as + taau, (6.59)
for which at least one of equations (6.60)—(6.65) has a solution:

¢(m,0,0,n)* ¢(0717070) = dO — mtl *t2 + nt4 :do,

(6.60)
#(0,1,0,0)— ¢(m,0,0,n) =dy <= —mt; —+ta — nty =dy, (6.61)
¢(m,0,0,n)—  ¢(0,0,1,0) =dy < mi; —t3 +nts =do, (6.62)
#(0,0,1,0)— ¢(m,0,0,n) =dy < —mty +t3 —nts =dy, (6.63)
$(0,1,0,0)—  $(0,0,1,0) = dy = ty —t3 —do, (6.64)
$(0,0,1,0)—  $(0,1,0,0) = dy = ts —t —do. (6.65)
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Equivalently, for any finite coloring of N at least one of equations (6.60)—(6.65) must possess
infinitely many monochromatic solutions (¢1, t, t3,t4). By Theorem 6.2.5 we see that any
one of equations (6.60)—(6.65) is partition regular over Z (and hence over N) if and only if
there exists a constant solution t; = ty = t3 = t4 = t. It follows that equations (6.64) and
(6.65) are not partition regular. Furthermore, we see that one of equations (6.60)—(6.63)
possess infinitely many monochromatic solutions (¢1,ts,t3,t4) in any finite coloring of N
if and only if one of equations (6.66)—(6.69) below possess infinitely many monochromatic

solutions (t1, to,t3,t4) in any finite coloring of N:

do do do

m(t; — m) — (ta — m) +n(ty — m) =0, (6.66)
ﬂmm—mﬁﬁ_lmwm—mﬁﬁ_lywmm—m;ﬁ_ﬁzm (6.67)
muy-m+ﬁf&)—uy—mﬁf;{0+nuy—m+ﬁ_l>_a (6.68)
—muy—m+ﬁfl)+uy—m+ﬁ_l)—mm—anL4):a (6.69)

Since m,n > 2 we may repeatedly use Corollary 6.2.4 to create a finite partition of N
for which the only monochromatic solution to any of equations (6.66)-(6.69) (considered
— fgil. It follows that
P does not have any upper Rado functionals of order m > 1. Noting that an upper Rado

separately, not as a system) is the solution ¢, = to = t3 = t4 =
functional of order 0 is just a Rado partition, we note that the set of Rado partitions of P
{({0m,0,0,1)},{(0,1,0,0)},{(0,0,1,0)}),({(m, 0,0,n)},{(0,0,1,0)},{(0,1,0,0)}),
({(0,1,0,0)},{(m,0,0,m)},{(0,0,1,0)}),({(0,1,0,0)},{(0,0,1,0)}, {(m,0,0,n)} ),
({(0,0,1,0)}, {(m,0,0,n)},{(0,1,0,0)}),({(0,0,1,0)},{(0,1,0,0)}, {(m,0,0,n)} ),
)

({(0,1,0,0),(0,0,1,0)}, {(m,0,0,n)}),({(m,0,0,n)},{(0,1,0,0), (0,0,1,0)}) }.

Finally, to see that P does not satisfy the maximal Rado condition, we see that for ¢ = 2

(or any other value of ¢ > 2) we have

= Z Z cowl®l = 220 Z cowl®l = Z cow'® € {cw™™, —aw, —bw, —(a+b)w},
=0 acd; = acd; acd;
(6.70)

so none of the polynomials that g(w) could be contains a root in [1,2]. O

Proof of Theorem 6.5.1. By Lemma 6.5.9 we see that
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ar + by = cw™z" (6.71)

and

ax + by = (—1)" T lew™ " (6.72)

are not partition regular over N. Let N = |Ji*, C; be a partition for which no cell contains
a solution to equation (6.71) and let N = [J;2, D; be a partition for which no cell contains

a solution to equation (6.72). It now suffices to show that no cell of the partition

T2

Z\{0} = (U(_Di)> u Llj C; (6.73)
=1

i=1
contains a solution to equation (6.71). It follows from the definition of the C; that none of
them contain a solution to equation (6.71), so let us assume for the sake of contradiction
that for some 1 < i < 7o there exist w',2’,y/,2’ € —D; which satisfy equation (6.71).

Letting w = —w',x = —2',y = —¢/, and z = —2/, we see that w,z,y,z € D; and

a(—z) +b(—y) = ax’ + by = c(w)™ ()" = c(—w)"(—2)" = (—=1)""cw™2"  (6.74)

= azx + by = (=1)™" lew™2", (6.75)
which yields the desired contradiction. O

We now describe another condition for a polynomial to be partition regular of a partic-

ular flavor, involving lower Rado functionals.

Definition 6.5.10 (cf. Def. 2.12 in [BLM21]). A lower Rado functional of order
m € NU{0} for P € Z[xy,--- ,x,] is a tuple (Jo, -, Jg,d1,- -+ ,dp,) for some £ > m and
di, -+ ,dm € N such that, for every finite coloring ¢ of N and for every N € N, there exist

infinitely many c-monochromatic positive linear maps
¢:7" = 7,
(a1, ,ap) = (tiag + taag + -+ + thay),
such that (Jo,- -+ ,Jy) is the partition of Supp(P) determined by ¢ and, if (Mo, -, M) is

the increasing enumeration of ¢p(Supp(P)), then M; — My, = d; for i € {1,2,--- ,m}, and
Mm+1 - Mm > N.
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Definition 6.5.11 (cf. Def. 2.2 in [BLM21}). For P € Z[xi,x2, -+ ,x,] and ¢ € N, the

equation
P(J,‘]_,SUQ,"’ a$n) =0

is q-partition regular if for any k € N and any partition ¢*N = Ul_, A;, there exists
1<ip<wvandyi, - ,yn € A, for which P(y1,--- ,yn) = 0.

Theorem 6.5.12 (cf. Theorem 3.3 of [BLM21]). Suppose that p € N is a prime. If P €

Zlzxy,-- -, xy] is p-partition regular, then there exists a lower Rado functional (Jo,- -, Jg,dy, -

for P such that setting dy = 0, the equation

1 9oP .
Zp > i (0.0, ,0)wl*l =0 (6.76)

aeJ;

has an invertible solution in the ring Z, of p-adic integers.
We provide a lemma on a condition in order for our polynomial to be partition regular.
Lemma 6.5.13. Suppose that a,b,c € Z\ {0} and n € N are such that the equation
ax + by = cwz" (6.77)

is partition regular. If p is a prime for which vy( Jcr ) ¢ nN U {0}, then equation (6.77) is

p-partition reqular.

Proof. We will use induction on k to show that equation (6.77) is partition regular over
p*N for each k > 0. The base case of k = 0 holds by assumption, so let us proceed to
the inductive step and show that the desired result holds for k + 1 if it holds for k. Let
my = vp(a+b), ma = vy(c), and M = max(my, my). Consider the partition

M+1

J Cj where Cj={neN|n= p*j  (mod pFrM+1y} (6.78)
j=1

p

Since equation (6.77) is partition regular over p*N, let w,z,y,2 € Cj, satisfy equation
(6.77). We see that

azx + by = cwz" — ax + by = cwz"  (mod pFTMTL) (6.79)
= ajo + bjo = cjiTp™ =0 (mod pM T, (6.80)
— jola+b—ciip™) =0 (mod pM*1). (6.81)

Since v, (%) ¢ nNU {0}, we see that v,(a+b— cjip™) = min(v,(a+b), vy(cjfp™)) < M,

so we must have that jo =0 (mod p). We now see that for any partition

p"HIN= ] By, (6.82)
j=1
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we may let B,;1 = p*N\ p**'N and construct the partition

k
P"N= | (ByinGCy). (6.83)
1</ <r+1
1<ja<pM+1
Since equation (6.77) is partition regular over p*N, let w, x,y, z € By, NC}, satisfy equation
(6.77). We have already shown that since w, z,y, z € Cy,, we have w, x,y, z € p**IN. Since
w,,y,2 ¢ Byy1, we have shown that equation (6.77) is also partition regular over p**!N
as desired. O

This leads us to the following useful criterion.
Theorem 6.5.14. Suppose that a,b,c € Z\ {0} and n € N are such that the equation

axr + by = cwz" (6.84)

s partition reqular. If p is a prime for which UP(L%) ¢ nN U {0}, then one of

[

a b atb

c’c? ¢

must be an nth power in Q.

Proof. We will begin by determining all of the lower Rado functionals for P(z1, 2, x3,x4) =

azxy + bry — cr3x). Since the system of equations

¢(1707070) = o0 = Q2 = ¢(0717070)

(6.85)
»(0,1,0,0) = a2 = agz+nag = ¢(0,0,1,n)

is partition regular, we see that

{({(1,0,0,0),(0,1,0,0),(0,0,1,n)}),({(1,0,0,0), (0,1,0,0)}, {(0,0,1,m)}),
({(0,1,0,0), (0,0,1,1)},{(1,0,0,0)}),({(1,0,0,0),(0,0,1,7)}, {(0,1,0,0)} ) }
is the collection of nontrivial?> lower Rado functionals of order 0. We now proceed to

determine all lower Rado functionals of order 1. Let (Jo,---,Jp,d1) be a lower Rado

functional of order 1. Since d; > 0 we may use Theorem 6.2.5 to see that neither of the

equations
dy = ¢(1,0,0,0) — ¢(0,1,0,0) = a1 — g, and (6.86)
dl = ¢(07 17 0) O) - QZS(]., 07 07 0) = Q2 — a1 (687)
2A lower Rado functional or order 0 (Jo, -+, Je) is trivial if Jy is a singleton, as such a functional will

never yield an invertible solution to equation (6.76).
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are partition regular. It follows that any lower Rado functional of order 1 must have
(0,0,1,n) € JyU J1. We also note by Theorem 6.2.5 that the equations

di = ¢(1,0,0,0) = ¢(0,0,1,n) = a1 — ag — noy, (6.88)
di = $(0,1,0,0) — $(0,0,1,n) = a — a3 — nas, (6.89)
di = ¢(0,0,1,n) — ¢(1,0,0,0) = —a1 + a3 + noy (6.90)
di = ¢(0,0,1,n) —¢(0,1,0,0) = —aa + a3 + naoy, (6.91)

are partition regular over Z if and only if n|d;. This results in the following list of lower

Rado functionals of order 1:

{(£1,0,0,0)},{(0,0,1,1)},{(0,1,0,0)},nd),({(0,1,0,0)}, {(0,0,1,m)}, {(1,0,0,0)}, nd),
(£(0,0,1,1)},{(1,0,0,0)},{(0,1,0,0)}, nd),({(0,0,1,m)}, {(0,1,0,0},{(1,0,0,0)}, nd),
({(1,0,0,0),(0,1,0,0)},{(0,0,1,n)},nd),({(0,0,1,n)},{(1,0,0,0), (0,1,0,0)},nd) }.

Lastly, we recall that the only lower Rado functionals of order 2 are of the form (Jy, J1, J2, d1, d2),
but such a lower Rado functional cannot exist since equations (6.86) and (6.87) are not parti-
tion regular. We have now determined all of the lower Rado functionals for P(x1, x2, 3, x4).
By Lemma 6.5.13 we see that equation (6.84) is p-partition regular, so we may apply The-
orem 6.5.12 to see that at least 1 of equations (6.92)-(6.101) has an invertible solution in
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(a+bw—cw™ = O<from the lower Rado functional({(l, 0,0,0),(0,1,0,0),(0,0,1, n)})),

26.93)
(a+ b)p"w — cw” = 0(from the LRF ({(0,0,1,n)},{(1,0,0,0), (0,1,0,0)},nd)),

(6.94)
aw — cw" = 0(from the LRF({(1,0,0,0), (0,0,1,n)},{(0,1,0,0)})), (6.95)

aw — cp™w = o(from the LRF({(1, 0,0,0)},{(0,0,1,n)},{(0,1,0, o)},nd)),
(6.96)

ap""w — cw” = 0(from the LRF({(0,0,1,n)},{(1,0,0,0)},{(0,1,0,0)},nd) ),
(6.97)

bw — cw™ = o(from the LRF({(O, 1,0,0),(0,0,1,7)}, {(1,0,0, 0)})), (6.98)
bw — ep"*w = 0(from the LRF({(0,1,0,0)},{(0,0,1,7)},{(1,0,0,0)},nd)),
(6.99)
bp"w — cw™ = 0(from the LRF ({(0,0,1,n)},{(0,1,0,0},{(1,0,0,0)},nd)),
(6.100)
(a+ byw = 0(from the LRF({(1,0,0,0), (0,1,0,0)},{(0,0,1,n)})).
(6.101)

The desired result follows after noting that one of equations (6.92)-(6.101) has an invertible

a b a+b

solution in Zj, if and only if one of %, 2, “2 is an nth power in Q,. O

c’c? ¢

Before using Theorem 6.5.14, let us recall when a € Zy is an nth power. If a = 2¥m

with m odd, it is a well-known consequence of Hensel’s lemma that a is a 2"th power in Zo

if and only if 2" | k and m =1 (mod 2""2).

Corollary 6.5.15. The following equations are not partition reqular as seen by an appli-
cation of Theorem 6.5.14 with p = 2 for items (i)-(iit), p = 3 for item (iv), and p =5 for
item (v).

(i) 3z + 13y = wzs.

Observe that 16 is an 8th power modulo p for every prime p, so this equation is not

susceptible to Theorem 6.5.8.
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(i) 16z + 16y = wz®.

Observe that 16 is an 8th power modulo p for every prime p, so this equation is not

susceptible to Theorem 6.5.8.

(iii) 3-5-2%2x +2-5- 3%y = w22,
Observe that at least one of 3-5-22,2-5-3%, or3-5-22+2.5-32 = 2.3-52 is a square

modulo p for every prime p, so this equation is not susceptible to Theorem 6.5.8.

(iv) 3%z + 3%y = wz'2.
Observe that —3 is a square modulo p if p = 1 (mod 3) and 3 is a cube modulo p

if p =2 (mod 3), so either 3* or 3% is a 12th power modulo any prime p (cf. Item
(ii)(a) or Remark 6.4.3), so this equation is not susceptible to Theorem 6.3.8.

(v) (3%-4-5)%x + (3-42-5)%y = w2t

Observe that o = (32-4-5)2, 8 = (3-4%2-5)2, and v = a+ 3 = (3-4-5%)% are all squares
but are not fourth powers. Since one of 3%-4-5,3-42-5, and 3-4-5% will be a perfect
square modulo any prime p, we see that one of a2, 5%, or v> will be a perfect fourth

power modulo any prime p, so this equation is not susceptible to Theorem 6.3.8.

6.6 On the Partition Regularity of az + by = cwz" over Integral Domains

The purpose of this section is to try and generalize as much of Theorem 6.1.1 as we can to

the more general setting of integral domains instead of just Z or N.

Theorem 6.6.1 (cf. Theorem 6.9.18). Let R be an integral domain. There exists an
ultrafilter p € SR\ {0} with the following properties.

(i) For any A € p and ¢ € N, there exists b, g € A with {bg’ §=0 C A.

(ii) For any A € p, £ € N, and h,s € R\ {0}, there exists a,d € R for which {hd, ha, ha +
sd} C A.

(iii) For every a € R\ {0}, we have aR € p.

Lemma 6.6.2. Let R be an integral domain and let p € SR\ {0} be an ultrafilter satisfying
the conditions of Theorem 6.6.1. For any A € p, a,b € R\ {0} and n € N, the equation

ax + by = cwz" (6.102)

has a solution in A if ¢ € {a,b,a + b}.

175



Proof. Let

A'={ve A|v=wz" for some z,w € A}. (6.103)

Since A € p, to see that A’ = A\ (A\ A’) € p it suffices to observe that A\ A’ ¢ p because
A\ A’ does not satisfy condition (¢) of Theorem 6.6.1. Our first case is when ¢ = a+ b, and

in this case we let z € A’ be arbitrary and let w, z € A be such that z = wz". Since

ax 4+ bxr = cx = cwz", (6.104)

we see that x,z,w, z is a solution to equation (6.102) coming from A. For our second case
it suffices to consider ¢ = a since the case of ¢ = b is handled similarly. Observe that
Al = A'"NaR € p since A, aR € p and consider

A" = {x1 € A, | there exists w3 € Al satisfying z1 + b% € AL} (6.105)

Since A/, € p, to see that A” = A \ (A \ A”) € p it suffices to observe that A, \ A” ¢ p
because A/, \ A” does not satisfy condition (i¢) of Theorem 6.6.1 with (h,s) = (a,b). Now
let 1 € A” be arbitrary, let 2o € A/, be as in equation (6.105), and observe that

ary + bre = a(xy + b%). (6.106)

Since 1 + b%2 € A’, we may pick w,z € A for which z1 + %2 = wz". In this case we

observe that

axi + bxe = c(x1 + bﬁ) = cwz", (6.107)
a
so 1,2, w, z is a solution to equation (6.102) coming from A. O

Before proceeding further let us recall some notation. If R is an integral domain, then
for u,v € R\ {0} and A C R we have

%A:{TER|%TEA}:{%a]aeAﬂuR}. (6.108)

Similarly, if p € SR is an ultrafilter, then we have

u
(%

-p:{AgR|%A€p}:{%A|AEp}. (6.109)
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Theorem 6.6.3. Let R be an integral domain with field of fractions K and let p € SR\ {0}
be an ultrafilter satisfying the conditions of Theorem 6.6.1. If a,b,c € R\ {0} and n € N
a b a+b

are such that one of 2,2, or “T2 is of the form (3)" for some u,v € R, then the equation

ax + by = cwz" (6.110)

contains a solution for any A € q where

ifu=20
g= {p f _ (6.111)
oD

else
In particular, equation (6.110) is partition regular over R\ {0}.

Proof. We see that if v = 0 then a + b = 0, so the desired result in this case follows from

Lemma 6.6.2. Now let us assume that u # 0 and let d € {a,b,a+ b} be such that % = ()"

Let A € ¥ -p be arbitrary and note that Z A € p. By Lemma 6.6.2 there exists w,z,y,2z € A
v

for which 2w, 2z, 2y, 22z € YA and
- luTud’u u

v v v v v
— b(—y) =d(— —2)" by = d(—)"wz" = ", 6.112
a(uar)—i- (uy) (uw)(uz) = ax + by (u) wz cwz ( )

For the latter half of the Theorem, it suffices to note that if R\ {0} = J;_; C; is a partition,
then there exists 1 < ¢y < r for which Cj, € ¢, hence C}, contains a solution to equation
(6.110). O

We recall that if R is an Dedekind domain and p C R is a prime (hence maximal) ideal,
then for any v € R and v € R\ {0} we have = uv™! (mod p).

Theorem 6.6.4. Let R be a Dedekind domain with field of fractions K. Let a,b,c € R\ {0}
and n € N be such that none of <, %, or ‘%‘b are nth powers in R/p for some prime ideal
p C R satisfying a,b,a+0b,c ¢ p and [R : p] < co. Let K, denote the completion of K at p.

The equation
axr + by = cwz" (6.113)

is not partition regqular over K, \ {0}.

Proof. Since R is a Dedekind domain we see that Ry is a discrete valuation ring under the
valuation vy, so let m be a generator of the maximal ideal of Ry. Let F' C R be a set of
coset representatives of () such that Usep(f + (7)) = R\p and (f1 + (7)) N (f2 + (7)) =0
whenever fi # f. We note that |F| = [R:p] —1 < oco. Let x : K \ {0} = F be given by
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T = \(z) (mod p). (6.114)

TV (z) -

Note that x(rs) = x(r)x(s) (mod =) for all r,s € R\ {0}. We also see that

x(r)+x(s) (mod7) ifvy(r)=wvp(s)and r+s#0 (mod )
X(r+s) =14 x(s) (mod 7)  if vy(r) > vp(s) . (6.115)
x(r) (mod 7) if vy(s) > vp(r)

Let Ky \ {0} = Usep Cf be the partition given by Cy = X Y({f}). Let us assume for the
sake of contradiction that there exists d € F' for which w, z,y, 2z € Cy and equation (6.113)

is satisfied. We now have 3 cases to consider. If v,(x) = vp(y), then we see that

0 # (a+b)d = x(a)x(z)+ x(0)x(y) = x(az +by) = x(cwz") = cd™™  (mod p) (6.116)

— (a+bct=d" (modyp), (6.117)

which yields the desired contradiction. For our next case we assume that v,(x) < vp(y) and
note that

0 # ad = x(a)x(z) = x(az + by) = x(cwz") = cd™™  (mod p) (6.118)

— ac ' =d" (mod p), (6.119)

which again yields the desired contradiction. Similarly, in our final case when vy (z) > vy(y)

we have
0# bd = x(b)x(v) = x(az + by) = x(cwz") = cd™™  (mod p) (6.120)
— bcl=d" (modp), (6.121)
which once more yields the desired contradiction. ]
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Corollary 6.6.5. Let K be a number field and let wy, be the number of mth roots of unity
1
in K. Let a,b,c € O and let n € N. Let d, be the largest integer for which ad € Ok,

and define dp and d. similarly. Let mg, = d—’;,mb = dﬂb, and m. = dﬂc'
(i) Suppose n is odd, and none of a“ma b*™ . and ¢“me are an nth power in O ; or

(ii) Suppose n is even, and a,b,c satisfy the same conditions as in (i), but a®**mae is also

not an nth power.

Then the equation

ax + by = cwz" (6.122)

is not partition reqular over K \ {0}.

Proof. The given assumptions are precisely what we need to use Lemma 6.4.7 and obtain
a prime ideal p C Ok for which none of a, b, and ¢ are nth powers modulo p. After noting
that K embeds in K, we see that the desired result follows from Theorem 6.6.4. ]

Remark 6.6.6. Consider the equation

2z 4 3y = w2’ (6.123)

Since 2,3, and 5 are not squares modulo 43, Theorem 6.6.5 tells us that equation (6.123)
is not partition regular over Q43 \ {0}. Since equation (6.123) is partition regular over the
countable set Z[v/2] as a consequence of Theorem 6.6.3 but not over the uncountable set
Q43, we see that the algebraic properties of the underlying set S have a stronger influence

on the partition regularity of equations of the form az + by = cwz™ than the cardinality of

S.

6.7 Systems of Equations

Theorem 6.7.1. Let R be an integral domain with field of fractions K and let p € SR\ {0}

be an ultrafilter satisfying the conditions of Theorem 6.6.1. Ifay,--- ,ag, b1, -+ ,bg,c1, - ,ci €

R\ {0} and ny,--- ,n, € N are such that

k
fa; ,.[bi .. |a;+b;
I := nil — il — Ty 6.124

then the system of equations
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ary + biyr = cwiey

asry + baya = cowazy
. ? (6.125)
apzr + bryk = crwgzy
contains a solution in every A € q, where we may take
ifoel
=17 . (6.126)
i-p if there exists i € I\ {0}

In particular, the system of equations in (6.125) is partition regular over R\ {0}.

Proof. Since none of the equations in the system of equations in (6.125) share any variables,
the desired result follows from Theorem 6.6.3 O

Theorem 6.7.2. Let R be a Dedekind domain with field of fractions K. Letay, -+ ,ar, b1, ,bg,c1, -+ ,Ck

R\ {0}, let n € N, and let

I:= (k){“ b M} (6.127)
qlaia’ o
Suppose that there exists a prime ideal p C R satisfying:
(i) a1, ,a;, by, -+ Jbj,c1,-0 ,ci,a1 + b1, a; + b & p.
(i) If vy, vy € UF_{%, b atbiy gre distinct, then vy # vy (mod p).

cilec' ¢

(iii) No element of I is an nth power modulo p.
(iv) [R:p] < 0.

The system of equations

aizr + biyn = cwizy
asrz + baya = cowazy (6.128)
aprr + bryk = crwgzy

is not partition reqular over K, \ {0}, where K, is the localization of K at p.
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Proof. We begin the proof similarly to that of Theorem 6.6.4. Since R is a Dedekind domain
we see that Ry is a discrete valuation ring under the valuation vy, so let m be a generator
of the maximal ideal of R,. Let F' C R be a set of coset representatives of () such that

User(f+ (7)) = R\ p and (f1 + (7)) N (f2 + (7)) = O whenever f1 # fo. We note that
|F|=[R:p]—1<o0. Let x : K, \ {0} = F be given by

" =x(z) (mod p). (6.129)

T (z) -

Observe that x(r) = r (mod p) for all r ¢ p. Let K\ {0} = Usep Cy be the partition given
by Cr = x"Y({f}). Let us assume for the sake of contradiction that there exists d € F and
X1, %2, Y1, Y2, W1, Wa, 21, 22 € Cy for which the system of equations in (6.128) is satisfied. We
see that for 1 < ¢ < k we have

x(a;)d + x(bi)d (mod )  if vp(;) = vp(ys)
0 # x(ciwiz]") = x(@ixi+biyi) =  x(a;)d (mod m)  if vy(yi) > vy(x;) (6.130)
x(b;)d (mod m)  if vy(x;) > vp(a;)

(ai + b))t (mod m)  if vp(xi) = vy(ys)
= d" =d 'x(wizf) =  age (mod m)  if vp(ys) > vp(a;) - (6.131)
bic! (mod m) if vy(x;) > vp(a;)
For 1 <i <k let v; € {aic; ', bic;t, (a; + bi)c; '} be such that d” = v; (mod p). Since we
must have that v; = d" = v; (mod p) for all 1 < i < j <k, we see that there is some v € K

for which v = v; for all 1 < i < k, hence v € I. The desired contradictions follows after

recalling that no element of I is an nth power modulo p. O
We observe that the conditions of Theorem 6.7.2 are vacuously fulfilled if I = ().

Corollary 6.7.3. Letaj,--- ,ar, b1, -+ ,bg,c1, - ,c, € Z\ {0} and n € N be such that the

system of equations

ary + biyr = cwiey
asry + bayp = cowazy (6.132)
arxTr + by = crwizy

is partition regular over Z\ {0}. Let
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k

I::m{ai bi a;+bi

) )
G G

=1

&)

b

(i) If 44 n then I contains an nth power.

(i) If 4in then I contains an Gth power.

Proof. Let us assume for the sake of contradiction that one of items (i) and (ii) were false.

Since |I| < 2, we may invoke Lemma 6.4.10 to find a prime p satisfying the conditions of

Theorem 6.7.2 to attain the desired contradiction.

Remark 6.7.4. The following systems of equations are not partition regular as seen by an

application of Corollary 6.7.3.

(i)

34 . 42 . 52331
5%.122. 1322,

161‘1
33x9

(iii)

9331
251’2
2513

91‘4

17y =
(2" -33)y =
3"y = w2l
™y = wazy
2ys = wszy
16y, = wlz%
Yy = wgz%
16y = w32§
Ty, = w4zZ

+
+ 52124 . 13%y,

32 .44 . 5%y,

wlzl

w2 22

,neN
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A few remarks are in order regarding these examples. In example (i) neither of the con-
stituent equations of the system are individually partition regular. This fact can be deter-
mined through the use of Lemma 6.5.14, but not through the use of Theorem 6.3.8 alone,
despite the similarity of the proofs of Theorem 6.3.8 and 6.7.2. In example (ii) we do not
currently know whether either of the constituent equations of the system are individually
partition regular (cf. Section 6.8). In example (iii) any proper subsystem of equations is
partition regular as a consequence of Theorem 6.7.1. Theorem 6.7.1 also shows us that in
example (iv) the system of equations becomes partition regular if any equation other than

the first equation is removed from the system.

6.8 Conjectures and Concluding Remarks

Theorem 6.1.1 and Corollary 6.5.15 naturally lead us to the following conjecture:

Conjecture 6.8.1. Given a,b,c € Z\ {0} and n € N, the equation

ax + by = cwz" (6.134)

a b atbd

is partition regular over Z\ {0} if and only if one of 2,2, %2 is an nth power in Q.

We see that the situation in which we have yet to resolve Conjecture 6.8.1 fully is when

n is even and one of ¢, g, or “T'H’ is an gth power in Q. Since some special instances of
this situation have been resolved in Corollary 6.5.15, we list here some equations whose

partition regularity remains unknown. Firstly, the equation
33z + (2'2 — 33)y = w2® (6.135)

is not expected to be partition regular since 33,2!? — 33, and 2'? are not 8th powers, but
212 is an 8th power modulo p for every prime p, and 33 is an 8th power in Zs, so we are

unable to apply Theorem 6.3.8 or Theorem 6.5.14. Similarly, the equation
162 + 17y = wz® (6.136)

is not expected to be partition regular since 16,17, and 33 are not 8th powers, but 16 is
an 8th power modulo p for every prime p, and 16 is also an 8th power in Zs and Z11, so
we are once again unable to apply Theorem 6.3.8 or Theorem 6.5.14. Next, we see that for

any coprime a,b € N for which a, b, and a + b are not squares, the equation
a?b(a + b)x + ab?(a + b)y = wz? (6.137)

is not expected to be partition regular since none of a?b(a +b), ab?(a +b), and a?b(a + b) +
ab®(a + b) = ab(a + b)? are squares. However, at least one of a?b(a + b), ab*(a + b), and
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ab(a + b)? is a square modulo p for any prime p, so we cannot make use of Theorem 6.3.8.
We have seen in item (iii) of Corollary 6.5.15 that Theorem 6.5.14 can be used in some
cases, but it is unclear to the authors as to whether or not Lemma 6.5.14 can be used in all
cases. A similar difficulty arises in the case of n = 4. Recalling that for any m,n,k € N we
have (2mnk)? + (km? — kn?)? = (km? + kn?)?, we take k = 2mn(m? — n?)(m? + n?) and

consider the equation

((2mn)2(m2 —n?)(m? + n2)>2x + (2mn(m2 —n?)%(m? + n2))2y = wzt. (6.138)
We see that for any prime p at least one of a := (2mn)?(m? —n?)(m? +n?), 3 := 2mn(m? —
n2)2(m2+n?), or v := 2mn(m? —n?)(m?+n?)? will be a perfect square modulo p, hence one
of a2, 5%, or 42 will be a fourth power modulo p, so equation (6.138) is not susceptible to
Theorem 6.3.8. We saw in item (v) of Corollary 6.5.15 that Lemma 6.5.14 can occasionally
be of use in this situation, but it is once again unclear to the authors whether or not Lemma
6.5.14 can always be used in this situation.
While the methods of this paper are not strong enough to fully resolve Conjecture 6.8.1,

they are strong enough to prove the following Theorem:
Theorem 6.8.2. Fiz ay, - ,ap,b1, - ,bs,c € Z\ {0}.

(i) If min(by,--- ,bs) > 2 then the equation
T S b
Z a;r; =c H y; (6.139)
i=1 j=1

is partition reqular over Z\{0} if and only if there exists F' C [1,7] for which Y ;cpa; =
0.

(i) If s > 2, then the equation
T S b,
Z a;T; = ¢y H yj] (6.140)
i=1 j=2

is partition reqular over Z \ {0} if for some ) # F C [1,r],sF 1= Y ;cp & is an nth
power in Q, where n = 375 _5 bj. Furthermore, if there exists ' C [1,7] for which sp

is a nth power in Q>q, then equation (6.140) is partition regular over N.

(iii) The equation

' S
b.
Z a;T; = ¢y H yj] (6.141)
i=1 j=2

is not partition regular over Q \ {0} if there exists a prime p such that for any () #

F C 1,7}, > er & is not an nth power modulo p, where n =33 _5b;.
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This naturally leads to the following generalization of Conjecture 6.8.1.

Conjecture 6.8.3. Given ai,--- ,a,,c € Z\ {0} and by, --- ,bs € N, the equation
T S b
Z a;T; = cy1 H y; (6.142)
i=1 j=2

is partition regular over Z\{0} if and only if there is some ) # F C [1,r] for which Y ;cp %

. . R
is an nth power in Q, where n =3 5 5 b;.

We have already seen that the methods of this paper cannot be extended to prove
Conjecture 6.8.3 even when r = 2. When r > 2, there are even more problematic cases to
consider. For example, if » = 4 then at least one of 2,5, 10, or 20 is a perfect cube modulo
p for any prime p, so we are unable to use item (iii) of Theorem 6.8.2 to show that the

equation
211 + 5xg + 1023 4 2024 = Y15 (6.143)

is not partition regular over Z. Furthermore, since 72 = 10 (mod 37), we may use Hensel’s
lemma to see that 10 is a perfect cube in Zs7, so analogues of Lemma 6.5.13 will be of no
use here.

In light of Theorem 6.6.3 and Corollary 6.6.5 it is natural to pose the following question.

Question 6.8.4. Given an integral domain R, ri,--- , 1, c € R\ {0}, and ny,--- ,ns € N,

when s

k s
Z riT; = C H y?j (6.144)
i=1 j=1

partition regqular over R\ {0} %

An analog of Theorem 6.5.8 would have to be proven for polynomial equations over R
instead of N in order to prove an analog of item (i) of Theorem 6.8.2, which would help

partially answer Question 6.8.4.

Remark 6.8.5. In light of Remark 6.3.7 we are led to ask about sign obstructions to partition
regularity of polynomial equations in rings of integers of totally real number fields. Let us
consider for example the number field K = Q[v/2], which is totally real since all of its
embeddings into C turn out to be embeddings into R. We recall that O = Z[/2] is the

ring of integers of K. It is clear that the equation

r+y=—wz (6.145)
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is not partition regular regular over Z[v/2]-¢ due to sign obstructions despite being partition
regular over Z[v/2] \ {0} as a consequence of Theorem 6.6.3. We are unable to determine

whether or not the equation

2r — 2v/2y = w2? (6.146)

is partition regular over Z[v/2]s¢ since there are no sign obstructions but we are unable
to apply Theorem 6.6.3 and we are unable to apply the methods of Theorem 6.3.5 since
—2v2 = (—v/2)3 and —v/2 ¢ Z[v2]s0. Unlike Remark 6.3.7, we may take this line of
inquiry a step further by examining the semiring P of totally positive elements of Z[v/2],
which are those elements that remain positive under every embedding of Q[v/2] into R. In
this case we can directly determine P to be given by P = {a + bv/2 | a > |b|v/2}. Tt is
clear that equation (6.145) is not partition regular over P since P C Z[v/2]s¢, but can we
determine whether or not equation (6.146) is partition regular over P? Furthermore, it can

be shown using the techniques of this paper that the equation

V2 4 2V2y = w2? (6.147)

is partition regular over Z[v/2]-o since 2v/2 = (v/2)? and v/2 € Z[/2]~¢. However, v/2 is a
positive element of Z[v/2] that is not totally positive, so equation (6.147) is not partition
regular over P since w,z,y,z € P woud result in the left hand side of the equation being
positive but not totally positive, while the right hand side of the equation would be totally

positive.

Now let us consider the equation

21 + 2v/2y = w2, (6.148)

We can show that equation (6.148) is partition regular over Z[v/2]s¢ using the considerations
from above, but now that there are no “generalized sign obstructions” can we also determine
whether or not equation (6.148) is partition regular over P?

In light of Theorem 6.7.1 and Corollary 6.7.3 we are led to the Conjecture 6.8.6.

Conjecture 6.8.6 (cf. Conjecture 6.1.3). Let ay,--- ,ak, b1, -+ ,bg,c1,--- ,cr € Z\ {0}
and n € N. The system of equations

ary + by = cwizl
agwe + bayo = cowgzy (6.149)
arTr + bryr = crwizy
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is partition regular over Z \ {0} if and only if

k

I m{“i bi @“’} (6.150)

) Y
i laaoq
contains an nth power in Q.

We conclude with some examples of systems of equations whose partition regularity

remains unknown. We are unable to apply Theorem 6.7.2 to the system of equations

1621 + 17y; = wlzi3

8

(6.151)
33xa — 1Ty2 = w2z

since I = {16, 33} and 16 is an 8th power modulo every prime p. Since 33 is an 8th power in
Zo we also cannot expect a generalization of Lemma 6.5.14 to systems of equations to help
determine the partition regularity of the system in (6.151). We are also unable to apply

Theorem 6.7.2 to the system of equations

Sty 4+ 3%y = wizf?
4 a6 6 B 12 (6.152)
(5*=3%z2 + 3°y2 = wazy

since I = {5%,3%}, 5 is a cube modulo p when p = 2 (mod 3), and —3 is a square modulo
p when p = 1 (mod 3), so one of 5% and 3% will be a 12th power modulo any prime p (cf.
Item (ii)(a) of Remark 6.4.3).

6.9 The Existence of Special Ultrafilters

In this section we will review some knowledge about .S, the space of ultrafilters over a
set .S, so that we can provide a thorough proof of Theorems 6.2.8 and 6.6.1 as Theorems
6.9.12 and 6.9.18 respectively. After proving Theorem 6.9.18, we give a brief discussion
comparing the methods that we use to show that certain equations are partition regular
with the methods used in [Ber10] and [Hinll]. As a result of this discussion (cf. Remark
6.9.13), we decide to prove a generalization of Theorem 6.9.12 as Corollary 6.9.26. For a
more comprehensive study of ultrafilters and their usage in the study of semigroups the
reader is referred to [HS12].

Let us recall some notation before proceeding further. We let P(.S) denote the collection
of subsets of S and P (.S) denotes the collection of finite subsets of S. If (.S, ¢) is a semigroup,
then for s € S and A C S we define sA = {sa | a € A} and s 'A={z €S | sz € A}.
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Definition 6.9.1 (cf. Def. 6.2.7). Let S be a set. p C P(S) is an ultrafilter if it satisfies

the following properties:
(i) 0 & p.
(ii) If A€ p and A C B then B € p.
(iii) If A, B € p then AN B € p.
(iv) For any A C S, either A € p or A° € p.
BS denotes the space of all ultrafilters over S.

It is often useful to think about 3 as the set of finitely additive {0, 1}-valued measures
on the set S. The topology of 8.5 is generated by the basis of open sets {fl} ACs, where

A:={pecpS|Acp}. (6.153)

Since (A)¢ = A° for all A C S, we see that each A is also a closed set, and it is a fact that
{fl} Acs also generates the topology of 55 as a basis of closed sets. We note that for any
s € S, the collection of sets given by es := {A C S | s € A} is an ultrafilter over S. Let
e : S — (S be given by e(s) = es and observe that e is an injective map that naturally
embeds S inside of 8.5 as a dense subset. Furthermore, when we endow S with the discrete
topology, which will always be the case for the rest of this section, e is a homeomorphism
onto its image. An ultrafilter p is a principal ultrafilter if p € e(S), and a nonprincipal
ultrafilter otherwise. Since we naturally identify each s € S with the principal ultrafilter
es, it is common to write s in place of es, and we will be using this convention for the rest

of this section. Theorem 6.9.2 is a universal property that can be used to characterize 5.

Theorem 6.9.2 (cf. Theorem 3.28 in [HS12]). Let S be an infinite set with the discrete
topology and let 3S denote the space of ultrafilters over S. Given any compact space Y and
any function f : S — Y there exists a unique continuous function f : BS — Y such that

fls=f.

A careful and repeated application of Theorem 6.9.2 also allows one to extend binary

operations from S x S to 85 x S, which is of great use when S is a semigroup.

Theorem 6.9.3 (cf. Theorem 4.1 in [HS12]). Let S be a set and let o be a binary operation
defined on S. There is a unique binary operation *x : S x 8§ — BS satisfying the following

three conditions:
(a) For every s,t € S, sxt=sot.
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(b) For each q € BS, the function py : 5S — S is continuous, where py(p) =p*q.
(c) For each s € S, the function \s : BS — S is continuous, where A\s(q) = s * q.

Theorem 6.9.4 (cf. Theorems 4.4 and 4.12 in [HS12]). If (S,0) is a semigroup and
x 1 BS x BS — BS is the operation given by Theorem 6.9.3, then * is an associative
operation. Furthermore, for p,q € 58S the ultrafilter p x q is given by

Acpxqe{scS|stAcq}ep. (6.154)

It is customary to denote the operation * that is produced by Theorem 6.9.3 by ¢ so that
o represents an operation on S x S as well as 85 x 35, and we shall adopt this practice. In
light of Theorem 6.9.4 We see that if (S, ¢) is a semigroup, then (5.5, ¢) is also a semigroup.
Since S is a compact Hausdorff space (cf. Theorem 3.18 in [HS12]), and for each ¢ € SN
the map p, : BN — SN given by py(p) = p ¢ ¢ is continuous (cf. Theorem 6.9.3), we see
that (85,¢) is a compact right topological semigroup.?> We apologize to the reader for our
seemingly excessive emphasis on the operation ¢ of our semigroup (S,¢), but we choose
to do this to avoid confusion later on when we work with rings (R, +,-) and are forced to
consider the semigroups (R, +) and (R, -) separately. We will now collect some facts from

the theory of semigroups.
Definition 6.9.5. Let (S,¢) be a semigroup.

o We say e € S is an idempotent if e o e = e. We let E(S,o) denote the set of
idempotents of (S,0).

o We say L C S is a left ideal if for any s € S and £ € L we have sof € L. We say
R C S is a right ideal if for any s € S and r € R we have r o s € R. In general,
I C S is an tdeal if it is a left ideal and a right ideal.

o We call L C S a minimal left ideal if L is a left ideal that does not properly contain
any other left ideal. Similarly, the smallest ideal of S, if it exists, is an ideal I
that is contained in every other ideal of S.* If (S,0) does possess a smallest ideal,

then we denote it by K(S,©) and observe that K (S, ) is also a semigroup.

3A compact right topological semigroup is a semigroup (S,) that is also a compact Hausdorff
space for which each of the maps ps : S — S given by ps(t) =t ¢ s are continuous. Note that other sources
may use ps(t) = s ot in their definition and that we base our definition off of Definition 2.1 in [HS12].

4Note that not every semigroup possesses a smallest ideal. In the semigroup (N, 4) each of the sets
I, := {m € N| m > n} is an ideal. Since there is no set that is contained in every I,, we see that (N, +)
does not have a smallest ideal.
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Theorem 6.9.6 (cf. Corollary 2.6 in [HS12]). Let (S,¢) be a compact right topological
semigroup. Then every left ideal of S contains a minimal left ideal. Minimal left ideals are

closed, and each minimal left ideal has an idempotent.

Theorem 6.9.7 (cf. Theorem 1.51 in [HS12]). Let (S,o) be a semigroup. If S has a
minimal left ideal, then K (S, o) exists and K(S,o) = U{L | L is a minimal left ideal of S}.

Lemma 6.9.8. Let (S,0) be a semigroup and let < be the partial ordering on the set of
idempotents of S given by f < e if and only if fe =ef = f. Assume that S has a minimal
left ideal that has an idempotent.

(i) If e € S is an idempotent that is minimal with respect to <, then e is a member of
some minimal left ideal of S. Such an idempotent is a minimal idempotent. It
follows that E(K(S,¢)) is the set of minimal idempotents of (S,o). (cf. Theorem
1.38(d) in [HS12])

(i) If f € S is an idempotent then there exists a minimal idempotent e such that e < f.
(cf. Theorem 1.60 in [HS12])

Definition 6.9.9. Let (S,0) be a semigroup and let A C S. Then A is central if there
exists an ultrafilter p € E(K(3S,9)) for which A € p.

Theorem 6.9.10 (cf. Theorem 3.5 in [BJM17]). Let (S,¢) be a commutative semigroup,
let £ € N, and let A C N be a central set.

(i) There exists b,g € A such that

bbog,bogog, - ,bogogo---og€ A. (6.155)
‘

(ii) If (S,©) is a commutative group and ¢ : S — S is a homomorphism for which [S :
¢(S)] < oo, then there exists b,g € S such that

{e(g)} U{c(b) o ¢’}j—_  C A. (6.156)

Lemma 6.9.11 (cf. Lemma 17.2 and Theorem 17.3 in [HS12]). There exists an ultrafilter
p € BN such that every A € p is a central subset of (N,+) and a central subset of (N,-).

We are now ready to prove Theorem 6.2.8.
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Theorem 6.9.12 (cf. Theorem 6.2.8). Let p € BN be such that every A € p is a central
subset of (N, 4) and a central subset of (N,-). p satisfies the following properties:

1) For any A € p and ¢ € N, there exists b,g € A wit g/}, C A.

F A dleN, th b,g € A with {bg'}i_, C A

(ii) For any A € p and h,l € N, there exists a,d € N for which {hd} U {ha—i—z’d}fz_g C A.
(iii) For any s € N, we have sN € p.

Proof. By Lemma 6.9.11 let p € BN be an ultrafilter such that every A € p is a central
subset of (N, +) and a central subset of (N, -). To see that p satisfies (i), it suffices to observe
that each A € p is a central subset of (N,-), so Theorem 6.9.10(i) applies. To see that p
satisfies (ii) we first note that any central subset of (N, +) is also a central subset of (Z, +)
(cf. Theorem 2.9 in [Phul5]), so we may apply Theorem 6.9.10(ii) with the homomorphism
c given by c(z) = hx for all z € Z to find some a, d € Z for which {hd}U{ha+id};__, C A.
Since ha,hd € A C N, we see that a,d € N. To see that p satisfies (iii), let s € N be
arbitrary and let us assume for the sake of contradiction that sN ¢ p. It follows that
(sN)¢ € p, so by (ii) let a,d € N be such that {sd} U {sa +id}}__; C (sN)¢ to obtain the

desired contradiction. O

Remark 6.9.13. In [Berl0] and [Hinl1] the authors also used an ultrafilter p for which every
A € p is a central subset of (N, +) and a central subset of (N,-) in order to show that the
equation x +y = wz is partition regular over N, so it is unsurprising that we have managed
to use such an ultrafilter to obtain our positive results over N and Z \ {0}. Unfortunately,
if R is a general integral domain, then there may not exist an ultrafilter p € SR for which
every A € p is a central subset of (R, +) and a central subset of (R\ {0}, ). Thankfully, we
will see as a consequence of Theorem 6.9.18 that we only need to work with central subsets
of (R\ {0}, -) in order to get our desired results for a general integral domain. In particular,
the ultrafilter from Theorems 6.6.1 and 6.9.18 is just a minimal idempotent in (SR \ {0}, ),
so it is a corollary of Lemma 6.6.2 that any central subset of (Z\ {0}, ) (and consequently
of (N,-)) contains a solution to the equation z + y = wz. For the sake of completeness, we
will still examine rings R for which there exists an ultrafilter p € SR such that every A € p
is a central subset of (R,+) and a central subset of (R \ {0},-) after we prove Theorem
6.9.18.

We would also like to point out to the reader that we work with central subsets of
(R \ {0},) instead of central subsets of (R,-) because K(SR,-) = 0, so {0} is the only
central subset of (R,-). For central subsets of (R\ {0}, -) to be defined, we need (R \ {0}, )
to be a semigroup, which is why we will only work with division rings and integral domains

for the rest of this section. We also observe that the natural inclusion map ¢ : 5(R\ {0}) —
(BR) \ {0} given by
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up) ={AC R | A\{0} e p} =pU{AU{0} | A €p} (6.157)

is a homeomorphism. Furthermore, we see that for any p1,p2 € S(R\ {0}) we have that
t(p1 - p2) = t(p1) - t(p2), so ¢ is a semigroup isomorphism as well. Since (SR) \ {0} and
B(R\ {0}) are naturally isomorphic as compact right topological semigroups, we will write
BR\ {0} for (BR) \ {0} without any worry for the potential confusion with (R \ {0}).

Theorem 6.9.14 (cf. Theorem A in [BK21]). Let R be an infinite integral domain and let
M be a matriz with entries in R. Then the system Mz = 0 is partition regular over R\ {0}
if and only if M satisfies the columns condition (cf. Definition 6.2.2).>

Lemma 6.9.15. Let R be an infinite integral domain and let M be a matriz with entries
in R for which the system Mz = 0 is partition regular over R\ {0}. Let Iny C R\ {0}
denote the collection of ultrafilters p such that every A € p there exists T with entries from
A such that Mz = 0. Ip; is an ideal of (BR\ {0},-).

Proof. First let us show that Iy is nonempty. To this end, let us assume for the sake of
contradiction that for each p € SR\ {0} there exists A, € p such that there is no & with
entries in A, satisfying MZ = 0. Since {//1;}][,6 BR\{0} 18 an open cover of the compact space
BR\ {0}, let {A),}i_; be a finite subcover. The desired contradiction follows from the
observation that R\ {0} = (Jj_; A, is a partition in which no cell yields a solution to the
equation MZ = 0. Now let us show that I is a left ideal. To this end, let p € Ir and
g € BR\ {0} both be arbitrary. We see that for A € ¢ - p we have

{re R\{0} |r'Aep}eq (6.158)

so let € R\ {0} be such that r~1A € p. Since 74 € p, let x1, -+, 7, € 77 1A be a
solution to F'. Since F' is homogeneous, we see that rxy,--- ,rxr € A is also a solution to
F', which completes the proof that Ir is a left ideal. Now let us show that Iz is a right
ideal. To this end, let p € I and g € SR\ {0} both be arbitrary. We see that for A € p-q

we have

{re R\{0} |r'Aeq} ep, (6.159)
so let @1, ,a, € {r € R\ {0} | r"'A € q} be a solution to F. Since N_, ;1A € ¢, let
Yy € ﬂle xi_lA be arbitrary and note that xz1y,--- ,zpy € A is a solution to F since F' is a
homogeneous system of equations. O

°In [BK21] the statements of the results discuss partition regularity over R, not R\ {0}, but the definition
of partition regularity that is used in [BK21] explicitly forbids trivial solutions, which is why we may modify
their statement to mirror our previous statements.

192



Corollary 6.9.16. Let R be an infinite integral domain. Let I C SR\ {0} denote the
collection of ultrafilters p such that for every A € p and every finite system of homogeneous

linear equations F' that is partition regular over R\ {0}, there is a solution to F contained
in A. Then I is a nonempty ideal of (BR\ {0},-).

Proof. Let M denote the collection of matrices M with entries in R for which the system
Mz = 0 is partition regular. We see that

K(BR\{0},)C () Im=1. (6.160)
MeM

We see that I is an ideal since it is an intersection of ideals, and I is nonempty since it
contains K (SR \ {0},-). O

Lemma 6.9.17. Let R be an infinite integral domain. Let H C SR\ {0} denote the
collection of ultrafilters p such that for every r € R\ {0} we have rR € p. Then H is an

ideal of (BR\ {0}, ).

Proof. Let p € H,q € SR\ {0}, and r € R\ {0} all be arbitrary. Let us first show that H is
a left ideal. We note that for any s € R, we have s~'(rR) D rR. Since rR € p, we see that

RC{sec R\ {0} | s '(rR) e p} = {s € R\ {0} | s ' (rR) € p} € q. (6.161)

It follows that rR € ¢-p, so qg-p € H and H is indeed a left ideal. Now let us show that
H is a right ideal. We note that for any s € 7R we have s~!(rR) D R. Since R € ¢, we see
that

rRC{s€ R\{0}| s '(rR) € q} = {s € R\ {0} | s '(rR) € ¢} € p. (6.162)
It follows that rR € p-q,sop-q € H. ]

Theorem 6.9.18 (cf. Theorem 6.6.1). Let R be an infinite integral domain. If p €
E(K(BR\ {0},-)), then p satisfies the following properties:

(i) For any A € p and ¢ € N, there exists b, g € A with {bgj}§:0 C A.

(ii) For any A € p and any finite system of homogeneous linear equations F that is

partition reqular over R\ {0}, there is a solution to F' contained in A.

(iii) For every r € R\ {0}, we have rR € p.
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(iv) For any A € p, € N, and h, j1,j2, - ,je € R\ {0}, there ezists a,d € R for which
{hd, ha} U {ha + jid}i_, C A.

Proof. Since p is a minimal idempotent in (SR \ {0},0) we see that each A € p is a central
subset of (R \ {0},-), so Theorem 6.9.10(i) shows us that p satisfies condition (i). Since
I and H (cf. Corollary 6.9.16 and Lemma 6.9.17 respectively) are ideals of (6R \ {0}, "),
I'NH is also an ideal. Hence K (SR \ {0},-) € IN H. Since p € I, we see that condition
(ii) is satisfied. Since p € H, we see that condition (iii) is satisfied. The fact that p satisfies
(iv) when R is an integral domain is a corollary of the fact that p satisfies (ii). We give
a proof of this implication for the sake of completeness since property (iv) is used in the
earlier sections of this paper.

To see that p satisfies condition (iv), we first consider the system of equations

hxs — hxy — 1wy =
hry — — hxs —  jomp =
(6.163)
hreyo — hxs —  jerp =
hxoys — a2 — hzpys = 0
hrery — hxy — Ty =

Let us assume that {z;}X7 C R\ {0} is a solution to the system of equations in (6.163).
Since x1 = h(xy45 — x2) and o2 = h(xp43 — Tp4+4), we may write x; = hd and x9 = ha for
some a,d € R\ {0}. It follows that x; = ha + j;d for 3 < i < ¢+ 2, so it suffices to show
that each A € p contains a solution to the system of equations in (6.163). To this end, let
M € Myi3045(R) be the matrix such that the equation MZ = 0 represents the system of
equations in (6.163), and we will proceed to show that M satisfies the columns condition.
Let {@}fi? denote the columns of M, with ¢ representing the column corresponding to z;.
We see that

' 0
—J1 —h :
—J2 —h '

. : 0 :

a=| " |,ee=1| " |,@G=|h|for3<i</l+4, and 5= ° (6.164)

—7Je —h 0

0
0 1 , —h

-1 —h ) 0

0
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with the h in ¢ occuring in row i — 2 for 3 < ¢ < ¢+ 4. Consider the partition of column
indices {C1,Cy,C3} given by Cy = {{+3,0+5},Cy = {2,3,--- ,{+2,{+4}, and C5 = {1}.
We see that

§I = Cus+ s =0,
8y = Crpa+ 136 = 1845, and (6.165)
G o= &= ( e+2 _Ji-2 5) c£+47

so M does indeed satisfy the columns condition. O

To conclude this section we will show that an integral domain R possesses an ultrafilter
p € BR such that every A € p is a central subset of (R, +) and a central subset of (R, ) if
and only if R is homomorphically finite.

Definition 6.9.19 (cf. Def. 4.38 in [HS12]). Let (S,©) be a semigroup and let A C S. A
is syndetic if and only if there exists some G € Py(S) such that S = U;cq t1A.

We observe that if (S,¢) is a group and H C S is a subgroup, then H is a syndetic
subset of S if and only if [S : H] < co.

Definition 6.9.20. A ring R is a right (left) homomorphically finite if for every
r € R\ {0} the right (left) ideal rR (Rr) is a finite index subgroup of (R,+). R is a
homomorphically finite if for every r € R\ {0} the two-sided ideal RrR is a finite index
subgroup of (R,+).

Theorem 6.9.21 (cf. Corollary 1.3.3 in [Coh95]). Let R be a ring with no zero divisors®
such that

aRNbR # {0} V a,b € R\ {0}. (6.166)

Then the localization of R at R\ {0} is a division ring D and the natural homomorphism
A R — D is an embedding.

Theorem 6.9.22 (cf. Theorem 5.8 in [HS12]). Let (S, <) be a semigroup, let p be an idempo-
tent in BS, and let A € p. There is a sequence (xn)p2y in S such that {I],cp Tn}rep;mv) C
A.

Theorem 6.9.23. Let (G,0) be a group and let H be a finite index subgroup of G. If
p € BG is an idempotent, then H € p.

5The reader is warned that in [Coh95] an integral domain is a not necessarily commutative ring with no
zero divisors. Similarly, in [Coh95] a field refers to a not necessarily commutative division ring.
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Proof. Let M = [G : H] and let us assume for the sake of contradiction that H® € p.
By Theorem 6.9.22 let (2,,)52; be a sequence in G such that {I[,cp zn}rep,vy C H®
Since H® is a disjoint union of M — 1 cosets of H, let 1 < j < k < M be such that
(IT_, i)H = (1", 2;)H. It follows that (Hf:jﬂ x;)H = H, hence Hf:jﬂ x; € H, which
yields the desired contradiction. O

Lemma 6.9.24. If R is an infinite right (respectively left) homomorphically finite ring
that has no zero divisors and p € E(K(SR,+)), then for any r € R\ {0} we have r-p €
E(K(BR,+)) (respectively p-r € E(K(BR,+))).

Proof. We only prove the desired result for r - p since the proof of the result for p - r is
similar. Firstly, we would like to show that R is a subring of a division ring D, so it suffices
to show that R satisfies the conditions of Theorem 6.9.21. Let r,s € R\ {0} be arbitrary
and note that within the group (R, +) we have [R: rRNsR] < [R:rR][R : sR] < co. Since
R is infinite and has no zero divisors, we see that |[rR N sR| = oo, hence R embeds in some
division ring D.

Since R is a ring, we see that for any r € R the map ¢, : R — R given by ¢,.(s) = rs is
a endomorphism of the group (R, +), hence its unique continuous extension {,: BR — BR
is also an additive endomorphism (cf. Lemma 2.14 in [HS12]), so 7-p = £,(p) is an additive
idempotent. It only remains to show that r - p is minimal. To this end, by lemma 6.9.8(ii)
let ¢ € SR be a minimal idempotent for which ¢ < r-p. We note that E,:_l : D — BD is
also an additive endomorphism, hence r =t - ¢ < r~!.r.p = p. By lemma 6.9.23 we see that
rReq so Rcr'-q hence r~'- g€ SR C BD. Since p € SR is minimal and 7~ - ¢ < p,
we see that r—1 - ¢ = p, hence ¢ =1 - p. ]

Theorem 6.9.25. If R is an infinite right homomorphically finite ring that has no zero
divisors, then there exists an ultrafilter p € E(K(B(R) \ {0},-)) N E(K(BR,+)).

Proof. Using Lemma 6.9.24 and the continuity of right multiplication we see that

(R\{0}) - E(K(BR,+)) € E(K(BR,+)) = (R\{0}) - E(K(BR, +)) € E(K(6R, +))

(6.167)
= (B(R)\{0}) - E(K(BR,+)) C E(K(BR, +)).
(6.168)
Since (B(R) \ {0}) - E(K(BR,+)) is a left ideal of (8R \ {0}, ), it contains a minimal
idempotent, which is the desired p. O

Corollary 6.9.26. Let R be an infinite right homomorphically finite ring that has no zero
divisors. There exists an ultrafilter p € SR such that every A € p is a central subset of
(R,+) and a central subset of (R \ {0},").
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Proof. Using Theorem 6.9.25 let us pick some p € E(K(BR\ {0},-)) N E(K(BR, +)) and
let A € p be arbitrary. Since p € E(K(SR\ {0},-)) = E(K(B(R\ {0}),-)), we see that A
is a central subset of (R\ {0},-). Since p € E(K(BR,+)) and A is an open neighborhood
of p, pick some ¢ € E(K(SR,+)) N A. Since A€ gand q € E(K(BR,+)), we see that A is
a central subset of (R, +). O

Remark 6.9.27. To see why we need to assume that R is a right homomorphically finite ring

let us consider the integral domain Q[z]. It is clear that xQ[x] is not a finite index subgroup

o — —

of (Q[z],+), and we will see in Theorem 6.9.28 that zQ[z] O K(SQ[z],-) while zQ[z] N

— T e~

K(BQ[z],+) = 0. It follows that zQ[z] 2 E(K(BQ[z],-)) while 2Q[z]NE(K (8Q[z], +)) = 0,

so zQ[z] intersects every central subset of (Q[z] \ {0},-) even though it is not a central

subset of (Q[x],+). Furthermore, in the proof of lemma 6.9.25 we used the continuity of
right multiplication in S(R \ {0}) which is why we had to assume that the ring R was
a right homomorphically finite ring. The same proof yields an analogous result for left
homomorphically finite rings if you work with the extension of - from R\ {0} to (R \ {0})
that makes left multiplication continuous. Note that the minimal idempotents of 5(R\{0}, -)
may change depending on which extension of - from R\ {0} to S(R \ {0}) you use (cf.
Theorem 13.40.2 in [HS12]).

Theorem 6.9.28. Let R be an infinite integral domain that is not homomorphically finite
and let ro € R\ {0} be such that [R : roR] = oco. We have

roR 2 K(BR\ {0},") and roR N K(BR,+) = 0. (6.169)

In particular, we have

K(BR\{0},") N K(BR,+) = 0. (6.170)

Proof. Letting H be as in Lemma 6.9.17 and observe that

H= ()] rR, (6.171)
reR\{0}

so H is a closed. Since H is an ideal by Lemma 6.9.17, we see that K(SR\ {0},-) C H,

hence

K(BR\{0},) CH = H C noR. (6.172)
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Now let us assume for the sake of contradiction that there exists some p € roRNK K(BR,+).
Since p € m and TQR is an open neighborhood of p, pick some ¢ € roR NK(BR,+).
Theorem 4.39 of [HS12] states that {r € R | —r +roR € ¢} is a syndetic subset of (R, +).
Noting that for each » € R we have —r +1r9R =roR if r € roR and (—r +rgR)N1oR =10
if r ¢ roR, we see that {r € R | —r+roR € q} = roR. Since [R : roR] = oo, we see that
roR is not a syndetic subset of (R, +), which yields the desired contradiction. O

Corollary 6.9.29. Let R be an infinite integral domain that is not homomorphically finite.
There does not exist an ultrafilter p € SR such that every A € p is a central subset of (R, +)
and a central subset of (R \ {0},-).

Proof. Let us assume for the sake of contradiction that such an ultrafilter p € SR did exist.
Let A € p be arbitrary. Since A is a central subset of (R \ {0},) let ¢ € E(K(SR\ {0},"))
be such that A € ¢/. Since A is a central subset of (R,+), let ¢ € E(K(SR,+)) be such
that A € q. We see that Ais an open neighborhood of p that contains ¢ and ¢’, hence

p € E(K(BR\{0},-)) N E(K(R,+)), (6.173)

which contradicts Theorem 6.9.28. O
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